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(b) CIE-Lab based

(a) Grayscale

(c) HSV based

(d) MultiColor

Figure 1: Image colorization with MultiColor. Given a grayscale image (a), colorization results with single color space (b,c) may
be bias, and our approach learns from multiple color spaces to obtain colorized image with more detailed color information (d).

ABSTRACT

Deep networks have shown impressive performance in the image
restoration tasks, such as image colorization. However, we find
that previous approaches rely on the digital representation from
single color model with a specific mapping function, a.k.a., color
space, during the colorization pipeline. In this paper, we first in-
vestigate the modeling of different color spaces, and find each of
them exhibiting distinctive characteristics with unique distribution
of colors. The complementarity among multiple color spaces leads
to benefits for the image colorization task.

We present MultiColor, a new learning-based approach to au-
tomatically colorize grayscale images that combines clues from
multiple color spaces. Specifically, we employ a set of dedicated col-
orization modules for individual color space. Within each module, a
transformer decoder is first employed to refine color query embed-
dings and then a color mapper produces color channel prediction
using the embeddings and semantic features. With these predicted
color channels representing various color spaces, a complementary
network is designed to exploit the complementarity and generate
pleasing and reasonable colorized images. We conduct extensive
experiments on real-world datasets, and the results demonstrate
superior performance over the state-of-the-arts. The code will be
available.

Unpublished working draft. Not for distribution.
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1 INTRODUCTION

Image colorization is an artful process that seeks to infuse grayscale
images with color in a remarkably realistic manner [5, 8, 40, 45].
This technology is pivotal in various fields, including digital art
enhancement [33] and legacy photos/videos restoration [41, 42, 47].
The core challenge is how to predict the missing color channels
that achieve satisfactory image colorization. Overcoming the chal-
lenge requires leveraging potential models that can resolve the
interactions between color channels and grayscale.

Over the last few years, deep learning techniques have yielded
significant improvements in image colorization. Early methods [8,
36, 46] employ convolutional networks to predict the per-pixel
color distributions, while recent works [18, 21, 43, 44] take advan-
tage of pre-trained generative adversarial networks [10] or trans-
former [38] to pursue the vividness and fidelity of colorized images.
The pixels within the color image can be represented in various
color spaces, such as RGB, HSV, and CIE-Lab. Existing image col-
orization approaches usually train the model under a specific color
space. As shown in Figure 1(b,c), we observe that they may suffered
colorized results bias, especially for the contents with complex
color interactions. The color spaces are designed to support the
reproducible representations of color with unique properties, and
incorporating the properties across different color spaces is helpful
to generate pleasing and reasonable colorized images (Figure 1(d)).

In this paper, we develop a learning-based approach, namely
MultiColor, that utilizes the complementarity from multiple color
spaces for image colorization. Starting from an encoder that extracts
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multi-scale feature maps, we employ a set of dedicated coloriza-
tion modules for individual color space. Inspired by the success of
query-based methods [4, 6, 7, 18], the colorization module for a
specific color space also employs the powerful attention mechanism
combined with a sequence of learnable queries. Specifically, a trans-
former decoder is first employed to refine color query embeddings,
and then a color mapper produces color channel prediction using
the embeddings and semantic features. In order to fully tap the
potential of multiple color spaces, we further introduce the color
space complementary network. The contributions of this paper
include the following:

e Unlike the existing works based on single color space, the
proposed MultiColor employs learnable color queries to mod-
eling various color channels of multiple color spaces, which
are utilized to generate visually reasonable colorized images.
To our knowledge, this is the first work to image colorization
with multiple color spaces.

e We design a simple yet effective color space complementary
network to combine various color information from multi-
ple color spaces, which helps maintain color balance and
consistency for the overall colorized image.

o We validate MultiColor through extensive experiments on
the ImageNet [34] colorization benchmark, and demonstrate
that MultiColor outperforms recent state-of-the-arts. Fur-
thermore, we test our model on two additional datasets
(COCO-Stuff [3] and ADE20K [48]) without finetuning, and
our approach shows very competitive results with multiple
color spaces.

The remainder of this paper is organized as follows. Section 2 dis-
cusses related works and Section 3 briefly reviews the background
of our work. Our proposed MultiColor is described in Section 4
and extensively evaluated in image colorization experiments in
Section 5. Finally, Section 6 concludes this paper.

