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Abstract uncertainty in the location of the object instances during

We consider the problem of weakly supervised object de-
tection, where the training samples are annotated using
only image-level labels that indicate the presence or ab-
sence of an object category. In order to model the uncer-
tainty in the location of the objects, we employ a dissimilar-
ity coefficient based probabilistic learning objective. The
learning objective minimizes the difference between an an-
notation agnostic prediction distribution and an annotation
aware conditional distribution. The main computational
challenge is the complex nature of the conditional distri-
bution, which consists of terms over hundreds or thousands
of variables. The complexity of the conditional distribution
rules out the possibility of explicitly modeling it. Instead,
we exploit the fact that deep learning frameworks rely on
stochastic optimization. This allows us to use a state of the
art discrete generative model that can provide annotation
consistent samples from the conditional distribution. Ex-
tensive experiments on PASCAL VOC 2007 and 2012 data
sets demonstrate the efficacy of our proposed approach.

1. Introduction

Object detection requires us to localize all the instances
of an object category of interest in a given image. In re-
cent years, significant advances in speed and accuracy have
been achieved by detection frameworks based on Convolu-
tional Neural Networks (CNNs) [[7, 113, 114} |16} 124, 26} [27].
Most of the existing methods require a strongly supervised
data set, where each image is labeled with the ground-
truth bounding boxes of all the object instances. Given the
high cost of obtaining such detailed annotations, researchers
have recently started exploring the weakly supervised ob-
ject detection (WSOD) problem [3| 9l 18] 21 22| 23] 33|
341139, 140, 411, 142]]. The goal of WSOD is to learn an accu-
rate detector using training samples that are annotated with
image-level labels (which indicate the presence of an object
category).

Given the wide availability of image-level labels,
WSOD offers a cost-effective and highly scalable learning
paradigm. However, this comes at the cost of introducing

training. For example, consider the task of detecting a car.
Given a training image annotated to indicate the presence of
a car, we are still faced with the challenge of identifying the
bounding box for the car.

In order to effectively model uncertainty in weakly su-
pervised learning, Kumar et al. [20] proposed a probabilis-
tic framework that models two distributions: (i) a condi-
tional distribution, which represents the probability of an
output conditioned on the given annotation during training;
and (ii) a prediction distribution which represents the prob-
ability of an output at test time. The parameters of the two
distributions are estimated jointly by minimizing the dis-
similarity coefficient [25]], which measures the distance be-
tween any two distributions using a task specific loss func-
tion.

The aforementioned dissimilarity coefficient based
framework has provided promising results in domains
where the conditional distribution is simple to model (that
is, consists of terms that depend on a few variables at a
time) [1,120]. However, WSOD presents a more challenging
scenario due to the complexity of the underlying conditional
distribution. Specifically, given the hundreds or even thou-
sands of bounding box proposals for an image, the anno-
tation constraint imposes a term over all of these bounding
box proposals such that at least one of them corresponds
to the given image-level label. This leads to a challenging
scenario where the distribution is not factorizable over the
bounding box proposals. While previous works have ap-
proximated this uncertainty as a fully factorized distribution
for computational efficiency, we argue that such a choice
leads to poor accuracy.

To overcome the difficulty of a complex conditional dis-
tribution, we make the key observation that deep learning
relies on stochastic optimization. Therefore, we do not
need to explicitly model this complex distribution but sim-
ply estimate the distribution using samples. This observa-
tion opens the door to the use of state-of-the-art deep gen-
erative models such as the Discrete DISCO Net [4} 15]].

We test the efficacy of our approach on the challeng-
ing PASCAL VOC 2007 and 2012 data sets. To generate



the weakly supervised data sets, we use the image-level la-

bels, discarding the bounding box annotations. We achieve

53.6% detection AP on PASCAL VOC 2007 and 49.5% de-

tection AP on PASCAL VOC 2012 data set, significantly

improving the state-of-the-art by 1.5% on both data sets.
To summarize, we make the following contributions.

e Efficiently model the complex non-factorizable, an-
notation aware conditional distribution using the deep
generative model, the Discrete DI1SCO Net.

e Empirically show the importance of modeling the un-
certainty in the annotations in a single unified proba-
bilistic learning objective, the dissimilarity coefficient.

e State-of-the art performance for the task of WSOD on
challenging PASCAL VOC 2007 and 2012 data sets.

