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Abstract. Markov network (MN) structured output classifiers provide a
transparent and powerful way to model dependencies between output la-
bels. The MN classifiers can be learned using the M3N algorithm, which,
however, is not statistically consistent and requires expensive fully an-
notated examples. We propose an algorithm to learn MN classifiers that
is based on Fisher-consistent adversarial loss minimization. Learning is
transformed into a tractable convex optimization that is amenable to
standard gradient methods. We also extend the algorithm to learn from
examples with missing labels. We show that the extended algorithm re-
mains convex, tractable, and statistically consistent.

1 Introduction

Structured output classification aims at the prediction of a set of statistically
interdependent labels. A transparent way to model dependencies between the
labels provides the Markov Network (MN) classifier, formally defined as follows.
Let X be a set of observations. Let V be a finite set of objects, and let £ € (\2})
be a set of interacting objects. An object v € V is characterized by a label y € ),
of a finite set V,. Let J = X ., Y, be the structured output space, and let
y = (yy € Yy | veV)e Y denote the labeling of all objects in V. The match
between observation x and a label y, € ) assigned to object v € V is scored by a
function f,: X x Y — R. The match between the labels (y,, y,/) assigned to the
interacting objects {v, v’} € £ is scored by a function f,, : Y x Y — R. Given an
observation z € X', the MN classifier h: X — ) returns the labeling y € ) with
the maximum total score:

h(x) € Argmax [ Z folz,yp) + Z Joo (Yo, Z/v')] (1)

yey veY v,w'e€

Inference (1) requires solving a valued constrained satisfaction problem which
is an NP-hard in general. There are subclasses solvable efficiently; e.g., when
(V, €) is acyclic, it can be solved by dynamic programming. In a general setup,
the problem can be addressed using linear programming (LP) relaxation [19].
Linearly parameterized score functions can be learned efficiently by Maxi-
mum Margin Markov Network (M3N) algorithms [14,15,17] even if the graph
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(V, ) is generic and the inference is not tractable [5,4]. The original M3N algo-
rithm requires fully annotated examples; however, an extension for learning from
partially annotated examples, when some labels can be missing, was proposed
in [6]. M3N algorithms translate learning into convex and tractable minimization
of the margin rescaling loss and its variants, which serve as a surrogate of the
target loss we would like to actually optimize. An unsettling issue is the statisti-
cal properties. Namely, algorithms based on margin rescaling loss minimization
are not statistically consistent [10]; that is, they are not guaranteed to learn the
optimal Bayes classifier even if fed in with an unlimited amount of data.

Recently, [2, 3] proposed an adversarial loss whose minimization yields a sta-
tistically consistent algorithm. Unfortunately, the evaluation of the adversarial
loss requires solving a Min-Max problem whose size scales with the number of
labels, and thus it is not tractable for structured prediction. In [12] an algorithm
was proposed that minimizes adversarial loss instantiated for structured predic-
tors. However, the algorithm relies on an oracle that solves a Min-Max problem
of the same complexity as the one in the definition of adversarial loss. Therefore,
the algorithm is applicable only for MN classifiers when the neighborhood graph
(V, ) is restricted to be acyclic, and even then the oracle is not guaranteed to
solve the problem optimally.

In this paper, we contribute to the problem of learning MN classifiers by:

1. We propose a novel surrogate loss, named MArkov Network Adversarial
(MANA) loss, for learning MN classifiers. The MANA loss is defined by
a convex optimization which is tractable for general neighborhood graph
(V, ). In Theorem 3 we prove that the MANA loss is equivalent to the ad-
versarial loss. The MANA loss is, to our knowledge, the first surrogate for
learning generic MN classifiers which is simultaneously statistically consis-
tent, convex and tractable. Minimization of the MANA loss is amenable to
standard gradient methods.

2. We extend the MANA loss for learning MN classifiers on partially annotated
examples when the labels are missing at random. The extended loss, named
partial MANA loss, has the same computational complexity as its supervised
counterpart. In Theorem 5 we prove that the partial MANA loss is Fisher
consistent.

3. We evaluate the algorithms minimizing margin-rescaling loss and the pro-
posed MANA loss using both fully annotated and partially annotated data
sets. We show that the empirical performance of both losses is similar. This
find is not that surprising because we also show that the margin rescaling
loss is a close approximation of the consistent MANA loss, although both
surrogates were developed from completely different principles.

The necessary background and state-of-the-art is given in Section 2. The
contributions of this paper are presented in Section 3. Section 4 provides an
empirical evaluation of the proposed and existing methods, and Section 5 con-
cludes the paper. Proofs of the novel Theorems 3, 4 and 5 are deferred to the
supplementary material.
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2 State-of-the-art

In this section, we describe the state-of-the-art in risk minimization approaches
applicable to learning MN classifiers. We survey existing surrogate losses and
describe which are Fisher-consistent and which are tractable when applied for
learning the MN classifier. Section 2.1 focuses on supervised learning, and Sec-
tion 2.2 on learning from partially annotated examples.