2 RELATED WORK

Image Colorization aims to add color information to a grayscale
image in a realistic way. Cheng et al. [8] propose the first deep
learning based image colorization method. Zhang et al. [46] takes
grayscale image as input and predicts the corresponding ab color
channels of the image in the CIE-Lab color space. InstColor [36]
presents an approach to colorizing grayscale images that takes
into account the objects and their semantic context in the image.
Some researchers introduce rich representations from pre-trained
GAN [2, 19] into the colorization task. Besides, an adversarial learn-
ing colorization approach is employed to infer the chromaticity
of a given grayscale image conditioned to semantic clues [39].
GCPColor [44] produces vivid and diverse colorization results by
leveraging multi-resolution GAN features. BigColor [21] utilizes
color prior for images with complex structures. Despite the ex-
pansive representation space afforded by GANSs, these methods
encounter several constraints, particularly when dealing with im-
ages exhibiting complex structures, resulting in inconsistent results.
Recently, Transformer [38] has been extended to image coloriza-
tion task [17, 18, 24, 43]. ColorFormer [17] utilizes a Color Memory
Assisted Hybrid-Attention Transformer (CMHAT) to generate high-
quality colorized images. The key innovation of CT2 [43] is using

Anonymous Authors

color tokens, which are special tokens that are used to provide infor-
mation about the color palette of the image. DDColor [18] includes
a multi-scale image decoder and a transformer-based color decoder.
The two decoder aims to learn semantic-aware color embedding
and optimize color queries.

Current image colorization techniques are primarily based on
single color space which suffers from poor generalization ability.
For instance, the models of [17, 18, 43, 44] are built upon CIE-Lab
color space, and [8] employ the YUV color space. Although single
color space has the ability to represent image color information,
there are limitations imposed by the complexity of real-world sce-
narios, where color distribution can be more intricate and varied. To
address the limitations, this work aims to integrate multiple color
spaces, which can provide a more comprehensive representation of
color information, adaptable to different contexts. By leveraging
the diversity and richness afforded by multiple color spaces, we
can effectively broaden color scope, offering more adaptable and
flexible strategy for the colorization process.

Color Space Combination. The combined use of multiple color
spaces has garnered significant attention in the computer vision
field due to its ability to capture features at various levels. Color-
Net [11] is introduced to demonstrate the significant impact of color
spaces on image classification accuracy. Kumar et al. [23] proposed
a method for enhancing foggy images by fusing modifications of
image histograms in the RGB and HSV color space which signif-
icantly improves image contrast and reduces noise. Ucolor [26]
enriches the diversity of feature representations by incorporating
the characteristics of different color spaces into a unified structure.
Peng et al. [27] fused multiple algorithms in RGB and HSV color
spaces to improve brightness, contrast, and preserve rich details.
Wan et al. [40] leveraged the RGB color space for the initial col-
orization of super-pixels and subsequently utilized the YUV color
space for color propagation. This approach struck a harmonious
balance between efficiency and effectiveness in the image process-
ing. Mast [25] investigated loss designation in different color spaces,
revealing that the decorrelated color space can force models to learn
more robust features. DucoNet [37] explored image harmonization
in dual color spaces, supplementing entangled RGB features with
disentangled L, a, b channel feature to alleviate the workload in the
harmonization process.

3 BACKGROUND
Given a grayscale image I; € REXWX1 with height H and width
W, the colorization model aims to generate colorized image I, €
RHXWX3 One popular paradigm is to predict missing color chan-
nels §j € RFXWX2 4nd then compute I, through specific color space
mapping function ¥, i.e.,

le = F (I3, 9). (1)

Here § can be ab color channels from CIE-Lab, HS from HSV, or
channels in other color space that represent color. Given the color
space to learn missing colors, the transform function ¥ is fixed.
Thus, it can not be optimized along with the colorization network
during training.
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Groundtruth

Grayscale Image

Lab (L=42) HSV (V=0.57) YUV (Y=0.4)

Figure 2: Color gamut of different color spaces at a specific
pixel with grayscale value 102. The corresponding values of
L, V and Y channels are 42, 0.57, and 0.4 in the respective
color space. The pentagram indicates where the color value
of this pixel in groundtruth color image appears in other

color spaces.