2. Related Work

Conventional methods often treat WSOD as a Multi-
ple Instance Learning (MIL) problem [[10] by representing
each image as a bag of instances (that is, putative bounding
boxes) [2,16} 31,136, [38]]. The learning procedure alternates
between training an object classifier and selecting the most
confident positive instances. However, these methods are
susceptible to poor initialization. To address this, differ-
ent strategies have been developed, which aim to improve
the initialization [[19, 29} |30} 31]], regularize the model with
extra cues [2, 6], or relax the MIL constraint [38] to make
the objective differentiable. These hard-MIL based methods
have demonstrated their effectiveness, specially when CNN
features are used to represent object proposals [6]]. How-
ever, these models are not end to end trainable and also do
not explicitly model the uncertainty.

A more interesting line of work is to integrate MIL strat-
egy as deep networks such that they are end to end train-
able [3), 9, 12} 33], 34} 37, 140l |41} 142]]. In their work, Bilen
et al. [3]] proposed a smoothed version of MIL that softly
labels object proposals instead of choosing the highest scor-
ing ones. Building on this soft-MIL based approach, Diba et
al. [9] integrate the MIL strategy with better bounding box
proposals into an end-to-end cascaded deep network. Tang
et al. [33] refine the prediction iteratively through multi-
stage instance classifier. Zhang et al. [40] add curriculum
learning using the MIL framework. As we shall see, our for-
mulation brings out the curriculum learning naturally dur-
ing training. Other end-to-end trainable frameworks for
WSOD employ domain adaptation [22) 31], expectation-
maximization algorithm [18], 39] and saliency based meth-
ods [21]]. Although these methods are end to end trainable,
they not only model a single distribution for two related
tasks, but also model the complex distribution with a fully
factorized one. This makes these approach sub-optimal as
what we truly want is to model a distribution which enforces

at least one bounding box proposals corresponding to the
image-level label.

There have been attempts to further improve the perfor-
mance of the weakly supervised detectors by combining
them with the strongly supervised detectors. Typically, the
predicted instances from a trained weakly supervised detec-
tor are treated as a pseudo-strong label to train a strongly
supervised network [[12} 22} 33| 134} 40, 411 42]. However,
there is only a unidirectional connection between the two
detectors. In their work, Wang et al. [37] train a weakly and
strongly supervised model jointly, in a collaborative man-
ner. This is similar in spirit to ours in using two distribu-
tions. However, they model their weakly supervised detec-
tor with a fully factorized distribution. The improvement in
results reported by these papers advocates the importance
of modeling two separate distributions. In this work, we ex-
plicitly define the two distributions employed during train-
ing and test time and jointly train them by minimizing the
dissimilarity coefficient [25] based objective function.

3. Model
3.1. Notation

We denote an input image as x € RUTXWx3) where H
and W are the height and the width of the image respec-
tively. For the sake of simplifying the subsequent descrip-
tion of our approach, we assume that we have extracted B
bounding box proposals from each image. In our experi-
ments, we use Selective Search [35]. Each bounding box
proposal, b(*), can belong to one of C' + 1 categories from
the set {0,1, ..., C}, where category 0 is background, and
categories {1, ..., C} are object classes.

We denote an image-level label by a € {0,1}“, where
al?) = 1 if image x contains the j-th object. Further-
more, we denote the unknown bounding box labels by
y € {0,...,C}5, where y(!) = j if the i-th bounding box
b is of the j-th category. A weakly supervised data set
W = {(x;,a;)|i = 1,..., N} contains N pairs of images
x; and their corresponding image-level labels a;.

3.2. Probabilistic Modeling

Given a weakly supervised data set YV, we wish to learn
an object detector that can predict the bounding box labels
y of a previously unseen image. Due to the uncertainty in-
herent in this task, we advocate the use of a probabilistic
formulation. Following [I1}20], we define two distributions.
The first one is the prediction distribution Pr,(y|x;6,),
which models the probability of the bounding box labels
y given an input image x. Here 8, are the parameters of the
distribution. As the name suggest, this distribution is used
to make the prediction at test time.

