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ABSTRACT

Residual networks usually require more layers to achieve remarkable performance in complex visual cat-
egorization tasks, such as pose estimation. However, the increasing number of layers leads to a heavy
burden on training and forward inference as well as over-fitting. This paper proposed local binary resid-
ual block (LBB) to promote the very deep residual networks on the trainable parameters, FLOPs and accu-
racy. In each LBB, the 3 x 3 filters are binarized based on Bernoulli distribution under a sparse constraint,
an activation function is prepared to trigger the non-linear response, and the linear 1 x 1 filters are
learned in a real-valued way. After stochastic binarized initialization, the 3 x 3 filters in LBB need not
be updated during training. The above architecture reduces at least 69.2% trainable parameters and
70.5% FLOPs compared to the original model. The LBB is derived from three observations: 1) Activated
responses of one standard k x k convolutional layer can be approximated by combining binarized k x k
filters with 1 x 1 filters; 2) Most computation in the very deep residual networks is spent on the 3 x 3
convolutions; and 3) 1 x 1 filters play an important role in cross-channel information integration. In addi-
tion, the LBB module is suitable for the very deep network framework, including stacked hourglass net-
work and pyramid residual modules. Experiments are conducted on MPII and LSP dataset for pose
estimation task; CIFAR-10, CIFAR-100 and ImageNet datasets for object recognition; ECSSD, HKU-IS,
PASCAL-S, DUT-OMRON, DUTS for saliency detection. The results show that our model can accelerate

the training and inference of the network with only a slight performance degradation.

© 2020 Elsevier B.V. All rights reserved.

1. Introduction

Deep Residual Networks (ResNets) [1] have achieved state-of-
the-art results in object detection [2] and localization [3]. In spite
of the successes, ResNets require large amounts of memory and
computational power for training due to the ever-increasing num-
ber of convolutional layers. In addition, ResNets show its impres-
sive accuracy on many complex visual categorization tasks, such
as human pose estimation [3,4].

To overcome the difficulties on pose estimation (occlusion,
deformation, changes in clothing, lighting and camera views), the
modified ResNets [3,5] can be up to 1000 layers, with a huge
increase in the number of parameters and convolution operations
compared to ordinary ResNets for classification. Such giant-scale
network structures lead to a large number of training parameters,
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large time consumption and more data requirement for model
training.

Along with the very deep networks, the need for inference
speed-up is becoming urgent for real applications. For example, a
lightweight and compact binary architecture [6] is designed by
removing all the 1 x 1 convolutional filters for landmark localiza-
tion. Experiments show that network parameter binarization
greatly accelerates the inference time by replacing most arithmetic
operations with bit-wise operations. However, compared with
standard real-valued networks, the performance of such binarized
network drops almost 12%, which is quite a large margin.

In deep networks, convolutional filters with different sizes cap-
ture different patterns in data. There are two main kinds of filters.
First, Spatial Convolution, such as 3 x 3 or 5 x 5, has a receptive
field capable of capturing locally spatial information. Its outputs
indicate the response of the corresponding spatial patterns. It
spends most computation sources on learning this kind of filter
for generating more scalable spatial patterns. When the neural net-
works achieve very deep architecture with 1000 + layers, there are
a large number of spatial filters. Even if our filters are randomly
generated, the aggregation of responses from these filters can still
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characterize rich and discriminant spatial patterns. Second, 1 x 1
Convolution filters are created for three purposes, 1) cross-
channel information integration of feature maps from a given
layer; 2) dimension reduction in the filter space; 3) increasing
non-linear activation layer like ReLU. A number of models acceler-
ate the computation of the network by removing or binarizing the
1 x 1 filters. However, this has an adverse and irrecoverable influ-
ence on the whole network.

To reduce the deep model training complexity, we proposed
Local Binary Residual Block (LBB), which is the basic module for very
deep networks. In LBB, 3 x 3 spatial convolution filters are bina-
rized, while 1 x 1 convolution filters are learned in real values. Dif-
ferent from existing work, the 3 x 3 filters in LBB are stochastically
binarized under a sparse constraint of Bernoulli distribution, and
such constraint brings rich spatial patterns to the filters. Further-
more, the LBB obtain an enormous amount of more discriminant
spatial patterns by incrementally stacking the filters from different
layers of very deep networks. In detail, weights of 3 x 3 filters in
LBB only need to be initialized in the above way and do not need
to be updated during training. Thus it reduced at least 69.2% train-
able parameters for a 1000-layered ResNet due to the sparsity of
binary filters, and it accelerated the whole training and inference
stage because the binarized convolution operations are trans-
formed into addition and subtraction operations. Besides, the
experiments show the different initializations of 3 x 3 filters with
Bernoulli distribution bring a slight fluctuation of performance.

The combination of 1 x 1 filters with binarized 3 x 3 filter
responses aims to formulate the activated filter responses of one
standard 3 x 3 convolutional layer. LBB can be seen as approximat-
ing the full-precision weight with the linear combination of binary
weight bases. As Fig. 1b and Fig. 1c show, LBB is embedded into
two different network blocks. One is the original block of stacked
hourglass network (SHN), the other is the multi-branch pyramid
residual module (PRM), and they are generally called Local-
Binarized Residual Networks (LBRN). Due to its sparsity, LBRN can
1) save computations; 2) reduce the model size, both in terms of
memory usage and disk space; 3) avoid overfitting. During infer-
ence, the convolution operation in 3 x 3 filters turns into judgment
whether the information should be transferred or not to the next
layer. It defines a new kind of convolution operation, which can
significantly accelerate the forward propagation process.

The main contributions can be summarized as,

e We proposed local binary residual blocks (LBB) for accelerating
the training and inference of very deep residual networks. LBB
can be embedded in residual networks without bells and whis-
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tles. Promising results are obtained on the complex task,

namely pose estimation, which indicates that it is not necessary

to train all the parameters in the very deep networks.

