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ABSTRACT Bas-relief, usually attached to a certain plane, is a semi-stereoscopic sculpture that is suitable 
for decoration of various environments. Since the rise of 3D printing technology, digital bas-relief modeling 
is greeted with an avalanche of publicity. In this work, for the detail loss caused by depth compression, we 
propose a bas-relief modeling method based on the idea of feature separation and migration, which can not 
only reduce the overall height, but also preserve the original details well. Different from the Weighted Least 
Squares filter with edge-preserving property, the result of which is affected by gradient changes in the input 
image, we propose the Full Least Squares filter that allows each region of the input image to receive the same 
level of smoothing. We first separate the features of bas-relief through the Full Least Squares filter. The 
details and edges are stripped out together and then combined with the deeply compressed structures to 
generate a flat bas-relief, in which the edge sinking phenomenon is subsequently optimized to ensure a natural 
transition between the content and the background. More than that, the watershed algorithm is used to 
segment the height map of bas-relief, and local detail enhancement or local depth constraint is implemented 
through mask operation to improve the local feature significance of bas-relief. Experiments show that our 
method effectively generates the bas-relief with strong flatness and well-preserved details. What’s more, the 
global and local adjustments of features produce rich and diverse planarization effects, which provides more 
choices for diverse designs of digital bas-relief. 

INDEX TERMS Bas-relief modeling, depth compression, detail preservation, feature separation, local 
significance enhancement.

I. INTRODUCTION 
Relief is a 2.5D sculpture with a unique expression form. A 
relief sculpture with multiple layers and undulating shapes 
can be created on a plane by compressing the 3D object in a 
limited space. As a kind of relief, bas-relief takes up less 
space and tends to be 2D painting, which enhances the sense 
of spatial hierarchy through line drawing, perspective 
projection, visual illusion, etc., and shows light, soft and 
gentle artistic design as a whole. 

Bas-relief is widely used for decoration in various 
environments, such as coin, porcelain, badge, jade carving 
and wood carving. Compared with 2D images, bas-relief is 
more favored by people due to its powerful decoration. 
Rendered by different materials or colors, bas-reliefs show 
completely different styles, which basically satisfy people's 
preferences. Not only that, it is also often used for 
architectural decoration. Designers choose relevant bas-

relief themes according to building use, most of which 
involve historical celebrities and allusions, for the praise of 
heroes and the development of traditional virtues. It is the 

  

  FIGURE 1.  Bas-relief applications. 
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wonderful spiritual meaning that endows buildings with 
special charm. Figure 1 shows the practical applications of 
bas-relief in our daily life. 

Traditional reliefs are handmade by sculptors. Such an 
operation is not only time-consuming and laborious, but also 
ineffective. Once mistake is made, the previous efforts may  
be wasted. Even if it is successfully completed, the quality 
of work is difficult to guarantee. And it is almost impossible 
to achieve mass production just relying on manual carving. 
With the advancement of science and technology, digital 
bas-relief technology has developed in tandem. In contrast to 
manual carving, digital bas-relief is more efficient and stable, 
which can not only control the size of bas-relief accurately, 
but also meet the standard and mass production of modern 
industry. There can be no doubt that digital technology 
effectively improves the production efficiency and accuracy 
of bas-relief, reduces the production cycle and cost, and 
significantly promotes the development of bas-relief 
modeling. 

To the best of our knowledge, bas-relief modeling has 
attracted more and more researchers' attention with the rapid 
development of digital technology. However, little work has 
been done on the repair and optimization of existing bas-
relief. Starting from the height field of existing bas-relief, we 
strive to reduce the depth of bas-relief and make it flatter. If 
linear compression is performed on the height field directly, 
it would inevitably lead to detail losing of original model. 
Therefore, based on the idea of feature separation and 
migration, a new bas-relief modeling method with well-
preserved details is proposed. The main contributes made are 
as follows: 
1) The Full Least Squares filter. We propose the Full Least 

Squares filter that is suitable for image smoothing and 
denoising. Unlike the Weighted Least Squares filter 
with the edge-preserving property, each region in the 
result image of our method undergoes equal smoothing. 