3.1 Suboptimal of Using Single Color Space

Color space refers to specific organization of colors which can be
represented as tuples of numbers. Each of them offers a special
perspective on color representation [9, 20, 31]. For instance, the
CIE-Lab color space is designed to approximate human vision and
perception which is device-independent and perceptually uniform,
allowing for accurate color reproduction across different mediums
and devices. The HSV color space is a cylindrical color model that
represents colors based on hue, saturation, and value components
representing image colors according to perceptual attributes. And
the YUV color space separates the brightness from the color infor-
mation components and is widely applied in video systems.

For the image colorization task, there are only the brightness
values for each pixel in the input grayscale image. As various color
spaces are utilized to define and reproduce colors in different digital
imaging systems, they have with own distinct characteristics and
limitations. The brightness can be mapped to one channel of the
color spaces, such as the L channel in CIE-Lab and the V channel
in HSV. Here we visualize the gamut of different color spaces at
a specific brightness value in Figure 2. We can observe that the
illustrated colors in different color spaces are inconsistent, and
colors missing from one color space may appear in another color
space. For example, the bright green color in the upper left corner
of the YUV color space disappears in the other color spaces of the
corresponding brightness values.

We believe that colorization learning in different color spaces
will have different preferences. The channel values in different
color spaces can be complementary, and utilizing information from
multiple color spaces can boost the quality of generated colorized
images. A variety of color spaces facilitate a more nuanced and com-
prehensive understanding of the color representation. The strategy
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of multiple color spaces provides a wider range of color representa-
tions to accurately convey the subtle changes and complexity of
colors in images. Combining the information from different spaces
has the potential to overcome learning bias in single space. Through
the utilization of multiple color spaces, we can harness their comple-
mentary attributes, facilitating a more comprehensive and nuanced
depiction of color information. In the following section, we will
present our approach to leverage the potential of multiple color
spaces to colorize the grayscale images.

4 IMAGE COLORIZATION BY MULTICOLOR

Figure 3 illustrates the architecture of the MultiColor framework.
It contains three components. The encoder aims to extract multi-
scale feature maps that represent image contents. The colorization
modules operate on the learned color queries and generate color
channels for individual color space. Finally, the color space com-
plementary network is utilized to combine the color channels of
multiple color spaces to generate colored images. We describe below
each individual component in detail.

4.1 Encoder

The encoder takes the grayscale image I as input and estimates
multi-scale semantic features, which are the essential foundation for
the subsequent operations. We follow [18] and adopt ConvNeXt [28]
for the feature extractor. The upsampling operation comprises four
sequential stages which incrementally enlarge the spatial resolu-
tion of the features, and each stage is made up of an upsampling
layer and a concatenation layer. Specifically, the upsampling layer
is implemented through convolution and pixel-shuffle, while the
concatenation layer also incorporates a convolution, integrating fea-
tures from corresponding stages of the feature extractor by shortcut
connections. The encoder generates 4 intermediate feature maps
F = {Fy, F, F3, F4} with resolutions of {{—6 X %, %I X %, % X % and
H x W. Thanks to the downsampling and upsampling operations,
our method can capture a complete feature pyramid. These multi-
scale features are used as the input of the color space modeling
stage to guide the optimization of the color query embeddings and
color channels.

4.2 Modeling in Individual Color Space

As shown in the left of Figure 3, the colorization module contains
two key parts, i.e., the transformer decoder and the color mapper.
The transformer decoder aims to refine N learnable color queries
through the multi-scale features. The color mapper predicts differ-
ent color channels by receiving the refined color embedding and
the feature map from the encoder. The whole pipeline follows the
meta-architecture of Mask2Former [6].

Transformer Decoder. Standard transformer decoder [22] is em-
ployed to transform color queries by cross-attention and multi-head
self-attention mechanisms. Color query embeddings (X, € RN*C)
are refined by interacting with image features of resolution % X %,

% X % and % X %. The transformer decoder can be formulated
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Figure 3: The architecture of the proposed framework. Given a grayscale image, multi-scale semantic features are obtained
with the encoder. Multiple modeling color space operations can produce various color channels of different color spaces. For
each colorization module, transformer decoder refines learnable color queries based on the multi-scale features, and color
mapper aims to generate color channels of multiple color spaces. Finally, the Color Space Complementary Network (CSCNet) is
introduced to transform the multiple color channels into colorized images.

as follows:
XL = CAUfo (XM, fic (Fy). fir(Fj)) + X! @
XY = MHSA(LN(XD)) + XV 3)
XL = IN(FEN(LN(XY ) + XL (4)

where Xcl is color query embeddings at the I layer, F 'j is the j™M in-
termediate feature map. CA(-), MHSA(-), FFN(-), LN(-) indicate cross-
attention, multi-head self-attention, feed-forward network, layer
normalization; fo, fx and fy are linear transformations. We per-
form these sets of alternate operations % times in the 3-layer trans-
former decoder. Specifically, the first three layers receive feature
maps Fy, F, and F3, respectively. This pattern is repeated for all
following layers.

