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Abstract

We present an extensive study of surrogate losses for structured prediction sup-
ported by H-consistency bounds. These are recently introduced guarantees that are
more relevant to learning than Bayes-consistency, since they are not asymptotic and
since they take into account the hypothesis set J used. We first show that no non-
trivial H{-consistency bound can be derived for widely used surrogate structured
prediction losses. We then define several new families of surrogate losses, including
structured comp-sum losses and structured constrained losses, for which we prove
H-consistency bounds and thus Bayes-consistency. These loss functions readily
lead to new structured prediction algorithms with stronger theoretical guarantees,
based on their minimization. We describe efficient algorithms for minimizing
several of these surrogate losses, including a new structured logistic loss.

1 Introduction

In most applications, the output labels of learning problems have some structure that is crucial
to consider. This includes natural language processing applications, where the output may be a
sentence, a sequence of parts-of-speech tags, a parse tree, or a dependency graph. It also includes
image annotation, image segmentation, computer vision, video annotation, object recognition, motion
estimation, computational photography, bioinformatics, and many other important applications.

Several algorithms have been designed in the past for structured prediction tasks, including Con-
ditional Random Fields (CRFs) [Lafferty et al., 2001a, Gimpel and Smith, 2010], StructSVMs
[Tsochantaridis et al., 2005a], Maximum-Margin Markov Networks (M3N) [Taskar et al., 2003a],
kernel-regression-based algorithms [Cortes et al., 2005, 2007], Voted CRF and StructBoost [Cortes
et al., 2016], search-based methods [Daumé III et al., 2009, Doppa et al., 2014, Lam et al., 2015,
Chang et al., 2015, Ross et al., 2011] and a variety of deep learning techniques [Jurafsky and Martin,
2009, Vinyals et al., 2015a, Nadeau and Sekine, 2007, Zhang et al., 2008, Wu et al., 2016, Lucchi
et al., 2013, Vinyals et al., 2015b], see Appendix A for a more comprehensive list of references and
discussion.

Structured prediction tasks inherently involve a natural loss function based on substructures, which
could be the Hamming loss, the n-gram loss, the edit-distance loss, or some other sequence similarity-
based loss or task-specific structured loss. Many of the algorithms previously mentioned overlook
this inherent structured loss by simply minimizing the cross-entropy loss. In contrast, the surrogate
loss functions minimized by algorithms such as CRFs [Lafferty et al., 2001a, Gimpel and Smith,
2010], M3N [Taskar et al., 2003a], StructSVMs [Tsochantaridis et al., 2005a] or Voted CRF and
StructBoost [Cortes et al., 2016] do take into account the natural structured loss of the task. But
are these structured prediction loss functions consistent? What guarantees can we rely on when
minimizing them over a restricted hypothesis set that does not include all measurable functions? Can
we derive non-asymptotic guarantees?
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This paper deals precisely with these theoretical problems in structured prediction.

Previous work. We include a detailed discussion on consistency in structured prediction in Ap-
pendix A. Here, we briefly discuss previous work by Osokin et al. [2017]. To our knowledge, this
is one of the only studies proving Bayes-consistency for a family of loss functions in structured
prediction (see also [Nowak et al., 2020] and other related references in Appendix A). The surrogate
losses the authors proposed are the following quadratic losses (see also [Zhang, 2004]) defined for
any function » mapping X x Y to R and any loss function ¢ between output labels by

V(z,y) eXxY, L% (hzy)= Y[, y) +h(z,y)]" (D

y'eY

However, the authors only consider the hypothesis set of linear scoring functions. Moreover, the
feature vector in their setting only depends on the input = and ignores the label y. In many applications
such as natural language prediction, however, it is critical to allow for features that depend both on the
input sequence and the output sequence, parse tree, or dependency graph. Finally, in this formulation,
the structured prediction problem is cast as a regression problem. Thus, as shown below, the loss
function derived is non-standard, even in the binary classification case, where ¢ = {y_; is the zero-one
loss and Y = {y1,%2}. In this simple case, L9"%*!(h, z, ;) can be expressed as

L9 (b, 2, y0) = 3 [loa (¥ 1) + h(a,y)] = h(w,yn)? + (1 + bz, y2))>. )

y'eY

This is not a typical formulation since it incorporates the magnitude of individual scores. In contrast,
in standard binary classification scenario, only the difference between scores matters.

Structure of the paper. We present an extensive study of surrogate losses for structured prediction
supported by H-consistency bounds. These are recently introduced guarantees that are more relevant
to learning than Bayes-consistency, since they are not asymptotic and since they take into account
the hypothesis set 7 used. We first show that no non-trivial J{-consistency bound or even Bayes-
consistency can be derived for widely used surrogate structured prediction losses (Section 3). We
then define several new families of surrogate losses, including structured comp-sum losses (Section 4)
and structured constrained losses (Section 5), for which we prove J{-consistency bounds and thus
Bayes-consistency. These loss functions readily lead to new structured prediction algorithms with
stronger theoretical guarantees, based on their minimization. We also describe efficient gradient
computation algorithms for several of these surrogate losses, including a new structured logistic loss
(Section 6).

2 Preliminaries

Learning scenario. We consider the standard structured prediction scenario with the input space
X and output space Y = {1,...,n}. The output space may be discrete objects with overlapping
structures, such as sequences, images, graphs, parse trees, lists, or others. We assume that the output
can be decomposed into [ substructures. The substructures could represent words or tokens for
example, or other subsequences along a sequence, resulting in the decomposition of the output space
YasY =Y x---xY;. Here, each Y; represents the set of possible labels or classes that can be assigned
to the j-th substructure.

Scoring function. Structured prediction is typically formulated via scoring functions that map X x Y
to R, which assign a score to each possible class y € Y. Let H be a family of such scoring functions.
For any h € H, we denote by h(z) its prediction for the input € X, which is the output y € Y that
maximizes the score h(z,y), that is, h(z) = argmax, .y h(x,y), with a fixed deterministic strategy
to break ties in selecting the label with the highest score. For simplicity, we choose the label with the
highest index under the natural ordering of labels as the tie-breaking strategy. We denote by H,y; the
family of all measurable scoring functions.

Generalization error and target loss. Given a distribution D over X x Y and a loss function
L: H x X xY — R, the generalization error of a hypothesis h € H and the best-in-class generalization
error are defined as follows:

Ri(h)= E [L(h d R4 =inf RL(h).
L(h) (m,y)w)[ ( 7%3/)] an L, 3 }gl}c L(h)
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In structured prediction, the goal is to select a hypothesis h € J{ with small generalization error with
respect to a target loss function L(h, x, y), which can be written as L(h, z,y) = £(h(z), y) for some
non-negative auxiliary function £(y’, y) with any y',y € Y. £ is assumed to be symmetric, that is,
2(y',y) = €(y,y"). This is a natural assumption since all instances of ¢ that we are familiar with in
structured prediction admit this property. A significant characteristic of structured prediction is that
the target loss function can be decomposed along the substructures Y. As an example, we may use the
Hamming loss as the target loss function, which is defined as Lyam (B, 2, y) = fham (h(x),y), where

Cham (y',y) = 4 Zé‘:l 1Ly, with any Y5,y € 9;; we can also use the zero-one loss as the target loss

function, which is defined as Lo_1(h, z,y) = fo-1(h(z),y), where ¢o_1 (v, y) = 1,,. Note that
Lo-1 can be viewed as a special case of Lpam When [ = 1. We denote by £y = maxy yey £ (v',v)
the maximal value of a target loss function. Without loss of generality, we assume that £, < 1,
which can be achieved by normalizing the function ¢.

Consistency guarantees and surrogate loss. Optimizing the target loss functions in structured
prediction for many choices of the hypothesis sets is NP-hard because they are not convex. One
common method to address this issue is to resort to surrogate loss functions. Different surrogate loss
functions readily lead to different structured prediction algorithms. A natural learning guarantee for
such surrogate losses is Bayes-consistency, which guarantees that minimizing the generalization error
for a surrogate loss Lg,, over H,); also leads to the minimization of generalization error for the target
loss L.

Definition 1 (Bayes-consistency). A surrogate loss Ly, is Bayes-consistent in structured prediction,
if for any target loss {, hypothesis h,, € H,y and any distribution,

n—>+oo n—>+oo

(fRLm(hn) SRE g, o) — (RL(hn) — Ry g0, o). 3)
Bayes-consistency is an asymptotic guarantee and does not take into account typical hypothesis sets
used in structured prediction algorithms, such as linear models or neural networks. To tackle these
issues, recent work by Awasthi, Mao, Mohri, and Zhong [2022a,b] propose a stronger consistency
guarantee, referred to as JH-consistency bounds, which are bounds relating the estimation error of the
target loss to the estimation error of a surrogate loss (see also [Awasthi et al., 2021a,b, Mao et al.,
2023h,e.f, Zheng et al., 2023, Mao et al., 2023b,g,d, Mohri et al., 2023, Mao et al., 2023c,a, Awasthi
et al., 2023a,b]):

Definition 2 (JH-consistency bounds). Given a subset of the hypothesis class H ¢ H,y, a surrogate
loss Lguy admits a H-consistency bound in structured prediction, if for some non-decreasing function
Ry = R, a bound of the following form holds for any target loss {, hypothesis h € 3 and any
distribution:

Re(h) =R g < F(Renne () = L 5¢)- “4)
As pointed out by Awasthi et al. [2022a,b], J{-consistency bounds are the state-of-the-art consistency
guarantees for surrogate losses. They are much stronger and more informative than Bayes-consistency,
since they account for hypothesis sets J{ adopted and provide a quantitative, non-asymptotic relation
between surrogate losses and target losses. J{-consistency bounds can imply Bayes-consistency when
taking H to be J,;. In the next sections, we will present an extensive study of surrogate losses for
structured prediction supported by H-consistency bounds.

Conditional regret and minimizability gap. We denote by p(z) = (p(x,1),...,p(x,n)) the
conditional distribution of Y given X = x. Then, the conditional error of a hypothesis h for a loss
function L, denoted by Ci (h,x), can be expressed as

Cu(h,x) = ?jll*’;[é(h(ff%y)] = . p(z,y)l(h(z),y).

yeyY

We further define the best-in-class conditional error and the conditional regret as C; (H,z) =
infregc CL(h,z) and AC 3¢ (h,z) = CL(h,z) — C (I, x) respectively. The generalization error
can then be rewritten as R (h) = E,[CL(h, x)].

A key quantity appearing in H-consistency bounds is the minimizability gap M (H), which measures
the difference between the best-in-class generalization error and the expected best-in-class conditional
error for a loss function L and a hypothesis set H: M (H) = R} (H) - E,[C} (H,x)]. This is an
inherent quantity that we cannot hope to minimize or estimate. As shown by Steinwart [2007,
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Theorem 3.2], the minimizability gaps vanish M (H,y) = 0 for the family of all measurable
functions. More generally, the minimizability gaps vanish when the best-in-class error coincides with
the Bayes-error, that is, Ry (3() = R; (Han) [Awasthi et al., 2022b, Mao et al., 2023h].

The following result characterizes the best-in-class conditional error and the conditional regret for
a target loss L, which will be helpful for proving H-consistency bounds in structured prediction.
We denote by H(z) the set of all possible predictions on a input z generated by hypotheses in H:
H(z) = {h(x): h € H}. The proof is given in Appendix B.

