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ABSTRACT

Learning from label proportions (LLP), where the training data are arranged in form of
groups with only label proportions provided instead of the exact labels, is an impor-
tant weakly supervised learning paradigm in machine learning. Existing deep learning
based LLP methods pursue an end-to-end learning fashion and construct the loss using
Kullback-Leibler divergence, which measures the difference between the prior and poste-
rior class distributions in each bag. However, unconstrained optimization on this objective
can hardly reach a solution in accordance with the given proportions at the bag level. In
addition, concerning the probabilistic classifier, it probably results in high-entropy condi-
tional class distributions at the instance level. These issues will further degrade the perfor-
mance of instance-level classification. To address these problems, we propose to impose
the exact proportions on the classifier with a constrained optimization, and firstly apply
the optimal transport algorithm to solve LLP. With the entropic regularization, our formu-
lation allows to solve a convex programming efficiently and further arrive at an integer
solution that meets the proportion constraint strictly. More importantly, our framework
is model-agnostic, and demonstrates compelling performance improvement in extensive
experiments, when it is incorporated into other deep LLP models as a post-hoc stage.

1 INTRODUCTION

Learning from label proportions (LLP) is a weakly supervised classification problem with only the label
proportions in grouped data available. Still, training LLP aims to obtain an instance-level classifier for the
new-come inputs. Successfully resolving LLP problems greatly contribute to many real-life applications:
demographic classification (Ardehaly & Culottal 2017), US presidential election (Sun et al., 2017, embryo
implantation prediction (Hernandez-Gonzalez et al.,2018)), spam filtering (Kuck & de Freitas, [2012), video
event detection (Lai et al., [2014), visual attribute modeling (Chen et al., 2014; |Yu et al., |2014a)), and traffic
flow prediction (Liebig et al., [2015).

On the one hand, the learnability of LLP strongly depends on the grouping of instances, as well as the
proportions distribution. For example, |Yu et al.| (2014b) have studied the instance-level expected risk of
empirical proportions risk minimization (EPRM) algorithm for LLP, with respect to the number of bags, the
bag size, and the prior label distribution within the bags. They have proved that LLP is learnable with the
EPRM principle and given the bound of expected learning risk.

On the other hand, EPRM strives for minimizing bag-level label proportions error. Normally, this goal is
achieved by minimizing Kullback-Leibler (KL) divergence between prior and posterior class distributions
in each bag. However, bag-level proportional information provides too insufficient constraints to perfectly
solve LLP, because too many instance-level classifiers can satisfy proportional constraints exactly. In other
words, when considering instance-level classification, LLP is ill-posed. As a consequence of this underdeter-
mination, despite a number of achievements have been developed to resolve LLP accurately and efficiently,
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it is still of great challenge to design an effective learning scheme to significantly improve the performance
of high dimensional instances recognition, e.g., images, merely with bag-level proportional information.

In addition, acquiring the exact labeling congruous with label proportions somehow leads to a problematic
integer programming problem (Stolpe & Morik,|2011). As a result, advanced LLP algorithms usually impose
the relaxation to achieve probabilistic labeling, which is also used as the final classifier in an alternate
labeling-and-classifying framework (Yu et al.l [2013). However, in terms of the probabilistic classifier, the
aforementioned ill-posed situation may be even worse: Infinite solutions are in accordance with the bag-
level proportions. In general, suboptimal hypothesis can be probably found. In particular, in the extreme
case where proportions are equal in each bag, it will lead to a trivial solution with uniform output distribution.

In this paper, we argue that the above challenge is mainly due to the inadequate KL divergence at the
bag level, and propose to solve LLP through explicitly combing unsupervised clustering and proportional
information. To be concrete, the unsupervised learning helps to discover the data clusters specifically cor-
responding to the classes. However, naively applying clustering without supervision will easily result in a
trivial solution to assign all the instances to the same cluster. Fortunately, we can avoid this degeneration
by imposing appropriate constraints on the label distribution (Caron et al.| 2018)). For example, when there
is no knowledge on label distribution, we can impose discrete uniform distribution to the labels, leading to
equal clustering. Besides, in a semi-supervised learning protocol, the clustering result can be restricted with
the help of the labeled instance (Asano et al.l2019). Similarly, in LLP scenario, the constraint for clustering
can be the label proportions. Hence, our solution is to construct a constrained optimization problem by
confining the feasible solution to accurately comply the proportions in each bag. In order to tackle the weak
supervision, we cast a framework by considering the classification and pseudo labeling within one objective,
and leverage the label proportions as the constraints. To implement the proposed schema, we alternately up-
date the network parameters and the pseudo labels, where optimal transport (OT) is employed to the pseudo
labeling process and standard cross-entropy minimization is adopted to train the network parameters.

