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Abstract

Generative adversarial networks (GANs) have made much progress in the field of high-quality and realistic facial image synthesis
in recent years. However, compared with their powerful generation ability, it is difficult for users to modify the desired attributes of
the resulting image while keeping the others. How to disentangle the latent space of pre-trained GANSs is essential and critical for
controllable image synthesis. In this paper, a novel controllable facial attribute editing algorithm based on the Gaussian mixture
model (GMM) representation is proposed. First, we assume that the latent variables with respect to each facial attribute lie in a
subspace of the whole latent manifold composed of a fixed number of learned features, and each attribute subspace can be mod-
eled by a GMM. Then, to avoid unintended changes during attribute editing, a coordinate accumulation strategy with orthogonal
regularization is introduced to enhance the independence of distinct attribute subspaces which helps improving the controllability
of attribute editing. In addition, a resampling strategy is utilized to improve the stability of the model. Through qualitative and
quantitative experimental results, the proposed method achieves the state-of-the-art performance on facial attribute editing, and
improves the controllability of desired attribute editing.

Keywords: Gaussian mixture model, latent space decoupling, orthogonal constraints on manifold spaces, semantic editor

1. Introduction

The basic principle of generative adversarial neural networks (GANS) is to learn the mapping function from latent
space to real data space through adversarial training [1]. Once the mapping function is learned, GANs can generate
realistic images through random sampling in the latent space. Although GANs have made significant progress in the
field of high quality facial image synthesis, how to effectively control the attributes of the generated results is still
a challenge. For example, when using GANSs to generate a face image, various facial attributes (expression, gender,
etc.) are entangled together and difficult to conduct desired attribute editing while keeping the other attributes.

In order to enhance the controllability, some researchers [2-5] strive to explore the latent space of GANs by
linear projection. They argue that the subspace after projection can represent some semantic information with respect
to facial attributes, and the semantic information learned by GANs can be reused to reasonably control the image
generation process. GANSpace [4] performed principal component analysis (PCA) on the latent variables sampled
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Figure 1: The results of facial attributes editing by various methods. (a) The original image, (b) - (f) are respectively the editing results by
GANSpace [4], SeFa [5], InterFaceGAN [3], EYE [6] and the proposed method. Each column represents the results of manipulating a specific
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attribute by different methods. “+” or “-” means the editing direction of desired attribute, which represents “strengthening” or “weakening”, and
“—” shows the effect before and after editing. Yellow arrow represents the pose variation and red circle means that this character has changed. Our
method improves the controllability of desired attribute editing while keeping the others.

from the latent space of a pre-trained GAN and found some editable directions corresponding to semantic attributes
through manipulating eigenvalues and eigenvectors. In SeFa [5], a general unsupervised closed-form factorization
method was proposed for latent semantic discovery. It aims at finding the main directions which cause the most
significant change of the projected latent code. InterFaceGAN [3] utilized support vector machines to learn the
boundary hyperplanes of different semantic attributes with the supervision of pre-defined attribute tags, then the facial
attributes can be edited by moving along the normal vectors of the hyperplanes. Enjoy Your Editing (EYE) [6] can edit
the facial attributes by manipulating the column of a matrix, which integrates the directions of all attributes. However,
due to the high-dimensional and nonlinear entangling property, the above methods based on linear projection are
difficult to disentangle complex semantic attributes, as shown in Fig. 1. The existing methods tend to change other
facial attributes of the original image when editing one attribute', such as the pose (GANSpace, SeFa, InterFaceGAN)
or identity information (SeFa). Another example is that these methods may change people’s hair or beard when
editing “smile” attribute. In contrast to the above models, our method can not only improve the controllability of
desired attribute editing, but also maintain other attributes well as shown in Fig. 1(f).