2) Detail preservation. Based on the Full Least Squares 
filter, the height field of bas-relief is first decomposed 
into the structures and the details with original edge 
information. Then, the details are recombined with over-
compressed structures to generate a flat bas-relief with 
both detail and edge preservation. 

3) Edges optimization. In order to solve the edge sinking 
problem of the reconstructed bas-relief, we propose an 
optimized method for the combination of structures, 
details and edges, which not only ensures the edge 
enhancement of the bas-relief, but also makes the natural 
transition between the content and the background. 

4) Local significance enhancement. The height map of bas-
relief is divided into multiple connected regions through 
the watershed algorithm. And the generated mask of the 
interested region is applied to the separated structures or 
details. Then, the significance of local features can be 
enhanced by local detail enhancement or local depth 
constraint of the bas-relief. 

II. RELATED WORK 
Since the rise of 3D printing technology, researchers have 
achieved a series of results in the field of bas-relief modeling 
based on 3D models and 2D images. 

A. BAS-RELIEF MODELING BASED ON 2D IMAGE 
The image-based bas-relief modeling technology extracts the 
height values from pixel gray information to complete the 
mapping from image to bas-relief. And the input for this kind 
of methods is simple since image is easy to obtain and process. 
However, due to the limited depth information, the height field 
obtained from the image cannot achieve a complete 
description of bas-relief. For one thing the image data is lack 
of continuity. For another, the color, texture and shape 
information of the input image can’t fully describe a bas-relief 
model. Especially when the image is relatively complicated, 
the continuity of different layers needs to be improved. 

The line graph extraction technique has been used by Wang 
et al. [1] to obtain the line information that is then divided into 
a 3D mesh of bas-relief. Alexa et al. [2] adjust the height of 
each image pixel and use iterative least-squares optimization 
to generate a discrete bas-relief surface. Li et al. [3] restore 
brick and stone relief through mixing the low-frequency 
components estimated by mesh deformation of the partial 
differential equation (PDE) and the high-frequency 
components estimated by inverting the pixel values of the 
rubbing image. Wu et al. [4] propose that bas-relief images 
generated from a face photograph according to the trained 
feedforward neural network are used to recover bas-relief 
surfaces via shape-from-shading (SFS), which are then 
combined to generate the final bas-relief surface. Zeng et al. 
[5] propose to construct bas-relief surface according to the 
depth relationships of different image regions. It is then 
enhanced by the gray and gradient information from the initial 
image. And feedback process is applied to refine the output. 
Lu et al. [6] use 3D depth images and 2D intensity images to 
generate bas-reliefs of human faces. The depth image is 
compressed to get a base mesh first. Then, the information of 
gray level, gradient and saliency extracted from the intensity 
image is used to enhance the facial details of the bas-relief. To 
et al. [7] adjust the brightness values according to the location 
and size of each facial feature area and then construct a bas-
relief surface with appropriate depth relationships among 
different features based on the feature map build from the 
input human face photograph. Zhu et al. [8] generate bas-relief 
using image overlay. The gray value, the complement of gray 
value and the extracted details are compressed to obtain the 
basic contour, modified contour and detailed contour, 
respectively, which are combined to give the final bas-relief.  
Zhang et al. [9] propose a template-based relief modeling 
method from an input portrait image. A template face is first 
used to fit the portrait image. Then, bi-Laplacian mesh 
deformation is applied to align the facial features. Afterwards, 
relief surface is reconstructed based on SFS. And interactions 
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are used to optimize the face depth for creating a similar 
appearance to the input. 

