symmetry

Article

Weakly Supervised Object Detection with Symmetry Context

Xinyu Gu, Qian Zhang and Zheng Lu *

check for
updates

Citation: Gu, X.; Zhang, Q.; Lu, Z.
Weakly Supervised Object Detection
with Symmetry Context. Symmetry
2022, 14,1832. https://doi.org/
10.3390/sym14091832

Academic Editor: Mihai Postolache

Received: 31 May 2022
Accepted: 29 July 2022
Published: 4 September 2022

Publisher’s Note: MDPI stays neutral
with regard to jurisdictional claims in
published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

School of Computer Science, University of Nottingham Ningbo China, Ningbo 315100, China
*  Correspondence: zheng.lu@nottingham.edu.cn

Abstract: Recently, weakly supervised object detection (WSOD) with image-level annotation has
attracted great attention in the field of computer vision. The problem is often formulated as multiple
instance learning in the existing studies, which are often trapped by discriminative object parts and
fail to localize the object boundary precisely. In this work, we alleviate this problem by exploiting
contextual information that may potentially increase object localization accuracy. Specifically, we
propose novel context proposal mining strategies and a Symmetry Context Module to leverage sur-
rounding contextual information of precomputed region proposals. Both naive and Gaussian-based
context proposal mining methods are adopted to yield informative context proposals symmetrically
surrounding region proposals. Then mined context proposals are fed into our Symmetry Context
Module to encourage the model to select proposals that contain the whole object, rather than the
most discriminative object parts. Experimental results show that the mean Average Precision (mAP)
of the proposed method achieves 52.4% on the PASCAL VOC 2007 dataset, outperforming the
state-of-the-art methods and demonstrating its effectiveness for weakly supervised object detection.

Keywords: weakly supervised object detection; multiple instance learning; context proposal mining

1. Introduction

Weakly supervised object detection (WSOD) aims to detect multiple object instances
in bounding boxes from a given image using only image-level supervision. Compared
with fully supervised object detection (FSOD), WSOD significantly reduces human labor
cost for instance-level annotation. Despite remarkable progress, WSOD remains as a
challenging task in computer vision due to problems such as discriminative region and
memory consumption. The performance of existing WSOD approaches [1,2] are still inferior
to the fully supervised counterpart [3,4].

Typical WSOD approaches [5,6] formulate the problem as a multiple instance learning
(MIL) problem (i.e., there is no negative instance in the negative bag and there is at least
one positive instance in the positive bag). Although most existing WSOD methods are
based on MIL [7,8], this strategy is known to suffer from the discriminative region problem
that tends to detect the most discriminative object parts rather than the whole object. In
FSOD approaches, contextual information around the object is widely exploited to facilitate
object recognition [9,10]. With such contextual cues, one can decrease the ambiguity when
recognizing the object of interest and enrich object local feature representations. This
can lead to more accurate object localization. For instance, a table is more likely to be
surrounded by chairs instead of bicycles. In WSOD, there are only a few studies [11,12]
utilizing contextual information to boost the localization accuracy. Tight box mining with
Surrounding Segmentation Context (TS?C) [11] uses segmentation context to suppress
low-quality candidates. ContextLocNet [12] proposes two context-aware guidance models
to enforce contextual supervisory, i.e., the external rectangle (context) and the internal
rectangle (frame) with a fixed ratio. Instead of simply using a rectangular shape to obtain
the surrounding contextual proposals, we seek more informative proposals in the spatial
symmetrical areas to diversify context proposal locations alleviating the discriminative
region problem when recognizing object instances under difficult circumstances.
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In this paper, following [7,13], we also formulate the WSOD problem as MIL and
propose a Symmetry Context Module (SCM) and two strategies for context proposal mining
capturing context appearance in different spatial areas surrounding an object. Specifically,
SCM encourages the detected region proposal to be compatible with its context regions.
This is achieved by encoding the region proposal score matrix and the maximum score
matrices of its context proposals. Different from other context-aware guidance models
such as [12], which adds or subtracts the score matrix of regions with its context or frame,
SCM aggregates more comprehensive parts of surrounding context regions than individual
spatial sides. Such a design yields an enriched object representation that is better able to
capture discriminative information. In order to efficiently select context candidates, we
propose two mining strategies for context proposals: 1) naive context proposal mining
that uses fixed regions adjacent to the object instance; 2) Gaussian-based context proposal
mining that samples context proposals with normal distribution. Our method incorporates
rich contextual information in the model that boosts object detection performance.