In summary, our main contributions are four-fold: (1) We propose a novel LLP framework called OT-LLP,
which leverage the exact proportional information to construct a constrained optimization, and is an essen-
tially orthogonal LLP treatment to the existing LLP algorithms; (2) We propose an alternate optimization
process to solve the optimization on both the classifier and pseudo labeling, and firstly apply the OT algo-
rithm to obtain integer solutions for the labels; (3) Our framework is model-agnostic, and we demonstrate
that it can easily fit for various deep-based LLP algorithms to further boost their performance; (4) With no
additional hyper-parameter involved, our framework achieves state-of-the-art LLP performance on several
benchmark datasets, based on the neural network pipeline with standard settings.

2 RELATED WORK

To our knowledge, four end-to-end pipelines are recently proposed for LLP, using deep neural networks as
the backbone architectures. Specifically, |Ardehaly & Culottal (2017)) first propose an end-to-end LLP algo-
rithm, incorporating the KL divergence of prior and posterior proportions into an objective. Although their
approach can learn a competent instance-level classifier, it is hardly in accordance with the proportions in
training data, especially with large bag sizes (e.g., > 64). Based on guessing the individual labels of samples
(Yu et al.|[2013), Dulac-Arnold et al.|(2019) employ a similar instance-level cross entropy loss as the objec-
tive. Then, alternating update and convex relaxation are exploited to mitigate the intractable combinatorial
optimization. However, the inaccurate labeling problem is still intact, due to the KL divergence loss.

Recently, by introducing the adversarial learning mechanism, LLP-GAN (Liu et al.,[2019) greatly improves
the method in (Ardehaly & Culottal 2017). In detail, the discriminator is designed as a (){+1)-way classifier,
where the first K classes indicate multi-class true samples, and the (K+1)*" class accounts for the generated
samples. The main insight is to implement better representation learning through the adversarial mechanism,
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thus boosting the downstream discriminative task performance. Despite of the substantial improvement in
performance compared with previous methods, LLP-GAN greatly suffers from the training instability, which
inherits the characteristics from generative adversarial networks. Furthermore, subtle network structure
design and hyper-parameters selection are required, in order to obtain satisfactory results. Similarly, Tsai &
Lin| (2019) introduce a consistency regularization technique in semi-supervised learning to the multi-class
LLP problem, where a KL divergence on the proportions is also employed in the loss.

The above four algorithms all build their losses (partly) on the KL divergence, and solve an unconstrained
optimization. We advocate that their final classifiers cannot fully agree with the proportions, thus deteri-
orating the classification performance at the instance level. In contrast, we address this problem with a
constrained optimization, which can exactly follow the proportion constraint.

Furthermore, enough diversity in unlabeled data demonstrates useful behavior for classification (Lu et al.,
2018)). Based on the great ability of deep models, unsupervised representation learning is achievable and
appealing as the essential step towards discriminative tasks. For example, aligning the clustering result
with semantic classes can be successfully applied to image classification and segmentation (J1 et al., 2019).
Asano et al.|(2019) have proposed to apply (entropic constrained) optimal transport (OT) (Peyreé et al., 2019))
to unsupervised representation learning with a self-labeling mechanism. Following their seminal framework,
in this paper, we propose an OT based LLP algorithm, and develop more detailed techniques.

3 PRELIMINARIES

In order to clearly describe how to leverage OT for LLP, we first introduce several preliminaries for both OT
and LLP. More details are in Appendix due to the space limitation.

