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Abstract 

Purpose: 
This paper proposes a new method for the identification of the symmetry plane of the human 
face, starting from a 3D high – density scanned data. This plane is used to evaluate the local 
and mean asymmetries of the face. 

Method: 
The proposed method evaluates the symmetry plane taking into consideration the initial 
estimation of the symmetry plane performed by an iterative mirroring and registration-based 
method. Once the mirroring of the original data is carried out with respect to the symmetry 
plane which has been previously estimated, the source point cloud and the mirrored data are 
registered by the ICP algorithm that minimises a new weighted function. The final symmetry 
plane obtained approximates in the least-squares sense the midpoints of the lines connecting 
homologous points randomly chosen. 

Result: 
This method is validated by analysing some specifically-designed test cases. The obtained 
results show that the method is insensitive to local asymmetries, whether they be near or far 
from the symmetry plane, and is also repeatable and slightly conditioned by the acquisition 
process. 

Discussion & Conclusion: 
This method offers promising applications not just in the medical field but also in the face 
recognition field. Future work should address how to improve the performance of the method 
in terms of timing costs and how to use the symmetry plane for face feature segmentation 
and for facial authentication and recognition. 

1 Introduction 

For the last decade, and especially thanks to the 
development of 3D acquisition techniques, much of the 
research interest has turned towards the study of shape 
recognition and feature extraction from three-dimensional 
acquired objects. For their versatility, cheapness and non-
invasiveness these techniques are also used in the 
biomedical field. A drawback in their use is the fact that 
the acquired data cannot be directly used, but needs 
processing so as to be able to recognise human body 
shapes and features. One of the most important human 
body features to be evaluated is bilateral symmetry. Since 
Antiquity studies concerning human face symmetry have 
tried to explain its attractiveness by means of sociological 
and psychological investigation. More recently, the issue 
of facial symmetry evaluation has been approached for 
several purposes such as: 

- face authentication and recognition by middle profile 
feature extraction [1], [2], 

- quantification of asymmetry in human face and 
development of computer-aided protocols for half-
damaged face reconstruction or cosmetic surgery for 
aesthetic corrections in MFS (Maxillofacial Surgery) 
[3], [4], 

- correlation between facial asymmetries and 
symmetry line for the back pathologies in 
Orthopaedics and Orthodontics [5], 

- correlation between facial asymmetries and cognitive 
disorders for schizophrenia diagnosis in Neurology 
[6]. 

It is on account of the importance of this issue that 
numerous algorithms for human face symmetry plane 
detection and asymmetry quantification are presented in 
literature. These evaluations are blurred by the fact that 
perfect symmetry is an ideal condition, never to be verified 
in the case of real human faces. Face asymmetry can 
occur in non-bilateral symmetry of single features such as 
ear displacement or asymmetry which affects face shape 
as a whole. Such is the case, for instance, of a face in 
which the symmetry line is not located on a symmetry 
plane. Furthermore, in the case of acquired faces, facial 
asymmetries can result from the acquisition process and 
not from the geometric shape. We are talking about 
asymmetrical or non-uniform sampling of the face. Many 
of the methods presented in the related literature do not 
distinguish asymmetries of the shape from those coming 
from the acquisition process. They focus on the point 
cloud and not on the shape represented by it.  

In order to evaluate the symmetry plane of face 
features starting from 3D high–density scanned facial 
data, this paper puts forth a new method. This plane is 
used to evaluate the local and mean asymmetries of the 
face. The robustness, accuracy and sensitivity of the 
method are checked by processing some test cases. 
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2 Related works 

The methods for human face symmetry plane 
detection can be classified based on: 

- Extended Gaussian Image (EGI), 

- mirroring and registration, 

- direct estimation. 
The methods belonging to the first category [7] and [8], 

analyse the recurrence histogram of the orientation of the 
normal unit vectors of the tessellated surface under the 
hypothesis that such a histogram (discrete version of EGI) 
presents the same symmetry as the object. In [9] the 
authors search for the maximum degree of symmetry only 
around the principal axes of inertia of the orientation 
histogram for a generic object, including a human face. 
As pointed out by Pan et al. in [8], for 3D noisy facial data, 
the directions of these principal axes are affected by large 
errors. Thus, in order to work out this problem, the 
authors put forth a method which extends the search 
space, but which also increases computational costs. 