Due to our contextual mining strategies, our proposed method improves the localiza-
tion performance of WSOD. Our method performs favorably against some of the state-of-
the-art WSOD methods by achieving 52.4% mAP on the PASCAL VOC 2007 dataset. The
effectiveness and robustness of the proposed techniques are demonstrated in detailed abla-
tion studies and further qualitative results. The contributions of this work are summarized
as follows:

¢ Two context proposal mining strategies are proposed to better capture the diverse
discriminative information for objects of interest.

¢ A Symmetry Context Module (SCM) is introduced to improve the detection accuracy
of our two-stream neural network model.

¢  Experimental results on the popular PASCAL VOC 2007 and 2012 datasets demon-
strate that our method achieves better performance compared with other state-of-the-
art approaches.

2. Related Work
2.1. MIL and WSOD

MIL is a classical weakly supervised learning method, which arranges the training
data as bags where each bag contains a collection of instances. Supervision is only provided
for the entire bag. In other words, the individual label of each instance in the bag is not
known. Standard MIL assumes the following: (1) for a positive bag, there is at least one
positive instance in the bag; (2) for a negative bag, all its instances are negative. In recent
years, much work has adopted MIL approaches successfully in computer vision and other
areas [14,15], as MIL inherently targets weakly labeled data.

Different from FSOD, which uses instance-level annotation for training, WSOD only
requires image-level annotation, for which MIL fits naturally. In particular, when an image
I is annotated with class C, there is at least one positive instance of this object class in this
“bag”. In addition, this “bag” is negative for other object classes (there is no instances of
those classes in this image). Recently, deep neural networks and MIL were used together
to improve WSOD performance, such as in [16,17]. Bilen et al. [6] proposed the weakly
supervised deep detection network (WSDDN), the first end-to-end MIL based deep neural
network in WSOD consisting of predefined proposals, a backbone, and a detection head.
Predefined proposals are usually generated by proposal generation techniques such as
selective search [18] and edge boxes [19], aiming to cover all possible object locations. A
feature representation network pre-trained on large scale datasets (e.g., ImageNet [20]),
such as VGG16 [21] or ResNet [22], is used to obtain the feature maps. The predefined
proposals and feature maps are then fed into a spatial pyramid pooling (SPP) layer to
generate fixed-length feature vectors for each proposal. These feature vectors are then
forwarded into the detection head, which contains both detection and classification streams,
to locate and classify object instances.
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One of the drawbacks in WSDDN is that it tends to focus on the most discriminative
parts of the object. This is because the most discriminative regions of an object are more
likely to have the highest score compared with other regions that also cover the object
of interest. Several techniques are proposed to alleviate this problem. Online Instance
Classifier Refinement (OICR) [7] and Proposal Cluster Learning (PCL) [23] try to learn more
refined instance classifiers iteratively. Taking a multi-task strategy, Diba et al. [24] jointly
train a weakly supervised segmentation network and WSOD to filter object proposals
with the aid of a weakly supervised segmentation map. Incorporating low-level features is
another way to alleviate the discriminative region problem. For example, WSOD framework
with Objectness Distillation (WSOD2) [25] integrates bottom-up and top-down objectness
to distill box boundary knowledge. Object symmetry is also exploited in WSOD. For
example, posterior regularization is used to enforcethe object and its horizontal mirror
version having similar values [26]. Transfer learning is also adopted to leverage an auxiliary
dataset to improve WSOD networks [27,28]. Similarly, using contextual information is
another way to solve the problem. In this work, we leverage the contextual information in
a symmetric spatial area in localization stream in addition to the two stream CNN used in
WSDDN. We focus on a context-aware convolutional neural network (CNN) architecture
and proposal mining techniques to exploit the discriminative information surrounding the
predefined proposals.