In this paper, a novel facial attribute editing algorithm based on the Gaussian mixture model (GMM) representa-
tion is proposed to decouple the latent space of pre-trained GANs. We assume that the latent codes with respect to
each facial attribute lie in a subspace of the whole latent manifold of a pre-trained GAN model, such as PGGAN [7] or
StyleGAN [8], and each attribute subspace can be modeled by a GMM. In order to improve the disentanglement per-
formance, a coordinate accumulation strategy with orthogonal regularization is proposed to enhance the independence

!t is noted that, for fairness, the editing results of different methods are selected when the edit amplitude of the specific attribute reaches about
80%.
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Figure 2: Latent space disentanglement based on GMMs. Given the latent space of a pre-trained GAN, we first use maximum likelihood method
to estimate the basis feature distribution functions, and then semantic subspace for each attribute can be built by a GMM, and meaningful semantic
directions are explored by a coordinate accumulation strategy.

between different subspaces.
Our contributions are summarized below:

¢ A novel controllable facial attribute editing algorithm based on Gaussian mixture model (GMM) representation
is proposed.

e A coordinate accumulation strategy with orthogonal regularization is proposed to improve the disentangling
performance.

e Compared with the state-of-the-art supervised and unsupervised approaches, our method gains better perfor-
mance on the controllability of specific facial attribute editing.

2. Related Work

In recent years, GANs have attracted widespread attention due to their great potential in generating high-quality
realistic images [7—11]. It usually takes a hidden vector (a.k.a. latent code) sampled from a Gaussian distribution as
input and outputs a realistic synthesized image. The generation performance of GANs has made great progress in
recent years, e.g., PGGAN [7] and StyleGAN [8] can produce high quality facial images with 1024 x 1024 resolution.
However, compared with the powerful generation ability, how to control or edit the generation results without repeated
training is still an open problem, i.e., for a generated facial image, users may attempt to modify one or more attributes,
such as expression, gender or age as shown in Fig. 1, while retaining other information of the input face.

An intuitive way for controllable attribute editing is training GANs with attribute value as a condition [12—16]. For
example, SaGAN [13] improved the controllability of GANs by introducing the spatial attention mechanism into GAN
framework, which focuses on altering the attribute specific regions while keeping the rest unchanged. MagGAN [17]
introduced a fine-grained facial attribute manipulation strategy by a mask-guided reconstruction loss. Cascade EF-
GAN [18] used a progressive facial expression editing strategy with local focuses to solve the artifacts and blurs
during attribution manipulation. Wu et al. [19] presented an unsupervised facial expression editing techniques by
disentangling the identity and expression of a facial image. To speed up the editing process of facial image, Lin et
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al. [20] proposed Anycost GAN based on quick preview features in modern rendering software. In [16], a novel latent
space factorization model L2M-GAN was proposed. It is trained end-to-end and improves the edit controllability by
disentangling attribute-relevant and irrelevant features. However, the GANs are required to be trained repeatedly to
accomplish the controllable editing in these models.

Some recent research has indicated that GANs have actually learned some meaningful semantics in the latent
space during the training process. Therefore, the generation results can be potentially controlled and edited by explor-
ing the latent space of a pre-trained GAN without retraining the model. Bau et al. [21, 22] explored the role of each
activation in the generation process of GANs with the supervision of semantic segmentation, which is able to control
certain objects by modifying some activations. Yang et al. [2] explored the causality between the activations and se-
mantics occurring in the output image quantitatively by evaluating the layer-wise semantic representations at different
abstraction levels. For real image editing, GANs inversion methods [23-29] are studied to find the corresponding
latent variables and activations for follow-up semantic attribute editing. GANSpace [4], SeFa [5], InterfaceGan [3]
and EYE [6] are the most related work to this paper. GANSpace and SeFa are unsupervised analysis methods, while
InterFaceGAN is trained with semantic tags as supervision. In GANSpace, the principal axes were found by applying
PCA transformation in the latent space, while the interpretable directions can be directly computed in a closed-form
solution in SeFa. The support vector hyperplanes are learned with the supervision of semantic attributes in Interface-
GAN, and users can edit the facial attributes by moving along the normal of hyperplanes. EYE [6] can edit the facial
attributes by manipulating the column of a directional matrix. However, confined by the linear property, these four
methods based on linear projection are difficult to disentangle complex semantic attributes.

