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Upon the Special Issue on  

Journal Track Papers in IEVC2019 

Editor: Prof. Yuriko TAKESHIMA 
Tokyo University of Technology  

 The 6th International Conference on Image Electronics and Visual Computing 

(IEVC2019) was held in Bali, Indonesia on August 21-24, 2019 as the international 

academic event of Image Electronics Engineers of Japan (IIEEJ). It was based on the great 

success of previous five workshops in 2007 (Cairns, Australia), 2010 (Nice, France), 2012 

(Kuching, Malaysia), 2014 (Koh Samui, Thailand), and 2017 (Da Nang, Vietnam). The aim 

of the conference is to bring together researchers, engineers, developers, and students from 

various fields in both academia and industry for discussing the latest researches, 

standards, developments, implementations and application systems in all areas of image 

electronics and visual computing. 

There were two paper categories in IEVC2019: general paper and late breaking paper 

(LBP), and in general paper, there were two tracks: Journal track (JT) and Conference 

track (CT). In IEVC2019, 33 JT papers, 52 CT papers and 24 LBP were submitted.  

Journal track is a newly introduced one and has the advantage to be able to publish the 

paper on the journal (IIEEJ Trans. on IEVC) in the “Special Issue on Journal Track in 

IEVC2019” planned on December 2019 issue. JT papers were submitted as full paper 

version (8 pages) by the conference paper submission deadline (March 2019), to be 

peer-reviewed in advance. At the timing of review result notification for conference paper, 

initial review result for journal paper will be also sent to authors. JT papers passed the 

conference paper level judgement, shorter version (2-4 pages) will be asked to submit for 

the inclusion into the proceedings. After the conference, authors were given a period of 

three weeks to revise the paper, to reflect the initial review result and also comments 

received at the conference presentation.  

This special issue is limited to JT papers of which revised version were submitted by the 

announced deadline, and includes seven papers which passed the review process to be in 

time for the publication schedule. We also plan the special issue on “Extended Papers 

Presented in IEVC2019” for all presenters in IEVC2019 in the next transaction.  

Finally, I would like to thank all the reviewers and editors for their time and efforts 

towards improving the quality of papers. I would also like to express my deepest gratitude 

to the members of the editorial committee of IIEEJ and the staff at IIEEJ office for various 

kinds of support. 
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IIEEJ Paper

Binary Malignancy Classification of Skin Tissue Using Reflectance

and Texture Features from Macropathology Multi-Spectral Images

Eleni ALOUPOGIANNI†, Hiroyuki SUZUKI††, Takaya ICHIMURA†††,
Atsushi SASAKI†††, Hiroto YANAGISAWA†††, Tetsuya TSUCHIDA†††,
Masahiro ISHIKAWA††††(Member), Naoki KOBAYASHI††††(Fellow), Takashi OBI††

†Tokyo Institute Of Technology, Department of Information and Communications Engineering ,
††Tokyo Institute of Technology, Research Institute for Innovation in Science and Technology ,
††† Saitama Medical University, Faculty of Medicine ,
†††† Saitama Medical University, Faculty of Health and Medical Care

<Summary> This study suggests an analysis procedure on macropathology multi-spectral images

(macroMSI), for visual representation of grossly malignant regions of skin samples during excision mar-

gin pathological diagnosis. We implemented binary malignancy classification on a database of ten high-

resolution 7-channel macroMSI tissue samples, captured before and after formalin fixing. We reconstructed

spectral reflectance by Wiener estimation and described texture using local binary patterns (LBP). High-

lighted malignancy regions were derived from an optimal classifier selected by cross-validated performance.

The results show that malignant regions are highlighted fairly accurately and indicate the importance of

analyzing unfixed tissue in conjunction with fixed tissue.

Keywords: macropathology, multispectral imaging, spectral reflectance, texture features, skin cancer clas-

sification

1. Introduction

Conditions related to skin cancer are a prevalent health

concern in Japan. In year 2013 alone, 19.706 skin can-

cer incidents were recorded across the country1)and skin

cancer crude mortality rates almost doubled from 1999 in

20142). Skin lesion treatment begins with macropathol-

ogy, which refers to the initial examination of excised

tissue specimens, prior microscopic evaluation3). Usual

protocol requires compilation of a report describing gross

features and photographs of specimens to map dissec-

tion sites after formalin fixing and bread-loafing. Rele-

vant gross features are upheld by changes in shape, size,

color or texture6), while melanoma detection employs the

commonly referred as ABCDE macroscopic descriptors

(asymmetry, border, color, diameter, evolution)7).The

pathologist’s goal during initial biopsy is to accurately

identify critical tissue areas on the specimen and assess

the condition of their margins, in order to determine

whether further ablation is required. A major concern in

macropathology is protocol and equipment discrepancies

among different pathology laboratories. Specifications of

the camera system, image acquisition algorithm, scene

illumination and display device are factors which cause

color variation in the resulting image4). Imaging quality

is essential for effective pathology, taking into account

that in many instances a second evaluation is necessary.

Furthermore, macropathology is dependent on the age,

training and experience of the physician5), while lacking

standardization and automation as a procedure. Con-

sequently, it is time-consuming and produces high work-

load for the pathology laboratory. In the advent of digital

pathology, macropathology remains an impractical task.

Multi-spectral images (MSI), an enhancement of the

RGB format, can alleviate obstacles in image quality and

color reproduction through the use of narrow band filters,

expressing a spectral dimension. MSIs exhibit higher sen-

sitivity to image features that are masked in RGB images,

while MSI cameras become more affordable due to tech-

nological advancement. Additionally, MSI is preferred

for retrieving spectral surface reflectance of objects com-

pared to RGB. Machine learning classification at der-

matologist level based on conventional or multispectral

images has been already investigated with favorable ac-

curacy8),9). However, macropathology images are gener-

ally neglected, with current focus being on multispectral

digital slide images for histological analysis10), improve-

ment of color validity11)and cancer tissue classification12).

               　　-- Special Issue on Journal Track Papers in IEVC2019 --
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By applying traditional machine learning techniques on

macropathology MSI (macroMSI) of excised skin tissue,

this study aims to investigate automatic classification of

tissue malignancy and provide a visual tool for diagnosis

that performs in a consistent manner independently of

capturing conditions.

We propose a novel quasi-automated framework based

on color and texture analysis of macroMSI, capable of

classifying malignancy of critical regions on excised tis-

sue in order to assist margin identification for skin cancer

in current macropathology practice. Our approach at-

tempts to mimic the pathologists’ assessment of color and

texture, by combining hand-crafted features from recon-

structed spectral reflectance and local binary patterns,

respectively. Our aim is two-fold. First, we investigate

the effectiveness of features derived from a new macroMSI

dataset, composed of both fixed and unfixed skin speci-

mens during macropathology. Secondly, we examine a vi-

sual representation of probability malignancy on critical

areas based on binary classification score from traditional

machine learning classifiers.

2. Materials and Methods

2.1 Dataset and capture

All skin specimens comprising our dataset were ob-

tained from the Central Pathology Department of

Saitama Medical University Hospital in Saitama, Japan.

The study subjects were patients for which clinical exami-

nation indicated need for further treatment. The hospital

council approved data collection and all participants gave

informed consent for the scientific use of their data. A to-

tal of 10 specimens were excised from an equal number of

patients after clinical examination. A trained pathologist

examined each excised specimen, identified on average 5

points of interest (POI) on every specimen and labelled

each POI as malignant or not. The same pathologist

later performed formalin fixing and cross sectioned the

specimens. The effective dataset totalled 115 POIs, of

which 35 were captured before fixing (21 malignant, 14

benign), 41 after fixing (23 malignant, 18 benign) and 39

after cross sectioning (24 malignant, 16 benign).

The core element of the capturing system was the open-

platform camera OLYMPUS AIR A01 (4/3” Live MOS

sensor, high resolution, 1736x2320 pixels, lens M.ZUIKO

DIGITAL ED 30mm F3.5 Macro) located at 20cm above

the capture stage and contained in a dark box. The spec-

tral sensitivities of the RGB camera sensor and the spec-

tral illumination characteristics are shown in Fig. 1. A

timer controlled sequential capture under 7 narrow-band

LED illuminations in the visible spectrum, resulting in 7

raw RGB images. Based on the illumination and sensi-

tivity overlap at each spectral frequency, either the R, G

or B channel of the raw image was selected to serve as

a channel subimage, resulting in a 9-channel macroMSI

as shown in Fig. 2. For modeling and evaluation pur-

poses, we also captured a conventional RGB image and

the reflectance spectrum of each POI with a spectrome-

ter (TOPCON SR-3AR, small area measurements). All

the above steps were repeated 3 times for each specimen:

immediately after excision (unfixed case), after formalin

fixing (fixed case) and sectioning (cross sectioned case).

(a)

(b)

Fig. 1 Spectral characteristics (in arbitrary units) of the
camera (a) sensitivity and (b) luminous intensity

Fig. 2 Example of the 9 channels of the macroMSI and
its respective conventional RGB image
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2.2 Suggested analysis framework

In order to visualise malignancy probability from

macroMSI, we propose a unified work flow as described

in Fig. 3. After obtaining the 9-channel macroMSI, we

apply white balance correction, where scene illumination

is estimated with the Gray World assumption on a cali-

bration image of a Macbeth color chart. We identify the

label POIs and segment a respective region of interest

(ROI). Afterwards, from each ROI we reconstruct its re-

flectance spectrum and LBP-based texture. The feature

vector is produced by concatenating the two components

and served as classification input. For the sake of se-

lecting the optimal classifier, various classifier configura-

tions are trained and validated using 80% and 10% of the

dataset as the respective train and validation sets. Val-

idation is achieved by 5-fold Stratified Cross Validation

(CV). At each CV iteration, features of the train set are

used for training dimension reduction, scaling and train-

ing the classifier on the reduced transformation of the

train features. Subsequently, performance is validated by

classifying the test set features, after transforming them

using previously trained scaling and dimension reduction.

Through validation stage we retain only trained classifiers

with cross-validated Area Under the ROC curve(AUC)17)

larger than 0.75. Optimal classifiers are trained again on

previously used 90% of the dataset and tested on the re-

maining 10%. During testing, for each POI we obtain

a binary class label as malignant/benign together with

a classification prediction score, whose range and value

differ depending on the classifier. We normalize predic-

tion scores on a range from 0 to 100, in order to express

the percentage of malignancy probability. Higher nor-

malized prediction score as belonging to the malignant

class was interpreted as higher malignancy probability.

Therefore, we can visualize the classification results on an

sRGB image obtained from the macroMSI, as a mapping

of predicted class together with malignancy percentage

using an intensity color map. The trained optimal classi-

fier can then be incorporated in diagnosis. The proposed

processing steps are described in detail in the following

sections.

2.3 ROI segmentation

Each single pixel POI identified by the pathologist,

needs to be expanded to a wider ROI with same inten-

sity characteristics. This step reduces the influence of

noisy pixels in the analysis and enables malignancy visu-

alisation. We achieve ROI segmentation through region

growing, with the pathologist-selected pixel as the seed.

Starting from the seed, the ROI grows by including neigh-

bouring pixels with intensity value within 8% difference

from the current ROI pixels. Region growing is applied

on every channel of the macroMSI in order to produce

binary masks for the ROI. The final mask for the ROI

consists of pixels enclosed in at least 6 of the channel

binary masks. In order to speed up feature extraction

without loss of generality, we use a ROI where we limit

region growing at a 30 pixel radius from the seed. Ad-

ditionally, we use the entire grown ROI without radius

limit during the visualization stage.

2.4 Reflectance reconstruction

Reconstruction of the reflectance spectrum r̂ from MSI

pixel intensity values g is possible, if the camera spectral

sensitivity and illumination are known. We can regard it

as a linear inverse problem solved by Wiener estimation.

In a matrix form in the discrete space, the generalized

solution for estimated reflectance becomes:

r̂ = MHT (HM−1HT +Kn)
−1

g (1)

with the help of a smoothing matrix M , camera sys-

tem matrix H and noise matrix Kn. We use a smooth-

Fig. 3 Flowchart of the proposed analysis framework for
macroMSI
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ing matrix modelled by the autocorrelation of the mea-

sured reflectance spectra from skin specimens grouped by

anatomical location. The noise matrix is modelled with

diagonal covariance σ2 in the order of 0.1, different for

every channel. In order to further improve reconstruc-

tion, we considered an additional spatial noise model13),

which denoises pixels via Bayesian Interference from the

statistical information of a pixel’s neighbourhood. Recon-

structed reflectance was computed as the average of re-

constructed spectra from every pixel inside the ROI. The

results of reconstruction were evaluated by average Nor-

malized Root Mean Square Error (NRMSE). Addition-

ally, reconstructed reflectances of the whole macroMSI

were used to generate a standard RGB (sRGB) image for

visualisation.

2.5 Local binary patterns

Local Binary Patterns (LBP) are an efficient and widely

used texture desciptor. Conventional LBP functions as a

spectral histogram of intensity differences in a neighbour-

hood of P pixels across 2P bins, computed in scale R from

a central pixel. Due to the frequent appearance of uni-

form patterns14), a uniform LBP descriptor can decrease

feature size without substantial performance loss. In our

case pattern rotation is also irrelevant, as homogeneous

skin tissue surrounds lesions, allowing the use of Rotation

Invariant Uniform LBP (RIU-LBP) variation. However,

application of LBP on macroMSI shows intricacies be-

cause texture does not progress across the spectral dimen-

sion, thus we investigate three variations of 3D LBP. For

the first two variations, RIU-LBP histogram is calculated

independently for each channel. Afterwards, all band re-

sults are concatenated (CatLBP, N histograms of (P +2)

bins) or summed across bins (SumLBP, (P + 2) bins).

The third variation is implemented as the Multispectral

Multiscale LBP (MMLBP)15), which expands RIU-LBP

by adding a multispectral component computed across Pλ

adjoining spectral channels ( (P + 2)2Pλ bins). We cal-

culated the various LBP descriptors over 8 spatial neigh-

bours, 2 spectral neighbours, at scales 1 and 2, and con-

catenated the scale features.

2.6 Dimension reduction

An overtly large feature vector not only increases re-

quired time for training, but also causes computational

instability and overshadows important components, along

with introducing problems deriving from the curse of di-

mensionality. In our case, inherently, both neighbour-

ing spectral frequencies and neighbouring spatial bright-

nesses display correlation, which can be resolved by di-

mension reduction. For this purpose we applied Principal

Component Analysis (PCA) and Independent Compo-

nent Analysis (ICA). PCA projects data on an axis that

maximizes variance, whereas ICA identifies orthogonal

independent components of a non-gaussian linear mixture

model for the data16). In order to preserve the physical

meaning of reflectance and textural features, we applied

dimension reduction independently on each of them. Fur-

thermore, in order to avoid regressing reduced reflectance

components back to the channel number, we train dimen-

sion reduction on the respective measured spectra. The

number of components kept after reduction was tuned

among values [10, 20, 30].

2.7 Classification

Three traditional classifiers were compared for the task

of malignancy classification; Support Vector Machine

(SVM), Random Forest (RF) and k-Nearest Neighbour

(KNN). SVM is a supervised machine learning algorithm

that tries to project data onto a hyperplane which maxi-

mizes classification margin and has been used extensively

for medical classification. A sigmoid kernel accomplished

projection and parameter C was tuned in range [0, 1.5].

On the other hand, RF is a collection of decision trees

searching for the best feature among a subset of features.

Entropy was used as a decision criterion for 50 compo-

nents. KNN is a simple classifier, which implements non-

parametric, lazy classification using a similarity distance

metric in the feature space. We tuned neighbour number

among values {1, 3, 5} with correlation as distance met-

ric. AUC and overall accuracy of malignancy predictions

compared to ground truth labels of the pathologist are

used to select optimal classifiers. By design, SVM and

KNN provide values of the discrimination function in or-

der to compute the necessary thresholds for class separa-

tion during AUC calculation. On the other hand, RF pro-

vides prediction probability values which can substitute

discrimination function values in AUC calculation. The

feature set was chosen among combinations of reflectance

spectrum (Spect) plus LBP variations. During classifica-

tion, as fixed dataset we considered images of both fixed

and sectioned tissue, because sectioning is performed af-

ter formalin fixing.

3. Results

3.1 Performance of feature extraction

The feature vector contained two types of features: re-
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flectance features and texture features. Employing

Wiener estimation, we reconstructed the reflectance spec-

trum of two individual sources: a conventional RGB im-

age and an MSI captured from the same camera sys-

tem. Table 1 shows the average NRMSE of reconstruc-

tion for different tissue datasets. MSI-based reflectance

reconstruction outperformed RGB-based reconstruction,

achieving an average NRMSE of 0.0543 in the complete

dataset, almost half the error of the RGB-based case.

Observing the reconstructed spectra, it is evident that

although reconstruction fails to reproduce non-smooth

parts of the reflectance curve, the relative height of the

curve is reconstructed accurately, as exemplified in Fig.

4. Light-green solid line denotes the target measured re-

flectance, while x markers indicate center wavelengths of

the MSI camera channels. Dashed blue and solid ma-

genta lines denote an example of MSI-based and RGB-

based reconstructed reflectance, respectively. Regarding

image sets for the estimation, MSI-based reconstruction

from imaging of unfixed tissue with NRMSE 0.0405 was

more successful compared to both fixed and cross sec-

tioned tissue. The situation was reversed for RBG-based

reconstruction, with the fixed dataset being superior to

unfixed. Although cross-section ROIs are important for

understanding the interior structure of the tissue, the

small size of sectioned pieces which contained thin, noisy

ROIs at the edge of the specimen, hindered reconstruc-

tion.

We described texture in each ROI of the specimen using

variations of the LBP operator. For the MSI case, three

variations of LBP were extracted; CatLBP, SumLBP and

Fig. 4 Comparative example of reconstructed re-
flectances

Table 1 Average NRMSE of reflectance reconstruction
from RGB and MSI image source

Source Fixed Unfixed Cross Sectioned Overall

RGB 0.0955 0.1043 0.1257 0.1085
MSI 0.0643 0.0405 0.0559 0.0543

MMLBP. For the RGB case, conventional LBP was ap-

plied on the grayscale-transformed image. Although, the

larger number of channels of the MSI resulted in larger

feature vectors for MSI-based texture, it also allowed for

greater detail in texture description. For example, even

though the LBP histograms for RGB-LBP and SumLBP

had the same number of bins, different values were as-

signed to each bin, due to the small variance of LBP val-

ues at each image pixel obtained from the former. The re-

maining two descriptors, namely CatLBP and MMLBP,

can describe texture in greater detail due to the larger

amount of bins assigned to different spectral channels

(CatLBP) or different relations among adjoining chan-

nels (MMLBP). The effect of applying LBP operator in

the spectral dimension is more evident in the classifica-

tion task and will be discussed in section 3.3.

3.2 Dimension reduction performance

After concatenating reflectance and LBP values, the

feature vector ended up having up to 351 values (in the

case of CatLBP). Dimension reduction proved especially

useful on texture features. The optimal selection was

PCA on reflectance and ICA on texture. PCA had larger

effect on AUC value when applied on the reflectance spec-

trum, whereas ICA improved AUC when applied on all 3

texture descriptors. Judging by the definitions of the two

dimension reduction methods, it is evident that the dif-

ference in performance can be attributed to the different

underlying models for reflectance and texture features.

Indeed, the reflectance spectrum is strongly correlated in

neighbouring wavelengths, while texture is a mixture of

materials and surfaces. Moreover, PCA improved AUC

for RF classifiers, but didn’t have any noticeable effect

on KNN or SVM. The AUC results for the case of RF

classifier are shown in Table 2. While the first 3 com-

ponents of PCA in most cases could explain above 96%

of the total variance, use of only 3 components did not

achieve sufficient performance.

3.3 Validation performance

During validation, the classification task was investi-

gated using a variety of configurations based on SVM,

RF or KNN classifiers. Performance comparison of tuned

Table 2 Cross-validated AUC per dimension reduction
scheme for RF classifier and fixed tissue input

DimRed Spect +CatLBP +MMLBP +SumLBP

None 0.708 0.749 0.749 0.749
PCA 0.774 0.728 0.745 0.728
ICA 0.733 0.794 0.794 0.794
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classifiers during validation showed that cross-validated

AUC of all classifiers improved with the inclusion of tex-

ture descriptors in the feature vector, rather than using

only spectral reflectance, as shown in Fig. 5. RF (50

components, entropy criterion) achieved highest AUC of

0.896 using an input set comprising of reflectance spec-

trum and CatLBP texture features with PCA and ICA

dimension reduction respectively. SVM had the second

best AUC overall again with CatLBP used as texture

descriptor. KNN generally had the worst performance

among the three classifiers. The choice of a feature set

using Spect+MMLBP with PCA and ICA dimension re-

duction respectively was the most effective choice in terms

of AUC. However, comparison with cross-validated accu-

racy of label prediction against ground truth labels of the

pathologist during validation phase in Table 3 shows

that the remaining LBP descriptors have better malig-

nancy prediction properties. In this regard the choice of

Spect+MMLBP or SumLBP. The rationale behind this

compromise is that, while AUC expresses separability of

the binary malignancy class, prediction score actually ex-

presses binary malignancy probability, thus feature vector

choice should account for prediction accuracy. Addition-

ally, images of unfixed tissue are proven more successful

in terms of AUC as input of the classifier compared to

the fixed tissue (Fig. 5). The mixed dataset had an

intermediate performance. This result corroborates the

conclusion of reflectance reconstruction, which indicates

unfixed tissue as a better source for reconstruction. When

the feature set was calculated from an MSI rather than

an RGB image source, classification improved. As shown

in Table 3, classification from MSI using reflectance spec-

trum and LBP achieved 80.33% accuracy and 0.82 AUC

during validation, whereas the best RGB-based classifica-

tion scheme achieved 69.42% with 0.50 AUC. The latter

result is unacceptable under the AUC criterion that we

set to select optimal classifiers through validation.

3.4 Testing performance

After selecting a handful of optimal classifiers through

validation stage, we tested them on the remaining test-

Table 3 CV malignancy prediction accuracy (%) per
classification scheme during Validation Stage
(top to bottom: SVM, KNN, RF)

RGB MSI
Spect +LBP Spect +CatLBP +MMLBP +SumLBP

62.36 63.99 60.83 63.33 65.14 68.29
69.42 61.48 65.14 63.33 65.14 68.29
52.50 54.16 70.75 73.33 74.97 80.33

ing dataset using mixed tissue. Ground truth of the test

specimen together with the POI locations that were pin-

pointed by the pathologist are presented in Fig. 6. ROI

labels are marked with a triangle for malignancy and a

circle for benignity. The combination of RF with either

Spect+CatLBP or Spect+MMLBP features was the best

classifier after testing, with achieved malignancy predic-

tion accuracy at 83.33% on the test specimen as shown

in Table 4. On the other hand, SVM achieved less than

70% prediction accuracy. Contrary to expectations raised

from the performance of SVM during validation, SVM

had low performance during testing, which may indicate

over-fitting to the training data.

For classification with RF, the mispredicted cases re-

ferred to a false positive at one of the two POIs on tissue

covered with black hair, as indicated in Fig. 6. Although

RF with Spect+SumLBP achieved perfect prediction on

the test set, the prediction scores were all close to 50%,

thus it was discarded. The SVM classifier predicted both

false negatives and false positives. Visualization of class

prediction scores during testing as malignancy probabili-

ties of the test ROIs resulted in the heat values shown in

Fig. 6 for unfixed tissue. We observe that the segmented

regions are wide and generally coincide with visually iden-

tifiable regions. Comparing the malignancy probabilities

produced from the two RF classification schemes, the

case of Spect+MMLBP shows more distributed malig-

nancy probability. Such probability distribution is more

accurate and representative of the pathologist ground

truth, considering that the non-malignant area should

have a much lower malignancy probability than the ma-

(a)

(b)

Fig. 5 AUC comparison of optimally tuned classifiers af-
ter cross validation for all combinations of classi-
fier by feature set (a) and fixing condition of the
input data (b)
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(a) Ground truth (b) RF with Spect+CatLBP (c) RF with Spect+MMLBP

Fig. 6 Malignancy classification results visualised on an sRGB image of an unfixed test specimen

Table 4 Malignancy prediction accuracy (%) per opti-
mal classifier during Testing Stage

Classifier Features Parameters Accuracy

RF +CatLBP 50comp, entropy 83.33
RF +MMLBP 50comp, entropy 83.33
SVM +CatLBP sigmoid, C=1 66.67

lignant area at the center of the specimen. While the

entire core of the test specimen contained malignancy ar-

eas, the dark coloured side ROIs are expected to have

higher malignancy probability, compared to the white

center, which contains mostly atypical cells, as achieved

by the Spect+MMLBP feature vector. In the case of

Spect+CatLBP, malignancy probability for both malig-

nant and non-malignant areas is almost the same around

50% regardless of the correct binary prediction. This fact

highlights the importance of taking into account not only

accuracy, but also validity of the malignancy probability

in the context of macropathology. Even though MMLBP

features during validation were overshadowed by CatLBP,

final testing proved MMLBP as a more robust feature

vector.

4. Discussion

Multispectral imaging of unfixed skin tissue proved to

be an effective input set for the binary classification task

for malignancy detection, with over 80% accuracy during

testing. Use of MSIs outperformed the use of conven-

tional RGB images at every stage of the analysis. Fur-

thermore, the inclusion of both reflectance and texture

features, which mimic the pathologist’s approach dur-

ing diagnosis, improved classification accuracy as well as

AUC value. Unfixed and fixed tissue samples were eval-

uated, revealing the superiority of inclusion of unfixed

tissue in the analysis. The logic behind this fact may

lie on the improved reflectance reconstruction accuracy

that the unfixed dataset provides. Additionally, consid-

ering that formalin fixing is a chemical process, which

affects the condition of the tissue, it modifies color and

reflectance of the unprocessed specimen. Moreover, the

unfixed dataset contained skin samples from the interior

of the specimen, which may have different constitution

compared to exterior tissue and in turn affected classifi-

cation performance. Nonetheless, cross sectioned tissue

should be analysed, due the deep tissue information it

provides, therefore inclusion of unfixed tissue in the anal-

ysis is recommended.

Regarding potent texture descriptors, MMLBP was re-

vealed to be a compact and practical choice for the anal-

ysis of skin macropathology images. Validation results

proved RF classifier as a suitable classification model,

which is consistent with its value as a relatively unbiased

predicting model. However, it should be emphasized that

obtaining a large and complete dataset for training is nec-

essary in order to avoid over-fitting. Dimension reduction

seemed more appropriate for textural features rather than

for reflectance features, due to the fact that reflectance

was already reconstructed from a limited amount of val-

ues equal to the number of multispectral channels. The

choice of PCA for reconstructed reflectance spectrum and

ICA for texture features is recommended. The justifica-

tion of the latter may lie in the mathematical definition of

LBP as a descriptor of frequency of brightness difference.

Although the size of the feature vector could be reduced

from a few hundreds to just a few tens of values, train-

ing dimension reduction on a larger dataset can further

limit the important components in the feature vector and

accelerate the classification output.

Although the dataset of the present study was enough
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for investigative purposes, extensive experimentation on

a wider dataset of macroMSIs is required. Analysis of

macropathology images poses difficulties due to the high

variance of the human skin (skin complex, anatomical

location, age, etc.). Moreover, skin cancer related dis-

eases can have more stages than the dipole malignancy

versus benignity. Such difficulties were evident during

our analysis and our limited dataset inhibited classifica-

tion performance. Moreover, captured macroMSIs dis-

played patches with high saturation and bright reflec-

tions. Therefore, image quality should be increased by

thoroughly wiping liquids from the skin tissue and by in-

corporating a polarizing filter in the camera system. A

notable limitation of the proposed framework is the need

for the pathologist to pinpoint areas respective to the

different tissue areas on the specimen. In order for the

procedure to be fully automated it is imperative that the

centers of different tissue ROIs are automatically iden-

tified with adaptive region segmentation on the MSI, so

that the rest of the steps can be applied. In order to

achieve more accurate visual results, malignancy scores

could be adjusted together with clinical information such

as sex, age or medical history, information that is taken

into account during macropathology. Due to the nature

of skin lesions, that exist on the surface of the human

body, adaptations of the proposed multispectral analysis

framework can be employed during skin cancer screening

and dermoscopy for early detection purposes.

5. Conclusion

We proposed a framework using spectral reflectance

and texture features for visualising cancer malignancy

probability on macroMSI of skin specimens to assist mar-

gin identification during macropathology. Final visual re-

sults of the proposed procedure depicted fairly accurately

both regions with similar tissue characteristics as well as

their malignancy probabilities. Experiment results sug-

gest RF classifier with a feature vector consisting of re-

constructed spectral reflectance and MMLBP texture fea-

tures for the proposed framework. We highlighted the im-

portance of including unfixed tissue during analysis and

training, as well as the superiority of MSI images to con-

ventional RGB images. Although further investigation

on a larger dataset is necessary, the suggested analysis

framework of macroMSI was proven to be suitable for

enhancing the present pathology practice.
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<Summary> Planes detection in unorganized point clouds is a fundamental and essential task in 3D

computer vision. It is a prerequisite in a wide variety of tasks such as object recognition, registration,

and reconstruction. Conventional plane detection methods are remarkably slow because they require the

computation of point-wise normal vectors and are non-deterministic due to their dependency on random

sampling. Therefore, we propose a drastically more efficient and deterministic approach based on sliding-

voxels. A sliding voxel is an overlapping grid structure in which we analyze the planarity of the points

distributions to extract hypothetical planes efficiently. Each possible plane is validated globally by weighing

and comparing its co-planarity with other sliding voxels’ planes. Experimental results with simulated and

realistic point clouds confirmed that the proposed method is several times faster, more accurate, and more

robust to noise than conventional methods.

Keywords: planes detection, point clouds, pca, ransac, hough transform

1. Introduction

Point clouds are sets of points in a 3D space that rep-

resent the surface of objects and scenes. There are many

point cloud sources such as LiDAR, structured light sen-

sors, stereo vision cameras, and so on. However, high

variations of sensors noise patterns1),2) are challenging

problems when dealing with point cloud data.

In intelligent robotics, a core task is to recognize en-

vironment patterns, especially those from human crafted

objects and scenes which are describable by a set of pla-

nar structures. Therefore, the detection of planar sur-

faces such as obstacles, floor, stairs, and tables is cru-

cial to several applications; i.e., virtual keypoints detec-

tion3), object detection4), reconstruction5), localization

and mapping6)–9), roofs detection10) and augmented re-

ality11). Besides, planes detection is involved in essential

robotics tasks such as placing objects onto planar sur-

faces12) or climbing stairs13).

Conventional planes detection algorithms3),14) depend

on inefficient point-wise normal vectors computations.

When using 2.5D data (organized point clouds or depth

images), there exist fast algorithms to compute them
15),16) at the cost of losing accuracy. In addition, their effi-

cient and robust computation in unorganized point clouds

is still an open topic.

Therefore, in this work we contribute with a drasti-

cally faster approach: a sliding voxel–based algorithm. It

does not need pre-computed normal vectors; instead, it

directly works with the points distribution of overlapping

3D voxels to acquire surface information. We analyze the

scattering of each sliding voxel to locate co-planar regions

and detect hypothetical planes. Then, planes are ex-

tracted from the validation of hypothetical planes against

an enhanced subset of the point cloud.

Since ground truth planes data can be obtained from

3D models, we provided experiments with realistic point

cloud simulations generated from these models as well

as ground truth data. To verify the performance of the

proposed method, we measured its efficiency and error

against the most popular algorithms: two RANSAC vari-

ations3),14) and the Randomized Hough Transform17) for

planes detection.

The structure of this paper is as follows. In section 2,

we briefly make definitions before explaining how the con-

ventional methods work and a critical analysis of these.

Section 3 describes in detail the proposed method, while

section 4 defines the datasets, their acquisition, as well as

the results of quantitative and qualitative experiments.

Lastly, in section 5 we summarize the results and provide

an insight about future works.