In addition to the prediction distribution, we also con-
struct a conditional distribution Pr.(y|x,a;0.), which



models the probability of the bounding box labels y given
the input image x and its image-level annotations a. Here
0. are the parameters of the distribution. The conditional
distribution contains additional information, namely the
presence of foreground objects in each image. Thus, we
can expect it to provide better predictions for the bounding
box labels y. We will use this property during training in
order to learn an accurate prediction distribution using the
conditional distribution. The details on the modeling of the
two distributions are discussed below.

3.2.1 Prediction Distribution

The task of the prediction distribution is to accurately model
the probability of the bounding box labels given the input
image. Taking inspiration from the supervised models [[13|
14, 27]], we assume independence between the probability
of the output for each bounding box proposal. Therefore,
the overall distribution for an image equals the product of
the probabilities of each proposal,

B
Pr,(y[x;0,) = [ [ Pro(y™[x; 6,). (1)
=1

We model this distribution using the Fast-RCNN architec-
ture [13] (see Figure a)). As the prediction distribution
is specified by a neural network, we henceforth refer to it
as the prediction net. In this setting, the parameters of the
distribution @,, are the weights of the prediction net.

3.2.2 Conditional Distribution

Given B bounding box proposals for an image x and
the image-level label a, the conditional distribution
Pr.(y|x, a; 8.) models the probability of bounding box la-
bels y under the constraint that they are compatible with the
annotation a. Specifically, there exists at least one bound-
ing box i such that y(*) = j, for every positive image-level
label al¥) = 1.

Note that due to the requirement that the bounding box
labels y are compatible with the annotation a, the con-
ditional distribution cannot be trivially decomposed over
bounding box proposals. This is in stark contrast to the sim-
ple prediction net, which uses a fully factorized distribution.
If one were to explicitly model the conditional distribution,
then one would be required to compute its partition function
during training, which would be prohibitively expensive. To
alleviate this computational challenge, we make a key ob-
servation that in practice we only need access to a represen-
tative set of samples from the conditional distribution. This
opens the door to the use of the recently proposed Discrete
Disco Net [4]. In what follows, we briefly describe Dis-
crete DISCO Nets while highlighting their applicability to
our framework.

Discrete DISCO Net: Discrete DISCO Net [4] is a deep
probabilistic framework that implicitly represents a proba-
bility distribution over a discrete structured output space.
The strength of the framework lies in the fact that it allows
us to adapt a pointwise deep network (a network that pro-
vides a single pointwise prediction) to a probabilistic one
by the introduction of noise.

In the context of our setting, consider the modified Fast-
RCNN network in Figure[I(b) for the conditional distribu-
tion. Once again, as we are using a neural network, we will
henceforth refer to it as the conditional net. The parameters
of the conditional distribution 8., are the weights of the con-
ditional net. The colored filters in the middle of the network
represent the noise that is sampled from a uniform distribu-
tion. Each value of the noise filter z;, results in a different
score functio Gr(y; x, 21, 0.) € REXC. We generate K
different score functions using K different noise samples.
These score functions are then used to sample correspond-
ing bounding box labels ¥* such that all ground truth labels
are present in it. This enables us to generate samples from
the underlying distribution encoded by the network param-
eters. Note that obtaining a single sample is as efficient as
a simple forward pass through the network. By placing the
filters sufficiently far away from the output layer of the net-
work, we can learn a highly non-linear mapping from the
uniform distribution (used to generate the noise filter) to the
output distribution (used to generate bounding box labels).

Inference: For the input pair (x,zg), the classification
branch of the conditional net outputs a score function
Gr(y;x,2g,0.), which is a B x C matrix. The (4, j)-th
element of the matrix, denoted by G ,(:’J ), denotes the score
of the bounding box ¢ belonging to the category j. We will
now redefine this score function such that it respects the
constraints imposed by the annotation a. In other words,
for each category j such that a/) = 1 there must exist at
least one bounding box ¢ in y such that y(@ = j. The joint
score for all the bounding box labels y is given by,

B
Sk:(y5X7 Zy, 06) - Z gk(y(z)ﬂ‘% Zy, 06) - Hk(Y>7 (2)
i=1

where,
0 ifvje{l,...,C}st.al¥) =1,
Jiec{l,...,B}st.y® =3, 3)

oo otherwise.