The mirroring and registration-based methods exploit 
the bilateral features of the human face for facial 
symmetry plane detection. In general, they are structured 
in the following steps: 

- the initial estimation of the symmetry plane Π0, 

- the mirroring of the original data (PC), from PC into 
Mod = Mir(PC) = PCm, with respect to Π0, 

- the Iterative Closest Point algorithm-based (ICP [10]) 
registration between mirrored (PCm) and original data 
(PC), 

- the final estimation of the symmetry plane Πf. 
M. Benz et al. [3] were the first to propose the mirroring 

and registration-based method in order to support 
aesthetic surgical facial reconstruction. Their work aims at 
the detection of the symmetry plane by means of which 
the healthy half can be mirrored onto the damaged half 
for its reconstruction. The authors highlight how the 
choice of typically healthy areas in a damaged face (nose, 
chin and forehead) turns out to be sufficient to register the 
original data and the mirrored data through a specific ICP 

algorithm [11]. The final symmetry plane obtained 
approximates in the least-squares sense the middle 
points of the lines connecting homologous points 
randomly chosen. 

Another non–automatic approach is proposed by De 
Momi et al. in [4]. The authors use a typical ICP 
algorithm-based method so as to perform, in a specific 
way, the first-attempt estimation of the symmetry plane. 
This plane is obtained by evaluating the symmetrical 
location of two homologous patches which have been 
manually selected. It is the symmetry plane of the 
centroids of selected areas. In order to develop a fully 
automatic method, Colbry and Stockman in [12] put 
forward an approach whereby the first-attempt symmetry 
plane is evaluated by the Principal Component Analysis 
(PCA) method [13]. Tang et al. pointed out in [14] that the 
PCA method could in some cases perform so inaccurate 

an initial estimation of the symmetry plane that the 
subsequent ICP registration algorithm could not 
converge. In order to overcome this limitation, in [14] the 
authors propose the plane being parallel to the yz – plane 
and passing through the centroid of the face for an initial 
estimate. This approach works correctly only if the real 
symmetry plane is aligned with the yz – plane of the 
scanning device. If a method which is both fast and 
insensitive to asymmetrical data of the face is to be 
developed, the registration should only concern a 
rectangular region around the nose because of its 

stiffness. It is a valid approach only in the case of 
undistorted noses. 

ICP algorithms are the main cause for a rise in 
computational costs so great efforts have been directed 
towards speeding up this algorithm [1], [15]. Zhang et al. 
in [2] highlight that the ICP algorithm could fail when there 
are irregularities in the face boundary. Therefore, in their 
paper, the authors propose the MarkSkirt operator which 
excludes from the registration the points belonging to the 
10–ring of the boundary.  

More recently, Combès et al. in [16], [17] and [18] 
present an approach that directly estimates the symmetry 
plane without intermediate roto–translation transformation 
and registration. Once the initial estimation of the 
symmetry plane is performed by the PCA method, its final 
evaluation Πf is done by an iterative algorithm that 
converges to a (at least local) minimum of a properly 
designed function. In particular, this function is the sum of 
the weighted distances between the points reflected with 
respect to Πf and the corresponding nearest points of the 
cloud. With a view to leaving out the asymmetric sampled 
area of the model, weights are expressed as the Leclerc 
function [19]. Furthermore, some implementation solutions 
are proposed in order to make the method fast and 
robust. The problem of the non-symmetrical sampling of 
the face is solved by this method but it is still very 
sensitive to non-uniformity in the sampling. Two 
homologous surfaces which are perfectly symmetric but 
which are characterised by different sampling density may 
turn out to be asymmetric due to the distance between the 
source point cloud and the mirrored – registered one. 