Color Mapper. The color mapper combines the feature map of
the last upsampling layer in the encoder and the refined color
embedding of the transformer decoder to produce color channels.
The structure is shown in Figure 4, and it can be formulated as:

§ = Conv(X/ - Fy) )

Mapper

Color queries Color channels

Figure 4: The structure of color mapper.

where Fy € REXWXC jg the feature map, XL erN *C is the refined
color embedding from the transformer decoder, Conv is 1 X 1 convo-
lution layer, and §j € RFXW>2 is the predicted color channels from
individual color space.

Since there are n. colorization modules representing multiple
color spaces, we denote the predictions as {i!, 4%, -- -, 9" }.

4.3 Color Space Complementary Network

The goal of CSCNet is to produce colorized image according to the
brightness value and color channels. A straightforward approach
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Table 1: Configuration of the CSCNet. “convy, ¢” indicates the k' convolutional layer with ¢ output channels. By default L; = 1.

Block1 Block2 Block3 Block4 Block5
convi, 32 convi, 64 convy, 128 convi, 64 convy, 32
BN+ReLU <L BN+ReLU < L BN+ReLU < L BN+ReLU <L BN+RelLU
convy, 32 1 convy, 64 2 convyp, 128 3 convy, 64 4 convy, 3
BN+RelLU BN+ReLU BN+RelLU BN+RelLU BN+RelLU

is to employ a transform function like Eq. (1). Here we employ an
alternative approach by using a transform network @(-), i.e.,

I = Iy, 1) (6)

There are two benefits for this design. First, using the differen-
tiable transform network keeps the model training in an end-to-end
manner. Different from the fixed mapping function ¥, the whole
process with ® is parameter-optimizable. Second, it is easier to
extend under the multiple color spaces scenarios, as there exists no
direct mapping function that converts multiple color space infor-
mation into a single color space.

Given the predicted color channels {§1, 42, -- -, 9"} from the
colorization modules, the color space complementary network @
learn the color mapping from multi-color channels so that more
color representation can be better explored for image colorization.
The complementary network based on multiple color spaces can
be formulated as:

Ip = ®ese (g, 4, 9% s §) ()

The detailed structure of the CSCNet is listed in Table 1. The
network is lightweight and consists of five blocks. Each block con-
tains the convolution operation which is followed by batchnorm
(BN) layer and rectified linear unit (ReLU) layer. Different settings of
conv; and convy will be examined in the ablation study. The scale
of the output in each block is the same as the input feature. Note
that, the output of block5 is 3, corresponding to the 3 channels of
produced colorized image.

4.4 Training Objective

We adopt the following losses to train our image colorization net-
work, including color channel loss, perceptual loss, adversarial loss,
and colorfulness loss.

Color Channel Loss represents the low-level supervision of colors.
Here L; loss is applied to perform color channel level supervision
in predicted color channels and groundtruth color channels, i.e.,

Lo = Z Aé ||ﬁl - yi”1 ®)

where ¢ (y%) and AL are the predicted (groundtruth) color channels
and weight for the i color space.

Perceptual Loss. We adopt perceptual loss to capture high-level
semantics and try to simulate human perception of image quality.
We adopt a pre-trained VGG-16 [35] to extract features from both
the colorized image I, and the groundtruth color image I, and
compute the loss as follow,

Lper = Z)u 16 (Te) = ¢TI, ©)
J

where $;(.) denotes the first convolutional layer of jth block of
VGG-16 (j = 1,2,3,4,5). Aj is the weight of the corresponding layer.
Adversarial Loss. We also exploit the difference on the whole
image level with the Adversarial Loss [10]. Specifically, we use the
popular PatchGAN discriminator D [16], and the adversarial loss
L4y is defined as follow:

Lado = Br, [log D(I)] +E; [1 - log D(1,)] (10)

Colorfulness Loss. Following [18], we also introduce colorfulness
loss L to generate more colorful and visually pleasing images:

Le=1- [O'rgyb(jC) +0.3 'llrgyb(jc)]/loo (11)

where 0,4,() and 4,5 () denote the standard deviation and
mean value on the sRGB color space [12].