The spatial convolution filters in LBB are generated through

stochastic binarization under a sparse constraint of Bernoulli

distribution, whose weights do not need to be updated during

training. This reduces at least 69.2% trainable parameters for a

1000-layered deep residual network. At inference time, the

FLOPs of each block in LBRN is 0.5 GFLOPs while that of the

full-precision network is 1.7 GFLOPs.

e Experiments show the LBB provides acceleration for the very
deep network with only a small performance degradation. The
performance is getting better as the number of layers and chan-
nelsin 1 x 1 filters increases. The performance of the whole net-
work is insensitive to the sparsity level setting of binary spatial
filters.

The rest of the paper is organized as follows. Section 2 presents
related work on network compression and acceleration, especially
binarization, and pose estimation. Section 3 introduces the method-
ology of our proposed LBB, and more technical details, such as the
binarization method and network structure. Section 4 shows the
quantitative experiments about our LBRN and their corresponding
analysis. Section 5 draws the conclusions.

2. Related work
2.1. Binarization

A significant number of approaches [7-11] has been prompted
to reduce the storage and computation costs of convolutional neu-
ral networks recently. These methods can be categorized into four
directions: network pruning [12-14], network quantization [15-
17], knowledge distillation [18-20] and compact network [21-
23]. Particularly, binarization is a special case of quantization.
Low precision binary network can save a lot of storage for DNNs.
Besides, binary networks can only perform bit operations, which
can greatly decrease the time consuming of DNNs. Thus approxi-
mating real-valued weights with binary representations has
attracted much attention from researchers.

M. Courbariaux et al. introduce Binarized Neural Networks
(BNNs), whose weights and activations is binarized at run-time.
Thus the memory size and computation consuming are greatly
decreased. Furthermore, it achieves almost the same performance
of state-of-the-art results on several datasets [24]. M. Rastegari
et al. propose two efficient networks: Binary-Weight-Networks

BN, RelLU, 3x3,
Real, (128, 128)

(@ (b)

(@)

Fig. 1. The residual block structures of different ResNets. (a) The original bottleneck block of stacked hourglass networks. The parameters of the blocks are real-valued. (b) The
structure of our LBB in stacked hourglass network. Only the 3 x 3 convolutions are binarized. (c) The structure of our LBB in pyramid residual module. Only the 3 x 3
convolutions are binarized. Note: a rectangular block containing: batch normalization, activation function, filter size, data type, the number of input and output channels.
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and XNOR-Networks. Both the filters and input are binarize in
XNOR, resulting in 58 x faster convolutional operations and 32 x
memory saving [25].

Based on XNOR, A. Bulat et al. design a lightweight, compact
and suitable multi-scale residual network for landmark localiza-
tion, which is the first work to apply binarization on landmark
localization tasks [6]. F. Juefei-Xu et al. propose local binary convo-
lutions, which couple pre-defined binary filters with learnable lin-
ear weights for classification [26]. Z. Li et al. introduce a high-order
binarization scheme, which recursively performs residual quanti-
zation and got high-order binary filters and gradients. The recur-
sive binarization operation can approximate the original network
more accurately. [27]. X. Lin et al. propose ABC-Net, which is differ-
ent from preceding networks in two aspects. Firstly, it approxi-
mates the full-precision weight with the linear combination of
several binary weight bases. Secondly, it utilizes multiple binary
activations to decrease information loss. ABC-Net achieves compa-
rable results as full-precision networks [28]. A. Mishra and D. Marr
improve the performance of low-precision networks through
knowledge distillation. This approach is called Apprentice, which
has three schemes and achieves state-of-the-art accuracy using
ternary precision [29].

2.2. Pose estimation

A. Bulat and G. Tzimiropoulos design a detection-followed-by-
regression CNN cascaded architecture to learn part relationship
and spatial information, which is robust even for severe part occlu-
sions [30]. SE. Wei et al. incorporate convolutional networks into
pose machine framework to learn image features and image-
dependent spatial models for pose estimation. They address the
problem of vanishing gradients through intermediate supervision
and get admirable results on several important benchmarks [31].
Z. Cao et al. propose a bottom-up parsing architecture to detect
2D pose of multiple people in an image, which achieves real-time
high accuracy. This approach uses Part Affinity Fields, which is a
non-parametric representation, to associate body parts in individ-
uals. Their method exceeds previous results on MPII benchmark
both in performance and efficiency [4]. Y. Chen et al. propose a
structure-aware convolutional network, which incorporates prior
knowledge of human bodies. They design discriminators to distin-
guish the real pose and the fake pose generated by pose generator
to learn the priors successfully. Their approach outperforms the
previous method and generates plausible human posed [32].

The very deep residual neural networks have achieved some
remarkable results in many tasks, but they bring a huge burden
on computation resources and have a huge number of parameters,
which makes the networks difficult to train and slow to converge.
Our model aims at optimizing the architecture of very deep neural
networks for pose estimation with our local binary residual blocks
(LBB), which can accelerate the procedure of network learning
while keeping a slight performance degradation. We apply our
LBB in two different networks for pose estimation: stacked hour-
glass network [3] and pyramid residual module [33]. Actually,
our model can be easy to extend into any deep network structures.
As each hourglass is a repeated bottom-up, top-down processing
with intermediate supervision, it demands quite large computation
resources. Our method is essentially a kind of trade-off between
accuracy and time efficiency.

3. Methodology

In this section, we first introduce stacked hourglass network,
pyramid residual modules, and local binary pattern. Stacked hour-
glass network is a widely used network for pose estimation with a
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repeated bottom-up, top-down structure. Pyramid residual mod-
ules aim to enhance the ability for multi-scale feature extraction
of stacked hourglass network. Based on the two networks, we uti-
lize local binary residual block (LBB) for pose estimation and get
satisfying performance. Then we demonstrate how we apply LBB
to the networks for pose estimation and the whole network struc-
ture. Next, we introduce two different binarization method and the
reason why we use the stochastic binarization method under a
sparse constraint in LBB. In the end, we formulate LBB and explain
why it can decrease the inference and training time.