Hy(y) =

Given the scoring function in equation (2), we compute the

k-th sample as

yi = argmax Sy (y; X, i, 0.). )
yey

'The use of score function in this paper should not be confused with
the scoring rule theory, which is used to design the learning objective of
Di1sco Nets.
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Figure 1. The overall architecture. (a) Prediction Network: a standard Fast-RCNN architecture is used to model the prediction net. For
an input image, bounding box proposals are generated from selective search [33)]. Features from each of these proposals are computed
by the region of interest (ROI) pooling layers, which are then passed through the classifier and regressor to predict the final bounding
box. (b) Conditional Network: a modified Fast-RCNN architecture is used to model the conditional net. For a single input image x and
three different noise samples {z1, 22,23} (represented as red, green and blue matrix), three different bounding boxes {y(l) , y(2), y(S)}
are sampled for the given image-level label (bird in this example). Here the noise filter is concatenated as an extra channel to the final
comvolutional layer. For both the networks, the initial conv-layers are fixed during training. Best viewed in color.

Note that in equation (@) the arg max needs to be computed
over the entire output space ). A naive brute force algo-
rithm for this would be computationally infeasible. How-
ever, by using the structure of the higher order term Hy, we
can design an efficient yet exact algorithm for equation (@).
Specifically, we assign each bounding box proposal ¢ to its
maximum scoring object class. If all the ground truth anno-
tations a are not present in the generated bounding box la-
bels, then we sample the bounding box which has the high-
est score corresponding to the foreground label, otherwise
we sample all bounding boxes which satisfies the constraint.

4. Learning Objective

In order to estimate the parameters of the prediction and
conditional distribution, 8, and 8., we define a unified
probabilistic learning objective based on the dissimilarity
coefficient [23]. To this end, we require a task specific loss
function, which we define next.

4.1. Task Specific Loss Function

We define a loss function for object detection that de-
composes over the bounding box proposals as follows:

B
1 D
Alyry2) = 5> AL yy). 5)
=1

Following the standard practice in most modern object
detectors [17], A(y{”,y$”) is further decomposed as a
weighted combination of the classification loss and the lo-
calization loss. We use \ to denote the loss ratio ( ratio of
the weight of localization loss to the weight of classification
loss). We use a simple 0 — 1 loss as our classification loss
Ay, and smoothL1 for our localization loss Ajge.
Formally, the task specific loss is given by,

Ay = Aus(y$?, y57) + A1 (0, 57). (6)

4.2. Objective Function

The task of both the prediction distribution and the con-
ditional distribution is to predict the bounding box labels.
Moreover, as the conditional distribution utilizes the extra
information in the form of the image-level label, it is ex-
pected to provide more accurate predictions for the bound-
ing box labels y. Leveraging on the task similarity between
the two distributions, we would like to bring the two distri-
butions close to each other, so that the extra knowledge of
the conditional distribution can be transferred to the predic-
tion distribution. Taking inspiration from [[I}20], we design
a joint learning objective that can minimize the dissimilarity
coefficient between the prediction distribution and con-
ditional distribution. In what follows, we briefly describe



the concept of dissimilarity coefficient before applying it to
our setting.

Dissimilarity Coefficient: The dissimilarity coefficient
between any two distributions Prq(-) and Pro(+) is deter-
mined by measuring their diversities. The diversity of a dis-
tribution Pry(+) and a distribution Pry(-) is defined as the
expected difference between their samples, where the dif-
ference is measured by a task-specific loss function A’ (-, -).
Formally, we define the diversity as,

D[VA/ (Pl"l, PI‘Q) Ey1~Pr1( )[EyQNPrz(-)

ALyl 7

If the model correctly brings the two distribution close to
each other, we could expect the diversity DIVa+(Pry, Prs)
to be small. Using this definition of diversity, the dissimi-
larity coefficient of Pr; and Prs is given by,

DISCa+(Pr1,Pra) =DIVas(Pry, Pra)

— yDIVa/(Pry, Pry) (8)
— (1 = ~)DIVa/(Pry1,Pry),

where v € [0, 1]. In other words, the dissimilarity coeffi-
cient between Pr; and Pry is the difference between the
diversity of Pr; and Pry, and a convex combination of
their self-diversities. The self-diversity terms encourages
the samples from each of the two distribution to be diverse,
thus better representing the uncertainty of the task. In our
experiments, we use v = 0.5, which results in a symmetric
dissimilarity coefficient between two distributions.