2.1 Supervised learning

Assume that instances (x,y) are generated from a distribution pxy (x,y) on
X x Y. Let £: Y xY — R be a target loss penalizing the predictions of the
labeling. In this paper, we focus on additive losses, that is,

E(y,@) = Z gv(yvagv’) (2)

veVY

where ¢, : YV, XY, — R are some single-label losses. The goal is to find a classifier
h: X — Y that minimizes the expected risk L.

Ry(h, pxvy) = B ynpyy €y, B(2)) -

At best we achieve the Bayes risk R} (pxy) = infn. x—y Re(h,pxy). The classi-
fier is usually modeled as a composed function h(z) = T o f(z), where f: X —
R? is a score map, and T: R? — Y is a fixed label decoding. For example,
the most common prediction model, also considered in this paper, assigns la-
bels based on maximization of a score function f: X x Y — R, ie., h(x) €
Argmax,cy f(x,y). This corresponds to d = [Y| and T(f) € Argmax,.y fy
where f(z) = (f(z,y),y € Y) € RYI. The MN classifier (1) is obtained when
f(z,y) decomposes over objects V and edges &, i.e.,

f(xay) = Z fv(l'yyv) + Z fvv’(yvayv’) . (3)

veY v,w'eE

The finding of the classifier can be posed as a minimization of Ry(T o f)
w.r.t. f. However, direct minimization of the ¢-risk is difficult due to the discrete
nature of the commonly used losses £. Therefore, £ is replaced by a surrogate loss
Y: R? x Y — R, which evaluates the score map f on pxy(z,¥y) using a t-risk
Ry(f,pxy) = Ezympxy ¥(f(2),y). The optimal score w.r.t. the ¢)-risk is then
fy € Argming . _,ga Ry(f,pxy). There are two requirements on the surrogate
loss 1. First, optimization of the surrogate should be tractable, hence, ¥ (f,y) is
designed to be convex in f and cheap to evaluate. Second, the resulting classifier
h(xz) = T o f(z) should achieve low {-risk, being our true objective. Ideally, we
require the surrogate 1) to be Fisher consistent [9, 20]:

R} (pxy) = Re(T o fy,pxy), (4)
1 We refer to the expectation of a loss LOSS as the LOSS-risk.
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i.e., the classifier found by minimizing the 1-risk achieves the Bayes /-risk.

In the common ML setup, the distributiqn pxy(x,y) is unknown; however,
we have a training sequence Txy = ((z',y*) € X x Y | i = 1,...,m) drawn
from i.i.d. random variables with distribution pxy (z,vy). Training data Txy
are used to approximate pxy (x,y) by the empirical distribution p'¢y (z,y) =
% Srle = ' Ay = y'], and the classifier is found using the empirical risk
minimization (ERM)

£ € Argmin Ry(f, 9%y) | (5)
feF

where F € {f: X — R?} is an a priori chosen class of functions. Under suit-
able conditions, with an increasing number of examples m, the population -risk
converges in probability to the minimal attainable 1)-risk, i.e., Ry( f:;, PXY) N
Ry( sz},pxy). In this case, a Fisher-consistent surrogate ¢ (i.e., the surrogate
satisfying (4)), which is also continuous and bounded from below, guarantees the

convergence of the (-risk to the Bayes (-risk, i.e. Ry(To f}', pxy) 4 R} (pxvy) [20].

Structured Output Support Vector Machines [16,15,17] (SO-SVM) is
an instance of the ERM, that is designed to learn the linear classifier and the
surrogate is a certain convex piecewise linear function.

Let ¢: X x Y — R™ be an input-output feature map that embeds A x ) in a
parameter space R™. Let f(z,y) = ¢(2)70 be the score function parameterized
by 6 € R". We will use &(z) = (¢(z,y),y € V) € R*™Y| to denote a matrix
that for a given x € X contains the feature maps of all labelings y € ). Let
T(f) € Argmax,y fy be the label decoding and f(z) = (f(=,y),y € )) € RV
be the score map. The linear classifier can be written in a compact way as

h(z) € Argergl}ax o(z,y)T0 =T o f(x) =T od(zx)70. (6)

In this paper, we concentrate on a linear MN classifier, obtained when the
input-output feature map decomposes over objects V and edges £ as

¢(z,y) = Z Gl y0) + Z Bov (Yo, Yor) 5 (7)
vey v’ el
where ¢p: X x YV, > R, v eV, and ¢y : Yy X Vo — R", {v,0'} € €.
Marginal rescaling loss is the most widely used surrogate in structured output
classification [17], and it is defined as

wmr(fa y) = py 8“3}5 [f(y, yl) + f(l', yl)] - f(:v,y) : (8>

‘e

Given training examples Txy, the SO-SVM algorithm finds parameters 8 of
the linear classifier (6) by solving a convex unconstrained problem

A 1 & . .
0" = argmin | = |0]* + — mr@mZTO,Z], 9
min | 1617 + - D v @020, Q

cRn



Consistent and Tractable Algorithm for Markov Network learning 5

where A > 0 is the regularization constant. The SO-SVM problem (9) corre-
sponds to the ERM (5) with proxy ¢, and a class of linear scores F = {f(z) =
&(x)70 | |0 < r(\)}, where r: R — R is a monotonic function of .

