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Abstract

We study a two-stage scenario for learning to defer with multiple experts, which is
crucial in practice for many applications. In this scenario, a predictor is derived in
a first stage by training with a common loss function such as cross-entropy. In the
second stage, a deferral function is learned to assign the most suitable expert to each
input. We design a new family of surrogate loss functions for this scenario both in
the score-based and the predictor-rejector settings and prove that they are supported
by H-consistency bounds, which implies their Bayes-consistency. Moreover, we
show that, for a constant cost function, our two-stage surrogate losses are realizable
H-consistent. While the main focus of this work is a theoretical analysis, we also
report the results of several experiments on CIFAR-10 and SVHN datasets.

1 Introduction

Large language models (LLMs) have achieved a remarkable performance on diverse tasks across
multiple domains, as reported in recent surveys [Wei et al., 2022, Bubeck et al., 2023]. However,
their practical application faces two critical challenges: the occurrence of hallucinations, that is
the generation of incorrect or misleading content, and an inefficient inference. Leveraging multiple
experts can address both issues. To reduce hallucinations, one can refrain from using the original
predictor in uncertain instances and defer to one of the more complex and more accurate experts.
To enhance efficiency, one can derive models of different sizes distilled from the original complex
model and use one of these more streamlined versions, while deferring to the more complex and
less efficient ones for suitable contexts. Both problems require assigning each instance to the most
suitable expert. This motivates the problem of learning to defer in the presence of multiple experts.

The scenario of single-stage learning to defer has been studied by several publications, starting with
the foundational framework introduced by Cortes, DeSalvo, and Mohri [2016a,b, 2023] for learning
to reject and followed by a series of studies on abstention and deferral [Madras et al., 2018, Raghu
et al., 2019, Mozannar and Sontag, 2020, Wilder et al., 2021, Pradier et al., 2021, Keswani et al.,
2021, Raman and Yee, 2021, Liu et al., 2022, Verma and Nalisnick, 2022, Charusaie et al., 2022, Cao
et al., 2022, Verma et al., 2023, Mao et al., 2023f,b,c, Mozannar et al., 2023]. In the single-stage
scenario, a predictor and a deferral function are learned simultaneously, with the deferral function
determining the best expert assigned to each input instance. However, in practice, a predictor such
as an LLM is already available and retraining one in conjunction with a deferral function could be
prohibitively costly: depending on its size and the amount of data used, retraining could take several
weeks or months. Thus, the single-stage learning to defer scenario and its solutions often do not align
with the practical challenges encountered in real-world applications.
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Alternative post-hoc methods have been proposed to address the learning to defer problem. Okati
et al. [2021] proposed an iterative approach optimizing a predictor and a rejector over multiple epochs.
Within each epoch, first the predictor is trained on points where its loss is lower than that of a human
expert; second, the rejector is fitted to predict which of the predictor or the human expert has a
lower loss. Narasimhan et al. [2022] suggested a post-hoc correction to the single-stage learning to
defer surrogate losses, specifically the cost-sensitive softmax cross-entropy (CSS) surrogate loss in
[Mozannar and Sontag, 2020] and the one-versus-all (OvA) surrogate loss in [Verma and Nalisnick,
2022] for cases where they suffer from underfitting. However, as with the single-stage learning to
defer solutions, post-hoc approaches do not apply to scenarios where an existing predictor, pre-trained
using a standard classification loss function such as cross-entropy, is already available.

Can we derive a principled algorithm for learning to defer with multiple experts in such scenarios?
Which surrogate loss should we adopt and what consistency guarantee can we rely on? This paper
deals precisely with these questions.

A key criterion for surrogate losses in learning to defer is Bayes-consistency [Zhang, 2004, Bartlett
et al., 2006, Steinwart, 2007], that is minimizing the surrogate loss over the family of measurable
functions leads to the minimization of the deferral loss. The surrogate losses proposed in [Mozannar
and Sontag, 2020, Verma and Nalisnick, 2022] have been shown to be Bayes-consistent for defer-
ral. However, Bayes-consistency is not relevant in learning tasks since the hypothesis set used, for
example that of some family of linear functions or neural networks, never includes all measurable
functions. Long and Servedio [2013] proposed a notion of realizable J{-consistency, that is consis-
tency associated with a specific hypothesis set in the realizable scenario. Mozannar et al. [2023]
recently showed that existing Bayes-consistent surrogate losses in [Mozannar and Sontag, 2020,
Verma and Nalisnick, 2022] are not realizable H-consistent for learning with deferral, which can
pose significant challenges when learning with a restricted hypothesis set I, even for simple linear
models. Instead, they proposed a new surrogate loss that is realizable J{-consistent when J is closed
under scaling. However, they also observed that the loss function of Madras et al. [2018], which is
not Bayes-consistent, is actually realizable J-consistent. They acknowledged their inability to prove
or disprove whether their proposed surrogate loss is Bayes-consistent. Consequently, it has remained
an open problem to identify a surrogate loss that is both consistent and realizable-consistent.

In recent work, Verma et al. [2023] proposed the first Bayes-consistent surrogate losses in the scenario
of single-stage learning to defer with multiple experts [Hemmer et al., 2022, Keswani et al., 2021,
Kerrigan et al., 2021, Straitouri et al., 2022, Benz and Rodriguez, 2022]. This scenario is more
attractive and significant in applications such as large language models, where multiple models are
often available for deferral. However, the surrogate losses proposed by the authors do not benefit
from realizable J{-consistency, even in the single-expert setting, since they are a straightforward
generalization of those of Mozannar and Sontag [2020] and Verma and Nalisnick [2022].

Bayes-consistency, or even realizable J{-consistency for a specific hypothesis set J{, is an asymptotic
property, and provides no guarantee for approximate minimizers since convergence could be arbitrarily
slow. More favorable guarantees, known as H-consistency bounds, were recently introduced for
standard classification settings [Awasthi, Mao, Mohri, and Zhong, 2022b,a]. These guarantees are
upper bounds on the target estimation loss expressed in terms of the surrogate estimation loss. They
are stronger and more informative guarantees than Bayes-consistency and J{-consistency because they
are both hypothesis set-specific and non-asymptotic. More recently, Mao et al. [2023b] introduced a
new family of surrogate losses and algorithms for the general problem of single-stage learning to
defer with multiple experts that benefit from strong J{-consistency bounds.

Our contributions. We study a two-stage scenario for learning to defer with multiple experts that is
crucial in practice for many applications. In this scenario, a predictor is derived in a first stage by
training with a common loss function such as cross-entropy. In the second stage, a deferral function
is learned to assign the most suitable expert to each input. We design a new family of surrogate
loss functions for this scenario both in the score-based setting (Section 3) and the predictor-rejector
setting (Section 4) and prove that they are supported by JH-consistency bounds, which implies their
Bayes-consistency. Moreover, we show that, for a constant cost function, our two-stage surrogate
losses are realizable J{-consistent. While the main focus of this work is a theoretical analysis, we
also report the results of several experiments on CIFAR-10 and SVHN datasets (Section 5). We
give a comprehensive discussion of related work in Appendix A. We begin by providing some basic
definitions and notation (Section 2).
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2 Preliminaries

We consider the standard multi-class classification setting with an input space X and a set of n > 2

labels Y = [n], where we use the notation [n] to denote the set {1,...,n}. We study the scenario of
learning to defer with multiple experts, where the label set Y is augmented with n, additional labels
{n+1,...,n+n.} corresponding to n, pre-defined experts hy, ..., h,_ . In this scenario, the learner

has the option of returning a label y € Y, which represents the category predicted, or a label y = n + j,
J 21, in which case it is deferring to expert h;. This setting is referred to as the score-based setting
[Mozannar and Sontag, 2020, Cao et al., 2022, Mao et al., 2023f], since the deferral corresponds
to extra n, scoring functions. An alternative setting is the predictor-rejector setting [Cortes et al.,
2016a, 2023, Mohri et al., 2023, Mao et al., 2023c], where the deferral function is selected from a
separate family of functions R. We introduce that setting and include the corresponding results in
Section 4 for completeness.

We denote by Y = [ﬁ + n.] the augmented label set and consider a hypothesis set H of functions
mapping from X x Y to R. The prediction associated by i € H to an input z € X is denoted by
h(z) and defined as the element in Y with the highest score, h(z) = argmax (., 1 (2, y), with

an arbitrary but fixed deterministic strategy for breaking ties. We denote by J(,;; the family of all
measurable functions.

The deferral loss function Ly is defined as follows for any h € H and (z,y) € X x Y:

Laet (A, ,9) = TniaysyDn(ayein] + 2, € (@ 9) Ln(z)=ns; (1)
j=1

Thus, the loss incurred coincides with the standard zero-one classification loss when h(x), the label
predicted, is in Y. Otherwise, when h(x) is equal to n + j, the loss incurred is ¢;(x,y), the cost of
deferring to expert h;. Let ¢;(z,y) = 1 - ¢;(x,y). We will denote by ¢; > 0 and ¢; < 1 finite lower
and upper bounds on the cost ¢;, that is ¢;(z,y) € [c;,¢;] for all (z,y) € X x Y. There are many
possible choices for these costs. Our analysis for Theorem 1, Corollary 2, Theorem 6 is general and
requires no assumption other than their boundedness. One natural choice is to define cost c; as a
function of expert h;’s inaccuracy, for example ¢;(z,y) = Ly, (2)2y + B, With aj, B; > 0, where
h; () is the prediction made by h;th for input x. Typically, the hyperparameter c; has two potential
values: zero or one. When «; is set to one, the first term of the formulation pertains to the inaccuracy
of expert expert h;. Conversely, with o set to zero, the first term vanishes, focusing solely on the
inference cost. Theorems 5 and 7 are analyzed under this assumption. The 3; in the second term
corresponds to the inference cost incurred by expert h ;.

Given a distribution D over X x Y, we will denote by £, (h) the expected deferral loss of a
hypothesis h € 3, €L, (h) = E(eyy~n[Lact(h,z,y)], and by & (I) = infpegc €, (h) its
infimum or best-in-class expected loss. We will adopt similar definitions for other loss functions.