Full Objective. Therefore the full objective £ for the image col-
orization network is formed as:

L =AecLee + AperLper + AagoLado + AcLe (12)

where Acc, Aper, Agdy> and Ac are the trade-off parameters for dif-
ferent terms.

5 EXPERIMENTS
5.1 Experimental Setting

Datasets. We conduct experiments on three datasets: ImageNet [34],
COCO-Stuff [3] and ADE20K [48]. We use the training part of Im-
ageNet to train our method and evaluate it on the validation part
(val50k). ImageNet (val5k) is the first 5k images of the validation
set. Besides, in order to show the generalization of our method,
we test on COCO-Stuff and ADE20K validation sets without any
fine-tuning.

Evaluation Metrics. To comprehensively evaluate the perfor-
mance of our method, we use Fréchet inception distance (FID) [14]
and colorfulness score (CF) [12]. FID measures the distribution
similarity between generated images and groundtruth images, and
CF reflects the vividness of generated images. It is worth noting
that a high colorfulness score does not always mean good visual
quality, because it encourages rare colors, leading to unreal col-
orization results. Therefore, we provide the absolute CF differ-
ence (ACF) between the colorized images and the groundtruth
images. Besides, we provide Peak Signal-to-Noise Ratio (PSNR) [15]
for reference, although it is a widely held view that the pixel-
level metrics may not well reflect the actual colorization perfor-
mance [13, 17, 30, 36, 39, 44].
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Table 2: Quantitative comparison of different methods on benchmark datasets. Best and second best results are in bold and

underlined respectively. T (|) indicates higher (lower) is better.

ImageNet (val5k) ImageNet (val50k) COCO-Stuff ADE20K
Method FID| CF] ACF| PSNR] FID| CF] ACF| PSNR] FID| CF] ACF| PSNR] FID| CF] ACF| PSNR]
DeOldify [1] 6.59 21.29 1692 2411 387 22.83 16.26 2297 13.86 24.99 13.25 24.19 1241 1798 17.06 24.40
CIC [46] 8.72 31.60 6.61 22.64 19.17 43.92 483 20.86 27.88 33.84 4.40 2273 1531 31.92 3.12 23.14
InstColor [36] 8.06 24.87 1334 2328 736 27.05 12.04 2291 13.09 27.45 10.79 2338 15.44 2354 11.50 24.27
GCPColor [44] 595 3298 5.23 2168 3.62 3513 396 21.81 13.97 28.41 9.83 24.03 13.27 27.57 7.47 22.03
ColTran [24] 6.44 3450 3.71 2095 6.14 3550 3.59 2230 14.94 36.27 197 21.72 12.03 3458 0.46 21.86
CT2 [43] 5,51 3848 0.27 2350 495 3996 087 2293 13.15 36.22 2.02 23.67 11.42 3595 091 23.90
BigColor [21] 536 39.74 153 21.24 1.24 40.01 092 21.24 1258 36.43 1.81 21.51 11.23 35.85 0.81 21.33
ColorFormer [17] 491 38.00 0.21 23.10 171 39.76 0.67 23.00 8.68 3634 190 2391 883 3227 277 2397
DDColor [18] 392 3826 0.05 2385 096 3865 044 23.74 5.18 38.48 0.24 2285 821 3480 0.24 2413
MultiColor [ours] 2.17 38.24 0.03 24.69 0.42 38.839 0.20 24.58 2.59 38.10 0.14 24.53 3.65 3521 0.17 25.37

Implementation Details. In order to keep fair comparison with
the sota methods, we follow some experimental settings with pre-
vious methods [17, 18]. Our method is implemented using Py-
Torch [32]. The network are trained from scrach with AdamW [29]
optimizer and set 1 = 0.9, f2 = 0.99, weight decay = 0.01. For the
upsampling stages in encoder, the feature dimensions are 512, 512,
256, and 256, respectively. We empirically set N=100 for the color
queries in colorization modules. The hyper-parameter A controls
the color information weight of different color spaces. We set them
to 0.1 for CIE-Lab, 10 for HSV and YUV. Besides, we set A; to 0.0625,
0.125,0.25, 0.5 and 1 when j = 1,2, 3, 4, 5, respectively. We set A¢¢
to 1.0, Aper to 5.0, A44, to 1.0, and A to 0.5. The whole network
is trained in an end-to-end self-supervised manner for 400,000 it-
erations with batch size of 16. The learning rate is initialized to
1e~4, which is decayed by 0.5 at 80,000 iterations and every 40,000
iterations thereafter. All the images are resized to 256 X 256. During
training, we adopt color augmentation [18, 21] to real color images.
The experiments are conducted on 4 Tesla A100 GPUs.