There are two issues with the SO-SVM algorithm. First, the margin-rescaling
loss ¥, is not Fisher-consistent, in general. It is Fisher-consistent in the binary
case |Y| = 2, when )y, becomes the hinge loss of the binary SVM [9]. In the
multiclass case, |V| > 2, it is Fisher-consistent if only if maxyey py|x(y | #) >
0.5, Vo € X [10]. Second, evaluating the margin-rescaling loss requires an oracle
solving the loss-augmented prediction

ge Argemyax [(g,9) + f(z,y)] . (10)

In the case of the MN classifier, (10) is intractable, in general. It is tractable
when the target loss is additive and the neighborhood graph (V, £) is restricted
to be acyclic, in which case (10) can be solved by dynamic programming. The
intractability of loss-augmented prediction can be resolved by replacing the in-
tractable maximization problem (10) with a linear programming (LP) upper
bound [13,19], which was done for a generic MN classifier in [4]. The linear
programming margin-rescaling (LP-MR) loss for the MN classifier (1) reads

¢1P(f y)_ min [ Zmax [fv x y Z O‘uu +€U(ym )]

o y e VNt (11)

+ max vv’'\Y> + Qo + Qyry ! - .’L‘,A s
3 i, ) et W] - st

where a = (s Yo X Yy = Roay: Y x Yo — R {v,v'} € &) is a vec-
tor of na = 23, nee(| Vo] +|Vw|) auxiliary variables. Evaluating ¢, (f, 9)
requires solving a convex unconstrained problem, which can be done using gra-
dient methods simultaneously with learning the score function. In contrast to
the original margin-rescaling loss, the optimization of vy, is tractable for an ar-
bitrary neighborhood graph (V,&). In the case of the acyclic graph (V, &), the
bound is tight and ¢1,(f,y) = Yme(f,y), Vf,y. Therefore, ¢y, is not Fisher

consistent in general.

Adversarial loss [2, 3] posed the prediction as an adversarial problem between
the predictor minimizing the risk and an adversarial maximizing the risk with
respect to the posterior distribution that matches the statistics computed on
the examples. They show that adversarial prediction is an example of the risk
minimization approach. In this case, the adversarial surrogate loss is expressed
as a Min-Max problem:

Vaav(f,9) = maxminEy pyq[0(y, y') + f(2,y) = f(2,9)] (12)

geA peA

where A = {q € Rlyl | 2yey a(y) = 1} is a probability simplex on Y. The
adversarial loss is Flbher-consmtent (Theorem 15 in [3]):
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Theorem 1. Let Raav(f,pxy) = Eu ypxy Yadv (F(2),Y) be Yagy-risk given by
the adversarial loss (12), induced from a target loss £: Y x Y — R satisfy-
ing L(y,y) < Ly,y"), Yy # y'. Let the set of optimal predictions JA)(x) =
Argming ey Eyp, £y, Y') be a singleton, |Y(z)| = 1, for all inputs = € X.
Then, we have

R} (pxy) = Re(T © faav, Pxv) ,

where T'(x) € Argmax,cy fy and faqy € Argming. y_ gy Raav(f,pxy) is a
minimizer of the Waqy-risk with respect to all measurable functions.

Nice statistical properties of the adversarial loss are paid off by the computa-
tional issues, i.e., evaluating the loss (12) requires solving the Min-Max problem
with 2|)| variables, which in case of the structured prediction is intractable. A
generalized Block Coordinate Frank-Wolfe (GBCFW) algorithm to learn struc-
tured output linear classifiers by regularized ERM with the adversarial loss was
recently proposed in [12]. The GBCFW relies on an oracle solving a Min-Max
problem of as similar complexity as (12). [12] propose an alternating procedure
to solve the Min-Max approximately which, however, has no guarantee to reach
a global optimum and, in case of the MN classifier it is tractable only when the
neighbourhood graph (V, ) is restricted to be acyclic.

2.2 Learning from partially annotated examples

Assume that we do not have access to full labeling y € ) = X vep Yo but instead
we obtain an annotation @ € A = X, A, where A, = {), u {?}}. That is,
for an object v € V we either know the true label, a, = y,, or the label is
not given, a, =?. Given the instance (x,y) € X x ) generated from pxy (z,y),
the annotation a € A is generated from p4|xy(a | z,y). A partially annotated
training set Txa = {(z*,a’) € X x A|i = 1,...,m} contains examples drawn
from i.i.d. random variables with distribution

pxa(z,a) = ) paxy(a|z,y)pxy(z,y). (13)
Yyey
The goal is to use Tx 4 to learn a classifier with ¢-risk Ry(h,pxy) close to the
Bayes (-risk R} (pxy). That is, the goals of supervised learning and learning from
partially annotated examples are the same, but the training sets are different.
To apply the risk minimization approach, we need a surrogate loss ¥?: R? x
A — R, whose value ¥?(f,a) evaluates the score map f: X — R based
on the partial annotation @ € A. Let us define the ¢P-risk Ryr(f,pxa) =
Ey apxa WP (f(z),a). An optimal score under 1P-risk is obtained by solving

fyr € Argmin Ryr(f,pxa) .
f: X>Rd

As in the supervised case, we require the surrogate 9P to be tractable and Fisher-
consistent:

