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ABSTRACT

Capturing realistic 3D shapes of human bodies is very useful for many computer graphics applications. However, for

existing 3D shape capturing devices, such as structured light, laser scanner or multi-view methods, problems arise when

dealing with 3D hairstyle scanning and body deformation. To solve these problems, a novel approach is proposed to scan

3D body with hairstyle using only one time-of-flight (TOF) camera. By capturing depth data at video rate, temporal average

meshes can be obtained from different views. After some analysis, we found that the local geometric details of real surfaces,

after the hair scanning process and low-frequency body deformation, are still preserved in the average meshes. Utilising the

restriction that the corresponding surfaces in different views should overlap, a global optimisation process is proposed to

iteratively improve the average meshes, while still preserving the geometric details. The proposed system is compact, and

can scan 3D human body easily. Copyright # 2011 John Wiley & Sons, Ltd.
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1. INTRODUCTION

Many computer graphics applications, such as animation,

computer games, human computer interaction and virtual

reality, require realistic 3D models of human bodies. Using

3D scanning technology, such as structured light or laser

scan, detailed human models could be created [1].

However, these devices are quite expensive and often

require expert knowledge for their operation. Moreover,

due to the reflected property and complicated geometry,

hairstyle, though as an important characteristic of human

beings, cannot be directly scanned using conventional 3D

scanners. People are often asked to wear shower caps while

scanning. This is not comfortable and the important

hairstyle information is missing in the resulting 3D data.

Another well-known problem is that it is difficult for

people to stay rigid during the entire capturing process.

To capture realistic hairstyle information of a human

being, image-based methods are almost the only options

[2]. But this kind of methods are computationally

expensive, and they have problems when there are sparse

textures or complex occlusions among different views [3].

Even the state-of-the-art method [4] according to the

Middlebury fails to properly reconstruct the 3D hairstyle in

Figure 1a, where a girl rotating in front of a camera, with

missing texture in the hair area and slight lighting changes

among different views.

In fact, in many daily-applications, such as digital

avatars, video game, online shopping, etc., an easy-to-use

and robust 3D scanner to capture body shape with hairstyle

is required. In addition, the user is allowed to undergo low-

frequency non-rigid deformation. And the precision of

outer hairstyle surface is just enough. To achieve this, in

our method, TOF camera is utilised. At first glance of the

captured data in Figure 1b, especially the noise and missing

data around the hair area, one might argue that it is

impossible to reconstruct body shape with hairstyle using

one TOF camera. However, since the TOF camera is able to

capture depth data at video rate, it is possible to use the

information redundancy to refine the data.
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To the best of our knowledge, we present the first

method to scan human body with hairstyle using one TOF

camera. It is very easy to use, and can reconstruct body

shape of reasonable quality in just a few minutes

(Figure 1c). To achieve this, we present an optimisation

method based on the refinement of temporal average

meshes, which can solve 3D hair scanning and body

deformation problems simultaneously. Finally, the hair

fibres could be easily be generated according to several

guide curves on the reconstructed hairstyle mesh

(Figure 5), which can greatly reduce the artists’ manual

labour for styling hair fibres.

The main contributions are: (1) a 3D body scanning

approach using one TOF camera. (2) The analysis that

local geometric details of real surfaces are preserved in the

average meshes. The experiments have shown the

efficiency of our algorithm utilising this analysis. Our

method can also scan static objects with normal material,

and got very impressive results compared with the state-of-

the-art method [5].

2. RELATED WORK

To get 3D models of human bodies, 3D scanning

technology based on structured light and laser scan [6],

or image-based methods [7] are both available. Generally,

multiple meshes got from different views can be registered

[8] and merged to form a complete 3D body mesh [9]. For

low-frequency non-rigid errors caused by device non-

linearities or calibration error, global non-rigid alignment

approaches [10,11] are often applied. But owing to the

reflected property and complicated geometry, the scanned

hairstyle surface is too noisy, and seems not having a

specific model to remove the noise. Therefore, hairstyle is

thought not able to be directly scanned using conventional

3D scanners [2]. Furthermore, because of lack of texture in

the hair area, image-based method [4] also fails in our

experiment.