Lemma 3. The best-in-class conditional error and the conditional regret for a target loss L in
structured prediction can be expressed as follows:

€ gc(z) = min > p(z,y)(y',y)
y'eH(z) ey

ACLsc(h,z) = Y p(z,y)l(h(x),y) - min > p(z,y)l(y',y).
yeY v'eH(@) yey

3 Structured max losses

In this section, we examine the loss functions associated to several prominent structured prediction
algorithms. We show that, while they are natural, none of them is Bayes-consistent, which implies
that they cannot be supported by J{-consistency bounds either. More generally, we consider the
following family of surrogate loss functions proposed in [Cortes, Kuznetsov, Mohri, and Yang, 2016],
which we refer to as structured max losses:

V(z,y) e XY, L™ (h,@,y) = max By ) (h(z,y) - h(z,y")), (5)

where ®,,: R — R, is an upper bound on v + ul < for any u € R,. In this formulation, different
choices of ®,, can lead to different structured prediction algorithms. Specifically, as shown by Cortes
et al. [2016], the following choices of @, (v) recover many well-known algorithms:

o &, (v) =max(0,u(l-v)): StructSVM [Tsochantaridis et al., 2005b].

e &, (v) =max(0,u —v): Max-Margin Markov Networks (M3N) [Taskar et al., 2003b].
D, (v) =log(1 + e“™): Conditional Random Field (CRF) [Lafferty et al., 2001b].

* &, (v) = ue™": StructBoost [Cortes et al., 2016].

The following gives a general negative result for L™#* that holds under broad assumptions.

Theorem 4 (Negative results of L™**). Assume that n > 2 and that ®,(v) is convex and non-
increasing for u = 1. Then, the max structured loss L"™?* is not Bayes-consistent.

The proof is included in Appendix C. It is straightforward to see that the assumption of Theorem 4
holds for all the choices of &, listed above. Thus, the theorem rules out consistency guarantees
for any of the loss functions associated to the structured prediction algorithms mentioned above:
StructSVM, M3N, CREF, Structboost. Furthermore, Theorem 4 provides negative results for a broad
and generalized family of loss functions, collectively referred to as structured max loss. This extends
the scope of existing research, as previous works had only addressed the inconsistency of specific
instances within the structured max loss category, such as that of M3N [Osokin et al., 2017, Ciliberto
et al., 2016, Nowak et al., 2020].

4 Structured comp-sum losses

In this section, we first analyze the Voted CRF loss function, which incorporates the auxiliary loss
function ¢ in the CRF loss and which has been used in several previous studies. Next, we introduce
a new family of loss functions for structured predictions that we prove to admit strong consistency
guarantees.

il
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4.1 Voted Conditional Random Field (VCRF)

We first study a family of surrogate losses called Voted Conditional Random Field (VCRF), which
corresponds to the structured prediction algorithm defined in [Cortes et al., 2016]:

h(z,y)
VCRF _ € _ £y )+h(zy ) ~h(zy)
V(l‘, y) € X x y7 L (ha z, y) - IOg Zu’E‘d eh(z.y)+e(y.y") ] logly;y € “
This loss function has also been presented as the softmax margin [Gimpel and Smith, 2010] or the
reward-augmented maximum likelihood [Norouzi et al., 2016]. It can be viewed as the softmax
variant of the M3N loss. Indeed, the loss function for M3N can be written as follows:

L(h,,y) = maxmax(0,£(y",y) + h(z,y") - h(z,y)). (6)
Yy

If we replace the maximum function with the softmax, we obtain

L(h,z,y) = 1Ogl Z emaX(Oyé(y’,y)m(m,y’)h(m,y))l - log[ Z maX(Lel(y’,th(z,y’)h(ryy))]_ (7
y'eY y'eY

Next, we show that, as with the loss function for M3N, the VCREF loss function LYRF is inconsistent.

Theorem 5 (Negative result of LY*¥), The Voted Conditional Random Field LY°** is not Bayes-
consistent.

The proof is included in Appendix D. The key observation in the proof is that the conditional error
of VCREF loss function can be reduced to a specific form when the target loss function L decouples,
which can lead to a different Bayes classifier from that of the target loss function.

To the best of our knowledge, no prior studies in the literature have explored the consistency of the
VCREF loss formulation. The most closely related discussions center around a specialized instance of
the multi-class logistic loss (also referred to as Conditional Random Field in that context), in which
£(y',y) disappears within the framework of the Voted Conditional Random Field. The previous works
by Osokin et al. [2017], Ciliberto et al. [2016], Nowak et al. [2020] point out that the multi-class
logistic loss cannot be consistent in structured prediction due to the absence of the target loss function
within its formulation. Instead, our result shows that, even when integrating the target loss £(y’, y)
within its formulation, the Voted Conditional Random Field cannot be consistent.

Along with Theorem 4, these results rule out consistency guarantees for commonly used surrogate
loss functions in structured prediction.

4.2 Structured comp-sum loss functions

In this section, we define a family of new loss functions for structured prediction that are not only
Bayes-consistent but also supported by J{-consistency bounds. These are loss functions that can be
viewed as the generalization to structured prediction of loss functions defined via a composition and
a sum, and that have been referred to as comp-sum losses in [Mao et al., 2023h]. Thus, we will refer
to them as structured comp-sum losses. They are defined as follows:

V(I,y) e X x 13, Lcomp(hvx7y) = Z E(y,7y)q)1( Z ‘I)Q(h(xvy”) - h(:l?,y,))), (8)

y'eY y’eY

where (3, y) =1 -£(y,y), ®1: R, - R, is a non-decreasing auxiliary function and ®:R — R, a
non-decreasing auxiliary function. This formulation (8) can also be viewed as a weighted comp-sum
loss, if we interpret £(-,y) as a weight vector.

Specifically, we can choose @2 (v) = e¥ and @4 (v) =log(v), ®1(v) =v-1, &1 (v) = é(l - U%), Q€
(0,1) and ®;(v) =1- %, which leads to new surrogate losses for structured prediction defined in
Table 1. These surrogate losses are novel strict generalization of their counterparts in the standard
multi-class classification case where ¢ = £y_1. More precisely, when £ = {y_1, Lfggmp coincides
with the logistic loss [Verhulst, 1838, 1845, Berkson, 1944, 1951]; nggw coincides with the sum-
exponential loss [Weston and Watkins, 1998, Awasthi et al., 2022b]; LS2'P coincides with the

gce

q
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Table 1: A new family of surrogate losses for structured prediction: structured comp-sum losses.

D4 (v) Name Formulation
.. - h(z,y')
log(v) Structured logistic loss Llcggmp ==Yy l(y,y) log[m .
v-1 Structured sum-exponential loss Losp? = Xyrey oy, y) Yy eh(z’y”)‘h(z’y’)a
. - ()
1[1- %] Structured generalized cross-entropy loss LSO = ¥ oy £(y/, y)é[l - [m] ]
1 - NICRTS!
1-= Structured mean absolute error loss LoomeP = 3 ey £y, y)[l - W]

generalized cross-entropy loss [Zhang and Sabuncu, 2018]; and L{o:2P coincides with the mean
absolute error loss [Ghosh et al., 2017].

We will show that these structured comp-sum losses benefit from JH-consistency bounds in structured
prediction, when J{ is a symmetric and complete hypothesis set. A hypothesis set I is symmet-
ric if there exists a family F of real-valued functions such that {[h(z,1),...,h(z,n)]:h e H} =
{li@),..., fu(@)]: f1,..., fn € F} for any = € X. Thus, the choice of the scoring functions does
not depend on the order of the categories in Y. A hypothesis set H is complete if it can generate
scores that span R, that is, {h(z,y):h € H} = R for any (z,y) € X x Y. As shown by Awasthi et al.
[2022b] and Mao et al. [2023h], these assumptions are general and hold for common hypothesis sets
used in practice, such as the family of linear hypotheses and that of multi-layer feed-forward neural
networks, and of course that of all measurable functions.

Theorem 6 (H-consistency bound of L°°™P). Assume that H is symmetric and complete. Then, for
any target loss £, any hypothesis h € H and any distribution, we have

RL(h) = RE 5¢ <T(Recomn (h) = R comp g¢ + Mieomp 3¢) = ML s, )

where T'(t) = 2/t when L™ = Lige — or Legp®s T(t) = 2v/net when L™ = LSOMP; and

exp
T'(t) = nt when LemP = | comp,

Theorem 6 represents a consolidated result for the four structured comp-sum losses, with the proofs
for each being presented separately in Appendix E. The key step of the proof is to upper bound
the conditional regret of the target loss (Lemma 3) by that of a surrogate loss. To achieve this,
we upper bound the best-in-class conditional error by the conditional error of a carefully selected
hypothesis h,, € H. The resulting softmax §,, of this hypothesis only differs from the original softmax

§ corresponding to & on two labels. Theorem 6 admits as special cases the F(-consistency bounds of
Mao et al. [2023h] given for standard multi-class classification (£ = £_1) and significantly extends
them to the general structured prediction scenario.

Let us emphasize that our proof technique is novel and distinct from the approach used in [Mao et al.,
2023h], which only applies to the special case where ¢ is the zero-one loss and cannot be generalized
to any target loss £. In their proof, the authors choose %, based on individual scores h(x,y), rather
than the softmax. Consequently, when ¢ # £y_1, as is common in structured prediction, the resulting
optimization problem of p can be very intricate and a closed-form expression of the optimization
solution cannot be derived. However, our new proof method overcomes this limitation. By viewing
the softmax of hypothesis as a unit and introducing a pseudo-conditional distribution g, we are able
to solve a simple constrained optimization problem on p within structured prediction scenario.

By Steinwart [2007, Theorem 3.2], the minimizability gaps Mjcomp 3¢ and M g¢ vanish for the
family of all measurable functions. Therefore, when H = J,j;, the H-consistency bounds provided
in Theorem 6 imply the Bayes-consistency of these structured comp-sum losses.

Corollary 7. The structured comp-sum loss L°°™P is Bayes-consistent for L°™P = | f°"P | comp

log exp
comp comp
Lgce , and Lmae .

In fact, Theorem 6 provides stronger quantitative bounds than Bayes-consistency when the min-
imizability gaps vanish, which suggests that if the estimation error of the structured comp-sum
loss Ricomp (h) = R} comp g is reduced to €, the estimation error of the target loss R (k) — R} 4 is

upper bounded by 2./¢ for structured logistic loss and structured sum-exponential loss, 21/n® € for
structured generalized cross-entropy loss, and n e for structured mean absolute error loss.

A
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Table 2: A new family of surrogate losses for structured prediction: structured constrained losses.