2.2. Using Contextual Information in WSOD

Contextual information has been widely employed in object detection [29,30]. Re-
cently, many studies have started to use contextual information in weakly supervised or
unsupervised localizations. Hierarchical Context Embedding(HCE) [31] obtains hierarchi-
cal contextual region of interest (Rol) features by fusing instance-level and global-level
information. Ren et al. [8] use spatial dropout to alleviate part domination and encourage
the model to focus more on context. Wei et al. [11] utilize surrounding segmentation
context as references to mine high quality object candidates. ContextLocNet [12] proposes
additive and contrastive models to help Rol selection. Our context-aware CNN models are
inspired by these approaches. Different from ContextLocNet [12], which uses inner and
outer frame-shape region as context, we propose symmetry Gaussian-based sampling to
mine informative context proposals and devise a Symmetry Context Module to further
improve the detection performance.

3. Methodology
3.1. Overall Framework

The overview of our method is illustrated in Figure 1. Similar to many existing
studies [6,7,23], we adopt the idea of MIL by a two-stream weakly supervised object
detection network. Specifically, given an input image, we first generate object proposals
using selective search [18] and context proposals using our proposed context proposal
mining strategy; we then extract region features using convolutional layers, a Rol pooling
layer [32], and two fully connected layers. Next, the extracted features are branched into
our Symmetry Context Module, a context-aware two-stream module. This process encodes
the contextual information into the localization stream and obtains instance classifier
using weighted pooling strategy. Results of the base instance classifier is further refined
by an inter-stream self-training algorithm. The following depicts proposal generation,
convolutional and ROI pooling layers, and the detection head used in our framework.
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Figure 1. Our framework. The input image is passed through several convolutional layers (using
modified VGG-16 [21] architecture pre-trained on ImageNet [20]). The output feature maps, generated
region proposals and their corresponding context proposals are passed to Rol Pooling layer to
extract region-level feature vectors. The output of fully-connected layers is then branched into
several streams: one for our proposed Symmetry Context Module and others for multi-stage online
detector refinement.

Proposal generation: Given an input image I and its image label Y = [y1,y2, ..., yc]T €
RE*1 where y, = 1 or 0 indicates the image with or without object c; the pre-computed
region proposals R are generated using selective search [18], where C denotes the number
of object classes. We obtain context proposals by exploiting the symmetrical property of
an object’s surrounding environment. We propose two methods to generate the context
proposals in Section 3.2, where the first strategy takes adjacent rectangular bounding boxes
of a region proposal in four spatial directions as its context proposals, and the second
strategy samples the context proposals using Gaussian distribution. We obtain the context
proposals P for all the pre-computed proposals R.

Convolutional and ROI pooling layers: Our framework contains 16 convolutional
layers from the VGG-16 model [21]. The original penultimate max-pooling layer and the
following three convolutional layers are replaced by the dilated convolutional layers [33]
to increase feature map size. In addition, we replace the last max-pooling layer by the
ROI pooling layer to extract region-level descriptors. The network first takes the entire
image I as input and applies a sequence of convolutional layers to obtain feature maps. The
precomputed proposals R, context proposals P, and features maps are then forwarded to the
ROI pooling layer to obtain the fix-sized feature vectors of proposals and context proposals.
Region-level features are further passed to two fully connected layers. We initialize the
network layers using the weights of ImageNet [20] pretrained VGG-16 model [21], which
is then fine-tuned during our training.

Detection head: We employ the two-stream architecture from Bilen and Vedaldi [6]
and propose a context-aware two-stream module. The feature vectors from context propos-
als and region proposals are branched into our Symmetry Context module to produce score
matrices x®. As explained in Section 3.3, we introduce different fully connected layers to
process features from context proposals and region proposals in the localization stream and
obtain x? by summing up the outputs. The classification stream feeds the features of region
proposals to a linear layer and outputs x°. The details of our Symmetry Context Module
are given in Section 3.3. The two matrices are then passed through two softmax layers, each
with different directions, as in WSDDN. The value of x is normalized by a softmax layer
along the object class direction, and x? is passed through the other softmax layer along the
proposal direction. The proposal scores xR are calculated through element-wise product of
the two score matrices. The image score of a specific class ¢, is calculated by the sum over
all proposals. The basic instance classifier is trained using cross entropy loss is as follows:

c
Ly=— ; {ycloggpe + (1 —yc)log(1 — ¢c)}- 1)
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Because the basic two-stream architecture design from WSDDN tends to converge to
the most discriminative part of an object, we adopt the online detector refinement (ODR)
approach for result refinement. The idea of ODR is a inter-stream self-training training
process in which the instances of the latter stream is supervised by the previous ones. Let
K be the number of refinement stages, each stage contains a single fully connected layer
followed by a softmax over category direction for classification. To improve the localization
results as in [7,25], we also use a fully connected layer for localization refinement. The
output score vector x{* of proposal j of the kth instance classifier is x{ € R(C+D)xT,
Note that each instance classifier has C + 1 categories (the {C + 1}th dimension is for
background). To achieve inter-stream self-training progressively, the label for proposal
jis Y;.‘ = [y’l‘j,ygj, ...,y’(‘CH)j]T € R(C*tDx1 The supervision of refinement stage k comes

from the last instance classifier output xR(*~1), An advanced pseudo groundtruth selection
algorithm MIST [8] is used in our experiment to generate diverse pseudo boxes for the
training. Pseudo labels are denoted by R. At each stage, if a region j is highly overlapped
with pseudo-box 7 € R for ground-truth class c, we set the classification label y’c‘j toland

the regression target f;? by the coordinates of 7. Each refinement stage is trained to minimize
the following loss:

. 1 [R| C+1 . - o
Ly =1 Z /\f(_ 2 ycjlogxcj + ‘Csmoothle(t]‘rtj))/ 2)
c=1

where A; is a scalar per-region weight used in [7]; f;? and t;? are regression targets and
predicted coordinates of the jth box; respectively; and L0011 is @ smooth-L1 regression
loss function. The overall loss to train our framework is:

K
L=Ly+ Y Lk (3)
k=1

3.2. Context Proposal Mining

During proposal generation, a set of region proposals with various sizes and aspect
ratios are generated. We observe that many proposals containing discriminative parts
of the object often only have high recognition scores, hence decreasing object detection
performance. Incorporating the contextual information can help by encouraging the model
to select region proposals that contains the whole object instead of discriminative parts only.
In this work, we mine additional proposals surrounding object region proposals, namely
context proposals, together with region proposals to detect and classify objects. Specifically,
we exploit two context proposal mining strategies: naive context proposal mining and
Gaussian-based context proposal mining.

3.2.1. Naive Context Proposal Mining

For a given region proposal j, we generate K context proposals. We fix the size of
context proposal as s, for simplicity. As shown in Figure 2a, we take a symmetric approach
by mining context proposals from four directions (up, down, left, right). Our naive context
proposal mining simply generates context proposals that are adjacent to j, hence K is set
to 4. We represent the region proposal by [x;, y;, w, h], where x; and y; are the coordinates
of the region center, and w and & are the width and height of the region. The four context
proposals of the region proposal j are generated as [(x; — (w +s¢) /2, Y}, 5¢,5¢c), (xj + (w +
8¢)/2,Yj,5¢,5¢), (xj, 4 — (W +5¢)/2,5¢,8¢), (xj,yj + (h+5¢) /2,5¢,8¢)]-

3.2.2. Gaussian-Based Context Proposal Mining

Although naive context proposal mining is very simple to implement, relatively fixed
context location may not always provide the best information surrounding the object.
We seek to further mine more informative context proposals by taking advantage of the
symmetrical property of Gaussian distribution. In particular, we sample context proposals
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from Gaussian distribution to diversify possible proposal locations. This idea is to mine
context proposals that are more informative during training, as those proposals semantically
align with object parts. Figure 2b shows example context proposals sampled from Gaussian
distribution. Note that we ensure there is no overlapping between the region proposal
and context proposals. In this way, contextual information surrounding the object can be
incorporated into the model for better performance.