Learning Objective for Detection: Given the above def-
inition of dissimilarity coefficient, we can now specify our
learning objective for the task specific loss A tuned for ob-
ject detection (6) as

0,,0, = argg rélinD[SC’A(Prp(Op),Prc(ac)), 9)

where each of the diversity terms can be derived from equa-
tion (7). As discussed in Section the conditional dis-
tribution is difficult to model directly. Therefore, the cor-
responding diversity terms are computed by stochastic es-
timators from K samples y’g of the conditional net. Thus,
each of the diversity terms can be written a’]

DIVA(Prp, Pr.)

| B.XK
77KZZZP% yp ;0

i=1 k=1 (7>

e (10)
Ay, gk,

2Details in the supplementary material

DIVA(Pr., Pr,)

s 3 A,

k,k'=11=1
k' #k

DIVa (Prp, Pr,) (12)

*ZZZP%

/()

:0,)Pr,(v'";0,) Ay, y'(").

Here, DIVA (Pry,, Pr.) measures the diversity between the
prediction net and the conditional net, which is the ex-
pected difference between the samples from the two dis-
tributions as measured by the task specific loss function
A. Here Pr), is explicitly modeled, hence the expectation
of its sample can be computed easily. However, as Pr, is
not explicitly modeled, we compute the required expecta-
tion by drawing K samples from the distribution. Likewise,
DIVA(Pr., Pr.) measures the self diversity of the condi-
tional net. We draw K samples from the distribution to
compute the required expectation. Also, the self diversity
of the prediction net DIVA (Prp,, Pr,) can be exactly com-
puted as Pr), is explicitly modeled.

5. Optimization

As we employ deep neural networks to model the two
distributions, our objective function (9) is ideally suited to
be minimized by stochastic gradient descent. While it may
be possible to compute the gradients of both the networks
simultaneously, in this work we use a simple coordinate de-
scent optimization strategy. In more detail, the optimiza-
tion proceeds by iteratively fixing the prediction network
and learning the conditional network, followed by learning
the prediction network for fixed conditional network.

The main advantage of using the iterative training strat-
egy is that it results in an approach similar to the fully su-
pervised learning of each network. This in turn allows us to
readily use the algorithm developed in Fast-RCNN [13]] and
Discrete D1sco Net [4]]. The outputs from the fixed network
are treated as the pseudo ground truth bounding box labels
for the other network. Furthermore, the iterative learning
strategy also reduces the memory complexity of learning as
only one network is trained at a time.

Figure [2] provides the visualization of the performance
of the two networks over the different iterations of the iter-
ative learning procedure for two difficult cases. In Columns
1 and 2, different category objects are present in the same
image whereas, in columns 3 and 4, multiple instances of
the same category is present. The estimated bounding box
labels from the prediction net and those sampled from the
conditional net for two images are depicted. For conditional
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Figure 2. Example of predictions of prediction net and conditional net. For prediction net, the visualization is after taking standard non
maximal suppression using standard score threshold = 0.7. Column 1 and 3 are output of the prediction network while column 2 and 4
are output from the conditional network. Row 1 represents prediction of the two networks after first iteration and row 2 and 3 represents
prediction of the two networks after third and sixth (final) iteration respectively. Each object class is represented by different colored
bounding box, where green box represents the person category and red and blue represents the bottle and dog category respectively.

net, we superimpose five different samples of bounding box
labels. If all the samples agree with each other on bounding
box labels, then the bounding boxes will have a high over-
lap, otherwise they will be scattered across the image. For
visualization purposes only, a standard non maximal sup-
pression (NMS) is applied with a score threshold of 0.7 on
the output of the prediction net. However, note that the non
maximal suppression is not used during training of the pre-
diction net. The two steps of the iterative algorithm are de-
scribed below in brief. For completeness, the details are
provided in the supplementary material.

5.1. Optimization over Prediction Distribution

For a fixed set of parameters 8, of the conditional net-
work, the learning objective of the prediction net corre-
sponds to the following:

0, = argemin DIVA(Pry,Pr,)—(1—+)DIVa(Pry, Pr,).