3.1. Stacked hourglass network

Stacked hourglass network (SHN) is proposed by Newell et al.
[3], which is a widely used network for pose estimation. Due to
the flexibility of poses and different points of view, the scale of dif-
ferent body parts in each image are changed tremendously. The
motivation of SHN is to capture information of the image at every
scale. The hourglass network fuses all the features together to out-
put pixel-wise predictions.

SHN is a repeated bottom-up, top-down processing with an
intermediate supervision structure, as shown in Fig. 2. The steps
of pooling and subsequent is vital to combine features across all
scales and capture multiple spatial relationships with the body,
thus improving the performance of the network, and intermediate
supervision is crucial for the network to get the considerable per-
formance. Overall, their network shows robust results on MPII and
FLIC benchmarks and outcompeting all the past methods.

3.2. Pyramid residual modules

The difficulty of pose estimation lies in scale variations of differ-
ent parts due to camera view change and foreshortening. Although
the structure of SHN can capture information of an image at every
scale with its repeated bottom-up, top-down structure, in each
block the SHN can only capture features at one scale. Thus Yang
et al. propose pyramid residual modules (PRM) [33] to enhance
the network’s ability for scale variations. Each block in PRM is a
multi-branch structure, as can be seen in Fig. 1c. The pyramid
residual module is to build feature pyramids.

Yang et al. proposed four different kinds of pyramid residual
modules to capture multi-scale features in an image. Our based
model is shown in Fig. 1c. To capture multi-scale visual patterns
or semantics, the convolutional network turns into multi-branch.
The left branch is an identity mapping. The middle branch is the
same structure as the block in SHN. The branch on the right is sep-
arated into multi-branches again. Each branch has filters with dif-
ferent subsampling ratios. To reduce the resolution slowly and
subtly, fractional max-pooling [34] is adopted to resize the feature
maps. The computation of fractional max-pooling is shown as
follows:

sc=2"M dffc=0,....CCM > 1, (1)

where s, denotes the subsampling ratio between the output fea-
tures and input features, which ranges from 2 to 1. ¢ denotes

the cth level. For example, when ¢ =0, the resolution does not
change. When M = 1,c = C, the subsampling ration is 1.

3.3. Network structure

Although SHN and PRM get remarkable results on pose estima-
tion, the repeated residual blocks are quite a burden for training
and testing. Taking SHN as an example, the number of its layers
is up to 1464, which requires a large amount of computation and
memory resources.
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Fig. 2. The architecture of our LBRN under the structure of stacked hourglass networks, which stacks 8 hourglasses block. Each hourglass is composed of successive steps of
pooling and upsampling. LBB is our designed local-binarized residual block, which is the core component block of LBRN.

To reduce time and memory consumption of residual networks
for pose estimation, [6] proposed a full binarized residual network.
The final block structure is a novel hierarchical, parallel, and multi-
scale residual architecture, which is more suitable for binarization.
Its binarization method is deterministic on the base of Binary-
Weight-Network [25]. However, the performance of full binarized
residual networks degrades significantly. In addition, a carefully
designed residual block is vital to get better performance, which
makes it less flexible to adapt to existing ResNets [1].

To alleviate the above problems, as illustrated in Fig. 2, we pro-
pose local binary residual block (LBB). In LBB, only the 3 x 3 filters
are binarized under a sparse constraint while the 1 x 1 filters
remain real-valued. The motivations of LBB stem from three
aspects, 1) activated responses of one standard k x k convolutional
layer can be approximated by 1 x 1 filters with binarized filter
responses; 2) most computation in the very deep residual net-
works concentrates on the 3 x 3 convolutions; 3) 1 x 1 filters play
an important part in cross-channel information integration.

LBB can be embedded in the structure of stacked hourglass net-
work and pyramid residual module easily. As shown in Fig. 1a and
b, LBB is able to keep the consistent structure as the original bottle-
neck of SHN. Fig. 1c shows the application of LBB to PRM, which
doesn’t change any of the original settings. LBB can be applied to
residual networks without any bells and whistles. These residual
networks with LBB for pose estimation are called LBRN for conve-
nience in the subsequent.

As can be seen in Fig. 1b and c, the batch normalization and
activation function precede a convolutional layer in LBB. All the
3 x 3 filters are binarized under a sparse constraint. Besides, in
view of the effectiveness of the successive step of pooling and
upsampling in SHN, the two LBRNs keep a similar design philoso-
phy to it. At last, LBRNs produce a final set of heatmaps for
prediction.

At the training stage, the weights of binarized filters do not
need to be updated, so that there is no need to calculate the gradi-
ents in the 3 x 3 convolutional layers. For the original SHN, it can
save at least 69.2% trainable parameters. For the task where filters
with larger size are needed, LBRN help to reduce more trainable
parameters. Taking 5 x 5 filters as an example, it can save 86.2%
parameters during the training step. In testing, since the weights
are binary, the convolution operations can be performed purely
through additions and subtractions.

3.4. Binarization

In this subsection, we explore the binarization method in our
local binary residual block (LBB) for better and faster processing.

Generally, two different binarization approaches are usually
used in neural networks nowadays. One is deterministic methods
as follows,

+1
-1

x>0,
x <0,

sign (x) = (2)

The above sign function is a typical representation, where x denotes
a real-valued variable. Based on this straightforward and intuitive
function, several works have been proposed [35,25,28] to approxi-
mate the real-valued weights with binary weights.