3.1 OPTIMAL TRANSPORT VIA KANTOROVICH RELAXATION

In Appendix we describe the Kantorovich formulation of coupling as an extension for the mass trans-
portation in the Monge problem (I0) (see Appendix[A.T)). Different from that mass transportation should be
deterministic, Kantorovich relaxation instead considers a probabilistic transport, which allows mass splitting
from a source toward several targets (Villani, 2008). Note that in this way, we may get rid of the challenge
in the Monge problem, because the source measure is regarded as the atom in the Monge problem while
separable in the Kantorovich relaxation with respect to the source measure.

To achieve the mass splitting, instead of a permutation o or a surjective map 7', we need a coupling matrix
P € R}*™, where P;; is the amount of mass flowing from z; to y;. Admissible couplings give a simpler
characterization than maps in the Monge problem as: Suppose that a € X" b € ¥™, we denote U (a, b) =

{P € Rixm | P1,,=a, P71, :b}, where X¢ is a probability simplex, i.e., X2 = {a EIRi| Sa;= 1},
i=1

and 1,, represents the column vector of all ones with dimension n.
Remark 1 (Peyré et al.| (2019)). The Kantorovich mapping is symmetric: P € U(a,b) < PT € U(b, a).

Similar to the Monge problem , let (-, -) be the Frobenius dot-product, the Kantorovich’s optimal trans-
port (OT) problem is a linear programming problem given a, b € X" and a cost matrix C as

Lo(a,b) = min (P,C) = leP,;jcij. (1)

An important feature of OT (1)) is that it induces a distance between two probability measures in 3", which
are both discrete in this paper, as soon as the cost matrix satisfies the properties of a legitimate distance.
Proposition 1 (Villani| (2008)). Ler D € Ri;x" be a distance on [n] = {1,2,--- ,n} andp > 1. We can
define the p-Wasserstein distance on X" as Wy(a,b) = Lpr(a, b)'/? Ya,b e L™
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Remark 2. Particularly, W1 (a,b) = minpcy(a,p) E(a,y)~p || — yl|] is a legitimate distance between two
distributions, and is used Wasserstein GAN, as a weaker distance than the Jensen-Shannon (JS) Divergence
in the original GAN and Kullback-Leibler (KL) divergence in the maximizing likelihood estimation (MLE).

3.2 ENTROPIC REGULARIZATION OF OPTIMAL TRANSPORT

The solution of the original transport problem @) is non-unique and tends to be sparse, i.e., arr1v1ng at certain
vertex of the polytope U (a, b). In certain scenarios, the sparsity of optimal couplings for (1)) is not desirable,
so [Cuturi (2013) instead employs the entropic regularization term to form a more “blurred” prediction. The
discrete entropy of a coupling matrix P is well-known as H(P) = — >, , P;; log(F;).

Remark 3 (Peyré et al.| (2019)). The entropic function H(-) is 1-strongly concave, due to the negative
definite Hessian matrix: 0°H(P) = —diag(1./P) and P;; < 1,Vi, j, where we flatten P to a long vector.

Note that abT is an admissible coupling, and H(P) < H(a) + H(b) = H(abT). The idea of the entropic
regularization of OT is to add —H(-) to the original OT (1) to obtain an approximate solutions as:

L b) = i P,C) —cH(P 2
C(a'v ) Perfrjlgzl,b)< ) > € ( )a ()

which is a constrained minimization problem of an e-convex function, thus has a unique optimal solution.

More importantly, the entropic constraint for OT can guarantee a more computationally efficient process to
find the solution, as a consequence of restricting the search for low cost joint probabilities within sufficient
smooth tables (Cuturi, [2013). In addition, we introduce Proposition [Z] in Appendix @] to confirm that the
solution of entropic regularized OT (2) converges to that of the original OT (I)) as ¢ — 0.

3.3 LEARNING FROM LABEL PROPORTIONS

In LLP problem, because the label proportions are available, we can restrict the instance-level self-labeling
procedure with these proportional information using an OT framework. Before further discussion, we fist
give the formal formulation for LLP by directly considering a multi-class problem with K classes in this
paper. With no prior knowledge, we further suppose that the training data consist of N randomly generated
disjoint bags. Consequently, the training data can be expressed as D = {(B;, p;) }]2,, where B; = {x; ;}7,
denotes the instances in the i*" bag, and B; N B; = @,Vi # j. The p; € [0,1]¥ and n; are the known
ground-truth label proportions and the bag size of the i*" bag, respectively.