Given a hypothesis set H, an H-consistency bound [ Awasthi et al., 2021a,b, 2022b,a, 2023a,b, Mao

et al., 2023h,d,e, Zheng et al., 2023, Mao et al., 2023a,g] for a surrogate loss ¢; of a target loss
function ¢5 is an inequality of the form

VheH, € (h) - €, (F) + Mg, (H) <T(Er (R) = €5, () + My, (H)), )

where I': R, — R, is a non-decreasing function with I'(0) = 0 and where M, (X) is the minimizability
gap for the hypothesis set H and loss function £. M,(H) is defined as the difference of the
best-in-class expected loss and that of the expected pointwise infimum loss: M, () = £;(F() -
E. [inf hett Byjz [€(h, 2, y)] ] By the super-additivity of the infimum, the minimizability gap is always
non-negative. The minimizability gap vanishes when the best-in-class error £; (H{) coincides with
the Bayes error €} (Han ), in particular when 3 = H(,; [Awasthi et al., 2022a,b].

Thus, the H-consistency bound (2) relates the minimization of the estimation error for the surrogate
loss ¢; to that of the target loss /5 in a quantitative way. It is a stronger and more informative guarantee
than Bayes-consistency which implies Bayes-consistency, as can be seen by setting H = H ;.
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Table 1: Common surrogate losses in standard multi-class classification.

Name Formulation
Sum exponential loss loxp(hym,y) = Y yey eh(@y)~h(z,y)
Multinomial logistic loss bog(hyz,y) = 10g(zy,€yu{0} eh(w,y’)—h(z;y)).

— [
. - h(z,y)
Generalized cross-entropy loss  {gce(h, 2, y) = é[l - [%] ],a € (0,1).
Lyeyugoy €Y
Jraeah

Mean absolute error loss Crmac(h,z,y) =1 - — .
Zy’eyu{o} eh(@:y")

3 Two-stage J-consistent surrogate loss

In this section, we consider an important two-stage scenario for learning to defer with multiple experts.
This is a critical scenario in practice for many applications where a predictor is already available, as
a result of training with a loss function ¢ supported by J{-consistency bounds, such as the logistic
loss (first stage). The logistic loss coincides with the cross-entropy loss when a softmax activation is
applied to the output of a neural network. The problem then consists of learning a deferral function
(second stage) to assign the most suitable expert to each input instance.

We first design a new family of surrogate losses for this rwo-stage scenario (Section 3.1). Next, we
show that our surrogate losses benefit from H-consistency bounds (Section 3.2). As a by-product,

we prove J(-consistency bounds in standard multi-class classification, where J{ denotes hypothesis
sets with a fixed scoring function (Section 3.3). These bounds have not been studied before and can
be of independent interest in other consistency studies. Moreover, we show that, for a constant cost
function, our two-stage surrogate losses are realizable J-consistent (Section 3.4).

3.1 General surrogate losses

A hypothesis set H of functions mapping from X x [n+n.] to R can be decomposed as I = F(,, x Hg,
where H,, denotes the hypothesis set spanned by the first n scores, used for prediction, and H, the
hypothesis set spanned by the final n. scores, used for deferral. Thus, any h € JH can be written as a
pair h = (hy, hq) with h, € 3, and hy € Hg.

Let ¢ be a surrogate loss for standard multi-class classification with n classes. We consider the
following two-stage scenario: in the first stage, h,, is learned using the surrogate loss £1; in the second
stage, hq is learned using a surrogate loss L, that depends on the prediction function %), learned in
the first stage.

Io any hg € Hy, we associate a hypothesis hy defined over (ne + 1) classes {0,1,...,n.} by
hq(x,0) = maxyey hy(z,y), that is the maximal score assigned by h,, to its predicted label, and

ha(x, ) = haq(x, ) for j € [n.]. We can then define our suggested surrogate loss for the second
stage as follows:

th(hd,l'7y) = ]lhp(m)=y 62(5d1x70) + Z éj(mvy)EQ(ﬁdaxvj)a 3)

j=1
where £o(hg, x, j) is a surrogate loss for standard multi-class classification with (n, + 1) categories
{0,1,...,n.}. Intuitively, the indicator term 15,(;)+,,.; in the deferral loss (1) penalizes hq(z, j)
when it has a small value. Similarly, for a standard surrogate loss £5(hg, z, j) such as the logistic loss,

it penalizes hy(z, ) when it has a small value as well. In Table 2, we present a summary of examples
of such second-stage surrogate losses, where /5 is selected from common surrogate losses in standard
multi-class classification defined in Table 1. A detailed derivation is presented in Appendix B.

From the point of view of the second stage, z ~ h4(z,0) = maxyey h,(x,y) is a fixed function. We
will denote by F(4 the family of hypotheses hg: X x {0,1,...,n.} — R whose first scoring function,
ha(+,0), is fixed and not to be learned in the second stage.

Our formulation bears some similarity with the design of a surrogate loss function for rejectors in
[Cortes et al., 2016a, 2023] for learning with rejection in binary classification, where the cost is a

il
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constant. However, our surrogate loss is tailored to accommodate a general cost function depending
on both x and y for deferral, in contrast with a constant one, and it allows for multiple deferral
options, as opposed to only one rejection option.

3.2 H-consistency bounds for two-stage surrogate losses

In this section, we provide strong guarantees for two-stage surrogate losses, provided that the first-
stage loss function ¢; admits an J{,,-consistency bound, and the second-stage surrogate £ admits an

H 4-consistency bound.

Theorem 1 (H-consistency bounds for score-based two-stage surrogates). Assume that {1 admits

an Hp-consistency bound and {5 admits an H 4-consistency bound with respect to the multi-class
zero-one classification loss €y_1 respectively. Thus, there are non-decreasing concave functions I'q

and I'y such that, for all h,, € }(,, and hy € Hy, we have
Etoy (hp) = 820_1 (Hp) + My, (36,) < Fl(&fl (hp) - 82 (Fp) + My, (J{p))
Eooy (ha) = €5, (Fa) + My, (Ha) < Ta(Er, (ha) - €7, (Fa) + Me, (Ha)).-
Then, the following holds for all h € H:
8Ldef (h) - Efdef(%) + MLdef (j{)

i, (ha) = €[, (Ha) + My, (ﬂ'fd))
Z;l:el & .

Furthermore, constant factors (1 + Z?gl Ej) and Z%c can be removed when I’y is linear.
=15

<T1(&e (hp) = &5, (3) + My, (3,)) + (1 + _%Cj)T‘Z(

The proof is given in Appendix D. It consists of expressing the conditional regret of the deferral
loss as the sum of two regrets, first by minimizing hq for a fixed h, and then by minimizing h,,.
Subsequently, we show how each regret can be upper-bounded in terms of the conditional regret of
each stage’s surrogate loss, leveraging the J(,-consistency bound of ¢; and 3{4-consistency bound of
{5 with respect to the zero-one loss. This, in conjunction with the concavity of functions I'; and I's,
establishes our JH-consistency bounds.

Thus, the theorem provides a strong guarantee for the two-stage surrogate losses. A specific instance of

Theorem 1 holds for the case where €7 (H(,) = €] (Han) and &, (H4) = €[, (Han), ensuring that
P 'p

the Bayes-error coincides with the best-in-class error and, consequently, My, () = My, (3Hq) = 0.

Given Theorem 1 and the non-negativity property of M ,_, (), we can derive the following corollary.

Corollary 2. Assume that { satisfies the same assumption as in Theorem 1. Then, for all h € H and
any distribution such that &}, (3,) = &7, (Han) and &, (Ha) =¢&f, (Han), we have

Ne & hg)—-&F (K
edexh)—ezM(ﬂf)srl(ea(hp)—ezl(%p>)+(1+zcj)rg( b, () 85, € d)),

j= 2jh

where the constant factors (1 + Z?:l Ej) and ﬁ can be removed when T's is linear.

j=1=j
Corollary 2 implies that when the estimation error of the first-stage surrogate loss, £, (hy) - €7 (3(,),
is reduced to €1, and the estimation error of the second-stage surrogate loss, €, (ha) = €, (Ha),
D

is reduced to e, the estimation error of the deferral loss, €, (h) — €[ (3(), is upper-bound by

Fl(el) + (1 +J§CJ)F2(Z;Z2ICJ )

The common surrogate losses mentioned earlier all satisfy the first-stage requirement; however, it
was unclear if they would meet the second-stage criterion since the J;-consistency bound is for

hypothesis sets J; with a fixed first scoring function. This has not been previously studied in the
literature. In the next section, we prove for the first time that common multi-class surrogate losses,

q
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Table 2: Examples for score-based second-stage surrogate losses (3).

Ly Lh,

éexp ]lhp(z):y 27:1 eh(:c,n-#z)—maxyég h(z,y) + 27:1 Ej(.’l/', U)[ '757:1,#]‘ 6h(1z,'n+1)—h(1r,'n+j) + eMaXyey h(:l;,y)—h(w,'n-#])]
eMaXyey h(xz,y) ne = eh(z.n+j)

Liog —ﬂhp(m):y log ey M) e (e ) - Zj:l C](xv y)log mRyey PLe) e Ch(anri)

/ 1 1[4 emaxyey h(z.y) o ne — 1[4y Shle,n+i) @
gce ho(2)=y o [+ | maxgey ) e ohGene) + Zj:1 ¢i(x, y)g | mergey o) e ohGeme)
i= i=
emaxyey k(@) ne — Gh(@nts)
Cinae ﬂhp(m):y[l T ey h,(ar,y)+2?:01 h(zined) + ijl Cj (JL y) 1- ey h(:r.y)+2:.:1 ch(zmti)

such as the logistic loss, satisfy this requirement and can be incorporated into both the first and second
stage. Hence, based on [Mao et al., 2023h, Theorem 1] and Theorem 3 in Section 3.3, when using
logistic loss in both stages, the concave functions are I'; (t) = T'5(¢) = /2t, and thus Corollary 2
yields the following H-consistency bound:

1 Ne & hs)—=E&F 3
- £2,00 £ Bl )23, + B[ 1§, | 2o S0
I=t =15

In particular, the bound implies the Bayes-consistency of the two-stage surrogate loss when ¢ = {5 =
l1o¢. Similarly, for other choices of ¢; and /5 defined in Table 1, the two-stage surrogate loss benefits
from an J{-consistency bound and is also Bayes-consistent.