Researchers have also developed methods that may

further capture hair fibres from multiple views and achieve

highly realistic images [12,13]. But many of these methods

require complex setup and will enlarge computing

complexity. Reference [14] is the only literature we found

that presents a scanning technique to reconstruct the

geometry of a person’s hairstyle. They can reconstruct

geometry and reflectance of hair fibres. But their setup is in

a light-stage fashion and the time and storage consuming is

very large.

To solve these problems, TOF camera is used in our

method. Compared with structured light, laser scan or

stereo vision, TOF camera has great advantages. It enables

Figure 1. (a) Four out of eight colour pictures taken with similar view of the corresponding TOF camera, (b) the raw TOF data, (c)

generated model using one TOF camera by the proposed method.
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acquiring depth data in real time with little considering

about texture or lighting condition. The camera is compact,

low-price and as easy-to-use as a video camera, which has

the potential to be used by everyday users [15].

Unfortunately, the captured data cannot be directly used

due to the low image resolution and high noise level.

Many works have been done to improve the data’s

quality. Reference [16] applied the traditional colour image

super-resolution ideas to TOF cameras to obtain 3D data of

higher X–Y resolution and less noise, which used depth

images only. Reference [17] improved the accuracy of

range maps with a probabilistic model based on the

observation that the range map and intensity image

measured by a TOF camera were linked by the shading

constraint. Reference [3] proposed an integrated multi-

view sensor fusion approach that combined information

from multiple colour cameras and multiple TOF depth

sensors. Reference [18] fused the complimentary charac-

teristics of TOF camera and passive stereo, using dynamic

MRFs with temporal coherence to improve the accuracy

and robustness of depth estimates. Reference [19]

generated a dynamic 3D human actor using a TOF camera.

But they thought it was impossible to scan hairstyle

surfaces, and the hair region was interpolated by the

boundary curves. Currently, Reference [5] built the first 3D

shape scanner based on a TOF camera. The algorithm is

based on a combination of a 3D super resolution method

with a probabilistic scan alignment approach that takes into

account the sensor’s noise characteristics. However, to the

best of our best knowledge, none of existing methods could

get 3D body shape with hairstyle of reasonable quality.

3. OUR ALGORITHM

The main pipeline of our algorithm is shown in Figure 2. In

order to easily carry on the scanning of human body, a

human will rotate in front of a TOF camera. For each view,

the human is required to stay as still as possible for a few

seconds, so that the camera can get multiple frames of data

within a single view (Figure 2a). Among different views,

the human is allowed to have low-frequency deformation.

Temporal average meshes (Figure 2b) are generated for

each view and rigid registered (Figure 2c). An iterative

optimisation method is proposed to procedurally optimise

the rigid matrices between different views and each view’s

output mesh (Figure 2d). Finally, reconstructed mesh

(Figure 2e) is generated from the deformed average

meshes.

4. DATA ACQUISITION

Figure 1b shows a frame of the raw data, which is very

noisy, especially for the hair area. Figure 2a shows

continuous captured multiple frames of a still body. In our

experiment, after enough frames are captured, the

accumulated data will visually contain the real surface.

Suppose t frames are captured for every r different view.
Let m

j
i; j ¼ 1 . . . t; i ¼ 1 . . . r denote the jth mesh

captured in the ith view, si ¼ 1
t
�Pt

j¼1 m
j
i denotes the

average mesh of all frames in the ith view. When t is big
enough, the coordinates of si tend to converge in our

experiment. As illustrated in Figure 2b, si has captured

some features of the hairstyle, and the data’s quality has

been greatly improved compared to Figure 1b.