               　　-- Special Issue on Journal Track Papers in IEVC2019 --
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2. Planes Detection in Unorganized Point

Clouds and Related Works

2.1 Planes detection definition

Let P = {pi ∈ R
3 : 1 ≤ i ≤ np} where np is the number

of points in a point cloud. These points are unorganized,

hence, algorithms commonly build structures from them,

namely octrees. They are sampled from the surface of ob-

jects, and may not be complete due to occlusion and the

range of sensors. Furthermore, sampling density, noise

patterns, and artifacts can vary in large amounts even in

adjacent regions, due to how the points are sampled by a

variety of sensing techniques.

Now, let Pdet = {hi ∈ R
4 : 1 ≤ i ≤ nh and hi =

{nx
i , n

y
i , n

z
i , di}} where nh is the number of planes de-

tected from a point cloud. The first 3 components cor-

respond to the ith plane normal vector n̂i, and the last

di component to the plane normal distance to the origin.

Then, we define a plane detector as a function that inputs

a point cloud P and outputs a set of planes coefficients

Pdet.

Figure 1 shows a diagram of a generic planes detec-

tor. It inputs a set of 3D points P with noise and sensor

artifacts and outputs a set of detected planes coefficients.

P may consist of several planar and curved surfaces, and

its density is not uniform.

A planes detector should consider the presence of the

aforementioned nuisances. Therefore, it selects planar

points within a distance threshold ε, and the planes of

Pdet are estimated from these using PCA or least squares.

If the ground truth planes of a point cloud P is Pgt,

ideally, the output of a planes detector should satisfy

Pdet = Pgt. Because Pgt is unknown by the detector,

it has to figure out how to generate hypothetical planes.

In the remaining parts of this section, we briefly explain

the conventional methods algorithms.

2.2 RANSAC

RANSAC18) is a simple but robust model fitting al-

gorithm, in computer vision is widely used for feature

Planes detector

Artifacts

Noise

OutputPoints
Input

Fig. 1 Diagram of a generic plane detector

matching but also can be used for lines and planes fit-

ting.

It is an iterative approach consisting mainly in hypoth-

esis and verification steps. A subset of n random samples

are drawn from the point cloud (|P| > n) and a hypothet-

ical model M is generated. For each M, an error metric

between the points and M is computed. The model is

verified by counting the number of inliers τ within an er-

ror threshold ε. If τ does not reach a threshold τ ′, the
process is repeated until k iterations. Once a proper M
is found, then its coefficients should be refined by other

methods such as least mean squares.

k is calculated from the probability of drawing good

samples from the data, i.e., samples that generate ac-

curate models. Let w be the probability of drawing an

inlier from the data, then b = wn will be the probability

of finding a good set of samples from P, then to ensure

a probability z of RANSAC to withdraw a valid model it

defines k as

k =
log(1− z)

log(1− b)
. (1)

For instance, suppose we have a noiseless point cloud

with 3 planes. If we want RANSAC to find one plane

model with high probability, let’s say z = 0.99, w = 1/3

and n = 3, then we have to iterate up to 122 times per

plane. However, if we have noise and other non-planar

points (outliers) then we have to modify w and set a lower

value, then the maximum iterations per plane increase

drastically. When we test for w ∈ {1/4, 1/5, 1/6} the

maximum iterations per-plane increases from 122 to 292,

573, and 992 respectively.

This method is non–deterministic and it has two main

disadvantages when applying it to point cloud data.

First, to find a model we have to assume that the in-

liers/outliers ratio w is relatively low, since even in noise-

less point clouds it should approximate the ratio between

the number of points of the smallest plane over the whole

point cloud, thus increasing the maximum iterations per

plane. Second, since point clouds are multi-model, we

have to execute RANSAC several times. Clearly, this

adds finishing conditions difficult to configure.

Furthermore, from a geometric perspective, RANSAC

is only testing planes models against point-model distance

inliers, i.e., it is not aware of points curvatures, hence gen-

erating spurious models across noisy regions in the case of

realistic point clouds. There has been application-driven

RANSAC improvements; therefore, in this work, we eval-

uate two geometry-aware RANSAC variations: Coarse-
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to-Fine RANSAC3) and Efficient RANSAC14).

2.3 Coarse-to-Fine RANSAC

An iterative Coarse-to-Fine RANSAC, hereinafter re-

ferred to as CFRANSAC, was developed to be used

for virtual keypoints detection3). This method employs

RANSAC iteratively to detect each model in a coarse-to-

fine approach, with Euclidean clustering spatially sepa-

rating plane inliers in segments before refining its coeffi-

cients.

Geometry-aware RANSAC methods like this filter dis-

tance inliers by using point normals: a local feature of

point clouds that is not sensed and has to be estimated.

Apart from the distance threshold ε, it introduces an an-

gular threshold θ between the hypothetical plane normal

vector and each point normal vector.

First the coarse step detects surfaces which are roughly

planar with big threshold values. However, when these

surfaces are neighbors of similar planar surfaces RANSAC

tends to report inaccurate results. Therefore, the coarse

inliers are refined by using RANSAC again but with

stricter thresholds.

Since nearly parallel planes far from each other can

be erroneously detected as one, it can produce an error

when refining the model coefficients. Thus, planes inliers

are spatially clustered, where each cluster is treated as

a different model if they meet a specified points number

threshold τ ′. Lastly, plane candidates are refitted against

their inliers in a least squares sense.

2.4 Efficient RANSAC

Efficient RANSAC14) (EFRANSAC) executes itera-

tively RANSAC on disjoint random subsets under the

assumption that valid planes models will be detected in

most of the subsets. Therefore, it only accepts models

that are prominent in the number of inliers, and were

found in most of the disjoint subsets. Every accepted

model remove its inliers from the point cloud and the

process iterates again until the finishing criteria is met.

Unlike CFRANSAC, EFRANSAC filters out points

with large deviations among their respective normal vec-

tors during random sampling. It also filters points with

normals deviating more than a defined angle from the

plane normal vector. Moreover, it filters from the inliers

only the largest connected component on the plane model

by discretizing the inlier points translated to the plane co-

ordinates. Finally, the candidate shapes are refitted using

their inliers and removed from P.

Even though its core functionality is faster than conven-

tional RANSAC methods, it requires point-wise normals

estimation, increasing its computational cost drastically.

2.5 Randomized Hough Transform

While the Standard Hough Transform performs nu-

merous point-wise calculations, the Randomized Hough

Transform19), RHT, exploits random sampling to accel-

erate the voting process.

Similar to RANSAC, in each iteration, RHT selects a

sample of 3 points within a given distance, then the span-

ning plane for those points is calculated using their cross

product. Finally, the plane is voted once in an accumu-

lator. Then, a plane model is detected by the algorithm

when a cell in the accumulator reaches a given amount of

votes.

The RHT is not aware of the points geometry, but of the

parameter space during the voting process. Thus, it does

not need normal vectors to compute planes coefficients

with reasonable accuracy and speed. A drawback of this

approach is that it is not aware of the points distributions

of the detected plane models.

Even though, the ball accumulator solved some accu-

mulator problems17), it is non–trivial to adjust the dis-

cretization parameters, among others who affect directly

the precision of the algorithm, including measurements to

control the minimum and maximum distance between the

random samples and a restriction on the smallest eigen-

value size of the spanned planes.

The latter restrictions are not possible only with the

plane voting process. Therefore, the RHT needs to be

aware of the inliers points distribution by recurring to a

sorted clustering of the most prominent planes.

Since it is non deterministic, the finishing conditions

have to be chosen carefully. The algorithm will stop when

the remaining points go lower a given threshold, or if the

algorithm fails to build a plane model in a given amount

of iterations. If these conditions are not properly config-

ured, the algorithm may not find all the most prominent

planes, or it may take longer to stop. Additionally, the

performance of the RHT decrease drastically when there

is a large number of planes to be detected, or if the num-

ber of non-planar points is increased as shown in the hall

and arena model experiments of Borrmann et. al17).

3. Proposed Method

We focused on two main problems of conventional

planes detection methods: speed and robustness. The

major speed problem of conventional methods is that
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they need to compute point-wise normals on overlapping

neighborhoods20).

Even though planar surfaces can be described locally,

it is more precise to describe them globally. Nonetheless,

algorithms that work on the whole set of points are very

slow, e.g., the Standard Hough Transform.

Quantized noise from RGB-D and structured light sen-

sors makes it even harder to describe locally planar sur-

faces, forcing algorithms to increase their search radius,

threshold or voxel size; thus preventing to detect smaller

objects.

Speed achieved by downsampling can also vanish small

surfaces and extremely deviate their normal vectors, as

the neighborhood has to be expanded way farther the

downsampling region to compute them.

Therefore, we propose a method that efficiently detects

planes via sliding voxels. Based on the Sliding Window

in images, the proposed method uses a 3D Sliding Win-

dow implemented with octree voxels. It travels through

occupied voxels of a point cloud and calculates geometric

information about the points distribution using neighbor

voxels.

Figure 2 outlines the proposed method algorithm.

First, we build an octree with voxel size Vs and calculate

tangent planes. This local plane fitting provides us with

curvature information; therefore, we use sliding voxels to

estimate the degree of coplanarity of each voxel.

Since coplanar voxels are more likely to be part of a

prominent plane, we sort and mark them as hypothetical

planes. Finally, planes are extracted from the validation

of hypothetical planes against a geometrically enriched

start

Build octree

Estimate per-voxel 
tangent planes

Extract hypothetical planes 
using sliding voxels

Global veri cation of 
hypothetical planes

end

Fig. 2 Flowchart of the proposed method

subset of the whole point cloud.

3.1 Hypothetical planes extraction from
coplanar voxels

For each voxel, its centroid c, unit normal vector n̂ and

a planarity value P are calculated using the eigenvalues

λ1 ≤ λ2 ≤ λ3 and their corresponding eigenvectors vi of

the covariance matrix, where:

n̂ =
v1

‖v1‖ (2)

and

P =
λ1

λ2
. (3)

After the voxel information is processed, the Sliding

Voxel walks through the occupied voxels and calculates

an overall score Sr for the whole neighborhood, i.e. 26

neighbors plus the current voxel:

Sr =

n∑
i=1

Si : i ∈ Z
+
≤27, (4)

where Si is the planarity P of the i-th neighbor voxel.

As this score gets bigger, the less planar is the neighbor-

hood. Therefore, a low score means the current voxel is

coplanar. For a more straightforward parametrization,

this planarity measure is normalized using the maximum

and minimum observed values:

S∗
r =

Sr −
n

min
i=1

Sri

n
max
i=1

Sri

, (5)

where n is the number of occupied voxels.

Figure 3 illustrates in warmer colors how this score can

approximate regions that have low probability of being

coplanar.

Coplanar voxels are further filtered and sorted in as-

cending order by their score S∗
r . The resulting coplanar

subset Vp is used to find planes in a centroids point cloud

C, that was enriched with their normal vector to form an

approximate representation of non-overlapping tangential

Fig. 3 Point cloud of a room model, color represents a
heatmap of the scores Sr of each voxel
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planes.

3.2 Global verification

At this point, we can map a voxel centroid to their voxel

information such as its score S∗
r , and the total number

of points inside the voxel. Simultaneously, its normal

vector n̂ and its centroid c are used to approximate the

tangential plane pv at c, i.e., a geometrically enriched

version of the original point cloud: C.
The purpose of this point cloud is to provide an efficient

representation to validate hypothetical planes in a global

sense. For all coplanar voxels Vp, their tangential plane

pv is validated against c ∈ C using a decomposed plane-

to-plane distance: the Euclidean distance to each c and

the angular deviation between their normal vectors.

Ideally, the magnitude of the inner product between

n normal vectors of a planar surface tend to be 1, i.e.
1
n

∑n
i=0,j=0 |n̂i · n̂j | ≈ 1 where i �= j. Therefore, inliers

are selected by thresholding their Euclidean distance and

the normalized angular distance between the hypothetical

plane normal vector n̂h
v , and the corresponding tangent

plane normal vector n̂t
v. This metric is defined by the

positive cosine distance cos+d calculated from its similarity

coss as follows

coss =
n̂h
v · n̂t

v

‖n̂h
v‖ ‖n̂t

v‖
�→ [−1, 1], (6)

cos+d =
2

π
cos−1 (|coss|) �→ [0, 1]. (7)

When cos+d takes the value of 1, the planes are orthog-

onal, and if it is 0, they are parallel. In the proposed

method, it is used as a parameter to decide whether an

inlier will be rejected or not.

3.3 Planes extraction

Inliers of the global point cloud are sometimes too dis-

perse and that can lead to false positives. To avoid this

issue, a fast 1-cluster euclidean clustering is performed

from the refined inliers using a distance threshold defined

by the octree voxel size Th = 4Vs, which is twice the

maximum possible distance between centroids.

From the resulting inliers, a cluster is constructed and

its plane is calculated from these via Principal Compo-

nent Analysis. Since it is impossible to calculate a plane if

the number of inliers is less than 3, the plane coefficients

are copied from the tangent plane of the voxel with the

lowest score in the cluster.

If the cluster does not map enough points on the orig-

inal point cloud, or if its planarity P (see Eq. (3)) is not

Table 1 Proposed method parameters

Parameter Description

Voxel size[m] Size of the octree leaves
Planarity threshold Maximum value for S∗

r

Inliers threshold[m] Max. euclidean distance to plane
Max cosine distance Max. cos+d of plane and inliers
Min plane size[#] Min. support of planes

(a) R model (b) R ground truth (c) R noisy ground
truth

(d) K model (e) K ground truth (f) K noisy ground
truth

Fig. 4 Datasets models

low enough, then the cluster is rejected. Otherwise, it

is added to a list of detected clusters which includes its

plane coefficients and inliers.

After all hypothetical planes are processed, they are

sorted by their number of inliers. This allows us to reuse

C and remove inliers progressively from the most to the

least prominent plane.

Once the algorithm removes all the centroids inliers

of the hypothetical planes, the process finishes and the

list of clustered hypothetical planes becomes the detected

planes list. A summary of the proposed method parame-

ters is shown in Table 1.

4. Experimental Results

4.1 Datasets and evaluation method

The datasets and ground truth planes used in the ex-

periments can be seen in Fig. 4. Point clouds from Kinect

V1 sensor simulation were built using Blensor 1.0.1821).

A room model22) R was used to generate noisy and

noiseless simultaneous scans. To create a more compli-

cated scenario, a kitchen model23) K was scanned by

translating and rotating 10 times the sensor in the sim-

ulation software. All scans were performed in world co-

ordinates to correctly register the points via concatena-

tion. The resulting point cloud has a wide variety of noise

patterns which makes difficult even for humans to detect
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Table 2 Dataset information

Name BBDD[m] Points[#] Planes[#]

R 6.09 295,144
9

R noisy 6.09 295,144

K 12.19 249,348
14

K noisy 12.19 503,398

small planar surfaces in some locations. In addition to the

registered noisy scan, we also simulated a clean registra-

tion which does not have noise or quantization artifacts.

Due to registration, both K point clouds are incredibly

dense. Hence, voxel grid filter of leaf size 0.01[m] was

applied to them.

Numerical information of the datasets can be seen in

Table 2, where BBDD stands for Bounding Box Diagonal

Distance, i.e. the length of a diagonal line that crosses the

bounding box of the point cloud.

For both K and R, plane models were extracted di-

rectly from the polygons inside Blensor. For each planar

surface, plane coefficients were generated from a polygon

over each plane by using its normal vector and barycen-

ter. This ground truth data allows us to measure numer-

ically and precisely the accuracy of each plane detection

method.

Regarding the processing time Tw, we used wall time

since its clock has more resolution. We note that we

excluded the time it takes to load a point cloud from disk,

also, we included the time for the required preprocessing

of each algorithm. For CFRANSAC and EFRANSAC we

included the calculation of normal vectors inside Tw since

they rely heavily on them. For the proposed method, we

also included the neighborhood-aware octree preparation

time.

For each run, a list of ground truth planes Pgt and

detected planes Pdet coefficients is prepared. Then, we

defined 2 error metrics. First, the angular error ω (in

degrees) between the normal vector of an i-th ground

truth plane n̂gt
i ⊂ Pgt

i and the normal vector of a j-th

detected plane n̂det
j ⊂ Pdet

j , is defined as

ω = 180 cos+d (n̂
gt
i , n̂det

j ) �→ [0, 180]. (8)

Second, the offset difference δ between the i-th ground

truth plane dgti ⊂ Pgt
i and the j-th detected plane ddetj ⊂

Pdet
j is

δ =
∣∣|dgti | − |ddetj |∣∣ . (9)

For a ground truth plane pgt
i ∈ Pgt, the best detection

match is a plane from pdet
j ∈ Pdet that minimizes their

positive cosine distance cos+d as vectors in R
4, then similar

to Eq. (7)

cos+d =
2

π
cos−1

(∣∣∣∣∣ pgt
i · pdet

j∥∥pgt
i

∥∥ ∥∥pdet
j

∥∥
∣∣∣∣∣
)
. (10)

Also, a match is rejected if their ω > 15[deg] and δ >

20[cm]. Thus, its result will be a list of matches K of

ground truth planes associated with their best detected

plane match satisfying the above conditions.

Let Ki = {Pgt
i ,Pdet

i }, where i = {1, 2, . . . ,M} and M

is the total number of matched planes (true positives),

then we can define the precision γ as

γ =
M

|Pdet| , (11)

and recall ζ of the detection as

ζ =
M

|Pgt| , (12)

where |Pdet| is the number of detected planes and |Pgt|
is the number of ground truth planes. Therefore, the

harmonic mean between precision and recall, i.e. the F1

score24) is defined as

F1 =
2

γ−1 + ζ−1
. (13)

The range of the above metrics is [0, 1] where higher val-

ues mean better results.

On the other hand, the (true) efficiency Eff measures

how fast the evaluated methods detected correct planes,

i.e., the number of true positives M , over the processing

time Tw

Eff =
M

Tw
. (14)

Note that since the conventional methods are non–

deterministic, we used the average and standard devia-

tion of 50 runs.

Qualitative results are evaluated by segmenting the

output planes list Pdet of each method. Although inlier

points can be obtained from every method natively, their

patterns can confuse the reader and generate an unfair

comparison. For instance, RHT results may look cleaner

while it mistakenly selects protruding noise patterns as

part of a planar surface, producing more significant er-

rors in the coefficients of the resulting planes.

A native output of the proposed method is shown in

Fig. 5, for every plane in the detection result, the cen-

troids inliers are shown, then for each plane, a differ-

ent color was chosen according to the Glasbey lookup

table25), otherwise, points are kept black. Therefore, we
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Fig. 5 Detection example of the proposed method

Table 3 Parameters of the proposed method in the evalua-
tion experiments

Parameter K K noisy R R noisy

Voxel size[m] 0.14 0.16 0.12 0.12
Planarity threshold 0.001 0.1 0.02 0.02
Inliers threshold[m] 0.04 0.07 0.07 0.07
Max cosine distance 0.04 0.2 0.05 0.05
Min plane size[#] 500 2500 1300 1000

Table 4 Parameters values of the segmentation algorithm

Parameter K K noisy R R noisy

k[#] 50 100 50 100
dε[m] 0.03 0.05 0.025 0.05
θε[deg.] 45 45 45 45

segmented the results only by looking at the standard

output of the evaluated algorithms: the list of planes co-

efficients Pdet.

As a prerequisite, point-wise normal vectors are calcu-

lated within a support of k-neighbors via local plane fit-

ting. The segmentation algorithm share similarities with

the last step of the proposed method. For each plane

pdet
j ∈ Pdet, plane-to-plane inliers are selected within

a distance threshold of dε and an angular threshold θε.

Planes are sorted in descending order by their amount

of inliers. In that order, we extract and remove the in-

liers of each plane from the point cloud. This ensures the

most prominent planes are segmented correctly and the

segmentation of false positives is minimum.

The parameters of the proposed method are shown in

Table 3 and for the segmentation are shown in Table 4.

4.2 Experiments results and discussion

The computer used to run the experiments has a CPU

Intel Core i7-6700K with 32GB of RAM, it runs on

Ubuntu 18.04.2 with PCL 1.8.126), CGAL 4.1127), and

clang++ 3.8.0. The proposed method was implemented

using routines of the PCL library with O3 compiler opti-

mizations.

Figure. 6 and Fig. 7 show the visual results of exe-

cuting the segmentation algorithm over the ground truth

and the resulting planes of the evaluated methods.

Figure 6 shows the visual results of the noiseless point

clouds. Figure 6(a) and (f) depict the segmented ground

truth planes of R and K respectively. In Fig. 6(a), we

can visualize the ground truth planes selection for the R

model, avoiding slightly curved surfaces such as the back-

rest of the sofa and the pillow. Additionally, we avoided

selecting parallel planes that are not far from each other,

because it would be sporadic to detect those structures

in noisy point clouds.

The upper row of Fig. 6 shows the results of the R

point cloud. Noticeably, the proposed method has zero

false positives in Fig. 6(b). RHT detected spurious planes

in the bookshelf as well as several planes over the sofa

backrest in Fig. 6(c). CFRANSAC erroneously detected

the pillow and the sofa backrest as planar in Fig. 6(d).

Although EFRANSAC detected some planes with good

precision in Fig. 6(e), it tends to detect several spurious

planes while it failed to detect even a prominent planar

structure such as the wall on the left side.

The second row of Fig. 6 shows the results of the K

point cloud. Because of its lack of noise and higher

density, most methods performed accurately except for

RHT, which could not detect the dining table as seen in

Fig. 6(h). EFRANSAC performed fairly good in Fig. 6(j)

because the higher density of K allows its random sub-

sets to be more descriptive. However, its precision and

recall are lower than the proposed method (as described

numerically later).

Figure 7 shows the results of executing the evaluated

methods over the noisy datasets. Figure 7(a) and (f) de-

pict the segmented ground truth planes similar to Fig. 6.

The first row of Fig. 7 illustrates the segmentation re-

sults on the R noisy point cloud. In Fig. 7(b), the pro-

posed method detected most of the planar structures with

high accuracy and no spurious planes, showing similar

segmentation patterns when comparing its results with

the ground truth. Noticeably, CFRANSAC detected sev-

eral spurious planes in the noisiest region of the point

cloud in Fig. 7(d), whereas EFRANSAC detected less

spurious planes than CFRANSAC in Fig. 7(e).

The second row of Fig. 7 shows the segmentation re-

sults on the K noisy point cloud. Figure 7(g) shows that

the proposed method detected most of the planes while

having no false positives. In Fig. 7(h), it illustrates that

RHT was able to identify the most prominent planes;

nonetheless, it detected fewer planes than the proposed

method. CFRANSAC detected more false positives in

Fig. 7(i), while it failed to detect several planar struc-
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(a) R – Ground truth (b) R – Proposed (c) R – RHT (d) R – CFRANSAC (e) R – EFRANSAC

(f) K – Ground truth (g) K – Proposed (h) K – RHT (i) K – CFRANSAC (j) K – EFRANSAC

Fig. 6 Planes detection inliers using the noiseless dataset

(a) R – Ground truth (b) R – Proposed (c) R – RHT (d) R – CFRANSAC (e) R – EFRANSAC

(f) K – Ground truth (g) K – Proposed (h) K – RHT (i) K – CFRANSAC (j) K – EFRANSAC

Fig. 7 Planes detection inliers using the noisy dataset

(a) Processing time Tw (lower is better) (b) Precision γ (higher is better) (c) Recall ζ (higher is better)

Fig. 8 Processing time, precision and recall of the evaluated methods

tures. In Fig. 7(j), EFRANSAC detected slightly more

planes than the proposed method because it got bene-

fited with the higher density of the K noisy point cloud.

However, its precision is inferior as described numerically

later.

While we confirmed the robustness of the proposed

method visually, now we show objective assessment. Pro-

cessing time, precision and recall are shown in Fig. 8.

Each bar represents the result of executing an evaluated

method over a point cloud of the dataset, where smaller

bars denote better results. For the conventional meth-

ods we used the average of 50 executions and show their
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(a) F1 score (higher is better) (b) Efficiency Eff (higher is better)

Fig. 9 Accuracy and F1 score of the proposed method compared against the conventional methods

standard deviation as error bars.

Figure 8(a) shows the processing time Tw in logarithmic

scale. There we can confirm that the proposed method is

drastically faster than the conventional methods in every

case.

The variations in terms of the mean angular and offset

error of the evaluated methods are negligible; therefore,

we show their assessment based on more standard metrics

used in binary classification tasks: precision γ, recall ζ

and F1 score.

Figure 8(b) shows the precision γ of the evaluated

methods ( see Eq. (11) ). This metric measures how rele-

vant were the detection results. Noticeably, the proposed

method precisely detected appropriate planes in all tested

datasets.

In Fig. 8(c), we show the recall ζ as defined in Eq. (12).

This metric tells us how many of the ground truth planes

were detected by the evaluated methods. The proposed

method most of the time detected more ground truth

planes than the evaluated methods. Only in the R noisy

point cloud, its recall is paired with EFRANSAC; no-

ticeably EFRANSAC had a very low precision (<0.6) as

shown in Fig. 8(b).

In addition to the above metrics, we evaluated the F1

score and efficiency Eff of the evaluated methods as de-

fined in Eq. (13) and Eq. (14) respectively. Figure 9

shows the results of applying these metrics on the ex-

periment results. Figure 9(a) shows the overall precision

of the evaluated methods. The proposed method shows

a superior precision in every case; it had better scores

than the best execution of the conventional methods. Fig-

ure 9(b) shows the efficiency of the evaluated methods in

logarithmic scale. Here, we confirm the proposed method

detects planes more accurately in a drastically more effi-

cient way.

Furthermore, it should be noted that the parameters

set of the proposed method is smaller and easier to con-

figure. It has only 5 parameters while EFRANSAC,

CFRANSAC, and RHT have 6, 12, and 16 parameters

respectively.

5. Conclusions and Future Works

Planes detection has numerous applications in 3D com-

puter vision. However, its practical use was limited by the

efficiency and accuracy of the detection methods. The

conventional methods are relatively accurate but ineffi-

cient and non-deterministic, relying on random sampling

which does not always guarantee good results. RHT

achieved faster speeds by using random sampling and

Hough Voting, but it has several parameters difficult to

configure, its precision can be profoundly affected by the

resolution of the accumulator, and according to the liter-

ature, its performance decreases in the presence of several

planes models and non-planar points. Besides, RANSAC

extensions need the computation of normal vectors to de-

tect planes correctly, which drastically reduces their effi-

ciency since normal vectors are not raw data that can be

acquired when sensing point clouds.

Therefore, we focused on solving the efficiency prob-

lem while keeping the accuracy high without needing

precomputed normal vectors or convergence mechanisms

like Hough voting. The proposed method is deterministic

and has fewer parameters than the conventional methods;

hence it is easier to configure. Moreover, the key to its

robustness and efficiency is the sliding voxel, which by uti-

lizing its overlapping grid structure, it can locate coplanar

regions and calculate curvatures drastically faster.

By experiments with ground truth data and realis-

tic simulations, we confirmed that the proposed method

is accurate and drastically faster than the conventional

methods. Furthermore, it can achieve real time speeds

with just a single CPU core. For future works, we are
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considering to improve its recall even more by adding ex-

tra refinement steps and adaptive thresholds.
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<Summary> Since its introduction, the Iterative Closest Points (ICP) algorithm has led to developing

a wide range of registration methods, most of these variations of ICP itself. Notwithstanding the efforts

on improving the speed and accuracy of ICP, these variations cannot correctly align point clouds which

overlapping ratio is considered low (under 40%) due to an inherited local minima convergence. Furthermore,

more advanced registration techniques that rely on point descriptors also cannot overcome this problem

because the tuning of their parameters tends to be volatile, which leads to making false point correspondences

and consequently failing to perform an accurate registration. In order to solve this problem, we propose

a pairwise registration approach that does not entirely rely on point descriptors and leverages the local

minima convergence of ICP to correctly align 3D point clouds with overlapping ratios as low as about 20%.

Our method uses the supervoxel segmentation technique to divide the point clouds into subsets and finds

those which registration maximizes the overlapping ratio between correct correspondences in the full point

clouds. We verified the effectiveness of the proposed method through tests in dense models and real-world

scan datasets.

Keywords: 3D point clouds, registration, low overlapping ratio, supervoxel segmentation

1. Introduction

3D point clouds are three-dimensional data point sets

that represent the shape of objects or scenes, which, in

recent years, their use has gained popularity in the area

of computer vision for the development of intelligent au-

tonomous systems, such as indoor robots and self-driving

cars. Besides, applications such as surface measuring and

digital reconstruction for manufacturing, and geomechan-

ics, to mention a few. The last two examples require the

use of registration, one of the essential tasks in point cloud

processing.

The registration task aims to find the Euclidean mo-

tion, expressed by a transformation matrix T, that best

aligns two or more point clouds with different reference

frames to the same one. Hence, generating a more de-

tailed and complete representation of a model or scene.

The ICP algorithm, introduced by Besl and McKay1)

, is the most widely used method to perform registration

of point sets. Its variations focus on improving the accu-

racy of alignment and expediting the convergence to the

best alignment. However, since the core operation of ICP

is an iterative local optimization, these get stuck in local

minima. Hence, failing to correctly register point clouds

which initial state is not close to the global minima, or

have a low proportion of points in their shared surfaces.

This proportion is known as the overlapping ratio ξ and

has an essential role in the registration of partial overlap-

ping point clouds. As ξ gets lower, it increases the prob-

ability of failure of conventional registration methods2)

such as ICP, normal to plane registration (also known as

Normal-ICP or N-ICP)3), and Levenberg-Marquardt ICP

(LM-ICP)4).

In order to address this issue, other approaches look

for T between point correspondences obtained from 3D

point descriptors5). Nonetheless, the success of finding

correct correspondences depends on its descriptiveness,

which at the same time depends on the normal vectors of

the points. Besides, since the normal vectors are affected

by ξ and no rule specifies what a suitable normal vector

is, it is difficult to rely only on point descriptors.

To the best of our knowledge, the volume of work

that addresses low overlapping ratio point clouds is very

scarce. The only few existing approaches work based on
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looking for the points or subsets that belong to the shared

surfaces. Either by using point descriptors6) or by com-

putationally complex selection processes2).

In this work, we propose a method capable of register-

ing a pair of point clouds with overlapping ratios below

40%, which is not driven by point matches made from

descriptors, and computational complexity allows it to

find a solution considerably fast. The approach takes ad-

vantage of the local minima convergence of conventional

methods, by iteratively clustering the point clouds with

supervoxel segmentation7), and looking among the pro-

duced subsets the pair which registration leads to the best

alignment.

The remainder of this paper organizes as follows. In

section 2, we introduce the mathematical representation

for pairwise registration of 3D point clouds and review

related work of partially overlapping point clouds regis-

tration. We present in detail our approach in section 3.

Details of the experiments, results, and discussion are in

section 4. Lastly, in section 5, we conclude and present

the focus for future work.

2. Related Works

The volume of published work relevant to pairwise reg-

istration of 3D point clouds is very extensive. However,

only a few approaches take into consideration the overlap-

ping ratio. Thus, we only introduce related work that set

the base for Euclidean registration, address the overlap-

ping ratio, and inspired to define our approach. Further-

more, we refer the reader to surveys on registration8)–11)

to know more about the different ICP variants and re-

lated approaches.

2.1 Conventional registration methods

ICP is the most straightforward registration algorithm,

and its formulation is considered as the base for pair-

wise registration. For 3D point clouds, having two point

clouds, P = {pi}NP
i=1 and Q = {qj}NQ

j=1, named as source

and target respectively. ICP looks for the optimal T that

applied to P best aligns it to Q minimizing the error

E =

NP∑
i=1

wi ‖qφi
−T (pi)‖2 (1)

given by the Euclidean distance between point correspon-

dences Cpq = {(T (pi) ,qφi)}Mi=1. These correspondences

are defined by a function φ that sets a weight wi as 1

if a point pi has a correspondence qφi , or 0 otherwise.