3.3 J-consistency bounds for standard surrogate loss functions

In this section, we seek to derive J{-consistency bounds for common surrogate losses defined in
Table 1 in the standard multi-class classification scenario. Recall that the first scoring function of
hypotheses in H is the function max,ey h, (-, y). Here, for any given function A mapping from X to
R, we define the hypothesis set H augmented by A in a similar way, that is to any h € H{ we associate
a hypothesis h € 3 defined by h(z,0) = A(z) and h(z,j) = h(z,j) for j > 1. These H-consistency
bounds offer strong guarantees when the loss functions in Table 1 are used in the second stage of
the two-stage learning to defer surrogate losses (3) instantiated in Table 2. We believe that these
results are of independent interest and can admit other applications in the study of J-consistency
bounds. As with [Mao et al., 2023h], we assume that the hypothesis set H is symmetric and complete.
A hypothesis set is said to be symmetric if there exists a family F of functions f mapping from
X to R such that {[h(z,1),...,h(z,n)]:he H} = {[f1(z),..., fu(@)]: f1,..., fn € F}, for any
x € X. A hypothesis set H is said to be complete if the set of scores it generates spans R, that is,
{h(z,y):h e H} =R, forany (z,y) e X x Y.

Note that for a symmetric and complete I, the associated H is not symmetric and complete.
Therefore, the proof of Mao et al. [2023h] cannot be generalized to our setting. Our proofs are
presented in Appendix E. We give a new method for upper bounding the conditional regret of the
zero-one loss by that of a surrogate loss. To achieve this, we upper bound the minimal conditional

surrogate loss by the conditional loss of a carefully constructed hypothesis in 7 denoted by Eu. The
resulting softmax 8, of this hypothesis only differs from the original softmax 8 corresponding to h
on exactly two of the labels.

Theorem 3 (H-consistency bounds). Assume that H is symmetric and complete. Then, for any

function X\ mapping from X to R, hypothesis h in the associated hypothesis set 7 and any distribution,
the following inequality holds:

Eas (B) = €4, (30) <D () - €7 (30) + Me(37)) - M, (30),
where T(t) = \/2t for £ = liog 0F leoxp; T(t) = \/2(n+ 1)L for £ = Lyce; and T'(t) = (n + 1)t for

Let us underscore that our proof technique is novel and distinct from the approach used in [Mao
et al., 2023h]. Their method is tailored for hypothesis sets where each score can span across R. This
is not applicable in our context where the hypothesis set adheres to a predefined scoring function.

A
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In their proof, to set an upper bound on the estimation error of the zero-one loss using that of the
surrogate loss, they select an auxiliary function h,, for any hypothesis h. This function is contingent
on the distinct scores of h. Subsequently, the authors choose an optimal p to set these bounds.
Nevertheless, if any of h’s scores are fixed, an optimal ;1 does not exist, preventing the establishment
of a meaningful bound. Instead, our new proof method overcomes this limitation by choosing h,,
based on the softmax, as the softmax corresponding to the label zero can still vary due to the influence
of changes in other scores, even when the scoring function on label zero is fixed.

3.4 Realizable J-consistency

Recently, Mozannar et al. [2023] showed that even in the straightforward single-expert setting,
existing Bayes-consistent single-stage surrogate losses [Mozannar and Sontag, 2020, Verma and
Nalisnick, 2022] are not realizable H-consistent [Long and Servedio, 2013, Zhang and Agarwal,
2020] for learning with deferral. This can pose significant challenges when learning with a restricted
hypothesis set 3, even for simple linear models. Instead, they proposed a new surrogate loss that
is realizable J{-consistent when J{ is closed under scaling, meaning that it satisfies the condition
h € H = 7h € H for all 7 in the set of real numbers. However, they stated that they could not
prove or disprove whether their proposed surrogate loss is Bayes-consistent. Consequently, it has
become crucial to identify a surrogate loss that is both consistent and realizable-consistent, which has
remained an open problem.

Definition 4 (Realizable J{-consistency). A surrogate loss L is considered a realizable J-consistent
loss function for the deferral loss Lyt If, for any distribution that is J-realizable, that is, there exists
a zero loss solution h* € H with &, ,(h*) = 0, optimizing the surrogate loss results in obtaining the
zero-error solution:

n—>+00 n—+oo

(h ) &l (J‘f)—)O e ELdef(h’ ) SLdef(g-C)—>0

In the following result, we show that our two-stage surrogate losses are realizable J-consistent.
Combined with their Bayes-consistency properties, which have already been established in Section 3.2,
we effectively find surrogate losses that are both Bayes-consistent and realizable consistent in the
multi-expert setting, including the single-expert setting as a special case. For simplicity, here, we
study the case where /1 = {5 = {1,g, a similar proof holds for other choices of ¢; and ¢, defined in
Table 1. The proof is included in Appendix F.

Theorem 5 (Realizable H-consistency for score-based two-stage surrogates). Assume that H is
closed under scaling and c; (x,y) = B;,V(2,y) € X x Y. Let £, and {5 be the logistic loss. Let h,, be
the minimizer of &y, and hg be the minimizer of &, suchthat &, (hd) miny €, (ha). Then,
the following equality holds for any (H, R) reallzable distribution,

ELyr(h) =0, where h = (hy, ha).

Theorem 5 suggests that when the estimation error of the first-stage surrogate loss, €, (hy) —

&5, (3,) 277, 0, and the estimation error of the second-stage surrogate loss, €y, (hy) -
th (Hq) =225 0, the estimation error of the deferral loss, ELyr (M) = EF L (F0) m 0.
This result demonstrates that our two- stage surrogate losses are not only Bayes-consistent, but also

realizable JH{-consistent when only the inference cost (3;) exists.

4 Predictor-rejector setting

The results of the previous sections were all given for the score-based setting. We note that another
popular setting in learning with deferral/abstention is the predictor-rejector setting [Cortes et al.,
20164, 2023], where the deferral corresponds to a separate function R instead of extra scores. For
completeness, we introduce this setting as well. Here too, we design a family of two-stage surrogate
losses benefiting from both (H, R)-consistency bounds and realizable consistency. For simplicity,
we overload the notation as with score-based setting based on the context.

Let JH be a hypothesis set of prediction functions mapping from X x Y to R. The label predicted
for x € X using a hypothesis h € H is denoted by h(x) and defined as one with the highest score,

7
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Table 3: Examples for predictor-rejector second-stage surrogate losses (5).
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h(x) = argmax, .y h(z,y), with an arbitrary but fixed deterministic strategy for breaking ties. Let
R be a family of deferring functions mapping from X to R™¢, where n. is the number of experts.
A deferral r = (71,...,7,,) € R is used to defer the prediction on input x to the jth expert h; if
rj(z) <0andr;(z) <min} ;. (), in which case a cost ¢;(z,y) = 1-¢;(x,y) € [1-¢;,1-¢;]
is incurred with 0 < ¢; <¢; < 1. A natural choice of the cost is ci(z,y) = a;jly; (z)2y + Bj, where
o, B; > 0 and h; is the prediction of the jth expert. The 3; in the second term corresponds to the
inference cost incurred by expert h;. Let 7o = 0 and define r(x) = 0 if 7o(x) < minje, 17;(2);
otherwise, r(z) = argmin ., 17;(), with an arbitrary but fixed deterministic strategy for breaking

ties. The learning to defer loss Lqer With n. experts is defined as follows for any (h,7) € H x R and
(z,y) e X xY:

Ldef(ha r,x, y) = ]lh(ac):ty]lr(z):o + Z cj(xv y)]lr(x):j‘ “4)
j=1

Given a distribution D over X x Y, we will denote by & ,_,(h,r) the expected deferral loss of a
predictor i € H and a deferral 7 € R, €L, (h, ) = E(4 y)~n[Laer (R, 7, 2,y)], and by € (I, R) =
infreae rer g (B, 7) its infimum or best-in class expected loss. We will adopt similar definitions

for other loss functions. We denote by M (H(,R) = £/ (H,R) - E, [inf;,ej-[7refR Eyz[L(h, 7,2, y)]]
the minimizability gap for hypothesis sets (,R) and a loss function L.

Let /1 be a surrogate loss for standard multi-class classification with n classes. We consider the
following two-stage scenario: in the first stage, a predictor h is learned using the surrogate loss ¢1;
in the second stage, r is learned using a surrogate loss L;, that depends on the prediction function A
learned in the first stage.

To any 7 € R, we associate a hypothesis 7 defined over (n. + 1) classes {0, 1,...,n.} by 7(x,0) = 0,
that is zero scoring function, and 7(z, j) = —r;(z) for j € [n.]. We can then define our suggested
surrogate loss for the second stage:

Ne

Lh(raxvy) = ILh(a:):yEQ(Fymvo) + ZEj(xyy)KQ(?7x7j)' @)

j=1
Here, (5(T,x, j) is a surrogate loss for standard multi-class classification with (n. + 1) categories
{0,1,...,n.}. Intuitively, the indicator term 1,(,).; in the deferral loss penalizes r;(z) when it
has a large value. However, a standard surrogate loss {2 (T, x, j) such as the logistic loss penalizes
7(x,7) when it has a small value. This is why we use a negative sign in the definition of 7 to maintain
consistency between the definitions of L and Lqe¢. In Table 3, we present a summary of examples of
such second-stage surrogate losses, where /5 is selected from common surrogate losses in standard
multi-class classification defined in Table 1. A detailed derivation is presented in Appendix C.

From the point of view of the second stage, we will denote by R the family of hypotheses 7: X x
{0,1,...,n.} = R whose first scoring function, 7(+,0), is zero function and will not be learned in
the second stage. We will provide strong guarantees for two-stage surrogate losses, provided that the
first-stage loss function ¢; admits an H-consistency bound, and the second-stage loss function /5
admits an R-consistency bound.