3 The proposed method 

In general, any geometric form S in three dimensions is 
said to be bilaterally symmetric with respect to Π if its 
mirror image (SΠ) upon Π is partially or completely 
superimposable onto the original form. The plane Π is the 
symmetry plane of S. Perfect symmetry is an ideal 

condition that is not verified in any real object, let alone in 
the case of human faces. Furthermore, no method for the 
symmetry plane estimation of a geometric facial feature 
can verify the previous symmetry definition. Therefore for 
any symmetrical object, the measure of non–ideal 
symmetry requires to be evaluated; symmetry is 
conventionally recognised to exist whenever this measure 
is lower than a threshold value. 

If an object is defined by a point cloud, the symmetry 
property refers to the shape it has and not to the point 
cloud itself. In that way, the asymmetries due to the 
surface density sampling, which affects the methods for 
symmetry plane estimation presented in literature, are 
reduced. Asymmetry can also be due to the asymmetry of 
the acquired area of the face. These asymmetries are 
mainly due to hairline and to irregularities in the borders of 
the acquired surface.  

Finally, the evaluation of the symmetry plane of a 
human face can be affected by isolated local 
particularities, such as local damage, pimples, bumps, 
etc. and asymmetric facial expressions. Although these 
local particularities do not modify the general symmetrical 
nature of the face, they could affect the automatic 
estimation of the symmetry plane.  

The proposed method is therefore designed to 
overcome the above-mentioned limitations. It consists of 
the following steps: 
1) 3D acquisition of the subject’s face PC,  
2) first-attempt estimation of the symmetry plane Π0, 
3) mirroring and registration, 
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4) final estimation of the symmetry plane Πf; 
5) asymmetry evaluation: al (local asymmetry), am(mean 

asymmetry). 

3.1 Face acquisition 

The facial surface to be analysed is acquired by means 
of a 3D geometric scanner [20]. In order to reduce outliers 
and large noise, the scanned point cloud is first smoothed 
by a Gaussian filter and then tessellated. 

3.2 First-attempt estimation of the symmetry 
plane  

The first-attempt estimation of the symmetry plane is 
obtained by means of a symmetry line detection method 

which is typically used in spinal spatial configuration 
representation [21]. That method is not sensitive to the 
asymmetries of the acquired area of the face but, in order 
to be applied, it requires a rough evaluation of the facial 
longitudinal axis. Thus, to begin with, the longitudinal axis 
is roughly detected by a PCA applied to the set of points 
in the front side of the plane which best fits the point cloud 
of the acquired face (figure 1). The direction of the 
longitudinal axis ζG is calculated as the principal axis of 

inertia, associated with a lower inertia moment, of the set 
of selected points.  

a)

 

b)

 

c)

 
Fig. 1 3D source data (a), source data and its best fitting plane (b), red highlighted ROI: set of points, in the front side of 

the plane which best fits the point cloud, here used to detect the longitudinal axis (c). 
 

As evidenced by [14], a good initial estimation of the 
symmetry plane greatly influences the subsequent 
registration by the ICP algorithm. The evaluation of the 
first-attempt symmetry plane is performed by analysing 
the slice profiles obtained when sectioning the tessellated 
face with a set of planes which are perpendicular to the 
previously-estimated longitudinal axis. For each slice 
profile, the most symmetric point is characterised by the 
maximal value of a properly defined symmetry index [21]. 
The symmetry index which is here being used is based on 
the analysis of the symmetry in the orientation of the 
normal unit vectors of the slice profile. The symmetry line 
thus detected almost lies on the symmetry plane. The 
symmetry plane of the first attempt (Π0) is obtained by 
approximating the above-defined symmetric points in the 
least-squares sense. 

3.3 Final estimation of the symmetry plane 

Once the initial estimation of the symmetry plane (Π0) 

is obtained, the refinement algorithm is applied. The 
method consists in an iterative estimation of the symmetry 
plane by mirroring (PCm,i) the original data PC with 
respect to Πi: 

 PCm,i={qi,j, j=1,…n} : qi,j= SΠi(pj),  pj PC   
Then the source point cloud (PC) and the mirrored 

data (PCm,i) are registered by the ICP algorithm 

minimising the following function: 
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where: 
n is the number of points of PC; 
pj is the j – th point belonging to PC; 
TS(PCm,i) is the tessellated surface relative to point 

cloud PCm,i; 

Haus(pj,) is the Hausdorff distance between pj and the 
tessellated surface TS(PCm,i) according to the following 

equation: 
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wi,j is the weight expressed as the product of two 
specific weights: 

 , , , , ,i j s i j r i jw w w   (3) 

The first weight ws,i,j makes it possible to exclude any 
asymmetries from the registration process on the 
assumption that the nearest points to the symmetry plane 
must have higher weight than the remaining. ws,i,j is 
expressed according to the Leclerc function: 
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di,j is the distance between pj and the symmetry plane 
Πi. 