In order to explore the physical mechanism and logic relationship contained in big data, the disentangled repre-
sentation learning aims to mine the multi-level and multi-scale latent generative factor and promotes the development
of deep learning. Bengio et al. [30] first introduced the concept of disentanglement representation in the survey of
representation learning. Locatello et al. [31] explained the disentanglement representation learning from data genera-
tion. Bouchacourt et al. [32] presented a Multi-Level Variational Autoencoder (ML-VAE) for learning a disentangled
representation of grouped data. Sanchez et al. [33] proposed to use mutual information to disentangle the common
information and specific information for images sharing some attributions. In this paper, a coordinate accumulation
strategy with orthogonal regularization is utilized to enhance the independence of disentanglement.
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Figure 3: The mean value and standard deviation of each attribute score in sampled 500k images.



3. Approach

In this section, a novel controllable facial attribute editing algorithm based on GMM representation is proposed.
The whole framework is shown in Fig. 2. We assume that the whole facial attribute manifold space can be represented
by a group of basis features, i.e., eyes, mouth, cheek, color and shape of hair, etc. In order to enhance the diversity
of semantic editing, each basis feature is represented by a Gaussian distribution, and the parameters of each Gaussian
function can be learned through maximum likelihood estimation (MLE), as shown in Fig. 2. Based on the above
assumption, each latent code z sampled from the latent space of a pre-trained GAN will lie in the union distribution
space of the basis features. Furthermore, the latent codes corresponding to each attribute will compose a subspace,
and each attribute subspace can be represented by a linear combination of basis features, which can be formulated as
a Gaussian mixture model. In this paper, a coordinate accumulation strategy with orthogonal regularization is utilized
to improve the disentanglement of distinct attributes. Note that, all analytical and experimental results in this paper
are conducted on the two popular pre-trained GAN models, including PGGAN [7] and StyleGAN [8].

3.1. Training Data Collection

The training data is collected similar to InterfaceGAN [3]. For the given pre-trained PGGAN model [7] or Style-
GAN model [8], a high-quality facial image X can be generated by

X =0G(z) ey

where G(:) is the generator function of PGGAN or StyleGAN, z € R? is the latent code sampled from a normal
distribution, and X is the generated facial image with resolution 1024 x 1024 in PGGAN or 256 X 256 in StyleGAN.
Then, a pre-trained facial attribute classification network F [34] is utilized to predict the semantic attribute score of a
generated face image,

s = F(X) = F(G(2)) (2)

where s € R™ represents the scores of face image X on m facial attributes. Each element of vector s in the range of
[0, 1] indicates the probability to the specific attribute. For example, the gender attribute can be defined from female
(0) to male (1). If the two opposite situations of each attribute are taken into account, the whole facial attribute
manifold can be split into 2" subspaces. The main purpose of this paper is to learn the disentangled attribute subspace
representation.

In order to make sure that the distribution of the sampled codes can be expected to cover all of the attribute
subspaces, we randomly sample 500K latent codes and predict the attribute scores according to Eq. 2. Then, we
calculate the mean value and standard deviation for each attribute, see Fig. 3. Based on the attribute distribution
(big standard deviation) and visual effect (easy to show), 4 primary attributes including smile, gender, bangs, age are
chosen in this paper, which implies that the whole facial attribute manifold will be split into 2* attribute subspaces, as
shown in Fig. 2.

In this paper, each attribute subspace can be represented by a 4-d indicator vector I, whose element is either O or
1 indicating the negative or positive of this attribute. The meaning of each dimension is respectively smile, gender,
bangs and age. For example, [0, 0, 0, 0] represents “the smile is negative (calm); gender is female; bangs do not exist;
age is negative (old)”, while [1, 1, 1, 1] indicates “the smile is positive (laugh); gender is male; bangs exist; age is
positive (young)”.

To reduce ambiguous samples, e.g., middle-aged person for age attribute, we pick 2K samples with the highest
score and 2K with the lowest score for each attribute, and a total of 4K samples with significant attributes are selected.