B. BAS-RELIEF MODELING BASED ON 3D OBJECT 
In contrast, bas-relief modeling technology based on 3D object 
has more obvious advantages in terms of depth information 
acquisition and digital geometric processing. This type of 
methods compresses the 3D object onto a plane from a certain 
direction to generate the bas-relief. Depth compression can 
start from multiple domain spaces, such as spatial domain, 
gradient domain or mixed domain. Either different 
compression rates or compression algorithms can produce 
different rendering effects. Nowadays, model-based bas-relief 
modeling methods mainly focus on the following aspects: 
1) To preserve the original details. When a 3D object is 

greatly compressed, the original hierarchical 
relationships are destroyed, and the loss of information  
weakens the bas-relief details severely. 

2) To enhance the continuity of the height field. For some 
models with complex structures, local depth values are 
higher than the surrounding areas or the entire model. 
Sometimes it is these values that increase the overall 
height and affect the continuity of bas-relief. 

3) To achieve real-time bas-relief modeling. An interactive 
system is usually developed to improve the modeling 
efficiency while ensuring the quality of resulting bas-
relief, and to realize the visualization operation of “what 
you see is what you get”. 

 
The first research on bas-relief modeling from an input 3D 

scene can be traced back to Cignoni et al. [10]. The 3D scene 
is considered to be a height field from the perspective of 
camera. Based on perspective projection, objects closer to 
camera are more salient. Song et al. [11] first represent 3D 
shape with differential coordinates, then emphasize the 
salient features by unsharp masking technique, and finally 
rescale the coordinates to reconstruct bas-relief model. Sun 
et al. [12] propose an adaptive histogram equalization 
algorithm. Gradient weighting is introduced to preserve the 
original gradient information, thereby enhancing the shapes 
of bas-relief. However, the algorithm is computationally 
intensive.  

A set of methods reconstruct the height field in gradient 
space, which causes that the resulting bas-relief has well-
enhanced surface details and smooth depth transitions. 
Weyrich et al. [13] propose a gradient domain compression 
algorithm based on High Dynamic Range Image (HDRI). 
The gradient values of the height field converted from an 
input 3D scene are compressed nonlinearly. Bas-relief is then 
reconstructed by integrating the gradient values with the 
least-squares method. In this way, the discontinuity of height 
values can be successfully eliminated. Kerber et al. [14] 
enhance high-frequency information by thresholding and 
unsharp masking in the gradient domain. However, despite 
the effective preservation of important features, local areas 

are exaggerated since low-frequency information is ignored. 
On this basis, Kerber et al. [15] use bilateral filtering in the 
gradient domain and combine the processing results of both 
high-frequency and low-frequency information to 
reconstruct the height field. The improved bas-relief is more 
natural. Bian et al. [16] obtain the height field by nonlinear 
compression of gradient values. Details previously stored in 
Laplacian coordinates are then restored and further enhanced 
by Laplacian sharpening. It is motivated to preserve the 
details in bas-relief modeling. Zhang et al. [17] use gradient-
based mesh deformation to achieve both plane surface bas-
relief generation and curved surface bas-relief generation. In 
addition, a bas-relief modeling framework is developed to 
realize shape editing of bas-relief interactively. 

In the past few years, normal-based bas-relief modeling 
methods have been proposed frequently. Ji et al. [18] propose 
a new bas-relief modeling method with intuitive style control. 
For one thing the change of normal is manifested as the 
change of details. Constructing the height field from normal 
domain can not only preserve the details, but also effectively 
avoid the depth discontinuity problem. For another, different 
styles of bas-relief can be freely designed and generated in 
real time with image editing tools. Liu et al [19] propose an 
approach of bas-relief stylization based on normal field, which 
reconstructs the resulting bas-relief with the altered local 
details by solving a global optimization. Specifically, different 
frequencies extracted from a height field are edited on normal 
domain. Then, bas-relief is generated by solving a sparse 
linear system in the least-squares sense. Wei et al [20] 
decompose the original model into a base layer and a detail 
layer in normal field, for both structure-preserving and detail-
preserving bas-relief modeling. 