However, shift-based batch normalization and specific updating
rules of weights such as discretization of gradients and optimiza-
tion methods are carefully designed in the deterministic binariza-
tion method. Furthermore, the weights are updated repeatedly
during the whole training process, which needs a lot of training
time.
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The other one is the stochastic method, which requires the
hardware to generate random bits to imitate the real-valued
weights. It has two impressive advantages, 1) it is easy to imple-
ment as no specific updating rules are needed compared to deter-
ministic ones 2) the binary weights need not be updated during the
training stage once they are generated. These binarized layers are
very similar to ReLU or Max Pooling layers, which do not have
any learnable parameters. [26] applied randomly generated binary
weights to standard convolutional neural networks (CNNs) and
achieved performance comparable to regular CNNs on the task of
classification. Considering the simplicity and efficiency, we design
our LBB in the stochastic binarization method under a sparse
constraint.

The procedure of stochastic binarization under a sparse con-
straint is as follows. First, a sparsity level is needed considering
the tolerance of the weights to non-zero values. The sparsity level
is set as 0.5 here, which means half of the parameters are zero. Sec-
ond, the rest parameters are assigned to + 1 or —1 randomly with
equal probability, according to Bernoulli distribution. The Bernoulli
random vectors are subgaussian and isotropic, which ensures that
activated responses of one standard k x k convolutional layer can
be approximated by 1 x 1 filters with binarized filter responses
and more intermediate binary filters can result in a better approx-
imation. Fig. 3 presents some examples of our binary convolutions.

3.5. Efficiency analysis

In this subsection, we take LBB based on stacked hourglass net-
work as an example to explain why it can reduce trainable param-
eters and accelerate training and testing steps.

3.5.1. Residual Module

As Fig. 1b shows, LBB in an hourglass consists of three parts. For
each residual module, let X;, X;,; € R“** be the input and the out-
put, where (c,w, h) represents channels, width, height respectively.
let the intermediate results be denoted by Xpi,Xm, € Rém<Wxh,
Wy € ROIIxen Wy ¢ {0,£1}m33m W, ¢ Ren=<1x1x¢ represent
the weights of these three different parts respectively, where the
middle two dimensions are filter size and the other two are input
and output channels. The forward procedure of LBB can be com-
puted as follows:

Xml = O-relu(xl) ® Wl,

Xmz2 = Orela(Xm1) @ Wy,
X1 = Oren(Xim2) @ W2 + X,

3)

where ® denotes convolution operation, @ indicates a convolution
without any multiplication, W1, W, denotes real-valued weight,
W, indicates the binarized weights. The weights of 3 x 3 filters
are binary thus we only need additions and subtractions.

3.5.2. Parameter Saving
The learnable parameters are greatly reduced as the 3 x 3 filters
do not need to be updated during training. As we can see, the num-

+1
+1

+1 +1

+1

Fig. 3. Examples of our binary convolutions.
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ber of trainable parameters in original real-valued residual block
can be computed as follows:

Pr=cxcCn+cCmx3x3xCy+CpyxC.

4)
The number of trainable parameters in LBB is as follows:

P,=cxcCpn+cCpnxc.

(5)

The ratio of the parameters of these two blocks is

Pr _ cxCmtmx3x3xCm+CmxC

P, CXCm+Cm XC (6)
=1+Ix@,

In our paper, ¢, is usually half of c. So the ratio equals to 3.25. If we

enlarge the filter size, for example, from 3 x 3 to 5 x 5, the ratio will
be 7.25.

3.5.3. Computation efficiency

We compare the computation efficiency of LBB and real-valued
residual block through floating point operations (FLOPs). The com-
putation of FLOPs we used in our paper is the same as [36]. Convo-
lution is regarded as a sliding window and the nonlinearity
function is computed for free. Thus, the computation formulation
is:

FLOPs = 2HW/(CiuK? + 1)Cou, 7)

where H and W are height and width, K is the kernal size and
Cin, Cour denote the number of input and output channels.
Here, we omit the bias. Thus, for a real-valued residual block in
stacked hourglass network the FLOPs is:
FLOPs, =2 x2x64x64x256x1x1x128+2x64 x64
x 128 x 3 x 3 x 128

~ 1.7GFLOPs,

For our LBB we compute FLOPs as:

=2x2x64x64x256x1x1x128
~ 0.5GFLOPs,

FLOP:
OPs ©)

so LBRN can be about 3 x faster than original real-valued networks.

3.6. Convergence analysis

Here is the proof why any 3 x 3 convolution can be approxi-
mated by 3 x 3 binary filter with 1 x 1 filters. Suppose X is the fea-
ture maps of input layer, B is the fixed binary 3 x 3 x M x P filters,
Vis the 1 x 1 x P x N filters, W is 3 x 3 x M x N filters, M is the
channel number of input layer, N is that of output layer, P is that
of intermediate output). Our goal is to prove

C~B (10)
when

C= O-relu(WTX)v

B=D"V, (11)
D0 ey (BX).

There are two cases. 1) C = 0: because D >= 0, there always exits a
Vsuch that C =B. 2) C > 0: If D > 0, there exits a V such that C = B.
If D =0, the approximation does not hold. According to Theorem.
5.39 in [37] and concentration inequalities, D vector are greater
than zero with high probability. So any 3 x 3 convolution can be
approximated by the cascading of 3 x 3 binary filter and 1 x 1
filters.
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4. Experiments

We conduct experiments on two widely used datasets for
human pose estimation: MPII, LSP and its extended dataset LSPET.
We use the same PCKh evaluation method for both datasets. We
test the two different LBRNs and compare the results with the orig-
inal full-precision networks. Some experiments are conducted to
verify the importance of 1 x 1 filters. Experiments on the sparsity
level are presented. Ablation studies are provided to see the influ-
ence of different settings. We also conduct experiments on CIFAR-
10, CIFAR-100 datasets and ImageNet for object recognition and
ECSSD, HKU-IS, PASCAL-S, DUT-OMRON, DUTS for saliency detec-
tion. The results show that our method is suitable for object recog-
nition and saliency detection as well.