3.2. Basis Feature Distribution Learning based on MLE

Assuming that the whole facial attribute space can be represented by a group of learnable basis features, which
is very popular in sub-manifold learning. In order to enhance the diversity of semantic editing, each basis feature
is represented by a multivariate Gaussian distribution Ny, where 6; = (u;,%;) is the mean and standard deviation
parameters. Therefore, each latent code z should lie in the union space spanned by the whole basis features,

K
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Figure 4: Illustration of coordinate accumulation in the case of m = 3.

where, K is the number of Gaussian distributions.
To ensure that the basis features can cover the latent space of GANs, maximum likelihood estimation (MLE) is
used to learn the parameters of each distribution,

, “

where, N represents the number of latent code samples and it is set as 16K in our experiments, z; is the latent variable
with significant facial attributes and p is the probability function.

3.3. Attributes Disentanglement based on GMM

In this section, we assume that the latent codes corresponding to each attribute lie in a subspace of the whole basis
feature manifold. Therefore, each attribute subspace A; can be represented by a linear combination of basis features,

which can be formulated as a GMM,
K

ply € A = > aVNy (), 5)

i=1

where «; is the learnable coeflicients of the GMM for the j-th attribute subspace, and o' is its i-th component. In
order to ensure the latent codes in subspace A; comply with the desired attribute I;, an objective function is designed
as follows

H(lyifn IF(G(y) = Lll, Yy € A;. (6)

For solving the optimization problem of a continuous normal distribution involved in Eq. 6, a discrete resampling
strategy is introduced. A random vector from each basis feature distribution Ny, is sampled, then a basis matrix Q
is constructed with each sampled vector as a row. Combined with Eq. 5, the objective function on the whole 2™
subspaces can be reformulated as

.
min > F(G(a;Q) - Ll @
J j=1

In order to decouple the semantic attribute subspaces more effectively, a coordinate accumulation strategy with
orthogonal regularization is proposed as shown in Fig. 4. Let 5, represent the basis attribute, i.e., the dumb attribute
with indicator function [0, 0,0, 0] as shown in the last row of Fig. 5. Then the specific attribute subspace A; can be
found by a; = Bo+1;(B1;B2; ... BT, where 81,82, ..., B are the semantic coordinates of m attributes derived from the
basis attribute y. Once the model is trained well, these directions can be utilized to edit the corresponding semantic
attributes of an image.



To further improve the disentanglement performance, an orthogonal regularization between semantic coordinates
B1,52, ..., B 1s introduced by minimizing the discrete cosine distance. Finally, the objective function in Eq. (7) can be
reformulated as

BB
mmZIIF(G((ﬂo +LDHQ) - Ll +4 )] @®)
L BB
where A is a regularization parameter, D = (8;;52; ...; Bm)-
Finally, the whole loss function can be formulated as follows
z BB g &
min ) IF(G((Bo + LDDHQ) ~ Ll +2 - No(z)). ©)
Z o A lz;m WGAIBT N JZJ 2. Na,

where hyperparameters A and 7 are set to 1 in our paper, and satisfactory results can be obtained after training on 40K
resampled points.
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Figure 5: Illustration of the central sampling of each attribute subspace. For example, all the central images with the first element is 1 in the
indicator vector are laughing and all the central images with the third element is 1 have bangs.

4. Experiments

We conducted experiments with PyTorch and Python3.8 on a PC equipped with a GTX 2080Ti, 32GB RAM
and 3.6GHz Intel Core i9-9900K CPU. Adam optimizer with learning rate 5 x 107> is used to train our model and
the optimization process takes about 8 hours for 4 facial attribute disentanglement in the CelebAhq1024-PGGAN
model [7], and about 6 hours for ffhq256-StyleGAN model [8]. Due to the layout, we only show the experimental
results on PGGAN in the manuscript, and the experimental results on StyleGAN are shown in the supplementary
material.