Ri(pxy) = Re(T o fyr,pxvy)
i.e., the classifier found by minimizing the ¥?-risk on px a(z,a), achieves the
Bayes ¢-risk on pxy (z,v).
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Labels missing at random The distribution p xy(a | z,y) governing the
annotation process cannot be arbitrary to make the learning possible. For ex-
ample, when py xy(a | #,y) = pa(a), the annotation a is useless as it carries
no information about the labeling y. In this paper, we consider labels Missing
At Random (MAR) annotation process [1,6] defined by

pA|XY(a |z, y) = Z pZ|X(Z | ) H[[a’u = c(Yv, 20)], (14)

ze{0,1}V veV

where c(yu, 20) = Yo if 2, = 1, ¢(yo, 20) =7 if 2, = 0, and pz|x(z | ¥), v € X, are
conditional distributions on z € {0,1}Y such that pz,|x (2, | ) > 0, Vv € V. The
MAR process implies that the annotation in Tx 4 is generated as follows. Nature
generates (z,vy) from pxy (x,y). The annotator decides the objects to label based
on the observation of the input x. His decision is stochastic, represented by a
binary vector z € {0,1}Y generated from pzix (2 | ). The annotator reveals the
labels of the objects Vigp = {v € V| 2z, = 1}, i.e., he sets a, = Yy, v € Viap, while
the labels of the remaining objects are not provided, i.e., a, =7, v € V\Vjup.

Ramp-loss SO-SVM was extended to learn from partially annotated examples
in [11]. The method uses the Ramp loss defined as

ramp (£ @) = max [P(a,y) + f(z,y)] — max f(z,y)

where (P(a,y) = >, cplav #7]14s(av, yo) is the partial additive loss. In case of the
MAR annotation, the ramp-loss is Fisher-consistent [1]. However, the ramp-loss
is non-convex, and in case of the score of the MN-classifier even its evaluation is
not tractable in general. Unlike the margin-rescaling loss, the LP upper bound
is not applicable here.

Partial LP margin-rescaling loss Partial LP margin-rescaling loss for learn-
ing linear MN classifiers from partially annotated examples was proposed in [6].
The loss reads 2

1,[)11; (I, 0, a) = min [ Z Hlé)l}X I:(bq;(l', y)T0 - Z avv’(y) + 51;(331), y)]
)

acRna €
vey Y v'eN (v

+ ma vo' \Y, ! Te + Qo + Qg 4 AP z,a Te7
Z (y,y’)eyz{xyv, [¢ ) (y) (y )]] ¢’ (7, a)

{v,v'}e€
(15)
where ¢P: X x A — R" is input-annotation feature map defined as
[a, #7] [ay #7 A ay #7]
P'(z,a)= ) ————<du(x,y0) + Pov (Yo, Yor) -
(z,a) ;,szp((l | z) o(@ ) v,;;f Pz,.2,x(1,1] ) v (o, 91)
(16)

2 To emphasize that 1/11’; is applicable only for the linear MN classifier, we use the
notation ¢f (z,6, a) instead of ¢f (f,a) with f(z) = &(z)"6.
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The loss ¢, is obtained from the LP-MR loss (11) by replacing the correct la-
beling score f(z,y) = ¢(x,y)T 0, which cannot be computed since the complete
labeling y is unknown, by the score ¢?(x,a)”@ which can be computed on the
partial annotation a. The replacement is justified by the fact that the expecta-
tion of the input-output features equals the expectation of the input-annotation
features as stated by the following theorem (Theorem 1 in [6]):

Theorem 2. Let ¢: X xY — R? be the input-output feature map defined by (7)
and ¢*: X x A — R? the input-annotation feature map defined by (16). Let both
¢ and @P be constructed from the same set of ¢p: X x Y — R? v e V, and
oo Y x Y = R {v,0'} € €. Let pajxy(a | x,y) be the MAR annotation
process (14). Then, we have

Ea"‘pA\X d)p(m’ a) = ]Ey"’pY\X d)(.’L‘, y) ) Veed,

where pyx(a | ) and py|x(y | x) are conditional distributions derived from
pxya(z,y,a) = pXY(x,y)pA\XY(a |, y).

Note that computation of the input-annotation feature map (16) requires the
unary marginals pz, |x (2, | ), v € V, and pair-wise marginals pz, z ,x (2v, 2v |
x), {v,v'} € &, of the distribution pz|x (2 | ) describing the label missingness.
The marginals can be easily estimated from the partially annotated examples
Tx 4 using the maximum likelihood method [6].

The partial LP-MR loss 1/11’; is convex, and it can be efficiently optimized by
gradient methods. In the limit case, when no labels are missing, it coincides with
the supervised margin-rescaling loss, and hence, it is not Fisher-consistent.