D, (v) Name Formulation (¥ cy 1(x,y) = 0)

ue™ Structured constrained exponential loss Letnd = % ey £(y', y) max{0,1 - h(z, vy
wmax{0,1 -0}’ Structured constrained squared-hinge loss Lffl;'é‘g =Yy ey (Y, y) max{0,1 - h(z,y")}
umax{0,1-v} Structured constrained hinge loss ijf,‘é‘i = Yyey Ly, y) max{0,1 - h(z,y")}
umin{max{(), 1- %} 1} Structured constrained p-margin loss Lo nd - Yyey £(y',y) min{max{0,1 - h(‘%’)} 1}

5 Structured constrained loss functions

In this section, we introduce another new family of surrogate losses for structured prediction that
we prove to admit J{-consistency bounds. We will present a novel generalization of the constrained
losses [Lee et al., 2004, Awasthi et al., 2022b] to structured prediction. Thus, we refer to them as
structured constrained losses and define them as follows:

V(z,y)e X xY, Lcsmd(h,m,y) = z ég(ylyy)(—h(x,y')), (10)

y'eY

with the constraint that 3 .y h(x,y) = 0 and ®,:R — R, is an upper bound on v = ul,<o
for any u € R,. In standard constrained loss formulation, a single-variable function ®(v) that
defines a margin-based loss is used. In (10), the single-variable function ®(v) is generalized to
being a function of two variables @, (v), which depends on both the target loss and the scores,

to accommodate the structured prediction scenario. Specifically, we can choose ®,(v) = ue™?,

@, (v) = umax{0,1 - v}, ®,(v) = umax{0,1 - v}, ®,(v) = umin{max{0,1 - v/p}, 1}, which
lead to new surrogate losses for structured prediction defined in Table 2. These surrogate losses are
novel generalization of their corresponding counterparts [Lee et al., 2004, Awasthi et al., 2022b] in
standard multi-class classification, where ¢ = £y_1. As with structured comp-sum losses, we will show
that these structured constrained losses benefit from J{-consistency bounds in structured prediction
as well, for any symmetric and complete hypothesis set J.

Theorem 8 (J{-consistency bound of L"), Assume that 3 is symmetric and complete. Then, for
any target loss {, hypothesis h € H and any distribution, we have

RL(h) - Ri,f}f S F(:R,Lcstnd(h) - Rr_‘cstnd’j{ + MLcstnd’g{) - ML’}(. (11)

where T'(t) = 2v/maxt when L0 = Lgfg‘d; ['(t) = 23/t when L4 = ngt_l}lc}nge,' and T'(t) =t
when L4 = Lffifgi or Lfft“d.

The proof is included in Appendix F. As for Theorem 8, the key part of the proof is to upper bound
the conditional regret of the target loss (Lemma 3) by that of a surrogate loss. Here too, we introduce
a pseudo-conditional distribution ¢, which can be viewed as a weighted distribution of the original
one, p(x), with weights given by the target loss function. Then, we upper bound the best-in-class

conditional error by the conditional error of a carefully selected hypothesis Eu e H.

As shown by Steinwart [2007, Theorem 3.2], for the family of all measurable functions, the mini-
mizability gaps vanish: M, cstna g¢ = 0 and M ¢ = 0. Therefore, when 3 = 3, the H-consistency
bounds provided in Theorem 6 imply the Bayes-consistency of these structured constrained losses.

Lcstnd Lcstnd

Corollary 9. The structured constrained loss L°*"Y is Bayes-consistent for L4 = exp» Lsqohinge’

Lisond, and L™,
As with the cases of structured comp-sum losses, Theorem 8 provides in fact stronger quantitative
bounds than Bayes-consistency. They show that that if the estimation error of the structured con-

strained 10ss Ry comp (7)) =R{ comp 4 is reduced to €, the estimation error of the target loss Ry (h) =R} 4
is upper bounded by 2v/Zraxe for LS, 2(/€ for LS. and € for L{5nd and LE",

exp sq—hinge hinge

It is important to note that we can upper bound the minimizability gap by the approximation error, or
finer terms depending on the magnitude of the parameter space as in [Mao et al., 2023h]. Furthermore,
our H-consistency bounds (Theorems 6 and 8) can be used to derive finite sample learning bounds
for a hypothesis set J{. These bounds depend on the Rademacher complexity of the hypothesis set
and the loss function, as well as an upper bound on the minimizability gap for the surrogate loss.
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6 Optimization of L) and L)

In this section, we show that the gradient of the structured logistic loss Llcsgmp can be computed
efficiently at any point (z;, y;) and therefore that this loss function is both supported by H-consistency

bounds and is of practical use. We similarly show that for L3 in Appendix G.2.

Fix the labeled pair (2;,y;) and h € 3{. Observe that L;7;""(h, x;,y;) can be equivalently rewritten
as follows:

Liog ” (R, i, yi) = Zdﬁ(yﬁyi)logl Zy eh(@iy ) hiwiy )}
yle y//e
== YUYy y) + | XU i) |log| 3 e
y'eY y'eyY y"eyY
== > U yi)h(wi,y') +Lilog Z s,

y'eY

where £; = ¥ ey £(y',yi), and Zp, ; = ¥ ey e"(@i:9) Note that ¢; does not depend on h and can be
pre-computed. Modulo normalization, this quantity is the average similarity of y; to Y, if we interpret
¢ =1-/{ as asimilarity. While Y may be very large, this can be often computed straightforwardly for
most loss functions ¢. For example, for the Hamming loss, for sequences of length [, we have

1o 1 [d 1
@gi = Y]E Z(l - ]ly2¢y1,k) = 7 Z ]E[]lyfg»:yi,k] =

k=1

Thus, in this case, ¢; does not depend on ¢ and is a universal constant. Similarly, ¢; can be shown to
be a constant for many other losses.

Hypotbhesis set. For the remaining of this section, to simplify the presentation, we will consider the
hypothesis set of linear functions JH = {x >w-U(x,y)we Rd}, where U is a feature mapping
from X x Y to R%. Note that a number of classical structured prediction algorithms adopt the same
linear hypothesis set: StructSVM [Tsochantaridis et al., 2005b], Max-Margin Markov Networks
(M3N) [Taskar et al., 2003b], Conditional Random Field (CRF) [Lafferty et al., 2001b], Voted
Conditional Random Field (VCRF) [Cortes et al., 2016]. Our algorithms can also be incorporated into
standard procedures for training neural network architectures (see [Cortes et al., 2018], Appendix B).

Markovian features. We will also assume Markovian features, as is common in structured pre-
diction. Features used in practice often admit this property. Furthermore, in the absence of any
such assumption, it is known that learning and inference in general are intractable. We will largely
adopt here the definitions and notation from [Cortes et al., 2016] and will consider the common
case where Y is a set of sequences of length [ over a finite alphabet A of size r. Other structured
problems can be treated in similar ways. We will denote by € the empty string and for any sequence
y=(y1,...,y) €Y, we will denote by yj' = (ys,- - -, Ys ) the substring of y starting at index s and
ending at s’. For convenience, for s < 0, we define y, by ys = €.

We will assume that the feature vector ¥ admits a Markovian property of order q, that is it can be
decomposed as follows for any (z,y) € X x Y:

l
\I/(x,y) = Z"/’($>y§—q+1a3)- (12)
s=1

for some position-dependent feature vector function ¢ defined over X x A? x [1]. We note that we
can write U = 30 _, Wy, with ¥y, = (0,...,Tp,...,0). In the following, abusing the notation, we will
simply write W, instead of W,. Each U}, corresponds to a Markovian feature vector based only on
k-grams, p is the largest k. Thus, for any = € X and y € Y, we have

P
\I/(X,y) = Z \Ilk(xvy) (13)
k=1

R
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For any k € [1,p], let ¢, denote the position-dependent feature vector function corresponding to Wy,
Also, for any z € X and y € A!, define ¢ by 9(z, Yspr1>5) = Zpey Yk(2, Y5 41, 5). Observe then
that we can write

P p ! L P I
U(z,y) = Z Uy (2,y) = 1;—:1 Z;¢k(xayz—k+lv8) = Z;l;¢k(xayg—k+l73) = Z_;¢($ay§—p+173)-

k=1

Gradient computation. Adopting the shorthand w for h, we can rewrite the loss at (z;,y;) as

Lf(?grnp(w7xi7yi) =W l Zyg(y,7yl)\1/(‘rlay,)‘| +zi IOg ZW,7
y'e

Thus, the gradient of Ly7,™ at any w € R? is given by

_ _ eV ¥ (zi,y)
Lfomp(w) = — Z Z(y/,yl)\ll(x“y’) +€i Z - — \I/((L'“y)
og ey e Zy”e‘j ew W(z;,y")
== 2 )Yy + 6 E [y,
y'ed
where gy, is defined for all y € Y by qw(y) = # with Zy, = ¥, 0y eV ¥(ziv) - Note that

the sum defining these terms is over a number of sequences y that is exponential in 7 and that the
computation appears to be therefore challenging. The following lemma gives the expression of the
gradient of Ly ™" and helps identify the most computationally challenging terms.

Lemma 10. For any w € RY, the gradient of Llcsgmp can be expressed as follows:

l ~
VL P (w) =3 > [6iQu(z, ) - L(z,8) ¢ (xi,2,5),

s=1zeAP

where Qw (2,5) = X,

s—p+l

o Aw(y) and L(z,8) = Ty, 0y, i)

s—p+1

Proof. Using the decomposition of the feature vector, we can write:

Zﬁ(y yz)\I/(:U“y) - Z g(yayz) Zﬂ)(éﬂuys p+175) Z Z |: Z E(yayz)‘l {/;(xi,zas)

yeyY yeAl s=1zeAP| yys_ Cprl=

\I/(x’tay) Z qw y) Z¢($7,ys p+175) Z Z l Z qw(y)]ig(zivz’s)'

yeAl s=1zeAP

—p+1=Z

This completes the proof. O

In light of this result, the bottleneck in the gradient computation is the evaluation of Qy(z, s) and
L(z,s) for all s € [I] and z € AP. In previous work [Cortes, Kuznetsov, Mohri, and Yang, 2016,
Cortes, Kuznetsov, Mohri, Storcheus, and Yang, 2018], it was shown that the quantities Qv (2, s) can
be determined efficiently, all together, by running two single-source shortest-distance algorithms over
the (+, x) semiring on an appropriate weighted finite automaton (WFA). The overall time complexity
of the computation of all quantities Qv (2, s), z € AP and s € [[], is then in O(Ir?), where r = |A|.

We now analyze the computation of L(z, s) for a fixed z € AP and s € [I]. Note that, unlike Qw(z, s),
this term does not depend on w and can therefore be computed once and for all, before any gradient
computation. The sum defining L(z, s) is over all sequences y that admit the substring z at position s.

Rational losses. In Appendix G.1, we also give an efficient algorithm for the computation of the
quantities L(z, s) in the case of Markovian losses. Here, we present an efficient algorithm for their
computation in the important case of rational losses. This is a general family of loss functions based
on rational kernels [Cortes, Haffner, and Mohri, 2004] that includes, in particular, n-gram losses,
which can be defined for a pair of sequences (y, ') as the negative inner product of the vectors of
n-gram counts of y and 7'

Q
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Our algorithm bears some similarity to that of Cortes et al. [2018] for the computation of the gradient
of the VCREF loss function. It is however distinct because the structured prediction loss function we
are considering and our definition of rational loss are both different. We will adopt a similar notation
and terminology. Recall that for any sequence y, we denote by y; the symbol in its ¢th position and
by y! = yiyis1--y; the substring of y starting at position ¢ and ending at j. We denote by E, the
set of transitions of a WFA A. Let U be a weighted finite-state transducer (WFST) over the (+, x)
semiring over the reals, with A as both the input and output alphabet. Then, we define the rational

loss associated to U for all 31,5’ € A* by £(y,y") = U(y,y").