4.1. Effectiveness of Attribute Decoupling

Tag consistency. As we select 4 facial attributes, smile, gender, bangs and age, a total of 2* attribute subspace
can be obtained. In this section, an experiment is designed to evaluate the decoupling performance of the proposed
7
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Figure 7: Multiple attribute editing results for PGGAN. (a) The original images, (b) - (f) are respectively the editing results of GANSpace, SeFa,
InterFaceGAN and Our results. “+” or “-” means the editing direction of desired attribute and “—" shows the effect before and after editing.

method by checking the central samples of each attribute subspace. The mean vector y; of each feature distribution N,
is sampled and concatenated in a row to construct the sample matrix Q. Then the central image of attribute subspace
Aj can be generated by G((Bo + 1 jDT)Q) as introduced in Eq. (8). The central images are illustrated in Fig. 5. The
indicator vector I; below each image shows the attribute information of the space, which are (smile, gender, bangs,
age). We can find that the central image generated by each subspace does match the indicator tag, and has the most
distinctive corresponding attribute, which validates the effectiveness of attribute decoupling.

Identify consistency. In order to illustrate that the proposed method could maintain the identify information well
during editing, we utilize a popular face verification algorithm [35], which is used to obtain the identify similarity
between two images. The algorithm states that a threshold of 1.1 would classify each pair correctly. Table. 1 shows
the mean identity discrepancy on the 1000 images during editing with different step length. We can find that almost
all indicators are below 1.1 except for some extreme cases with big step length. For example, when the “gender”
attribute is edited with step length 3, the identity discrepancy is over 1.1. We analyze that it is reasonable because
big change of “gender” easily affects the variation of other attributes, such as hair, skin color, etc. The experimental
results validate the effectiveness of the proposed method on identity preserving during editing process.

Step length -3 -2.4 -1.8 -1.2 -0.6 0.6 1.2 1.8 24 3

1 Bangs 0.668 0.605 0.528 0.433 0.303 0.338 0.531 0.685 0.806 0.898
2 Age 1.101 0992 0.846 0.651 0.403 0389 0.609 0.771 0.892 0.982
3 Gender 1.024 0968 0.887 0.755 0.526 0.559 0.826 0977 1.062 1.113
4 Smile 0928 0.834 0.715 0562 0364 0353 0.526 0.650 0.744 0.817

Table 1: ID discrepancy during the attribute manipulation for PGGAN model. Larger number means lower similarity.

4.2. Latent Space Attribute Editing

As illustrated in Fig. 4, 8; implies the editing direction of the i-th facial attribute, while the combination of different
B refers to multiple attributes editing. Hence, we can conduct the attribute editing through the following formula
7 =14y oo (10)
= 1B:AQIl
9



where z is the initial latent code, w; € [-3, 3] represents the step length of edit along the i-th attribute, Q is constructed
in the same way as the previous section. Positive values indicate that the attribute is “strengthened” and negative
means “weakened”.

In the following, the editing performance of the proposed method is compared with the state-of-the-art methods:
GANSpace [4], SeFa [5], InterFaceGAN [3] and EYE [6], qualitatively and quantitatively.

4.2.1. Single Attribute Editing Comparisons

By setting the coefficients of other attributes to 0 in Eq. 10, we can conduct single attribute editing. Fig. 6 shows the
editing results on each attribute for PGGAN model. We can find that the “gender” attribute is tangled with “bangs”
and “age” in both GANSpace and InterfaceGAN, while SeFa introduces numerous unrelated changes, such as the
hairstyle when editing “age”, or face shape while editing “bangs”. Similar editing results appear on StyleGAN model
(in supplementary material). A similar thing happens with the EYE, for example, editing bangs in PGGAN causes
age changes, and it is difficult to effectively edit other attributes. Compared with the state-of-the-art methods, the
proposed method can decouple the attributes better and preserve the other attributes well when editing one attribute.