5.2 Comparison with Prior Arts

To evaluate the performance of our method, we compare our results
with previous state-of-the-art image automatic colorization, includ-
ing CNN-based methods (CIC [46], InstColor [36]), GAN-based
methods (GCPColor [44], BigColor [21]), and transformer-based
methods (ColTran [24], CT2 [43], ColorFormer [17], DDColor [18]).

Quantitative Comparison. Table 2 shows the quantitative com-
parisons. For the ImageNet [34], COCO-Stuff [3] and ADE20K [48]
datasets, the results of previous methods are reported by [17, 18].
For the missing results of GCPColor [44], CT2 [43] and BigColor [21]
in COCO-Stuff dataset, we show the results by running their offi-
cial codes. On the ImageNet, our method achieves the lowest FID
value, indicating its capability to produce high-quality and realistic
colorization results. Besides, our method gains the lowest FID on
the COCO-Stuff and ADE20K datasets, demonstrating its strong
generalization ability. The lower ACF indicates more precise col-
orization results, and we achieve the lowest ACF across all datasets,
suggesting its effectiveness in achieving natural and lifelike col-
orization results. Furthermore, the best scores on PSNR demonstrate

MultiColor colorizes images with plausible colors. MultiColor out-
performs all previous work with significant margins.

Qualitative Comparison. Figure 5 presents visualization of image
colorization results. We display comparisons of images in differ-
ent scenes from the ImageNet validation dataset. Note that the GT
images are provided for reference only but the evaluation crite-
rion should not be color similarity. A noticeable trend is that our
results exhibit a more vivid appearance. We can see that the ball
colorization (Row 1) of previous methods looks unnatural and in-
troduces color bleeding effects in contrast to our consistent dark
blue. Meanwhile, our method produces saturated results for the
hue of the background (lawn). InstColor [36] employs a pre-trained
detector to detect objects and cannot color the whole image well
(Column 2). GCPColor [44] and ColorFormer [17] usually lead to
incorrect semantic colors and low color richness. DDColor [18] may
produce rare colors. Instead, our method maintains the consistent
color and captures the details as shown in row 2, 3 and 4 of Figure 5.
Furthermore, our method can yield more diverse and lively colors
for whole image as shown in the last row of Figure 5.

5.3 Ablation Study

We now perform a series of ablation studies to analyze MultiColor.
We first verify the effectiveness of modeling multiple color spaces
strategy, and then study the effect of some other settings about the
CSCNet. Finally, we investigate the effect of the feature scales. All
ablation results are evaluated on the ImageNet val-5k dataset.

Color Space. Table 3 shows the effectiveness of the strategy for
modeling multiple color spaces. We can observe that the incorpo-
ration of multiple color spaces significantly facilitates colorization
performance. Additionally, we visualize the colorized results of the
ablation experiments in Figure 6. In single color space, the overall
color of the colorized images may be incorrect semantic colors
and low color richness. The combination of multiple color spaces
makes the restored colors more realistic and higher saturation. For
example, the color of the chicken is more consistent with human
perception (Row 1). Such a remarkable promotion benefits from
complementarity among multiple color spaces, which can capture
not only saturation of hues but also color contrast.
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oz

InstColor GCPColor ColorFormer DDColor Our method Groundtruth

Figure 5: Visual comparison of competing methods on automatic image colorization.

Table 3: Results with different color spaces. Table 4: The impact of the block number in CSCNet. L; to Ly
corresponds to the layer numbers as in Table 1.