In ICP φ is the point-to-point nearest neighbor function;

hence, qφi represents the nearest neighbor of T (pi) in

Table 1 Conventional registration methods comparison

Difference ICP N-ICP LM-ICP

φ
function

Point-to-point
nearest
neighbor

Point-to-plane
nearest
neighbor

Point-to-point
nearest
neighbor

T
update

Umeyama’s
least-squares
estimation

Umeyama’s
least-squares
estimation

Gradient
descent and
Gauss-Newton

Q. Moreover, T is a matrix of six Degrees Of Freedom

(DOF), formed by rotation and translation parameters

around and along the three axes.

ICP performs the registration process in iterations, and

at each iteration two steps take place:

1. Cpq are estimated by a point-to-point nearest neigh-

bor function.

2. T is updated based on Umeyama’s least-squares es-

timation method12).

The iterations are performed until the Cpq do not change,

and there is no possible update in T. Otherwise when

E reaches a specific Euclidean distance εf known as the

Euclidean Fitness Epsilon.

N-ICP performs registration in a very similar man-

ner to ICP, but it computes the normal vectors and uses

the spanning planes to estimate Cpq by a point-to-plane

nearest neighbor function.

LM-ICP is an improved ICP robust to the initial po-

sitions of the point clouds. It estimates Cpq the same

way as ICP, but updates T based on the Levenberg-

Marquardt algorithm. Table 1 shows a comparison be-

tween these three conventional registration methods.

2.2 TrICP

In conventional methods, the φ functions define Cpq

taking into considerations the distance between all the

points. However, when the point clouds do not have the

same number of points or are partially overlapping these

functions may estimate a high number of false Cpq. In or-

der to estimate a more accurate error for these cases the

Trimmed ICP (TrICP)13),14) restricts E by taking into

consideration only the points that belong to the over-

lapping surface, proposing the Trimmed Mean Squared

Error

TMSE =
1

N
′
P

∑
pi∈Pξ

wi ‖qφi −T (pi)‖2 . (2)

Nevertheless, it defines the overlapping ratio as ξ =
N

′
P

NP
, where N

′
P is the number of points in the subset Pξ,

which represents the overlapping part of P to Q. It means

that Pξ defines the Cpq and the prior knowledge of the

overlapping area is necessary.
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2.3 Practical registration of LiDAR scans

Due to their partial overlapping and complex struc-

tures, 3D point clouds obtained from LiDAR scanners re-

quire practical considerations to ease and accelerate their

registration. Cai et al.15) consider that in practice rela-

tive rotations are constrained to the azimuth in terres-

trial systems. This consideration removes two DOF and

allows to look for a T defined only by translations along

the three axes and a single rotation around the vertical

axis.

Furthermore, to robustly estimate E and reject false

Cpq, they proposed to measure the Euclidean distance

error only between the points that lay within an inlier

threshold ε that represents the scanning precision of the

device. Nonetheless, this approach also relies on Cpq de-

fined by descriptors in a pre-processing step.

2.4 Low overlapping ratio registration meth-
ods

Despite the lack of registration methods focused on

low overlapping ratio point clouds, the few existing ap-

proaches have shown to obtain good results with or with-

out relying on point descriptors. Wu et al.6) rely on point

descriptors to define the Cpq but proposes the idea that

in low overlapping ratio point clouds the shared surfaces

are more likely to be found at the boundaries, pruning

the search for Cpq to only these areas. The approach

proposed by Peralta et al.2) follows the same boundaries

ideas, but without relying on point descriptors. Instead,

they proposed a random Hough voting search to look for

the point subsets that best align between each other, and

which registration correctly aligns the full point clouds.

Nevertheless, due to its random search and inline con-

struction of subsets for each point in the point clouds,

the processing time required to analyze a pair of point

clouds thoroughly is too long.

3. Proposed Method

3.1 Problem reformulation

In contrast to conventional registration methods, for

low overlapping point clouds, the goal is to estimate the

error of alignment considering only the points that be-

long to the overlapping surfaces. Thus, it is possible to

say that Eq. (2) is a better error estimation than Eq.

(1), making TrICP the ideal method for the problem.

However, due to the way ξ is determined and its prior

knowledge, delimit the practicality of the method.

Because of the lack of prior knowledge of ξ in a realistic

situation, the overlapping ratio estimation method pro-

posed Peralta et al.2) becomes more suitable than the one

in TrICP. This method measures ξ between a pair of al-

ready registered point clouds as the percentage of points

that are close enough to be considered part of the same

surface as

ξ =

(
2M

NP +NQ

)
100 . (3)

In order to define Cpq, the method looks for each point

in the source the nearest neighbor in the target within a

radius of a ε equal to two times the cloud resolution CR.

That is, for each point in the source which nearest neigh-

bor lays within ε, there is a correspondence. Thus, the

total of points with a correspondence considering both

point clouds is 2M . We note that CR is the mean Eu-

clidean distance between all the points in a point cloud

and their nearest neighbor.

By combining a non-normalized TMSE and ε, it is pos-

sible to set an objective function that estimates the Eu-

clidean distance error only between the correct overlap-

ping points.

E (T | Cpq, ε) =
M∑
i=1

wi

(
‖qφi

−T (pi)‖2 ≤ ε
)

(4)

Then, the T that produces the best alignment is the

one that solves the optimization problem:

E∗ = max
T

E (T | Cpq, ε) (5)

In order to find this transformation, we propose to ex-

ploit the local minima convergence of conventional meth-

ods by clustering the point clouds and look the pair of

subsets (Pssk , Qssl) that have a similar shape and size,

and therefore its registration produces the T that ap-

plied to the full point clouds with a considerable small ε

accomplishes Eq. (5). The core process of the proposed

method is composed of the following four steps, detailed

from section 3.2 to section 3.5:

1. Point clouds pre-processing.

2. Point subsets generation.

3. Point subsets combinations rejection and registra-

tion.

4. Transformations evaluation.

3.2 Point clouds pre-processing

As the first step, we compute the normal vectors of P

andQ defined by a normal radius Rn. Then, these normal

vectors are used to compute the FPFH descriptor5) of

all the points in both point clouds, parameterized by an

FPFH radius Rfpfh.
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Despite computing the FPFH point descriptors, unlike

registration methods that make the Cpq by matching de-

scriptors, our approach uses the FPFH descriptor to give

a geometrical description to point subsets, as is intro-

duced in section 3.4.

3.3 Point subsets generation

Next, we divide both point clouds into subsets Psv =

{Pssk}SSP

k=1 and Qsv = {Qssl}SSQ

l=1 using the Voxel Cloud

Connectivity Segmentation, also known as supervoxel

segmentation7).

The supervoxel segmentation clusters point clouds sim-

ilarly to the 2D superpixels but generating a fast volumet-

ric over-segmentation of 3D point clouds that adheres to

the boundaries. In detail, it divides the 3D space into

a voxelized grid space with a resolution of seed radius

Rseed, where each voxel has a resolution of voxel radius

Rvoxel and sets a point seed for each cluster. An expan-

sion distance defined as

ΔP =

√
λ
D2

c

m2
+ μ

D2
s

3R2
seed

+ εD2
HiK , (6)

computes the range of the clusters from the point seeds.

Where λ controls the influence of color information as

a Euclidean color distance Dc in the CIELab space, μ

controls the spatial distance Ds between points, and ε

controls the geometric similarity of the points measured

by the FPFH descriptor.

Eq. (6) is the core that defines the point subsets in

the supervoxel segmentation method. Nevertheless, our

implementation, as we introduce in section 4, is built with

the Point Cloud Library (PCL)16) and its documentation
17) simplifies the expansion distance as

Δ′
P =

√
wcD2

c + ws
D2

s

3R2
seed

+ wnD2
n . (7)

Unlike Eq. (6), the computation of Eq. (7) is in a

feature space consisting of the color Euclidean distance

Dc from the normalized RGB space, the space distance

Ds normalized by Rseed, and the normal distanceDn that

measures the angle between normal vectors. Moreover,

wc, ws, and wn replace λ, μ, and ε respectively, but still

are user parameters which represent weights that control

the effect of the distances.

We note that the actual implementation of the super-

voxel segmentation available in PCL version 1.8 defines

the expansion distance as

Δ′′
P = wcDc +

wsDs

Rseed
+ wnDn , (8)

Algorithm 1 Subsets combinations rejection

Require: Source point subset Pssk .
Require: Target point subset Qssl .
Require: Corresponding descriptors PFPFHssk of Pssk .
Require: Corresponding descriptors QFPFHssl of Qssl .
1: for all pfpfh in PFPFHssk do
2: Find the 1st and 2nd nearest neighbors from

QFPFHssl .

3: Compute the ratio between distances of the 1st and
2nd nearest neighbors.

4: if ratio < Cthr then
5: Increase Gs by 1.
6: else
7: Continue.
8: if Gs = 0 then
9: Do not register Pssk and Qssl .

10: else
11: Register Pssk and Qssl .
12: Save the corresponding T in VT .

and no available documentation states the reasons for

these changes, which are beyond the scope of this work.

However, the implementation still works as asserted by

the authors of supervoxel segmentation.

3.4 Point subsets registration and combina-
tions rejection

Afterward, we look for transformations from the reg-

istration of subsets, which may be similar in size and

shape. Therefore, all the possible subsets combinations

(Pssk , Qssl) are registered using LM-ICP, and the result-

ing transformations T are saved in a vector VT , which

size is SSP × SSQ if all the combinations are registered.

However, registering all the combinations implies a prob-

ability of obtaining transformations which subsets do not

correspond to geometrically related surfaces. Thus, it

is necessary to avoid registering geometrically unrelated

subsets. To achieve this, we set a degree of geometric

similarity Gs, which measures how similar are a pair of

subsets by counting the point descriptor correspondences

between them. Hence, the higher the value of Gs, the

more similar and geometrically related are the subsets.

The rejection of the point subsets process is summa-

rized in Algorithm 1. Starting with a pair of subsets

(Pssk , Qssl) and since the points in P and Q are directly

related their previously computed FPFH descriptors, it is

possible to make clusters of these descriptors in the same

order as resulted in the supervoxel segmentation for the

point clouds. Thus, there is a one-to-one related descrip-

tors subset pair (PFPFHssk , QFPFHssl) that describes the

original point subsets pair, and is used to perform the

rejection of subsets combinations. First, descriptor cor-

respondences are estimated in the same manner as Buch

et al.18) and Lowe19), to measure the geometric similar-
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ity between the subsets. For each point descriptor pfpfh

in PFPFHssk , the first and second nearest neighbors in

QFPFHssl are found. If the ratio between their distances

is lower than a correspondence threshold Cthr, the first

nearest neighbor is considered a correspondence, and Gs

increases by one. Then, once all point descriptors in

PFPFHssk are evaluated, the pair (Pssk , Qssl) is rejected

if Gs has a value of zero, or registered if otherwise.

For the registration of the subsets, we chose LM-ICP

due to its robustness to the initial positions. A property

that makes this algorithm ideal to obtain the registration

transformation of subsets which may be virtually part

of the same surface in the model, but have a different

orientation in their respective point clouds.

3.5 Transformations evaluation

Lastly, the transformation Tb that achieves the best

alignment is defined by applying one by one all the T

saved in VT to P and evaluating with Eq. (4). Then, Tb

is the T that accomplish Eq. (5).

3.6 Iterative process

All the evaluated transformations come from the reg-

istration of considerably similar point subsets. Thus the

size of these subsets plays a significant role in the pro-

posed method. Rseed controls the size of these point sub-

sets and should be more significant than Rvoxel. The

larger is Rseed, the less but bigger are the generated point

subsets, and since there is no defined optimal value for

Rseed, it is also necessary to find the value that generates

the point subsets that lead to the optimal transformation

To.

In order to achieve it, we iterate over steps 2 to 4 of the

core process by decreasing the value of Rseed at a step rate

τ , from a maximum Rmax to a minimum Rmin. Which

Rmax can be as significant enough to at least generate

a couple of subsets at the first iteration, but due to the

spatial relationship between supervoxels and the voxel

grid in the segmentation process Rmin = Rvoxel + τ .

At each iteration, Rseed has a different value to generate

point subsets in both point clouds and register them as

described in section 3.4. Then as explained in section

3.5, the resulted transformations are evaluated to find

Tb. All the Tb from each iteration are saved in a vector

VTb
in order to perform the same evaluation with Eq.

(4) and define the optimal transformation To as the best

from the best. That is, To is the Tb that accomplish Eq.

(5). Algorithm 2 summarizes the complete iterative

registration method.

Algorithm 2 Iterative registration method

Require: Source point cloud P .
Require: Target point cloud Q.
1: Compute the normal vectors of P .
2: Compute the normal vectors of Q.
3: Compute the FPFH descriptors of P .
4: Compute the FPFH descriptors of Q.
5: Rseed = Rmax

6: while Rseed > Rvoxel do
7: Divide P into subsets, Psv = {Pssk}SSP

k=0 .

8: Divide Q into subsets, Qsv = {Qssj}SSQ

j=0 .
9: for all Pssk in Psv do

10: for all Qssl in Qsv do
11: Run Algorithm 1.

12: for all T in VT do
13: Evaluate T on Eq. (4).
14: if T accomplishes Eq. (5) then
15: Tb = T
16: Save Tb in VTb .
17: else
18: Continue.
19: Rseed = Rseed − τ
20: for all Tb in VTb . do
21: Evaluate Tb on Eq. (4).
22: if Tb accomplishes Eq. (5) then.
23: To = Tb

24: else
25: Continue.
26: Apply To to P .

4. Experimental Results

The proposed method was implemented in C++ 11 us-

ing the Point Cloud Library (PCL)16) version 1.8. Fur-

thermore, for parallel processing, we implemented the

steps for the subsets rejection, registration, and evalu-

ation of transformations using OpenMP.

4.1 Datasets and experimental setup

The utilized datasets consist of dense model point

clouds, and sparse scene point clouds obtained from laser

scanners. The dense point clouds are pairs of the mod-

els Bunny, Dragon, Happy Buddha, and Armadillo from

the Stanford 3D Scanning Repository20). The sparse

point clouds are pairs of the scene Stairs from the ASL

Datasets21). Each pair of point clouds was chosen based

on having an ξ below 40%, and the corresponding ground-

truth alignment available. Table 2 shows the specific

datasets for each model and scene, the source-target ar-

rangement, their number of points, and corresponding ξ.

We ran the proposed method with the different chosen

datasets while recording the corresponding registration

metrics E and ξ of Tb at each iteration, as well as the

processing time. Additionally, in order to have a metric

to estimate the error of alignment between the points that

genuinely overlap the Mean Squared Error with Penalty

was set as
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Table 2 Datasets and corresponding ξ
Model/Scene Datasets ξ (%)

Bunny

P : bun000
NP : 40,256 points
Q: bun270
NQ: 31,701 points

30.90

Dragon

P : dragonStandRight 0
NP : 41,841 points
Q: dragonStandRight 288
NQ: 24,573 points

29.64

Happy
Buddha

P : happyStandRight 0
NP : 78,056 points
Q: happyStandRight 288
NQ: 72,346 points

19.88

Armadillo

P : ArmadilloStand 0
NP : 28,220 points
Q: ArmadilloStand 270
NQ: 24,034 points

26.66

Stairs

P : Hokuyo 0
NP : 181,077 points
Q: Hokuyo 3
NQ: 187,959 points

33.04

MSEp =
1

NP

NP∑
i=1

wi (dpq ≤ ε) (9)

dpq =

{
‖qφi

−T (pi) ‖2, if wi = 1

1, if wi = 0
(10)

It measures the Mean Squared Error between the truly

overlapping points, but unlike TMSE, instead of not con-

sidering the points of the not overlapping parts, MSEp

gives a penalty of 1 for each pi ∈ P that does not have

a correspondence qφi ∈ Q within ε (see Eq. (10)). Since

in low overlapping conditions, the overlap is significantly

small, MSEp allows to estimate small values of error of

alignment for point clouds that are correctly registered,

and vice-versa.

For the dense model point clouds, the experiments were

performed with the parameters shown in Table 3 in

terms of CR, except for Cthr, which represents a ratio

∈ [0, 1]. Parameter wc was set as 0 because the datasets

do not have color information, and Cthr as 0.1 to guaran-

tee to find correct descriptor correspondences. Rmax and

τ , were defined large enough to generate at least two sub-

sets at the first iteration, and small enough to gradually

evaluate a wide range of sizes for the subsets. Moreover, ε

was set with the same value proposed by Peralta et al.2)

to ensure the estimation of ξ between the overlapping

points.

The experiments with the sparse scene point clouds

kept the same values for most of the parameters, except

for Rvoxel and Rmax. Since the scale of the stairs scene is

several times larger than the models, by using the same

values the supervoxel segmentation started generating a

Table 3 Parameters values utilized in the experiments
Parameter Value [CR] Parameter Value [CR]

Rn 10 ε 2

Rfpfh 10 Rvoxel 2.5

wc 0 Rmax 100

ws 2.5 τ 1

wn 0.5 Cthr 0.1

large number of subsets, when it is desired to generate

only a few at the first iteration. Hence, these parameters

were scaled-up by 10.

Additionally, we ran the conventional registration

methods with the same datasets to compare the results

against the ground-truth and the proposed method.

4.2 Results and discussion

Being the source and target clouds depicted in red and

blue, respectively, Table 4 shows the registrations ob-

tained by the ground-truth, the proposed method, and

the conventional methods for all the datasets.

Visually, unlike conventional registration methods, the

proposed method registers the point clouds keeping the

shape of the models and the scene, generating an align-

ment close to the ground-truth. In the cases of Bunny,

Dragon, Happy Buddha, and Stairs, the resulting align-

ments are almost perfect. Nevertheless, the lack of de-

scriptiveness in the overlapping surfaces of the Armadillo

datasets causes an alignment farther from the ground-

truth. Using the same color pattern as in Table 4, Fig.

1 depicts the subsets that lead to To for all the datasets.

By comparing the Armadillo ground-truth in Table 4 and

the position of the subsets in Fig. 1 (d) it is possible to no-

tice the reason for the resulting alignment in this model.

In the ground-truth, most of the overlapping surfaces are

in the round part at the back of the Armadillo. This sur-

face is mostly round and similar to a sphere; it does not

have any other geometric description than being round.

Thus, at step 3, the core process allows the registration of

all the combinations coming from this part, without con-

sidering if these arise from opposite sides. An analogy to

this effect is the registration of the two halves of a sphere

since both do not have any other geometric description

than their roundness, the final registration would be a

bowl-like shape instead of a sphere.

In the ground-truth column of Table 4, the metrics E,

ξ, and MSEp have the values for the perfect alignment.

Therefore, as the values of these metrics measured in the

other registration methods become closer to the ones in

the ground-truth, the more similar is the obtained regis-

tration to the perfect alignment. In this manner, the

83

IIEEJ Transactions on Image Electronics and Visual Computing Vol.7 No.2 （2019）



Table 4 Registration comparison between the ground-truth, the proposed method, and conventional methods

Unregistered
point clouds

Ground-truth
Proposed
method

ICP N-ICP LM-ICP

E = 6.89 E = 4.74 E = 1.26 E = 1.55 E = 1.25
Bunny ξ = 30.99% ξ = 19.20% ξ = 5.06% ξ = 6.21% ξ = 4.99%

MSEp = 0.7239 MSEp = 0.8284 MSEp = 0.9547 MSEp = 0.9444 MSEp = 0.9554

E = 5.48 E = 5.62 E = 1.41 E = 1.45 E = 1.43
Dragon ξ = 29.64% ξ = 30.18% ξ = 6.27% ξ = 6.24% ξ = 6.36%

MSEp = 0.7648 MSEp = 0.7605 MSEp = 0.9502 MSEp = 0.9504 MSEp = 0.9495

E = 6.08 E = 6.78 E = 3.11 E = 3.41 E = 2.99
Happy Buddha ξ = 19.88% ξ = 22.70% ξ = 9.55% ξ = 10.67% ξ = 9.20%

MSEp = 0.8084 MSEp = 0.7813 MSEp = 0.9080 MSEp = 0.8971 MSEp = 0.9113

E = 4.56 E = 4.03 E = 0.64 E = 0.77 E = 0.64
Armadillo ξ = 20.66% ξ = 23.63% ξ = 3.67% ξ = 4.61% ξ = 3.63%

MSEp = 0.7533 MSEp = 0.7813 MSEp = 0.9660 MSEp = 0.9573 MSEp = 0.9663

E = 896.42 E = 812.27 E = 132.32 E = 96.11 E = 128.05
Stairs ξ = 33.04% ξ = 26.31% ξ = 4.09% ξ = 2.93% ξ = 3.87%

MSEp = 0.6682 MSEp = 0.7363 MSEp = 0.9589 MSEp = 0.9706 MSEp = 0.9611
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(a) Bunny (b) Dragon

(c) Happy Buddha (d) Armadillo

(e) Stairs

Fig. 1 Point subsets that lead to To

Table 5 Optimal Rseed and processing times
Model/Scene Rseed [CR] tT (sec) tM (sec)

Bunny 70 444.74 2.47

Dragon 58 136.88 1.04

Happy Buddha 31 552.60 3.08

Armadillo 31 94.75 0.73

Stairs 927 5,925.2 0.98

proposed method also quantitatively surpasses conven-

tional methods. It is noticeable how the metrics in the

proposed method are significantly closer to the ground-

truth in all the datasets. Although there are still some

noticeable differences, as in the case of Bunny, these do

not indicate a wrong result, but that there is still room for

improvement in the alignment, which can be achieved by

a fine registration method. Thus, the proposed approach

can be considered a coarse registration method.

Regarding the optimal Rseed and processing time, Ta-

ble 5 shows the resulting optimal sizes, as well as cor-

responding total tT and median tM processing times. In

the same way as Peralta et al.2), this approach is based

on a subsets registration principle. However, as opposed

to that method, this one takes only a few minutes to pro-

cess the model datasets fully and find a solution and does

not require user intervention to compare the results with

the ground-truth. On the other hand, due to the scale of

the sparse scene datasets, the scaled-up values of Rmax

and Rvoxel impact on tT since more values of Rseed have

to be processed.

5. Conclusions

By providing enough shape descriptiveness in the over-

lapping areas, the proposed approach is capable of finding

transformations that register a pair of point clouds with

a low overlapping ratio close to the perfect alignment,

close enough to consider it a coarse registration method.

Therefore, it may be useful to perform multi-view regis-

tration (i.e., registration of more than two point clouds),

but using a fine registration method between every two

datasets to avoid carrying out the residual error of mis-

alignment.

For future work, we will focus on improving the depen-

dence to the size and shape of the point subsets, as well

as the indirect dependence to point descriptors to find re-
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lated surfaces, by defining better techniques to describe

the points that belong to the overlapping areas. More-

over, we will evaluate the adaptability of the method to

real-time applications.
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<Summary> The reduction of the manual work of annotation is an essential part of sign language

recognition research. This paper describes one weakly-supervised learning approach for continuous sign

language word recognition. The proposed method consists of forced alignment based on dynamic time

warping and isolated word hidden markov model adjustment using ‘embedded training’. While the proposed

forced alignment only requires one manual annotation for each isolated sign language word, it can generate

sufficient quality of the annotation to initialize isolated word hidden markov models. ‘Embedded training’

adjusts initial hidden markov models to recognize continuous sign language words using only ordered word

labels. The performance of the proposed method is evaluated statistically using a dataset that includes

5,432 isolated sign language word videos and 4,621 continuous sign language word videos. The averaged

alignment error of the proposed forced alignment was 4.02 frames. The averaged recognition performances

of the initial models were 74.82% and 91.14% in the signer-opened and trial-opened conditions, respectively.

Moreover, the averaged recognition performances of the adjusted models were over 65.00% for all conditions.

The evaluation shows significant improvements compared to the previous weakly-supervised learning.

Keywords: DTW, embedded training, HMM, sign language recognition, weakly-supervised learning

1. Introduction

1.1 Background

Sign language recognition is an important research

topic to improve communication between native signers

who use sign language in their communication, and speak-

ers. Continuous efforts of about thirty years in the field

make it possible to recognize continuous sign language

words1)–4). These successes are, however, dependent on

the availability of sign language corpora.

Sign languages are commonly represented by hand mo-

tions and shapes, as well as non-manual signals that in-

clude posture, facial expressions, gazes, and mouth mo-

tions. The representations and grammar of sign lan-

guages are, however, different in each community, and

no unified rules have been established to describe them.

Therefore, the sign language corpora for sign language

recognition should be built individually.

The sign language corpora for recognition require large-

scale videos and annotation. The annotation for sign

language recognition is composed of defined time ranges

based on motion units and their recognition labels.

Figure 1 shows examples of annotations to sign language

videos. Figure 1 (a) shows an example of annotation for

an isolated sign language word “HIRU,” which means “af-

ternoon” in Japanese Sign Language (JSL). Figure 1 (b)

shows that of continuous sign language words “HIRU”

and “AISATSU.” “AISATSU” means “greeting,” and

these continuous sign language words make up the sen-

tence “Good afternoon” in Japanese. The red bars in-

dicate the borders of the motion units. Each label in

the units describes the type of motion. “Static” indicates

static posture without sign motions. Generally, the man-

ual work of annotation is time-consuming. In particular,

the annotation of continuous sign language word videos

is a difficult task even to a professional annotator because

there are “Transition” motions between words as shown

in Fig.1 (b). For these reasons, it is essential to reduce

the manual work of annotation to progress the research

of sign language recognition.

As one of the solutions for the above problem, weakly-

supervised learning, which trains models with a simple

and limited amount of manual annotation, has received

much attention in recent years. One of the standard ap-

proaches of weakly-supervised learning for sign language

recognition is training with ordered word labels2). The
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(a) Annotation of an isolated sign language word

(b) Annotation of continuous sign language words

Fig. 1 Examples of annotation to sign language videos

ordered word labels are a word array without time range

information. Previous weakly-supervised learning does

not require the definition of time ranges; therefore, the

annotation work can be reduced to a reasonable amount.

The previous methods, however, rely on ‘flat-start’ ini-

tialization which segments a video uniformly according to

the ordered word labels, and they train initial recognition

models using the uniformly segmented videos. ‘Flat-start’

initialization often negatively affects recognition perfor-

mance when the errors of the initial segmentation are

significant.

1.2 Motivation and proposed method

Hence, in this paper, we propose one approach to

weakly-supervised learning for continuous sign language

word recognition using forced alignment based on Dy-

namic Time Warping (DTW)5) and isolated word Hid-

den Markov Model (HMM) adjustment using ‘embedded

training’ 6),7). The primary motivation of this research is

building high-performance continuous sign language word

recognition models with as little manual annotation as

possible. The proposed weakly-supervised learning only

requires one manual word-level annotation for each iso-

lated sign language word, as well as ordered word labels

of continuous sign language words. The word-level anno-

tation defines the motion units based on the representing

sign language words and gives them word labels, as shown

in Fig.1 (a). The word-level annotation of the isolated

sign language words is simple and easier than that of the

annotation for continuous sign language words. This style

of annotation can be expected to be feasible even for a

non-professional annotator.

Forced alignment is a process to find an alignment of

a time sequence to ordered word labels. Although the

popular forced alignment in sign language recognition is

Viterbi alignment based on HMM with ordered word la-

bels3), we employ that of DTW. While the HMM-based

forced alignment requires a certain amount of manual

annotation to build the pre-trained models, DTW-based

forced alignment can be available with one manually an-

notated reference data for each word.

We apply the proposed forced alignment to isolated sign

language word videos and train initial word HMM using

the generated annotation. After the initial training, we

apply ‘embedded training’, which is also known as con-

catenated training, to the initial HMM. ‘Embedded train-

ing’ requires only ordered word labels; therefore, difficult

annotation is avoided.

The proposed initialization process provides a signifi-

cant improvement of recognition performance over ‘flat-

start’ initialization, and the recognition performance of

the proposed method is close to that of ‘bootstrap’ ini-

tialization which utilizes all manual annotations of the

isolated sign language word videos. This paper provides

experimental comparisons to show the superiority of the

proposed method over ‘flat-start’ and ‘bootstrap’ initial-

ization.

The remainder of this paper is organized as follows. In

Section 2, we introduce the previous weakly-supervised

learning approaches of sign language recognition. In Sec-

tion 3, we describe our research settings. In Section 4,

we explain the proposed weakly-supervised learning. In
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Section 5, we compare the results obtained by the pro-

posed method and other initialization methods. Finally,

in Section 6, we provide our conclusions and suggestions

for future research.

In the following sections, the terms “isolated words”

and “continuous words” indicate isolated sign language

words and continuous sign language words, respectively,

to avoid redundant representations.

2. Related Work

This section introduces the previous weakly-supervised

learning approach of sign language recognition. Koller et

al. applied ‘flat-start’ initialization as a pre-process of

training a convolutional neural network to classify hand

shapes during signs2). They define mappings between

each word and hand shapes based on Sign-Writing8), and

‘flat-start’ initialization divides video frames in words ac-

cording to the mappings. We note that their ‘flat-start’

initialization is conducted on the sub-unit-level annota-

tion. The sub-unit-level annotation depicts finer motion

types than the word-level annotation1), and the errors of

the initial segmentation may be insignificant. Unfortu-

nately, adequate mappings between each word and the

hand shapes of many sign languages including JSL have

not been established. Therefore, in many cases, ‘flat-

start’ initialization has negative effects on recognition

performance.

Koller et al. also proposed iterative forced align-

ment based on their CNN-BLSTM-HMM system3). Their

method mutually updates the annotation and recogni-

tion models, and the recognition performance improves

with each repetition. However, in their approach, the

initial annotation should be given by manual or other

pre-trained models. This limitation is common in HMM-

based forced alignment.

Automatic model extraction using video subtitles is

also an interesting approach in the field. Farhadi et

al.9) proposed a data mining method to automatically

extract common pairs of words and signs from the subti-

tled videos. Buehler et al.10) proposed a similar approach

based on multiple instance learning. These methods have

the advantage that manual annotation is not required,

but it is difficult to train uncommon words.

3. Research Settings

In this section, we explain a database and a base sign

language recognition method to depict the research set-

tings in advance.

Table 1 Summary of the number of words in the sentences

Number of words 2 3 4 5 6 7 8

Sentences 14 17 12 4 8 5 2

3.1 Database

The specifications of the database are depicted in the

following. We suppose a situation where a single signer

signs in front of a camera. We recorded videos with a

smart-phone camera and requested the signers to sit and

sign in office environments. Moreover, we requested that

the signers pose in the static posture at the beginning and

the end of a sign, as shown in Fig.1. All video frames

were recorded at 30 frames per second with 640 × 360

pixels. We note that each signer is recorded in different

places. Therefore, each video has a unique background

depending on the signer. The database includes 109 iso-

lated JSL words that were signed by ten native signers

and 62 types of continuous words that were signed by

eighteen non-native signers and one native signer. The

ten native signers include three males and seven females

in their twenties to 50s. The one native signer of contin-

uous words is a female in her twenties who is included in

the ten native signers of isolated words. They use JSL

in daily communication. The eighteen non-native signers

include fourteen males and four females in their twen-

ties to 50s. The recording of eighteen non-native sign-

ers was conducted after several hours of training because

they are beginners of JSL. The continuous words are built

from the 109 words to make short sentences. The num-

ber of words in the sentences are summarized in Table 1.

We requested that the signers perform each isolated word

five times. In this paper, we use the term “trials” to in-

dicate these repetitions. As a result, 5,432 videos were

obtained except for the recordings that failed. Moreover,

we recorded four trials for each of the continuous words,

and 4,621 videos were obtained except for recording and

sign errors. While all isolated words have manually de-

fined time ranges and those labels, ordered word labels

without time ranges are defined for the continuous words.

All experiments in this study were conducted using

the database. In this paper, we compare the three

types of weakly-supervised learning, namely, ‘flat-start’

and ‘bootstrap’ initialization, and the proposed method.

These methods are characterized by available annotations

to train initial models as depicted in Table 2. We note

that all methods use ‘embedded training’ with the or-

dered word labels to adjust the initial models.
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Table 2 Available annotation for HMM initialization

Method Annotation

‘flat-start’ Ordered word labels

‘bootstrap’ Full manual labels

Proposed One manual label for each word

3.2 Base sign language recognition

Three types of the weakly-supervised learning are

tested on the previously proposed sign language

recognition11). The sign language recognition consists of

body parts tracking using OpenPose12)–15), feature ex-

traction, and parts-based multi-stream HMM. We pro-

vide a brief introduction to sign language recognition in

the following.