Let Y denote a WFA over the (+, x) semiring accepting the set of

all sequences of length [ with weight one and let Y; denote the WFA °‘°

accepting only y; with weight one. Then, by definition, the weighted

transducer Y oU oY, obtained by composition maps each sequence y . awt . b/t . awt .
in A! to y; with weight U(y, ;). The WFA II; (Y o U 0 Y;) derived © ° e
from that transducer by projection on the input (that is by removing Figure 1: Illustration of the
output labels) is associating to each sequence y weight U(y,y;). WFA'Y for A = {a,b} and [ = 3,
We use weighted determinization [Mohri, 1997] to compute an and the WFA Y;, where y; =
equivalent deterministic WFA denote M. As shown by Cortes et al. aba.

[2015][Theorem 3], M can be computed in polynomial time. M

admits a unique path labeled with any sequence y € Al and the weight of that path is U(y, ;). The

weight of that accepting path is obtained by multiplying the weights of its transitions and that of the
final state.

We now define a deterministic p-gram WFA N that accepts all
sequences € A! with each of its states (z’, s) encoding a (p — 1)-
gram z’ read to reach it and the position s in the sequence y at
which it is reached. The transitions of N are therefore defined as
follows with weight one:

Ex = {((y;;l,ﬂ,s - 1)"‘7 L, (y§:;+2a,s)):y eAlaeA,se [Z]}

The initial state is (€, 0) and the final states are those with the second
element of the pair (the position) being /. Note that, by construction,
N is deterministic. Then, the composition (or intersection) WFA
N o M still associates the same weight as M to each input string
y € Al. However, the states in that composition help us compute Figure 2: Illustration of the
L(z,s). In particular, for any z € AP and s € [I], let E(z,s) be WFA N for A = {a,b}, p = 2
the set of transitions of N o M constructed by pairing the transition and ! = 2.

((zzf_l, s—1),zp,w(z,s),(2z5,s)) in N with a transition (gu, 2p,w, ¢j) in M. They admit the
following form:

E(sz) :{((QNaQM)’ZZHWa (Q%Q:’M)) € Enoign = (Zlf_las - 1)} (14)

The WFA N o M is deterministic as a composition of two deterministic WFAs. Thus, there is a
unique path labeled with a sequence 3y € A' in N o M and y admits the substring z ending at position
s iff that path goes through a transition in E(z, s) when reaching position s. Therefore, to compute
L(z, s), it suffices for us to compute the sum of the weights of all paths in N o M going through a
transition in E(z, s). This can be done straightforwardly using the forward-backward algorithm or
two single-source shortest-distance algorithm over the (+, x) semiring [Mohri, 2002a], one from
the initial state, the other one from the final states. Since N o M is acyclic and admits O(I|A[?)
transitions, we can compute all the quantities L(z, s), s € [{] and z € AP, in time O(I|A[P).

7 Conclusion

Our detailed study revealed shortcomings in commonly used surrogate loss functions and algorithms
for structured prediction, prompting the introduction of new, strongly consistent alternatives. These
findings not only enhance the theoretical and algorithmic foundations of structured prediction but
also pave the way for the development of practical and effective solutions. In upcoming work, we
will report an extensive empirical analysis of our algorithms. Our work provides tools and insights
for future algorithm design in this domain, promising advancements in both theory and application.
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A Related work

Structured prediction and neural networks. A variety of deep learning techniques have been used
for structured prediction tasks, including a unified neural network architecture for natural language
processing [Collobert et al., 2011], energy model-based structured prediction including structured
prediction energy networks (SPENs) and various inference methods [Belanger and McCallum, 2016,
Tu and Gimpel, 2018, Larsson et al., 2018, Tu and Gimpel, 2019, Tu et al., 2019, Graber and
Schwing, 2019, Pan et al., 2020], attention networks incorporating richer structural distributions
[Kim et al., 2017], tree-structured long short-term memory (LSTM) networks [Tai et al., 2015],
sequence to sequence learning [Sutskever et al., 2014, Edunov et al., 2017], memory-reduced variant
of best-first beam search [Meister et al., 2020], end-to-end learning for SPENs [Belanger et al., 2017],
conditional generative flow [Lu and Huang, 2020], proximal methods [Wang et al., 2016], CRF using
deep features [Jaderberg et al., 2014, Huang et al., 2015, Chen et al., 2014, Schwing and Urtasun,
2015, Chen et al., 2015], non-iterative feed-forward predictors [Stoyanov et al., 2011, Domke, 2013,
Kunisch and Pock, 2013, Hershey et al., 2014, Li and Zemel, 2014, Belharbi et al., 2018, Zheng et al.,
2015], deep value network [Gygli et al., 2017], fully convolutional networks [Long et al., 2015],
constraint reasoning tool [Dragone et al., 2021, Jiang et al., 2022], multi-label box model[Patel et al.,
2022], probabilistic deep networks[Zheng and Pronobis, 2019, Jang et al., 2023], autoregressive
methods [Liu et al., 2022], nonlinear output transformations and embedding [Graber et al., 2018,
Brogat-Motte et al., 2020], smoothing methods [Pillutla et al., 2018] and structural training [Choi
et al., 2016, Ahmad et al., 2023]. Let us also mention ensemble algorithms for structured prediction
algorithms [Cortes, Kuznetsov, and Mohri, 2014a,b], which can be used to combine several algorithms
for this problem.

Consistency in structured prediction. Here, we discuss in detail previous work on consistency in
structured prediction [Osokin et al., 2017, Ciliberto et al., 2016, Blondel, 2019, Nowak et al., 2020,
2022, Ciliberto et al., 2019, 2020, Nowak-Vila et al., 2019, Nowak et al., 2019, Cabannes et al., 2021,
Cabannnes et al., 2020, Corro, 2023].

Osokin et al. [2017], Nowak et al. [2020] and Nowak et al. [2022] pointed out that the max-margin
Markov networks (M3N), or more generally structural SVMs may not be Bayes-consistent. Instead,
Osokin et al. [2017] proposed the first Bayes-consistent surrogate loss in the structured prediction
setting, the quadratic surrogate (QS) loss. A general theory of QS was further developed in [Nowak-
Vila et al., 2019, Nowak et al., 2019]. However, as pointed out in Section 1, the quadratic surrogate
loss formulation casts the structured prediction problem as a regression problem and is not a typical
formulation even in the binary classification case.

Nowak et al. [2020] proposed a consistent method called max-min margin Markov networks (M4N)
derived from first principles for binary SVM. However, this method is restricted to SVM-type loss
functions. Instead, we propose broad families of surrogate losses, which can be naturally derived
from common multi-class losses including the logistic loss.

Nowak et al. [2022] addressed the inconsistency of Max-Margin loss in structured prediction by
introducing the notion of Restricted-Max-Margin, where the maximization is performed over a subset
of the original domain. Their method is based on an implicit embedding [Finocchiaro et al., 2019]; a
general framework for structured prediction has been further developed by Ciliberto et al. [2020].
However, these methods are only applied to polyhedral-type surrogates which are not as smooth as
the logistic loss. Thus, the resulting surrogate losses may not be favorable from the optimization point
of view. Instead, our novel families of surrogate losses are very general and can be smooth, including
a new structured logistic loss, for which we describe efficient gradient computation algorithms.

Ciliberto et al. [2016] focused on a least squares surrogate loss function and corresponding framework.
In this framework, the structured prediction problem is cast as a regression problem. They derived
a regularization approach to structured prediction from the least squares surrogate loss and proved
the Bayes-consistency of that approach. Ciliberto et al. [2019] focused on a local structure-adapted
framework for structured prediction. They proposed a novel structured prediction algorithm that
adaptively leverages locality in the learning problem. Ciliberto et al. [2020] developed a general
framework for structured prediction based on implicit embedding. Their methods lead to polyhedral-
type surrogates losses that benefit from Bayes-consistency.

On the other hand, our work presents an extensive study of surrogate losses for structured prediction
supported by H-consistency bounds. Different from the surrogate loss studied in the previous work,
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the formulations of our proposed surrogate losses including structured comp-sum losses and structured
constrained losses are completely novel and do not cast structured prediction problems as a regression
problem. Furthermore, we prove stronger consistency guarantees that imply Bayes-consistency for
these new proposed families of surrogate loss.

Other related work on structured prediction includes: projection-based losses for structured prediction
[Blondel, 2019]; fast convergence rates for general structured prediction problems [Cabannes et al.,
2021]; a unified framework for dealing with partial labelling [Cabannnes et al., 2020]; and an analysis
of the inconsistency of separable negative log-likelihood losses for structured prediction [Corro,
2023].

B Proof of Lemma 3

Lemma 3. The best-in-class conditional error and the conditional regret for a target loss L in
structured prediction can be expressed as follows:

Cl gc() = JrenHln >z, )y, y)

(=) yeyY
ACLgc(h,z) = Y pla,y)(h(z),y) - min > p(z,y)l(y,y).
yeyY y'eH(z) yeY
Proof. By the definition, the conditional L-risk can be expressed as follows:
Cu(h,x) = 3 p(a,y)l(h(z),y). (15)
Y€y

Since {h(x) : h € H} = H(x), the best-in-class conditional error can be expressed as follows:

€l ()= min > pz, )y, y),
y’eH(m)yey

which proves the first part of the lemma. By the definition,
ACLge(hx) = Cu(h, 2) = CLp(2) = 2, pla,y)(h(2).y) = min 5, plz. )0y’ y).

yey ) yey

C Proofs for structured max losses

Theorem 4 (Negative results of L™**). Assume that n > 2 and that ®,,(v) is convex and non-
increasing for u = 1. Then, the max structured loss L™ is not Bayes-consistent.

Proof. For the structured max loss L™, the conditional L™#*-risk can be expressed as follows:
Crmax (b, x) = ) p(x,y) max Doy (@, y) - Wz, y'))-

yed
Take (y',y) = 1y, to be the zero-one loss. Since £(y’,y) = 1 for any y # y', the conditional
L™#*_risk can be reformulated as follows:

CLmax(h,x) = Z p(z,7y) max &1 (h(z,y) - h(z,y)).
yeY y'#y
Consider the distribution that supports on a singleton domain {z}. Take y; # y2 € Y such that y; # n
and yo # n. We define the conditional distribution as p(z,y1) = p(z,y2) = % and p(z,y) = 0 for
other y € Y. Then, by using the fact that ®; (v) is convex and non-increasing, we obtain

1 1
Rpmax(h) = CLmax (h, x) = = max @y (h(x,y1) — h(x,y")) + = max &1 (h(z,y2) - h(z,y"))
2 y'#y 2 y'#y:
1 1
= 7<I>1(h(:17,y1) - max h(x,y')) + f'1>1(h(:c, y2) — max h(z, y'))
2 y'#y1 2 Y'#y2
(®1(v) is non-increasing)
1 1 1 1 )
> fI)l(fh(a:,yl) - —maxh(x,y") + =h(x,y2) — = max h(z,y ))
2 2 y'#y2 2 2 y'#+n
(®1(v) is convex)
>4 (0) (®1(v) is non-increasing)
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where the equality can be achieved by h* € 3, defined as h*(x,1) = h*(x,2) = ... = h*(x,n).
Therefore, h* is a Bayes classifier of the structured max loss. Note that h*(x) = n. However, by
Lemma 3, in such a case, the Bayes classifier h; of the target loss satisfies that

hy (x) = argrrynn Yoo(z, )y’ y) = argmln(p(x Y1) Lyray, + (2, y2) Lyray, ) = y1 OF Yo.
y'ed  yey

Thus, we obtain h* # hj. Therefore, L™%* is not Bayes-consistent. O

D Proofs for Voted Conditional Random Field

Theorem 5 (Negative result of LY*"). The Voted Conditional Random Field LY*F is not Bayes-
consistent.