4.1. Pose estimation on MPII dataset

The MPII human pose dataset, which is made for articulated
human pose estimation [38]. It contains 25 K images over 40 K
people with annotated body joints (28 k training and 11 k testing).
Each image is extracted from YouTube video on every day human
activities. Since testing annotations are not provided, all the results
are generated on the standard training-validation partition of MPII.
The validation contains about 3000 samples.

4.1.1. Training Settings

The LBRN based on stacked hourglass network (LBRN-S) is
trained through RMSprob [39] algorithm with a learning rate of
2.5e-4, which can speed up first-order gradient descent methods.
The training epoch is 100 with a mini-batch size of 4. Batch nor-
malization operations are used before each convolutional layer,
speeding up training and reducing the internal covariate shift of
input data. The loss function is Mean Squared Error (MSE) criterion
which minimizes the distance between prediction and target.
Compared to the original stacked hourglass networks (SHN), the
only extra hyper-parameter is sparsity level, the percentage of
non-zero values in the local-binarized convolutional layers. It is
notable that the weights of 3 x 3 convolutions are fixed so that
there is no need to calculate the gradients or update the weights.

Data augmentation method such as scaling, rotation, flipping is
used at training step for both networks. The LBRN based on PRM
(LBRN-P) uses the same optimization method as stacked hourglass
network. We train the PRM network with 2 stacked hourglasses.
The training epoch is 250 with a mini-batch size of 6. The initial-
ized learning rate is 2.5e-4 which is dropped by 10 at 150th,
170th and 200th epoch. The cardinality is set as 4, which means
the feature pyramids will be divided into four scales.

4.1.2. Evaluation Measures

We take advantage of the Percentage Correct Keypoints (PCK)
metric for evaluation. On MPII, PCKh metric, where the distance
is normalized based on head size of the target [38], is used in our
results. PCKh@0.5 denotes the distance less than a normalized dis-
tance of 0.5.

4.1.3. Results

We compare the LBRNs with real-valued ResNets, full-binarized
ResNets [6] and full-binarized stacked hourglass network on the
MPII dataset. Full-binarized stacked hourglass network has the
same structure as our LBRN. Full-binarized ResNets [6] is a hierar-
chical, parallel and multi-scale structure designed for pose estima-
tion. Fig. 1a, Fig. 1b and Fig. 1c denote the bottleneck block of
stacked hourglass network, LBRN-S and LBRN-P respectively. We
can see from the block structure that before each convolutional
layer (1 x 1,3 x3), batch normalization and ReLU layer are
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stacked. Both the LBRNs follow the structure of stacked hourglass
as Fig. 2 shows. However, stacked hourglass network and its corre-
sponding LBRN-S are built up with 8 hourglasses, while PRM and
its corresponding LBRN-P have only 2 hourglasses. Table 1 presents
the comparison results, and we can have the following findings.

First, comparing with full-binarized neural networks, LBRN-S
and LBRN-P achieve a significant improvement of 9.3% and 9.5%
separately while the size of parameters is very close. This means
that our local binary residual module can boost the performance
under a low parameter growing. It is not necessary to train all
the parameters in a residual network for pose estimation.

Second, compared with SHN and PRM, LBRN-S and LBRN-P have
a slight performance degradation of 1.4% and 0.8%, but the param-
eter number of LBRN-S and LBRN-P is about 30% of SHN and PRM,
which means LBRN can save plenty of parameter space and train-
ing time. Furthermore, the 3 x 3 filters do not need to be updated
during the training stage, and this can accelerate the training of the
model. During inference time, the convolution operation in 3 x 3
filters turns into judgment whether the information should be
transferred or not to the next layer. It defines a new kind of convo-
lution operation, which can significantly accelerate the forward
propagation process.

Third, due to the number of stacked hourglasses, the perfor-
mance of PRM is less than SHN. However, the performance of
LBRN-P is better than LBRN-S. Perhaps it is because of the multi-
scale structure of PRM, which corresponds to different scales of
local binary pattern.

Fourth, Fig. 5 shows some examples of pose estimation from
these networks. The pose estimation of our LBRN is very similar
to that of real-valued networks. On the contrary, many defects
appear on the results of full-binarized residual networks. In short,
our LBB can be regarded as one substitute for traditional very deep
neural networks.

4.1.4. Ablation Study
We conducted experiments with different settings to find better
network structure and hyper-parameters.

4.1.4.1. Sparsity Level. We first conducted experiments on different
sparsity levels. Sparsity denotes the percentage of non-zero
weights in a 3 x 3 filter. For example, the sparsity of 0.1 indicates
that 90% of the weights in a 3 x 3 filter are zero. Table 2 present
the results of experiments on different sparsity levels. It can be
seen that the influence of different sparsity on performance is quite
small, with a margin less than 0.5%. No matter how sparse the
3 x 3 is, the combination of 1 x 1 filters with binarized 3 x 3 filter
responses can formulate the activated filter responses of one stan-
dard 3 x 3 convolutional layer well, which demonstrate the valid-
ity of this structure.