The methods mentioned above use actual 3D scene to 
obtain a bas-relief height field and generate a 2.5D bas-relief. 
However, we start from the existing bas-relief height field, 
and aim to reduce the height of model to make it more planar. 

FIGURE 2.  Bas-reliefs with different depth ranges. 
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III. BAS-RELIEF MODELING WITH DETAIL-PRESERVING 
Bas-relief is both planar and three-dimensional. Compared 
with high relief and round carving, bas-relief has smaller 
height and stronger flatness. However, in decoration 
applications, the flatness of many bas-reliefs is insufficient. 
To this end, we compress the existing bas-reliefs into a 
limited depth range of space so as to make them flatter.  

In Fig. 2, the hierarchical relationships change drama-
tically with the gradual decrease of depth. Correspondingly, 
the original details are also continuously degraded due to 
extrusion deformation. However, detail preservation is of 
critical importance in modeling and optimization of bas-
relief, which is also the key to ensure the quality of resulting 
bas-relief. In view of its strong decorative nature, it is of 
great practical significance to realize bas-relief with a weak 
sense of depth and well-preserved details. 

The detail fading problem shown in Fig. 2 is caused by the 
loss of a large amount of information during depth 
compression. If this part of information can be restored, the 
problem will be solved certainly. In this paper, we propose an 
idea of feature separation and migration to construct the detail-
preserving bas-relief under depth compression. 
The specific process is shown in Fig. 3. The structures and 
details of bas-relief are initially separated through excessive 
smoothing. In the following, the structures are linearly 
compressed in depth direction to reduce the height. Finally, the 
details and the compressed structures are combined again to 
generate a flat bas-relief. 

FIGURE 3.  Our bas-relief modeling method with depth compression 
and detail-preserving. 

A. The WEIGHTED LEAST SQUARES FILTER 
In 2008, Farbman et al. [21] proposed an edge-preserving 
smoothing filter called Weighted Least Squares (WLS), 
which aims to make the resulting image as close to the 
original image as possible after image smoothing, while 
keeping the original state as far as possible in places where 
the gradient changes greatly. The Weighted Least Squares 
filter is especially suitable for progressive coarsening of 
images. Mathematically, the optimal solution can be 
calculated by minimizing the following function 

                                               (1) 

Here p is an image pixel. The first term maximizes the 
similarity by minimizing the difference between the input 
image g and the output image u. The second term strives to be 

smoother by minimizing the partial derivatives of u in x and y 
axes.  is a regular parameter used to control the smoothness. 
The larger the value, the stronger the smoothing effect.  

FIGURE 4.  WLS results with different parameters and .
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ax,p(g) and ay,p(g) in Eq. (1) are weight coefficients depending 
on the input image g, which are respectively defined as 

                    (2) 

                    (3) 

where l is the log value of the input image g’s brightness 
channel. Of course, we can use the input image g instead too. 

is set to 0.0001 that avoids a zero denominator in Eq. (2) and 
Eq. (3). Obviously, ax,p(g) and ay,p(g) will decrease as the 
gradient of l increases. Therefore, the smoothing effect of the 
second term in Eq. (1) is closely related to the gradient change 
of the input image g. When the gradient changes greatly, the 
smoothing effect weakens to alleviate the structures lost. 
Conversely, the smoothing effect is enhanced to remove 
useless details. Since edges are between different image 
regions, the gradient around them changes obviously. Thus, 
edges can be effectively retained through the smoothing effect 
of WLS. 

Figure 4 verifies the roles of  and  in WLS. In the first 
row, details of bas-reliefs gradually fade away with the 
increase of , which behaves more obvious in the second row. 
But the edges of each row are almost the same and have not 
been affected by parameter . By comparing each column, it 
is found that increasing  will weaken the details but 
highlight the edges instead. As pointed out earlier, parameter 

 can control the smoothness of WLS. The larger the value, 
the stronger the smoothing effect. Parameter  is adapted to 
multi-region processing. For regions with large gradient 
changes, the original structures, such as edges, can be better 
preserved. On the contrary, the smoothing effect of WLS can 
be further improved. 