Theorem 6 ((J, R)-consistency bounds for predictor-rejector two-stage surrogates). Assume

that {1 admits an H-consistency bound and {5 admits an R-consistency bound with respect to the
multi-class zero-one classification loss {y_1 respectively. Thus, there are non-decreasing concave

R
https://doi.org/10.52202/075280-0159 3585



functions Ty and Ty such that, for all h € K and 7 € R, we have
Eroy (h) = €7, (F0) + Mgy, (3) <T1(Er, (h) - €, (50) + My, ()
€101 () = €4, , (R) + My, (R) < Ta(E, (7) = €5, (R) + My, (R)).
Then, the following holds for all h € H and r € R:
ELaer (hym) = €L (FGR) + My, (H, R)

<T1(En (h) = €7, (30 + Me, (30) + (1 3z

J=1

)PQ( )

n
Z]‘; [

where the constant factors (1 + Z?jl Ej) and 76 can be removed when Iy is linear.
Xiag

As with the score-based setting, a specific instance of Theorem 6 holds for the case where £; () =
€, (Han) and € (R) = &, (Ran), ensuring that the Bayes-error coincides with the best-in-class
error and, consequently, My, () = M, (R) = 0. In these cases, when the estimation error of
the first-stage surrogate loss, €, (h) — €; (3(), is reduced to €;, and the estimation error of the
second-stage surrogate loss, &, (1) — &l (R), is reduced to o, the estimation error of the deferral
loss, &, (h, ) = & (F(,R), is upper bounded by

ne €
F1(€1)+ 1+ZC' Fg(m .
j=1 ! nglgj

Next, we show that our two-stage surrogate losses are realizable (H,R)-consistent. We say that
the distribution is (3, R)-realizable, if there exists a zero error solution (h*,r*) € H x R with
ELy (R r*)=0.

Theorem 7 (Realizable (3, R)-consistency for predictor-rejector two-stage surrogates). As-
sume that 3 and R is closed under scaling and c;(x,y) = B;,V(x,y) € X x Y. Let {1 and {5 be the

logistic loss. Let h be the minimizer of €, and ¥ be the minimizer of €. Then, the following holds
for any (H, R) -realizable distribution,

&L, (h,7#)=0.

The proof is included in Appendix H. Theorem 7 suggests that the two-stage surrogate loss is realizable
n—>+oo

consistent: when the estimation error of the first-stage surrogate loss &, (hy,) - &l (H) —— 0, and

'n.—>+oo

the estimation error of the second-stage surrogate loss €L, (1) = €[, (R) — 0, the estimation

n—+oo

error of the deferral loss, &, (hn,7n) — . (3(,R) —— 0. By Theorem 6 and Theorem 7, in
the predictor-rejector setting, we also effectlvely find both Bayes-consistent and realizable consistent
surrogate losses with multiple experts when only the inference cost (3;) exists.

Note that while Sections 3 and 4 both propose new two-stage algorithms based on J{-consistent
surrogate losses, they differ in an important way. Section 3 learns with deferral in a score-based
framework, where deferral is associated with extra scores. In contrast, Section 4 learns with deferral
in a predictor-rejector setting, where deferral corresponds to a separate function. These represent two
distinct learning frameworks that have been studied in the literature. Deriving consistent surrogate
losses in the predictor-rejector setting has historically been challenging for traditional single-stage
scenarios, leading many to opt for the score-based approach.

We should also highlight that our J{-consistency bounds in Theorems 1 and 6 can be used to derive
finite sample estimation bounds for the minimizer of the surrogate loss over a hypothesis set 3.
This is achieved by upper bounding the estimation error of the minimizer of the surrogate loss using
standard Rademacher complexity bounds (see [Mao et al., 2023h]).

5 Experiments

In this section, we report the results of our experiments on CIFAR-10 [Krizhevsky, 2009] and SVHN
[Netzer et al., 2011] datasets to test the effectiveness of our proposed algorithms for two-stage
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Table 4: Accuracy of deferral with multiple experts: mean + standard deviation over three runs.

Dataset Base cost Base model Single expert Two experts Three experts

SVHN X 91.12 91.85+0.01% 92.77 +0.02% 93.30 + 0.02%
CIFAR-10 X 70.56 72.63 £0.20% 75.84 £0.35% 77.68 £ 0.07%
SVHN v 91.12 91.66 £ 0.01% 92.05+0.10% 92.19 + 0.03%
CIFAR-10 Vv 70.56 71.73 £0.06% 7231 £0.31% 72.42 +0.12%

learning to defer with multiple experts. We evaluated the overall accuracy of the learned pairs of
predictor and deferral model across different scenarios involving varying the number of experts,
where the predictor is pre-learned in the first stage and the deferral is subsequently learned using our
proposed surrogate loss. We find that as the number of experts increases, the overall accuracy of the
learned pairs also increases, in both scenarios with zero and non-zero base costs. This observation
highlights the significance of using a multiple expert framework in our approach and the effectiveness
of our surrogate loss within the framework.

We used ResNet architectures [He et al., 2016] for the prediction model, the deferral model and
expert models. More precisely, we used ResNet-4 for both the predictor and the deferral. We adopted
three expert models: ResNet-10, ResNet-16, ResNet-28 with increasing capacity. For training, we
used the Adam optimizer [Kingma and Ba, 2014] with a batch size of 128 and weight decay 1 x 107,
Training was run for 15 epochs for SVHN and 50 epochs for CIFAR-10 with the default learning rate.
No data augmentation was used in our experiments. We used our two-stage surrogate loss (3) with
the logistic loss ¢ = £}, to train the deferral model ResNet-4, with a pre-learned predictor ResNet-4
trained using logistic loss. A check mark indicates the presence of a base cost in the cost function,
whereas a cross mark signifies its absence. We first set the cost function to be 1 (,)+, Without a
base cost. Next, for the experimental results shown in the last two row of Table 4, we chose base
costs f3; associated with each expert model as: 0.1, 0.12, 0.14 increasing with model capacity for
SVHN and 0.3, 0.32, 0.34 increasing with model capacity for CIFAR-10. A base cost value that is
close to the misclassification loss can strike a balance between improving accuracy and maintaining
the ratio of deferral. We observed that other neighboring values lead to similar results. Note that the
accuracy here refers to the overall accuracy of the learned pairs of predictor and deferral model. It is
related to the deferral loss. Specifically, in the absence of the base cost, the accuracy aligns precisely
with one minus the expected deferral loss. The results of Table 4 demonstrate the effectiveness of our
proposed algorithms for two-stage learning to defer with multiple experts.

To the best of our knowledge, our study pioneers the exploration of a two-stage learning approach for
deferral, a framework that is essential in numerous practical applications. Thus, we are unaware of
any established baselines within this context.

It is important to underscore the differences between our learning scenario and those presented in
[Okati et al., 2021, Narasimhan et al., 2022]. While both of them involve two phases, their methodolo-
gies are considerably different from ours. Okati et al. [2021] required conditional probabilities paired
with loss estimates from the expert—a component not available in our framework, as emphasized by
Mozannar et al. [2023]. On the other hand, Narasimhan et al. [2022] proposed a post-hoc correction
for single-stage learning to defer surrogate losses. This approach, however, is not applicable to a
pre-trained predictor from the standard multi-class classification. In contrast, our work focuses on
enhancing the pre-trained predictor within the standard framework.

A limitation of our study is that the cost function used within the deferral loss is not fixed, and
is typically determined through cross-validation in practice. There exists potential to introduce a
principled method for selecting the cost function, which we have reserved for future research.

6 Conclusion

We introduced a novel family of surrogate loss functions and algorithms for a crucial two-stage
learning to defer approach with multiple experts. We proved that these surrogate losses are supported
by JH-consistency bounds and established their realizable J{-consistency properties for a constant
cost function. This work paves the way for comparing different surrogate losses and cost functions
within our framework. Further exploration, both theoretically and empirically, holds the potential to
identify optimal choices for these quantities across diverse tasks.
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A Related work

The scenario of single-stage learning to defer has been extensively explored in previous research.
The initial studies focused on the problem of abstention and introduced various approaches such as
confidence-based abstention [Chow, 1957, 1970, Herbei and Wegkamp, 2005, Bartlett and Wegkamp,
2008, Grandvalet et al., 2008, Yuan and Wegkamp, 2010, 2011, Ramaswamy et al., 2018, Ni et al.,
2019], selective classification [El-Yaniv et al., 2010, Wiener and El-Yaniv, 2011, Kalai et al., 2012,
Geifman and El-Yaniv, 2017, 2019, Ziyin et al., 2019, Acar et al., 2020, Gangrade et al., 2021], a
predictor-rejector framework for abstention [Cortes et al., 2016a,b, Charoenphakdee et al., 2021,
Cortes et al., 2023, Mohri et al., 2023, Mao et al., 2023c], and a score-based setting for abstention
[Mozannar and Sontag, 2020, Raman and Yee, 2021, Liu et al., 2022, Verma and Nalisnick, 2022,
Charusaie et al., 2022, Cao et al., 2022, Mao et al., 2023f, Verma et al., 2023, Mao et al., 2023b,
Mozannar et al., 2023].

Another line of research is centered around the joint learning of prediction and deferral functions.
Several publications by Madras et al. [2018], Raghu et al. [2019], Wilder et al. [2021], Pradier et al.
[2021], Keswani et al. [2021] delve into this topic, considering single-stage learning to defer and
its variants. Additionally, the concept of learning to defer has been explored in different scenarios,
including combining human and machine predictions, investigating human preferences, regression
problems, reinforcement learning, and more [Kamar et al., 2012, Tan et al., 2018, Kleinberg et al.,
2018, Bansal et al., 2021, De et al., 2020, Straitouri et al., 2021, Zhao et al., 2021, Joshi et al., 2021,
Gao et al., 2021, Mozannar et al., 2022, Hemmer et al., 2023, Narasimhan et al., 2023]. However, in
practice, a predictor such as an LLM is already available and retraining one in conjunction with a
deferral function could be prohibitively costly: depending on its size and the amount of data used,
retraining could take several weeks or months. Thus, the single-stage learning to defer scenario and
its solutions often do not align with the practical challenges encountered in real-world applications.

Alternative post-hoc methods have been proposed to address the learning to defer problem. Okati
et al. [2021] proposed an iterative approach optimizing a predictor and a rejector over multiple epochs.
Within each epoch, first the predictor is trained on points where its loss is lower than that of a human
expert; second, the rejector is fitted to predict which of the predictor or the human expert has a
lower loss. Narasimhan et al. [2022] suggested a post-hoc correction to the single-stage learning to
defer surrogate losses, specifically the cost-sensitive softmax cross-entropy (CSS) surrogate loss in
[Mozannar and Sontag, 2020] and the one-versus-all (OvA) surrogate loss in [Verma and Nalisnick,
2022] for cases where they suffer from underfitting. However, as with the single-stage learning to
defer solutions, post-hoc approaches do not apply to scenarios where an existing predictor, pre-trained
using a standard classification loss function such as cross-entropy, is already available.