The mean of the context proposal center coordinates for each direction is set slightly
away from the region proposal. For example, in our setup, for top and bottom, the mean of
the x-coordinate is the same as the x-coordinate of the center of the region proposal. The
mean of the y-coordinate is 0.2 x h away from the top or bottom edge, respectively. The
standard deviation is set to k. Utilizing the symmetric property of surrounding, we do the
same for the left and right directions. Figure 3 illustrates the examples of Gaussian-based
context proposals. We can observe that the context proposals sampled by our method
capture object surroundings better in most cases.

100
1 Region Proposal 100 [ Region Proposal
c Sample Box =22 Sample Box
=21 Sample Box
s =1 Sample Box . . .
! 1 =21 Sample Box 80 - L *ad oo,
| + | 9 % _f’__l
60 : L ’ 1 G :. :
| . « L ___ _1
601 [-Tmph Gz
TR + + o | q .
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+ 1 fe—————
20 H H 20 . -'“7‘. o |
oo GV __'_:_:
0 : . ; . 0 ; — b ; ;
0 20 40 60 80 100 0 20 40 60 80 100

(@) Naive context proposal mining

(b) Gaussian-based context proposal mining

Figure 2. Illustration of context proposals mining strategies. (a) Naive context proposal mining: context
proposals adjacent to the region proposals are generated from four different directions. (b) Gaussian-

based context proposal mining: context proposals are sampled using Gaussian distribution.

Figure 3. Examples of proposals from Pascal VOC 2007 training set. Proposals with a solid line are
region proposals. Proposals with a dashed line are context proposals that share the same color with
their corresponding region proposal.
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3.3. Symmetry Context Module

Our Symmetry Context Module (SCM) is a context-aware two-stream detection mod-
ule incorporating contextual information during the detection process. Compared with the
detection module in WSDDN [6], our module consists of five different branches, FC,; and
FC1-FC4 for region proposals and its corresponding context proposals in four directions,
respectively. We use Gaussian-based context proposal mining to generate context proposals
in our experiment. The standard deviation of the context proposals” distance to the region
proposal boundary is set to 20% of the respective region proposal size. It should be noted
that there is no overlapping area between region proposals and its corresponding context
proposals in all the experiment settings.

As shown in Figure 4, the feature vectors from context proposals Foutext and region
proposals Frp are branched into SCM. The four branches for context proposals produce
four matrics x“*1, x°12, xctx3 xetxd ¢ RCXIR| each of which contains context proposal scores.
We then fuse these context scores into a single matrix x“* using the following:

X = max(x

ctxl’ xctxZ’ xctx3, XCtx4), (4)
where max(-) denotes element-wise max operator. To better illustrate, we show one nu-
merical example of fusion by element-wise max. Assuming C = 2 and |R| = 2, the score
matrices x°¥1 x¢t¥2 xctx3 yetxd « R2X2 gre a5 follows:

—1.4895  4.5304 -\ 17492 —0.5544

s [(—1.8248 —0.8432 cea | [(—4.0172 —1.8290
X j— X = .
0.9008 —0.8110)’ 1.6335  3.9155

el (—0.4538 —2.0972) e (—0.6994 —0.5498)
®)

The final x“** can be obtained from fusion by element-wise max as follows:

ct

X = max (x“1

ctx2 xctx3

ctx4d
, XEEE, X xR

<—O.4538 —0.5498) ©)

1.7492  4.5304

We then obtain the final detection matrix x? by element-wise summation over x°** and
x" (scores from region proposal). The classification stream takes the feature vector of region
proposals and passes to a fully connected layer obtain classification score matrix x°. Both
x? and x¢ are passed through the two softmax layers, each with different directions, as in
WSDDN. Proposal scores xR are calculated through the element-wise product of the two
score matrices.

FCQ ntext

Max Add

4

Softmax

over proposals

x"
L _I
| FC Softmax

over classes

Figure 4. Symmetry Context Module processes the feature maps of context proposals and region
proposals in two streams to produce scores for both detection and classification.
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4. Experiments
4.1. Datasets and Experimental Setup

We conduct our experiments on the Pascal VOC 2007 [34] and 2012 [35] datasets, the
most widely used benchmarks for WSOD. The VOC 2007 dataset has 20 object classes
and contains 2501 training images, 2510 validation images, and 4951 testing images. The
VOC 2012 dataset contains 5717 training images, 5823 validation images, and 10991 testing
images for the same 20 object categories. Following common practice [7,11,23], we use
training and validation images with image-level annotation to train our model and testing
images for the evaluation. We adopt mean average precision (IoU threshold at 0.5) to
evaluate our method, which follows the standard PASCAL VOC protocol [36].