The second weight wr,i,j works as a filter which excludes 
from the registration process any local asymmetries, 
whether they be near or far from the symmetry plane. It is 
defined according to the Leclerc function: 
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where: 

ri,j is the distance between pj PC and ,i j
q  which is 

the nearest point to pj belonging to the tessellated surface 
TS(PCm,i) and satisfying equation (2). 

σr and σs values affect the registration results. All in all, 
large values of σr and σs afford great robustness whereas 
a small value affords great accuracy. In order to balance 
both necessities, in the following experiment the value of 
σs is assumed to be the 25 per cent of the maximal width 

of the face and σr is fixed as 
10

s . 
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After surface registration is complete, the symmetry 
plane Πi+1 is evaluated by randomly choosing 10 000 
points of PC and the corresponding ones from the 
mirrored-registered point cloud (PCm,i,r). For each pair of 
corresponding points (pj, qi,j) the middle point 




,
,

2

j i j
i j

p q
m  is calculated. Finally, Πi+1 is obtained as 

the plane that approximates all the mi,j points in the least-

squares sense.  
The iterative process comes to an end when the 

variation of function (1) between two iteration cycles is 
lower than the imposed threshold value of 0.01 or when 
the number of iterations is equal to 100. 

3.4 Asymmetry evaluation 

In the method herein proposed, once the symmetry 
plane has been evaluated, the local and mean 
asymmetries of the human face are quantified. In 
particular, the local asymmetry (al) and the mean 
asymmetry (am) are defined by the following expressions: 
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where ˆ
jq  is the nearest point to pj belonging to PCmr 

and n is the number of points of PC. 

4 Experimental results 

The proposed method has been implemented in 
original software, coded in C++, called INGEMANTICA, 
which is suited to process and analyse tessellated 
geometric models. 

A first experiment is carried out in order to verify how 
the local asymmetries affect the estimation of the 
symmetry plane. This is done by comparing the symmetry 
plane of a nominally bilaterally symmetric face (figure 2a 
[22]) with that of the face resulting from adding to the 
former an asymmetric deformation (figure 2b) and an 
asymmetric sampling (figure 2c). Table 1 reports the 
results, expressed as the angle (α [°]) and the distance 
between the obtained plane and the nominal one. Figure 
3 reports the corresponding maps of the local 
asymmetries for the meshes of figures 2b and 2c. The 
maps evidence a quite perfect localisation of the local 
asymmetries verifying the correct estimation of the whole 
symmetry plane (figure 3).  

   
Fig. 2 Data with nominally bilaterally symmetry (a), with added asymmetric deformations (b) and asymmetric sampling (c). 

 
Test case α [°] dist [mm] 

face with nominally bilaterally symmetry and added asymmetric deformations 0.12 0.08 

face with nominally bilaterally symmetry and added asymmetric sampling 0.09 0.04 

Tab. 1 Results regarding robustness against local asymmetries. 

  
 

Fig. 3 The maps of the local asymmetries for the faces in figure 2. 

a) b) c) 
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The second set of experiments is performed in order 
to verify the reproducibility in the determination of both 
the symmetry plane and the mean asymmetry. This is 
investigated by analysing 11 different acquisitions of the 
face of a male test person with no visible facial 
asymmetries maintaining the same neutral facial 
expression and closed eyes. Figure 4 depicts one of the 
acquired faces.  

 
Fig. 4 One of the acquired faces of the subject used to 

verify the reproducibility of the method. 