A key criterion for surrogate losses in the scenario of learning to defer is Bayes-consistency (also
known as consistency) [Zhang, 2004, Bartlett et al., 2006, Steinwart, 2007, Mobhri et al., 2018]. This
property guarantees that minimizing the surrogate loss over the family of measurable functions leads
to the minimization of the deferral loss. The surrogate losses proposed in [Mozannar and Sontag,
2020, Verma and Nalisnick, 2022] have shown to be Bayes-consistent for deferral. However, Bayes-
consistency is a property associated with the family of all measurable functions, which of course is
considerably broader than the hypothesis sets typically used in learning algorithms, including linear
hypothesis sets and the family of neural networks.

Instead, Long and Servedio [2013], Kuznetsov et al. [2014], Zhang and Agarwal [2020] proposed a
notion of realizable J-consistency, that is consistency associated with a specific hypothesis set in the
realizable scenario. Mozannar et al. [2023] recently showed that existing Bayes-consistent surrogate
losses in [Mozannar and Sontag, 2020, Verma and Nalisnick, 2022] are not realizable J{-consistent
for learning with deferral, which can pose significant challenges when learning with a restricted
hypothesis set H, even for simple linear models. Instead, they proposed a new surrogate loss that is
realizable J(-consistent when J{ is closed under scaling. However, they also observed that the loss
function of Madras et al. [2018], which is not Bayes-consistent, is actually realizable J{-consistent.
They acknowledged their inability to prove or disprove whether their proposed surrogate loss is
Bayes-consistent. Consequently, it has remained an open problem to identify a surrogate loss that is
both consistent and realizable-consistent.

In recent work, Verma et al. [2023] proposed the first Bayes-consistent surrogate losses in the scenario
of learning to defer with multiple experts [Hemmer et al., 2022, Keswani et al., 2021, Kerrigan et al.,
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2021, Straitouri et al., 2022, Benz and Rodriguez, 2022]. This scenario is more attractive and
significant in applications such as large language models, where multiple models are often available
for deferral. However, the surrogate losses proposed by the authors do not benefit from realizable
H-consistency, even in the single-expert setting, since they are a straightforward generalization of
those of Mozannar and Sontag [2020] and Verma and Nalisnick [2022].

In summary, the problem of learning to defer in a single-stage scenario has been extensively studied,
but it is often impractical in real-world applications. Post-hoc methods and surrogate losses have
been explored, but the challenge remains to find a surrogate loss that is both consistent and realizable-
consistent. Recent research has made progress in the scenario of learning to defer with multiple
experts but has not achieved realizable J{-consistency even in a single-expert setting.

B Examples of two-stage score-based surrogate losses

Example: (5 = lexp. For b5 (ha, 2,y) = lexp(ha, ©,y) = ¥yrayy eha@y)-ha(@) by (3), we have

th(hd,x,y)

= ﬂhp(i):y 82(5d7x70) + Z Ej(xvy)£2(ﬁdvm7j)

J=1

= Lo, )=y 2 e ) halr ) %: ci(z,y) >, eha(@y")=ha(w.5)
P B b

y'+0 j=1 y'#]

- ]lhp(m)=y % eh(m,n+i)—maxyey h(z,y) n %e: cj(a:,y)[ ie: eh(w,n+i)—h(ac,n+j) + emaxyey h(a:,y)—h(z,n+j):|.

i=1 j=1 i=1,i%j

Example: (3 = (0. For lo(hg, 7,y) = log(ha, 7, y) = log(zy,eyu{o} eﬁd(m’y')’ﬁd(mvy)), by (3), we
have

th(hChxv y)
=1y (2)=y lo(ha, 2,0) + 3" &;(2,y)l2(ha, ., 5)
=1
— ﬂhp(aj):y log( Z ehd(x,y')hd(x,O)) + Z": E] (x’ y) log( Z ehd(x#y,)hd(x’j))
y'eyu{0} J=1 y'egu{o}

emaxyey h(z,y) Ne eh(z.n+j)
= —1} (2)=y l0Og - > ¢j(z,y)log
hp(z)=y emaxyey h(z,y) 4 Zfbel eh(z,n+i) = I\ emaxyey h(z,y) 4 Z’{lel eh(zn+i) |
i= = i=

Fitou a

Example: 62 = ggce- For Ez(hd,l',y) = ggce(hdaxvy) = él:]- - I:Z 6’7%(1’,7;(1, - ,)] :|,Oé € (0, 1), by
v'eyuioy € 40

(3), we have

th(hd,xay)
= 1hp(m):y EQ(Eda‘ij) + Z Ej(xvy)KQ(Edaxvj)
j=1

1 eha(,0) “ Ne 1 eha(z.5) “
=1, (x)=y — 1- = +25j($,y)7 1- =
) B D IVRTNTS R I = o [ Zyeyorop )

1 eMaxyey h(z,y) @ ne 1 eh(z,n+j) @
= ]lhp(ﬂi):ya 1- emaxyey h(z,y) 4 2?:1 eh(z,n+i) + J; Cj(xay)a 1- omaxyey h(@,) 4 Z?zel Sh(zn+i) .
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eﬁd(%y)
ha(z,y’)’

Example: {5 = {y0c. For £o(hg, 2,9) = lmac(ha, 2,y) =1 - by (3), we have

Zy’e%lu(O} €
th (h’d7 z, y)

=1y, (2)=y lo(ha, 2,0) + 3" &;(2,y)l2(ha, , 5)

j=1
eha(2,0) % ( (1 eha(@,9)
=1h (p)=y | 1— = — |+ ), ¢i(z,y - = -
»(2)=y Zy’e‘ju{o} eha(z,y’) ot J Zy’eyu{o} eha(z,y’)

emaxyey h(z,y) Ne eh(z,n+j)
=1 | 1- — |+ > ¢ci(x 1- — |-
hp(z)=y emaxycy h(z,y) 4 Z,T;El ch(z,n+i) ]Z:; J( 7y) emaxyey h(z,y) 4 Z;ﬂ:el eh(z,n+i)

C Examples of two-stage predictor-rejector surrogate losses

Example: (5 = lexp,. For £o(T, 2, y) = Loxp (T, 2,Y) = Tyray (@) T(@Y) by (5), we have

Lh(ra Zz, y)

Ne

= Th(z)—y L2(T, 2,0) + Y & (2, y)la(T, 2, 5)

J=1

= Tho)ey 2, @y ) (@,0) | i &i(z,y) Y @)@

y'#0 J=1 y'+j

= Lh(a)=y Zl e 4y e (x, y)[ T @@ e%(m)].

j=1 i=1,i%]

Example: {5 = (5. For (5(T,2,y) = liog (T, 2,y) = log(zy,egu{o} e?(z’y’)’ﬂ"”*y)), by (5), we have

Lh('ﬂl’, y)
= ]lh(ac)=y KQ(Fa Zz, 0) + Z Ej(l‘, y)€2(F7 J?,j)
j=1
= Lh(a)=y 10%( > 6“”’/)_7(’“0)) + Z ¢j(z,y) log( > e“W')—TW))
y’eYu{0} j=1 y'eYu{0}

1 ne e~ Ti (@)
= -y lg(lz(>) 2@y 1g(1z<>)

T(x,y o
Example: (5 = (ye. For (5(F, 2, y) = Lyee(F, 7, y) = i[l - [%}Q,)] ],a € (0,1), by (5),
y’eyu{o} € e

we have

Ln(r.z,y)

= ]lh(:c)=y £2(?7 ZC7O) + Z Cj (LU, y)EQ(?vxvj)

j=1
1 e (:0) H ne 1 o7 (@.9) «
= Ih(a)= [1—[, +) G y)—|l- |7
@ o 2 yreyu{o} er(@y) ]; ! e Yyreyu{o} er(@:y’)

1 1 1 1 e %
~payey—|1 - | —=—— ej(a,y)—|1- | —=——| |-
h(x)_ya[ [1+Z?§1 6‘”(“] ]+;cj(x,y)a[ [1+Z?§16‘”(”] ]
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e (@)

2yleyu{oy er(@y)?

Example: /5 = {,,,6. For 05(T,2,y) = bae(F,z,y) = 1 — by (5), we have

Lh('f‘,l‘,y)
= ]lh(w):y 62(?7‘%;0) + Z Ej(xvy)KQ(?ax,j)
j=1

6F(z,O) ne eF(IJ)
= Tn(a)=y (1 ) + Zlcj(:c,y)(l - )
o

Zy’e‘éu{o} er(z,y’) Zy’EHU{O} er(z.y’)

1 ne e—rj(z)
“h@s| L g e | T RSOV T e |

D Proof of H-consistency bounds for score-based two-stage surrogate losses
(Theorem 1)

Theorem 1 (H-consistency bounds for score-based two-stage surrogates). Assume that {1 admits

an Hp-consistency bound and {5 admits an H 4-consistency bound with respect to the multi-class
zero-one classification loss £y_1 respectively. Thus, there are non-decreasing concave functions I'y

and I'y such that, for all h,, € }(,, and hy € Hy, we have

Etoy (hp) = 82)_1 (Fp) + My, (3,) < Fl(gll (hp) - 82(5}%) + My, (J{p))
Etoy (ha) = €5, (Fa) + My, (Fa) < T2, (ha) - €7, (Ha) + My, (Ha)).
Then, the following holds for all h € H:

el—def(h) - & (:H) + MLdef (j{)

Laer

€L, (ha) = €[, (Ha) + My, (J{d))

e
21

<T1(E0, (hy) - €7, (36,) + M, (36,)) + (1 . Z)F(

A can be removed when T is linear.

