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ABSTRACT

In this paper, we highlight a new filtering concept and

methodology, called the semantic image content filtering
(SICF), which aims to remove insignificant small details

from the image while preserving its main structure. Such

image content separation is not possible to achieve by us-

ing any conventional linear filter as it is essentially designed

to perform frequency separation. To realize an effective

SICF, a novel image filtering algorithm, called the edge-
preserving scale-aware filter (ESF), is proposed in this paper.

Our proposed ESF yields a significant improvement over a

recently-developed scale-aware filter, called the rolling guid-
ance filter (RGF). The key success of our ESF lies in the

developed adaptive relative total variation filter (ARTVF),

which replaces the RGF’s Gaussian filter for generating a

much improved initial guidance image. Extensive simula-

tion results obtained from various test images have clearly

demonstrated that the proposed ESF outperforms other state-

of-the-art methods on conducting SICF task. That is, the

semantically-important large-scale image structure has been

better preserved, while the insignificant small details have

been removed more effectively.

Index Terms— Semantic image content filtering, edge-

preserving, scale-aware, rolling guidance filter.

1. INTRODUCTION

In many image processing applications, such as noise sup-

pression, edge detection, segmentation, and so on, it is of-

ten highly desirable to separate semantically meaningful im-

age contents (such as image’s main structure) from insignif-

icant ones (such as small details). In this paper, this task

is coined as semantic image content filtering (SICF). Unfor-

tunately, any conventional linear shift-invariant (LSI) filter

(e.g., a Gaussian filter), which conducts filtering from the

viewpoint of frequency separation, is unable to effectively ac-

complish this goal, since both main structure and small details

can have both low and high frequencies.

Over the past decades, edge-aware or edge-preserving fil-

ters (e.g., [1]–[9]), such as the bilateral filter (BF) [2], the

guided filter (GF) [4], and the weighted least square filter

(a) (b) (c)

(d) (e) (f)

Fig. 1. Filtered results obtained from a test image “Batman”

as shown in (a) by using: (b) the Gaussian filter, (c) the BF [2],

(d) the WLS [3], (e) the RGF [15], and (f) the proposed ESF,

respectively.

(WLS) [3], have emerged and can be exploited to conduct

SICF. However, these filters judge the ‘semantic importance’

of image contents mainly based on the information of image

contrast. As a result, they could fail to suppress insignifi-

cant small details that are in high contrast. Likewise, they

could also fail to preserve those important main structures

that are in low contrast. Recently, it has been pointed out

in [10] that it is the scale information (rather than the con-
trast) that should be exploited for conducting SICF. Inspired

by this insight, several works (e.g., [10]–[17]) have been pro-

posed. Among them, the rolling guidance filter (RGF) [15]

has been proven as a superior approach on conducting SICF

task, compared with existing LSI filters and edge-preserving

filters, as demonstrated in Fig. 1.

In this paper, a new SICF algorithm is proposed, called the

edge-preserving scale-aware filter (ESF), which is a signifi-

cantly improved version of the RGF, particularly on the aspect

of edge-preserving capability (see Fig. 1). The key success

of our approach lies in the developed adaptive relative total
variation filter (ARTVF), which replaces the RGF’s Gaussian

filter for generating a much improved initial guidance image.

Consequently, large-scale main structure can be more accu-

rately preserved, while insignificant small-scale image details
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Fig. 2. Block diagram of the scale-aware RGF algorithm [15].

can be more effectively suppressed. Extensive simulations

conducted on a variety of test images have clearly demon-

strated that the proposed ESF is able to deliver superior SICF

results, compared to that of existing state-of-the-art methods

for performing SICF task.

The rest of this paper is organized as follows. Section 2

provides a succinct review of the RGF algorithm. Section 3

describes the proposed ESF method in detail. Section 4 con-

ducts performance evaluations of our proposed ESF against

several comparable filters. Section 5 concludes this paper.

2. ROLLING GUIDANCE FILTER (RGF)

The block diagram of the RGF [15] is demonstrated in Fig. 2.

It is an iterative filtering process with two inputs and one out-

put. One of the inputs is the original image I , and the other

is a detail-removed version of I , denoted as Rk. The process

aims to recover the main structure of the original image I
under the latest-generated guidance of Rk in each iteration.