5. ANALYSIS OF THE GEOMETRIC
PROPERTY OF AVERAGE MESHES

Figure 3a and b show a close look at the average meshes of

two different views, si and sk. Individually, they all capture
some good characteristic of the hairstyle, and resemble to

the corresponding pictures in Figure 4a. But when looking

at the corresponding areas of si and sk, for example,

depicted in the yellow squares, the corresponding shapes

look very different. The one in si is more flat, while the one

in sk is more concave. The reason causing this phenomenon

is analysed in Figure 3c.

Let j be the exact outer surface to be measured, j0 is the
other boundary of the region that has effects on the

Figure 2. The main pipeline of our algorithm. (a) Multiple frames of raw TOF data for separated views, (b) the average meshes for

different views, (c) averagemeshes after initial rigid registration, (d) averagemeshes after further optimisation, (e) reconstructedmesh.
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measured data. (For the skin area, simply let j0 ¼ j).

Multiple frames are captured from separated viewpoints

Oi,Ok, and then average meshes si, sk are got. Let di ¼ si�j

denotes the difference between si and j, and di lies mainly

in the viewing direction. For the sample point A, Ai is the

intersection of extension of OiA and j0. The measurement

error dijA will be mainly determined by the local property

of the neighbourhood of AAi, which can be written as

dijA � LocalPropertyðAAiÞ. For the sample point B close to

A, there also exists dijB � LocalPropertyðBBiÞ. Since AAi

and BBi are geometrically close, their local property has

great possibility to be similar, so are the values of dijA and

dijB. Therefore, in the neighbourhood of a sample point A,
the local geometry of average mesh si has great possibility
to be similar to the real surface j. This is why an average

mesh is visually decent.

But for a sample point C far from A, CCi are

geometrically away from AAi. Their local properties are

likely to be different, so are dijC and dijA. siwill differ from
j in a macroscopic view. Likewise, to measure A from

viewpoint Ok, we have dkjA � LocalPropertyðAAkÞ. When

j0 is not close to j, for example, in the hair area, AAk are

geometrically away from AAi, dkjA has great possibility to

be different from dijA. Thus the corresponding areas in

Figure 3a, b may look very different.

In practice, it is impossible for human body to stay rigid

during the entire capturing process. Thus, in our

assumption, the human body is allowed to undergo low-

frequency non-rigid deformation among different views. In

this situation, just like the hair scanning problem discussed

above, the high-frequency geometric details are also well

preserved after the deformation.

To refine the coordinates of average meshes, the

restriction that the corresponding areas in si, sk should

overlap can be utilised, and local geometric details of si, sk
should also be preserved during the optimisation process.

6. ENERGY FUNCTION TO REFINE
AVERAGE MESHES

Let S ¼ fsiji ¼ 1 . . . rg be the average meshes,

Xf ¼ fxfiji ¼ 1 . . . rg be the rigid matrices used to register

r different views. For simplicity, let S denote the average

meshes applied by Xf. To further improve the coordinates

of average meshes S and rigid matrices Xf, we resort to the
following energy function to be minimised:

EðSÞ ¼ ElocalfeatureðSÞ þ a � EdistðSÞ þ b � EspringðSÞ (1)

where ElocalfeatureðSÞ ¼
Pr

i¼1 ElocalfeatureðsiÞ preserves the

local geometric details of S; EdistðSÞ ¼
P

corrðsi ;skÞ
Edistðsi; skÞ makes the corresponding areas of different

average meshes overlap; EspringðSÞ ¼
Pr

i¼1 EspringðsiÞ is a
regularising term that helps guide the optimisation to a

desirable local minimum; a, b are weighted coefficients.

Average mesh si is described as (Ki, Vi), whereKi reprent

the connectivities and Vi ¼ fv1i ; . . . ; vni g are the vertices. Nl

describes the 1-ring neighbourhood of vertex vli, and dl is its
degree. As the depth image is regular sampled, similar to

the definition in Reference [20], the Laplacian coordinate

for vli is defined as:

dl ¼ vli�
1

dl

X
m2Nl

vmi (2)

Let A be the adjacency matrix, D ¼ diagðd1; . . . ; dnÞ,
L ¼ I�D�1A, vl

0
i be the new vertex after optimisation.