' (13)
Note that, due to the use of dissimilarity coefficient, the
above objective differs slightly from the one used for Fast-
RCNN [13]. However, importantly, it is still differentiable
with respect to 8,,. Hence, the prediction net can be directly

optimized via stochastic gradient descent.

In order to visualize the optimization of the prediction
net, let us consider Figurem The first two columns show the
bounding box labels from the prediction and the conditional
nets for an image with single foreground object. As the im-
age has a large foreground object with a clean background,
both the prediction and the conditional nets have low uncer-
tainty. This represents an easy case where the prediction net
already has a high confidence for the bounding box labels
in initial iterations, and therefore has little to gain from the
conditional net. As expected, we see only a minor improve-
ment in the predicted bounding box labels of the prediction
net over the iterations.

The last two columns show bounding box labels from
the prediction and conditional nets for a challenging im-
age. The object dog presents moderate difficulty to our al-
gorithm, where initially the prediction net is highly uncer-
tain while the conditional net has low uncertainty. After few
iterations, the information present in the conditional net is
successfully transferred over to the prediction net. This is
shown in last row of the third column where the prediction
net does a reasonable job at estimating the bounding boxes.

The second object bottle in the image is a difficult exam-



ple because of its small scale. We observe high uncertainty
in both the networks. In such cases the prediction and the
conditional nets will reject the bounding box labels having
high diversity. Moreover, the uncertainty in the prediction
net also decreases by learning from other easier instances of
the object present in the data set.

5.2. Optimization over Conditional Distribution

For a fixed set of parameters 8,, of the prediction net-
work, the learning objective for the conditional network cor-
responds to the following,

0; = argmin DIVA(Pr,, Pr.) — vyDIVA(Pr,, Pr.).
6.

(14
The above objective function is similar to the one used in
[4] for supervised learning of Discrete DISCO Nets. As our
conditional net employs a sampling procedure over the scor-
ing function Sk (y; 6.), objective is non-differentiable.
However, as observed in [4], it is possible to compute an
unbiased estimate of the gradients using the direct loss min-
imization technique [15} [32]]. Therefore, the conditional
net can be optimized using stochastic gradient descent. We
present the technical details of optimization, which are sim-
ilar to those in [4]], in the supplementary material.

In order to visualize the optimization of the conditional
net, let us first consider the easy case in Figure [2| (columns
1-2). Similar to the prediction net in the previous sub-
section, the uncertainty in the conditional net decreases
marginally over the iterations, as it already has high con-
fidence for the bounding box labels. For the challenging
objects present in the image of the last two columns, we
see that the prediction net has high uncertainty. The im-
provement in the predictions of the conditional net for these
two cases are mainly attributed to the information gained by
training on other easier examples of the dog and the bottle
category present in the data set.

6. Experiments
6.1. Data set and Evaluation Metrics

Data set: We evaluate our method on the challenging
PASCAL VOC 2007 and 2012 data sets [11] which have
9,962 and 22,531 images respectively for 20 object cat-
egories. These two data sets are divided into the train, val
and test sets. Here we choose trainval set of 5011 images for
VOC 2007 and 11, 540 images for VOC 2012 to train our
network. The trainval set is further split into 80% — 20%
to create new training and validation sets. We use a non-
standard training-validation split in order to maximize the
number of training images for our networks, while not over-
fitting our hyper-parameters on the test set. As we focus
on weakly supervised detection, only image-level labels are
utilized during training.

Evaluation Metric We use two metrics to evaluate our
detection performance. First we evaluate detection using
mean Average Precision (mAP) on the PASCAL VOC 2007
and 2012 test sets, following the standard PASCAL VOC
protocol [11]]. Second, we compute CorLoc [§]] on the PAS-
CAL VOC 2007 and 2012 trainval splits. CorLoc is the
fraction of positive training images in which we localize an
object of the target category correctly. Following [[L1]], a de-
tected bounding box is considered correct if it has at least
0.5 ToU with a ground truth bounding box.

6.2. Implementation Details

We use standard Fast-RCNN [13] to model prediction
distribution and a modified Fast-RCNN to model the condi-
tional distribution, as shown in Figure a). We use the Im-
ageNet pre-trained VGG16 Network [28] as the base CNN
architecture for both our prediction and conditional nets.