Since the different acquisitions are carried out 
without fixing a relative position of the subject in the 
scanning device, the reproducibility of the symmetry 
plane is evaluated in the following indirect way: 

- Out of 11 scannings, one is randomly chosen as a 
reference face, 

- the remaining 10 faces are each registered at the 
reference one by using function (1), 

- the corresponding symmetry plane of the 
registered face is estimated by the method here 
being proposed and any difference from the 
reference face is measured as the angle between 
the related normal unit vectors.  

So, for the i – th face the angle φi is defined as: 

  ,arccos n ni r i reg    (8) 

where: 
nr is the normal unit vector of the symmetry plane of 

the reference face; 
ni,reg is the normal unit vector of the symmetry plane 

of the i – th face, expressed in the coordinate system of 

the reference face. 
In table 2 the results for reproducibility are reported 

in terms of mean and standard deviation values of φi 
and am. The obtained values demonstrate that, in 

practical situations, the method is little affected by the 
acquisition process. These results are comparable with 
those obtained through experimentation in [23] as 
concerns daily singular acquisitions for several days 
while maintaining the three-dimensional device setting 
fixed with respect to the acquired subject.  

 
parameter Mean value Std value 

φi [°] 0.58 0.39 

am [mm] 1.54 0.14 

Tab. 2 Results for reproducibility. 

The third set of experiments seeks to verify the 
sensitivity of the method by analysing the face of the 
same subject assuming different facial expressions. 
This is done by analysing the scanned face data 
available on the Bosphorus database [24]. In particular, 
this experimentation consists in the analysis of five 
nominally-symmetric facial expressions and the two 

most asymmetric ones out of three randomly chosen 
subjects. For each subject, the five symmetric facial 
expressions are used to define the following reference 
normal unit vector of the estimated symmetry plane: 
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Hence, for each of the two asymmetric facial 
expressions of the same subject, φi is defined as 
follows: 

  arccos n ni r i    (10) 

where nr is the normal unit vector defined in (9) and 
ni is the corresponding normal unit vector of the 

symmetry plane. Table 3 shows the results in terms of 
φi, am (defined in according with (7)) and map of al 
(defined in according with (6)). In the same table, the 
subject and the facial expression labels are those taken 
from the Bosphorus database. The φi values obtained 

attest to how the method being put forth for symmetry 
plane detection shows a satisfactory insensitivity even 
to those asymmetries due to facial expressions. 

5 Conclusion 

This paper presents a new method for the whole 
symmetry plane detection of the human face from 3D 
high–density scanned data. Starting from the first 
attempt symmetry plane, the proposed approach 
converges to the best evaluation by an iterative 
mirroring and registration-based method.  

Furthermore, the method is validated by analysing 
some specifically-designed test cases. In particular, 
ideal bilaterally-symmetric faces with known, added 
local asymmetries are used to verify how the latter 
affect the estimation of the symmetry plane. The 
reproducibility in the determination of the symmetry 
plane and the mean asymmetry is investigated by 
analysing 10 different acquisitions, done through 
several days, of the face of a male test person with no 
visible facial asymmetries and maintaining the same 
neutral facial expression and closed eyes. Finally, the 
sensitivity of the method is tested by studying the face 
of the same subject assuming different facial 
expressions. 

The results obtained show that the proposed method 
can be practically insensitive to local asymmetries, 
whenever they are localised on the face (far from or 
near the symmetry plane), are reproducible and are not 
affected by the acquisition process (non-uniformity of 
point cloud density, non-symmetric acquired area).  

Future work should address to the improvement of 
method performances in terms of computational costs. 
Furthermore, efforts will be directed toward verifying if 
the method here proposed is successfully applicable for 
typical facial features segmentation (e.g. nose, eyes, 
mouth, chin, ears) and in face authentication and 
recognition. 
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Subject label Expression label STL model φi [°] am [mm] map of al 

086 

pull_up_lip_left_corner 

 

2.25 1.93 

 

 

pull_up_lip_right_corner 

 

5.95 1.67 

 

098 

pull_up_lip_left_corner 

 

2.03 1.77 

 

pull_up_lip_right_corner 

 

2.05 1.46 

 

103 

pull_up_lip_left_corner 

 

2.46 1.45 

 

pull_up_lip_right_corner 

 

3.11 0.83 

 

Tab. 3 Results regarding sensitivity. 