Note that the filtered image Rk is an enhanced version of

Rk−1, in the sense that the main structure presented in Rk

is closer to that in the original image I . In [15], the initial

detail-removed image R0 is obtained by applying a Gaussian

filter with the standard deviation σ to the input image I . As

expected, the main structure of the image will be inevitably

blurred as demonstrated in Fig. 2.

In [15], the joint bilateral filter (JBF) [18] is employed as

the joint filter as depicted in Fig. 2, where the filtered value

Rk
p at each pixel p in the k-th iteration is computed by

Rk
p =

1

Jp

∑
q∈Ωp

exp

(
−||p− q||2

2σ2
s

− ||R
k−1
p −Rk−1

q ||2
2σ2

r

)
Iq,

(1)

where Ωp denotes a local image region centered at the pixel

p, the pixel q denotes a neighboring pixel within Ωp, and

Jp =
∑

q∈Ωp
exp

(
− ||p−q||2

2σ2
s
− ||Rk−1

p −Rk−1
q ||2

2σ2
r

)
is a nor-

malization factor. One can see that the JBF’s kernel is a prod-

uct of two Gaussian kernels; i.e., a spatial kernel with the

standard deviation σs and a range kernel with the standard

deviation σr. The setting of these two parameters will be dis-

cussed in Section 4.

Since most the small-scale details have been effectively

removed by the Gaussian filter, the resultant initial guidance

image R0 tends to be flat in the corresponding local regions.

In this case, the JBF’s range kernel will not take effect as

||R0
p − R0

q || ≈ 0. Consequently, the JBF becomes the same

Gaussian filter that was exploited on the generation of R0; in

this case, σs = σ. Hence, the JBF is unable to recover those

small-scale details that have been removed by the Gaussian

filter. On the contrary, the range kernel will take effect on the

main structure, since it has not been greatly destroyed by the

Gaussian filter and thus possibly being recovered in RK .

However, we have observed that the RGF is not capable

on recovering those delicate parts of the main structure, such

as sharp corners and thin edges. To demonstrate, one can

refer to the RK in Fig. 2 and observe that the dog’s tail is

not well recovered. As another example, the sharp corners

appeared on the input image I in Fig. 1 are no longer sharp

in the recovered RK . This concern on the “edge-preserving”

aspect will be addressed in our proposed method, as described

in the following section.

3. PROPOSED EDGE-PRESERVING SCALE-AWARE
FILTER (ESF)

In this paper, a new SICF algorithm is proposed, called the

edge-preserving scale-aware filter (ESF), which is a much

improved version of the RGF [15]. The improvement is

achieved on the stage of generating the initial guidance image

R0, which is considered not trivial but of great importance

on such guidance-based image filtering approach (Fig. 2),

since the generated R0 is used as one of two starting inputs

for conducting iterative recovery of the original image’s main

structure. Ideally, the R0 contains no small-scale details, but

only with well-preserved main structure of the input image.

By examining the RK generated in the RGF [15], it has

been observed that many small-scale details are not removed

satisfactorily. Moreover, distinct distortions have incurred on

the main structure. The root of these problems mainly lies in

the RGF’s initial guidance image R0, which was generated by

exploiting an isotropic Gaussian filter (Fig. 3(a)) with a fixed



and large standard deviation (normally, σ = 5 or even larger).

Although the Gaussian kernel can help to remove small-scale

details, but this is achieved at the expense of yielding dis-

torted main structure. To address this issue, we replace RGF’s

Gaussian filter by our developed adaptive relative total varia-
tion filter (ARTVF), which not only effectively remove small-

scale details but also accurately preserve the main structure of

the input image.

The developed ARTVF is inspired by the relative total
variation filter (RTVF) [12], which has the following objec-

tive functional:

F(S) =
∑
p

{
(Sp − Ip)

2
+ λ

( |(∂xS)p|
Lx,p + ε

+
|(∂yS)p|
Ly,p + ε

)}
,

(2)

where I and S denote the input image and the detail-removed

output image, respectively.1 The first term in (2) is a data
fidelity term, and the second term is a regularization term.

The constant λ balances the contributions inserted from these

two terms. In the regularization term, the partial differenti-

ation operators ∂x and ∂y compute the partial derivatives of

S along the horizontal (i.e., x-axis) and the vertical (i.e., y-

axis) directions, respectively. The small constant ε = 10−3 is

employed to avoid any possible numerical instability.