The Fast-RCNN architecture is modified by adding a
noise filter in its 5*"" conv-layer as an extra channel as shown
in Figure[I(b). A 1 x 1 filter is used to bring the number of
channels back to the original dimensions (512 channels).
No architectural changes are made for the prediction net.
The bounding box proposals required for the Fast-RCNN
is obtained from the Selective Search algorithm [35]. Re-
sults based on the Region Proposal Networks are given in
the supplementary material.

Following the standard practice followed in Fast-RCNN,
we train and test our method on a single scale. We also
construct an ensemble by taking the ImageNet pre-trained
VGG11 and VGG13 along with VGG16 and report its re-
sults. For all our experiments we choose K = 5 for the
conditional net. That is, we sample 5 bounding boxes cor-
responding to 5 noise filters, which are themselves sampled
from a uniform distribution. For all other hyper-parameters,
we use the same configurations as described in [13]].

6.3. Results

In this subsection, we will first compare our method with
existing state-of-the-art methods for detection and correct
localization tasks on VOC 2007 and 2012 data sets. Then
through ablation experiments, see how various terms of our
dissimilarity coefficient based objective function contribute
towards the accuracy gained. We present further ablation
studies in the supplementary material.

6.3.1 Comparison with other methods

We compare our proposed method with other state-of-the-
art weakly supervised methods. The detection average pre-
cision (AP) and correct localization (CorLoc) on the PAS-
CAL VOC 2007 and 2012 data sets are shown in Table
Table 2] and Table 3| respectively. Compared with the other
methods, our proposed framework achieves state-of-the-art
performance using a single model.



Method aero bike bird boat bottle bus car cat chair cow table dog horse mbike pson plant sheep sofa train tv | mAP
WSDDN [3] 464 583 355 259 140 667 53.0 392 89 418 266 38.6 447 59.0 10.8 173 407 496 569 50.8 | 393
WSCCN [9] 495 60.6 386 292 162 708 569 425 109 441 299 422 479 64.1 13.8 235 459 541 608 545 | 428
k-EM [39] 59.8 64.6 478 288 214 677 703 612 172 515 340 423 488 65.9 9.3 21.1 53.6 514 547 50.7 | 46.1
OICR [33] 655 672 472 21.6 221 680 685 359 57 63.1 495 303 647 66.1 13.0 256 500 57.1 602 59.0 | 47.0
ZLDN [40] 554 685 50.1 168 20.8 627 66.8 565 21 578 475 40.1 69.7 682 21.6 272 534 56.1 525 582 | 476
CL 371 612 66.6 483 260 158 665 654 539 247 612 462 535 485 66.1 121 220 492 532 662 594 | 483
ML-LocNet [41] | 60.8 70.6 47.8 302 248 649 684 579 11.0 513 555 481 687 69.5 283 252 513 565 60.0 43.1 | 49.7
WS-RPN [34] 63.0 69.7 408 11.6 27.7 705 741 585 100 66.7 606 347 757 70.3 257 265 554 564 555 549 | 504
W2F [42] 635 70.1 505 319 144 720 678 737 233 534 494 659 572 672 276 238 51.8 587 640 623 | 524
Pred Net (VGG) | 66.7 69.5 528 314 247 745 741 673 146 53.0 461 529 699 708 185 284 546 60.7 67.1 604 | 529
Pred Net (Ens) 67.7 704 529 313 261 755 737 68.6 149 540 473 537 708 70.2 197 292 549 613 67.6 612 | 53.6

Table 1. Detection average precision (%) for different methods on VOC 2007 test set.