Then we have

ElocalfeatureðsiÞ ¼
Xn

l¼1
Tldl�Lðvl0i Þ

���
���
2

(3)

Tl is a local transformation matrix, and is calculated by

minimising

X
m2flg[Nl

Tlv
m
i �vm

0
i

���
���
2

(4)

For two average meshes have corresponding areas, we

have Edistðsi; skÞ ¼
P

corðvl
i
;vm
k
Þ vli�vmk
�� ��2, where corðvli; vmk Þ

denotes that vli and vmk are corresponding vertices of si and
sk, and can be found similar to the iterative closest points

(ICP) method [8]. Let uli denote the middle point of ðvli; vmk Þ,
then for si, we have the following energy to be minimised:

EdistðsiÞ ¼
X

corðvl
i
;ul

i
Þ vli�uli
�� ��2 (5)

EspringðsiÞ is the sum square of all edges’ length, and is

utilised to guide the optimisation to a desirable local

minimum.

EspringðsiÞ ¼
X

fl;mg2Ki
vli�vmi

�� ��2 (6)

Figure 3. Close look of the average meshes in two different

views si(a) and sk(b); (c) the analysis of geometric property of the

average meshes.
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7. MINIMISING THE ENERGY
FUNCTION

Because only one TOF camera is used in our method, the

rigid matrices of different views are unknown. In an

average mesh, the noise level of the hair area is far more

significant than the other area. Thus, for two average

meshes si, sk, surfaces except the hair area are used to get

the initial rigid matrices xfi, xfk. The new vertices are then

generated by solving a sparse linear system formed by

Equations (1)–(6). An iterative method is finally utilised to

minimise the energy function as follows:

Optimise(si, sk, xfi, xfk) {

Fix xfi, xfk, optimise si, sk by solving a sparse linear

system formed by Equations (1)–(6).

Fix si, sk, use ICP method to refine xfi, xfk.
} until convergence

To optimise S ¼ fsiji ¼ 1 . . . rg, Xf ¼ fxfiji ¼ 1 . . . rg
got from multiple views, a global multi-view registration

method is used to get the initial rigid matrices [21], and

average meshes are optimised with each other pair wisely.

To solve the error accumulation problem, a global matrix

system lists all the average meshes’ constraints as diagonal

sub-matrices can be formed similar to Reference [22]. The

energy function E(S) is minimised by optimising all aver-

age meshes simultaneously:

Figure 4. Reconstructed models in different views with the corresponding pictures.
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Optimise(S,Xf) {
Fix Xf, optimise S by solving a global linear system.

Fix S, use global ICP method to refine Xf.
} until convergence

The original and optimised average meshes are shown in

Figure 2c, d (each with different colours). We can conclude

that after the optimisation, the corresponding areas in

different average meshes tend to overlap. Finally, Poisson

Surface Reconstruction [10] is employed to get a complete

3D model.

8. RESULTS

A person will rotate for about 3608 in front of a TOF

camera in our experiment. For eight views, separated by

about 458, the person is asked to be as still as possible for

about 2 seconds, so that the camera may get 100 frames for

each view. Though slight movement is inevitable within a

single view, the resulting average mesh is feasible in our

experiment. Due to the low resolution of raw depth image,

only upper body is captured in our experiment. To fully

capture the whole body, the upper and lower parts can be

scanned separately, and the similar process will carry on.

Our system uses a MESA Swissranger SR4000 sensor

[23], which can capture depth and intensity images up to 54

frames per second, with the resolution of 176� 144 pixels.

For a single frame, the depth image is naturally with a grid

structure, which can be easily transformed to a triangle

mesh. First, a depth and amplitude threshold method is

used to roughly segment the foreground data and remove

points which are either too dark or too bright. Then, sliver

faces followed by vertices not referenced by any face are

deleted.