Furthermore, constant factors (1 + X5 Ej) and s~
=14

Proof. If h(x) € [n], then h(x) = hy(x). Thus, the learning to defer loss can be expressed as follows:
Lact (B, 2, 9) = Tn(ayeyLn(ayeln] + 2. (T ¥) Lh(a)nsj
j=1

Ne
=1 (2)2y Lh(z)e[n] + Z:lcj($ay)]lh(x)=n+j-
i

Let ¢o(2,y) = 1y, (2)=y- Since h = (hy, ha), we can rewrite €, (h) — & (H) + M, (H) as

Ldet
8I—def (h) - Elilef(g{) + MLdef (j{)
=Ex[CLy (h,2) - C (3, z)]
_ Ex[eLdef (how) = inf €Ly (how)+ inf €L, (hoo) - €7, (OF a:)] (©)
= EXI:GLdef (h,z) - higﬂffd Claer (h, I):I +Ex [hi?ﬁf(d GLdef(h7 z) - szef (%, x):|
Let p(z,j) = M for any j € {0, ...,n.}. Note that p(x, -) is the probability vector on
]E?/[zj:() cj(x,y)]

the label space {0,...,n.}. For any h € 3, we define h as its augmented hypothesis: h(z,0) =

10
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maxyey h(z,y), h(x,1) = h(z,1),...,h(z,n.) = h(x,n.). By the assumptions, we have

GLdef(h7x) - hi?f GLdef(h7x)

=]§ Lh,(2)2y Lh(a)ern] + ZC;(QE Y) ()= n+J] - lnfd]E[]lh (@)#y Lh(z)e[n] + ch(m Y (z)= n+]:|
-E ZCJ(JJ y) [Zp(x 3)lo-1(h,z,5) -, inf Zp(x 3)lo-1(h,x J)]
| j=0 j=0
<E Zéj(x,y) Xl“z[Zp(w 2(h,x,j) - pnf Zp(x 3)l2(h, x J)]
“Lj=0 . Jj=0
(By J 4-consistency bounds of ég under assumption, A = maxyey h(z,y))
[ ne ] E,(Ly (hg,z,y)|-inf, E,|(Ly (hg,z,
=E Zéj(%y) T y[ hp( a ZJ)] oy h_deg{d y[ hp( a y)])
Y1Lj=0 ] E [ ]ﬂocj(f y)]
@(x,5) = % h(z,0) = max,ey h(z,y) and formulation (3))
ci(z,y
[ ne ] eth(hd,.'L‘) - ’ (Hg,x)
:E ZEj(I,y) FQ e = i
Yy _j—O ) Ey[Zj:o Cj(xvy)]
Iy GL,L (ha,x) - GLh (H{d,x)) when I's is linear
Cuy,, (hd@’) e, (Hdﬂ’) .
1+Z] 1cj Iy e, otherwise
(Z;’F1 ¢; <E [ Y0 € (z, y)] <1+ i1 ¢; and I'; is non-decreasing)
Fg ACLh Hy (hd,x)) when I'y is linear
= AL s (haz) )
1 +30 ;) Fz(%) otherwise
1S
and

inf GLdef(h,x)—(?f_’def(fH,x)
= mf GLM(h gc)—h inf . CLy (b, )

p€Slp,Ng€Siyg

= h;?ﬂf(fd]g[]lh (w)iyﬂh(w)E[n + Z Cj (‘T y)ﬂh(w) n+]]

h ei}ClpI,l}f;deg-(d y[ﬂh (2)#y Lh(z)e[n] + Z cj(z, y)ﬂh(z) n+]:|

= inf ]E|:]]-h (w)iyﬂh(w)E[n + ch(x y)ﬂh(w) n+]]
hde}Cd

_h,}?ﬂf-'fdlg[hlgf ]lh (z)#y]lh(m) e[n] + ZC](Z‘ y)]lh(x) n+J:|

=mind E| 1}, )2y [, minE[c;(z,y)] t —min{ inf E|1 (4)2, |, min E[c;(z,
mm{ [Ty 212y} minEle; (= y)J} mm{hgm[ ro()y ) I Bl (@ y)]}
<E[ln @] =, mf E[Ln,0)2]
= e Lo- 1(hp7x) - 616071 (g{er)
= Ae@o—lyﬂp(hpvx)
<Iy (A(?ghg{p (hyp, a:)) (By JH,-consistency bounds of £ under assumption)
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Therefore, by (6), we obtain
8I—clef (h) - Etdef (j{) + jvl"l—clef (g{)
Ex[Ta(ACL,, 9, (ha, 7)) | + Ex[D1(ACL, 3¢, (hy, 2))] when '3 is linear
(1 + e *,) E [I‘ (7AGL“P’M(M’$) )] +E [I‘ (AG (h ))] otherwise
j;l c] X 2 Z;‘l:el Ej X 1 fl,pr y 28] X W
Tao(Ex[ACL, a¢,(ha,2)]) + T1(Ex [ACy, ¢, (hy, 7)) when Ty is linear
(1+30 zj)rg(ﬁ EX[AGL%,% (ha, x)]) +T1(Ex[ACy, 3¢, (hp,z)])  otherwise

(I'y and I'y are concave)

Ty (€6, (hy) = €7, (36,) + My, (36,)) + T (€0, (ha) - &, (Ha)+ My, (%a)) when T's is linear
= &y, (ha)-&[, (Fa)+My, (3a) .

Pu(Ea (hy) - €5, (96,) + M, (96,)) + (1 + £, cj)rz( et ) otherwise,
which completes the proof. O

E Proof of H-consistency bounds for standard surrogate loss functions
(Theorem 3)

Recall that for a hypothesis 7: X x Y — R, we define h as its augmented hypothesis: h(-,0) =
M h(-,1) = h(x,1),...,h(-,n) = h(x,n) with some constant X € R. We define J{ as the hypothesis
set that consists of all such augmented hypotheses of H: H = {E the }(}. The prediction associated
by h € 3 to an input € X is denoted by h(x) and defined as the element in Y u {0} with the highest
score, h(z) = argmax,cy (o} 7(,y), with an arbitrary but fixed deterministic strategy for breaking
ties. For any 2 € X and label space Y u {0}, we will denote, by H(z) the set of labels generated
by hypotheses in H: H(z) = {h(z): h e }}. By [Awasthi et al., 2022a, Lemma 3] with label space
Y u {0} and a conditional probability vector p(z,-) on Y u {0}, the minimal conditional £y_;-loss
and the corresponding calibration gap can be characterized as follows.

Lemma 8. For any x € X, the minimal conditional {y_1-risk and the calibration gap for £y_1 can be
expressed as follows:

€7, () =1~ max p(z,y)
yeH(z)

Ae@o—l(hvx) = max p(xvy) —p(ZC, h(z))

yeH(x

E.1 Multinomial logistic loss

Theorem 9 (7(-consistency bound for multinomial logistic loss). Assume that 3 is symmetric and
complete. Then, for any \ € R, hypothesis h € H and any distribution,

[SIEY

€1 () = €1, (30) < V30, (B) - €5, (T0) + My, (7)) =M., (T0).

Proof. For the multinomial logistic loss £, the conditional £1,¢-risk can be expressed as follows:

o, (h2))= 3 p(x,y>log( 3 eh“’y’)-h“’y)):— S p(,y) log(8(,y))

yeyu{0} y'eYu{0} yeYu{0}

eﬁ(z,yl
Zyreyuioy ey’

Yyeyooy S(@,y) = 1. Let Ymax = argmax,ey, oy P(2,y), where we choose the label with the

where we let S(z,y) = € [0,1] for any y € Y u {0} with the constraint that

same deterministic strategy for breaking ties as that of h(z). For any h € 3{ such that h(z) # ymax
and z € X, by the symmetry and completeness of J{, we can always find a family of hypotheses
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)

{11 € [-8(2, Ymax), (2, h(2))]} € H such that §,,(z,-) =

values:

— take the followin
X yreyu{oy ehu(ev") &

8(x,y) if ¥ ¢ {Ymas, N(2) }
S,u(xvy) = S(T'agmax) + U ify = h(-T)
8(£7 h(x)) —p ify = Ymax.
Note that §,, satisfies the constraint:
o8u(zy)= > S(zy) =1, Ve [-8(2, Ymax), S(z,h(z))].
yeyu{0} yeyu{0}
Let h € 3 be a hypothesis such that h(z) # ymax. By the definition and using the fact that
H(z) =Y u {0} when K is symmetric, we obtain
A(Belogj(h,x)
= Ca, (hz) - €7, (F2)
> Cyy, (hyx) - inf Co, (hpy
o (7) pel-5 (@ ymax) S@REN] <o)

= sup B {p(x7ymax)|:_10g(8(l',ymax)) +10g(8($,ﬁ($)) _M)]
pe[=8(x,ymax),S (z,h(z))]

+p(x,ﬁ(m))[— log(S(x,ﬁ(x))) +10g(8(x, Ymax ) + ,u)]}

_ p(@h(2))8(:h(2))=p(2,ymax) 8 (%, Ymax)
(%, Ymax ) +p(x;h(x)) ’

Differentiating with respect to i yields the optimum value p*
Plugging that value in the inequality gives:

[8(z,h(x)) +8(, Ymax) |P(%, Ymax)

8(2, Ymax) [P(2, Ymax) + p(a,h(2))]
[8(x.h(2)) +8(, ymax) ]p(x, h())
8(w,h(@))[P(2, Ymax) + p(a,h(2))]

Differentiating with respect to § to show that the minimum is attained for 8(, h(z)) = 8(z, Ymax ),
which implies

Aeelog,ﬁ(ﬁ’ ‘T) 2 p(m, ymax) log

+p(z,h(z))log

7 2p(2, Ymax I 2p LC,E x
A€, ge(h,x) > p(a, Ymax) log ( )_ +p(z,h(z))log (whiz))
P(2; Ymax) + (@, h(z)) P(2, Ymax) + p(z, h(x))
By Pinsker’s inequality, we have, for a,b € [0,1], alog % +blog f—fb > é‘(l;:g . Using this inequality,
we obtain:
— 2
- z, h(x - T Ymax
I G0 RICYS)
o 2(p(z,h(2)) + p(%, Ymax))
— 2
p(x,h(a:))—p(x,ymax) N
2 ( 9 ) 0< p(x, h(m)) +p(xvymax) <1
1 2 _
= §(Aeéo_1,ﬁ(h’x)) . (by Lemma 8 and H(z) =Y u {0})

. . 2 . . . . . 7 ar
Since the function % is convex, by Jensen’s inequality, we obtain for any hypothesis h € I{ and any
distribution,

(Ex[A(‘,’éoilj(ﬁ,x)]f A%,ﬁ(ﬁax)Q
2

which leads to

€0 (B) - €5, , (T) < V(€0 () - €5, () + M, (ﬁ))% My, ().
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E.2 Sum exponential loss

Theorem 10 (J{-consistency bound for sum exponential loss). Assume that } is symmetric and
complete. Then, for any \ € R, hypothesis h € H and any distribution,