We use the smoothing effect of WLS to achieve the feature 

separation of bas-relief. The bas-relief height field is first over-
smoothed to obtain its structures. Then, the corresponding 
details can be obtained by calculating the difference between 
the input and output height fields. The feature separation 
results of WLS are shown in Fig. 5, where the parameters 

, . We can see the structures in Fig. 5(b) and the 
details in Fig. 5(c) clearly. The structures mainly contain the 
shape and hierarchy of the bas-relief, while the details focus 
on the meticulous description of the bas-relief. However, the 
edge preservation characteristic of WLS results in the lack of 
edges in the separated details. For this purpose, we propose a 
new algorithm called the Full Least Squares filter. 

B. The FULL LEAST SQUARES FILTER 
The Full Least Squares filter is an improvement based on WLS, 
where we remove the two weight coefficients ax,p(g) and ay,p(g) , 
so the processing result is not affected by the image gradient 
changes any more. That is, the influence of the parameter  
is eliminated, and the smoothness is uniformly controlled by 
parameter , so that each image region receives the same 
level of smoothing, and from them on, there is no longer the 
edge preservation characteristic like WLS. The solution 
function of the Full Least Squares filter is shown in Eq. (4), 
where the meaning of each parameter is basically the same as 
that in Eq. (1). 

      (4) 

We use the Full Least Squares filter to over-smooth the 
two examples in Fig. 5(a), where the parameter  is set to 
10 and the separated details are shown in Fig. 5(d). 
Comparing with Fig. 5(c), it is found that the edges in details 
are perfectly improved. The enhanced edges in Fig. 5(e) are 
obtained by calculating the residual between Fig. 5(d) and 
Fig. 5(c). There is no doubt that the over-smoothing of the  

FIGURE 5.  Feature separation and edge enhancement. 
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FIGURE 6.  Edge processing. 

Full Least Squares filter effectively improves the integrity of 
the separated details. It is conceivable that the features of the 
reconstructed bas-relief will be further preserved after depth 
compression and detail migration. 

C. EDGE OPTIMIZATION 
In the detail migration stage, structures are compressed to 
generate a structural model with shallow depth. Although 
spatial compression inevitably results in partial information 
loss, the general shapes and structures have not been changed 
yet. Afterwards the previously extracted details are 
combined with the compressed structures to reconstruct a 
new complete bas-relief. For example, the structures 
compressed by 50% are recombined with the details of Fig. 
5(d) to construct the bas-reliefs in Fig. 6(b). Compared with 
Fig. 6(a) generated by WLS, the edges in Fig. 6(b) are clearer 
because of the enhanced parts shown in Fig. 5(c). 

However, a close observation at the enlarged areas in Fig. 
6(b) shows that the height sinking phenomenon outside the 
edges breaks the natural connection between model and 

background. 
Suppose A is the structures, B is the details, C is the edges, 

and I is the initial bas-relief, then . 
Compressing the depth of bas-relief by 50%, in the WLS, let 

                              (5) 
In our Full Least Squares filter, let 

                               (6) 
where F1 and F2 are denoted as reconstructed bas-reliefs after 
depth compression and detail migration.  

It is known that A is an over-smooth result of I. Affected by 
the Full Least Squares filter, some height values in A are 
slightly higher than I. It is found from the experimental data 
that the height values outside the edges in Fig. 5(e) are less 
than zero. 

Suppose ,  
                     (7) 

               (8) 
If  represents the background height value, then 

 (Fig. 7(a)),  (Fig. 
7(b)). Since , , which 
causes the local area in Fig. 7(b) below the horizontal line. 
That is, after depth compression of bas-relief, the height 
value at point x is lower than , that explains the 
phenomenon of height sinking outside the edges in Fig. 6(b). 