4 APPROACH

4.1 LINKING OT 1O LLP (OT-LLP)

In Appendix [A.3] we introduce how to leverage equal clustering to learn discriminative representation on
unsupervised data and achieve classification in a self-labeling framework (Asano et al., [2019). In LLP
problem, although the class distribution is not uniform within each bag, we can easily modify the constraint
in (T8) (see Appendix [A.3) or the admissible couplings in (I9) (see Appendix [A.3) to fit in the proportional
information. Consequently, with p! as the proportion of class y in bag 4, we convert into

mm BCE(p,q) ZZZ a(y 10gp¢( 1xi,5),

i=1 j=1y=1

s.t. Z ylxi ) = ! -ni,q(yl) €[0,1],Vy € [K],Vi € [m].

3
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Note that (3)) is a constrained optimization and the labels should strictly comply with the proportion infor-
mation of each bag. Nevertheless, is combinatorial in ¢ and thus seems to be very difficult to optimize.
Fortunately, we can convert (3) to a typical OT problem, which can be solved relatively efficiently.

In order to better explain the relation between (E]) and OT, we rewrite it in a matrix fashion. Formally, let
Q'=(Qj) € R Q% = q(k|xi ;) /ni, and P* = (P},) eRI™, P} =pg(k|xi ;) /ni. We further denote
Q= diag{Qi i1, P = diag{Pi}?;l’ and p = (p-{vpgv e ph)T, b= (]121/”1» ]llg/n% B ]l;er/nm)T'
Accordingly, we can define a set with the form of U (p, b)={Q¢€ ]RTKXN | Qly=p, Q"1,,x=b}.

Then, we can give an equivalent problem for (3) with the following OT problem:

min ,—logP) = BCFE(p,q)+ 1o n;. 4
Qduin  (Q,—logP) (p,q) gg )

On the other hand, with A — 400, we can instead solve the entropic regularized OT problem to accelerate
the process of convergence, as well as avoiding the non-unique sparse solution.

1
LY b)= mi —logP) — ~H(Q). 5
Jogp(Psb) QE%1276)<Q, ogP) 3 Q) 5)

4.2 ALTERNATING OPTIMIZATION

In the proposed learning framework, the network parameters ¢ = (i, 0) and self-labels Q are alternately
updated. Now, we further describe the details as follows.

Training the network with fixed ¢: Because the cross-entropy is differentiable with respect to the network
parameters ¢ = (¢, ), we can directly conduct common optimizer, e.g., ADAM, on the objective in (3) by
fixing q.

Updating the labels Q with fixed ¢: When the model is fixed, the label assignment matrix Q are obtained
by OT or entropic regularized OT. When performing the original OT, the solution Q* is with binary elements
of 0 or 1. However, when performing entropic regularized OT, the elements of Q* are in [0,1]. In practice,
we employ two strategies for label update: hard labeling and soft labeling. In hard labeling, we update Q as:

_ 1, if s=argmax ¢(k|x; ;)
}s{ k ) 7;:1,27"',777,. (6)
0, otherwise

In soft labeling, we directly use the labels obtained by entropic regularized OT. In the experimental part,
we provide the performance comparison on hard and soft labeling: Hard labeling strategy outperforms the
soft labeling in convolution network while the soft labeling is superior to hard labeling in fully-connected
network. As a results, we employ the hard labeling result to report the final performance for CIFAR-10 and
CIFAR-100, while soft labeling for MNIST, F-MNIST, and K-MNIST.