During training, we set batch size as 8 and maximum iteration to 30,000. We use
stochastic gradient descent (SGD) for optimization, with an initial learning rate of 0.01 and
a weight decay of 0.0001. For each image, 2000 region proposals are generated. For fair
comparison, we deploy the similar multi-scale training and testing strategy as in OICR [7]
(our baseline model). In particular, we use multiple scales (480, 576, 688, 864, 1000, 1200)
with respect to the original aspect ratio to resize the shorter side of each image and capped
the longer side to 2000 during training. During evaluation, the shorter side of input images
are augmented with scale 800. Horizontal flipping is also used for both training and
evaluation. The default p and IoU in MIST are set to 0.15 and 0.2. The total number of
refinement branches is set to 3. The mean output of these instance classifiers is used during
evaluation. All our experiments are run on a single Tesla V100-PCIE-32GB GPU. Please
check the released code for more details (https:/ /github.com/sXZL/WSODSC (accessed
on 24 June 2022)).

4.2. Ablation Study

We first conduct an ablation study on the VOC 2007 dataset to demonstrate the
effectiveness of different components in our framework, including context proposal mining
and the Symmetry Context Module. Experimental results are reported in Tables 1-3.

Table 1. Ablation study of context proposal mining.

Distance to Region Proposal

Context Proposal Mining Boundary mAP

No context - 42.26

NCP 0 45.22

NCP 0.9 44.16

GCP 0.1 43.99

GCp 0.2 45.10

Table 2. Ablation study of the number of context proposals.
Context Proposal Distance to Region Number of Context mAP
Mining Proposal Boundary Proposals per Side

GCp 0.1 2 43.46
GCp 0.1 1 43.99

Table 3. Ablation study of different ways to fuse proposal scores.

Di
Context Proposal istance to

Method .. Region Proposal Fusion Method mAP
Mining
Boundary
OICR (+MIST + Reg.) No context - - 50.91
Ours GCP 0.2 mean 51.85

Ours GCP 0.2 max 52.38
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4.2.1. Context Proposals Location

In order to investigate the influence of context proposal location, we evaluate the
performance of our framework using different configurations for both strategies. Table 1
shows the experimental results with different sizes and locations. In the table, we denote
naive context proposal mining method as NCP and Gaussian-based context proposal
mining as GCP. Note that, for naive context proposals, we test context proposals at various
distances to the region proposal boundary. For example, 0.9 means the distance is 90% of
the distance between the region proposal boundary and the respective image boundary.
For Gaussian-based context proposals, we test context proposals sampled using different
standard deviations. For example, 0.1 and 0.2 means the standard deviations used are 10%
and 20% of the respective region proposal size. We also carry out experiments with a fixed
distance to the region proposal boundary, obtaining 2.84% mAP improvement when the
distance is 32 pixels.

As shown in Table 1, we can observe that even the proposed naive mining strategies
can boost the performance a lot (achieving 1.9-2.96% mAP improvement compared with
one of our baseline OICR [7] with 42.3% mAP). This shows the effectiveness and robustness
of our context proposal mining. We obtain the best performance with 45.22% mAP when
context proposal is just adjacent to the region proposal for NCP. As for the best configuration
for GCP, the best configuration is 20% of the respective region proposal size as standard
deviation. Note that for this study we set context proposal size as 32.

4.2.2. Effect of Number of Context Proposals

We also study the influence of the number of context proposals for each direction.
We choose GCP with 10% as the standard deviation. Table 2 shows that both settings
outperform the baseline. Furthermore, single context proposal for each side outperforms
two context proposals. This may result from the unweighted fusion of region proposal and
context proposal scores. Thus, the contribution of context proposals may overwhelm the
corresponding region proposal when the total number of context proposals for each region
proposal is 8, as in this case.