3 Contributions

3.1 Tractable adversarial loss for the MN classifier

The additive loss (2) and the score f(z,y) of the MN classifier (3), both de-
compose as a sum of functions with arity at most two. We noticed that in this
case the Min-Max problem that defines adversarial loss (12) can be converted to
a linear program whose dual form is tractable. This leads to a novel surrogate
loss, termed the MArkov Network Adversarial (MANA) loss, which is defined as

a tractable convex optimization

¢mana(f72~7) = min |: Z m

a€eRMa
HEM veVY

ax|foley) = D aw®)+ Y m)wny)|

vey. V'EN (v) y'EA
/ / ~
+ {U%Eg G [fw (1, y) + v (y) + o (y )H flz.9),
(17)
where the vector @ = (ayy: Vo X Vo = Ry Vor x Yy = R {v,0'} € &)
has no =23, nee(|Yo] +[Vr]) variables, the vector p = (u, € A, ,v € V) €
M c R™ is composed of vectors u, € A,, v € V, from the probability simplex
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on Y, and it has n, = >, ,,|),| variables in total. Note that evaluating the
objective of the minimization problem (17) for fixed (e, i) does not require any
oracle to solve an intractable problem, unlike the algorithm of [12]. The following
theorem, one of the main results of this paper, ensures that the MANA loss (17)
coincides with the Fisher consistent adversarial loss (12).

Theorem 3. Let /: Y x Y — R be an additive loss (2). Let F = {f: X — RYI}
be a set composed of the MN classifier score maps given by (3). Then, we have

¢adv(fuy) :wmana(.fay)a Vf€-7:7Vy€y

Comparison with the LP margin-rescaling loss We would like to point
out a striking similarity between the MANA loss (17) and the LP-MR loss (11)
although they were derived from completely different principles. The MANA
loss can be obtained from the LP-MR loss by replacing the ground truth labels
in the maximization terms of (11) by their one-hot encodings, and minimizing
the value of the loss w.r.t those encodings. Or, equivalently, fixing the values
of p,(y), v € V, in (17) to one-hot encoding of ground truth labels §,, v € V,
instead of minimizing them, makes MANA loss equal to the LP-MR loss. This
subtle change makes the inconsistent LP-MR loss to Fisher-consistent MANA
loss without significantly increasing the computational complexity. However, the
LP-MR loss can be seen as a close approximation of the consistent MANA loss
which also provides additional explanation for its good empirically observed
performance.

MANA as unconstrained convex optimization Most frequently, the single-
label losses £,: Y, x Y, — R, v € V, defining the additive loss £(y,y’) are
normalized 0/1 losses, e.g., when £(y,y) = ‘Tl,‘ > wevyo # 9] is the Hamming
loss. In this case, the MANA loss (17) can be simplified by eliminating the
variables p as stated in the following theorem.

Theorem 4. Let {: Y x Y — R be an additive loss (2) composed of £,(y,y") =
K,y #y'], veV, where K, >0, v €V, are positive scalars. Then

2 g max L; > |h@n- Y aw®]

vey yeS v'eN (v)

Ymana(f,¥) = min [

aeR"
K,

K, —
1]

Y5y YEVy XV,

[+ 2 ma [+ ) + )] | - 9.
{v, ’}ES(
(18)
Remark 1. The inner maximization in (18) is of type

1 K,
max TQ) gu T,y + K’U - ]
SSYV,,|S|>0 [|S| y;g (z,9) |S]
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and it can be solved in O(|YV,|log|Vy|) time as follows. First, sort the values
9v(2,9), ¥y € Yy, in non-increasing order into a sequence as,...,ay,|. Second,
compute k* € Argmane{l,“.,\y“}[% 2;11 a; + K, — 5], Third, construct the
optimal set S from the first £* labels in the sorted order.

Using the MANA loss (18) as a surrogate in the regularized ERM problem (9),
leads to an unconstrained convex optimization with O(m - n, + n) variables.
The optimization problem can be solved efficiently using standard sub-gradient
methods.

3.2 Fisher-consistent surrogate for partially annotated examples

In this section, we extend the MANA for learning the linear MN classifier on
partially annotated examples. In particular, we assume the linear predictor (6)
with the score map f(z) = ®(x)7@ given by the parameters § € R™ and the
input-output feature map (7). We further assume that the partial annotations
are generated by the MAR process (14). For this setting, we propose the partial
MANA loss defined as

fana(@:0,0) = min | Y max[070u0) = X o)+ X mbulonet))]

a;;{j’;a vey yeVo v'eN (v) y'eA
+ Z Imax [GTG/)M'(?/, yl) + av'u’(y) + va(yl)]] - 0T¢)p(x7 a))
(vorjee (YY" VEVy XV,

(19)
where ¢P(z,a) is the input-annotation feature map (16). The partial MANA
loss (19) is obtained from the (supervised) MANA loss (17) after substituting
the linear score f(x,y) = 07 ¢(z,y) and replacing the correct labeling score
(the last term in (17)), which cannot be evaluated as the complete labeling y
is unknown, by 87 ¢?(z,a), which can be evaluated on a partial annotation a.
Note that the partial MANA loss has the exact same computational complexity
as the (supervised) MANA loss. In the case of fully annotated examples, it follows
from (16) that ¢P(z,a) = ¢(x,y), and hence both losses coincide.