(a) Body-parts tracking

In this research, we employ 7, 21, and 21 tracking points

of OpenPose for a body, left hand, and right hand, respec-

tively. The seven points of a body include the joints of

the left and right arms, both shoulders, and the neck.

We removed the points of a part of the torso, lower body,

and face because the tracking points of these parts were

almost static during signs in our settings.

(b) Feature extraction

The feature extraction converts the raw tracking data

to abstracted sign features using base feature computa-

tion and feature abstraction. Three types of base fea-

tures, normalized tracking positions, point connections

according to the human skeleton, and first-order deriva-

tives of positions and connections, are calculated from

the raw tracking data. The normalized tracking posi-

tions are the transformed two-dimensional coordinates.

The transformation is conducted for each body part. The

point connections are distances and directions between

the pairs of neighboring points. The first-order deriva-

tives are calculated only for the body because the track-

ing of hands is sometimes unstable. The feature abstrac-

tion is composed of Z-score normalization and Principle

Component Analysis (PCA). Z-score normalization ad-

justs the scales of each dimension. PCA removes the

redundant dimensions.

As a result of these processes, the raw tracking data are

converted to 96-dimensional sign features, which include

25, 37, and 34-dimensional vectors of the body and left

and right hands. The forced alignment utilizes the 96-

dimensional sign features that were obtained as a result

of the feature extraction.

(c) Parts-based multi-stream HMM

We designed left to right parts-based multi-stream

Fig. 2 Word network for sign language recognition

HMM to test weakly-supervised learning. λ = (A,B,π)

and X = {x1,x2, . . . ,xT } indicate model parameters

of HMM and an observed time sequence, respectively.

A = {aij ; i, j = 1, 2, . . . , N} and B = {bi(x)} represent

the state transition and output probabilities, respectively.

These parameters are trained through initial and ‘embed-

ded training’. π = {π1 = 1, πi>1 = 0} represents initial

state transition probability, and we employed fixed π to

construct left to right HMM. N is the number of hidden

states of HMM, and we employed N = 5 and N = 20 for

the models of the static posture and each isolated word,

respectively. T is the number of observations in an ob-

served time sequence.

The output probability of the HMM is defined as:

bi(xt) =

S∏
s=1

{
N [xst;μis, diag(Σis)]

}γs

. 1

S = 3 is the number of streams associated with body

parts. γs is a relative weight to a stream s. Although

γs can be used to set the relative importance of each

body part, we use γs = 1 in this paper to simplify the

setting. N [·;μ, diag(Σ)] is a single multivariate Gaussian

distribution with a diagonal covariance matrix. μis and

Σis are the multivariate mean and covariance, which are

associated with the ith hidden state.

We note that the first and last hidden states of HMM

are non-emitted states, and these are used to connect

HMMs in ‘embedded training’ and the classification.

The classification is based on the Viterbi algorithm

using a linguistic model, which is shown in Fig.2.

This linguistic model supposes that a sentence con-

sists of “Static”→“Word”→“Static.” The loop struc-

ture in Fig.2 allows for many word repetitions. The

training of models and classification are conducted using

Hidden Markov Toolkit7).

4. Weakly-Supervised Learning

4.1 Process overview

In this section, we describe the proposed weakly-

supervised learning. An overview of the proposed weakly-

supervised learning is illustrated in Fig.3. The boxes and
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Fig. 3 Process overview

rounded boxes in Fig.3 are the processes and data, respec-

tively. While the annotated sequence means that time

ranges and those labels are defined, the labeled sequence

only has ordered word labels. The unannotated sequence

does not have any time ranges and labels, but it is as-

sumed to have the same ordered word labels as manually

annotated sequences. First, one sequence is sampled for

each isolated word and annotated manually. This anno-

tated sequence is used to assign annotations to the other

sequences using forced alignment based on DTW. Next,

initial word HMMs are trained based on the Viterbi al-

gorithm and Baum-Welch (BW) re-estimation using the

annotated sequences. Finally, the initial word HMMs are

adjusted based on ‘embedded training’ using the labeled

sequences of continuous words.

4.2 Forced alignment based on DTW

DTW5) is one of the standard techniques to find

a temporal alignment between a pair of time se-

quences. X = {x1, . . . ,xi, . . . ,xTx
;xi ∈ Rn} and Y =

{y1, . . . ,yj , . . . ,yTy
;yj ∈ Rn} indicate a pair of time se-

quences. PTx,Ty
⊂ {0, 1}Tx×Ty is a set of binary align-

ment matrices. P ∈ PTx,Ty is a Tx × Ty matrix that

indicates an alignment path according to the DTW con-

straints, and pij = 1 indicates that xi and yj are aligned.

Δ(X,Y ) is a Tx × Ty cost matrix. Given these no-

tations, the alignment matrix with the minimum cost

Pmin ∈ PTx,Ty is defined as follows:
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Fig. 4 Example of forced alignment using DTW

Pmin = argmin
P∈PTx,Ty

<P :Δ(X,Y )>, 2

where < M1 : M2 > is the Frobenius inner product of

two matrices M1 and M2, which have the same row and

column dimensions. DTW efficiently finds Pmin based on

dynamic programming.

Figure 4 shows an example of forced alignment using

DTW. The left and top graphs indicate y coordinates of

a right wrist of a reference and target sequence during a

sign, respectively. We note that Fig.4 shows a compar-

ison of scalar values to visualize the sequences, but the

96-dimensional sign features are used in the experiments.

The central colored matrix shows a cost matrix. The cost

matrix has the squared Euclidean distances between the

observations of the pair of time sequences as its elements.

The vertical axes of the left graph and the cost matrix

are the frame indices of the reference data. The hori-

zontal axes of the top graph and the cost matrix are the

frame indices of the target data. The blue line on the

matrix shows the alignment path {(i, j); pij = 1} with

the minimum cost, which goes through the minimal cost

points from the bottom left corner to the top right cor-

ner. The dotted lines and labels on the left graph show

the annotation of the reference data. The boundaries of

the reference annotation can be represented as horizon-

tal lines in the cost matrix. When ib is an index that

coincides with a boundary of the reference annotation,

an index of the target boundary can be found by seeking

pibj = 1. This means that the target boundary is deter-

mined as a vertical line that goes through a cross point of

the reference boundary and the alignment path, as shown

in the cost matrix of Fig.4.
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(a) Entering ib vertically

(b) Entering ib diagonally

Fig. 5 Examples of the alignment path conversion

However, the index of the target boundary is not

uniquely determined when the multiple target frames are

aligned with the reference boundary. This is the case

when the horizontal part of the alignment path goes along

the dotted horizontal lines in Fig.4.

We avoid this case by using an alignment path conver-

sion. We suppose two cases, as shown in Fig.5. The

squares in Fig.5 show neighborhoods of pibj = 1 on the

alignment path. The blue dots indicate pibj = 1 on the

alignment path. Fig.5 (a) is the case when the alignment

path enters ib vertically, and Fig.5 (b) is the diagonal

case. When the multiple candidates of pibj = 1 exist, the

alignment path is converted by employing the maximum

index of j in both cases.

The path conversion is an empirical process. Although

employing the minimum index of j and some interpo-

lation techniques are also available, the effects of these

selections on recognition performance were minor in our

research settings.

4.3 Isolated word HMM adjustment

(a) Initial training

The initial training is composed of initial parameter es-

timation and the adjustment of parameters. First, train-

ing observation sequences of an isolated word HMM are

sampled according to the annotation, which is generated

by forced alignment. Next, each observation sequence

is divided into equal segments according to the hidden

states of the HMM, and the means and covariances of

each output probability are initialized using the sample

mean and covariances. Next, the observations are as-

signed to each hidden state using the Viterbi algorithm,

and the parameters are updated. Finally, the BW algo-

Fig. 6 Process flow of ‘embedded training’

rithm adjusts the parameters based on expectation max-

imization. We applied the BW algorithm four times to

adjust the parameters in this research.

(b) Model adjustment

Figure 6 shows the process flow of ‘embedded train-

ing’. First, ‘embedded training’ concatenates isolated

word HMMs according to the ordered word labels of con-

tinuous words. Next, ‘embedded training’ applies the BW

algorithm to the concatenated HMM, and the parameters

of the isolated word HMMs included in the concatenated

HMM are simultaneously updated. We applied parame-

ter adjustments using ‘embedded training’ on two occa-

sions in this research.

5. Evaluation

This section describes evaluations of the proposed

method. We report the alignment and recognition perfor-

mances based on the forced alignment and classification

by HMM, respectively. Moreover, we show comparisons

to ‘flat-start’ and ‘bootstrap’ initialization. All evalua-

tions in this section are based on the database and sign

language recognition, which are described in Section 3.

5.1 Alignment performance

The performance of the forced alignment was evaluated

based on the distances of annotation boundaries between

the manual and aligned annotations. This evaluation was

conducted using 5,432 videos of the 109 isolated words

by ten native signers. The average duration of the 5,432
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Table 3 Alignment performance [frames]

Method Maximum Minimum Mean SD

‘flat-start’ 24.58 9.83 16.05 3.12

Proposed 16.78 0.46 4.02 3.21

videos is 66.87 frames.

While the distances of ‘flat-start’ initialization are

uniquely determined, those of the proposed method de-

pend on the sampled reference annotation for DTW.

Hence, we first divided the dataset into subsets for each

isolated word and calculated the maximum, minimum,

mean, and Standard Deviation (SD) of the distances for

each isolated word. While the distances of the annotation

boundaries of ‘flat-start’ initialization were calculated one

by one with comparison to the manual annotations, those

of the proposed method were calculated based on leave-

one-out cross-validation for each isolated word. We then

summarized the performance values based on macro av-

eraging of all the isolated words.

The alignment performances are summarized in

Table 3. The proposed method achieved distances about

four times lower than that of ‘flat-start’ initialization.

5.2 Recognition performance

(a) Performance of initial models

We report the performance of the initial models using

5,432 videos of the 109 isolated words by ten native sign-

ers.

The recognition performance was calculated based on

the word classification accuracy. The word classification

accuracy is defined as:

Accuracy =
N −D − S − I

N
× 100, 3

where N,D, S, and I indicate the total number of words,

the number of deletions, substitutions, and insertions, re-

spectively7)．

The performance of the initial models using ‘flat-start’

and ‘bootstrap’ initialization was evaluated using ten-fold

and five-fold cross-validations, respectively. The ten-fold

cross-validation uses the videos of nine subjects for train-

ing and those of one subject for testing. On the other

hand, the five-fold cross-validation uses the videos of 4/5

trials of all subjects for training and those of 1/5 trials

for testing. We refer to these experimental settings as the

signer-opened and trial-opened conditions, respectively.

For the evaluation of the proposed method, we sam-

pled one sequence for each word from the same subject;

forced alignment was applied to other sequences. Next,
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Fig. 7 Performance of the initial models

evaluations based on the signer-opened and trial-opened

conditions were conducted. We repeated the sampling

and evaluation for every subject, and the macro averages

for all subjects were calculated.

The performance of the initial models is summarized in

Fig.7. The red and blue bars in Fig.7 represent the word

classification accuracy of the signer-opened and trial-

opened conditions, respectively. The error bars represent

the SD for the mean accuracies in the cross-validation.

The values on the upper error bar denote the mean ac-

curacies. We note that the summarized values of the

proposed method are the macro averages for all patterns

of the forced alignment.

As shown in Fig.7, the performance of the proposed

method was superior to that of ‘flat-start’ initialization

with sufficient margins, and comparable to that of ‘boot-

strap’ initialization. At the same time, we found that

the errors of ‘flat-start’ initialization resulted in degraded

recognition performance.

(b) Performance of adjusted models

The performance of the adjusted models was evalu-

ated using 4,621 videos of the 62 continuous words by

eighteen non-native signers and one native signer. The

performance of the adjusted models depends on the ini-

tial models and the composition of the training and test

datasets. Therefore, we combined the cross-validation

of initial and ‘embedded training’. There are ten and

five initial models respectively of the signer-opened and

trial-opened conditions after the initial training. For the

evaluation of the adjusted models, we sampled one ini-

tial model and applied ‘embedded training’. Similar to

94

IIEEJ Transactions on Image Electronics and Visual Computing Vol.7 No.2 （2019）



flat-start bootstrap Proposed

Initialize method

0

20

40

60

80

100

W
o
rd

 c
la

s
s
if

ic
a
ti

o
n

 a
c
c
u

ra
c
y
 [

%
]

45.58

65.57 65.33

46.42

64.49 65.35

52.27

69.28 67.70

51.91

69.20 69.12

Signer-Signer

Trial-Signer

Signer-Trial

Trial-Trial

Fig. 8 Performance of the adjusted models

the evaluation of the isolated words, nineteen-fold and

four-fold cross-validations were conducted based on sign-

ers and trials, respectively. We repeated the sampling

of initial models and ‘embedded training’ for all initial

models, and report four types of macro averages.

The summarized performance is illustrated in

Fig.8. We denote the types of macro averages as

Initial training condition - ‘embedded training’ condition

in Fig.8. For example, Signer-Trial in Fig.8 denotes

that the signer-opened and trial-opened conditions were

applied to initial and ‘embedded training’, respectively.

The pink, red, cyan, and blue bars in Fig.8 repre-

sent the word classification accuracy of Signer-Signer,

Trial-Signer, Signer-Trial, and Trial-Trial, respectively.

The performance of the proposed method was superior

to that of ‘flat-start’ initialization and comparable to that

of ‘bootstrap’ initialization in every case, as shown in

Fig.8.

6. Conclusions and Future Work

In this paper, we proposed weakly-supervised learn-

ing for continuous sign language word recognition using

forced alignment based on DTW and isolated word HMM

adjustment using ‘embedded training’. As shown in the

evaluation, the proposed forced alignment has achieved

significant improvement in the alignment performance

from that of ‘flat-start’ initialization. Moreover, we have

found that the proposed weakly-supervised learning per-

formed comparably to ‘bootstrap’ initialization with only

one manual annotation for each isolated sign language

word and the ordered word labels for the continuous

words. Although the proposed method requires at least

one manual annotation for each isolated word compared

to ‘flat-start’ initialization, the performance improvement

of the proposed method has been worth considering as a

practical solution.

In spite of the improvements of the proposed method,

there are still difficulties in contending with the vari-

ety of motions as indicated in the maximum and SD of

the alignment distances in Table 3. The proposed forced

alignment supposes that the target data are similar to

the reference data. It is difficult to provide appropri-

ate annotations when the difference between the target

and the reference data is significant. Therefore, such a

case should be annotated manually from the viewpoint

of building corpora. Outlier detection of the time se-

quences may be available to exclude the expected failure

cases and improve the overall efficiency of building the

corpora. Moreover, some extensions of DTW16),17) can

improve the stability of time sequence alignment.

While word-level annotation is a feasible solution to

build corpora, detailed components of sign language, for

example, “Transition” motions, sub-unit-level motions,

and asynchronous motions of body parts, should be con-

sidered to establish high-level sign language recognition.

The proposed method has avoided the annotation of

“Transition” using ‘embedded training’. This approach

has limitations for large-scale continuous words because

the many types of “Transitions” are difficult to learn

as part of the word HMMs. The combination of the

automatic generation of “Transition” models2) and soft

boundary assignments18) are expected to lessen this limi-

tation. The proposed method is independent of the fine-

ness of motion units. Therefore, the proposed method

is available for sub-unit-level annotation if manual an-

notation by experts is available. Moreover, DTW and

‘flat-start’ initialization can be combined to automati-

cally generate sub-unit-level annotation when the ade-

quate mappings between JSL words and motion units are

established. For the asynchronous motions of body parts,

extensions to asynchronous and multi-modal DTW19)and

HMM20)may be available to our approach.

The current research settings have been relatively con-

trolled. Weakly-supervised learning for sign language

recognition in practice must be addressed.
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<Summary> Despite the recent success in deep neural networks on the visual domain, we need a large

amount of data to train the networks. Previous works addressed this issue as the few-shot learning which

is the task to identify the class of an example in new classes not seen in a training phase with only a

few examples of each new class. Some methods performed well on the few-shot tasks, but need a complex

architecture and/or specialized loss functions, such as metric loss, meta learner, and memory. In this paper,

we evaluate the performance of the ensemble approach aggregating a huge number of simple neural network

models (up to 128 models) on standard few-shot datasets. Surprisingly, although the approach is simple, our

experimental results show that the ensemble approach is competitive with state-of-the-art methods among

similar architecture methods in some settings.
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1. Introduction

Deep neural network-based approaches outperform

other conventional approaches on object recognition

tasks1),2). However, we need a massive amount of la-

beled data to train deep neural network-based models.

Simply training the model with a small dataset leads to

over-fitting. The problem of learning using only a few ex-

amples is called one- or few-shot classification3),4). One-

or few-shot classification is the task to predict the class of

the given example by comparing a few examples of each

possible class. Because the class of the given example is

not seen in a training phase and only a few examples of

each of these classes are given, the task is challenging for

deep neural networks.

In the common setting for few-shot learning, we can

use prior knowledge from a training set. The training set

and the dataset for evaluating few-shot classification, of

course, have completely disjoint label spaces. However,

the characteristic of the examples in both datasets are

similar because they have the same or a similar domain

(e.g., handwritten alphabet images5) or RGB object im-

ages6)). In recent work on few-shot learning with deep

neural networks, many works use the training set to opti-

mize the network weights. One notable method is Match-

ing Nets proposed by Vinyals et al.6). They simulate the

one-shot classification setting on a training dataset and

apply the trained model for one- or few-shot classifica-

tion on the evaluation set. Their method and similar

methods7),8) perform well, but they use specialized neu-

ral network architectures and loss functions.

One näıve method, without using specialized archi-

tecture and meta-learning techniques9)–11), is merely to

use the feature representation extracted with a standard

classifier. A convolutional neural network (CNN)-based

classifier trained for the classification task can be used

as a feature extractor for many tasks in computer vi-

sion12)–14). However, the feature extracted with a single

classifier is not useful enough for few-shot classification

on an evaluation set, because the training set and the

evaluation set have disjoint label space. Then, our funda-

mental issue is how we obtain enough feature for few-shot

classification using the training set.

To overcome the issue in a simple way, we here adopt a

manner of traditional ensemble learning that is the con-

cept of combining several models to make a final deci-

sion. Basically, even when we train a classifier on the

same dataset, there are some different features enough

for the task (optimal solutions of the model). Therefore,

we hypothesize that we can obtain a better feature for

few-shot classification on the evaluation set by finding

and aggregating the different features for the classifica-

tion task on the disjoint training set. Therefore, we em-

ploy many classifiers in an ensemble manner, which are

trained for classification task on the training set, and ag-

gregate the features extracted with each classifier. Each
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classifier is expected to provide a different feature because

of the randomness that comes from the random initializa-

tion of each network’s weight and the random sampling

of mini-batches, even if all the classifiers have the same

architecture and are trained with the same training set.

Each extracted feature is rich enough for classification in

the label space of the training set but not enough for few-

shot classification on the evaluation set with disjoint label

space. However, by concatenating the features, we can

obtain richer features for few-shot classification. We call

this ensemble approach “Classifier Aggregation” (Clas-

sAgg). As the classifiers are trained to solve standard

classification tasks, we do not need specialized architec-

ture and loss function. In addition, the models do not

have memory like the methods by Kaiser et al.15), San-

toro et al.16), and Ravi and Larochelle10). However, we

surprisingly found that the simple ensemble approach is

competitive with state-of-the-art methods.

In this paper, we propose the method to adopt an

ensemble fashion for few-shot classification, and eval-

uate the effectiveness of the ensemble approach, Clas-

sAgg. Surprisingly, experimental results show that the

approach is competitive with state-of-the-art among sim-

ilar architecture methods for 5-way 1-shot classification

on Mini-ImageNet6) and achieved the same accuracies as

the state-of-the-art, with 95 % confidence interval over-

lap, for 5-way 5-shot and 20-way 5-shot classification on

Omniglot Previous Split5),6). We also show the evaluation

of how the number of aggregated classifiers contributes to

the performance of few-shot classification.

2. Related Work

Many previous works are tackling few-shot classifica-

tion3),4) which is a task to classify an example of the

class not seen in training, with only a few examples for

each class. Merely training the classifier with the few ex-

amples causes the model to overfit so that we cannot use

this näıve approach.

Earlier approach for one-shot learning used the gener-

ative model3),4). In recent work, Edwards and Storkey17)

used the variational autoencoder18) to learn generative

models for few-shot learning. The first approach for one-

shot classification on the Omniglot dataset5) uses specific

knowledge for handwritten alphabet characters: pencil

strokes. Their method, called Hierarchical Bayesian Pro-

gram Learning, can perform well but mainly focuses on

one-shot learning on only handwritten alphabet charac-

ters. Since the target domain of these methods is limited,

we do not follow this approach.

Because deep neural network-based approaches outper-

form other conventional approaches in recent work on

the object classification task1),2) with large-scale datasets,

many recent works on few-shot learning are based on

deep neural networks. Some works address the over-

fitting problem by simulating the few-shot classification

with an additional dataset with disjoint labels and learn

the metrics of the domain instead of training with a few

examples. The first work following this approach is pro-

posed by Koch19). Koch19) used Deep Siamese Networks,

which predict whether the classes of two input images

are the same or not, for a one-shot classification task.

Matching Nets6) and Prototypical Nets8) learn the em-

bedding with CNN-based model by simulating the one-

shot classification setting with a training set when they

train the models. Sung et al.7) also took a similar ap-

proach, and the model learns to compare the input im-

ages. Although these approaches demonstrated good per-

formance for few-shot classification tasks, they need spe-

cialized neural network architectures and extraordinary

loss functions. The ClassAgg approach instead does not

simulate the few-shot classification in training phase so

that we do not need them.

Another approach is employing a neural network with

memory. Kaiser et al.15) combined the Siamese Nets with

long short-term memory (LSTM20)). Santoro et al.16)

employed Neural Turing Machines21) for one-shot learn-

ing. In the approach, they classify a given example using

historical information in the memories. In contrast, the

ClassAgg approach does not need complex architecture

with memories like LSTM.

Finding the good initial condition of the network is an

alternative approach proposed by Finn et al.11). They

proposed the few-shot learning method for learning the

initial condition of neural networks, as meta-information.

The meta-learner provides a good initial condition to fine-

tune with few-shot classification. MAML11) performs

well on few-shot classification, but the method needs fine-

tuning. We do not refer the fine-tuning in the ensemble

approach because of focusing on obtaining good represen-

tation for few-shot classification from the disjoint dataset.

Meta Nets9) and Meta-Learn LSTM10) also focus on im-

proving the optimization strategies. They use LSTM to

learn the loss gradient of neural nets as meta-information

for updating the parameters of the model for one-shot

classification. These methods that use neural networks

with memory have specialized architectures.
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(a) Feature space with a single classifier (b) Feature space with some classifiers (c) Feature space with a large number
of classifiers

Fig. 1 Concept of ClassAgg

In comparison to these previous approaches, since the

ClassAgg approach employs simple CNN-based classi-

fiers, our method does not need memory, fine-tuning or a

meta-learner.

In terms of using multiple models, there is a traditional

technique called ‘ensemble learning’ that is the concept of

combining some models to improve the performance. In

general classification tasks, ensemble learning combines

classifiers for reducing the risk of misclassification by a

poorly performing classifier22). In that setting, each clas-

sifier is trained for the same task as the final prediction

task. The ClassAgg is a kind of ensemble learning, but

in few-shot classification setting, the models are trained

for the task different from the final prediction task. The

ClassAgg aims to obtain richer feature representation

with many classifiers.

3. Problem Setting

We consider the task of one- or few-shot learning. Fol-

lowing a task formulation by Vinyals et al.6), we have

three datasets: training setB (sometimes called the back-

ground set), support set S, and test set T. Support set S

and testing set T have the same label space. In contrast,

training set B has its own label space different from that

of support set S and testing set T. Therefore, the classes

that we can see in a training phase are disjoint with those

that we can see in an evaluation phase. Every example x

in all datasets has its label y.

For performing one- or few-shot evaluation, we deter-

mine which example in S has the same class as the given

test example xt ∈ T. We have to do this task only with

prior information of examples in training set B. If the

support set consists of k-labeled examples for each of N

different classes, the target few-shot problem is called N -

way k-shot learning. In this case, we have N×k examples

in support set S = {xs
i , y

s
i }N×k

i=1 .

4. Classifier Aggregation

To bring an ensemble manner into few-shot classifica-

tion tasks, we here use an aggregation of a large number

of classifiers. Each classifier is trained to solve the clas-

sification task for the samples in training set B. We call

this task background classification. Although few-shot

classification and background classification have disjoint

label space, features useful enough for background classi-

fication can be useful for few-shot classification to some

extent because these tasks use features extracted from

similar domains (e.g., alphabet images and RGB object

images). However, a feature extracted with a single clas-

sifier is not effective enough for few-shot classification be-

cause it is trained for the background classification task.

Figure 1 shows the feature space extracted from given

image x which may have a label in training set B, support

set S, or testing set T. In Fig. 1, the vertical and hori-

zontal axes indicate the effectiveness of the feature space

for the few-shot classification and the background classi-

fication, respectively. Because the label spaces of these

tasks are disjoint, the axes are orthogonal. Each yellow

ellipse shows the possible feature space that the classifier

can output. The ellipse can be projected to two basis

vectors, the few-shot classification (vertical axis) and the

background classification (horizontal axis) to measure the

performance on each task. The range (length of the line

segment) of the result of projecting the feature space to

each axis represents the performance on the task related

to the axis. If a broader range is covered, it means that

the feature can be more useful for the task. Of course,

the same feature has different performances on different

tasks. Even if a feature is valuable for a task, the feature

is not always beneficial for another task. Therefore, the
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covered range of the classifier for each axis is different in

Fig. 1.

If we train a single classifier for background classifi-

cation as feature extractor f1, the feature extractor pro-

vides a feature space as shown in Fig. 1(a). The feature is

enough for background classification, but it covers a small

range for the few-shot classification. Here, we suppose

to train many classifiers that extract the different fea-

ture spaces and use these feature extractors. Figure 1(b)

shows the feature space covered by a large number of

classifiers. Of course, because all classifiers are trained

for the background classification task, the range covered

for the task does not change from Fig. 1(a). However,

the aggregated feature covers a broader range for few-

shot classification as long as each classifier learns a differ-

ent feature space. Because of the randomness produced

by the random sampling for mini-batches in the train-

ing phase and the random initialization of layer weights,

each CNN-based classifier is expected to have a different

optimal solution and learn a different feature space even

if all the classifiers have the same network architecture.

By aggregating them, we can obtain richer feature repre-

sentation for few-shot classification than using a feature

from a single classifier. Fig. 1(c) shows a covered feature

space with a massive number of classifiers. As the num-

ber of classifiers increases, the coverage improvement for

few-shot classification decreases. Because each classifier

is trained for the same task (background classification),

the probability of having a feature space similar to one of

the feature spaces of previous classifiers increases with a

more significant number of classifiers.

We define aggregated feature f(x) as the concatenation

of features extracted from each classifier:

f(x) = [f1(x), f2(x), ..., fC(x)], (1)

where fi(x) is the output of the penultimate layer of ith

classifier with given input x, and C is the number of clas-

sifiers. With the aggregated feature f(x), we measure

similarities between samples. We call this ensemble ap-

proach ClassAgg.

We use aggregated feature f(x), which is extracted

from a given image x, for the few-shot classification prob-

lem. The summary of the algorithm for few-shot classi-

fication with ClassAgg is outlined in Algorithm 1. In

this algorithm, we predict which example in support set

S has the same class as the test example xt with feature

extractors {fc(x)}c=C
c=1 . For each support example index

i, we compute the cosine similarity sim[i] between aggre-

Algorithm 1 Few-shot classification with ClassAgg

Input: Test example xt ∈ T
Support set S = {xs

i , y
s
i }N×k

i=1

Feature extraction functions {fc(x)}c=C
c=1

Output: A predicted class label ys
ipred for given test

example xt

// Compute aggregated feature for test example
f t ← [f1(x

t), f2(x
t), ..., fC(x

t)]
// Compute similarities for all support examples
for i = 1, 2, . . . , N × k

fs ← [f1(x
s
i ), f2(x

s
i ), ..., fC(x

s
i )]

sim[i] ← cosine similarity between fs and f t

end
ipred ← arg max

i
sim

return ys
ipred

gated features f t and fs which is extracted from xt and a

support example xs
i , respectively, to find the predi which

maximize sim[predi]. ipred is the index for the predicted

label so the final predicted label is ysipred . In short, using

the cosine similarities of the aggregated features of a test

sample xt ∈ T and support samples S = {xs
i , y

s
i }N×k

i=1 , we

perform N -way k-shot classification.

As ClassAgg uses a standard classification model, we

do not need to use any complex architecture, such as

memory-augmented neural networks or meta-learning in

reinforcement learning. Besides, we do not need to use

a specialized objective function because each classifier is

trained to solve the classification problem in a standard

way: optimizing the network weights with cross-entropy

loss function23). Because each classifier does not depend

on other classifiers, we can train all classifiers in parallel

to reduce computational time.

5. Experiments

To evaluate the performance of ClassAgg, we con-

ducted experiments on three groups of datasets: Om-

niglot Previous Split6), Omniglot Standard Split5), and

Mini-ImageNet6). For each dataset, we performed one-

and few-shot classifications for 1000 episodes. Each

episode has 10 examples in the test set T, so 10000 tri-

als are conducted for each dataset. With the result of

the trial, we report the accuracy with 95 % confidence

intervals.

5.1 Datasets

5.1.1 Omniglot Previous Split

Omniglot5) is the dataset that contains 1623 charac-

ters from 50 different alphabets. Because every class has

only 20 samples, we augmented the training set with ran-

dom rotations and shifting. Consequently, we have 200

samples per class. Following previous few-shot learning
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work6),9), all images are resized to 28× 28 to reduce the

computational cost.

Following Vinyals et al.6), we split the dataset into 1200

and 423 classes for training set B and evaluation set E,

respectively. For each episode in the evaluation phase, we

randomly sampled some examples from evaluation set E

to generate support set S and testing set T.

For the dataset, we performed 5-way 1-shot, 5-way 5-

shot, 20-way 1-shot, and 20-way 5-shot classification.

5.1.2 Omniglot Standard Split

Following the original condition of one-shot learning in

the Omniglot dataset provided by Lake et al.5), we also

conducted experiments on the Standard Split in the same

way as the Previous Split, described in Section 5.1.1. The

Standard Split provides 30 training (background) alpha-

bets with 964 classes and 20 evaluation alphabets with

659 classes. The number of training classes in this setup

is fewer than that of in the Previous Split setup. There-

fore, this is a more difficult setup for one-shot learning.

Following Munkhdalai and Yu9), for the dataset, we

performed 5-way 1-shot, 10-way 1-shot, 15-way 1-shot,

and 20-way 1-shot classification.

5.1.3 Mini-ImageNet

Mini-ImageNet proposed by Vinyals et al.6) is the

dataset that contains 100 classes from ImageNet24). Be-

cause each class has 600 examples, the dataset consists

of 60000 color images. We follow the class split proposed

by Ravi and Larochelle10). With the split, we obtain

three groups: training with 64 classes, validation with

16 classes, and testing with 20 classes. Because we train

the networks to solve classification in training set B, we

do not use the validation set which has different class

space with the training set. Following few-shot learning

work6),9), all images are resized to 84× 84 to reduce the

computational cost.

Following Ravi and Larochelle10) and Munkhdalai and

Yu9), for the dataset, we performed 5-way 1-shot and 5-

way 5-shot classification.