In our Symmetry Context Module, four context proposals from one region proposal
use four different fully connected layers to generate proposal scores. We opt to conduct
experiments to analyze the effect of shared fully connected layers instead of unshared
ones. Using individual fully connected layers achieves 45.22% mAP with zero distance
in NCP and outperforms the shared version by 0.54% mAP. We also conduct experiments
to evaluate different ways to fuse proposal scores. We also add MIST [8] and regression
branches (denoted as w/ MIST Reg) for online instance classifier in OICR [7]. Table 3 shows
that fusion by element-wise max outperforms element-wise average.

4.3. Comparison with Other Baselines

To evaluate our framework, we compare our proposed method with several state-of-
the-art methods on VOC 2007 in addition to OICR, as shown in Table 4. It can be observed
that the proposed method is very effective and outperforms all the other baselines in most
of the categories, leading to a notable improvement on average. In particular, our method
performs much better than other baselines on category “Aero”, “Bike”, “Car”, “Train”, and
“TV”. Note that our method outperforms OICR + MIST + Reg. [8] (second best) by 1.5%.
We also conduct the experiments on the more challenging dataset VOC 2012, as shown in
Table 5. These results show that our proposed method achieves noticeable improvements
with other approaches, demonstrating its effectiveness and robustness.

Figures 5and 6 shows some of our detection results compared with the best baseline
OICR + MIST + Reg. [8]. We can see that our method tends to locate the whole object
rather than the most discriminative parts. As shown in Figure 6, for animal and person
classes, our method is able to effectively locate the whole object thanks to the help of
contextual information, whereas the compared baseline results tend to focus on objects’
heads. The baseline method tend to ignore small parts of objects of interest such as arms and
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hands, leading to false positive results, as shown in Figure 5. We show that incorporating
contextual information as proposed in our method can alleviate such problems.

Figure 5. Detection results of our method and the best baseline (OICR + Reg + MIST). Green bounding
boxes indicate objects detected by our method, whereas red ones correspond to those detected by the
best baseline.

Figure 6. Additional detection results of our method and the best baseline (OICR + Reg + MIST).
Green bounding boxes indicate objects detected by our method, whereas red ones correspond to
those detected by the best baseline.
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Table 4. Comparison of our method on PASCAL VOC 2007 with different baselines (* our implementation).

Method Aero Bike Bird Boat Bottle Bus Car Cat Chair Cow Table Dog Horse Mbike Persn Plant Sheep Sofa Train TV mAP
ContextLocNet [12] 571 520 315 7.6 115 550 531 341 1.7 33.1 492 420 47.3 56.6 15.3 12.8 24.8 489 444 478 363
Bilen [6] 464 583 355 259 140 66.7 53.0 392 8.9 41.8 266  38.6 44.7 59.0 10.8 17.3 40.7 496 569 508 393
OICR [7] 580 624 311 194 13.0 651 622 284 248 44.7 306 253 37.8 65.5 15.7 241 41.7 46.9 643 626 412
OICR * [7] 56.1 727 409 267 257 66.6 671 130 242 48.4 39.5 16.4 20.3 69.4 8.1 23.9 49.2 47.5 639 658 423
Diba [24] 495 606 386 292 16.2 708 569 425 109 44.1 299 422 479 64.1 13.8 23.5 459 54.1 60.8 545 428
SGWSOD [37] 484 615 333 300 15.3 724 624 591 109 423 343 531 48.4 65.0 20.5 16.6 40.6 465 546 551 435
TS2C [11] 593 575 437 273 135 639 617 599 241 46.9 36.7 45.6 39.9 62.6 10.3 23.6 41.7 524 587 566 443
WSRPN [38] 579 705 378 5.7 21.0 661 692 594 3.4 57.1 573 352 64.2 68.6 32.8 28.6 50.8 495 411 300 453
PCL [23] 623 693 506 281 221 71.8 68.1 56.8 240 61.3 43.1 59.4 45.0 66.2 12.3 23.3 453 520 651 572 492
SDCN [39] 594 715 389 322 215 677 645 689 204 49.2 476  60.9 55.9 67.4 31.2 22.9 45.0 532 609 644 502
C-MIL [5] 625 584 495 321 19.8 705 66.1 634 200 60.5 529 535 57.4 68.9 8.4 24.6 51.8 587 667 635 505
Yang et al. [40] 576 708 50.7 283 27.2 725 69.1 650 269 64.5 474 477 53.5 66.9 13.7 29.3 56.0 54.9 634 652 515
OPG [41] 63.0 653 492 317 253 709 709 581 274 58.6 447 470 47.2 69.8 13.1 26.1 49.9 518 617 682 500
Jiang et al. [42] 60.1 745 519 296 302 688 726 446 198 66.0 488 437 63.2 68.2 17.7 25.1 53.7 608 561 631 509
OICR+MIST + Reg. [8] 679 786 55.6 256 29.1 69.8 754 503 276 67.2 39.6 282 50.2 72.0 15.7 26.1 62.7 522 68.0 56.7 509
Ours 714 792 555 316 22.6 715 755 523 204 64.8 449 352 49.8 71.8 22.3 27.9 59.6 523 706 683 524
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Table 5. Comparison of our method on PASCAL VOC 2012 with different baselines.