Eay1 (B) = €5, (30) < V2(Er.s, (B) - &7, (F0) + Mo, (30))

Nl=

- My, (H).
Proof. For the sum exponential 10ss £cxp,, the conditional £q«,,-risk can be expressed as follows:
ooV T p(z,y)
Cron(hi)) = p(%y)( P h(”)) “l= Y s

yedu{0} y'eYu{0} yeyu{0} S(z,y)

eh(@y)
Zyreyuioy @)
Yyeyuioy S(@,y) = 1. Let Ymax = argmax,ey, oy P(2,y), where we choose the label with the

where we let S(z,y) = € [0,1] for any y € Y u {0} with the constraint that

highest index under the natural ordering of labels as the tie-breaking strategy. For any h € H such
that h(z) # ymax and x € X, by the symmetry and completeness of HH, we can always find a family of

hypotheses {Euz 1€ [-8(%, Ymax )s S(x,ﬁ(o:))]} c H such that 8, (z,-) = ) - take the

. zy’é‘du(o} ehue !
following values:

S(CC,y) ify ¢ iymaxvﬁ(‘r)}
8u(z,y) = S(x,ymax)+u ify=h(x)
S(x,h(x))—,u ify:ymax~

Note that §,, satisfies the constraint:

Z S,u(xay) = Z S(l‘,y) = 17 v,u' € [_S(xaymax)as(xaﬁ(x))]'

yey yey

Let h € 3 be a hypothesis such that h(z) # ymax. By the definition and using the fact that
H(z) =Y u {0} when K is symmetric, we obtain

Aeém 7(h, )
o (o) =€ (3, 2)
h, inf ¢ hy,x
‘”"( 2) - HE[=8 (2, yman) S (27(2))] to (P 2)
= sup {p(l‘ Yy )[ ! - ! ]
pel-Sgmn) 8RNI U L8(@Ymax)  S(a,h(x)) - p

_ 1 !
+p($, h(x))[s(if,h(x)) - 8($,ymax) + ,M:|}

Differentiating with respect to u yields the optimal value
_ V@ h(@))8(x,h (7)) = /P&, Ymax)S (7, Yanax)
VP(Z, Ymax ) + \/(x,h(2))

Plugging that value in the inequality gives:

P ) | Pl 0(@) (VG ) + ot ) )

8($,ymax) 8(!17 h(l’)) 8($ ymax)+8(x h(x))

A€, s(hz)>

Loxp, I

A
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Differentiating with respect to 8 to show that the minimum is attained for 8(z, h(z)) = $(z, Ymax) =
3. which implies

Ae,

exp»

) > (Voo e - \/p<:c,h<x>))2
(Pl h(@) ~p(r )
(Vewh@) + Vo)

By the concavity of the square-root function, for all a, b € [0, 1], we have %(\/E + \/l_)) <4/ %(a +b),
thus we can write

(p(2,h(2)) = p(2, Ymax) )
2(p(x,h(x)) +p(2, Ymax))
(p(@,h(2)) = p(, Yonax))

Aegexp}ﬁ(ﬁ, ZC) >

> . (0, h(2)) + Pl Yax) < 1
1 _ 2 _
= §(A€€0_1’ﬁ(h,x)) . (by Lemma 8 and H(z) =Y u {0})
Since the function % is convex, by Jensen’s inequality, we obtain for any hypothesis 4 € J{ and any
distribution,
_ 2 — .9
Ex|AC, =(h,z AC h,x _
( [ Eo—l,g'f( )]) <E Zg,l,f}C( ) SE[AGZ }f(h,l‘)}
2 X 2 X exp»

which leads to

Eto1 (1) = €4, (3) < V2., (B) - &7, (F0) + Mo

E.3 Generalized cross-entropy loss

Theorem 11 (7(-consistency bound for generalized  cross-entropy loss). Assume that H is sym-
metric and complete. Then, for any )\ € R, hypothesis h € H and any distribution,

€1 (F) - €1, , (T0) < V2 + )7 (&4, (B) - €. (F) + M., (30))* - My, (F0).

Proof. For the generalized cross-entropy 10ss /.., the conditional fgc.-risk can be expressed as

follows:
e (ha))= 3 pley)-|1 ren >, pl@y)(1-8(z,y)%)
égce ,l‘ = p x7y - - —7, = p x7y - I7y
yelo{0) [ Zyeguo @) | ] @ i)
where we let $(z,y) = > EZ(M;(” — € [0,1] for any y € Y u {0} with the constraint that
yeyufoy €Y

Yyeyoior 8(@,y) = 1. Let Ymax = argmax,ey, oy P(2,y), Where we choose the label with the
same deterministic strategy for breaking ties as that of h(z). For any h € 3{ such that h(2) # Ymax
and z € X, by the symmetry and completeness of H, we can always find a family of hypotheses

{hy : 11 € [-8(2, Ymax), S$(x,h(2))]} € H such that 8,,(z,") = % take the following
veyuioy &Y
values:
8(x,y) if ¢ {Ymas, N(2) }
8u(2,y) = {8(2, Ymax) + 1 if y =h(z)
S(x,h(x))—,u if Y = Ymax-

24
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Note that §,, satisfies the constraint:

> Sulmy)= Y S(x,y) =1, Vi e [-8(x, Ymax), S(x, h(x))].
yeyu{0} yeyu{0}

Let h € 3 be a hypothesis such that h(z) # ymax. By the definition and using the fact that
H(z) =Y u {0} when XK is symmetric, we obtain

Aelgcmﬁ(ﬁ’ L]'J)
= €. (hoz) - Cf (H, )
> €y (hyx) - inf Co... (D,
tae (1o pelS (g S@REN] ()
1 — «
= — sup B {p(fﬂ7ymax)[_8(xayma)c)a + (S(Za h(x)) - :LL) ]
QO e[S (@, Ymax),S (x,h(x))]

e B8R+ (5o ) 1]
Differentiating with respect to p yields the optimal value

e 2 D)) P82 R(0)) P ) P )
p(a:, ymax)ﬁ +p(a:, h(aj))ﬁ

Plugging that value in the inequality gives:
— - @ 1 - 1 \l-a
ae,  5(hx) 2 =(S(@h(@)) + 8@, ymax))” (P(2, ymax) 7= + p(2, () 7 )

D )8 ) = ()8 (2, H0))*

1
(67

Differentiating with respect to 8 to show that the minimum is attained for §(x,h(x)) = 8(Z, Ymax) =

1 . . .
e which implies

Ae,

Cgce)

() 2 s [27 (P ) P 0 B@) ™) = o) - (e ) |

1 1 \]1-«a
By using the fact that for all a,b € [0,1],0< a+b < 1, we have (M) - %b >

3 (a—b)Z,

N[}

thus we can write

(p(2,7(2)) = (&, Yomax) )
2(n+ 1)«

Aeégcwﬁ(ﬁ, .1?) >

1 2 _
= W(Ae%ilj(h,x)) . (by Lemma 8 and H(z) =Y u {0})

Since the function is convex, by Jensen’s inequality, we obtain for any hypothesis / € J{ and

any distribution,

_ 2 s
Ex|AC, =(h, AC, =(h, .
( X[ 2(@;_:91{)((1 x)]) S@ ;0(_;1{5);) S@[Aezgcej(hvx)]

2
2(n+l)e

which leads to

€uo () = €7, (T0) < V2(n+ 1) (Ee,.. () - €0, (30) + M. (50))

(NI
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E.4 Mean absolute error loss

Theorem 12 (H-consistency bound for mean absolute error loss). Assume that 3} is symmetric
and complete. Then, for any A € R, hypothesis h € H and any distribution,

€0 (R) =€ (FH) < (n+1)(Ep(R) =€ (H) + My, (F)) = My, ().

mae

Proof. For the mean absolute error loss £y, the conditional £,,,,.-risk can be expressed as follows:

_ BACK"
Come(hr)) = X P(ﬂf,y)(l—)= >, pzy)(1-8(z,y))

yeyu{0} yreyoo €Y | eiSioy
RACHN

Zyreyofoy € ¥

Yyeyooy S(@,y) = 1. Let Ymax = argmax,ey, oy P(2,y), where we choose the label with the

where we let S(z,y) = € [0,1] for any y € Y u {0} with the constraint that

same deterministic strategy for breaking ties as that of (). For any h € 3 such that h(2) # ymax
and z € X, by the symmetry and completeness of J{, we can always find a family of hypotheses

{1 € [-8(2, Ymax), (2, h(2))]} € H such that §,,(z,-) = % take the following
y'eyYu -
values:
8(x,y) if ¢ {Ymas, N(2) }

Su(x,y) = S(xagmax) + U0 lfy = h(.fC)
S(ZC, h(x)) —p ify = Ymax.
Note that §,, satisfies the constraint:
>, Sulwy)= Y 8(z.y) =1, Ve [-8(2, Ymax), 8(z, h(2))].
yeYu{0} yeYu{0}
Let h € J( be a hypothesis such that h(z) # ymax. By the definition and using the fact that
H(x) =Y u {0} when K is symmetric, we obtain
Aeernaeyi(ﬁ7 (E)
= C‘ZEmae (E7 .'L') - ez[nae (ﬁ’ x)

>Cp  (h,x)- inf Cr (hy,
> G (:2) el (& sy S (R ()] tc (F:2)

= sup {p(x,ymax)[—s(%ymax)+8(ﬂc,h(w))—u]
Ne[_s(w:ymax)7S($7h(aj))]

+p(1’,ﬁ(m))[—8(z,ﬁ(x)) +8(&, Ymax ) + u]}

Differentiating with respect to . yields the optimum value p* = =8(, Ymax ). Plugging that value in
the inequality gives:

A@emmﬁ(ﬁ,x) > (2, Ymax)S(z, h(2)) = p(x, h(2))8(z, h(z)).

Differentiating with respect to 8 to show that the minimum is attained for 8(z, h(z)) = —~, which

i 1 n+l’
implies
— 1 _
Aefnme,ﬁ(h7x) 2 n+1 (p(a:7yrrlax) —p(l‘, h(.l?)))
1 7 JR—
=T (Aego_l,%(h, 17)) (by Lemma 8 and H(z) =Y u {0})

Therefore, we obtain for any hypothesis & € J{ and any distribution,

Ex[Ae,  5(h2)]
n+1

< %[Aeémae’ﬁ(ﬁ, JI):I,
which leads to
oy (R) = &5 (FO) < (n+1)(Eppa (R) = E&F(F0) + M, () = My, (3).