The following theorem, another main contribution of this paper, ensures that
the partial MANA loss is Fisher-consistent.

Theorem 5. Assume the same setup as in Theorem 1. In addition, assume that:

1. The partially annotated examples (x,a) € X X A are generated from px a(x,a) =
Yyeypaxy(a|z,y)pxy (2, y) where paxy(a|z,y) is a MAR annotation

process (14).
2. The set F = {f(z) = ®(x)T0 | 6 € © € R"} contains score maps of linear

MN classifier (7), and F > Argming. y_givi Raav(f, pxv)-

Then, we have
Ri(pXY) = RE(T © é(I)TeglanaapXY) 3

where T'(x) € Argmax,cy, f, and 0%, € Argming.g RE,,...(0,px ) is a mini-

mizer of RE, . (0,px4) = Eg anpxa¥Pana(2,0,0).



Consistent and Tractable Algorithm for Markov Network learning 11

The theorem guarantees that the linear MN classifier h(z) = To®(x)7 6P

mana

with parameters found minimizing P -risk on pxa(z,a) achieves the Bayes
{-risk on pxy (z,y). The theorem requires the annotations to be generated from
MAR process (14), and that the class of linear scores F is sufficiently rich to

contain a minimizer of the ,qy-risk.

4 Experiments

We evaluate the precision of a linear MN classifier trained by solving the regu-
larized ERM problem (9) with different surrogate losses. In all experiments, we
use the normalized Hamming loss, {(y,y’) = \Tli| Dvevlve # v, as the target
loss plugged into the surrogates. We evaluate the following algorithms:

1. The baseline, referred to as the M3N algorithm, solves (9) with the MR-
LP surrogate (11) when learning from fully annotated examples, and the
partial MR-LP surrogate (15) when learning from the partial annotations.
When (V,€) is a chain and the examples are fully annotated, the algorithm
becomes the standard Maximum Margin Markov network algorithm [16, 17].
The generalization for an arbitrary graph (V,€) was proposed in [4]. The
generalization for partially annotated examples comes from [6]. In all cases,
the surrogates are derived from the margin rescaling loss (8), hence we use
the M3N algorithm for all the variants.

2. The proposed algorithm, referred to as MANA algorithm, solves (9) with
the MANA surrogate (18) when learning from fully annotated examples and
partial loss of MANA (19) when learning from partial annotations.

As benchmark problems, in Section 4.1 we consider the prediction of se-
quences generated from the hidden Markov chain, and in Section 4.2 the predic-
tion of the solution of the Sudoku puzzle [6].

Inference The inference of the MN classifier (1) is solved by the dynamic
programming when (), ) is a chain. For general (V, &), we use the Augmented
Directed Acyclic Graph solver [13,19].

Optimization Regardless of the surrogate used, ERM (9) leads to convex un-
constrained optimization with the same number of variables. We solve ERM (9)
using ADAM [7] with 8; = 0.9, 82 = 0.999, 5000 passes through all m training
examples, and the learning rate toor, t € {1,...,5000m} .

Computation of partial losses Partial loss of LP-MR (11) and Partial MANA
loss (19) require knowing the marginals of the distribution pz|x (2 | =) that gov-
ern the missingness of the labels. Following [6], we assume that the distribution
is homogeneous and the labels are missing completely at random, that is,

pzix(z|z) = H (1 —7)t (20)

veY
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wheret =}, ., 2, and 7 € [0, 1] is the probability that a randomly chosen object
v € V is annotated. Under this assumption, marginals can be estimated from the
partially annotated examples Tx 4 using the maximum likelihood approach:

ﬁZU\X(l | I) =7, VEV,
Pz,.z,x(L,1|x) = 2, {v,v'} €€,

where 7 = ﬁ i Z [af #7] . (21)

i=10veVY

The estimated marginals are used to calculate ¢?(x, a) defined by (16).

Evaluation protocol For each data set, we generate K random divisions of the
examples into training, validation, and testing parts. The training part is used
to learn the parameters 8. The optimal regularization constant A € {0, 1,10, 100}
selected based on the minimal Hamming loss evaluated on the validation= part.
We report the mean and standard deviation of the Hamming loss and the 0/1
loss of the model with the optimal A calculated on the K example divisions.

4.1 Synthetic data: Hidden Markov chain

The input and output are sequences of symbols € = (z1,...,2100) € {1,...,30}19°
and y = (y1,.-,%100) € {1,...,30}19 generated from the hidden Markov chain:

100
pxy (T, y) = p(y1) Hp(yi | yi—1)p(zi | vi) - (22)

The initial state distribution p(y;) is randomly generated, the emission proba-
bility is p(x; | y;) = 7/10 if x; = y; and p(x; | y;) = 3/290 otherwise, and the
transition probability is p(y; | yi—1) = 7/10 if y; = y;—1 and p(y; | yi—1) = 3/290
otherwise. The known model allows us to construct the Bayes classifier, optimal
for the Hamming loss. The Bayes risk estimated from 100,000 examples is 0.2013.