Method mAP

OICR [7] 379

PCL [23] 40.6

SDCN [39] 435

Yang et al. [40] 45.6
C-MIL [5] 46.7

OPG [41] 46.2

Jiang et al. [42] 43.8
OICR + MIST + Reg. [8] 47.7
Ours 48.3

5. Discussion and Conclusions

In order to further improve object detection accuracy, in this paper we proposed
two context proposal mining approaches and a Symmetry Context Module to incorporate
contextual information into the overall WSOD framework. Extensive experiments were
conducted on the benchmark datasets Pascal VOC 2007 [36] and Pascal VOC 2012 [35]. We
carry out ablation study on the context proposal location for both context mining strategies,
achieving 2.9% and 1.95% mAP improvement with fixed distance to the region proposal
boundary for NCP and GCP respectively. Experimental results show that the performance
can improve further with distance depending on the repective region proposal, demonstrat-
ing the generalization ability of our proposed context proposal mining strategies. For fair
comparison, we also conducted experiments on different baselines to eliminate the effect of
other implementation tricks, achieving 0.9-3.0% overall mAP improvements. Fusing con-
textual information of symmetrical spatial areas with region proposal scores is effective to
increase the object localization accuracy. Fusion with element-wise max of contextual score
matrices performs slightly better than fusion by element-wise average, due to covering
more discriminative contextual information. The Gaussian-based context proposal mining
was more robust at capturing contextual information, further improving the localization
accuracy. We also evaluated the effect of the number of context proposals and showed that
increasing the number of context proposals may not help the overall performance. Due to
the fact that our contextual mining strategies and SCM well exploit and utilize informative
contextual information from the surrounding areas of objects, our method has distinct
advantages for those categories whose objects have similar surroundings, such as “Aero”,
"Bike”, "TV”, etc. Our qualitative results comparing our method with the best performing
baseline show more insights on the advantage of our method.

Our future work may consider adjusting SCM to mine more useful information among
context proposals. Furthermore, introducing segmentation map as a guidance to mine
context proposals online could be another possible improvement. This way could reduce
the memory consumption due to a multiple-stream approach.
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Abbreviations and Notation Description

Abbreviations and Notation used most frequently in this manuscript:

Abbreviations / Notation Description

CNN Convolutional Neural Networks

WSOD Weakly Supervised Object Detection

FSOD Fully Supervised Object Detection

MIL Multiple Instance Learning

WSDDN Weakly Supervised Deep Detection Network

OICR Online Instance Classifier Refinement

mAP Mean Average Precision

MIST Multiple Instance Self-Training

I input image

Y = [y1,y2, - yc]T € REX1  image labels

x¢, x? € RC* IR| score matrix of localization stream and detection stream in SCM
Xt ¢ REXIR| fused context proposal score matrix of localization stream
C number of object classes

K the number of refinement stages

Frp feature vectors of region proposals

Feontext feature vectors of context proposals

image score of a specific class c

Cc
xRk ¢ R(C+1)x1 output score vector of proposal j of the kth instance classifier

Y;-‘ € R(CEH)x1 label for proposal j of the kth instance classifier
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