Proof. For the Voted Conditional Random Field LY*¥, the conditional LY*F-risk can be expressed
as follows:

eLVCRF(h’ IE) = Z p(x’y) log( Z ef(y:y’)+h(aj’y')_h(m,y)).

yey y'ed

Consider the distribution that supports on a singleton domain {x}. Note that R vere = Cpvere is convex
with respect to h(x,y),y = 1,...,n. To find the global minimum, we will differentiate Cpvere With
respect to h(z,y) for any y € Y and setting the derivatives to zero. Thus, we obtain for any y € Y,

- yey LWy )+h(z,y")-h(z.y) L ) +h(z,y)~h(z.y)

p@@,y) > ey XTI ) ) Eyp (@, y) > ey XTI ) )

=0. (16)

Using the fact that ..., € Ly ) +h(zy ) =h(zy) = =Yy Ly )y ) =h(z,y) _ L(yy)+h(z,y)-h(z,y)
to further simplify the LHS of (16), we obtain for any y € Y,

LW W) +h(z.y)-h(z,y") et ) +h(z,y)

x,y) = z,y = z,y . (17
p(z,y) y%p( y)Zyueye@(y,vy,,)m(x7y,,)_h(x7y,) y%p( y)Zyusyeé(y,,ymh(m’yu) 17

Consider a target loss function L such that ¢/(¥") = =0, P, thatis £(y,y’) = log(®,) + log(®,),
where @, is a function mapping from Y to R,.. For this spe01a1 choice of the target loss function, the
expressmn of £(y,y") decouple and (17) can be simplified to

o, ®, ,eM(@y) o, h(@w)
p(z,y) = p(xy) — — = > — (18)
UZE;zi Eyrey Pyr@yrel V)5 iy Byl ()
Therefore, for the Bayes classifier 1* of Voted Conditional Random Field, by (18), we have
(I)yeh* (z,1) (I)yeh*(;ﬂ,n)
p(z,1) 7 p(a,n)
which implies that
4
h*(x) = argmax h* (z,y') = argmax e (@) = argmaxM.
y'ey yey vey Py
However, by Lemma 3, in such a case, the Bayes classifier h; of the target loss satisfies that
hy (z) = argmin Y p(z,y)¢(y',y) = argmin »_ p(z,y)(log(®,) +log(P,)) = argmlnq)
y’eY yeYy y'ed yey
Thus, we obtain h* + h} e in general. Indeed, consider the case where p(x,y) = (I)Q ,y €Y. Then,
h*(z) = argmax,, .y Z“ . 4)2 = argmax,, .y &,/ # argmin,,y ®, = hj(z) when {<I>y yeY} are
not equal. Therefore, LVERF S not Bayes-consistent. O
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E Proofs for structured comp-sum losses

E.1 Structured logistic loss

Theorem 11 (H-consistency bound of Lfggp). Assume that H is symmetric and complete. Then,

for any target loss £, hypothesis h € H and any distribution,

:RL(h) - E,U'C < Q(RL;‘;:“P(h) - Ri?ggmp’g{ + MLfs:PV%) ? - ML’}C. (19)

Proof. For the comp-sum structured loss L, )", the conditional L} "*-risk can be expressed as
follows:

-, RICH
eLfcf:r)(hax) =- Z p(z,y) Z Ly, y) log(Z)
Yy

e VY ey eM@y”)

z 1 ( eh(a:7y’) ) Z ( )Z( , )
== o8\ S AT,y )y Y
vey Z eh(r,y ) veY

yey

== Y log(8(z,y"))a(x,y'),

y'eY

where we denote by G(z,y") = ¥,y p(z,y)l(y',y) € [0,1] and 8(z,y) = 5 /eh(m'y) 5 €[0,1]
y ’

with the constraint that 3, cy 8(z,y) = 1. Let ymin = argmin, .y ¥,y p(z,y)¢(y', y), where we
choose the label with the highest index under the natural ordering of labels as the tie-breaking
strategy. For any h € H such that h(x) # ymin and = € X, by the symmetry and completeness of

JH, we can always find a family of hypotheses {Eu 1€ [-8(2, Ymin ), S(z, h(m))]} c H such that
Su(z,) = % take the following values:
yley € BT

]

_ S(;v,y) lfy¢{ym1nvh(w)}
8, (x,y) =18(x, Ymin) + 1 ify=h(z) (20)
8($,h(1'))—/1 ify:ymin~

Note that §,, satisfies the constraint:

> 8u(z,y) =3 8(x,y) =1, Vi€ [=8(2, Ymin), 8(2,h(2))].

yeY Y€y
By (20) and using the fact that H(x) =Y when H is symmetric, we obtain
ACpcomp 3¢ (h,x) = Creomp (B, ) = Cf comp (H, x)

> Cpeomp (h,x) — ngﬂg Creomp (A, T)

= sup {Q(x7ymin)[_ log(8(z, Ymin)) +1og(8(z, h(z)) - p)]
PE[-8(Z,Ymin),S(x,h(z))]

+q(,h(2))[~log(8(z, h(x))) +10g(8(2, ymin) + N)]}-

Differentiating with respect to y yields the optimal value p* = a(z’h(z))‘zgi’z(?)))1%((7;’%3“;“)38(05”““) .
Plugging in that value gives:

o (8(z,h(x)) +8(2, Ymin) )7(Z, Ymin)
S(xvymin)(a(xvymin) +§(937 h(.]?)))

(8(=z,h(2)) +8(2, Ymin))q(z, h(z))

8(x, h(2))(@(2, Ymin) + 7z, h(2)))

AGLCO‘“P,}C(hv IE) 2 @(CE, ymin) lo

+q(z,h(z))log

21
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Differentiating with respect to 8 shows that the minimum is attained for 8(x, h(x)) = 8(2, Ymin ),
which gives:

Qq(x,ymin) 26(‘% h(:C))

ACcomp g5¢(h, ) 2 G(%, Ymin ) log +q(z,h(z))log

5($aymin)+§(%h(fﬂ)) 5($,ymin)+§($ah(ﬁf))
. @(@.h(2)) =92, yuwin))”
- 2(5(17 h(x)) +q(z7ymin))

(alog % +blog 22 > (a-b)* Va,b € [0,1] [Mohri et al., 2018, Proposition E.7])

a+b = 2(a+b)’
_ — 2
> (Q(w7 h(m)) ;q(xvymin)) (0 < G(LIJ, h(l‘)) +E($,ymin) < 2)
_ (Zyey @)U ), ) = ey P 9 Yrmins )
4
= iAeL,%(h, z)2. (by Lemma 3 and H(z) = Y)

2
Since the function ¢ — tz is convex, by Jensen’s inequality, we obtain for any hypothesis h € 3 and

any distribution,

(RL(h) =R} 50 + ML,U—()2 _ (Ex[ACLgc(h,)])”
4 4
E[W]

X
E[AGLcomp’f}C(h7 .’L')]
= Ricom (B) = Ricomp. 3¢ + Micom 3¢,

IN

IN

which leads to

1
:RL(h) - E,U'C < Q(RLfsng(h) - Riiﬁgmp’j{ + ML;S:I)J{) 2 el ML’}C.

E.2 Structured sum-exponential loss

Theorem 12 (H-consistency bound of Lc37"). Assume that H is symmetric and complete. Then,

for any target loss £, hypothesis h € H and any distribution,

1
RL(h) - Rf,g{ < Q(RLg;;ﬂp(h) - REE;;“’,}C + MLZig‘pﬂC) ‘o ML,:}(. 21
Proof. For the comp-sum structured loss L¢3, the conditional LeP-risk can be expressed as
follows:
p— x ” _ T 7 1 p—
Creomn (hy2) = Y. plz,y) Y Uy ,y) Y VI hmy) = 5 (5( - —l)q(x,y'%
yeY y'eY Y=y’ y'eY r,y")
B — h(z,y)
where we denote by g(2,y") = yey p(2,9)E(y"y) € [0,1] and 8(z,y) = $—=0m € [0,1]

with the constraint that 3, cy 8(z,y) = 1. Let ymin = argmin, .y ¥,y (2, y)¢(y', y), where we
choose the label with the highest index under the natural ordering of labels as the tie-breaking
strategy. For any h € H such that h(x) # ymin and = € X, by the symmetry and completeness of

JH, we can always find a family of hypotheses {Eu 1€ [-8(2, Ymin ), S(z, h(x))]} c H such that

s hu @) . )
S,(x,-) = SR take the following values:
_ S(I?y) 1fy¢{ymmvh(x)}
S#((Emy) = S(xvymin)+ﬂ 1fy=h(l’) (22)

S(CL‘, h(.’I})) - ]fy = Ymin-

77
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Note that §,, satisfies the constraint:
> Sulw,y) = 3 8(x,y) = 1, Vi [-8(2, Ymin), (=, h())].
yed yeY
By (22) and using the fact that H(x) =Y when H is symmetric, we obtain
ACycomp 3¢ (h, )
= Creomp (M, 2) = Ccomp (H, )

> eLcomp (h, x) —inf eLcomp (E#, IE)
peR

1 1
= sup 6(277 ymin)[ - :|
MG[—S(%ymin)75(17"(95))]{ 8(2, Ymin)  8(z,h(x)) —p

_ 1 1
+q(a:,h(x))[g(a:, h(z))  8(=,Yumin) +M]}
2
_ q(x7ymin) Q(x,h(x)) (\/Q(xvymm)"'\/q(l',h(x)))

+ _
S(Iaymin) S(df,h(l‘)) 8($aymin)+8($7h(1‘))
\/a(w)h(w))s(wth(w))_va($7ymin)s(w)ymin))
Va(@,ymin) +/(z,h(2))

(differentiating with respect to p to optimize, optimal p* =

2
> (Va(, ymin) = Va(@,1(2)))

(differentiating with respect to 8 to minimize, minimum is attained when 8(,h(z)) = 8(, Ymin) = 3)
(@(z, h(2)) ~ (@, yuin))’
= - 2
(Va(h(@)) + i, yuin) )

, @(@.h(2)) =9, yuwin))”
- 4
(S yey (@ ) E(h(),9) = Tyey P 9)(Ymin, 1))
4

= EAGL’}((}L, z)2. (by Lemma 3 and H(z) = Y)

(Va+Vb<2,Va,be[0,1],a+b<2)

2
Since the function t — % is convex, by Jensen’s inequality, we obtain for any hypothesis h € J and
any distribution,

(RU(R) =R 5+ Mise)  (Bx[ACLc(h,2)])°

4 4
E[AGL7%(}L’$)2:|

IN

X 4
%[AeLcomp’j—c(h7 x)]

= RLCOmP (h) - fREcomp;}C + MLComp’g{,

IA

which leads to

D=

fRL(h) - fRE,}C < Q(fRngIﬂ)ﬂP(h) - fREg;;ﬂp’% + MLZﬁ’:p,I}C) - ML;}(.