We generate the partial annotation a € ({1,...,30}u{?})'% using p(a | =, y)
given by (14), and the missingness distribution p(z | &) given by (20). We vary
the probability 7 € {0,0.1,0.2} to generate the complete annotation and partial
annotations with 10% and 20% labels missing at random. The graph (V, &) is
a chain. The feature maps ¥, (x,y) = 1,, 4, and Y, (y,y’) = 1,,,, are one-
hot encodings of the symbols (z,,y) and (y,y’), respectively. We used K = 5
random divisions of the data. The test set has 10,000 examples, the validation
5000 examples, and the size of the training set was m € {10, 100, 1000}.

The test error of the MN classifier for different sizes of the training set and
different amounts of missing labels is summarized in Table 1. The errors obtained
for the M3N and MANA algorithms are very similar. The M3N performs slightly
better when the number of training examples is small, while the MANA performs
slightly better when the number of training examples is high. Differences become
more pronounced with a greater number of missing labels. The best test risk
0.2050 + 0.0005, obtained with the MANA algorithm on 1,000 fully annotated
examples, is close to the Bayes risk 0.2013 estimated from 100,000 examples and
using the ground truth model (22) to construct the Bayes predictor.
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Table 1. Test error of linear MN classifiers predicting sequences of symbols generated
by hidden Markov chain. The classifiers are trained by M3N and MANA algorithm on
varying number of training examples with varying amount of missing labels.

M3N

MANA

#trn

Test error
Hamming loss

Test error
Hamming loss

10
100
1000

0%

0.3500 + 0.0124
0.2351 £ 0.0007
0.2094 + 0.0008

0.3764 + 0.0152
0.2319 £ 0.0016
0.2050 + 0.0005

10
100
1000

0.3495 + 0.0189
0.2441 + 0.0023
0.2117 £ 0.0008

0.3528 + 0.0154
0.2420 + 0.0018
0.2065 + 0.0007

missing labels
10%

20%

10
100
1000

0.3409 + 0.0200
0.2547 + 0.0017
0.2135 + 0.0008

0.3423 + 0.0177
0.2526 + 0.0017
0.2078 + 0.0007

4.2 Sudoku solver

Symbolic inputs The Sudoku is made up of 9x 9 cells V = {(i,5) e N |1 < i <
9,1 < j < 9} filled with numbers 1 to 9 or kept empty o. The puzzle assignment
isx = (z, € {0,1,...,9} | v € V). The task is to fill the empty cells so that
the rows, columns, and non-overlapping subgrids 3 x 3 contain all numbers from
1 to 9. The puzzle solution is y = (y, € {1,...,9} | v € V). Prior knowledge
is encoded by revealing the algorithm that cells in rows, columns, and 3 x 3
sub-grids are related, that is, by setting & = {{(v,v’), (u,u')} | v = v v v =
w v (Ju/3] = [u/3] A [v'/3] = [W/3])}. The feature maps ¥, (x,y) = 1, 4,
and ¥, (y,y’) = 1,4, are one-hot encodings of the pair of symbols (z,,y) and
(y,y'), respectively.

We use a database of Sudoku assignments and their correct solutions to create
a training set. The partial annotation/solution was generated using the MAR
process (14) with pz |x(1 |x) = 1if v, € {1,...,9} and py x(1 |z) =1 -7
if x, = o, where 7 € {0,0.1,0.2} is the probability that the empty cell is not
annotated. We generate three training sets with a complete solution, with 10%
and 20% of the empty cells left empty, respectively. We varied the number of
training examples m € {10,100, 1000}. We tested on 100 puzzles; note that it
involves the prediction of 9-9-100 = 8, 100 labels. In addition to Hamming loss,
we also evaluated the prediction using the 0/1 loss, in which case the test error
corresponds to the portion of puzzles that were not solved perfectly.

The results are summarized in Table 2. The precisions obtained for the M3N
and MANA algorithm are similar. It was enough to use m = 100 training ex-
amples to reach zero test error regardless of the amount of missing labels used.
In the case of m = 10 training examples, the differences are at the level of the
standard deviation for both 0/1 loss and Hamming loss.
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Table 2. Test error of linear MN classifiers predicting solution of Sudoku puzzle from
either symbolic assignment or visual assignment composed of the MNIST digits. The
classifiers are trained by M3N and the proposed MANA algorithm on varying number
of training examples with varying amount of missing labels.