5.2 Training details

We use a standard architecture for few-shot learning

(e.g., References 6) and 10)). The model is a stack of

four modules. The module consists of a 3 × 3 convolu-

tional layer with 64 filters, a ReLU activation, batch nor-

malization25), and a 2 × 2 maximum pooling layer. For

Mini-ImageNet, the network is trained with dropout26) to

avoid over-fitting at a dropout rate p = 0.1 and p = 0.25

after every convolutional layer and before the penultimate

layer, respectively.

We trained 128 classifiers for each Omniglot setup and

Mini-ImageNet. Therefore, we evaluated the performance

of ClassAgg with C = 1 to 128 for each dataset. We train

classifiers that have the same standard architecture. Each

classifier provides the output of the penultimate layer as

the feature vector fi(x) for the given x. The dimension

of feature dimension fi(x) is 64.

Using training set B on each dataset, we train the

classifiers to solve the 1200-way (M = 1200), 964-way

(M = 964), and 64-way (M = 64) classification tasks for

Omniglot Previous Split, Omniglot Standard Split, and

Mini-ImageNet, respectively.

Before starting to train, every weight of the layers

of classifiers was randomly initialized with Glorot uni-

form initialization27). For optimizing the network, we

use Adam28). Because of the limitation of the mem-

ory, we used randomly sampled mini-batches containing

1024 samples and 512 samples for Omniglot and Mini-

ImageNet, respectively.

To avoid over-fitting, we used 80 % of the training set

B for training and 20 % for validation. Using validation-

based early stopping, we stopped training a classifier

when the metric for validation did not improve for more

than P epochs. We used validation loss with P = 2

and validation accuracy with P = 10 for Omniglot-based

datasets and Mini-ImageNet, respectively.

5.3 Results

For each dataset, we show the few-shot classification

accuracies with various state-of-the-art baseline meth-

ods. For Omniglot Previous Split, the baseline meth-

ods include Siamese Nets19), MANN16), Matching Nets6),

Siamese Nets with Memory15), Neural Statistician17),

Meta Nets9), Prototypical Nets8), MAML11), and Rela-

tion Net7). For Omniglot Standard Split, the baseline

methods include Pixel kNN, Affine model, Deep Boltz-

mann Machines reported by29), Hierarchical Bayesian

Program Learning5), Siamese Nets19), and Meta Nets9).

For Mini-ImageNet, Matching Nets6), Meta Nets9), Meta-

Learn LSTM10), Prototypical Nets8), and Relation Net

(Naive)7). We also show the accuracy results for the

methods using deeper architecture as the reference7),30).

Also, we show the relationship between the number of

classifiers and the accuracy to demonstrate that aggregat-

ing a large number of classifiers is suitable for few-shot

classification. It also shows the limitation of the Clas-

sAgg approach: performance improvement decreases as
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Table 1 Result of few-shot classification on Omniglot Previous Split (‘-’: not reported)

5-way Acc. (%) 20-way Acc. (%)

Method Fine Tune 1-shot 5-shot 1-shot 5-shot

Convolutional Siamese Nets19) N 96.7 98.4 88.0 96.5

Convolutional Siamese Nets19) Y 97.3 98.4 88.1 97.0

MANN16) N 82.8 94.9 - -

Matching Nets6) N 98.1 98.9 93.8 98.5

Matching Nets6) Y 97.9 98.7 93.5 98.7

Siamese Nets with Memory15) N 98.4 99.6 95.0 98.6

Neural Statistician17) N 98.1 99.5 93.2 98.1

Meta Nets9) N 99.0 - 97.0 -

Prototypical Nets8) N 98.8 99.7 96.0 98.9

MAML11) Y 98.7 ± 0.4 99.9 ± 0.1 95.8 ± 0.3 98.9 ± 0.2

Relation Net7) N 99.6 ± 0.2 99.8 ± 0.1 97.6 ± 0.2 99.1 ± 0.1

ClassAgg-1 (C = 1) N 94.8 ± 0.5 98.8 ± 0.2 86.2 ± 0.4 95.9 ± 0.2
ClassAgg-64 (C = 64) N 98.7 ± 0.3 99.7 ± 0.1 95.8 ± 0.2 98.9 ± 0.1
ClassAgg-128 (C = 128) N 98.6 ± 0.3 99.7 ± 0.1 95.8 ± 0.2 98.9 ± 0.1

the number of classifiers increases.

5.3.1 Omniglot Previous Split

The results of few-shot classification on Omniglot Pre-

vious Split are shown in Table 1. We also show the result

for ClassAgg-1, a method that uses a feature extracted

with a single classifier, to demonstrate the performance

of the ensemble approach. ClassAgg-128, which is the ag-

gregation of 128 classifiers, achieved state-of-the-art level

accuracy with 95 % confidence intervals for 5-way 5-shot

and 20-way 5-shot. With a large number of classes in

training set B, ClassAgg can perform as well as other

state-of-the-art methods.

5.3.2 Omniglot Standard Split

We show the results for one-shot classification on Om-

niglot Standard Split inTable 2. Although ClassAgg-128

could not outperform the state-of-the-art method, we can

see the effectiveness of the ClassAgg by comparing the

results for ClassAgg-1 and ClassAgg-128. Whereas in 1-

shot 5-way in Previous Split setting, ClassAgg achieved

the same accuracy as Meta Nets9) with confidence inter-

val overlap, ClassAgg could not outperform Meta Nets

in the Standard Split setting which has fewer classes in

training set B. In the ClassAgg approach, since we use

the classifiers, the performance of few-shot classification

relies on the background set. Therefore, the ClassAgg ap-

proach can perform better when we can train with more

background classes.

5.3.3 Mini-ImageNet

The results for few-shot classification on Mini-

ImageNet are shown in Table 3. For 5-way 1-shot set-

ting, ClassAgg-64 and ClassAgg-128 outperformed pre-

vious methods which follow the standard architecture

proposed by Reference 6). As TCML30) and Relation

Net (Deeper)7) are based on the deeper network than

the standard architecture, we cannot compare the per-

formance to these methods, similar to Grant et al.31).

5.3.4 The number of classifiers

We show the relationship between the number of clas-

sifiers (horizontal axis) and the few-shot classification ac-

curacy (vertical axis) for each dataset in Fig. 2. As the

number of classifiers increase, the performances of the

few-shot classification improve with some improvement

decay. Obviously, the accuracies of the harder setting are

lower from C = 1 to C = 128. For all datasets and all

tasks, the average accuracy improves drastically as the

number of classifiers increases from C = 1 to around 20.

The first improvement between C = 1 and C = 2 is the

highest one in all settings. As explained in Section 4., the

accuracy improvement by adding one classifier decreases

as the number of classifiers increases. Because all classi-

fiers are trained for the same background classification,

the possible feature space that the classifier extract is lim-

ited. Due to this, a classifier tends to have a feature space

similar to one of the feature spaces of previous classifiers

with a more significant number of classifiers.

5.3.5 Performance variance of single model

When using a single classifier for few-shot classification

(in the case of C = 1), which classifier we use may cause

divergent results because of the randomness of initializa-

tion of each network’s weight and the random sampling of

mini-batches. However, in the case of ClassAgg-1 (C = 1)

on our experiments, we just used the first classifier we
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Table 2 Result of one-shot classification on Omniglot Standard Split (‘-’: not reported)

Method 5-way (%) 10-way (%) 15-way (%) 20-way (%)

Human performance5) - - - 95.5

Pixel kNN29) - - - 21.7

Affine model29) - - - 81.8

Deep Boltzmann Machines29) - - - 62.0

Hierarchical Bayesian Program Learning5) - - - 96.7

Siamese Nets19) - - - 92.0

Meta Nets9) 98.45 97.32 96.4 95.92

ClassAgg-1 (C = 1) 92.5 ± 0.6 87.0 ± 0.5 83.5 ± 0.5 80.8 ± 0.4
ClassAgg-64 (C = 64) 97.9 ± 0.3 96.4 ± 0.3 95.0 ± 0.3 94.0 ± 0.3
ClassAgg-128 (C = 128) 97.8 ± 0.3 96.5 ± 0.3 95.1 ± 0.3 94.1 ± 0.3

Table 3 Result of few-shot classification on Mini-ImageNet (‘-’: not reported)

5-way Acc. (%)

Method Base Architecture Fine Tune 1-shot 5-shot

Matching Nets6) Standard6) N 43.56 ± 0.84 55.31 ± 0.73

Meta Nets9) N 49.21 ± 0.96 -

Meta-Learn LSTM10) N 43.44 ± 0.77 60.60 ± 0.71

MAML11) Y 48.70 ± 1.84 63.11 ± 0.92

Prototypical Nets8) N 49.42 ± 0.78 68.20 ± 0.66

Relation Net (Naive)7) N 51.38 ± 0.82 67.07 ± 0.69

ClassAgg-1 (C = 1) N 47.98 ± 0.99 58.52 ± 1.01
ClassAgg-32 (C = 32) N 54.43 ± 1.00 64.89 ± 0.99
ClassAgg-64 (C = 64) N 54.55 ± 1.01 65.38 ± 0.98
ClassAgg-128 (C = 128) N 54.82 ± 1.01 65.68 ± 0.97

TCML30) Deeper N 55.71 ± 0.99 68.88 ± 0.92

Relation Net (Deeper)7) N 57.02 ± 0.92 71.07 ± 0.69

trained as the feature extractor. Therefore, we evaluated

the variance of the performance with the single classifier

caused by the randomness.

Table 4 show the results of few-shot classification with

a different single classifier on Omniglot Previous Split,

Omniglot Standard Split, and Mini-ImageNet, respec-

tively. For each setting, these tables show the lowest

accuracy (as Min.), the highest accuracy (as Max.), the

difference between them (as Diff.), and the variance of

the accuracy (as Var.) for each classifier. In this experi-

ment, the used classifier is selected through the classifiers

pool which consists of classifiers used for ClassAgg-128

(C = 128). Consequently, we conducted the few-shot

classification evaluation for 128 classifiers.

As a result, for all settings, the performance on the

harder setting has the more significant difference between

the minimum and maximum performances and the higher

variance. From these results, it appears that it is diffi-

cult to obtain richer representation required by the harder

setting with the single classifier. Besides, even the high-

est accuracies with the single classifier are beaten by our

results with aggregated classifiers, shown in Table 1, 2

and 3. This means that the ClassAgg approach works

effectively to obtain rich representation.

6. Discussion and Future Work

We propose the method to adopt an ensemble manner

for few-shot classification, and evaluate the ensemble ap-

proach, ClassAgg. Just aggregating the trained classifiers

achieved high accuracies for some tasks of one-shot classi-

fication. Because the ensemble approach is simple, we do

not need to modify the architecture of a standard classi-

fication model, and we do not have to use specialized loss

function to train networks.

Each classifier is trained for the classification task of the

training set B, which has a label space disjoint from sup-

port set S and test set T. Because of the randomness of

the training (e.g., mini-batch sampling or random weight

initialization), every classifier is expected to provide dif-
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Fig. 2 Effect of the number of classifiers

ferent features extracted from the same image although

the label spaces are disjoint.

Our experimental results show that the one- and few-

shot classification accuracy improves as the number of

classifiers increases, as long as each classifier extracts a

different feature. The results also show that it gets more

difficult to extract a different feature, which is not simi-

lar to features extracted from previous classifiers, as the

Table 4 Result of few-shot classification using a single
classifier

(a) Omniglot Previous Split

Setting Min. (%) Max. (%) Diff. (%) Var. (%)

5-way 1-shot 93.540 95.580 2.040 0.001
5-way 5-shot 98.240 99.070 0.830 0.000
20-way 1-shot 84.348 87.345 2.998 0.003
20-way 5-shot 94.858 96.160 1.303 0.001

(b) Omniglot Standard Split

Setting Min. (%) Max. (%) Diff. (%) Var. (%)

5-way 1-shot 91.290 93.430 2.140 0.002
10-way 1-shot 85.420 88.850 3.430 0.004
15-way 1-shot 81.667 85.617 3.950 0.005
20-way 1-shot 79.000 83.145 4.145 0.006

(c) Mini-ImageNet

Setting Min. (%) Max. (%) Diff. (%) Var. (%)

5-way 5-shot 56.330 63.040 6.710 0.018
5-way 1-shot 46.610 53.570 6.960 0.021

number of classifiers increases. Besides, the ensemble ap-

proach can not perform better when the number of the

background classes is fewer because we employ classifiers

for the background set. Therefore, we can conclude that

our approach can work well if the data of the training set

is diverse enough to train a classifier which can extract

useful feature from disjoint evaluation set. Although we

focused only on images, as long as the classifier can get

well-trained for evaluation set, our approach may be ex-

tended to few-shot learning on the data from other modal-

ities (e.g., audio and natural language).

Another downside of the ensemble approach is higher

computational cost in a prediction phase. We cannot

merely compare with methods that perform without neu-

ral networks, but comparing other neural network-based

methods, our approach has a higher computational cost

depending on the number of classifiers we employed be-

cause we need to run feature extractor C times. While,

in terms of computational time, since the computation

of our ensemble approach is straightforward to be paral-

lelized, the computational time cannot be a severe issue.

Our future work includes exploring a method that

forces the classifier to learn different features so that we

can achieve high performance with fewer models.
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<Summary> Real paper gets deformed anisotropically due to a uni-directional placement of the inner

fibers. Few existing CG researchers allow for such fibers to represent virtual papers, and thus anisotropic

paper deformation has not been well represented. In this study, we present a two-dimensional visual sim-

ulation model for anisotropic papers, which abstracts mutual mechanical relationships among intersecting

fibers by a network of filler and hinge springs, and incorporates connection points for keeping the shape of

each bended fiber. By releasing the network connections when the filler and hinge spring extend above a

certain limit, the paper provides a plausible tear. We succeeded in generating a different appearance of the

torn-off line of papers according as the pulling direction.

Keywords: visual simulation, microstructure, paper, tearing

1. Introduction

In the paper-forming process, the pulp, which has been

dissolved in water, is ejected from the paper machine at a

high speed. Even after dewatering and drying, the piece

of paper retains its fiber direction. Thereby the deforma-

tion effect appears to differ depending on the direction of

the external force applied. This direction, called ‘grain’,

is essential for printing, decorating, wrapping, and book-

binding. For example, a newspaper is printed in such a

way as not to fold in a vertical direction when it is open,

and a book is printed in such a fashion so that its readers

might turn its pages easily. The grain also influences the

result of the tearing of the paper and, indeed, we often

encounter the case where the tear tends to be irregular

when the piece of paper is pulled in parallel with the fiber

direction, or to be straight when pulled in a direction

orthogonally to it. The fiber length of softwood is ap-

proximately 50 μm and that of hardwood approximately

20 μm, which is too thin for humans to discern. Fibers

with such a minuteness running off from the tear cause

the blurry outlines to be seen from a macro perspective.

There exist many CG studies on paper tearing. Sev-

eral recent articles deal with interactive paper tearing,

as seen in Schreck et al.1) and Lejemble et al.2), where

they rely only on mesh-based paper models in order to re-

duce the cost of computation. Busaryev et al.3) and Pfaff

et al.4) also apply mesh-based paper modeling schemes

to simulate paper tearing, and attempt to balance the

computational cost and the reasonable minuteness using

adaptive remeshing. Directing our attention to the re-

search on the simulation of a cloth, which is also com-

prised of fibers, Zhao et al.5) use a model allowing for the

microstructure, and thus improve the appearance of the

entire object. However, any cost-effective approach to the

simulated tearing of paper with fiber-level details has not

been focused. For this reason, the simulated tear can-

not represent the difference according to the direction of

the fiber nor the elastic force caused by fiber connection.

In addition, the minuteness obtained by the mesh-based

modeling1)–4) is not so high that it can show the minute

fibers running off the edge of the paper and the blurred

tear specific to a paper.

In this research, therefore, we attempt to model a piece

of paper with microstructure and tear the piece so as to

generate realistic outlines reflecting its own feature dy-

namics. First, directed fibers are arranged on a two-

dimensional plane, and neighboring fibers are mutually

connected to form a sheet of fibers (simply referred to as

‘paper fiber sheet’ hereafter). Then, the deformation of

the paper fiber sheet is simulated by an abstract model

that incorporates into a single framework: filler filling the

sheet; hinge springs repulsing against the fiber rotation;

and connection points keeping the shape of bended fibers.

Finally, the sheet is torn by considering the dynamic ac-

tion caused by applying a given pulling force to it.

               　　-- Special Issue on Journal Track Papers in IEVC2019 --
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(a) An electron microscope photo of real paper:

red area represents fiber, while white part filler

(b) Proposed model of paper fiber sheet

Fig. 1 Structure of real paper and proposed model

The remainder of this paper is organized as follows.

The next section introduces prior work related to pa-

per deformation and modeling. Section 3 explains the

structure of paper fiber sheet and our main algorithm of

generating and tearing the sheet. Section 4 explains an

acceleration method for the fiber intersection detection

and an associated data structure for the parallel process-

ing using a GPU. Section 5 shows results of our paper

fiber sheet tearing model. Section 6 concludes this paper

and refers to our future work.

2. Related Work

A paper consists of pulp extracted from trees and is

formed by intertwining fibers. Metaaphanon et al.6) sim-

ulate the fray of yarn using a coarse yarn-based fabric.

Zhao et al.5) scan the fiber structure of cloth using a CT

scanner and then convert to the volume data to repro-

duce the cloth with fiber microstructure. Jiang et al.7)

simulate the deformation operation to the object with a

fiber structure, taking into account its plasticity, elastic-

ity, and friction using the Material Point Method8).

Inspired by the idea proposed in Takagi et al.9), we have

built upon the way of modeling paper with microstructure

to generate plausible tears. In fact, they model fibers and

filler as basic paper components in a volumetric manner.

They arrange fibers so as to share a primary direction

and also consider the local fiber deformation effects, such

as constrictions and fluffs, generated during the paper-

forming process. In contrast, we model a paper sheet

with fibers so as to express the fluff seen in the paper

tear, and introduce hinge spring and connection point to

express the internal force caused by the deformation.

Kitani et al.10) define a three-dimensional paper object

as a mass-spring cubic mesh. They express a directional

fiber by grouping neighbor cells to make the correspond-

ing biased mass-spring parallel-piped. Furthermore, they

realize a repulsion force of a bended paper by enlarging

the cell groups through mutual connection of neighbor-

ing groups. However, the spring in the mesh group dis-

appears when the end mass points are separated. Con-

sequently, the deformed shape cannot return to its orig-

inal state due to the lack of repulsion. In contrast, our

method can transmit the elastic force without the loss of

the spring property because, if one connection is broken,

other components connecting to the same fiber can retain

the elastic force.

3. Paper Model

3.1 Structure of paper fiber sheet

In this study, based on observing the structure of real

paper in Fig. 1 (a), we model a paper fiber sheet by in-

corporating fibers and filler, and hinge springs, as shown

in Fig. 1 (b). In addition, we connect a dozen ‘fiber

fragments’ with connection points to express one bended

fiber.

The length of each fiber fragment is set to 0.06 mm to

0.10 mm so that the length of fiber will be 1.0 mm to

1.5 mm, which is compatible with the average length of

the pulp composing a real photocopy paper. Hereafter,

the model for generating and tearing a paper fiber sheet is

simply referred to as ‘paper model’. Each of components

is detailed below.

Filler is an inorganic pigment added for increasing the

smoothness, whiteness, and printability of paper in the

reality. In our method, filler is treated as the connector

between fibers and has the spring property as with fiber

fragments whereas it exhibits a different behavior. Filler

is assumed to gain the bonding force between fibers and

thus to increase or decrease the strength of the paper

relative to its amount.

Hinge springs act to prevent the rotation of fiber frag-

ments. By generating a hinge spring that is symmetri-
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(a) Without hinge springs (b) With hinge springs

Fig. 2 Effect of hinge springs

cally centered around the intersecting point of fiber frag-

ments, the restoring force from the elastic deformation of

the hinge spring is transmitted to fiber fragments, and

then the hinge spring restrains the fiber fragment rota-

tion. Figure 2 shows the effect of hinge springs when

fiber fragments are alternately arranged. Figure 2 (a)

demonstrates the result of pulling the upper and lower

ends of the fiber fragment network connected with the

single spring placed at the intersecting point in the verti-

cal direction while Fig. 2 (b) the result with hinge springs.

Without the hinge springs, the force is transmitted to the

connecting fiber fragment after a fiber fragment starts to

move. In contrast, hinge springs repulse the rotation of

fiber fragment, so that the force is immediately transmit-

ted to the neighboring fiber fragment. By repeating this,

the force from the sheet edges can be evenly transmitted

across the sheet.

In the paper model, a connection point connects ten to

fifteen fiber fragments into one bended fiber. As in the

case with filler and hinge springs, these points generate

the repulsion according to the variation of their length

and reproduce the action to keep the bended shape of

fibers. The connection point itself does not break un-

like filler and hinge springs because we do not take into

account the break of fibers themselves.

3.2 Generation of paper fiber sheet

Our method has five steps for generating paper fiber

sheet: determining the initial settings; generating fiber

fragments; attaching fiber fragments to the correspond-

ing cells; intersection detecting of fiber fragments and

generating the inner components; and setting the area

pulled by the external force.

First, the size of paper fiber sheet, the number of fibers,

and the aspect ratio of the sheet are set to the user input.

Next, we generate the fiber fragments that vary in

length, and form vertical and horizontal joints. The co-

ordinate values of the middle point of the fiber fragment

are set randomly in the generation area. The angle of the

fiber fragment is determined by varying randomly within

a range of ±22.5 degrees from the 0 or 90 degrees depend-

ing on the direction of the fiber of the paper. The point

vertex 0 at a distance of half of the fiber length at that

angle from the midpoint is the starting point of the fiber

fragment, and the point vertex 1 located on the opposite

side is the ending point.

Then, ten to fifteen fiber fragments are rotated and

connected into one bended fiber with reference to the ap-

pearance of real ones. Not all fiber fragments extend in

the same direction but, if the fiber fragments are arranged

vertically, they can extend randomly both in the upper

and lower direction. At the same time, the information

on how many fiber fragments are included in the fiber

is attached to each fiber. There is a branch to the sus-

pension of the extension caused by the fiber reaching the

edge of the generating area when we form cuts, such as

perforations.

After that, the intersections of these generated fibers

are detected. In order to mediate between two intersect-

ing fibers, a hinge spring is placed symmetrically with

respect to the intersection point. At the same time, sev-

eral intersecting fibers are mutually connected by filler.

In addition, for each fiber the connection points are gen-

erated so as to connect the fiber fragments.

Finally, all vertices are scanned and if a vertex exists

in the pulled area, then the vertex is added to the array.

Note that the array is prepared separately on the pulling

direction. For example, when the sheet is pulled in the

Y -axis direction, the vertices with the Y coordinate value

greater than a certain value are added to the array of the

vertices pulled in a positive direction, while the vertices

with less than the value are added to the array of pulled

in a negative direction.

3.3 Repulsion computation

The tearing simulation is executed following Algo-

rithm 1.

Each computation in the algorithm is executed in par-

allel by a GPU. Note that the iteration count N = 200

in the algorithm was set empirically to reproduce plausi-

ble tearing effects in our settings. If the simulation was

not iterated, the fibers would tend to stretch almost in-

finitely. Hence, we decided to observe tearing results with

a series of the iteration number from 100 to 500 by 100

increments. Consequently, the number 200 provided the
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Algorithm 1 Tearing simulation

Move all vertices in the pulled area;
for N=1, . . . , 200

Initialize the force applied to all vertices
Calculate the repulsion of fibers and add it to each vertex
Calculate the repulsion of inner components and add it
to each vertex of the connecting fibers
Set a hiding flag when filler or a hinge spring extends
above a certain limit
Move all vertices according to the calculated force

end
Redraw the window

Fig. 3 Variables used for computing the repulsion caused by
the components

best result in terms of the balance of the elongation and

the shrinking of the fibers.

Sheet pulling is reproduced by moving the correspond-

ing vertices and the repulsion is computed with each com-

ponent, according to the moving width. The connections

are released when filler or a hinge spring extends over

the repulsion above the certain limit. The vanishment of

torn filer and hinge springs is expressed by the suspension

of rendering due to the restriction of the data structure.

When the sheet is broken after repeating these processes,

the tearing is deemed to have been completed.

The computation is different between fiber fragments

and other components, as detailed in the following.

As an elastic body deforms, the force is generated to

restore the body to its original shape. Since fiber frag-

ments in our paper model have the spring property, the

restoring force is generated according to the deformation

on the both ends of the fibers.

The restoring force f caused by this property is given

by multiplying the amount of the variation of their length

dL by the vector v of fiber fragment:

f = 3.0dLv. (1)

Table 1 Variables and their meanings in Fig. 3

Variable Description

dLa The variation of length

va The unit vector

fa The shrinking force

v0, v1 The vector of fiber 0 and 1

L0, L1 The length of fiber 0 and 1

x0, y0 The position vector for fiber 0 with respect to
the X-axis direction and the Y -axis obtained
by rotating the X-axis counterclockwise by 90
degrees on the plane on which the sheet is pro-
duced

x1, y1 The position vector for fiber 1 with respect to
the X-axis direction and the Y -axis obtained
by rotating the X-axis counterclockwise by 90
degrees on the plane on which the sheet is pro-
duced

r0, r1 The vector from the centroid of the fiber to
the intersecting point of the components

f0, f1 The spinning force caused by the components
pulling fibers

The forces fp0 and fp1 added to the vertex 0 as the

starting point of the fiber vector and the vertex 1 as the

ending point are calculated by the following equations:

fp0 = +1.5f , (2)

fp1 = −1.5f . (3)

Note that the coefficients in Formulae (1) to (3) are set to

reproduce plausible tear with reference to the appearance

of simulation results. They are the material constants of

the fiber itself, and hence they will not change as long as

the same fiber material is used.

Figure 3 shows the variables used for computing the

repulsion caused by filler, hinge springs, and connection

points. Table 1 explains what each of the variables

means. Note that the repulsion caused by filler, hinge

spring, and connection point can be computed with the

same formula described below by varying only the coeffi-

cients.

The shrinking force of the component fa is given by:

fa = αdLava, (4)

where α is a constant to which a different value is as-

signed for each component and determines the strength

of shrinking.

The moments caused by f are given by the outer prod-

uct of fa and r0, r1, as follows:
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z0 = r0 × fa, (5)

z1 = r1 × fa, (6)

where that z0 and z1 are the scalar values in the direction

of Z-axis in the x0, y0 and x1, y1 coordinate systems,

respectively, and indicate the moments of the fiber pulling

force by the inner components.

Thus, the forces of spinning fiber fragments f0 and f1

are given by:

f0 =
z0

L0/2
y0, (7)

f1 =
z1

L1/2
y1. (8)

The repulsion force is calculated by summing up f0, f1

and fa on the vertices of fiber fragments. The forces of

fiber fragments fp00, fp01, fp10, and fp11 which repulse

the pulling by the connecting components added respec-

tively to vertex 00, 01, 10, and 11 are obtained by taking

into account the direction of the force as follows:

fp00 = +β(fa − f0), (9)

fp01 = +β(fa + f0), (10)

fp10 = −β(fa − f1), (11)

fp11 = −β(fa + f1), (12)

where β is a constant to which the different value is as-

signed for each of the components and determines how

much the stretching of the components affects the ver-

tices.

Finally, the force applied to the vertices of each fiber

fragment is calculated by summing up the force to pull

apart the sheet and the restoring force generated by each

of the fibers, filler, hinge springs, and connecting points.

The vertices of these fiber fragments get moved according

to the calculated force, and if the displacement gets over

a threshold, the fiber connection is released to have the

sheet teared.

Table 2 lists the values of the parameters, including

α and β for each component of the paper. Since hinge

spring makes a pair, stretch limit value is set to a half

of the one of filler. Meanwhile, the values of α and β of

hinge spring and connection point are set empirically so

that they connect fiber fragments more firmly than filler.

Table 2 The parameter values for filler, hinge spring, and
connection point

Parameter Filler
Hinge
spring

Connection
point

Stretch limit value 0.1 0.05 –

Shrinking strength α 1.5 3.0 1.5

Influence on vertices β 1.0 1.5 1.5

4. Accelerated Computation

A paper fiber sheet with a tremendous number of fibers

takes an enormous computation time. Thus we intro-

duced the accelerated computation for the sheet genera-

tion and the sheet tearing in our model.

4.1 Intersection detection

A paper fiber sheet with a tremendous number of fibers

takes an enormous computation time for detecting the

fiber intersections, which is necessary for generating filler

and hinge springs. Thus, in this study, we attempt to

accelerate the computation by imposing a grid on the

fiber generation space.

First, the space of fiber generation and the number of

grid cells are predetermined before the sheet generation.

Note that some margin cells are added to the upper and

lower and the right and left sides of the original divided

area because without the margins, the fiber cannot stick

out from the generating area after the extension of fiber

fragments.

Next, at most two fiber fragments are generated for

each of the cells. In the present paper model, the number

of fiber fragments per cell is necessarily set a priori be-

cause the fiber intersection detection process is executed

with respect to fiber fragment, which is linked together

to form one bended fiber.

Then, the XY coordinate values of the rectangle, with

a fiber fragment as a diagonal line are referred to and

the fiber fragments are attached to all cells between the

vertices, as shown in Fig. 4, where the red fiber frag-

ment is attached to the upper two cells and the blue fiber

fragment to all the four cells.

Finally, for each of the cells, the intersection of fiber

fragments corresponding to the same cell is detected. In

the case of Fig. 5, for green fiber, the intersection de-

tection is executed only with two red fibers belonging to

the cell to which the green fiber belongs. The intersection

check with blue fiber in a distant position can be omitted.

This algorithm is expected to localize the intersection de-

tection. In comparison with a naive case where we check
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Fig. 4 Attachment of the fiber fragment to cell

Fig. 5 Detecting intersection of neighboring fibers in a grid

a single fiber intersected with all the other fibers, the

computation time for generating a paper sheet was sub-

stantially reduced, as shown in Table 3. Note that as

the execution environment, we used a standard PC with

two Intel Xeon E5-2687W 0 3.10GHz CPUs, a 64.00GB

RAM, and an NVIDIA GeForce GTX 1070 Ti GPU.

4.2 Split-edge Data Structure

In our paper model, the internal repulsion generated by

all components is computed, hence the higher the density

of the fibers, the greater the computational complexity.

To reduce the computation time for the simulation, the

data structure described below is applied to our paper

model and enables parallel processing on the GPU.

The repulsion generated by fibers, hinge spring, filler,

and connecting points of fibers is calculated by summing

up on the vertices of fiber fragments to which each com-

ponent belongs. Fibers are needed to detect which type

of components connects to themselves and to calculate

the force according to the type to avoid the collision of

the GPU memory writing. Thus, we propose a split-edge

data structure, which is an extension of half-edge data

structure11) used for mesh processing.

In the split-edge data structure, filler, hinge springs,

and connection points are divided into two, as shown in

Fig. 6, and attached as plug to fiber fragments. Red lines

Fig. 6 The reference relationship in split-edge data struc-
ture

in Fig. 6 represent fibers, green lines plugs, and yellow

boxes the components such as filler, hinge springs, and

connection points. Each plug has four variables: Cros

referring to which type of objects it comes from; Pair

referring to another plug belonging to the same Cros;

Wire referring to the fiber fragment which it connects

to; and Next referring to the next plug connecting to the

same fiber fragment. Dividing the components into two

plugs enables fiber fragments to trace the components

connecting to itself only with recognizing the first plug.

Table 4 compares the computation time required for

one frame of simulation rendering of tearing a 1 cm ×
8 cm size sheet of paper, which is pulled in parallel with

the direction of fiber without and with the split-edge data

structure.

5. Results and Evaluation

Figure 7 shows the results of pulling apart a 1 cm ×
8 cm sheet of paper in the vertical direction. The num-

bers of the components used for the experiments are tab-

ulated in Table 5. All of the simulated papers consist

of approximately one quarter of fiber density of real pho-

tocopy paper. Note that this density was judged to be

maximum in our current execution environment due to

its GPU memory constraints. Further results could be

obtained by utilizing a higher-grade GPU. We succeeded

in generating different appearances of torn-off line of a

sheet of paper according as the direction of pulling.