E.3 Structured generalized cross-entropy loss

Theorem 13 (H-consistency bound of L0""). Assume that 3 is symmetric and complete. Then,

for any target loss {, hypothesis h € H and any distribution,

1
Ri(h) = Rf 5 < 20F (Ryzome (B) = Ricomo ¢ + Mizomn o) = Mise. (23)
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Proof. For the comp-sum structured loss Lg ¢, the conditional Lg ¢"-risk can be expressed as
follows:

eh(;c,y') &
Creome (h,x) = Y p(a,y) Y. 0y, y) ( () )

yeY y'eY Lyrey eh(@:y")
Z ( eh(-@vy') )a Z ( )Z( / )
- < (o P T, Y)Y,y
@ yrey T yrey @) yey
= & >, (1 =8(x,y")M)q(x,y),

y'ed

eh(@y)

where we denote by g(z,y’) = Y yey p(x, )0y, y) € [0,1] and 8(x,y) = W [0,1]
" ‘d

with the constraint that 3, .y 8(z,y) = 1. Let ymin = argmin, .y ¥, oy p(, y)ﬁ(y y), where we

choose the label with the highest index under the natural ordering of labels as the tie-breaking

strategy. For any h € H such that h(x) # ymin and 2 € X, by the symmetry and completeness of

H, we can always find a family of hypotheses {h,, : 11 € [-8(2, Ymin ), S(z,h(z))]} c H such that

i) .
Su(z,) = W take the following values:
_ 8(I7y) 1fy¢ {yminvh('r)}
S[L(x7y) = S(‘T7ymin)+ﬂ lfy:h(l‘) (24)

S(I7 h(]})) K lfy = Ymin-
Note that g,t satisfies the constraint:
> 8ul@,y) = Y 8(2,y) =1, Vi € [=8(2, Yymin), (2, h(2))].
yey yeY
By (24) and using the fact that H(x) =Y when H is symmetric, we obtain
AeLcomp7j{(h’ :L‘)
= eLcomp (h .'L') - Gicomp(:}( .'L')
> eLcomp (h .T) lnf eLcomp (hu, x)

Q=

sup {q(x, i) (-8 ymin)* + (82 h(2)) = 1)°]
He[_s($7ymin):S(wvh(x))]

+q(a,h(2))[=8(x,h(2))* + (8(, Ymin) + u)a]}

-«

) é(S(x, h(2)) + S(2, Yumin))* (U, Yonin) 75 + (2, () 77 )

- G0 Yin)S, i)~ (M) (2, h(2))”

(differentiating with respect to 4 to optimize, optimum p* = L&:h(z)) £, h(2))=3(z:Ymin) TS, :Ymin) )
9(z,Ymin) 1 a+g(z,h(z)) I-a (’

1 _ I 1\ lmae _
> 2% (@@ i) 7 47 h@) ) Qo) - 7 b)) |
(differentiating with respect to 8 to minimize, minimum is attained when 8(z,h(z)) = 8(, Ymin) = =)

q h -q min 2 s 17
> (Q($7 (I)) Q(Iay )) ((al—a;bl—a) —“T”’2%(a—b)Q,Va,be[0,1],O£a+b$1)

4ne
(Zyey p(,9) (0 (2), ) = ¥ yey P(2, ) Ymin, y))2
- dne
2
= W (by Lemma 3 and H(x) = Y)
n
74
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2
42& is convex, by Jensen’s inequality, we obtain for any hypothesis h € JH and

Since the function ¢ —
any distribution,

2
(Ru(h) = R 50+ MLse)”  (Ex[ACLsc(h,x)])?
dne B 4n

|:Ae|_7g{(h, $)2:|

IA
<=

4dne

IN

E[AeLcompvg{(h’x)]
= RLCOmp (h/) - chomp’:}c + MLcomp7}f7

which leads to

1
:RL(h) - :RE,}C < Qn% (:RLESZ‘P(h) — Rzggénp’g{ + Mngl:P’g.c) 2 - MLJ—C.

E.4 Structured mean absolute error loss

Theorem 14 (J{-consistency bound of L°™P). Assume that H is symmetric and complete. Then,

mae

for any target loss {, hypothesis h € H and any distribution,

Ri(h) - REJ{ < n(RLfﬁg‘;p(h) - Riﬁéﬂp}g_{ + ML?&EPJ{) - My 5. (25)

Proof. For the comp-sum structured loss L{eP, the conditional L{5 oP-risk can be expressed as
follows:

-, eh(z.y")
Creome (h,x) = Y p(x,y) Y Uy 7y)(1 - Z)

h(x,y”
yeY y'ey yrey €M@Y

eh(@y") _
=> (1 SR ) > op(z, )y, y)
yed

y'ey yeyY eh(zay”)

= Z (1 - S(xvyl))q(xay,)7

y'eY
where we denote by 7(z,y') = Xyey p(x.9)(y/',y) € [0.1] and 8(z.y) = = € [0,1]
ylley e 7o

with the constraint that ., .y 8(x,y) = 1. Let Ymin = argmin, .y ¥yey p(x, y)€(y’,y), where we
choose the label with the highest index under the natural ordering of labels as the tie-breaking
strategy. For any h € J such that h(2) # ymin and 2 € X, by the symmetry and completeness of
JH, we can always find a family of hypotheses {h,,, s € [-8(2, Ymin ), S(z, h(:zf))]} c H such that

— hy(z,0)
= __e*r’
Sﬂ(xa ) - S orey ehu(@y")

take the following values:

_ S(fE,y) 1fy¢{ym1n7h(x)}
8 (w,y) = {8(2, Ymin) + 1 ify =h(z) (26)
S(x,h(x)) —p if Yy = Ymin-

Note that §,, satisfies the constraint:

Zg“(x,y) = Z S(I,y) =1,Vue [_S(x’ymin)78(x’ h(;t))]

yey yeY

75
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By (26) and using the fact that H(x) =Y when H is symmetric, we obtain
AeLcomp,}((h, CC)
= eLcomp (h, SU) - Giconlp (g{, SC)

Z eLcomp (]'L7 x) - li}elﬂg eLcomp (E#, :E)

) Sup {q(%ymm)[—s(w, Ymin) + (2, h(z)) - 1]
Me[_s(wxymin);S(‘Tﬂh(w))]

7 h(@))[-S( h(x)) + Sz yon) + u]}

= (2, Ymin )8(2, h(2)) - q(z, h(2))S(z, h(z))
(differentiating with respect to u to optimize, optimum p* = =8(, Ymin )
1 _ _
> @, yun) - 7 h(2)))
(differentiating with respect to 8 to minimize, minimum is attained when 8(x, h(z)) = %)
Xy p(z,y)l(h(z),y) = Xyey (T, Y)(Ymin, y)

_ AGL,G'C(ha Z‘)
- n

n

(by Lemma 3 and H(x) = Y)

Therefore, we obtain for any hypothesis h € H and any distribution,
CRL(h) - CRE,}C + ML,:}C _ ]EX [AGLJ{(}L, JC)]

n n
[ACLeomo sc(hy )]

=E
X
= fRLcomp (h) - Ricotxlp’j-(: + MLCO"“P,?Ca
which leads to
Re(h) = R ¢ < n(Rusgzze (h) = Rigome ¢ + Moz c) = Muc.

mae mae >

F Proofs for structured constrained losses

F.1 Structured constrained exponential loss

Theorem 15 (J{-consistency bound of Lgffpnd). Assume that 3 is symmetric and complete. Then,
Sfor any target loss {, hypothesis h € H and any distribution,

R () = R 5¢ < 2/ b Riggegs (B) = Ricoma 3¢ + Mg ) = Mo @7

Proof. Denote by q(z,y") = ¥yey p(2,9)€(y",y) € [0, £max]. For the constrained structured loss

Lgffpnd, the conditional Lgffp“d-risk can be expressed as follows:

Cuema (h,2) = 3 pla,y) Y Ly, y )" @) = 3 "9 g(a,y).
Y€y y'eY y'eY
Let Ymin = argmin .y >,y p(7,4)¢(y’, y), where we choose the label with the highest index under
the natural ordering of labels as the tie-breaking strategy. For any h € H such that h(z) # ymin
and x € X, by the symmetry and completeness of H{, we can always find a family of hypotheses
{E# tp € R} c 3 such that h,(z, -) take the following values:

h(x’y) ify¢{ymin7h(x)}

hu(2,y) = A (2, Ymin) + 1 ify = h(2) (28)
h(x,h(x))—,u ify:ymin~

7A
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Note that the hypotheses Eu satisfies the constraint:

S hu(z,y) = Y h(z,y) =0, YueR.
yeY yeY

Since ¥, ey h(z,y) = 0, there must be non-negative scores. By definition of h(x) as a maximizer, we
must thus have h(x,h(x)) > 0. By (28) and using the fact that H(z) =Y when H is symmetric, we

obtain
AeLcstndﬂ.{(h, I)
= GLcstnd (h, CL’) - Gzcdtxxd (9{7 l’)

> eLcstnd (h, fL‘) - Iijl;lﬂg eLcstnd (E/'“ .13)

- Suﬂg{q(%ymin)(eh(w’y“‘“‘) _ eh(%h(w))—u) +q(z, h(x))(eh(””’h(””)) _ eh(w,ymm)w)}
JLE

2

= (\/q(x, h(l‘))eh(r,h(r)) - \/q(x’ ymin)eh(z’ym‘“))

. . . . . . . 1
(differentiating with respect to 1 to optimize, optimum p* = 3 log

2
> eh(%h(x))(\/Q(xvymin) - \/q(l‘, h(l‘)))
(eM@h(@)) 5 oh(@ymin) gnd q(z,h(2)) 2 ¢(2, Ymin))

> (Va(@. ymin) - Va(.0(@)) (h(z.h(x)) 2 0)

( 4(z.h(2)) = 4z, yumin) )2
\/q(x, ymin) + \/Q(ma h(x))

9@ Yumin )" )
4 ()" vmin)

1
2 40 (Q(xvh(x))_(I(xvymin))2 (0 <q(z,y) < lmax)
= 4£1 AC g¢(h,x)2. (by Lemma 3 and H(x) = Y)

2
Since the function ¢ ~ 41;7, is convex, by Jensen’s inequality, we obtain for any hypothesis h € H
and any distribution,

(RU(R) =R 5 +Mio)”  (Bx[ACLsc(h, 2)])?

