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  1. Introduction:  Lunar swirls are sinuous patterns of 
anomalously high albedo features observed on the surface of 
the Moon. The origin of the lunar swirls has long been under 
debate, attracting interests of many lunar scientists. In previ-
ous studies, lunar swirls were basically identified just visual-
ly. However, visual examination generally takes a long time 
and has no quantitative standard.  
       More than 10 swirls have been identified so far [e.g., [1]], 
  but there would be yet other swirls [2]. The discovered 
swirls are generally of a large scale with high magnetic 
anomalies. However, the size and pattern of the swirl would 
be various, and unrevealed swirls would exists in the whole 
Moon.  
       The purpose of our study is automatic identification of 
lunar swirls by introducing Deep Learning.  Our final goal is 
to conduct global survey of lunar swirls on the Moon by 
using the best learning model, which could lead to the find-
ing of new swirls that could have been missed in visual in-
spection. In this study, we focus on the area around the Mare 
In genii, a famous lunar swirl. We try to investing the distri-
bution of new swirl candidates by using Deep Learning. 
  2. Method: 
      2-1. Deep learning: The quantitateive descryiption of 
lunar swirls is very difficult and would be complex, because 
they exhibit very irregular shapes. However, such quanti-
tateive definition is necessary for automatic identification of 
lunar swirls. Therefore we introduce Deep Learning to create 
a discriminator that automatically identifies lunar swirls. The 
framework of Deep Learning used in this study is Caffe [3].  
       2-2. Data: The lunar swirls are intrinsically defined not 
shine/shade patterns but albedo features. So we combine two 
kinds of information: topography data from SLDEM 2013 
(Fig.1) and multi-band image data (reflectance map) obtained 
by Kaguya satellite to identify lunar swirls (Fig.2). The 
above data are both available in the Kaguya data archives [4]. 
We allocate the two kinds of data to the 3 bands, by using 
ENVI software, to make a single RGB bands image : multi-
band image data for R band : SLDEM 2013 data for G and B 
bands (Fig.3). The combined RGB images are used in Deep 
Learning. They are the training data to make learning models. 
The model can determine a given combined RGB image is a 
swirl image or not automatically. 

        
Fig.1:SLDEM2013        Fig.2: MI image       Fig.3: Combined image 
 
       2-3. Pereparation of training data and analysis pro-
cedure: 

 
We need to prepare training data properly to create a good 
learning model. In this study, training data are prepared 
coveing all the representative features observed on the Moon, 
such as mountains, craters, depressions, rays and swirls. We 
cut the exact area where a single feature is included sepa-
rately out of the observed scene of combined RGB image 
(Fig.4). We use them to create learning model. 

	 	  
Fig.4 Cutting an area with a single feature  
As the training data of lunar swirls, the already-known swirls 
of Mare Ingenii and Reiner Gamma are used. We input com-
bined RGB images to the learning model, then the model 
identifies it includes a swirl image or not automatically 
(Fig.5). 

 
Fig.5 Analysis procedure for automatic identification of lunar 
swirl candidates. One cycle consists of 4 phases: (a) combine 
SLDEM and MI data to make “combined RGB” image (see 
section 2-2): (b) prepare training data (using the combined 
RGB images) and make a learning model for identifying 
lunar swirls: (c) input combined RGB images to the learning 
model to identify it includes a swirl image or not automati-
cally : (d) evaluate the result, control the training data and 
improve the learning model (back to (b)).  
   Target area:	  We focus on the Mare Ingenii, one of the 
most outstanding lunar swirls. Our test area ranges 20 – 50°S 
and 150 - 180 °E around the Mare Ingenii  (Fig.6). 
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Fig.6 Study area around the Mare Ingenii. We apply Deep 
Learning for automatic identification of lunar swirls in this 
area.   
3. Results:  
   3-1. Automatic identification of lunar swirls: The input 
image data amount to 725 scenes in total, where the study 
area is divided by 1° × 1° . The size of each image is 100 
× 100 pixels. Among the 725 images, the learning model 
identified 83 swirl candidates. The distribution of swirl can-
didates is shown in Fig.7 
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Fig. 7: Automatic identifyion of lunar swirl candidates 
around the Mare Ingenii. The 83 scenes in yellow includes 
swirl candidates. The scenes in red show the area with al-
ready-known swirls which are used as training data. Blue 
areas are used as training data of no swirl included. 
  
   3-2. Visual confirmation: We visually checked the swirl 
candidates in 20-40°S and 150-180°E identified by the learn-
ing model which amounts to 46 scenes. We confirmed 22 
scenes show albedo features which are likely to be swirls out 
of the 46 scenes. 
4. Discussion:	  
4-1.  Discrimination between swirls and non-swirls: The 
judgment by the learning model was perfect as for the alread-
ly-known swirls. however, it was found that the precision 
was around 50% after visual inspection. It is necessary to 
improve the model by updateing training data ot adjusting 
the model directly.  
4-2. Loss values: The presence or absence of swirl is judged 
by comparing loss values (similarity error with model). The 
data difference between the 2 loss values : Loss (0) (when 
this value is large, the model judges that it is swirl) and Loss 
(1) (if this value that it is swirl) could be critical. If the dif-
ference is 3.0 or more, It seems that even a small swirl can be 
identified (Table.1). The rectangle areas surrounded by white 
lines in Fig.8 are example where such swirl like albedo fea-
tures of small scales are observed. (Fig.8(a)~(d)) 
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Table.1: Loss value for the swirl-confirmed 22 scenes. 
 
                     

                          
            (a) No.35 S30E156                  (b) No.36 S31E155 

                          
            (c) No.37 S31E173                  (d) No.38 S31E176 
Fig. 8: MI’s jpg image which swirl was discovered. Size : 512x512 
pixels.  
5. Conclusion: This study tried to identify lunar swirls and 
investigate the distribution of them around the Mare Ingenii 
automatically by introducing Deep Learning. We used the 
combined data of SLDEM2013 and multi-band imager data 
considering that the lunar swirls are characterized only albe-
do contrast and not by shine/shade patterns. As a result, we 
created the learning model to identify lunar swirls which 
showed 83 scenes should include swirl-like features. We 
further conducted visual inspection to determine the above 
swirl candidates are truly swirls or not and conclude that at 
least 22 image scenes out of the above 83 scenes include 
lunar swirls. However, the evaluation of the learning model 
is not completed yet. Our next step is improvement of the 
learning model based on the quantitative evaluation. Then we 
plan to challenge the global survey of lunar swirls in the 
Moon dscussing the related distribution of magnetic anoma-
lies.    References: [1] Blewett, D.T. et al. , J. Geophysical Re-
search,116, E02002, doi:10.1029/2010JE003656 (2011) [2] Ogawa, 
Y. et al., AGU abst.(2012) [3] Caffe http://caffe.berkeleyvision.org 
[4] Kaguya http://darts.isas.jaxa.jp/planet/pdap/selene  
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