4.1.4.2. Importance of Convolutional Layers with 1 x 1 filter. In this
subsection, we compare the performance of our LBRN with differ-
ent numbers of 1 x 1 filters. We conduct several experiments to
explore the impact of convolutional Layers with 1x1 filters. The
only difference between the experiments is the number of 1 x 1 fil-
ters. Each LBB (Fig. 1b) of LBRN-S has two convolutional layers with
1 x 1 filters. We use ‘LBB-1’ to indicate the bottleneck block with
only one 1 x 1 convolutional layer. Table 3 shows the detailed
comparison, and we can find, the network with more 1 x 1 filters
always get better performance. These three observations provide
a strong support for the importance of 1 x 1 filters in residual net-
works. This is also one of the motivations of the local binarization
in our LBRN. With these linear learnable parameters, binarized fil-
ter responses can be combined to approximate activated responses
of one standard k x k convolutional layer easily.
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Results on MPII validation set (PCKh@0.5). HG-Binary: Full-binarized stacked hourglass network [G]. Binary: Full-binarized residual network [6]. SHN: Stacked hourglass network.
LBRN-S: Local-binarized residual network based on stacked hourglass network. PRM: Pyramid residual module network. LBRN-P: Local-binarized residual network based on
pyramid residual module. #Param: The amount of trainable parameters of each basic residual block.The Binary, SHN, LBRN-S are bult up with 8 hourglasses, while PRM, LBRN-P
are built up with 2 hourglasses for efficiency. For LBRN-S on MPII dataset, the average PCKh over ten repetitions is 87.2+/-0.14.

HG-Binary Binary SHN LBRN-S PRM LBRN-P

Head 90.5 94.7 96.7 96.4 96.2 96.1
Shoulder 79.6 89.6 95.0 94.0 95.2 95.1
Elbow 63.0 78.8 88.2 87.5 89.2 88.2
Wrist 57.2 715 843 814 843 82.6
Hip 711 791 86.4 85.5 88.4 88.3
Knee 58.2 70.5 84.4 80.5 83.6 82.7
Ankle 534 64.0 80.7 77.0 80.6 79.2
Total 67.2 781 88.8 874 88.4 87.6
#Param 0.006 0.013 M 0213 M 0.065 M 0.262 M 0.078 M
FLOPs - - 1.7G 0.5G 2.1G 0.6G

Table 2

Results on MPII validation set of different sparsity(PCKh@0.5).
Sparsity Elbow Wrist Knee Ankle Total
0.1 86.6 81.6 81.8 78.2 87.2
0.2 86.4 81.9 80.8 78.1 87.0
03 87.1 82.2 81.3 77.8 87.4
0.4 87.0 82.2 813 77.8 87.4
0.5 86.7 81.1 81.3 78.4 87.1
0.6 87.2 814 81.0 78.2 87.2
0.7 87.5 81.9 81.2 77.6 87.4
0.8 86.8 81.5 81.4 78.6 87.1
0.9 87.2 81.6 81.7 77.8 87.2

Table 3

Results on MPII validation set (PCKh@0.5). The bold number denotes the number of 1 x 1 filters of each convolutional layer. ‘LBRN’ here denotes the networks based on stacked
hourglass network (LBRN-S). There is only 1 layer of 1 x 1 filters in ‘LBRN-1". The sparsity here is 0.5.

LBRN(256) LBRN(128) LBRN(64) LBRN-1(256)
Head 96.4 96.0 95.3 95.8
Shoulder 94.0 93.7 92.5 929
Elbow 87.5 86.0 83.1 84.5
Wrist 81.4 80.1 76.6 78.2
Hip 85.5 85.4 83.1 824
Knee 80.5 80.5 76.6 77.8
Ankle 77.0 76.5 72.8 74.4
Total 87.1 86.5 84.1 84.8

4.1.4.3. Network Structure. We conduct experiments on three dif-
ferent network structure settings: 1) removing the 3 x 3 filters,
2) binarizing 1 x 1 convolutional layers while keeping 3 x 3 convo-
lutional layers real-valued, 3) binarizing half the filters in 3 x 3
convolutional layers. Table 4 shows the results of the three differ-
ent settings.

The total PCKh of LBRN-1 is 54.6%, which is far below the result
(87.2%) of LBRN-S at sparsity level of 0.1. This is because 3 x 3 bin-
ary filters with a sparsity of 0.1 are different from 1 x 1 filters, even
if there is only one activated element in a 3 x 3 filter. To generate
one feature map, we need a 3 x 3 x N filter. The combination of N
stacked 3 x 3 filters corresponds to a larger receptive field than
1 x 1 filters. It can bring more discriminative representation.

Most parameters and computation resources are spent on 3 x 3
convolutional layers. Binarizing 1 x 1 convolutional layers while
keeping 3 x 3 convolutional layers real-valued is weak in network
speedup and compression. The total PCKh of LBRN-2 is 86.7% on
MPII dataset, which is 0.7% lower than LBRN-S. Besides, It spends
2.4x longer time and 2.66x memory than LBRN-S. The total PCKh
of LBRN-3 is 88.4%, which is only 1% higher than LBRN-S. How-
ever, It consumes 2.2x longer time and 2.1x memory than
LBRN-S.
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Table 4

Results on MPII validation set (PCKh@0.5). LBRN-1 denotes the network removing all
the 3 x 3 filters. LBRN-2 denotes the network binarizing 1 x 1 convolutional layers
while keeping 3 x 3 convolutional layers real-valued. LBRN-3 denotes the network
binarizing half the filters in 3 x 3 convolutional layers. The sparsity level here is 0.5.

LBRN-1 LBRN-2 LBRN-3
Head 79.3 96.0 96.5
Shoulder 67.1 93.7 94.6
Wrist 48.5 80.4 83.8
Elbow 52.8 86.7 88.1
Hip 44.3 84.8 86.5
Knee 38.5 80.7 83.4
Ankle 40.6 77.7 79.8
Total 54.6 86.7 88.4

4.1.4.4. Network size. Two kinds of experiments are conducted to
verify the impact of different model sizes. One is to alter the num-
ber of stacked hourglasses, the other one is to change the size of
the hourglass module.

Table 5 shows the comparison results. We can observe, 1) net-
works with 8 stacked hourglasses outperform the ones with 4,
which is consistent with the conclusion of real-valued ones [3].
2) the performance descents if the hourglass is halved, which
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Table 5

Results on MPII validation set (PCKh@0.5). The bold number denotes the number of stacked hourglasses. ‘half denotes the structure of hourglass is halved. The sparsity level here

is 0.5.