FIGURE 7.  Functions of F1 and F2. 
 

For this purpose, let 
          (9) 

where  and  are used to control depth compression and 
detail preservation, respectively. If , 

                (10) 
In this case,  is satisfied anyway. 

According to Eq. (9), bas-relief with optimized edges can 
be generated by depth compression and detail migration 
performed on the initial bas-relief, as shown in Fig. 6(c). In 
summary, the proposed edge optimization method not only 
enhances the edges of bas-relief, but also guarantees the 
continuity between the content and the background, making 
the reconstructed result more natural. 

IV. LOCAL SIGNIFICANCE ENHANCEMENT 
Moreover, we use the watershed algorithm [22] to adjust the 
local details of bas-relief. The watershed algorithm is a classic 
morphological segmentation method. Because of the good 
edge detection ability, it is widely used in image processing. If 
the gradient map of the input image is regarded as topological 
landform, the change of gradient values is just like the 
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FIGURE 8.  Bas-reliefs with local detail enhancement. 
 
undulate terrain. The catchment basin is composed of a local 
minimum and its surrounding influenced area. If water is 
continuously injected into the image area, the lower terrain 
will be flooded first. When the water level reaches a certain 
height, two adjacent catchment basins will merge into one area. 
At this time, a dam is constructed at the confluence of the two 
catchment basins to form a watershed. This process is 
continued until the water reaches its peak, thus splitting the 
image into multiple connected regions. 

The watershed algorithm is applied to divide the bas-relief 
height map into regions. What follow is that local 
enhancement of bas-relief is implemented to highlight the 
saliency of the interested region. During the above process, a 
large threshold is usually set to limit excessive segmentation 
caused by small changes in height values. We can see that 
height maps in Fig. 8 and Fig. 9 are roughly divided into a few 
regions. 

As shown in Fig. 8, since each image region in the split 
image has the same gray value, the interested region can be 
selected to generate a corresponding mask, which is then 
applied to the original bas-relief, so as to enhance the details 

of the mask region by four times. It is obvious that in the mask 
region, details such as windows in Fig. 8(a) and dragon head 
in Fig. 8(b) are clearer than those in the original model. We 
can see that the enhanced regions are naturally integrated with 
the others. Without particularly obtrusive, the models just feel 
as they should be. In addition, we reverse the masks to double-
enhance the details of the remaining regions based on the bas-
reliefs with local detail enhancement. But the details of the 
mask region are more significant because of the greater detail 
enhancement, which is consistent with the visual effect of 
human eyes. Similarly, the details of the mask region in the 
original bas-relief (Fig. 9(d)) are double-enhanced. The result 
is shown in Fig. 9(e), in which the visual center of the bas-
relief has shifted, and the features of turret are most significant 
in the entire model. In general, flat bas-relief is especially easy 
to reflect changes in details. Therefore, the local detail 
enhancement and the differential detail treatment of regions 
can effectively improve the local significance of bas-relief. 

In addition, the generated mask can also be used for the 
structures of bas-relief. Through local depth compression, the 
changes in spatial depth are used to create different visual 

  Gray image Original bas-relief 

  Image segmentation Local detail enhancement 

  Mask Multi-region detail enhancement 
(a) Example 1 

  Gray image Original bas-relief 

  Image segmentation Local detail enhancement 

  Mask Multi-region detail enhancement 
(b) Example 2 
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FIGURE 9.  Bas-reliefs with local significant enhancement, including local detail enhancement and local depth constraint.  
 
effects of human eyes, so as to highlight the feature 
significance of uncompressed regions. For example, in Fig. 
9(f), the structures of the inverted mask are compressed to 30% 
of the original depth. So, the depth of model is divided into 
several levels, and the compressed wheels reflect the 
significance of the turret. Of course, we can also combine the 
local detail enhancement and local depth constraint to achieve 
local significance enhancement of bas-relief. The bas-relief in 
Fig. 9(g) enhances the details of the mask region by 1.5 times 
based on Fig. 9(f). We can adjust the intensity of detail 
enhancement or depth constraint at will until we are satisfied 
with the effect. 