4.2.2. Multiple Attributes Editing Comparisons

Similarly, we can conduct multiple attributes editing by the combination of different editing directions as shown
in Eq. 10. In this experiment, the attributes are edited cascadedly. Some cases of desired editing are shown in Figs. 1
and 7. It is obvious to find that the proposed method outperforms the other state-of-the-art methods in most samples,
and can maintain other attributes well when editing specified attribute.

4.2.3. Quantitative Comparison
In this section, we conduct quantitative experiments to evaluate the disentanglement performance with two popular
metrics. In addition, a subjective user study is also designed for further evaluation.

Smile Gender
Method 0 025 05 075 1 0 025 05 075 1
1 GANSpace 0 0179 0258 0321 0380 0 0422 0525 0599 0.667
2 SeFa 0 0214 0304 0380 0453 0 0.409 0503 0571 0.632
3 InterFaceGAN 0 0.169 0252 0320 0393 0 0440 0546 0631 0.716
4 EYE 0 0267 0461 0600 0758 0 0562 0.647 0700 0.747
5 ours(abliaion) 0 0.181 0259 0325 0383 0 0461 0562 0636 0.701
6 ours 0 0142 0219 0284 0350 0 0426 0526 0601 0.672
Bangs Age
0 025 05 075 10 025 05 075 1
1 GANSpace 0 0381 0478 0541 0620 0 0339 0572 0763 0.936
2 SeFa 0 0407 0451 0478 0503 0 0211 0350 0473 0598
3 InterFaceGAN 0 0410 0455 0486 0515 0 0245 0411 0568 0.724
4 EYE 0 0320 0407 0462 0512 0 0329 0520 0675 0816
5 ours(abliaion) 0 0306 0337 0358 0376 0 0192 0319 0433 0.546
6 ours 0 0261 0299 0328 0350 0 0.163 0282 0.397 0.524

Table 2: Mean-AD vs. edit amplitude of the corresponding facial attribute demonstrated for PGGAN model. Lower mean-AD indicates better
disentanglement.ours(ablation) means ours without coordinate accumulation strategy .

Disentanglement Accuracy. Two metrics are utilized in this paper, Mean-AD and re-scoring analysis. Mean-
AD referred to as mean attribute dependency (AD) proposed in [36]. It measures the influence of an editing along
a certain direction to other irrelevant attributes, which is calculated by the score difference of attribute classifier F
for those attributes. Smaller AD implies better disentangled performance. The Mean-AD is computed and shown in
Tab. 2. It can be seen that, compared with other methods, the average AD of the proposed method is smaller for most

10
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Figure 8: Re-scoring analysis on the semantic manipulation achieved by different methods on PGGAN model.

facial attributes, which means the proposed method has better performance on attribute disentanglement and subspace
segmentation.

In order to evaluate the disentangling performance between the current editing attribute and each of the rest
attributes, another popular metric referred to re-scoring analysis used in [3, 5] is adopted. Re-scoring analysis is
designed to quantitatively evaluate whether the editing along the identified directions can properly represent the cor-
responding attributes. Each image is edited distinguishably along a certain attribute direction, and we record the score
difference along each attribute. Finally, the average scoring is computed and shown in Fig. 8. It can be obviously found
that the proposed method preserves irrelevant attributes the best while editing along an identified attribute direction in
most cases.

User Study. To evaluate attribute editing results under human perception, we randomly choose 20 edited images
for each attribute from 1000 images, and 100 users are asked to select the best edited image among all methods.
To avoid bias, we randomise the order of image pairs shown to the participants and their left/right positions. User
evaluation criteria are defined as: 1) whether the attribute is edited correctly; 2) whether the area irrelevant to the
attribute is reserved; 3) whether the edited image is realistic. Fig. 9 shows the results over all users, it shows that our
method outperforms the compared methods on user study.

w
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w
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= -
o o
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GANépace SéFa InterFaceGAN EYE Ours

Figure 9: User Study results of facial attribute editing on four attributes: smile, bangs, age, gender.
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Smile + Gender - Bangs + Age - Smile + Gender + Bangs + Age -

Figure 10: Editing results on real images for the pre-trained PGGAN model. (a) The real image, (b) The reconstruction image, (c) - (g) are respec-
tively the editing results of GANSpace, SeFa, InterFaceGAN, EYE and the proposed method. Each column represents the results of manipulating

a specific attribute with different methods. “+” or “-”” means the editing direction of desired attribute, which represents “strengthening” or “weak-

ening”.