In the case that the direction of pulling was in parallel

with the fiber direction (top), the tear became composed

of the bumped parts and the dented ones because the

fibers are arranged in such a way as to stick out from

the line of the tear. While in the case of being pulled

orthogonally (middle), the shape of the tear is rounded

111

IIEEJ Transactions on Image Electronics and Visual Computing Vol.7 No.2 （2019）



Table 3 Comparison of computation time for intersection detection (unit: msecs)

Number of
fibers

Fiber
generation

Attachment
to cell

Intersection
detection

Drawing Total

Round-robin 3,900 61 - 104,111 203 104,375

Our method 3,887 59 17 84 187 346
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(a) Without texture (b) With filler and texture (c) Real paper

Fig. 7 Comparison of the tear of virtual paper with that of real paper

Table 4 Comparison of computation times for applying
split-edge data structure (unit: msecs)

Without applying With applying Ratio

607,328 3 4.9 × 10−6

Table 5 The numbers of component occurrences in Fig. 7

Fibers Filler
Hinge
springs

Connection
points

Top 98,377 636,026 6,353,922 1,131,043
Middle 98,376 661,848 6,611,460 1,131,664
Bottom 98,054 627,542 6,289,268 1,124,802

and smooth because the force just causes to expand the

connection of fibers. When the perforated sheet is torn

(bottom), the non-cut parts were torn in the area outside

the perforation and look like tearing of the real paper.

Figure 8 gives the enlarged images captured when

the sheet with texture pulled in parallel with the direc-

tion of fiber (Fig. 8 (a)) and when pulled orthogonally

(Fig. 8 (b)). The sheet is applied the character texture

which is the dark area in Fig. 8. When comparing the

two, the fiber stretches straight in Fig. 8 (a), whereas the

fiber network is expanded and the connection is released

in order from the sparse part of the network in Fig. 8 (b).

The computation time is difficult to measure because

the moment when all of hinge springs between upper and

lower part of paper are released should be detected. To
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(a) In parallel with the fiber direction

(b) Orthogonally to the fiber direction

Fig. 8 Difference in the appearance of tears due to the
fibers’ direction

achieve that detection, at least two kinds of detection are

needed: the tearing detection with all of the components

belonging to the fiber network and whether that tear oc-

curs the global paper tearing detection for one entire pa-

per. In order to execute these checks, we need to trace

the fiber network. It is needed to devise a graph search al-

gorithm that solves the fiber network tracing, however it

is beyond our instant development of the algorithm with

tracing fibers in a reasonable simulation time. Hence the

times for tearing simulation are not included in this pa-

per.

In order to evaluate the physical validity of the simula-

tion, we focused on the difference of the amount of paper

movement among the three cases of Fig. 7. Figure 9

shows the state of the paper after 20 minutes from the

start of the simulation in Fig. 7. In the tearing simula-

tion, the same amount of force is continuously applied to

a model with the same density on the same time scale,

and thereby the amount of movement is the same after

the paper is completely torn. Enomae12) shows that the

tensile strength measured when a sheet of photocopy pa-

per is pulled in parallel with the fiber direction is signifi-

cantly greater than the one measured when being pulled

(a) (b) (c)

Fig. 9 Papers in Fig. 7 twenty minutes after starting sim-
ulation: (a) In parallel with the fiber direction, (b)
Orthogonally to the fiber direction, and (c) Perfo-
rated paper

orthogonally. We thought this could serve as a major cri-

terion for delineating natural paper sheet deformation. In

fact, on the paper sheet pulled orthogonally to the fiber

direction in Fig. 9 (b), the position of printed characters

is shifted more than the one on the paper sheet pulled in

parallel with the fiber direction in Fig. 9 (a). The per-

forated paper in Fig. 9 (c) is torn in the same direction

as in Fig. 9 (a), but the perforation weakened the paper

fiber sheet and thus the position of printed character is

shifted more than the one in Fig. 9 (a), and less than

the one in Fig. 9 (b). This provides a good proof that

the tensile strength of the paper sheet pulled in parallel

with the fiber direction in Fig. 9 (a) is greater than the

paper sheet pulled orthogonally to the fiber direction in

Fig. 9 (b).

Figure 10 shows the tearing results varying the

strength of paper fiber sheet by the change in the amount

of filler. In the case of tearing the paper without filler

(top), the sheet tends to be narrow in the horizonal di-

rection of the figure and the tendency that the sheet

stretches in the vertical direction is apparent from the

distorted texture. In contrast, in the case of adding filler

twice as the quantity in Fig. 7 (bottom), the density of the

sheet is higher because the texture seems slightly darker.

Compared with the tearing result in Fig. 7, the bulge in

the vertical direction of the sheet is reduced. In addition,

the influence to the inside of the tear caused by the break

hardly occurs.

Figure 11 shows the result in tearing a postage stamp

size sheet of perforated paper with 102,234 fibers, 702,184

filler occurences, 7,022,298 hinge springs, and 1,176,054

connection points. This sheet is torn orthogonally to the

primary direction of the fibers. This example exemplifies
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(a) In parallel with the fiber direction (b) Orthogonally to the fiber direction (c) Perforated paper

Fig. 10 Comparison of the difference between the amount of filler

(a) Original image (b) Resulting image

Fig. 11 A pair of torn postage stamps

the uneven tear compared to the machine cut part, and

represents the feel of hand tearing.

6. Conclusion and Future Work

In this paper, we proposed a paper sheet tearing simu-

lation model that takes into account the anisotropic mi-

crostructure and internal force generated by the paper

components, so that we have the following two character-

istic properties:

• Direction-dependent deformability and

• Irregularity of torn-off lines.

As a result, we succeeded in representing the uneven or

rounded tear according to the direction of fibers. Fur-

thermore, we provided a good example to show the pos-

sibility that the object with the microstructure makes the

appearance from a macro perspective more realistic.

Contrary to our paper model, the real fibers are thick

and branched, while the actual filler is a plane in such a

way to fill the space in neighboring fibers. Thereby the

simulated papers look a little too much transparent and

stretched. We plan to reproduce the filler with mesh so

as to fill the area surrounded by the fibers, in order to

increase the density of paper fiber sheet. To this end,

the radical improvement of the data structure and incor-

poration of a novel computation algorithm of the repul-

sion force which produces an appropriate result using that

structure are needed. In addition, the physical validity

for each of the parameters should be reconsidered. Since

these changes require substantial design and implemen-

tation as well as evaluation, we decided to have them left

as further research.

At this moment, the force is applied in such a way
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that a sheet of paper is only pulled apart, because the

force computation is limited in two-dimensions. How-

ever, in the reality, it is common to tear a sheet of paper

by twisting it. To incorporate the twisting force into our

model, the repulsion of the internal components against

the three-dimensional force must be considered. This

kind of extension would be needed to represent more daily

interactions with paper products.

We also plan to extend the present model so as to han-

dle other deformations. For example, folding is consid-

ered as one of the highest affinitive operations with our

paper model because folded papers show different results

depending on the fiber direction as well as tearing.

A real paper is made from multiple sheet layers and

thus has a certain thickness. By considering the thickness

effect in a thin volumetric model, we can express the inner

layers without filler appearing at the top of paper sheet

when the coated paper is torn.

ACKNOWLEDGMENT

This work has been supported in part by JSPS KAK-

ENHI under the Grant-in-Aid for Scientific Research (A)

No. 17H00737.

References

1) C. Schreck, D. Rohmer, S. Hahmann: “Interactive Paper Tear-

ing”, Computer Graphics Forum, Vol. 36, No. 2, pp. 95–106

(2017).

2) T. Lejemble, A. Fondevilla, N. Durin, T. Blanc-Beyne,

C. Schreck, P.-L. Manteaux, P. G. Kry, M.-P. Cani: “Inter-

active Procedural Simulation of Paper Tearing with Sound”,

Proc. of the 8th ACM SIGGRAPH Conference on Motion in

Games, pp. 143–149 (2015).

3) O. Busaryev, T. K. Dey, H. Wang: “Adaptive Fracture Simula-

tion of Multi-Layered Thin Plates”, ACM Trans. on Graphics,

Vol. 32, No. 52, pp. 1–6 (2013).

4) T. Pfaff, R. Narain, J. M. de Joya, J. F. O’Brien: “Adaptive

Tearing and Cracking of Thin Sheets”, ACM Trans. on Graph-

ics, Vol. 33, No. 110, pp. 1–9 (2014).

5) S. Zhao, W. Jakob, S. Marschner, K. Bala: “Structure-aware

Synthesis for Predictive Woven Fabric Appearance”, ACM

Trans. on Graphics, Vol. 31, No. 75, pp. 1–10 (2012).

6) N. Metaaphanon, Y. Bando, B.-Y. Chen, T. Nishita: “Simula-

tion of Tearing Cloth with Frayed Edges”, Computer Graphics

Forum, Vol. 28, No. 7, pp. 1837–1844 (2009).

7) C. Jiang, T. Gast, J. Teran: “Anisotropic Elastoplasticity for

Cloth, Knit and Hair Frictional Contact”, ACM Trans. on

Graphics, Vol. 36, No. 152, pp. 1–14 (2017).

8) D. Sulsky, Z. Chen, H. Schreyer: “A Particle Method for

History-Dependent Materials”, Computer Methods in Applied

Mechanics and Engineering, Vol. 118, No. 1, pp. 179 – 196

(1994).

9) S. Takagi, M. Nakajima, I. Fujishiro: “Volumetric Modeling of

Colored Pencil Drawing”, Proc. of the 7th Pacific Conference

on Computer Graphics and Applications, pp. 250–258 (1999).

10) K. Kitani, T. Tanaka, Y. Sagawa: “CG Expression of Paper

Tearing”, The Trans. of the Institute of Electrical Engineers of

Japan, Vol. 128, No. 12, pp. 1735–1740 (2008).
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<Summary> Sparse coding is a technique that represents an input signal as a linear combination of a

small number of atoms in the dictionary. When sparse coding is applied to image compression, it is necessary

to perform efficient code assignment taking into account the statistical properties of weighting factors for

each atom. In this paper, we analyze in detail the position indices and magnitude of non-zero coefficients

in a dictionary designed by K-SVD. Based on the analyzed results, we propose an efficient entropy coding

method introducing sparsity adaptation and atom reordering. Simulation results show that the proposed

method can reduce the amount of generated bits by up to 6.2% compared to the conventional methods.
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1. Introduction

With the recent increase in image resolution and in-

crease in the amount of images by SNS, efficient image

coding technology is indispensable in the field of com-

munication services and many home appliances. As im-

age compression coding standards that are widespread

in the world, there are JPEG1) for still pictures and

H.264/AVC2), H.265/HEVC3) for moving pictures. In ad-

dition, studies of the next-generation video coding stan-

dard VVC, including further improvement of coding effi-

ciency, have already been started4). In most conventional

international standards, DCT (Discrete cosine transform)

is mainly used as transformation methods for efficiently

representing images. The DCT gives a good image repre-

sentation for various images, but is not the best transform

for each individual image. In order to solve this problem,

sparse coding is attracting attention. Sparse coding can

design a dictionary by training the local features of the

image to be coded and can represent the target image

efficiently. In sparse coding, a dictionary can be designed

to minimize the reconstruction error when approximating

the original image using a linear sum of a predetermined

number of atoms. Since sparse coding allows most of the

weight coefficients to be zero and image representation

can be performed with very few nonzero weight coeffi-

cients, its application to image compression can be ex-

pected5),6). When the sparse coding is applied to image

compression, the problem is how to encode the nonzero

coefficients distributed in sparse. The statistical prop-

erties of sparse nonzero coefficients have been analyzed

in some previous studies. In Reference 7), it has been

experimentally reported that the atom indices to indi-

cate the occurrence position of nonzero coefficient can

be approximated by uniform distribution, and nonzero

coefficient levels can be approximated by Laplacian dis-

tribution. However, it is not clear how the atom indices

and the nonzero coefficient levels in a block are related

to the number of nonzero coefficients in the block. Also,

a detailed analysis of the relationship between a nonzero

coefficient level and its corresponding atom’s feature has

not been performed. For more efficient entropy coding

design, it is necessary to analyze statistical properties of

nonzero coefficients in more detail.

In this paper, we analyze the statistical properties of

nonzero coefficients in detail from theoretical and experi-

mental viewpoints, and propose an efficient entropy cod-

ing method of sparse coefficients based on the analysis.

Section 2 reviews the dictionary design method by K-

SVD and describes the application method to image cod-

ing using the designed dictionary. In addition, we de-

scribe typical conventional code assignment methods to

transform coefficients (weight coefficients), and point out

their problems when applying to sparse coefficients en-

coding. Section 3 analyzes the statistical properties of

the sparse coefficients in detail. First, we measure the oc-

currence probability of atom indices and coefficient levels

for nonzero coefficients, and clarify the distribution char-
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acteristic of zero run length between nonzero coefficients.

Based on the distribution characteristics, we propose a

context adaptive code assignment method to zero run

length and nonzero coefficient level based on the num-

ber of nonzero coefficients in the block. Next, we show

that the distribution characteristics of nonzero coefficient

levels differ depending on features of atoms, and clarify

that context adaptive coding to nonzero coefficient levels

based on feature of atoms is effective. Furthermore, we

show that the zero run length can be coded efficiently

by rearranging the atoms by their features. In Section

5, we summarize the results obtained and discuss further

works. The main focus of this paper is a research on sym-

bol generation for efficient entropy coding, rather than

actual code design method itself such as variable length

code tables or arithmetic coding. Therefore, the amount

of generated information is discussed mainly based on en-

tropy.

2. Related Works

2.1 Review of K-SVD

In this section, we review the dictionary learning pro-

cedure based on K-SVD8). The set of sample vectors

for dictionary learning is indicated as the matrix Y,

and each column of Y corresponds to N sample vectors

yi(i = 1, 2, · · · , N). For image representation, yi is often

set as a vector whose elements are the pixel values in the

i-th small block obtained after dividing the image. Let

dk(k = 1, 2, · · · ,K) be the k-th atom vector, and let dic-

tionary D be a matrix in which these atoms are arranged

as columns. The dimension of these atoms equals that

of yi. We represent signal yi as a linear combination of

these atoms as expressed by Eq.(1).

yi =

K∑
k=1

aikdk (1)

aik, which denotes the k-th element of vector ai, is

the representation coefficient of the sample yi. Using

coefficient matrix A = (a1, a2, · · · , aN ), Eq.(1) can be

written as

Y ≈ DA . (2)

We consider an optimization problem with sparsity con-

straints that expresses input vector yi with as few atoms

as possible. Approximations with greater sparsity and

smaller error can generally be obtained by using a dictio-

nary learned from samples having characteristics similar

to the samples to be represented. Therefore, it is desir-

able to co-optimize both dictionary D and coefficient A.

This problem can be formulated as

min
D,A

||Y −DA||2F subject to ∀i, ||ai||0 ≤ T0 . (3)

Here, notation ‖ · ‖F stands for the Frobenius norm and

T0 is the sparsity constraint threshold.

K-SVD solves Eq.(3) by iterating two stages, sparse

coding stage and dictionary update stage. The former ap-

plies orthogonal matching pursuit (OMP)9)to determine

ai for each yi while fixing D; and the latter updates D

together with the nonzero coefficients of ai. The algorith-

mic description of K-SVD is detailed in Reference 7).

2.2 Image compression by multiclass K-SVD

A dictionary designed by K-SVD under the constraint

that the number of nonzero coefficients falls to T0 or less

can minimize the reconstruction error when the image

used to design the dictionary is represented by T0 or

fewer nonzero coefficients. However, the characteristics

of K-SVD derived dictionaries are highly dependent on

the feature of the images used in training. A dictionary

trained for a specific image is optimum for that image,

but not necessarily for other images. When applying K-

SVD to image coding, the decoder has to use the same

dictionary as the encoder, so the designed dictionary itself

must be encoded and transmitted to the decoder. How-

ever, the coding and transmission of dictionaries for each

image every time incurs large overheads for information

transmission, and is not practical from the viewpoint of

rate distortion performance.

To solve this problem, we consider the use of the mul-

tiple dictionary approach. That is, first, the image is

divided into small blocks to calculate local features, then

a set of blocks having similar feature is created as a

class, and finally, K-SVD is executed for each class so

as to design multiple dictionaries. Local features such

as DSIFT10), intraframe/interframe prediction residual

power in H.264/AVC and H.265/HEVC7),11) have been

utilized for classification. A set of dictionaries designed

for each class is shared in advance by the encoder and

decoder, and these are adaptively switched when encod-

ing. This eliminates the need to encode dictionaries, and

makes it possible to represent more images efficiently.

In this paper, we calculate the local features of the

block based on the idea of classification shown in Ref-

erence 9). After classifying the blocks used for training

based on the local feature, a dictionary is designed for
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each class. DSURF is used instead of DSIFT in this study

for high speed processing. Figure 1 shows some exam-

ples of dictionaries designed by multiclass K-SVD. It is

important to note that the atoms in a dictionary designed

by K-SVD are not necessarily arranged in frequency order

like DCT, and the atoms with different properties appear

randomly.

In order to effectively represent the actual image, each

dictionary should contain one DC atom, as has been con-

firmed1),12). Therefore, one DC atom is included in the

initial dictionary for each class, and the DC atom is not

changed during K-SVD iterative processing. Also, all

atoms other than DC are normalized so that the mean

value is zero and the standard deviation is one.

A block diagram of the encoder and decoder using dic-

tionaries designed by the multiclass K-SVD algorithm is

shown in Fig. 2. All dictionaries are prestored in both

encoder and decoder. In the encoding process, an image

to be coded is divided into small blocks of the same size

as the used in the training process. Then, OMP is per-

formed for each target block ti under sparsity condition

T0; the squared errors ec(c = 1, 2, · · · , C) are calculated

as follows:

ec = ‖ti −Dcxi‖2F , (4)

then the class index c and sparse coefficients xi that min-

imize squared error ec are determined. Quantized coeffi-

cients Q(xi) and class index c are encoded and transmit-

ted.

In the decoding process, the dictionary is adaptively

selected block by block based on the decoded class index,

and pixel values in the block are reconstructed as the sum

of atoms weighted by the decoded sparse coefficients.

2.3 Entropy coding for transform coefficients

In image coding, it is necessary to make symbols to

be coded into binary codes. This procedure is called en-

tropy coding, and various kinds of variable length codes

based on the occurrence probability of symbols are uti-

lized. By assigning fewer bits to encode more frequently

occurring symbols, the total amount of bits used to en-

code the all symbols can be reduced. The Huffman code

and the arithmetic code are typical ones.

Here, we review some code assignment techniques for

transform coefficients. Discrete Cosine Transform (DCT)

is one of the most popular techniques used today in video

compression schemes. Figure 3 (a) shows the 8x8 array

of atom images for the two dimensional DCT. DCT con-

(a) (b)

(c) (d)

Fig. 1 Examples of multiclass dictionaries designed by K-
SVD; (a) overcomplete DCT, (b, c, d) Dictionaries
designed by K-SVD. The upper left corner represents
the DC atom

Fig. 2 Encoder and decoder configuration

(a) DCT atom (b) Scan order in
JPEG

(c) Scan order in
H.265/HEVC

Fig. 3 DCT atom and scan order

verts a set of pixels in a block into the weighted sum

of DCT atoms. The weighting factors are called DCT

coefficients. Statistically, the magnitude of the DCT co-

efficients for low frequency atoms are greater than that

for high frequency atoms. Also, by quantizing the coef-
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ficients, many DCT coefficients for high frequency atoms

will be zero.

This property is used to perform efficient entropy cod-

ing by appropriately setting the scan order of DCT coef-

ficients. The order of zigzag scan in JPEG and MPEG-2

is shown in Fig. 3(b). The first coefficient of each block

obtained as a result of zigzag scan is called the DC co-

efficient while the other coefficients are called AC coef-

ficients. For AC coefficients, a variable length code is

assigned for the pair of a nonzero coefficient and its pre-

ceding zero run length1),13). An End-of-Block (EOB) at

the end of each block indicates the rest of the coefficients

of the block are all zero, and it enables to represent long

consecutive zeros effectively. In H.265/HEVC, quantized

DCT coefficients are coded as follows. They are scanned

diagonally to form a 1D array as shown in Fig. 3(c). The

context adaptive binary arithmetic coder (CABAC) en-

codes the last position of nonzero coefficients, a signifi-

cance map indicating the positions of nonzero coefficients,

and the quantized coefficient level values3),14).

In the case of complete DCT, the frequency charac-

teristics of each atom are known, and they are regularly

arranged. The relative relationship between the charac-

teristics of each atom and the magnitude of the trans-

form coefficient corresponding to each atom is also clar-

ified. Therefore, by setting the scan order as shown in

Fig. 3 based on these characteristics in advance, the num-

ber of occurred bits can be reduced effectively. Also,

for the atoms based on complete DCT, the international

standard methods H.264/AVC and H.265/HEVC have

adopted a method of switching the code table for each

block using the number of non-zero coefficients as a con-

text2),3). On the other hand, each atom of the overcom-

plete dictionary designed by K-SVD does not have regular

frequency characteristics like DCT. Thus, it has not been

clarified what kind of atom has a large non-zero coeffi-

cient. Also, it has not been clarified how the coefficient

quantization level distribution changes with the number

of non-zero coefficients in the block. Therefore, in or-

der to perform entropy coding for sparse coefficients as

efficient as the conventional method, we need to clarify

the statistical properties of the sparse coefficients and to

clarify how to reorder the sparse coefficients based on the

findings.

Several entropy coding for sparse representations have

also been studied. In image coding using sparse repre-

sentation, OMP is performed using a dictionary for each

block to be coded, and at most T0 nonzero coefficients are

calculated. All other coefficients are zero. For the entropy

coding of the sparse representation, the indices of atoms

corresponding nonzero coefficients after quantization and

the nonzero coefficients levels are encoded. In the con-

ventional studies, it has been clarified that the histogram

of the atom’s indices is approximated to a uniform distri-

bution, the histogram curve for the quantized coefficient

levels is approximated to the Laplacian distribution7),15).

In Reference 15), it is shown that the nonzero coefficient

in the case of sparse representation by overcomplete ICT

becomes Laplacian distribution. Based on these features,

a fixed length code was assigned for the atom index cod-

ing, and Huffman code or a truncated unary code com-

bined with an Exponential-Golomb code was employed to

encode the quantized coefficient level7),15). On the other

hand, instead of assigning a code directly to an index, a

method of assigning a Huffman code to a zero run length

(i.e. the number of consecutive zero coefficients between

nonzero coefficients) has also been studied 17).

However, in the conventional researches, the relation-

ship between the atom indices corresponding the nonzero

coefficients in a block and the number of nonzero coef-

ficients of the block has not been clarified. Also, the

relationship between the probability distribution of the

nonzero coefficient levels and the number of nonzero co-

efficients of the block has not been clarified. In addition,

the detailed analysis of the relationship between the mag-

nitude of nonzero coefficient level and the feature of the

corresponding atoms has not been conducted. Therefore,

there is room for improving the conventional code assign-

ment procedure by using the number of nonzero coeffi-

cients and feature of the atoms as a context. In the next

section, we analyze the statistical properties of nonzero

coefficients in detail from theoretical and experimental

viewpoints for sparse representation of images, and we

propose an efficient entropy coding scheme for sparse co-

efficients.

3. Statistical Feature Analysis of Sparse

Coefficients

In this section, we analyze the statistical properties of

the sparse coefficients in detail for the entropy coding

scheme design. The analysis in Section 3 is carried out

theoretically and experimentally. A set of small blocks ex-

tracted from six types of images, “BQTerrace”, “Basket-

ballDrive”, and “Cactus”, “ChristmasTree”, “Kimono1”

and “ParkScene” from the MPEG test sequence are used

for statistical analysis, where these images are also used
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Fig. 4 Sparse coefficients to be coded

as test data for the experiments in Section 4. The sparse

coefficients to be encoded can be illustrated as in Fig. 4.

First, the image is divided into small blocks of
√
L/2×√

L/2. Next, for each small block, OMP is performed on

the dictionary designed by K-SVD to obtain T0 sparse

coefficients. The dimension of a dictionary is L. After

quantization, we obtain sparse coefficients to be encoded

for each small block. Let k be the number of nonzero

coefficients after quantization. Here, all DC coefficients

are quantized by step one and they are always encoded.

Also, nonzero AC coefficients are quantized by the quan-

tization step QP. The number of nonzero AC coefficients

after quantization is at most T0 − 1. Set the number of

blocks in which the number of nonzero coefficients to be

coded becomes k among all blocks of the image as N(k).

N(1) means the number of the blocks represented by DC

coefficients only. The total number of blocks in the whole

image, N , is N =
∑T0

k=1 N(k), and the number of DC co-

efficients in the image, NDC , is equal to N . In addition,

the number of nonzero AC coefficients in the whole image,

NnonzeroAC , is expressed by

NnonzeroAC =

T0∑
k=2

(k − 1)N(k) . (5)

3.1 Syntax of sparse coefficients coding

Figure 5 shows the sparse coefficient coding syntax an-

alyzed in this study. The information required for each

block to be encoded are, class No.: a class number in-

dicating which of dictionaries is used, k: the number of

nonzero coefficients in the block, coefDC : a weighting fac-

tor for DC atom, and coefAC : weighting factors for AC

atoms. Also, the number of nonzero AC coefficients is

k − 1, and it is necessary to encode atom indices and

quantized coefficient levels for each nonzero AC coeffi-

cient. In this study, in order to perform code alloca-

Fig. 5 Bit stream structure for sparse coefficients

tion adaptively by the number of nonzero coefficients for

each block, the number of nonzero coefficients in a block,

k, is encoded prior to the atom indices of the nonzero

coefficients and the quantized coefficients level. For the

syntax of AC coefficients, the atom indices for nonzero

coefficients and the nonzero quantized coefficients level

are encoded. Regarding the atom indices, we will con-

sider two kinds of methods: direct encoding of indices

and a method of using zero run length between indices of

nonzero coefficients.

3.2 Nonzero coefficients distribution and en-
tropy

In the conventional research7),15), the atom indices for

nonzero coefficients after quantization and the nonzero

quantized coefficient levels are coded independently, and

any adaptation of code assignment depending on the

number of sparse coefficients in the block and the feature

of the atoms has not been studied. In this subsection,

we first unify the symbols of all blocks based on the con-

ventional method and analyze the statistical properties

of the nonzero coefficients and the amount of generated

bits. In this study, the amount of generated information

is analyzed based on the entropy calculated from the oc-

currence probability of the symbols to be coded. The

total amount of generated bits for the whole image is ex-

pressed as

Bitall = Bitclass + Bitk + BitDC + BitAC . (6)
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(a) (b)

Fig. 6 Probability histograms of (a) position index and (b)
magnitude of nonzero quantized AC coefficients

Here, Bitclass , Bitk , BitDC and BitAC are the amount of

generated bits for class number, the number of nonzero

coefficients, DC coefficient, AC coefficient, respectively.

The amount of each code bits can be calculated as follows.

First, a class number can be expressed as a fixed-length

code of log2 C bits per block, where C is the number of

classes. The amount of generated bits in the whole image,

Bitclass , can be calculated as Bitclass = N × log2 C.

Next, to calculate the number of bits for the number of

nonzero coefficients, it is necessary to consider the distri-

bution of the occurrence probability p(k). p(k) changes

with the quantization step QP for the coefficients. When

the QP becomes smaller, the occurrence probability of

large k increases, and as the QP becomes coarser, the oc-

currence probability of small k increases. The amount of

bits for the number of nonzero coefficients in the whole

image is calculated as Bitk = Ek× N , where Ek is the

entropy of p(k) as shown following equation.

Ek = −
T0∑
k=1

p(k) log2 p(k) (7)

The amount of bits generated for the DC coefficient

is calculated as follows. Since the DC coefficients reflect

the average value of the block, there is a high correlation

between the DC coefficients of adjacent blocks. There-

fore, DPCM is performed based on the difference with

the previous block. Since the probability distribution of

the difference signal is approximated as a Laplacian dis-

tribution centered at zero, the total amount of bits is

calculated as BitDC = EDC× N , where EDC is an en-

tropy based on the occurrence probability of differential

DC values.

The amount of bits generated for nonzero AC coeffi-

cient is calculated from the distribution of their atom

indices and coefficient levels. Figure 6 (a) shows a his-

togram of atom indices for nonzero AC coefficients mea-

sured when sparse coding is performed on the test images

by setting T0 = 7 and QP= 16. From the results, the

Fig. 7 Number of bits generated

occurrence probability of atom indices for nonzero co-

efficient is almost uniform. Similar measurements were

performed for various combinations of T0 and QP, and

a chi-square test was performed for each case. As a re-

sult, we could confirm the uniformity of the probabil-

ity distribution of atom indices as in the conventional

study7). When uniformity of the occurrence probability

distribution of atom indices can be assumed, log2 L bits

are needed per one atom index theoretically. Therefore,

the total amount of bits for atom indices in the whole im-

age, BitI , is BitI = log2 L×NnonzeroAC . Also, Fig. 6(b)

shows the distribution of nonzero quantized AC coeffi-

cient levels, which can be approximated by the Lapla-

cian distribution centered on zero. Note that there is

no zero coefficient. Coarse quantization concentrates the

occurrence probability distribution to smaller levels and

increases the number of zero coefficients. The amount

of bits for nonzero coefficient levels in the whole image,

BitL, is EL×NnonzeroAC , where EL is the entropy of the

nonzero AC coefficient levels. The total amount of bits

for nonzero AC coefficient in the whole image, BitAC , is

calculated as the sum of BitI and BitL.

Figure 7 shows the amount of bits generated in the

whole image measured by changing QP. The coefficient

level becomes smaller when the coarse quantization step

is used, so the amount of bits for AC coefficient levels

decreases. Similarly, when coarse quantization step is

used, the number of nonzero quantized AC coefficients

decreases, so the amount of bits for atom indices de-

creases. Since the quantization step for DC coefficients

is always one, BitDC is constant regardless of the quan-

tization parameter QP for AC coefficients. Bitk shows a

slight increase or decrease because the distribution of the

number of nonzero AC coefficients changes depending on

the magnitude of QP. Bitclass is constant because it is

determined only by the number of classes. From Fig. 7,

it is clear that reducing the amount of bits for expressing

the AC coefficient is very significant.
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Fig. 8 Probability histograms of (a) position index and (b)
magnitude of nonzero quantized AC coefficients, after
categorizing based on k

In order to reduce the amount of generated bits for

the nonzero AC coefficients, it is possible to divide the

nonzero AC coefficients into multiple categories accord-

ing to the number of nonzero coefficients in the block and

perform code allocation suitable for each category. The-

oretically, if the symbols can be separated into multiple

categories so that their occurrence probability distribu-

tions are as different each other as possible, the total code

amount can be reduced. Figure 8 shows the distribution

of atom indices for nonzero AC coefficients and the dis-

tribution of AC coefficient levels, after categorizing based

on the number of nonzero coefficients in the block. As

shown in Fig. 8, it is clear that the information symbols

separation by k has little effect because the probability

distribution of the atom’s indices corresponding nonzero

coefficients is almost same regardless of the value of k.

On the other hand, since the occurrence probability of

nonzero quantization level numbers show different distri-

butions depending on k, it is considered to be significant

to perform the symbol separation by k.