Figure 4 shows the results of testing our algorithm by

data of long straight hair, long curve hair, short hair and

ponytails. To guide the optimisation to a desirable local

minimum, we set a¼ 0.01, b¼ 1 at the first iteration. As

the optimisation converges to the solution, the influence of

Elocalfeature and Espring can be gradually reduced. We finally

set a¼ 1, b¼ 0. In our experiment, the iteration stops after

4–7 steps when the energy function stops decreasing

obviously. Our platform is Intel Core 2 Q9550, 4G RAM,

NVIDIA GTX280. The computing time is statistic in

Table 1. Since it is hard to get the ground truth of hairstyle

surface, we simply let error e be the average distance of all
corresponding vertices on different average meshes. After

the optimisation, e has been obviously decreased.

To further generate hair fibres, Reference [24] uses the

outer hairstyle and scalp meshes as boundaries, and hair

fibres are generated in the hair volume based on a shape

matching algorithm. While in 3D animation production,

Table 1. Average distance and computing time.

Figures 1 6a 6b 6c 6d 6e

e (cm) before optimisation 1.4 1.7 2.3 1.8 1.1 4.5

e (cm) after optimisation 0.3 0.4 0.8 0.6 0.4 1.0

Computing time (min) 1.8 1.2 2.7 1.5 1.0 3.2

Figure 5. The corresponding pictures, reconstructed models with guide curves and interpolated hair fibres.

208 Comp. Anim. Virtual Worlds 2011; 22:203–211 � 2011 John Wiley & Sons, Ltd.
DOI: 10.1002/cav

3D hairstyle scanning J. Tong et al.



hair fibres are often generated (interpolated) and edited by

some 3D guide curves. It is difficult to draw 3D guide

curves to get realistic hairstyle with only 2D pictures as

reference. By using our method, guide curves can be easily

drawn on the reconstructed hairstyle mesh, which will

greatly reduce the artists’ manual labour for styling

realistic hair fibres. As shown in Figure 5, even a beginner

can easily draw the guide curves on the reconstructed mesh

and get hair fibres of reasonable quality in several minutes.

Furthermore, our method can also deal with static

objects with normal material. We have tested our algorithm

with still sculpture data provided by Reference [5]. The

average distance of corresponding vertices from Figure 6b

to 6d is 0.4, while the average distance from Figure 6c to 6d

is 0.3. Compared with the laser scan data, our method can

get models with similar geometric details of reasonable

quality. Moreover, the computing time is about 2minutes,

while Reference [5] is around 330minutes with a

MATLAB implementation.

The reason that our algorithm can get such results is

analysed below. The data captured by TOF camera contain

high-level random noise and non-trivial systematic bias.

Through temporal averaging, random noise is effectively

reduced. The systematic bias is pixel dependent and could

be modelled as an offset di in the viewing direction. di is
dependent on many factors, including the scene reflec-

tance, surface orientation, distance, etc. [25]. Reference [5]

makes a simplifying assumption that di increases with the

radial distance and ignores other factors. For our method,

as long as the relevant properties are continuous for the

scanned object, the analysis of average meshes also works

considering the corresponding factors. Therefore, for the

sculpture in Figure 6, systematic bias caused by more

factors can be corrected using our method.

9. CONCLUSION

Though as an important characteristic of a human being,

3D hairstyle scanning is thought to be impossible by most

researchers. In this paper, a new approach is presented to

easily scan 3D body with hairstyle using one TOF camera.

An optimisation method is developed to solve the hair

scanning and body deformation problems simultaneously.

The method has greatly broadened the scope of usage of

TOF camera, and can be applied for HCI, digital avatars,

video game, animation and many other applications.

However, the quality of the reconstructed model is still low

for some applications. Problems also arise where the hair is

too thin, for instance, the tips of ponytails. In the future, we

plan to investigate approaches by combining TOF camera

with image-based methods, as well as reconstructing 3D

shape of dynamic hairstyle.
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