7A
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F Proof of realizable consistency for score-based two-stage surrogate losses
(Theorem 5)

Theorem 5 (Realizable J{-consistency for score-based two-stage surrogates). Assume that H is
closed under scaling and c;(x,y) = B;,V(x,y) € X x Y. Let {1 and {5 be the logistic loss. Let h,, be
the minimizer of £, and hyg be the minimizer of&_hp such that EL% (ﬁd) = miny, Eth (ha). Then,
the following equality holds for any (H, R) -realizable distribution,

ELye(R) = 0, where h = (hyy, hy).

Proof. First, by definition, it is straightforward to see that for any h, z,y, Ly, (ha, z,y) upper bounds
the deferral loss Lger. Consider a data distribution and costs under which there exists h* € HH such
that &, (h*) = 0.

Let ﬁp be the minimizer of &,, and fzd the minimizer of ELz Then, using the fact that L, upper
‘P

bounds the deferral loss Lgef, we have & def(il) <&, (ﬁd).

Next we analyze two cases. If for a point x, deferral occurs, that is there exists j* € [n.], such
that h*(z) = n + j*, then we must have ¢;~ = 0 for all = since the data is realizable and c;~ is
constant. Therefore, there exists an optimal h** deferring all the points to the j*th expert. Then, by
the assumption that J{ is closed under scaling and the Lebesgue dominated convergence theorem, for

5 being the logistic loss, SLdef(ﬁ) <&, (ﬁd) <limr o0 €L, (Th™) = 0, where we used the fact
that in the limit of 7 — +oo the logistic loss term ¢ (E:, x, ) corresponding to j # j* is zero.

On the other hand, if no deferral occurs for any point, that is h*(x) € [n] for any z, then we must have
]lh;(x)w =0 forall (x, y) since the data is realizable. Using the fact that X is closed under scaling and
that the logistic loss is realizable J{-consistent in the standard classification, we obtain ]lﬁp (2)2y = 0
for all (x,y). Then, by the assumption that H is closed under scaling and the Lebesgue dominated
convergence theorem, for ¢5 being the logistic loss, £, (h) < &L, (ha) <lim; . o0 €L, (ThY) =0,

Lp Lp

where we used the fact that in the limit of 7 — +oo the logistic loss term ¢5(h,, x, j) corresponding
to j # 0 is zero.

Therefore, the optimal solution from minimizing score-based two-stage surrogates leads to a zero
error solution of the deferral loss, which proves that the score-based two-stage surrogate loss is
realizable consistent. [

G Proof of (H, R)-consistency bounds for predictor-rejector two-stage
surrogate losses (Theorem 6)

Theorem 6 ((J, R)-consistency bounds for predictor-rejector two-stage surrogates). Assume

that {1 admits an H-consistency bound and {5 admits an R-consistency bound with respect to the
multi-class zero-one classification loss {y_1 respectively. Thus, there are non-decreasing concave

Sfunctions T'y and T's such that, for all h € H and T € R, we have
Eeoy (h) = €5, (F0) + My, (30) < T (g, () = €], (30) + Mg, (3€)
ooy (T) = &5 (R) + My, (R) <To(E4, (F) = €7, (R) + My, (R)).
Then, the following holds for all h € H and r € R:
Eaer (h7) = €L (F6R) + My, (H, R)

€L, (r) =&, (R) + My, (R) )
Z?:l C; ’

<Ty1(&e, (h) = €7, (H) + My, (H)) + (1 + jicj)m(

where the constant factors (1 + 300 Ej) and Zn%c can be removed when Iy is linear.

j=1=j
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Proof. By definition,
I—def(ha r, %y) = ILh(m)#g;‘ﬂr(m)=0 + Z Cj(xv y)ﬂr(m)=j-
a

Let Co(7,y) = Lp(4)=y- We canrewrite E ., (h,7) = & (I, R) + My, (H, R) as
ELdef(h7T) - Ld f(g{ :R) + MLd i(j{ :R)
=Ex[CLy (h,r,2) - € (H,R,z)]

= IEX[GLdef(h,r,x) - ingfz CLyoe (hyr, ) + injg Clyes (hyryw) = C (ﬂﬂfR,x)] (7N
T€ T€
= EX[GLdef(hm,x) - injf{ GLdef(h,T,x)] +Ex[in9£ CLy, (hyr x) - @fdef_(ﬂ-(,ﬂl,m)]

Letp(x,j) = % for any j € {0,...,n.}. Note that p(z,-) is the probability vector on
j=0 "y L5 (T,

the label space {0,...,n.}. For any r € R, we define 7 as its augmented hypothesis: 7(x,0) =
0,7(x,1) = -r1(x),...,7(x,ne) = =1y, (x). By the assumptions, we have

CLy (hyrx) - ingfé Cry, (hyr )

= ]5 ]lh(m)qty]lr(m):o + Z Cj({E7 y)]lr(’l')_j] - IHGEIEI:]lh(T)iy]lr(r)—O + Z Cj(l', y)]lr('r)—]:l
| j=1 re =1
=E| Y ¢(z,y) | x [z‘pw,j)fo_l(r, z,j) - inf z‘p(x,j)eo_lw,x,j)]
Ylj=0 | =0 TeR j20
<E Z EJ(.’I},:[/) x FQ[Z p(l’,j)(z(?,w,]) _ini Zp(‘r7j)€2(raxa]):|
YLj=0 i 7=0 iefR =0
(By R-consistency bounds of ¢5 under assumption)
EE 1 E,[L —inf,x E,[L
-F Zéj(l’,y) FQ( y[ h(r,x,y)] nln_ER y[ h(r,x,y)])
Y1j=0 _ Ey[zjio ¢j(z, y)]

®(x,5) = % and formulation (5))

FQ(GL}L (r,z) - €, (R, z)) when T's is linear
{(1 + X0 @)D(%ﬁfﬂm) otherwise
(X0 ¢ <Ey[S750¢(2,y)] <1+ X7% ¢; and Ty is non-decreasing)
Iy (ACL, x(r,)) when T's is linear
- {(1 + Z?jl Ej)Fg(iAei’?gg’I) ) otherwise
and
inf €y, (h.r.z) - €, (L.R.2)

=inf G, .(h,r,xz)- inf C_, .(h, 1z
inf € (o) = inf €, (1)

= iggg%li]lh(x):ty]lr(x)—o + 32:21 Cj (LU, y)]lr(;c)—j] hef}?feﬂz% ]lh(;c):ty]lr(x) =0t Z Cj (.’E y)]lr(x)—j]

— sin{ B[ uyey ) Eles (2,91 | - min] inf Bt ey, ] Bles (2]
<E[Ln(ryey] = inf E[Tn(e)e]
= efo—l (hv I) - GZ,_l (:H:a l‘)

= Aeg[}l (h, LL‘)
<T1(AC(h,x)). (By H-consistency bounds of £ under assumption)
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Therefore, by (7), we obtain
Eaer (hy 1) = €L (FCR) + Moy, (FR)
Ex[[2(ACL, »(r,z))] + Ex[T1(AC(h,x))] when I's is linear
(1 + X5 ¢)Ex [FQ(M)] +Ex[T1(ACs(h,x))] otherwise
Fo(Ex[T2(ACL, = (r,x))]) + T1(Ex[AC(h,x)]) when I's is linear
(1+ X CJ)FQ(]EXI:%:I) + T (Ex[ACy(h,x)]) otherwise
(I'y and I'y are concave)
T1(Ee(h) = €5 (H) + Mp(H)) + Ta(Er, (1) = € (R) + My, (R)) when T'; is linear

&L, (M)=EL (R)+My, (R)
Ty (€0(h) - €2(30) + M(30) + (1+ 57, 7T ( (8, D,

j=1=j

IN

IN

) otherwise,

which completes the proof. O

H Proof of realizable consistency for predictor-rejector two-stage surrogate
losses (Theorem 7)

Theorem 7 (Realizable (3, R)-consistency for predictor-rejector two-stage surrogates). As-
sume that 7 and R is closed under scaling and c;(xz,y) = B;,V(x,y) € X x Y. Let {1 and {3 be the

logistic loss. Let h be the minimizer of €, and t be the minimizer of €. Then, the following holds
Sfor any (H, R) -realizable distribution,

&Ly, (h7) =0,

Proof. First, by definition, it is straightforward to see that for any h,r, z,y, Ly, (r, x,y) upper bounds
the deferral loss Lger. Consider a data distribution and costs under which there exists A* € H and
r* e Rsuch that & (h*,r*) =0.

def
Let / be the minimizer of & ¢, and 7 the minimizer of €, Then, using the fact that L}, upper bounds
the deferral loss Lqcf, we have ELdef(ﬁ, 7) <&, (7).

Next we analyze two cases. If for a point x, deferral occurs, that is there exists j* € [n.], such
that r*(z) = j*, then we must have ¢;+ = 0 for all « since the data is realizable and c;~ is constant.
Therefore, there exists an optimal r** deferring all the points to the j*th expert. Then, by the
assumption that R is closed under scaling and the Lebesgue dominated convergence theorem, for {5

being the logistic loss, &, (h, 7) < €, (7) <limyio0 €L, (7777) = 0, where we used the fact that
in the limit of 7 — +oo the logistic loss term £2(7**, x, j) corresponding to j # j* is zero.

On the other hand, if no deferral occurs for any point, that is r*(z) = 0 for any z, then we must have
L+ (2)2y = 0 for all (x,y) since the data is realizable. Using the fact that H is closed under scaling
and that the logistic loss is realizable }{-consistent in the standard classification, we obtain 1 (2)ey = 0
for all (x,y). Then, by the assumption that R is closed under scaling and the Lebesgue dominated
convergence theorem, for £, being the logistic loss, &, (h, 7) < €L (7) <limy i & (777) =0,
where we used the fact that in the limit of 7 — +oo the logistic loss term ¢5 (7", x, j) corresponding
to j # 0 is zero.

Therefore, the optimal solution from minimizing predictor-rejector two-stage surrogates leads to a
zero error solution of the deferral loss, which proves that the predictor-rejector two-stage surrogate
loss is realizable consistent.

O
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