3.3 Sparsity adaptive sparse coefficient coding

Another way to represent atom indices of nonzero coef-

ficients is to use the number of zero coefficients (i.e. zero

run length) preceding nonzero coefficients17). We analyze

the statistics of zero run length when L coefficients are

divided by k nonzero coefficients as shown in Fig.9. This

problem can be solved theoretically as a consequence of

the broken stick problem18) which is an analysis problem

concerning the probability distribution of the length for

a piece of sub segments when the line segment of length 1

is divided by n− 1 random points. The probability den-

sity function of the length r(0 ≤ r ≤ 1) of any divided

segments is

g(r) = (n− 1)(1− r)n−2 . (8)

The probability P (r0) that the length of each segment

becomes [r0, r0 + ε) is obtained by integration of equa-

tion (8) as

Fig. 9 The probability density function of r, the length of
any divided segments

Fig. 10 The theoretical probability distribution of zero run
length

P (r0) =
∫ r0+ε

r0
g(r)dr = [−(1− r)n−1]r0+ε

r0

= (1− r0)
n−1 − (1− (r0 + ε))n−1

(9)

Applying the above analysis to the distribution of

sparse coefficients, the length of the original line segment

corresponds to the dimension L of a dictionary, and the

length of each divided segment corresponds to the zero

run length. Figure 10 shows the theoretical probabil-

ity distribution of zero run length when the length of

the original line segment is set to L = 256. The occur-

rence probability is found to be a distribution based on

an exponential function. In Reference 17), code design

is performed by integrating the occurrence probabilities,

that is, without classification by the number of nonzero

coefficients. However, from Fig. 10, since the parameters

of exponential function clearly differ depending on the

number of nonzero coefficients in the block, it can be ex-

pected that more efficient code assignment for zero run

length becomes possible by categorizing nonzero coeffi-

cients by k. The entropy of the zero run length is

Erun(k) =
L−1∑
i=0

P (i/L) log2 P (i/L) (10)

where P (i/L) = (1 − i/L)k − (1 − (i/L + 1/L))k. The

amount of bits to represent the atom indices in the whole

image is calculated as

BitI =

T0∑
k=2

Erun(k − 1)N(k)(k − 1) (11)
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(a) (b) (c) (d) (e)

Fig. 11 Power spectrum for atoms; (a) overcomplete DCT (Fig.1(a)), (b) K-SVD(Fig.1(b)), (c) K-SVD(Fig.1(c)),
(d) K-SVD(Fig.1(d)), (e) complete DCT

3.4 Adaptive coding by atom features

It is known that the features of the atoms appearing in

the dictionary designed by K-SVD are strongly influenced

by the features of the training samples, and they are dif-

ferent from general atoms such as DCT. Figure 11 shows

the Fourier power spectrum of each atom for the four dic-

tionaries shown in Fig. 1. The center of each spectral im-

age corresponds to the DC component, and the longer the

distance from the center, the higher the frequency. For

comparison, the power spectrum for complete DCT was

added as shown in Fig. 11(e). From Fig. 11, in the dictio-

nary consisting of atoms with regular frequency arrange-

ment such as DCT and overcomplete DCT (Fig. 11(a),

(e)), each atom complements each other so as to cover

all frequency bands. On the other hand, the overcom-

plete dictionary designed by K-SVD (Fig. 11(b), (c), (d))

does not necessarily consist of atoms that cover all fre-

quency bands. It can be seen that it is composed of

atoms that can express a specific frequency band in more

detail. When expressing images using a training-based

dictionary, there have been no studies investigating the

dependency between the characteristics of the weighting

factors and the features of the atoms. If there is a cor-

relation between some features of atom and weighting

factors, it is possible to reduce the amount of generated

bits by adaptively changing the code assignment to the

weighting factors with the atom’s features as the context.

Therefore, we first investigated the relationship be-

tween some features of atoms and the magnitude of the

weighting factors. Let b(i, j) be an M ×M atom in a dic-

tionary designed by K-SVD. The following four features

are investigated as the features of each atom,

• Fourier transform:

F1(th) =

∑
|u|+|v|≤th |B(u, v)|2∑

u,v |B(u, v)|2 ,

where B(u, v) is the Fourier power spectrum of

b(i, j), −M/2 ≤ u ≤ M/2, −M/2 ≤ v ≤ M/2.

(a) (b)

(c) (d)

Fig. 12 Correlation between atom feature and magnitude of
nonzero coefficients

• Discrete cosine transform:

F2(th) =

∑
(u+v)≤th |C(u, v)|2∑

u,v |C(u, v)|2 ,

where C(u, v) is the DCT coefficients of b(i, j), 0 ≤
u ≤ M − 1, 0 ≤ v ≤ M − 1.

• Total variation:

F3 =
∑
i

∑
j

(|b(i+1, j)−b(i, j)|+|b(i, j+1)−b(i, j)|)

• Number of strong edge:

F4(th) =
∑
i

∑
j

(mH(i, j) +mV (i, j)),

where

mH(i, j) =

{
1, if |b(i+ 1, j)− b(i, j)| > th

0, otherwise

mV (i, j) =

{
1, if |b(i, j + 1)− b(i, j)| > th

0, otherwise

Figure 12 shows the correlation between each feature

of atoms and the magnitude of the nonzero AC coeffi-

cient. Figure 12 also shows the average and the standard
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(a) Before reordering (b) Scan order

(c) Reordered by F1(2) (d) Reordered by F1(4)

(e) Reordered by F2(2) (f) Reordered by F2(4)

(g) Reordered by F3 (h) Reordered by F4(10)

Fig. 13 Examples of the atoms reordered by their features

deviation of the absolute value of nonzero AC coefficients

generated for the atoms in each section after dividing the

feature quantity into 16 sections. In Fig. 12, the results

show the case where the parameter th for each feature

value is set so that the correlation coefficient becomes

the highest. There is a significant correlation between

these four feature values and the magnitude of nonzero

AC coefficients. Therefore, if we adapt the code assign-

ment to the nonzero AC coefficient levels according to

the feature of their corresponding atoms, the amount of

generated bits can be reduced. Also, from the observa-

tion in Fig. 12, we can consider that more efficient code

assignment for the length of zero runs is performed by

reordering the atoms so that the coefficients with large

absolute values are scanned first. Figure 13 shows the

examples of the atoms reordered by their features. Be-

cause the reordering of atoms concentrates nonzero AC

Fig. 14 Probability distribution of level after reordering

(a)k=2 (b)k=3

(c)k=4 (d)k=5

Fig. 15 Probability distribution of zero run before and after
reordering

coefficients at the start of the scan, so the probability of

having a short zero run length becomes high. This results

in more efficient code assignment to zero run length.

Figure 14 shows the occurrence probability of nonzero

AC coefficient levels for the feature value of atom. Here,

the feature value of atom utilized is F3 which showed the

strongest correlation from the measurement results shown

in Fig. 12. After defining p = int(16 × F3/max(F3)),

we measure the probability distribution for each p. This

measurement is performed under the condition of T0 = 5

and QP = 32. It is clear that the probability distribution

is different depending on the feature value of atoms. In

addition, Figure 15 shows the comparison between oc-

currence probability of the zero run length under original

order and that after reordering the atoms using the fea-

ture value F3. We can find that the zero run length has

a distribution that concentrates on smaller values for all

k compared to before reordering the atoms. Therefore,

it was verified that the adaptive code assignment by con-

sidering the atom feature is very significant for reducing

both the amount of nonzero AC coefficient level and zero
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(a) Dictionary designed
by K-SVD

(b) Complete DCT

Fig. 16 Atom feature F3 according to scan order

run length.

Figure 16 (a) shows the measured feature value F3 for

each atom in the dictionary designed using K-SVD. The

blue line in Fig. 16 is the result by the conventional zigzag

scan order, and the red line is the result by scanning in as-

cending order of F3. When arranged in the conventional

zigzag scan order, the feature value F3 fluctuates drasti-

cally. As a result, the probability that a coefficient with a

large magnitude and a coefficient with a small magnitude

will randomly occur becomes higher, and code assign-

ment to zero runs becomes inefficient. If the coefficients

are scanned in ascending order of F3, the probability that

coefficients with large magnitude will be concentrated at

the beginning of the scan becomes higher, and efficient

code assignment can be realized. On the other hand, the

measurement results for complete DCT under the same

conditions in Fig. 16(a) are shown in Fig. 16(b). We

can see that even if the proposed method is applied to

complete DCT, the scan order is almost unchanged from

the zigzag scan used in the conventional method, and the

effect of increasing the coding efficiency is small. The

reason why the scan order hardly changes even when

the proposed method is applied is that zigzag scan it-

self is already setting effectively for complete DCT whose

atom features are already known. Note that the results

in Fig. 16 was confirmed to be the same when not only

the feature value F3 but also other feature values F1, F2,

and F4 are used.

4. Experiments

4.1 Experimental conditions

In this section, based on the analysis in section 3, sim-

ulation experiments are performed under various condi-

tions to verify the coding efficiency. The experimental

conditions are shown in Table 1. In order to design the

dictionary, a total of 1.2 million 8× 8 blocks were

Table 1 Simulation conditions

Training data 1.2M 8× 8 blocks from 18)
Feature for classifier DSURF
Number of classes C 16, 32, 64, 128
Initial dictionary 16× 16 overcomplete DCT

T0 3, 5, 7

extracted from the images of the ITE/ARIB HDTV test

materials database19) as training data, and they were

classified by DSURF. The multiclass dictionaries was de-

signed under the number of classes of 16, 32, 64 and 128.

In each class, a dictionary is designed by K-SVD with

an overcomplete DCT of dimension 16× 16 as the initial

dictionary. The sparse constraint parameter T0 was set

to 3, 5, and 7.

If the number of samples used for training is too small,

the image representation performance by the designed

dictionary will be degraded, and as a result meaningful

experiments for this study will not be possible. If the

number of samples used for training is large enough and

various features of general images are well-balanced in

them, the dictionary created by learning will converge to

a versatile optimal solution. In this study, the ITE test

image database was used for training. This is because it

is composed of images with various features targeted for

codec evaluation, etc., and it is considered that the fea-

tures of images that are generally used can be captured

sufficiently by using all these images for training. In the

conventional studies, training is performed using samples

of tens of thousands of blocks ( for example, about 68000

blocks in Reference 7) and one hundred thousand blocks

in Reference 17) ). On the other hand, the number of 1.2

million blocks used in this study is sufficiently large com-

pared to the number of blocks used in the conventional

studies. So, it is considered that an appropriate dictio-

nary is designed for entropy coding research, which is the

focus of this paper.

When encoding, first, the image to be encoded is di-

vided into 8 × 8 small blocks, and their class number

are determined by the k-means method according to the

DSURF feature of the small block. Next, using OMP and

the selected class dictionary, we obtain T0 sparse coeffi-

cients that approximate the small block to be encoded.

In OMP, DC atom is always used. Therefore, the number

of AC coefficients is T0−1. The obtained DC coefficients

are quantized with quantization step 1 (i.e., rounded to

the nearest integer). On the other hand, AC coefficients

are quantized with quantization step QP. In this exper-

iment, we set QP = 16, 24, 32, 40. Under these pa-
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rameters, the effectiveness of introducing zero runs, the

effectiveness of adaptation with the number of nonzero

coefficients, and the effectiveness of adaptation by fea-

ture of atoms feature are examined, in comparison with

conventional entropy coding. Note that, in this research,

the image quality does not change in case the same QP

is used, so the effectiveness can be verified only based on

the amount of generated bits. As shown in Section 3, the

amount of generated information is calculated by the en-

tropy based on the occurrence probability of the symbols

to be coded. In the original documents (References 7)

and 17) ) of the conventional methods to be compared,

Huffman codes and Golomb-Rice codes are assigned to

the generated symbols. However, for the conventional

methods in this experiment, instead of actually assigning

a code bit, the amount of information is calculated based

on the entropy of the generated symbol in order to make

a fair comparison.

4.2 Experimental results and discussion

First, under the conditions fixed at T0 = 5 and

QP=24, we measured the effectiveness of k-adaptation,

i.e. the adaptive encoding by the number of nonzero co-

efficients. Figure 17 (1) shows the result of the con-

ventional method based on Reference 7), in which the

index of the atom corresponding to the nonzero coeffi-

cient is directly encoded. Figure 17(2) shows the result

of the conventional method based on Reference 17), in

which the zero run length between nonzero coefficients

is encoded. The k-adaptation is not performed in both

Fig. 17(1) and Fig. 17(2). On the other hand, Fig. 17(3)

shows the result of applying k-adaptation to Fig. 17(2).

We found from Fig. 17 that the introduction of zero run

length can reduce the amount of information generated

for the indices, so the total amount of information de-

creases accordingly. However, it should be noted that

the amount of information for the quantized level num-

ber of the nonzero coefficients has not been reduced. On

the other hand, introduction of k-adaptation can not only

reduce the amount of information for zero run length but

also reduce the amount of information for level number,

as a result it is possible to reduce the total amount of

information up to 11.0% compared to Reference 7) and

up to 4.7% compared to Reference 17). These character-

istics were also found to be similar when using different

T0 and QP.

Next, we verified the effectiveness of adaptation based

on the feature of the atoms. The experiment was per-

Fig. 17 Number of generated bits by (1) conventional7),

(2) conventional(zero run)17) and (3) k-adaptive,
for (a) BQTerrace, (b) BasketballDrive, (c) Cactus,
(d) ChristmasTree, (e) Kimono1 and (f) ParkScene.
T0 = 5, QP=24

formed under the condition that the zero run length and

the nonzero AC coefficient level were classified according

to the number of nonzero coefficients in each block, and

they were encoded independently. We created a dictio-

nary in which the atoms were reordered using the four

features defined in section 3, and compared the amount

of bits using the new dictionary with the amount of bits

using the original dictionary. The measured results are

shown in Table 2. The column (a) in Table 2 shows

the amount of information generated by the conventional

method shown in Reference 17), the column (b) in Ta-

ble 2 shows that generated when k-adaptation is applied

to the conventional method, and the column (d) of Ta-

ble 2 shows the amount of generated information when

atom reordering is performed in addition to k-adaptation

method. The column (c) and (e) in Table 2 show the re-

duction rate of the amount of generated information for

the column (b) and (d) based on the column (a), respec-

tively. Table 2 shows that reordering of atoms by any of

the four features makes it possible to reduce the amount

of generated information compared to before reordering.

In particular, it can be confirmed that the amount of

generated bits can be minimized when using the atom

feature value F3. The reason is that, the feature value F3

is highly correlated with the nonzero AC coefficient level

as described in section 3. As a result, the amount of bits

nonzero AC coefficient levels can be reduced by adopting

different code assignment rules for them according to the

feature of atoms. Also, the reordering of atoms can con-

centrate the distribution of zero run length closer to zero,

and leads to a reduction the amount of bits for zero run

length.
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Table 2 Number of generated bits (kbit); (a) conventional17), (b) k-adaptation, (c) bit saving ratio(%): ((b)-(a))/(a),
(d) k-adaptation+atom reordering with the feature F1, F2, F3, F4, (e) bit saving ratio(%): (F3-(a))/(a)

Image (a) (b) (c)
(d)

(e)
F1 F2 F3 F4

BQTerrace
Index 117.2 115.8 -1.2 115.7 115.3 115.1 113.8 -1.8
Level 50.5 47.6 -5.7 46.3 44.0 44.2 45.5 -12.5
Total 167.7 163.4 -2.5 162.0 159.3 159.2 159.3 -5.0

BasketballDrive
Index 79.8 76.9 -3.6 77.6 73.4 73.6 73.6 -7.7
Level 17.7 16.0 -9.7 15.1 12.9 12.9 13.4 -27.1
Total 97.5 92.9 -4.7 92.7 86.4 86.5 87.0 -11.3

Cactus
Index 108.4 106.5 -1.8 104.9 104.0 103.4 103.7 -4.6
Level 29.9 28.7 -3.8 27.3 24.5 24.7 25.8 -17.5
Total 138.3 135.2 -2.2 132.2 128.5 128.1 129.5 -7.4

ChristmasTree
Index 136.4 134.8 -1.1 134.2 134.5 134.0 133.7 -1.7
Level 55.5 52.0 -6.3 51.0 49.6 49.4 50.4 -11.0
Total 191.9 186.8 -2.6 185.2 184.1 183.5 184.2 -4.4

Kimono1
Index 63.6 61.6 -3.2 60.1 58.6 58.4 59.3 -8.2
Level 13.1 12.3 -6.2 11.5 9.5 9.6 10.5 -26.9
Total 76.7 73.9 -3.7 71.5 68.1 68.0 69.8 -11.4

ParkScene
Index 104.6 102.3 -2.2 100.0 99.5 98.8 99.7 -5.5
Level 24.0 23.0 -4.2 21.7 18.9 18.9 20.3 -21.2
Total 128.6 125.3 -2.6 121.7 118.4 117.7 120.0 -8.4

Table 3 BD-rate[%] between proposed method and Refer-
ence 17)

Image T0
Number of class

16 32 64 128

BQTerrace
3 -1.43 -1.35 -1.37 -1.31
5 -5.50 -6.27 -5.56 -6.10
7 -4.27 -4.21 -4.16 -4.11

BasketballDrive
3 -2.03 -2.07 -3.45 -1.33
5 -0.48 -0.72 -1.08 -0.81
7 0.44 0.23 0.17 -0.35

Cactus
3 -2.37 -3.73 -2.94 -3.67
5 -3.12 -3.27 -3.53 -3.26
7 -3.72 -3.36 -3.41 -3.28

ChristmasTree
3 -1.13 -0.83 -0.83 -1.06
5 -1.26 -4.97 -4.27 -1.17
7 -3.02 -3.00 -3.26 -2.41

Kimono1
3 -3.13 -3.08 -2.22 -2.70
5 -3.00 -2.90 -2.86 -2.61
7 -3.02 -2.72 -2.62 -2.58

ParkScene
3 -4.90 -1.94 -3.87 -3.01
5 -3.30 -3.80 -3.41 -3.37
7 -3.53 -3.57 -3.43 -3.50

Finally, we measured the overall performance under set-

ting the feature value used to reorder the atoms to F3

which is the most effective to reduce the amount of bits.

The class number C was set to four types of 16, 32, 64

and 128. For each C, the sparse parameter T0 was set

to 3, 5 and 7, and the quantization parameter QP was

set to 16, 24, 32 and 40. The total amount of bits gen-

erated was measured as the sum of the amount of bits

for the class number, for the number of nonzero coeffi-

cients, for coefficients of DC atom and for coefficients of

AC atom. The measured average performance gain, BD-

rate, between the proposed method and the conventional

(a) (b)

(c) (d)

Fig. 18 Image quality comparison (0.30 bit/pel); (a) orig-
inal, (b) enlargement of partical original image, (c)

decoded image of (b) (conventional17)), and (d) de-
coded image of (b) (proposed)

method is shown in Table 3. Table 3 shows that the

proposed method can reduce the total amount of bits up

to 6.2% compared to the conventional method.

K-SVD is a block based processing similar to DCT-

based coding, so the block noise occurs when the com-

pression ratio becomes high. Using the proposed entropy

coding method, a smaller quantization step can be used in

comparison with the conventional entropy coding meth-

ods under the same compression ratio. As a result, block

noise can be reduced as shown in Fig. 18.

In the experiments by combining the number of classes

(C = 16, 32, 64, 128), quantization step (QP = 16, 24,

32, 40) and sparsity (T0 = 3, 5, 7) as experimental pa-
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rameters, we clarified that the proposed entropy coding

is effective at any bit rate from high compression to low

compression. When K-SVD is applied to actual com-

pression coding, multiple parameters of the number of

dictionary classes, the quantization step and the sparsity

parameter must be controlled in order to keep the amount

of generated bits within a predetermined compression ra-

tio. It is considered that the proposed entropy coding

method can be utilized for the rate-distortion optimiza-

tion control for image compression with K-SVD, it will

be addressed as a future work.

5. Conclusions

In this paper, we focused on an efficient entropy coding

for sparse coefficients when sparse coding is applied to im-

age coding. First, the statistical properties of the sparse

coefficients under various sparsity parameter and quanti-

zation step were analyzed in detail. Next, based on the

analysis, we proposed two methods of the adaptive code

assignment with the number of nonzero coefficients in the

block and reordering of atoms by their features. The pro-

posed methods enable to encode the indices and quan-

tized levels of the nonzero sparse coefficients efficiently.

Finally, by experiments using various sparsity parameters

and quantization width, it was clarified that the amount

of generated bits can be reduced up to 6.2% compared

with the conventional method. The application to sparse

coding for intra-frame/inter-frame prediction error, and

the application to ultra-high definition video such as 4K

and 8K will be studied as interesting researches in the

future.
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<Summary> It is impossible to estimate arterial oxygen saturation (i.e., SpO2) for individuals by using conventional approaches 

unless the given sensor of the pulse oximeter is attached to an individual’s finger. This study introduces a novel method to solve 

this problem. This study has focused on realizing SpO2 measurements by using non-contact space measurements, and the 

success of the approach is validated through experiments. Finally, despite a few problems including the susceptibility of the 

proposed approach to other light interference, the study offers an initial method to utilize laser wavelengths for the 

fore-mentioned purposes. As the characteristic of elderly individuals involves the hardening of the fingertips’ skin, it is difficult 

for the light of a probe to enter the same. Therefore this study can be applied to medical care, elder care, and other related 

fields. .Additionally, there are cases that symptoms are unmeasurable. The light receiving property to other light interference in 

space constitutes a problem for the fore-mentioned method.  

Keywords : SpO2, saturation pulse, non-contact space measurement, light sensing, biological information, LMM, 

pulse oximeter, blood oxygen saturation  

 

1. Introduction1)-4) 

1.1 Background of starting this research 

Initially, a trigger of this research is our following 

experience. When the author visited a considerable 

elderly in the hospital, the nurse started a measurement 

by attaching a probe to the old man’s finger to measure 

SpO2 (Oxygen saturation from the pulse). Unfortunately, 

the saturation value was not able to be read. The reason 

was that as the human beings get aged, the wall thickness 

increases and becomes harder, so it is difficult for the 

light emitted into the probe to enter the finger, which 

makes it impossible to measure the value. This kind of 

thing is likely to happen often. Under such circumstances, 

if we cannot know biological information as to whether 

the necessary oxygen has been brought into the human 

body or not, it is considered to be a problem related to life 

and death. Knowing this kind of situation, we started this 

research, looking for a non-contact measurement method 

to read the SpO2 values. 

1.2 Spatial measurements of blood oxygen saturation 

SpO2 

Existing probes are equipped with excited individual 

light-emitting elements of red and infrared LEDs. They 

use the different absorption rate of red light and infrared 

light due to the binding of oxygen and hemoglobin in 

human blood to measure blood oxygen saturation degree 

(i.e., SpO2 of the artery (oxy-hemoglobin) and vain 

(Deoxy-hemoglobin) values) by using contact-based 

methods. Furthermore, only contact-based methods have 

been used for these types of measurements.  

Only a few impractical approaches were proposed by 

extant studies, and there is paucity of studies examining 

contactless approaches. Therefore, in this research, a light 

emitting element transmits light to penetrate human     

fingers and measures it by using a non-contact method 

with two different wavelengths, and it will be make 

possible to calculate the values of SpO2. Thus, the study 

proposes a completely different approach to measure the 

target SpO2 values. Light is measured by detecting 

transmitted light in the red and infrared spectra. 

1.3 Measurement principles and types of SpO2 values 

The light-receiving element transmits light to the 

measurement object medium and extracts the component 

of light that is not absorbed after penetrating the 

measurement object, with respect to the molar extinction 

coefficient of the molecule and wavelength of the light, 

the artery, vein and transmittance wavelength 

characteristics. The transmittance exhibits a wide 

absorption band range from 640 [nm] to 1600 [nm] or 

more. The standard deviation corresponds to the number 

of received data and is in the interval between the peak of 

the heartbeat’s waveform and the time of the peak. It is 

crucial to obtain information with respect to the amount 

of oxygen that is supplied to the blood to measure the 

state of the living body. The index is termed as the arterial 

blood oxygen saturation or SpO2. The device that is 

currently used can continuously and non-invasively 

measure SpO2 and is called a pulse oximeter. The SpO2 

values are calculated by sandwiching the finger between 

irradiance devices to irradiate two types of lights with 

different wavelengths, and then by measuring the amount 

of transmitted light to get the result. Although the 

methods used in extant studies correspond to the first 

method that uses laser light, they are facing an inherent 

problem as they are susceptible to interferences from 

other light sources in the environment. This is considered 

as a primary difficulty in realizing contactless approaches 

today. The human body is mainly composed of water. The  
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Fig. 1 Characteristics of the transmittance wavelength of 

contact sensors 

 

Fig. 2 H2O spectrum as obtained by near-infrared spectroscopy 

percentage of water corresponds to approximately 90% 

for fetuses, 75% for newborns, 70% for children, 60% to 

65% for adults, and 50 to 55% for elderly individuals. 

This indicates that the moisture ratio reduces with aging, 

and thus it is difficult to measure the SpO2 values with 

aging. The wavelength and absorbance of blood and 

water are shown in Fig. 1 and Fig. 2. 

2. System Architecture (PPG and LMM) 

2.1 Current SpO2 value measurement method for 

measuring blood oxygen saturation 

Currently, contact sensors comprise of photo 

plethysmography (PPG) that uses conventional 

photoelectric volume pulse waves. These types of sensors 

are incorporated into a probe and clip-on device that 

should be attached to an earlobe or a fingertip. As shown 

in Fig.1, and Fig.2, there are two measured wavelengths, 

namely a wavelength that approximately corresponds to 

650 [nm] in the red light range and another wavelength 

that approximately corresponds to 940 [nm] in the infrared 

range. As shown in Fig. 3, using a pulse oximeter, it will 

be performed that the finger interposes between two 

probes as shown later. Then the measurement value and 

the output value of the acquired data are compared. The 

size of these devices approximately corresponds to 6.6 

[cm] × 2.9 [cm] (Fig. 3 (a)). 

2.2 Laser beam measurement method (LMM) 

2.2.1 Fear of danger during operation by using laser 

Lasers and amplifier light sources generate light that 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Fig. 3 A pulse oximeter; (a): product,  (b):the principle of 

the contact SpO2 value measurement  

does not exist in nature. When a stimulus such as high 

intensity light is introduced into the laser cavity, the laser 

is radiated and light is generated. Although the output is 

light, the laser and amplified light are greatly different 

from sunlight and bulb light. Laser and amplified light 

have special characteristics, so there is a danger for the 

operation of the equipment, during servicing. A laser or 

amplified light source generates visible light or invisible 

light of monochromatic light with very high intensity. 

Laser and amplified light are coherent, meaning that light 

waves are in phase with each other. 

At present, standards for correctly manufacturing and 

using laser products are defined globally by IEC 60825-1. 

EU countries also comply with this (EN-60825-1), Japan 

complies with IEC 60825-1 compliant JIS C 6802-1:2005 

"Radiation safety standard of laser products"7) (revised 

January 20, 2005) of radiation safety standards. 

Among them, from the viewpoint of safety, it is a 

class defined for a visible laser and visible light with a 

single pulse (pulse width 10-7[s]) of 1 [mW] or less, and 2 

[W] or less in He - Ne, against a blinking time of 0.25[s]. 

For the safety to ensure that the retina is not damaged in 

this research, we are taking into consideration within the 

scope of Class 27). 

2.2.2 A mechanism for performing space measurement  

with two wavelengths 

In this study, two lights with different wavelengths are 

emitted in a non-contact manner by a SpO2 spatial 

measurement transmission method that is proposed based 

on the laser transmission method. Specifically, as depicted  

(a)  

(b)  
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Fig. 4 Illustration of the manner in which SpO2 value is 

measured in the proposed approach 

 

Table 1 Measurement principles of different light  

emitting systems 

 

 

 

 

 

 

 

 

 

 

 

 
      

 

 

in Fig. 4, light is transmitted through a finger that serves as 

a medium and is measured by the light-receiving element, 

and the target SpO2 value is obtained without using a 

probe. In this method, the oxygen saturation of arterial 

blood and venous blood is measured by utilizing the 

different absorption rates between red light and infrared 

light due to the binding of hemoglobin in the oxygen to the 

oxygen in the blood to detect the transmitted light. Given 

the non-contact approach, by measuring two lights with 

different wavelengths that penetrated after the finger, it 

will help to measure the target SpO2 value. 

Compared with the conventional methods, this study 

proposes a non-contact approach that uses an infrared laser 

beam of 980 [nm] (1[mW]) and a laser light of 640 [nm] 

(1[mW] or less). Recent studies confirmed that 

near-infrared light (i.e., 700 [nm] to 1,500 [nm]) exhibits 

high permeability in living tissues. 

Oxygen concentrations in living tissues are measured 

by using light in this region. Thus, advancements are 

expected in terms of new non-invasive measurement 

techniques (as shown in Table 1). 

LMM is radiated by red and infrared diode laser 

excited elements (as shown in Fig. 5). In the study, due to 

non-contact, the difference in light transmitted through the 

finger (which is the medium over which light of two 

different wavelengths of output is radiated) is measured, 

and the target SpO2 value is also measured. An infrared 

laser beam of 980 [nm] (1 [mW]) is used as the laser light 

of 640 [nm] (1[mW] or less). Recent studies indicated that 

near-infrared light (from 600 to 1500 [nm]) has a high 

permeability with respect to living tissues and that oxygen 

concentration in living tissue is measured by using light in 

this region. Thus, extant studies endeavored to use 

technological advancements to establish a new 

noninvasive measurement technique. In this study, LMM 

is used to realize the measurement in space (as shown in 

Fig. 6). Experiments indicate that the light receiving 

element is significantly affected by the surrounding light 

environment. Additionally, the study involved developing 

a structure that reduces the influence of the surrounding 

light environment by attaching a special cover and 

fabricating a light receiving element module to the 

element8). 

  3. Deriving SpO2 Values by Irradiance Passing 
through a Medium 

3.1 Measurements of laser light 

Firstly, SpO2 is defined as the SpO2 value that is 

derived by a calculation formula if the measured value is 

obtained. It is necessary to accurately analyze waveforms 

and numerical values via measurements of laser light. The 

principle of deriving SpO2 value is as follows: A fingertip 

is irradiated with two lights, i.e., Oxy-hemoglobin and 

Deoxy-hemoglobin, that correspond to red light and 

infrared light, respectively, based on the absorption 

characteristics of light and from the ratio of the magnitude 

of the pulse wave of transmitted light to arterial blood and 

vein to calculate absorption characteristics. Theoretically, 

oxygen saturation corresponds to 100% when the total 

hemoglobin contains oxygen and changes to 

Oxy-hemoglobin. The SpO2 value, an indicator of the 

amount of oxygen present in blood is then determined 

from the amplitude ratio of the pulse wave due to light at 

wavelengths of 640 [nm] and 980 [nm] that are irradiated 

based on the oxygen saturation of arterial blood and 

venous blood, respectively. 

With respect to the oxygen saturation of arterial blood 

and venous blood, 70% of the gas in venous blood consists 

of red darkened with oxygen. It should be noted that the 

numerical value of SpO2 is expressed as a percentage. The 
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Fig. 5 Conceptual diagram of our non-contact 

SpO2 measurement system 
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reference value typically ranges from 97% to 99% for a 

healthy individual, and it is largely considered that 

pulmonary function declines if the reference value of an 

individual equals or is lower than 90%. 

3.2 Mechanism of derivation of SpO2 value using 

Lambert-Beer's law4), 9), 10) 

   This section compares incident light to transmitted 

light in a specific concentration of a solution. If the 

absorption coefficient of the given solution at a specific 

wavelength is determined in advance, then it is possible 

to obtain the concentration of the solution by measuring 

the incident light, transmitted light, and the distance of 

the solution. Thus, arterial blood oxygen saturation of 

SpO2 is expressed by B will be given as follows: 

� =

⊿����・������

⊿����・������＋⊿������・������
     .  (1) 

This is followed by obtaining the maximum amplitude of 

each hemoglobin change within a heartbeat:  

M=⊿����・������＋⊿������・������   ,  (2) 

where, ⊿Coxy・L��-�� represents the red laser and amount 

of the change, and ⊿������・������ represents the infrared 

laser and amount of the change.   

Furthermore, a state in which hemoglobin protein 

which is present in erythrocytes, a protein consisting of 

four peptide chains and heme is bound, oxygen is bound 

to the iron atom at the center of heme. 

The Deoxyhemoglobin estimation Hb (vein) involves 

checking the waveform with an oscilloscope by using red 

laser light and infrared laser light that are not coupled with 

oxygen.  

Additionally, two changes, namely ΔCoxy and 

ΔCdeoxy are observed in the waveform of the oscilloscope 

when a finger is held between the light-emitting element 

and the light-receiving element. In the fore-mentioned 

case, the two components are transmitted normally, and 

thus detection is possible. 