4.3 THE ENTROPIC REGULARIZED OT BASED LLP ALGORITHM (EROT-LLP)

In practice, we consider the LLP problem in every single bag, and perform the clustering in one bag, with the
proportions as the constraint for instances number in each cluster. In detail, we conduct the constrained OT
problem (4) with respect to Q* and P*, with minor revision on U(p, b), i.e., U(p;, b;), where b; =1,,, /n;.
On the other hand, we can instead solve the entropic regularized OT problem (5)) with the same revision as
to accelerate the training, as well as obtain non-sparse solution to perform soft labeling:

1/A B — . i _l i
L g p(Pi, b;) Qie%l(l;r)li,bi)<Q7 logP) — TH(Q"). )
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Based on the Sinkhorn’s algorithm for the entropic regularized OT (Cuturi, |2013)), we describe the entropic
regularized OT based LLP algorithm, LLP-EROT, in Algorithm[I} as a realization of OT-LLP framework.

Algorithm 1 LLP based on the entropic regularized OT (LLP-EROT)

Require: D = {(B;,p;)}",, A € (0, +00), the threshold ¢ > 0, and § > &, the initialization P2 =
diag{P*}7 | = diag{1 gxn,/(n:K)}";, v =1, and b; = 2 1,,.
1: while d > ¢ do l
2:  foreachi € [m] do
3: Solve the entropic regularized OT problem (7) by iteratively update to obtain Q’ for the assignment
of bag i, using Q; = diag{u¥ }K*diag{v("}, with K* = exp{\log P?} and

ul) = p;. /KW and v = b, /(KM Tul) ®)

Q! =, lim Q. (The convergence is element-wise and proved in (Peyré et al.,2019), Remark 4.8.)
—4oc0

end for _ .

Combine {Q"}; as the diagonal element to obtain the block diagonal matrix Q = diag{Q"}}" .

Fixing Q, solve the following unconstrained programming (O) with respect to the network parameters

¢ = (i, 0) on the whole training data:

A A

N K
1
min CE(py,q) = —— q(y|xi) log pe(y|x:). )
i, CBlpena) = = 33l o)
8: 0=|P—PA2r.

9: PA=P.

10: end while

Ensure: The final network parameters ¢ = (¢, ).

5 NUMERICAL EXPERIMENTS

In order to demonstrate that our proposed OL-LLP framework is model-agnostic, in this section, we conduct
extensive numerical experiments to study the improvement of former LLP methods, when combined with
OT-LLP. The evaluation strategy is to conduct a two-phase training, where the first phase is to train with the
former models, and OT-LLP is intergrated in the second phase. Four benchmark datasets: MNIST, Fashion-
MNIST, CIFAR-10, and CIFAR-100, are used in our experiments. The comparisons are performed on two
recently proposed algorithms DLLP (Ardehaly & Culotta, |2017) and LLP-GAN (Liu et al.,[2019).

5.1 EXPERIMENTAL SETTING

5.1.1 LABEL PROPORTIONS GENERATION

As there is no off-the-shelf LLP datasets, we first generate the bag-based LLP datasets, and obtain the
label proportions with four supervised benchmark datasets. Following the setting from [Liu et al| (2019),
we construct four kinds of bags, with bag sizes of 16, 32, 64, and 128, respectively. In order to avoid the
influence of different label distributions, the bag setting is fixed across different algorithms.
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5.1.2 TRAINING SETTING

We choose a 5-hidden-layer fully connected network for MNIST, K-MNIST, and F-MNIST, and a conv-
based 13-layer max-pooling network for CIFAR-10. The details of network architectures are given in Ap-
pendix Meanwhile, ADAM optimizer is used with 3; =0.5 and B3 =0.999. The initial learning rate is
le—4 consistently for all datasets, divided by 2 for every 100 epochs. Data augmentation is employed for
CIFAR-10 and CIFAR-100 by random horizontal flip and random crop with padding the original images.

5.2 OVERALL ACCURACY

We first provide the overall accuracy of DLLP and OT-LLP on five datasets in Table[T} As introduced above,
OT-LLP means a two-stage training, where the first stage is to train the KL divergence based DLLP as the
teacher model, and the second one is to update the student model based on the proposed OT-LLP framework
(c.f. Algorithm|[T). In practice, the first stage can be any other previous deep LLP algorithms (Dulac-Arnold
et al.;,2019; Liu et al., [2019; [T'sa1 & Lin, [2019)), then using our model to further boost their performance.

Table 1: Test accuracy rates and standard deviations (%) on benchmark datasets with different bag sizes.