SHN(8) SHN(4) LBRN(8) LBRN(4) LBRN(8, half)

Head 96.6 96.4 96.2 95.7 96.4
Shoulder 95.2 94.2 94.2 934 934
Wrist 88.7 87.9 86.7 85.7 86.4
Elbow 84.1 82.9 81.1 80.2 80.9
Hip 87.0 86.1 85.5 85.3 85.0
Knee 83.6 82.6 81.3 80.8 80.0
Ankle 80.4 80.1 78.4 76.9 77.6
Total 88.8 88.0 87.1 86.5 86.6

o

Fig. 4. Structure of halved hourglass (hg-half).

proves the effectiveness of the repeated pooling and upsampling
hourglass structure. The structure of ‘half is shown in Fig. 4.

4.1.4.5. Activation function. Table 6 shows the result of different LBB
with the sigmoid and ReLU activation functions Although the per-
formance of LBRN-relu is better than that of LBRN-sigmoid, the dif-
ference is slight. This demonstrates that our LBB is universal to
different activation functions.

LBRN-S

LBRN-P

4.2. Pose estimation on LSP and LSPET datasets

The Leeds Sports Pose (LSP) [40] and its extended training data-
set [41], which contains 12000 images gathered from Flickr of
mostly sportspeople. The images have been scaled such that the
most prominent person is roughly 150 pixels in length. Each image
has been annotated with up to 14 joint locations. The first 1000
images in LSP are used for training, and the last 1000 images are
used for testing. The images in LSPET are all used for training. MPII
training set is added to LSP and LSPET in the previous method. We
follow the same setting to train our model.

4.2.1. Training settings

For the LSP test dataset, we use the image center as the body
position and estimate the body scale by the image size. We aug-
mented the training data through scaling, rotation, flipping, and
adding color noise. The training settings are the same as the net-
works on MPII dataset.

4.2.2. Evaluation measures

We use PCKh metric to evaluate the results. Instead of
PCKh@0.5, PCKh@0.2 is used for LSP dataset, which denotes the
distance less than a normalized distance of 0.2.

Fig. 5. The example output of pose estimation from different networks. The results of LBRN are similar to that of the full-precision network and outperform that of the full-
binarized residual networks. On the left of each image, the final pose estimation is provided after the max activations across each heatmap. On the right we can see all the

heatmaps of different joints.
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Table 6
The performance comparison of the LBRN-S with different activation functions. The
sparsity level here is 0.5.

LBRN-relu LBRN-sigmoid
Head 96.2 96.0
Shoulder 94.2 933
Elbow 86.7 86.1
Wrist 81.1 82.0
Hip 85.5 84.7
Knee 81.3 81.2
Ankle 78.4 77.4
Total 87.1 86.7

4.2.3. Results

The results of SHN, PRM and LBRN on LSP dataset are shown in
Table 7. For SHN and LBRN-S, we stacked 8 hourglasses for training
and testing, while PRM and LBRN-P are built up with 2 hourglasses
for efficiency. That's the reason why SHN performs better than
PRM. The results of SHN is 1.5% higher than LBRN-S and that of
PRM is only 0.6% higher than LBRN-P. Similar to the results on MPII
dataset, the margin between SHN and LBRN-S is larger than that of
PRM and LBRN-P. This is corresponding to the characteristic of
local binary pattern (LBP). It can meet the needs of capturing fea-
tures of large scale structures when the LBP is multi-scale. Fig. 6
shows some examples and failure cases of the network output on
LSP dataset.

4.2.4. Sparsity level

Table 2 shows different sparsity levels of LBRN-S have little
impact on the performance for MPII dataset. We also conduct
experiments of LBRN-P with different sparsity on LSP dataset.

Table 7

Neurocomputing 430 (2021) 82-93

Table 8 shows the results. The same observation is obtained that
the sparsity level has little impact on the performance, so we can
choose the sparsity level according to the computing power of
the hardware device. The representation ability of LBB depends
on cascading binary 3 x 3 filters and 1 x 1 filters. It achieves the
optima by learning the 1 x 1 filters in the training stage.

4.3. Object recognition on CIFAR datasets and ImageNet

The CIFAR Dataset [42], including CIFAR-10 and CIFAR-100, is a
widely used dataset for object recognition. The CIFAR-10 dataset
consists of 50000 training images and 10000 testing images, which
are classified into 10 classes with 6000 images per class. Each
image is a 32x32 color image so that it can be fast to train the data-
set and test different algorithms. CIFAR-100 is kind of like CIFAR-
10, containing 60000 images with a size of 32x32 each. The differ-
ence is that CIFAR-100 has 100 classes with 500 images for training
and 100 for testing in each class. ImageNet (ILSVRC2012) has 1.2 M
train images from 1 K categories and 50 K validation images. The
images in this dataset are natural scenes with higher resolution.
We evaluate our methods on a subset of it due to computational
resource limitations.

4.3.1. Training settings

The ResNet we used for training contains 56 convolutional lay-
ers with three different bottlenecks. Each bottleneck has the struc-
ture of stacked 1 x 1,3 x 3 and 1 x 1 filters. The number of each
bottleneck is 6. The network structure of ResNet-56 in our work
is shown in Fig. 7.

The performance comparison on LSP validation set
(PCKh@0.2). SHN: Stacked hourglass network. LBRN-S:
Local-binarized residual network based on stacked hour-
glass network. PRM: Pyramid residual module network.
LBRN-P: Local-binarized residual network based on pyra-
mid residual module. The SHN, LBRN-S are bult up with 8
hourglasses, while PRM, LBRN-P are built up with 2
hourglasses for efficiency. The sparsity level os LBRN-S
and LBRN-P is 0.5. For LBRN-P on LSP dataset, the average
PCKh over ten repetitions is 91.9+/-0.41.