40 max 4l max
2
<E AGLJ{ (ha 33)
X 4l max

< g[AeLcm,%(h, z)]
= :R,Lcstnd (h) - :RECS“‘d,?C + MLcstnd7j{7

which leads to

1
Re(h) = R ¢ < 21/ Conane(Riggige () - Ricsrpa o + Mz ac) " ~ Miar.

F.2 Structured constrained squared-hinge loss

Theorem 16 (H-consistency bound of Lgf;_‘}ﬂnge). Assume that H is symmetric and complete. Then,

Sfor any target loss {, hypothesis h € H and any distribution,

1
2

fRL(h) — fRE 5 < (fRLcsmo_l (h) — chstud gt MLcstnd_ %) — ML_’}(. 29)
? sq—hinge sq—hinge’ sq—hinge’
27
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Proof. Denote by q(z,y") = ¥yey p(2,9)€(y",y) € [0, £max]. For the constrained structured loss

Lcstnd Lcstnd

sq-hinge the conditional LG

Cestna (h,ac) =Y p(z,y) > Uy y) max{0,1+ h(gv,y')}2

-risk can be expressed as follows:

ke yey y'eY
= Y max{0, 1+ h(z,9)} q(a,y").
y'eY

Let Ymin = argmin,, .y ¥,y p(7,y)€(y’,y), where we choose the label with the highest index under
the natural ordering of labels as the tie-breaking strategy. For any h € 3 such that h(z) # Ymin
and z € X, by the symmetry and completeness of J, we can always find a family of hypotheses
{h, : pe R} c H such that hy, (z, ) take the following values:

i h(.%'7y) lfy¢{ym1nuh(‘r)}
hy(2,y) = h(Z, Yymin) + 1 if y = h(2) (30)
h(l’, h(x)) —H lfy = Ymin-
Note that the hypotheses Eu satisfies the constraint:
> hu(z,y) =3 h(z,y) =0, VueR.
yeY yeY

Since ¥,cy h(z,y) = 0, there must be non-negative scores. By definition of h(x) as a maximizer, we

must thus have h(z, h(x)) > 0. By (30) and using the fact that H(x) =Y when 3 is symmetric, we
obtain

AeLcstnd,j{(h,x)

= eLcstnd (h, m) - eEcstnd (g{) :L‘)

> Cestna (h, z) — inf Cpeswma (hy, )
peR

= sg{) {q(x, ymin)(maX{O, 1+ h(2, Ymin)}> - max{0, 1+ h(z, h(z)) - u}2)

+q(z, h(m))(max{(), 1+ h(z,h(z))}” - max{0, 1+ h(z, Ymin) + M}Q)}

> (1+h(z,h(2)))*(¢(2, ymin) — ¢(z,h(z)))?  (differentiating with respect to 1 to optimize)

> (q(z,h(2)) = ¢(2, Ymin))” (h(z,h(z)) > 0)
2

= (Z p(z,y)l(h(z),y) = 3 P(2, ) (Ymin, y))

yey yeY
= ACL g¢(h,x)2. (by Lemma 3 and H(x) = Y)

Since the function ¢ + 2 is convex, by Jensen’s inequality, we obtain for any hypothesis h € H and
any distribution,

(RL(h) =R 5¢ + ML,}C (g ACLgc(h, x)])z

IN

IA

E|
X
g[AeLmd gc(h, )]
R

cstnd (h) - RLcstnd,g.C + MLcstnd7j{7

which leads to

Nl

sq-hinge sq—hinge’ sq-hinge’

:R,L(h) :RL g.c < (:R.Lc%nd (h) :RLcstnd 9‘( + MLc%nd g.(:) - ML,:}C.

7R
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F.3 Structured constrained hinge loss

Theorem 17 (H-consistency bound of Lflsif]‘écel). Assume that 3 is symmetric and complete. Then,

for any target loss {, hypothesis h € H and any distribution,
RL(h) - RE:}C < RLICS:AI;;T: (h) - Ricstnd K + MLcstnd M ML):]—C. (31)

hinge’ hinge’

Proof. Denote by q(z,y") = ¥y p(2,9)€(y’,y) € [0, £max]. For the constrained structured loss

Lcstnd Lcstnd

the conditional -risk can be expressed as follows:

hinge® hinge
Creena (b, ) = 3 p(,y) Y £y’ y) max{0,1+h(z,y")}
® yeyY y'ey
= > max{0,1+h(z,y")}q(z,y).
y'eY

Let Ymin = argming ey ey p(@,y)€(y', y), where we choose the label with the highest index under
the natural ordering of labels as the tie-breaking strategy. For any h € 3 such that h(z) # ymin
and z € X, by the symmetry and completeness of H, we can always find a family of hypotheses
{Eu tpE R} c 3 such that b, (zx, -) take the following values:

h(z,y) if y £ {Ymin, h(2)}

hu(2,y) = { (2, Ymin) + 0 ify = h(2) (32)
h(m,h(w))—,u ify:ymirr

Note that the hypotheses Eu satisfies the constraint:
S hu(a,y) = S h(z,y) =0, YueR.

yeY yeY

Since ¥, ey h(x,y) = 0, there must be non-negative scores. By definition of h(x) as a maximizer, we

must thus have h(z, h(x)) > 0. By (32) and using the fact that H(z) =Y when 3 is symmetric, we
obtain

AGLcstnd,g{(h, :17)

= @Lcsmd (h, IZ’) - etcstnd (9{7 IE)

> eLcstnd (h7 .%') - lnf eLcstnd (EH’ JJ)
pelR

= sup {q(x, Ymin ) (max{0, 1 + h(x, Yymin) } - max{0,1 + h(x,h(x)) - pu})

peR

+q(z,h(z))(max{0,1 + h(z,h(z))} - max{0,1 + h(z, Ymin) + M})}

> (1+h(x,h(z)))(q(z,h(z)) — ¢(z,ymin))  (differentiating with respect to x to optimize)

> q(x,h(r)) - ¢(, Ymin) (h(z,h(z)) > 0)
= de(x,y)f(h(w),y) - Z;p(xvy)f(ymm,y)
= ACL 3¢ (h, ). (by Lemma 3 and H(z) = Y)

Therefore, we obtain for any hypothesis h € H and any distribution,
:RL(h) - :Rf,:}c + ML,‘}C = g[AGLJ—((h,m)]
< g[AeLcstnd7g{(h,7 (E)]
= RLcstnd (h) — RE“"“’J{ + MLcstndﬁj{,

which leads to

fRL(h) - E 5 < fRchmd(h) - :chsmd gt MLcstnd 9~ ML_’}(.
? hinge )

hinge hinge’

70
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F.4 Structured constrained p-margin loss

Theorem 18 (J{-consistency bound of L"), Assume that H is symmetric and complete. Then,
Sfor any target loss {, hypothesis h € H and any distribution,

fRL(h) - :RE,}C < fRchsmd(h) - Riff“‘d,ﬂ{ + ML;dtnd7?{ - ML’}(. (33)

Proof. Denote by q(z,y") = ¥yey p(2,9)€(y",y) € [0, £max]. For the constrained structured loss
L;Stnd, the conditional L;St“d-risk can be expressed as follows:

Cugna (hyx) = 3 p(x,y) Y, Uy’ y) max{0, 1+ h(z,y")}

yeyY y'eY
= Z max{0,1 + h(a?,y,)}Q(% y').
y'eY

Let Ymin = argming, .y 3,y p(7,y)€(y’,y), where we choose the label with the highest index under
the natural ordering of labels as the tie-breaking strategy. For any h € H such that h(x) # ymin
and x € X, by the symmetry and completeness of H, we can always find a family of hypotheses
{Eu tp € R} c 3 such that b, (z, -) take the following values:

h(x’y) ify¢{ymin7h(x)}

hu(@,y) = Yh(@, ymin) + 1 ify = h(2) (34)
h(x,h(x))—,u ify:ymin~
Note that the hypotheses Eu satisfies the constraint:
> b, y) = ) h(x,y) =0, VueR.
yed yeY

Since ¥, ey h(z,y) = 0, there must be non-negative scores. By definition of h(x) as a maximizer, we

must thus have h(x,h(x)) > 0. By (34) and using the fact that H(z) =Y when H is symmetric, we
obtain

ACLcsmd)%(h, I)
= eLcsmd (h, $) - etcstnd (j{, -T)

Z eLcstnd (h7 1’) - Lrel]lg GLcstnd (Ey{, ZC)

= sup {q(x, ymin)(min{max{Q 1+ h(m,ymm)}, 1} - min{max{o, 1+ h(w,h(a:))—,u}’ 1})

peR pP P
+q(z, h(m))(min{maX{O, 1+ h(m,h(w))} 1} - min{max{()7 1+ h(ac7ymm)+,u}7 1})}
p p
> q(x,h(z)) - ¢(x, Ymin) (differentiating with respect to y to optimize)
= 2 p(z,y)l(h(z),y) = X (@, y)l(Ymin, )
yey yey
= ACL 5¢(h, ). (by Lemma 3 and H(x) = Y)

Therefore, we obtain for any hypothesis h € H and any distribution,
fRL(h) - fREJ{ + MLJ-( = I)E([AGL’H(h, .’L‘)]
< g[AGLcsmd’}((h, I)]
= RLcstnd (h) - Ricstnd,‘}( + MLcstnd’g{,
which leads to

RL(h) - RE K S RLcstn(l (h) - thstnd H + MLcstnd H ML -
i P P 5 P s s

20
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G Efficient gradient computation and inference

Here, we describe efficient algorithms for the computation of the gradients for the loss functions
Lige | and LESEP. We also briefly discuss an efficient algorithm for inference.

comp

G.1 Efficient gradient computation for LIog

We first present an efficient algorithm for the computation of the quantities L(z, s) in the important
case of rational losses, next in the case of Markovian losses.

Rational losses. Rational losses form a general family of loss functions based on rational kernels
[Cortes et al., 2004] that includes, in particular, n-gram losses, which can be defined for a pair of
sequences (y,y") as the negative inner product of the vectors of n-gram counts of y and y’.

Our algorithm bears some similarity to that of Cortes et al. [2018] for the computation of the gradient
of the VCREF loss function. It is however distinct because the structured prediction loss function we
are considering and our definition of rational loss are both different. We will adopt a similar notation
and terminology. Recall that for any sequence ¥y, we denote by y; the symbol in its ¢th position and
by y! = yiyir1---y;, the substring of y starting at position ¢ and ending at j. We denote by E 4 the set
of transitions of a WFA A.

Let U be a weighted finite-state transducer (WFST) over the (+, x) semiring over the reals, with A as
both the input and output alphabet. Then, we define the rational loss associated to U for all y,y" € A*

by £(y,y") = Uy, y').
Let Y denote a WFA over the (+, x) semiring accepting the set of

all sequences of length [ with weight one and let Y; denote the WFA °°°

accepting only y; with weight one. Then, by definition, the weighted

transducer Y oU oY, obtained by composition maps each sequence y . aat . bt . aant .
in A! to y; with weight U(y,y;). The WFA TT; (Y o U 0 Y;) derived O OO
from that transducer by projection on the input (that is by removing Figure 3: Illustration of the
output labels) is associating to each sequence y weight U(y, y;). WFA'Y for A = {a,b} and [ = 3,
We use weighted determinization [Mohri, 1997] to compute an and the WFA Y;, where y; =
equivalent deterministic WFA denote M. As shown by Cortes et al. aba.

[2015][Theorem 3], M can be computed in polynomial time. M

admits a unique path labeled with any sequence y € Al and the weight of that path is U(y, ;). The

weight of that accepting path is obtained by multiplying the weights of its transitions and that of the
final state.