. Bag Size

Dataset Algorithm 16 33 i 78
MNIST DLLP 98.47(0.09) 98.40(0.10) 98.01(0.16) 97.14 (0.15)
OT-LLP  98.63 (0.03) 98.59 (0.04) 98.35(0.06) 97.82(0.09)
E-MNIST DLLP 88.36 (0.29) 87.01 (0.23) 85.53(0.28) 82.93(0.21)
OT-LLP  89.31(0.12) 87.89(0.11) 86.75(0.21) 83.98 (0.33)
K-MNIST DLLP 92.58 (0.22) 92.03 (0.23) 89.01(0.29) 82.14 (0.28)
OT-LLP 9295 (0.15) 92.44 (0.23) 90.31(0.21) 82.54 (0.35)
CIFAR-10 DLLP 88.78 (0.37) 84.29 (0.66) 66.65 (1.19) 39.14 (0.78)
OT-LLP  90.55(0.31) 88.24 (0.31) 76.26 (0.48) 44.88 (0.51)
CIFAR-100 DLLP 63.47 (0.61) 48.50(0.66) 1.65(0.19) 1.14(0.18)
OT-LLP  66.21 (0.46) 59.66 (0.34) 4.86 (0.18)  2.27 (0.19)

In Table[I] we observe significant improvement on DLLP by adding OT-LLP as second stage. In particular,
the advantage is more apparent for CIFAR-10 and CIFAR-100, which are two harder datasets compared with
the other three.

5.3 COMBINING WITH OTHER METHOD

As shown above, our model is orthogonal to previous KL-based LLP algorithms, and can be combined
with these methods by adding OT-LLP as the second phase. In this section, we further investigate the
improvement with our framework on datasets F-MNIST and CIFAR-10 when the first stage is LLP-GAN
(Liu et al.l 2019), which is the currently SoTA LLP solver. The final performance is shown in Figure m
where the performance of LLP-GAN is obtained within 300 epochs. Similar to Table[I} our model can also
boost LLP-GAN by a large margin.

5.4 HARD-LABEL VS. SOFT-LABEL

In our framework, we can employ two pseudo labeling strategies: hard-label and soft-label. The update
details are shown in (). To further study the difference of these two labelings, we compare their performance
under different bag sizes on K-MNIST, CIFAR-10, and CIFAR-100. Furthermore, the performance of first
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Figure 2: The accuracy rate (%) convergence curves with hard and soft labelings.

stage is fixed with soft-label and hard-label for fair comparison. The results are shown in Figure 2} where
we provide the convergence curve of accuracy in the second stage for both hard and soft labelings.

From Figure 2] we can find that the performance with hard labeling is superior to that with soft labeling on
CIFAR-10 and CIFAR-100, while soft labeling outperforms hard labeling on K-MNIST. Indeed, soft labels
are more informative than hard labels. However, it may lead to unstable training process by directly using
the outputs of entropic regularized OT, thus degrading the performance with convolution networks.

6 CONCLUSION

In this paper, we analyze the common challenge in existing LLP approaches, and point out that the mini-
mization on the KL divergence between the prior and posterior class distributions is inadequate to comply
with the label proportional information exactly. From this perspective, we propose to solve the LLP problem
with a framework to combine instance-level classification and pseudo labeling, and alternately fulfill the
optimization on these two objectives. Compared with the former LLP solvers, the main improvement in
our method is the introduction of pseudo labeling, which converts the KL divergence based unconstrained
optimization into a constrained one, so that the resulting labeling can strictly meet the proportional infor-
mation and avoid suboptimal solutions. Thanks to OT and its entropic regularized variant, the above two
processes can be efficiently conducted with a line search optimizer (e.g., ADAM) on differentiable objective
and Sinkhorn’s algorithm for entropic regularized OT, respectively. In the experimental part, by integrating
OT-LLP as the second phase, we elaborately demonstrate that our framework can further improve the per-
formance of DLLP and LLP-GAN, thus is model-agnostic. Besides that, we empirically study the difference
of hard and soft labeling strategies in our framework, and provide suggestions for the practical usage.
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