SHN LBRN-S PRM LBRN-P
Head 98.5 97.7 98.1 98.1
Shoulder 94.6 93.6 94.1 93.8
Elbow 90.2 88.7 89.9 88.6
Wrist 87.6 85.1 86.9 85.6
Hip 94.2 92.8 93.4 93.1
Knee 94.0 92.4 94.1 93.5
Ankle 93.5 91.5 92.8 92.2
Total 93.2 91.7 92.7 92.1

SHN

LBRN-S

PRM LBRN-P

Fig. 6. Some example output of the different networks on LSP dataset. Some failure cases are shown in the second row. Our methods fail in distinguish the left and right joints.
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Table 8
Results on LSP validation set of different sparsity (PCKh@0.5).
Sparsity 0.1 0.2 0.3 0.4 0.5
Total 91.1 91.9 91.8 91.6 92.1
Sparsity 0.6 0.7 0.8 0.9 1-1
Total 92.0 91.9 91.9 923 1-1
layer name ResNet-56 tiveness of our LBB on salignFy detection, we use CPD [45] as our
backbone and replace its original 3 x 3 filters with our local binary
convl 3x3, 16 residual blocks. CPD is a cascaded partial decoder framework
1x1,16 which discards low-level features and utilizes generated relatively
conv2 x 6x13%3,16 precise attention map to refine high-level features to improve the
1x1, 64 performance. We evaluate our method on five benchmark data-
1x1,32 sets: ECSSD [48], HKU-IS [49], PASCAL-S [50], DUT-OMRON [51],
conv3 x 6 X4 3%3,32 DUTS [52]. We adopt mean absolute error (MAE) and F-measure
1x1,128 (maxF) as our evaluation metrics.
1x1, 64
convéd x 6 X{ 3%3, 64 4.4.1. Results
1x1,256 Table 10 shows the results of CPD and CPD-LB. CPD is the base-
line method and CPD-LB denotes our local binarized network. The
average pool, fc, softmax performance of CPD-LB is nearly the same as CPD. However, the

Fig. 7. The network structure of the ResNet-56 we used in our work.

4.3.2. Results

Our proposed LBB can be applied to ResNet with a little perfor-
mance degradation, as Table 9 shows. ResNet-56 denotes the orig-
inal full-precision ResNet, while the ResNet-LBB-56 denotes our
local binary version. The results of ResNet-56 and ResNet-LBB-56
on CIFAR-10, CIFAR-100, and a subset of ImageNet are very close.
Our method can save about 60% of the training parameters for
the ResNet. During forward propagation, our method only costs
half FLOPs of the original network.

4.4. Saliency detection on ECSSD, HKU-IS, PASCAL-S, DUT-OMRON and
DUTS

Saliency detection [43-47] aims to detect the salient object in

an image. With the development of residual networks, saliency
detection has achieved surprising performance. To prove the effec-

Table 9

flop of each basic convolution block is 9 times higher than the local
binary residual block’s. The results further validate the potential of
our local binary residual block for visual categorization tasks.

5. Conclusion

Deep residual networks have achieved great success in many
applications nowadays. With the increased layers, the computation
resources become an impassable bottleneck. For complex tasks
such as pose estimation, the depth of the networks can be up to
1000 layers. In this paper, we proposed a local binary residual
block (LBB) to accelerate training and testing steps. LBB can be
embedded into stacked hourglass network and pyramid residual
module, which is called LBRN for simplicity. The LBB approximates
the standard k x k convolutional layer by cascading binary k x k fil-
ters and 1 x 1 filters. The comparison experiments on MPII and LSP
datasets show that LBB can reduce 69.2% parameters and 70.5%
FLOPs with only a slight loss of accuracy. Compared to fully bina-
rized residual networks, our approach can improve the perfor-

The results of ResNet and ResNet-LBB on CIFAR-10, CIFAR-100 and a subset dataset of ImageNet. #Param: The number of trainable parameters. FLOPs: Floating point operations

during inference time.

Dataset Network top-1 top-5 FLOPs #Param
CIFAR-10 ResNet-56 7.09 0.26 0.069G 0.48 M
ResNet-LBB-56 7.49 0.22 0.034G 0.19 M

CIFAR-100 ResNet-56 26.44 7.31 0.069G 0.48 M
ResNet-LBB-56 27.21 7.69 0.034G 0.19 M

ImageNet-sub ResNet-56 9.6 1.4 0.069G 048 M
ResNet-LBB-56 9.8 1.6 0.034G 0.19 M

Table 10

Comparison of different methods on five benchmark datasets and two metrics including MAE (lower is better), max F-measure (higher is better). The comparison is under two
settings (with VGG and ResNet50 backbone netowrk). CPD is the baseline method and CPD-LB represents CPD with local binary residual block.

Method Backbone ECSSD HKU-IS PASCAL-S DUT-OMRON DUTS-TEST
maxF MAE maxF MAE maxF MAE maxF MAE maxF MAE
CPD VGG16 0.936 0.040 0.924 0.033 0.866 0.074 0.794 0.057 0.864 0.043
CPD-LB VGG16 0.933 0.041 0.924 0.033 0.851 0.075 0.779 0.058 0.858 0.045
CPD ResNet50 0.939 0.037 0.925 0.034 0.864 0.072 0.797 0.056 0.865 0.043
CPD-LB ResNet50 0.937 0.038 0.923 0.034 0.848 0.074 0.787 0.055 0.858 0.044
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mance by 9.3%. Experiments also indicate the LBB is insensitive to
the sparsity level. Besides, LBB can also be applied to object recog-
nition and get good results. In the future, we will extend LBB to
other deep architectures on more complex tasks.
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