 As illustrated in Fig. 6, the Lambert-Beer law is used 

to obtain the incident light Iin to penetrate a solution with 

the constant concentration to determine the transmitted 

light by measured absorbance of the solution. This is 

expressed as follows: 

    A = — log (I out / I in) = ε C L,            (3) 

where Iin is the initial light intensity, Iout is the light 

intensity after passing through the solution, A represents 

the absorbance, ε represents the extinction coefficient of 

the solution, C represents the concentration of the 

solution, L represents the distance (i.e., the average optical 

path length). The extinction coefficient of the solution is 

previously determined at a specific wavelength epsilon. 

Subsequently, Iin is used to determine concentration C 

of the solution by measuring Iout via L. the modified 

Lambert-Beer Law, if Lambert-Beer law is applied to the 

scattered medium, will be as follows: 

 

      
Fig. 6 Vital signs obtained from the density of the given liquid 

 

   A’= — log (I out /I in) = ε C L ＋ S,         (4)

where, S represents the attenuation of the light intensity 

due to scattering. 

When the concentration of the solution changes from 

C to (C + ΔC), the quantity of transmitted light changes to 

Iout + ΔIout, and the relation is given as follows: 

Ar=— log[ (I out + ΔI out) / I in] = ε (C + ΔC) L＋S , (5) 

The attenuation (S) of the light intensity due to 

scattering is not changed in Eq. (2) and Eq. (3), and this 

fact results in the following expressions: 

 R=— log[ (I out + ΔI out) / I in ] = ε ΔCL   ,       (6) 

R(λ)=— log[ (I out(λ) + ΔI out(λ)) / I in(λ) ]  

= (ε oxy(λ)･ ΔCoxy+ ε deoxy(λ)･ΔCdeoxy)･L  .   (7)       

 

From the incident light that illuminates living tissue of 

a specific wavelength λ, it is possible to know the amount 

of absorption due to scattering in the living body and the 

amount of permeation to the outside of the living body. 

In Eq. (6) as shown above, the concentration variation 

C oxy of OxyHb determines the concentration amount of 

change ΔCdeoxy of DoxyHb. Specifically, given that two 

variables are used to determine ΔCdeoxy, with respect to 

ΔCoxy the red-infrared extinction coefficient is used at the 

two wavelengths corresponding to 640 [nm] and 980 

[nm], and this results in the following expressions of Eq. 

(8) and Eq. (9), respectively : 

R(980)=— log[ (I out(λ980) + ΔI out(λ980) ) / I out(λ980) ]  

= (ε oxy (λ980) ･C oxy+ ε deoxy (λ980) ･ΔC deoxy) ･L , (8)                 

R(640)=— log[ (I out(λ640) + ΔI out(λ640) ) / I out(λ640) ]  

= (ε oxy (λ640) ･ΔC oxy+ε deoxy (λ640) ･ΔC deoxy) ･L .(9)  

If optical path length L cannot be set, L is left as L·ΔCoxy 

or L·Δcdeoxy, for D·ΔCoxy and L·ΔCdeoxy, i.e., 

ΔCoxy+L·ΔCdexoy=L·ΔCtotal, and the concentration 

variation of the total hemoglobin is given as ΔCtotalHb. 

Oxygen is present in blood in a form that is bonded to 

hemoglobin. Oxy-hemoglobin (artery), which is termed  
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Fig. 7 Ttransmittance wavelength characteristics of red light 

and infrared ray 

as HbO2, is bound to oxygen. Arterial blood that contains 

significant amount of oxygen exhibits a bright red color. 

Conversely, deoxy-hemoglobin (vein) that consists of Hb 

that is not bound to oxygen, and venous blood after 

releasing oxygen into the body exhibits a dark color. A 

conventional method involves superimposing the 

emission spectrum of an LED (which is a typical light 

emitting diode) and the relative light absorption spectrum 

of oxygenated and deoxygenated hemoglobin. The 

transmittance wavelength characteristics of red light and 

infrared ray are shown in Fig.7. 

3.3 Arterial blood oxygen saturation (SaO2 value)11) 

The 50% saturated blood spectrum is considered, and 

the relative red absorbance is compared with the IR 

indicated by the black circle. The broken line shows the 

spectrum of 50% saturated blood and the relative 

absorbance of red. Additionally, R is indicated by a circle. 

Based on the absorption characteristics of light, two 

fingertips of Oxy-hemoglobin and Deoxy-hemoglobin red 

light and infrared light are irradiated to the fingertip. The 

absorption characteristic of only arterial blood is 

calculated from the ratio of the magnitude of the pulse 

wave of the transmitted light. An oxygen saturation 

corresponding to 100% is obtained when the total 

hemoglobin contains oxygen and it changes to 

Oxy-hemoglobin. Arterial blood oxygen saturation (SaO2) 

is determined by the oxygen saturation of arterial blood 

from the amplitude ratios of the pulse waves due to the 

two irradiated lights of 640 [nm] and 980 [nm].  
In the oxygen dissociation curve (Fig. 8), the arterial 

blood oxygen saturation (SaO2) coupled with hemoglobin 

is plotted on the vertical axis, and the arterial oxygen 

partial pressure (PaO2) is plotted on the horizontal axis. In 

the solid line of the bell, the oxygen partial pressure inside 

the alveolar becomes normal at 100 [mmHg], and the 

oxygen saturation corresponds to approximately 98%. 

With respect to an oxygen partial pressure of 60 [mmHg], 

oxygen saturation reaches approximately 90%. Oxygen 

saturation is maintained despite a slight decrease in the 

oxygen partial pressure. Furthermore, the oxygen carrying 

capacity with respect to the periphery is high. A large 

amount of oxygen is used in peripheral tissues from a 

mixed blood level of oxygen partial pressure of 60 

[mmHg] or less, and thus the oxygen saturation level 

significantly reduced. Oxygen carrying capacity is  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 8 Oxygen dissociation curve 

 

reduced. The oxygen partial pressure corresponding to 60 

[mmHg] and the Oxygen saturation degree below 90% 

results in a condition that necessitates oxygen inhalation, 

which is termed as respiratory insufficiency. Thus, 40 

[mmHg] released venous blood contains approximately 

23% of oxygen although 75% of the oxygen is bound. 

Hemoglobin binds tightly to oxygen in places with high 

oxygen partial pressure and is released immediately in 

places in which oxygen partial pressure is low (peripheral 

tissues). An increase in CO2 due to body movements 

tends to acidosis. Increased hyper metabolism that 

corresponds to an increase in body temperature due to 

diseases leads to the production of 2-3 DPG in hypoxia 

(increased number of erythrocytes due to glycolysis). 

This increases the demand for oxygen, and oxygen is 

used in large quantities. With respect to 40 [mmHg], the 

saturation level significantly decreases from 75% to 60%. 

The released oxygen gradually increases. With respect to 

P50 (saturation degree: 50%), which corresponds to the 

half-life of oxygen saturation, it causes a state in which 

oxygen hypoxemia is created and lasts long. It is assumed 

that the dissociation curve moves to the right and the 

curve He moves oxygen to the right by increasing the 

oxygen. 

 

4. Production of SpO2 Value Spatial Instrument 
Prototype12), 13) 

 
4.1 Sensor module installed in equipment14) 

Initially, the study involved measuring SpO2 data uses 

a non-contact method through irradiating light by 

attaching light-emitting elements of two wavelengths to a 

gantry (Fig. 9). 

4.2 Equipment15)-17) 

As depicted already, a device is used to detect SpO2 

values by using red laser (i.e., artery) and infrared laser 

(i.e., vein). The device is used to detect normal values in a 

stable state. A relationship exists between the oxidized  
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Fig. 9 Dimensions of light receiving element  

 
Fig. 10 Conceptual diagram of our signal processing 

workflow 
 
 

 
(a) 

  

(b) 

 Fig. 11 Prototype of non-contact SpO2 measuring device in 

operation and measuring with (a) right and (b) left 

index finger 

hemoglobin concentration of the artery at 640 [nm] and 

the reduced hemoglobin concentration of the vein at 980 

[nm] in relation to the molecule (i.e., molar extinction 

coefficient) and wavelength. Therefore, the standard 

deviation is a method of grasping the peak of the 

waveform and averaging the number of received data at 

each time interval by a fixed number. This is used to 

identify the quality of the data and by using a numerical 

value of 25 or less. Specifically, the value of the ratio 

between the AC component and the DC component is 

calculated from the visible light and infrared light as the 

R-value of the SpO2 value. With respect to the study 

specifications, the light-receiving surface size 

corresponded to 5.5 [mm] × 4.8 [mm] (Fig. 10), the 

effective light-receiving area corresponded to 26.4[mm2]. 

The reverse voltage (RV) displayed an absolute maximum 

of 35 [V], the sensitivity wavelength range (λ) from 320 

[nm] to 1100[nm], and the maximum sensitivity 

wavelength (λp) receiving a good component and the 

signal by 980[nm]. 

As shown in the signal processing concept in Fig.10, 

this constitutes a device for detecting SpO2 value by using 

red laser (artery) and infrared laser (vein). A relationship 

exists between oxidized hemoglobin concentration, 

Oxy-hemoglobin (640[nm] for artery) and reduced 

hemoglobin concentration Deoxyhemoglobin (vein 

980[nm]), the molecule (molar extinction coefficient) and 

the wavelength.  

This is used as the quality of the data and reliability is 

determined with a numerical value of 25 or less. The value 

of the ratio between the AC component and the DC 

component is calculated as visible light and infrared light 

as corresponding to the R value of the SpO2 value to be 

calculated. The SpO2 value is calculated from the R value 

and is expressed in terms of a percentage value. 

Experiments on the effectiveness of the proposed method 

were performed by linking the created program and the 

fabricated board to the laser beam module (as shown in 

Fig. 11). The results indicated that the SpO2 value was 

effective and confirmed the success of the spatial 

measurement by non-contact method. 

4.3 Proposal method of performance evaluation18)-19) 

4.3.1 How to check the infrared light hit on the finger 

The wavelengths of two kinds of light used here are 

640 [nm] (visible light region) and 980 [nm] (infrared 

region) as shown in the photograph (Fig.11). Since 640 

[nm] emits red light, it can be grasped visually so it's easy 

to hit light on your fingers. However, 980 [nm] cannot be 

grasped visually. You can check the light of 980 [nm], 

which should not be seen, by looking at the light while 

operating the smart camera or the CCD camera. 

Two kinds of light are reflected in the photographs 

(Fig.11) because they have high sensitivity in the same 

wavelength region due to the spectral sensitivity 

characteristics in the near-infrared region. 
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4.3.2 Can the SpO2 value be estimated even when the 

finger is set at any angle?20) 

Although the angle of the finger to the light will cause 

a problem, in the experiment, when changing the angle of 

the finger hitting the light with the finger, the SpO2 value 

changes. Even if the fingertip is changed by about 30 

degrees, even if there is a change in the numerical value 

due to reflection or refraction of the light transmitted 

through the finger, there are no influences on the final 

derived numerical value because the two numerical values 

are contrasted.  

Table 2 Report data with respect to a commercially available 

pulse oximeter 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 12 Measured waveform obtained from a commercially 

available pulse oximeter 

 

 

(a) Before correction 

 
(b) After correction 

Fig.13 Measured waveform obtained from the proposed 

prototype SpO2 device 

4.3.3 Can the SpO2 value be estimated when the 

distance between the laser and the finger takes any 

value 

The experimental distance of 110 [mm] is between the 

light source and the light receiving part, but the distance to 

the finger is 110 [mm] minus finger thickness. In the 

waveform data by the oscilloscope, it shows that the 

scattering is large when the finger is close to the light 

source, and the scattering becomes smaller as it becomes 

farther from the light source and becomes closer to the 

light receiving portion. 

5. Verification of the Prototype Method Proposed 
for Contactless Measurement Data21)-22) 

5.1 Comparison of a traditional contact-based method 
and the proposed non-contact method  

Data comparison was performed by using a 

conventional type SpO2 measuring instrument. It should 

be noted that the authors served as human subjects in the 

experiments. Table 2 and Fig. 12 show the results of 

measuring SpO2 values by using a commercially 

available device. In the figures, the basal SpO2 value 

corresponded to 98.4% while the minimum SpO2 value 

corresponded to 97%. In the measurement waveform as 

shown in Fig. 13, the part surrounded by the dotted line 

denotes SpO2 from 99% to 97%. Additionally, the 

prototype SpO2 measurement output is shown in Fig.13 

(a) and (b) from 52 [s] to 222 [s].   

Its waveform was analyzed, and it was determined as 

stable in saturation from the highest 100% to the lowest 

99%.When the interval between 52 [s] and 222 [s] that 

served as the actual measurement time range was 

extracted, it resulted in a time range ranging from 0[s] to 

165[s]. Therefore, the use of an output parameter variable 

corresponding to -3 allows the use of the commercially 

available one as shown in Table 3. The output numerical 

values in those two figures are combined to show that the 

measurements in the space measurement prototype were 

normal. 

6. Conclusion 

Many reports have been issued on studies of direct 

oxygenity and reflectivity of blood oxygen levels. In this 

paper, we aim to find the saturation value of SpO2 by 

contactless space measurement method for knowing 

biological data for applications such as medical care, 

nursing care, everyday life, field work and so on. We 

investigated the effectiveness and characteristics of laser 

light and the effectiveness of biometric measurement. The 

data measured with the model proposed in this study is 

almost the same as the value of SpO2 obtained from a 

commercially available pulse oximeter (Fig.3), and it was 

confirmed that constant and stable numerical display was 

produced. 

Furthermore, when considering a wide range of 

applications, you can also use the method proposed in  

Commercial pulse oximeter data report

User Information Name: yn

Age: Sex: M        Height/Kg:

Time Length: 00:03:40   Time: 00:01:55      

Date(Y/M/D):2017/02/07

Nationality:               

Comments:

Event Data SpO2 PR

Total Event 0 0

Time in Event(min) 0.0 0.0

Avg. Event  Dur.(sec) --------- ------

Index(1/hr) 0.0 0.0

Artifact(%) 21.8 21.8

Adjusted Index(1/hr) 0.0 0.0

SpO2 Data

Basal SpO2(%) 98.4

Time (min)<88% 0.0

Events<88% 0

Minimum  Spo2(%) 97

Avg. Low SpO2(%) ---------

Aglow SpO2<88% ---------

PR Data

Avg. Pulse Rate(bpm) 75.9

Low Pulse Rate(bpm) 68

%SpO2 Level vents Below(%) Time(%)

99-95 0 100 100.0

94-90 0 95 0.0

89-85 0 90 0.0

84-80 0 85 0.0

79-75 0 80 0.0

74-70 0 75 0.0

69-65 0 70 0.0

64-60 0 65 0.0

59-55 0 60 0.0

54-50 0 55 0.0

49-45 0 50 0.0

44-40 0 45 0.0

39-35 0 40 0.0

34-30 35 0.0

30 0.0
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Table 3 Spatial measurement of SpO2 and corrected saturation 

value 

 

 

 

 

 

 

this research to obtain SpO2 values for pets and wild 

animals, and can also be used for zoo health management. 

Therefore, we believe that this research represents an 

important and potentially pioneering contribution in the 

field of biological information. 
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(i) (ii) (iii) (iv) (v) (vi) (Vii) (Viii)

124450 18 1978 0 0.37 101 -3 98

124810 17 1973 0 0.39 100 -3 97

124990 19 2013 0 0.42 100 -3 97

125207 20 2050 0 0.39 100 -3 97

125599 77 1210 0 0.38 101 -3 98

125913 87 77 0 0.38 100 -3 97

126117 89 81 0 0.39 100 -3 97

126591 83 108 0 0.36 101 -3 98

127240 66 154 0 0.38 100 -3 97

127804 57 149 0 0.39 100 -3 97

128270 55 148 0 0.4 100 -3 97

128973 48 161 0 0.38 101 -3 98

129339 46 115 0 0.35 101 -3 98

129681 48 136 0 0.37 101 -3 98

129947 55 147 0 0.35 101 -3 98

130160 63 160 0 0.36 101 -3 98

130358 71 170 0 0.37 101 -3 98

130794 81 85 0 0.38 101 -3 98

131174 81 87 0 0.37 101 -3 98

131716 73 125 0 0.37 101 -3 98

131954 74 128 0 0.37 101 -3 98

132323 68 116 0 0.36 101 -3 98

133048 55 153 0 0.39 100 -3 97

134170 44 293 0 0.4 100 -3 97

134613 43 298 0 0.34 102 -3 99

135319 41 291 0 0.33 102 -3 99

135643 40 275 0 0.34 101 -3 98

136456 36 258 0 0.42 100 -3 97

136741 40 297 0 0.43 99 -3 96

137241 48 191 0 0.4 100 -3 97

137614 49 197 0 0.33 102 -3 98

138097 53 175 0 0.32 102 -3 99

138363 54 184 0 0.37 101 -3 98

(i) (ii) (iii) (iv) (v) (vi) (Vii) (ix)

138895 61 105 0 0.38 100 -3 97

139279 58 91 0 0.39 100 -3 97

139885 56 112 0 0.43 99 -3 96

139986 62 170 0 0.41 100 -3 97

140435 63 168 0 0.42 99 -3 98

140581 67 187 0 0.45 99 -3 96

Notes: (i) Observed time, (ii) Heart rate, (iii) Standard deviation 

(contact type-R), (iv) no data, (v) Non-contact type-R, (vi) The 

original S-value, (vii) Parameter, (viii) Output parameter / corrected 

with variable / saturation value，(ix) Finger angle about 30 degrees / 

in refractive index change 
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IIEEJ Transactions on
Image Electronics and Visual Computing

The Institute of Image Electronics Engineers of Japan

Call for Papers
Special Issue on the 6th IIEEJ International Conference 
on Image Electronics and Visual Computing (IEVC2019)

The 6th IIEEJ International Conference on Image Electronics and Visual Computing
(IEVC2019) will be held in Bali, Indonesia, on August 21-24, 2019. The aim of the conference 

is to bring together researchers, engineers, developers, and students from various fields in 
both academia and industry for discussing the latest researches, standards, developments, 
implementations and application systems in all areas of image electronics and visual computing. 

The Conference already solicited Journal Track (JT) Papers to be included in December 
2019 issue of Transactions on Image Electronics and Visual Computing (Vol.7, No.2), and 
the deadline of the submission has been announced as September 13, 2019. The editorial 
committee plans to publish the June 2020 issue of the IIEEJ Transactions on Image Electronics 
and Visual Computing as the special issue on ``Extended Papers Presented in IEVC2019". 
The editorial committee will widely ask for submissions for the papers of the following area by 
extending the material presented in all sessions of IEVC2019. We hope you would submit your 
high-quality original papers, after checking the electronic submission guidelines on our site.

Topics covered include but are not limited to: 

Image and Video Coding, Transcoding, Coding Standards and Related Issues, Image and 
Video Processing, Image Analysis, Segmentation and Classification, Image Recognition, 
Image Restoration, Super-Resolution, Color Restoration and Management, Computer Vision, 
Motion Analysis, Computer Graphics, Modeling, Rendering, Visualization, Animations, 
Interaction, NPR, Virtual Reality and 3D Imaging, Data Hiding, Watermarking and 
Steganography, Content Protection, Bioinformatics and Authentication, Computer Forensics, 
Image database, Image and Video Retrieval, Digital museum, Digital Archiving, Content 
Delivery, Image Assessment, Image Quality, Printing and Display Technologies, Imaging 
Devices, Digital Signage, Electronic Paper, Visual Communication; Human Interfaces 
and Interactions, Mobile Image Communication, Networking and Protocols, Optical 
Communication, Hardware and Software Implementation, Image Related Applications, LSI, 
Understanding of Human Vision and/or Human Tactile Sense, Web-Related Techniques, 
Personalization Technique, Interaction between Human and Computer, Usability, 
Accessibility, Image Processing Technique Considered Emotion, Other Fundamental and 
Application Technique, International Standardization.

Paper Submission Due Date:　January 8, 2020

Editorial Committee of IIEEJ
(Vol.8, No.1, 2020)
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Call for Papers 

Special Issue on CG & Image Processing Technologies 
for Automation, Labor Saving and Empowerment 

 
IIEEJ Editorial Committee 

A declining birthrate and a rapid aging population are common problems in developed countries. 

Particularly in Japan, the working-age population is declining continuously, after reaching its peak in 1995, 

resulting in a shortage of labor. On the other hand, per capita labor productivity in Japan is very low, ranking 

21st out of 36 OECD countries in 2018. In order to solve the labor shortage, it is necessary not only to 

expand the workforce but also to improve labor productivity. 

Low productivity may be due to Japan-specific personnel systems and social customs, but improvements 

in productivity can also be expected through automation and labor saving technologies such as autonomous 

driving that has been actively studied in recent years and white collar work automation using RPA (Robotic 

Process Automation). Specifically, automation applications can be expected to expand into a wide range of 

fields in the future by using evolving image recognition technology, increasing information from IoT devices, 

and less expensive robots. 

Productivity can also be improved by adding value to the product or empowering workers, such as by 

using the Cloud. A wide range of image processing technologies can contribute to productivity, such as 

decision making support with image analysis, time saving with remote processing using IoT devices, and 

improvement of customer service through interactive video processing systems. 

Based on this background, we look forward to receiving your papers, system development papers, and 

data papers in this special issue. 

1. Topics covered include but not limited to  

Image Processing, Image Recognition, Image Detection, Pattern Recognition, Machine Learning, 

Computer Vision, IoT, Ubiquitous, Big Data, Autonomous Driving, RPA, Automation, Robotics, 

Usability, Interface, Interaction, Other related fundamental / application / systemized technologies. 

2. Treatment of papers 

Submission paper style format and double-blind peer review process are the same as an ordinary 

contributed paper. If the number of accepted papers is less than the minimum number for the special 

issue, the acceptance paper will be published as an ordinary contributed paper. We ask for your 

understanding and cooperation.  

3. Publication of Special Issue: 

IEEJ Transactions on Image Electronics and Visual Computing Vo.8, No.2 (December 2020)  

4. Submission Deadline: 

Friday, May 29, 2020 

5. Contact details for Inquires:  

IIEEJ Office E-mail: hensyu@iieej.org 

6. Online Submission URL: http://www.editorialmanager.com/iieej/  
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Call for Papers 

Special Issue on 
Image-Related Technologies for the Realization of Future Society 

 

IIEEJ Editorial Committee 

 

There is a great expectation for an advanced and comfortable society brought about by economic development 

and the solution of social issues through the introduction and spread of ICT technology. For this expectation, the 

government advocates and promotes Society 5.0 as a new future society, following hunting society (Society 1.0), 

agricultural society (Society 2.0), industrial society (Society 3.0), and information society (Society 4.0). It is 

clearly stated that this purpose is to build a system that coalesces cyber space (virtual space) and physical space 

(real space) at a high level, and integrates drones, AI devices, medical / nursing care, smart work, smart 

management and autonomous driving etc. 

 Not only image recognition and visualization, but also XR that integrates virtual reality (VR), augmented reality 

(AR), mixed reality (MR) is also necessary to make cyber space more familiar. In addition to visual effects, 

cross-modal sensory presentation that appeals to the human senses is emphasized. Therefore, technological 

innovation in computer graphics, computer vision, user interface, user experience, etc., which form these 

technological foundations, is important, and practical application of technology that appeals not only to vision but 

also to other senses through images and video. 

 In this special issue, we look forward to receiving your papers, system development papers, and data papers that 

will realize a future society through images and video. 

 

1. Topics covered include but not limited to 

VR, AR, MR, Computer graphics, Image processing, Interaction, Realtime processing, Cross-modal sensory, 

Computer vision, Machine learning Image analysis, Object detection, Image recognition, User interface, User 

experience 

 

2. Treatment of papers 

Submission paper style format and double-blind peer review process are the same as an ordinary contributed 

paper. If the number of accepted papers is less than the minimum number for the special issue, the acceptance 

paper will be published as an ordinary contributed paper. We ask for your understanding and cooperation. 

3. Publication of Special Issue: 

IEEJ Transactions on Image Electronics and Visual Computing Vo.9, No.1 (June 2021) 

4. Submission Deadline 

Friday, October 30, 2020 

5. Contact details for Inquires:  

IIEEJ Office E-mail: hensyu@iieej.org 

6. Online Submission URL: http://www.editorialmanager.com/iieej/  
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Revised: January 6, 2017 

Revised: July 6, 2018 

Guidance for Paper Submission 
1. Submission of Papers 

(1) Preparation before submission 
・ The authors should download “Guidance for Paper Submission” and “Style Format” from the 

“Academic Journals”, “English Journals” section of the Society website and prepare the paper 
for submission. 

・ Two versions of “Style Format” are available, TeX and MS Word. To reduce publishing costs 
and effort, use of TeX version is recommended. 

・ There are four categories of manuscripts as follows: 
 Ordinary paper: It should be a scholarly thesis on a unique study, development or 

investigation concerning image electronics engineering. This is an ordinary paper to 
propose new ideas and will be evaluated for novelty, utility, reliability and 
comprehensibility. As a general rule, the authors are requested to summarize a paper 
within eight pages. 

 Short paper: It is not yet a completed full paper, but instead a quick report of the partial 
result obtained at the preliminary stage as well as the knowledge obtained from the said 
result. As a general rule, the authors are requested to summarize a paper within four 
pages. 

 System development paper: It is a paper that is a combination of existing technology or it 
has its own novelty in addition to the novelty and utility of an ordinary paper, and the 
development results are superior to conventional methods or can be applied to other 
systems and demonstrates new knowledge. As a general rule, the authors are requested 
to summarize a paper within eight pages. 

 Data Paper: A summary of data obtained in the process of a survey, product development, 
test, application, and so on, which are the beneficial information for readers even though 
its novelty is not high. As a general rule, the authors are requested to summarize a paper 
within eight pages. 

・ To submit the manuscript for ordinsry paper, short paper, system development paper, or data 
paper, at least one of the authors must be a member or a student member of the society. 

・ We prohibit the duplicate submission of a paper. If a full paper, short paper, system 
development paper, or data paper with the same content has been published or submitted to 
other open publishing forums by the same author, or at least one of the co-authors, it shall 
not be accepted as a rule. Open publishing forum implies internal or external books, 
magazines, bulletins and newsletters from government offices, schools, company 
organizations, etc. This regulation does not apply to a preliminary draft to be used at an 
annual meeting, seminar, symposium, conference, and lecture meeting of our society or other 
societies (including overseas societies). A paper that was once approved as a short paper and 
being submitted again as the full paper after completion is not regarded as a duplicate 
submission. 

 
(2) Submission stage of a paper 
・ Delete all author information at the time of submission. However, deletion of reference 

information is the author’s discretion. 
・ At first, please register your name on the paper submission page of the following URL, and 

then log in again and fill in the necessary information. Use the “Style Format” to upload your 
manuscript. An applicant should use PDF format (converted from dvi of TeX or MS Word 
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format) for the manuscript. As a rule, charts (figures and tables) shall be inserted into the 
manuscript to use the “Style Format”. (a different type of data file, such as audio and video, 
can be uploaded at the same time for reference.) 

http://www.editorialmanager.com/iieej/ 
・ If you have any questions regarding the submission, please consult the editor at our office. 

 
Contact: 
Person in charge of editing 
The Institute of Image Electronics Engineers of Japan 
3-35-4-101, Arakawa, Arakawa-Ku, Tokyo 116-0002, Japan 
E-mail: hensyu@iieej.org 
Tel: +81-3-5615-2893, Fax: +81-3-5615-2894 

 
2. Review of Papers and Procedures 

(1) Review of a paper 
・ A manuscript is reviewed by professional reviewers of the relevant field. The reviewer will 

deem the paper “acceptance”, “conditionally acceptance” or “returned”. The applicant is 
notified of the result of the review by E-mail. 

・ Evaluation method 
Ordinary papers are usually evaluated on the following criteria: 
 Novelty: The contents of the paper are novel. 
 Utility: The contents are useful for academic and industrial development. 
 Reliability: The contents are considered trustworthy by the reviewer. 
 Comprehensibility: The contents of the paper are clearly described and understood by 

the reviewer without misunderstanding. 
 

Apart from the novelty and utility of an ordinary paper, a short paper can be evaluated by 
having a quickness on the research content and evaluated to have new knowledge with 
results even if that is partial or for specific use. 
 
System development papers are evaluated based on the following criteria, apart from the 
novelty and utility of an ordinary paper. 
 Novelty of system development: Even when integrated with existing technologies, the 

novelty of the combination, novelty of the system, novelty of knowledge obtained from 
the developed system, etc. are recognized as the novelty of the system. 

 Utility of system development: It is comprehensively or partially superior compared to 
similar systems. Demonstrates a pioneering new application concept as a system. The 
combination has appropriate optimality for practical use. Demonstrates performance 
limitations and examples of performance of the system when put to practical use. 

Apart from the novelty and utility of an ordinary paper, a data paper is considered novel if 
new deliverables of test, application and manufacturing, the introduction of new technology 
and proposals in the worksite have any priority, even though they are not necessarily 
original. Also, if the new deliverables are superior compared to the existing technology and 
are useful for academic and industrial development, they should be evaluated. 

 
(2) Procedure after a review 
・ In case of acceptance, the author prepares a final manuscript (as mentioned in 3.). 
・ In the case of acceptance with comments by the reviewer, the author may revise the paper in 

consideration of the reviewer’s opinion and proceed to prepare the final manuscript (as 
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mentioned in 3.). 
・ In case of conditional acceptance, the author shall modify a paper based on the reviewer’s 

requirements by a specified date (within 60 days), and submit the modified paper for 
approval. The corrected parts must be colored or underlined. A reply letter must be attached 
that carefully explains the corrections, assertions and future issues, etc., for all of the 
acceptance conditions. 

・ In case a paper is returned, the author cannot proceed to the next step. Please look at the 
reasons the reviewer lists for the return. We expect an applicant to try again after reviewing 
the content of the paper. 

 
(3) Review request for a revised manuscript 
・ If you want to submit your paper after conditional acceptance, please submit the reply letter 

to the comments of the reviewers, and the revised manuscript with revision history to the 
submission site. Please note the designated date for submission. Revised manuscripts 
delayed more than the designated date be treated as new applications. 

・ In principle, a revised manuscript willl be reviewed by the same reviewer. It is judged either 
accceptance or returned. 

・ After the judgment, please follow the same procedure as (2). 
 
3. Submission of final manuscript for publication 

(1) Submission of a final manuscript 
・ An author, who has received the notice of “Acceptance”, will receive an email regarding the 

creation of the final manuscript. The author shall prepare a complete set of the final 
manuscript (electronic data) following the instructions given and send it to the office by the 
designated date. 

・ The final manuscript shall contain a source file (TeX edition or MS Word version) and a PDF 
file, eps files for all drawings (including bmp, jpg, png), an eps file for author’s photograph 
(eps or jpg file of more than 300 dpi with length and breadth ratio 3:2, upper part of the body) 
for authors’ introduction. Please submit these in a compressed format, such as a zip file. 

・ In the final manuscript, write the name of the authors, name of an organizations, 
introduction of authors, and if necessary, an appreciation acknowledgment. (cancel macros in 
the Style file) 

・ An author whose paper is accepted shall pay a page charge before publishing. It is the 
author’s decision to purchase offprints. (ref. page charge and offprint price information) 

 
(2) Galley print proof 
・ The author is requested to check the galley (hard copy) a couple of weeks before the paper is 

published in the journal. Please check the galley by the designated date (within one week). 
After making any corrections, scan the data and prepare a PDF file, and send it to our office 
by email. At that time, fill in the Offprint Purchase Slip and Copyright Form and return the 
scanned data to our office in PDF file form. 

・ In principle, the copyrights of all articles published in our journal, including electronic form, 
belong to our society. 

・ You can download the Offprint Purchase Slip and the Copyright Form from the journal on our 
homepage. (ref. Attachment 2: Offprint Purchase Slip, Attachment 3: Copyright Form) 

 
(3) Publication 
・ After final proofreading, a paper is published in the Academic journal or English transaction 

(both in electronic format) and will also be posted on our homepage. 
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