Method aero bike bird boat bottle bus car cat chair cow table dog horse mbike pson plant sheep sofa train tv | mean
WSCCN [9 839 728 645 441 401 657 825 589 337 725 256 537 674 774 268 49.1 68.1 279 645 557 | 56.7
WSDDN [3 689 687 652 425 406 726 752 537 297 68.1 335 456 659 86.1 275 449 760 624 663 668 | 58.0
ZLDN [40] 740 77.8 652 37.0 467 758 837 588 175 73.1 49.0 513 767 874 306 478 750 625 648 68.8 | 61.2
OICR [33] 858 827 628 452 435 848 87.0 46.8 157 822 510 456 837 912 222 597 753 651 768 781 | 643
CL [37] 858 804 730 426 366 79.7 828 660 341 781 369 686 724 91.6 222 513 794 637 745 746 | 647
k-EM [39] 79.8 77.8 66.7 503 570 80.1 899 715 299 759 305 589 732 90.2 254 518 802 603 724 789 | 65.0
WS-RPN [34] 83.8 827 607 351 538 827 886 674 220 863 688 509 90.8 93.6 440 612 825 659 71.1 76.7 | 684
ML-LocNet [41] | 81.7 829 68.7 444 539 803 889 705 326 740 627 61.7 814 91.6 460 606 752 692 787 658 | 68.6
W2F [42] 854 875 625 543 355 853 86.6 823 397 829 494 765 748 90.0 468 539 845 683 79.1 799 | 703
Pred Net (VGG) | 88.6 863 71.8 534 512 876 89.0 653 332 866 588 659 877 933 309 589 834 678 787 802 | 709
Pred Net (Ens) 892 867 722 509 518 883 895 656 336 874 597 664 885 946 304 602 838 689 789 813 | 714

Table 2. CorLoc (in %) for different methods on VOC 2007 trainval set.
Method | WSCCN [9] | DSL [I8] [ OICR [33] | W2F [#2] [ PredNet(VGG) | PredNet(Ens) Pr.. Pr
mAP % 379 383 a5 4738 484 95 Method p==¢ | Pr,, PW, | PW,,Pr. | PW,, PW,
CorLoc % - 58.8 65.6 69.4 69.5 70.2 (proposed) P P P
Table 3. Results for different methods on VOC 2012. See supple- Mean AP 52.9 50.1 52.6 49.5

mentary meterial for details.

Tables (1] and |2 shows that we significantly outperform
methods which only employ a fully factorized distribution
in MIL [3} [9]. This empirically demonstrates the useful-
ness of modeling a complex distribution. Compared to the
state-of-the-art method, which trains two separate networks
like ours, if we were to only train and test Zhang et al. [42]
(W2F) using a single scale, where they achieve 49.0% mAP,
we get an improvement of 3.9%. We approximate the use
of multiple scales by ensembling, which gives us a final im-
provement over the state-of-the-art method by over 1.2%
when compared on multiple scales.

The weakly supervised detector employed in W2F mod-
els the annotation constraint using a fully factorized distri-
bution. We argue that our choice of modeling the annotation
aware conditional distribution exactly but efficiently, using
Discrete Disco Net, gives us the improved performance.
Moreover, unlike W2F, our method combines the weakly
supervised and the strongly supervised detectors with a sin-
gle learning objective instead of training them in a non-end-
to-end, cascaded fashion.

6.3.2 Effect of the diversity coefficient terms

In order to understand the effect of various diversity coeffi-
cient terms in our objective (§), we remove the self-diversity
term in one or both of our probabilistic networks (Pr. and
Pr,). In order to obtain a single sample from our condi-
tional network, we feed a zero noise vector (denoted by
PW.). The prediction network still outputs the probabil-
ity of each bounding box belonging to each class. However,
by removing the self-diversity term, we encourage it to out-

Table 4. Detection Average Precision (%) for various ablative set-
tings on VOC 2007 test set

put a peakier distribution (denoted by PW),). Table shows
that both the self-diversity terms are important to obtain the
maximum accuracy. Relatively speaking, it is more impor-
tant to include the self-diversity in the conditional network
in order to deal with the difficult examples (example, bottle
in figure . Moreover, this enforces a diverse set of outputs
from the conditional network, which helps the prediction
network to avoid overfitting the samples during training.

7. Discussion

We presented a novel framework to train an object detec-
tor using a weakly supervised data set. Our framework em-
ploys a probabilistic objective based on dissimilarity coeffi-
cient to model the uncertainty in the location of objects. We
show that explicitly modeling the complex non-factorizable
conditional distribution is a necessary modeling choice and
present an efficient mechanism based on a discrete gener-
ative model, the Discrete DISCO Nets, to do so. Extensive
experiments on the benchmark data sets have shown that our
framework successfully transfers the information present in
the image-level annotations for the task of object detection.

In future, we would like to investigate the use of active
learning, to further benefit our network in terms of the ac-
curacy of the fully supervised annotations. This will help
bridge the performance gap between the strongly supervised
detectors and detectors trained using low-cost annotations.
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