Symbolic Sudoku

M3N MANA
Test error Test error

#trn|0/1-loss [%]| Hamming loss|0/1-loss [%|| Hamming loss

2 e 10 0.6+0.9| 0.0021+0.0029 0.6+0.5| 0.0021+0.0020
£12| 100 0.0£0.0{ 0.0000£0.0000 0.0£0.0| 0.0000£0.0000
ﬁ& 10 0.6+0.9| 0.0018+0.0028 0.440.5| 0.0013£0.0018
2|2 100 0.0+0.0| 0.0000£0.0000 0.04+0.0| 0.0000£0.0000
& x| 10 0.6+0.9( 0.0018+0.0028 1.0£1.2{ 0.0031+0.0038
& K| 100 0.0£0.0| 0.0000£0.0000 0.0£0.0| 0.0000£0.0000

Visual Sudoku
M3N MANA
Test error Test error

#trn|0/1-loss [%]| Hamming loss|0/1-loss [%]| Hamming loss

2 e 10|  96.241.8|0.4407% 0.0070| 96.8%+1.3|0.4475% 0.0201
Z[S] 100]  19.244.3|0.0625+ 0.0153|  20.4+3.9/0.0710% 0.0160
i 1000 5.841.3/0.0149+ 0.0035 5.840.8|0.0155+ 0.0037
Slhel 100 95.6%2.6| 0.44024+0.0155| 96.2x+2.4| 0.4512+0.0106
212| 100] 36.24+4.9| 0.125440.0205| 42.6+4.7| 0.1467+0.0238
& 1000| 37.2+4.8| 0.0928+0.0195 40.6%3.8| 0.0952+0.0160
x| 10|  97.6+2.5| 0.4557%0.0213| 98.0+1.9|0.4643+ 0.0129

K| 100|  46.242.3] 0.159340.0120|  50.443.4|0.1706+ 0.0150
1000 52.4+3.2] 0.126040.0184 52.8+3.3/0.1261+ 0.0180

MNIST digits used as input We replace the input symbols {1,...,9} with
28 x 28 images of handwritten digits from the MNIST data set [8]. The empty
cells are replaced by all-black images. As a feature map of the unary scores,
we use ¥, (x,y) = (y,...,1,), where 'J)y, € R2000 o/ = 4 are all-zero vectors,
1,_by = (k(zy, 1), - -, k(T0, t2000)) € R?°% is a vector of RBF kernels k(z,, p;) =
exp(—2||, —p;i|?) evaluated for the image x, of the v-th cell and 2,000 randomly
sampled training images. All other settings are the same as for the symbolic
Sudoku experiment. The results are summarized in Table 2. The M3N algorithm
achieves slightly better results when the number of training examples is small.
For m = 1000, the differences are at the standard deviation level.

Comparison with neural architectures Learning deep NN to solve Sudoku
was considered in [18]. They used both the symbolic and the MNIST digits as
inputs. They trained the SATNet architecture, which is a CNN with a maximum
satisfiability (MAXSAT) solver as the last layer. SATNet can better learn hard
interactions between output variables than canonical neural architectures (Con-
vNet) used as a baseline. They use 9,000 fully annotated training examples and
1,000 test examples. Table 3 presents the portion of incorrectly predicted solu-
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tions of the test Sudoku puzzles. For comparison, we include the performance of
linear MN classifiers trained with the M3N and MANA algorithm on 1,000 com-
pletely annotated examples. Although the MN classifier is trained on a smaller
number of examples, it significantly outperforms both neural architectures in
both symbolic and visual Sudoku.

Table 3. Comparison of the MN classifier trained from 1,000 examples, and neural
architectures trained from 9,000 examples on the problem of predicting Sudoku solution
from symbolic and visual assignments composed of MNIST digits.

Test error, 0/1-loss [%]
Method Symbolic Visual
MN classifier - M3N | 0.04+0.0 5.8+1.3
MN classifier - MANA| 0.0+0.0 5.84+0.8
ConvNet 84.9 99.9
SATNet 1.7 63.8

5 Conclusions

We proposed a novel surrogate loss, the MANA loss, to train MN classifiers.
Minimizing MANA loss leads to tractable convex optimization that is amenable
to standard gradient methods. We prove that the MANA loss is equivalent to
the adversarial loss defined by the Min-Max problem, which is Fisher consistent
but intractable in the context of the structure prediction. To our knowledge, the
proposed MANA loss is the first surrogate for learning MN classifiers with a
generic neighborhood graph that is simultaneously statistically consistent, con-
vex, and tractable. This is not an obvious result because even an evaluation of
a generic MN classifier leads to discrete optimization, which is intractable, in
general.

We also proposed a partial MANA loss applicable to learning linear MN clas-
sifiers on partially annotated examples when the labels are missing at random.
The partial MANA loss has the same computational complexity as its supervised
counterpart, and we prove that the partial MANA loss is also Fisher-consistent.

The experiments show that the empirical performance of the ERM algorithms
minimizing the MANA loss, which is consistent, and the LP margin scaling loss,
which is not consistent, are comparable. The deviations are usually at the level of
the estimation error. The comparable performance is not that surprising, because
we have also shown that the LP margin rescaling loss is a close approximation
of the MANA loss, although both surrogates were originally developed from
completely different principles.

The code and data are available at: https://github.com/xfrancv/manet
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