 In summary, we can highlight the local significance of 
bas-relief from the following two aspects: 

1) Local detail enhancement. The mask of the 
interested region, extracted from the image 
segmentation result of the watershed algorithm, is 
used to enhance the corresponding details. Not 
only that, we can enhance the details of multiple 
regions with different degrees, which not only 
enhances the overall details of the bas-relief, but 
also highlights the local details significantly. 

2) Local depth constraint. The mask of the interested 
region, extracted from the image segmentation 
result of the watershed algorithm, is used for depth 
constraint to achieve several depth levels of the 
model. The local significance of bas-relief is 
reflected by increasing the structural difference 
between the interested area and uninterested area. 
 

V. EXPERIMENTAL RESULTS 
In our experiments, the computer environment is configured 
as follows: Mac OS operating system, Intel Core i5 processor, 
8GB memory. Our experimental code is implemented based 
on MATLAB programming. 

It is first necessary to understand the relationship between 
bas-relief and bas-relief height field. The bas-relief height field 
is a two-dimensional height matrix that records the depth value 
of each location, and the height field data is usually saved in a 
*.MAT file. The final bas-relief can be generated from the 
existing bas-relief height field. 

A. STRUCTURAL ADJUSTMENT 
In Fig. 10, we compress the structures extracted by the Full 
Least Squares filter to 50%, 25% and 10% of the original 
depth respectively (the first column). As the compression 
degree increases, the bas-reliefs tend to be flatter. The second 
column shows the complanation effects by direct compression 
of the original bas-reliefs. At this time, the structures and 
details are compressed in the same proportion, and the surface 
details gradually fade as the depth decreases. In the third 
column, the complanation effects are produced by our method, 
keeping the details unchanged and the structures compressed. 
It is observed that the reconstructed bas-reliefs effectively 
maintain the original details. More than that, the surface areas 
of bas-reliefs decrease with the increase of depth compression. 
When the same details are mapped to bas-reliefs with different 
surface areas, the smaller the surface areas, the more 
prominent the details. 

 

   (a) Gray image (b) Image segmentation (c) Mask 

    (d) Original bas-relief (e) Local detail enhancement (f) Local depth constraint (g) Both 
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FIGURE 10.  Bas-reliefs comparison with different structures and details (A, B are the structures and details of the bas-relief respectively).
 

B. DETAIL ADJUSTMENT 
However, sometimes excessive details may lose the aesthetic 
of bas-relief. For instance, bas-reliefs in the third column of 
Fig. 10 are covered by over-dense details.  

Therefore, the details are appropriately compressed to 
improve the overall visual effect. In the fourth column, the 
details are compressed to 75%, 50%, and 25% in turn. Some 
features disappear with the depth compression of bas-relief, 
leaving the main details alone. In the fifth column, bas-reliefs 
are generated through the combination of the first and fourth 
columns, which does not pursue 100% preservation of the 
details, but pays attention to the mutual unity of both details 
and structures, avoiding the unilateral performance of details 
as shown in the third column. It is the complementarity of the 
details and structures that makes the model tend to be flatter 
while maintaining the three-dimensional sense. 

C. QUALITY EVALUATION 
In our experiment, SSIM (structural similarity index) [23] is 
used to measure the structural similarity between the 
reconstructed height field and the original height field. The 
range of SSIM is [0, 1]. The larger the value, the smaller the 
difference. 