In (2), Lx,p and Ly,p are computed for each pixel p within

its local window Ωp centered on the pixel p, as follows [12]:

Lx,p =

∣∣∣∣∣∣
∑
q∈Ωp

wp,q · (∂xS)q

∣∣∣∣∣∣ , Ly,p =

∣∣∣∣∣∣
∑
q∈Ωp

wp,q · (∂yS)q

∣∣∣∣∣∣ ,
(3)

where wp,q is a Gaussian weighting factor between the cur-

rent pixel p and its neighboring pixel q within Ωp. Note that

Lx,p and Ly,p play an important role on discriminating un-

wanted small-scale image details from important large-scale

main structure. These values tend to be small, if the local re-

gion Ωp surrounding the current pixel p only contains small-

scale textures. This is because the directions of gradients

measured in such kind of regions are more inconsistent or

scattered, thus the gradients will counteract each other when

being summed up. With smaller Lx,p and Ly,p in (2), the reg-

ularization term will impose larger penalties to those regions

with small details only than to those ones containing large-

scale main structure.

The main difference between our objective functional de-

fined in (2) and that in the RTVF [12] lies in the ways on

computing the wp,q in (3). In [12], wp,q is computed based on

an isotropic Gaussian kernel with the standard deviation σv

(denoted as G360◦ ) as demonstrated in Fig. 3(a). In our ap-

proach, four additional anisotropic Gaussian kernels are in-

cluded and denoted as G0◦ , G90◦ , G45◦ , and G135◦ , respec-

tively (Fig. 3(b)-(e)). For each anisotropic Gaussian kernel,

1For ease of paper development, both images I and S are grayscale. For

color images, the described detail-removal filtering process will be applied to

its three color channels individually.

(a) G360◦ (b) G0◦ (c) G90◦ (d) G45◦ (e) G135◦

Fig. 3. Five Gaussian weighting kernels employed in our pro-

posed ARTVF.

(a) (b) (c) (d)

Fig. 4. Filtered results of different detail-removal filters: (a)

input image; (b)-(d) filtered images by using (b) the Gaussian

filter, (c) the RTVF [12], and (d) the proposed ARTVF.

the standard deviations along its major and minor axes are

σv and σv/2, respectively. Further define the total response
resulted by exploiting the Gaussian kernel Gθ as Lθ, where

Lθ = Lx,p(θ) + Ly,p(θ). For each pixel p, its wp,q will be

computed by exploiting each of these five Gaussian kernels

individually. The values of Lx,p and Ly,p to be used in (2)

are identified among all the computed Lθ by checking which

one yields the largest response; that is, L∗θ = maxLθ. Mean-

while, the following condition is also required to be satisfied:

L∗θ > η · L360◦ . This condition ensures that the pixel p is

indeed an ‘edge’ pixel; otherwise, the Lx,p and Ly,p obtained

in L360◦ will be used in (2) instead. The threshold η is empir-

ically set to 2 and used throughout all of our experiments.

Since the objective functional as defined in (2) is non-

convex, an iterative numerical approach is adopted in [12] to

approximate the optimal solution; this is similar to the iter-

ative re-weighted least square algorithm [19]. In Fig. 4, the

results obtained by exploiting different filters for removing

small details of image content are demonstrated. One can

see that the proposed ARTVF clearly outperforms the RTVF

method and the Gaussian filter used in the RGF algorithm, not

only on removing small-scale details but also on preserving

large-scale main structure, especially for the parts that have

thin edges or in small size, as indicated by the red and blue

arrows in Figs. 4(c) and 4(d), respectively.

Despite the promising filtering results yielded by the de-

veloped ARTVF, the proposed method could still leave some

small details unfiltered. These unremoved details are denoted

as residues in our paper, and they could be easily incurred in

the locations nearby the main structure. This is mainly due

to the fact that both Lx,p and Ly,p are computed over a lo-

cal window Ωp. Consequently, when the small-scale details

are nearby an edge of the main structure, the measured Lx,p

and Ly,p could be fairly close to that of edge pixels. In this



case, the small-scale details will be treated as ‘edge’ pixels

and thus preserved. To solve this issue, we found out that

by simply applying a Gaussian filter G to S (generated by our

ARTVF), the above-mentioned residues of small-scale details

can be effectively removed; i.e., R0 = G∗S, where ∗ denotes

the convolution operation. Note that the value of the standard

deviation used at this stage must be small for avoiding sig-

nificant distortion incurred to the main structure. For that,

the standard deviation is empirically determined and set as 2.