4.3. Real Image Attribute Editing

In this section, we illustrate the performance on editing real images. As the edit operation is performed in the latent
space of GANs, a GAN inversion preprocessing is required to find the corresponding latent code of a real face image.
Similar to [3, 4], an additional encoding network is trained to learn the inverse mapping of PGGAN and StyleGAN.

Fig. 10 shows the editing performance of four attributes on two real examples for different pre-trained PGGAN
models (The results of StyleGAN are included in the supplementary material). It can be seen that the controllability
of both GANSpace and SeFa is weak and the changes of attributes are not obvious. InterfaceGAN can get more
meaningful results, however, the controllability of desired attribute editing is not satisfactory. For example, when
editing “bangs” and “age”, the gender of the person is incorrectly changed. When editing the “smile” or “age”
attribute, other attributes will also be changed obviously for the method of EYE.

In contrast, the proposed method can edit the specified attribute properly while maintain the others, benefiting
from the proposed GMM subspace representation.

Smile + Gender - Bangs - Age +

Figure 11: The ablation study of coordinate accumulation strategy in PGGAN. (a) The original image, (b) and (c) are respectively the editing results
of the proposed method w/o and with coordinate accumulation method. “+” or “-” means the editing direction of desired attribute.
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4.4. Ablation Study

In this section, the effectiveness of the coordinate accumulation strategy with orthogonal regularization is demon-
strated in an ablation study. Figure 11 shows the results of without or with the coordinate accumulation strategy.
We can find that the results equipped with this strategy achieve better performance on keeping the pose and identity
property while editing a specified attribute. In addition, quantitative metric on 1000 test images also illustrates the
performance of coordinate accumulation strategy, as shown in Table. 2.

Next, an experiment is conducted to show that coordinate accumulation with orthogonal constraint does promote
the disentangling performance dramatically. For each unique attribute (smile, gender, bangs, age), the coefficients
of the corresponding Gaussian mixture model (GMM) is a 100-dimensional vector, which measures the weight on
each basis feature representation. The visualizations of the coefficients estimated by the model equipped with/without
orthogonal regularization are shown in Fig. 12 (PGGAN [7]). It can be seen that the model equipped with orthogonal
regularization produces sparse dominant representations for both GAN models, which assist with the interpretation of
improvements on disentangling performance.

1.0 2.5
1.00 A 201
0.8 2.0
j 151
0.6 0.75 151
0.4 0.501 107 1.0
0.21 0.25 1 0.5 1 054
0.0 1 T T T T T T 0.00 1 T T T T T T 0.0 1 T T T T T T 0.0 1 T T T T T T
0 20 40 60 80 100 0 20 40 60 80 100 0 20 40 60 80 100 0 20 40 60 80 100
Smile Gender Smile Gender
1.25 0.8 25 ] 2.01
1007 0.6 2.01 1.5
0.75 1
0.4 e 1.0
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0.25 1 021 0.5 03
0.00 1 T T T T T T 0.0 4 T T T T T T 0.0 1 T T T T T T 0.0 1 T T T T T T
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Bangs Age Bangs Age
Without orthogonal regularization. With orthogonal regularization.

Figure 12: Visualization of GMM coefficients estimated by the model equipped without/with orthogonal regularization for PGGAN model [7].

5. Conclusions

This paper proposes to use GMMs to decouple the semantic space of pre-trained GAN (e.g., PGGAN, StyleGAN)
face synthesis models for controllable attribute editing of facial image. A coordinate accumulation strategy with
orthogonal regularization is proposed to enhance the independence of distinct attribute subspaces. Qualitative and
quantitative experimental results show that the proposed method gains the state-of-the-art performance compared
with most related work.
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