We now define a deterministic p-gram WFA N that accepts all
1. - . ’ .

sequences y € A" with each of its states (z’, s) encoding a (p — 1)-

gram z’ read to reach it and the position s in the sequence y at

which it is reached. The transitions of N are therefore defined as

follows with weight one:

Ex = {((yi:zl,ﬂ,s - 1)7“7 L, (yj:;+2a,s)):y eAlaeA,se [Z]}

The initial state is (e, 0) and the final states are those with the second
element of the pair (the position) being [. Note that, by construction,
N is deterministic. Then, the composition (or intersection) WFA
N o M still associates the same weight as M to each input string _ g
y € Al. However, the states in that composition help us compute Figure 4: Illustration of the
L(z, s). In particular, for any z € A? and s € [I], let E(z, s) be WEFA N for A = {a,b}, p = 2
the set of transitions of N o M constructed by pairing the transition 40 =2

(27,5 = 1), 2p,w(z,5), (25, 5)) in N with a transition (¢, 2p,w, ¢;) in M. They admit the
following form:

E(z,s) :{((QN;qM)aZpawa (dh+ @he)) € Enoncian = (251, s - 1)}. (35)

The WFA N o M is deterministic as a composition of two deterministic WFAs. Thus, there is a
unique path labeled with a sequence y € A in N o M and y admits the substring z ending at position

21
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s iff that path goes through a transition in E(z, s) when reaching position s. Therefore, to compute
L(z, s), it suffices for us to compute the sum of the weights of all paths in N o M going through a
transition in E(z, s). This can be done straightforwardly using the forward-backward algorithm or
two single-source shortest-distance algorithm over the (+, x) semiring [Mohri, 2002a], one from
the initial state, the other one from the final states. Since N o M is acyclic and admits O(I|A[?)
transitions, we can compute all the quantities L(z, s), s € [{] and z € AP, in time O(I|A[P).
Markovian loss. We consider adopting a Markovian assumption, which is commonly adopted in
natural language processing [Manning and Schiitze, 1999]. We will assume that ¢ can be decomposed
as follows for all y,y’ € A': £(y,y') = ITj—1 € (y!_p.1,y'). Thus, we can write:

l
L(Zas) = Z Hzt(yi—pﬂayi)'

y:yi_p+1:z t=1

To efficiently compute L(z, s), we will use a WFA representation similar to the one used by Cortes
et al. [2016, 2018] and, for convenience, will adopt a similar notation. L(z, s) coincides with a flow
computation in a WFA A that we now define. A has the following set of states:

A= {(yf,pﬂ,t):ye Al,t:O,...,l},

with |4 = (¢,0) its single initial state, T4 = {(y!_ pr1 1)y € A} its set of final states, and a transition

from state (y{~},,,t—1) to state (y{~} ., b, t) with label b and weight w(y; ., b, t) = A= Ty
that is the followmg set of transitions:

A= {(WEh et = 1) 0,0 0,0, (Yo b, 1) iy e Al be At e [1]).

By construction, A is deterministic. The weight of a path in A is obtained by multiplying the weights
of its constituent transitions. In view of that, L(z, s) can be seen as the sum of the weights of all

paths in A going through the transition from state (z7~", s — 1) to (25, s) with label z,.

For any state (y{_,,;,t) € Qa, we denote by a((y;_,.1,t)) the sum of the weights of all paths in A
from the initial state |4 to (y}_,.1,t) and by B((y}_,,1,t)) the sum of the weights of all paths from
(Yf_ps1,t) to a final state. Then, L(z, s) is given by

L(z,s) = a((z’f_l,s— 1)) x w(z,8) x 6((z§,s)).

Since A is acyclic, o and 8 can be computed for all states in linear time in the size of A using a
single-source shortest-distance algorithm over the (+, x) semiring or the so-called forward-backward
algorithm. Thus, since A admits O(I|A|P) transitions, we can also compute all quantities L(z, s),
s€[l] and z € AP, in time O(IrP).

comp
exp

G.2 Efficient gradient computation for L

In this section, we provide a brief overview of the gradient computation for LSo™P | which is similar

exp
to the approach used for L{".

Note that the loss L¢3 on a given point (;, ;) can be expressed as follows:

LS = X W) 3 e

y'eAl y''+y’
= Z Z(y,a ZJ?) Z eh(zhy”)_h(mhy,) - Z Z(ylvyL)
y'EAl y”EAI' yleAl

[ 2. eh(“’y")l > Uy y)e M0 = Uy )
y”EAl yleAl yleAl

[ > ew'“’(“y”)] S Uy y)e ™ @) - Sy ).

y”EAl y'éAl yleAl
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The gradient of L3P is therefore given by

VLZiglp(W):l 2 ew'w(“’yn)‘l’(%y")] > U y)e )
y”GAl y’EAl
(36)

_[ ) ew-%””)l S U u)e ™ T U (3, ).

yrréAl y’eAl

An efficient computation of these terms is not straightforward since the summations run over an
exponential number of sequences for y. However, we will leverage the Markovian property of the
features to design an efficient computation. This approach is similar to what we demonstrated earlier
for L)5"". We start with identifying the most computationally challenging terms by rewriting the

expression of the gradient of L3 in the following lemma.

Lemma 19. For any w € RY, the gradient of Lexp ¥ can be expressed as follows:

l —~
Vlap (W) =2 > [NwQy (2, 5) - ZwCu (2, 5)]P(21,2, 5),

s=1zeAP

where Q:}V(Z7S) = Zyyb - ew‘\Il(ﬂCz',y)’ CW(Z,S) = Zy:yS 1=zz(y7yi)€_w'\l,(m7y) and Ny, =
s—p+ s—p+

ZyeA’ Z(y, yi)eiw.qj(mi v),

Proof. Using the decomposition of the feature vector, we can write:

l
Z ew\I/(:E“’l/)\I/(x“y) = Z ew~\11(wi,y) Z /(’E(xiayifp+178)
s=1

yeAl yeAl
l
DYDY DI (IR )
s=1zeAP y:y27p+1=z
> . - — . P l - S
Z Z(yayi)e_w'ql(hﬁy)\l/(xivy) = Z E(yvyi)e Wl (@) Z w(xiays—pﬂ—l’s)
yeAl yeAl s=1
= Z Z Z Z(y’yl)e_wq’(r“y) TZ(Z‘Z‘,Z,S)~
s=1zeAP y:y:_pH:z
This completes the proof. O

It was shown by Cortes et al. [2016, 2018] that all of the quantities Q, (2, s) for z € A? and s € [{]
and Zy, can be computed efficiently in time O(Ir?), where r = |A|. Thus, the remaining bottleneck
in the gradient computation suggested by Lemma 19 is the evaluation of the quantities Cy, (2, s) for
z € AP and s € [I] and Ny,. As with the loss function Lf;’;p discussed in the previous section, we
will analyze the computation of these quantities first in the case of rational losses, next in that of
Markovian loss.

Rational losses. We will adopt the same notation as in the case of the Lf;);“p loss with the same

definition of a rational loss: ¢ is a rational loss if there exists a WFST over the (+, x) semiring
over the reals with A as both the input and output alphabet such that for all y, 3" € A*, we have

Uy,y') =Uy,y).
Our algorithm is also somewhat similar to the one described for the L;"* loss or that of Cortes et al.

[2018] for the computation of the gradient of the VCREF loss function. There are, however, several
differences here too because the quantities computed and thus the automata operations required are
distinct.

Exactly as in the case of L, ;" loss, we first define a deterministic WFA M over the (+, x) semiring

that can be computed in polynomial time and that admits a unique path labeled with any sequence
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Y€ AL, whose weight is U(y, y;). Next, as in [Cortes et al., 2018], we define a deterministic WFA A
such that

! _
A(y) = e W (ziy) - H e W@yl pi1s8)

s=1

The set of states Q4 of A are defined as Q4 = {(yg_p+1, s)yeAls=0,..., l}, with I 4 = (¢,0) its
single initial state, F 4 = {(yf 1o l)y € A} its set of final states, and with a transition from state
(Y3 ps1,5 = 1) to state (ys-k p+2 @, 8) with label a and weight, that is, the following set of transitions:

- —wh(zi,y3"t, La,s s—
Ey= {((yjféﬂ,s— 1),a,e VY @vipn )7(y57;+2 a,s)):ye AllaeA se [l]}

Then, by definition of composition or intersection [Mohri, 2009], the WFA (M o A) is deterministic
and admits a unique path labeled with any given y € Al whose weight is (MoA)(y) = M(y)-A(y) =
Uy, yi)e ™),

Now, Ny, coincides with the sum of the weights of all
accepted paths in this WFA. Thus, since (M o A) is
acyclic, it can be computed in time linear in the size
of (M o.A), that is its number of transitions. For any
se€[l] and z € AP, Cy,(z, s) is the sum of the weights
of all paths in (M o A) labeled with a sequence y _. ) .
admitting z as a substring ending at position s. The Flglgre 5._Il2lust1c“1a§1(_)1120f the WFA A for A =
states in the composition (M o A) help us compute {a,b},p=2andl=

Cw(z, 5). As in the case of the L7 "" loss, for any z € AP and s € [1], we define E(z, s) as the set of
transitions of (M o A) constructed by pairing a transition (g, 2p,wa, ¢y¢) in M with the transition

(2", 5-1),2,,w(z,5), (25, 5)) in A. They admit the following form:

a:a/exp(-w-y(x,aa,2))

a:a/exp(-w-y(x.ea,1)

b:b/exp(-w-y(x,ab,2))

@ a:a/exp(-w-y(x,ba,2))
b:b/exp(-w-y(x,bb,2))

b:b/exp(-w-y(x,eb, 1))

E(Z7S) :{((qM7QA)7Zp7wM 'W(Z7S)a (QSvtvq‘lA)) € EMOA:qA = (Z;f_las - 1)} (37)

The WFA (M o A) is deterministic as a composition of two deterministic WFAs. Thus, there is a

unique path labeled with a sequence y € Al in (Mo.A) and y admits the substring z ending at position
s iff that path goes through a transition in E(z, s) when reaching position s. Therefore, to compute
Cw(z, s), it suffices for us to compute the sum of the weights of all paths in Cy, (2, s) going through
a transition in E(z, s). This can be done straightforwardly using the forward-backward algorithm
or two single-source shortest-distance algorithm over the (+, x) semiring [Mohri, 2002a], one from
the initial state, the other one from the final states. Since (M o A) is acyclic and admits O(I|A[P)
transitions, we can compute all the quantities Cy (2, $), s € [{] and z € AP, in time O(I|AP).

Markovian loss. Here, we adopt the Markovian assumption and assume that £ can be decomposed as
follows for all 7,3/ € Al: 2(y,y') = [T\, 1(Yi_ps1,9"). Thus, the quantity Cy, (2, 5) can be written
as:

l —~ :
Cw(za S) = Z H gt(y;—zﬁl ) yi)e_w'zizl w(xi’y’lzﬂ’“’k)
Yiys_ pr1=Z t=1

= Z Hgt(yt p+17y7,) I_Ie_ww(L17yk p+1s k)

yy — zt=1

l ~
- TG e T,

y:y:7p+1 =z t=1

Then, we can proceed as in the Markovian loss case for the loss function Lcomp except that
instead of the WFA .A used there, we define here a similar WFA A’. The only difference is
that the weight w(y!~} “pr b,t) = by (y- “21b0,y;) for the WFA A is replaced with w’(y{=},, b,t) =

Zt(yfjéﬂb, yi)e ™ P(@::917p15:) | With the same argument, we can compute all quantities Cy (z, s),

s€[l]and z € AP, in time O(IrP). The quantity N, can also be efficiently computed in time O(Ir?)
since it is the sum of the weights of all paths in A’
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G.3 Efficient Inference

We focused on the problem of efficient computation of the gradient. Inference is also a key problem in
structured prediction since the label with a highest score must be determined out of an exponentially
large set of possible ones. However, for the linear hypotheses considered in the previous sections,
this problem can be efficiently tackled since it can be cast as a shortest-distance problem in a directed
acyclic graph, as in [Cortes, Kuznetsov, Mohri, and Yang, 2016].

More generally, an efficient gradient computation, efficient inference and other related algorithms can
benefit from standard weighted automata and transducer optimization algorithms such as e-removal
[Mohri, 2000, 2002b] and determinization [Mohri, 1997, Mohri and Riley, 1997, Allauzen and Mohri,
2003, 2004] (see also the survey chapter [Mohri, 2009]).
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