Although the initial guidance image becomes slightly more

blurred after the above-mentioned convolution, however it is

a much better starting point for conducting the recovery pro-

cess of the main structure.

After the initial guidance image R0 is generated as above-

mentioned, the same structure recovery process as depicted

in Fig. 2 will be conducted to generate the final output im-

age RK . Since the structure distortion incurred in R0 is much

slighter in our proposed ESF than in the original RGF, the it-

erative structure recovery process generally requires fewer it-

erations to converge; typically, 3 iterations is sufficient while

the RGF requires 5 iterations or more. Ideally, the recovered

image RK should deliver the same main structure of the orig-

inal image I without showing any unwanted small detail.

4. EXPERIMENTAL RESULTS

Extensive simulations have been conducted to evaluate the

performance of our proposed ESF. The filtered results of the

proposed ESF for conducting SICF are compared to sev-

eral state-of-the-art methods, including two representative

edge-aware filters (i.e., the bilateral filter (BF) [2] and the

weighted-least-square (WLS) filter [3]) and two recently-

developed scale-aware filters (i.e., the relative total variation
filter (RTVF) [12] and the rolling guidance filter (RGF) [15]).

Four parameters are required to be set in our ESF—two

are set for removing small details (i.e., the constant λ in (2)

and the standard deviation σv of the Gaussian kernels as de-

picted in Fig. 3) and two are used in the follow-up main struc-

ture recovery process (i.e., the spatial standard deviation σs

and the range standard deviation σr of the bilateral filter in

(1)). Note that the larger the λ and σv , the more small details

will be removed. In contrast, σs and σr control the main struc-

ture recovering ability of the follow-up joint filtering stage.

To prevent the removed small details from being recovered

back, a sufficiently large value of σs should be used; typi-

cally, σv ≤ σs ≤ 2σv is used in our simulations. As for σr, it

controls how well the main structure can be recovered. Note

that a larger value of σr tends to make the recovered main

structure more blurred. Finally, it should be noted that the

value-setting of these four parameters should be determined

based on the desired degree of small detail removal, and this

decision intimately depends on each image processing appli-

cation.

Fig. 5 demonstrates the filtered images obtained by using

(a) (b) (c)

(d) (e) (f)

Fig. 5. Filtered results of the test image as presented in (a) by

using: (b) BF [2] (σs = 4, σr = 0.5), (c) WLS [3] (λ = 4,

α = 1), (d) RTVF [12] (λ = 0.01, σ = 5), (e) RGF [15]

(σs = 5, σr = 0.1), and (f) the proposed ESF (in which

λ = 0.05, σv = 5, σs = 10, σr = 0.05), respectively.

different filters. It can be observed that both BF and WLS fail

to completely remove those high-contrast textures as shown

in Fig. 5(b) and (c). Although two state-of-the-art scale-aware

filters RTVF and RGF can yield much improved SICF results,

but some residues (i.e., small textures) and some degrada-

tions on the main structure are quite noticeable as shown in

Fig. 5(d)-(e). The proposed ESF, in contrast, has success-

fully avoided all the above-mentioned concerns and deliv-

ered the best visual quality of the SICF-filtered image (see

Fig. 5(f)). Due to the attractive edge-preserving scale-aware

filtering ability, the proposed ESF could benefit a variety of

practical image processing applications, such as image en-

hancement, texture replacement, image de-halftoning, edge

detection, to name a few2.

5. CONCLUSION

In this paper, a novel semantic image content filtering (SICF)

method is developed, called the edge-preserving scale-aware
filter (ESF). The proposed ESF is inspired by a recently

introduced scale-aware filter, called the rolling guidance
filter (RGF), but with a significant improvement on its edge-

preserving capability. This is achieved due to a much im-

proved initial guidance image generated by our proposed

adaptive relative total variation filter (ARTVF) method and

the follow-up residue removal filtering strategy. Extensive

simulations have demonstrated that the proposed ESF is able

to deliver much superior SICF results compared to several

comparable state-of-the-art filtering methods.

2For more examples, please refer to the supplementary material.
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