Table 1 records the SSIM values of different bas-reliefs in 
Fig. 10. From the longitudinal perspective, the depth compres-
sion of the structures has a great impact on SSIM, and the 
values of each column decrease significantly with the increase 
of compression degree. Since the height values of the details 
are extremely small, the change has little effect on the 
structures of bas-relief, so the SSIM values in each row are 
relatively similar. In Fig. 10, the SSIM values of the third and 
fifth columns are both bigger than that of the second column, 
which indicates that bas-reliefs of the third and fifth columns  

     0.50A 0.50(A+B) 0.50A+B 0.75B 0.50A+0.75B 

     0.25A 0.25(A+B) 0.25A+B 0.50B 0.25A+0.50B 

     0.10A 0.10(A+B) 0.10A+B 0.25B 0.10A+0.25B 
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TABLE I 
QUALITY EVALUATION OF BAS-RELIEFS (SSIM) 

Structural 
compression 

The second column 
in Fig. 10 

The third column 
in Fig. 10 

The fifth column 
in Fig. 10 

50% 0.769 0.781 0.777 
25% 0.450 0.466 0.458 
10% 0.231 0.242 0.233 

 
are closer to the original bas-relief, and the details are better 
preserved than the second column. According to the objective 
evaluation, the SSIM value of the third column is the largest, 
that is, the third column gives the best result. After all, the 
reconstructed bas-relief has completely retained the details of 
the original model. But subjectively, models shown in the fifth 
column are more consistent with the visual perception 
characteristics of human eyes. 

More examples whose structures are uniformly compressed 
to 10% are shown in Fig. 11. Fig. 11(a) is directly compressed 
from the original bas-relief. And Fig. 11(b) is compressed by 
different proportions of the structures and details where the 
details are compressed to 25%. The details of bas-reliefs in Fig. 
11(c) are completely restored, which are obviously clearer 

than that in Fig. 11(a) and Fig. 11(b). But the details are too 
prominent compared with the bas-reliefs. Based on Fig. 11(b), 
the local details in Fig. 11(d) are double-enhanced by our local 
detail enhancement method. Correspondingly, it is found that 
bas-reliefs after local enhancement magnify the contrast of 
different regions, highlight the significance of main features, 
and make the model more natural and appropriate. 

The experimental results have proved the feasibility of our 
bas-relief modeling method, which effectively preserves the 
details while reducing the depth of the bas-relief. And global 
and local adjustments of the details have produced a rich 
variety of planarization effects. More flexible is, users can 
design the bas-relief freely according to their own preferences. 

VI. CONCLUSION 
Based on the idea of feature separation and migration, the 
structures and details of bas-relief are first separated by our 
proposed method called Full Least Squares filter, then the 
details are recombined with the deeply compressed structures 
to generate a new bas-relief. In addition, combined with the 
watershed algorithm, local feature processing, either local 

FIGURE 11.  Bas-reliefs comparison with different detail preservation (A, B are the structures and details of the bas-relief respectively). 

    

 

    

 

    

 

(a) 0.1(A+B) (b) 0.1A+0.25B (c) 0.1A+B (d) Local detail enhancement  
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detail enhancement or local depth constraint, is carried out 
through the mask operation to highlight the local feature 
significance of bas-relief. Experiments show that our method 
effectively avoids the features removal during the depth 
compression of bas-relief and generate more delicate and 
harmonious bas-relief. 

Although the watershed algorithm has realized the local 
detail enhancement of the bas-relief, it may generate a 
contradiction when using gradient information to segment the 
image. If smooth filter is not performed in advance, it is easy 
to appear excessive segmentation. Otherwise, multiple target 
regions may be merged into one. And the threshold needs to 
be adjusted manually to achieve the ideal image segmentation 
effect. Therefore, future research can be focused on the 
adaptive region segmentation of the bas-relief height map. In 
addition, the contour-type bas-relief can be studied from the 
aspects of edge detection and contour extraction, which is well 
worthy of research and application since its elegant 
appearance and great decorative performance. 
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