CIE-Lab HSV YUV FID] CFl ACF| PSNR]

v 674 4183 362 2235 [L1, L3, L3 Ls] FID| CFl ACF| PSNR]
v 5.24 40.24 2.03 22.67 [1,0,0,0] 435 4033 212 23.07
v 7.00 4223 4.02 22.23 [1,1,0,0] 364 3951 1.30 23.55
v v 2,62 3792 0.29 24.03 [1,1,1,0] 243 3854 033 24.47
v v 328 37.69 0.52 23.97 [1,1,1,1] 2.17 3824 0.03 24.69
v v 2.23 3887 0.66 24.15
v v v 2.17 38.24 0.03 24.69
of the blocks and the colorization performance is presented in
Table 4. Fewer blocks have a limited capability to colorize grayscale
CSCNet Settings. We use stack of blocks for the complementary images. When we increase the number of blocks step-by-step, the
network as shown in Table 1. The relationship between the number performance is boosted on all metrics.
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Figure 6: Visualization results by learning from different color spaces. The numbers on top of each image indicate CF / ACF.

Table 5: Different kernels in CSCNet.

convy, convy FID| CFT ACF| PSNRT
1xX1,1x1 2.28 3836 0.15 24.49
3X3,3%X3 2.21 3827 0.06 24.56
5X5,5X5 2.23 3830 0.09 24.53
1xX1,3%X3 2.17 3824 0.03 24.69
1X1,5%X5 2.21 3828 0.07 24.62

Table 6: Effectiveness of different feature scales.

Feature Scales FID| CF{ ACF| PSNRT

F 425 3728 093 2347
@) F, 367 3752 069  23.86
F3 314 3787 034 2425
Fi+F, 281 3794 027 2435
(b) Fo+Fs 256  38.03 018  24.47

Fi+F+F 217 3824 003 24.69

We also analyze the influence of the kernel size of the blocks. As
shown in Table 5, we can see that convolutional kernels of different
sizes have an effect on performance. We choose the convolutional
operation of 1 X 1 and 3 X 3 as it achieves the best results.

Feature Scales. Recall that the multi-scale features are generated
from the upsampling operations of encoder. As shown in Table 6(a),
we list the metrics generated by performing the framework on a
single-scale feature only. We can observe that a feature with higher
resolution tends to boost performance. Table 6(b) shows the results
of our approach from multi-scale feature maps. It verifies that the
multi-scale features for modeling color space is beneficial for image
colorization. Figure 7 shows the visualization of features scale.

Number of Transformer Decoder Operation. We vary the num-
ber of transformer decoder operation % to evaluate its effectiveness.
The number is set to 3 in our default settings. Other operation
number are also tried and the results are shown in Table 7. With
the increase of the number, FID decreases from 4.22 to 2.17, and the
PSNR increases from 23.77 to 24.69 dB.

Multi-scale
(F1+Fy+F3)

Multi-scale
(Fi+Fy)

Single scale (F;) Groundtruth

Figure 7: Visualization results of ablation on feature scales.

Table 7: Results with different number of the Transformer
decoder operation.

Number FID| CF] ACF|] PSNRT

1 4.22 36.14 2.07 23.77
2 3.06 3756 0.65 24.33
3 2.17 38.24 0.03 24.69

6 CONCLUSION

In this paper, we propose a novel framework for image colorization
by learning from multiple color spaces. MultiColor combines vari-
ous color information of multiple color spaces, for powerful and
robust representation competence. Specifically, Transformer de-
coder progressively refines color query embeddings by leveraging
multi-scale image features of encoder, followed by producing color
channels of various color spaces through color mapper. Further-
more, we propose color space complementary network to combine
color channels and achieve internal color space information comple-
mentation. Extensive experiments indicate that MultiColor achieve
satisfactory colorization results.

871
872
873
874
875
876
877
878
879
880
881
882
883
884
885
886
887
888
889
890
891
892
893
894
895
896
897
898
899
900
901
902
903
904
905

907
908
909
910
911
912
913
914

916
917
918
919
920
921
922
923
924
925
926
927
928



929
930
931
932
933
934
935
936
937
938
939
940
941
942
943
944
945
946
947
948
949
950
951
952
953
954
955
956
957
958
959
960
961
962
963
964
965
966
967
968
969
970
971
972
973
974
975
976
977
978
979
980
981
982
983
984
985

986

MultiColor: Image Colorization by Learning from Multiple Color Spaces

REFERENCES

(1]

[2

—

[3

&

[9

=

[10

[11

[12]

[13

[14]

[16]

(17

[18

[19]

[20]

[
=

[22]

[23]

[24]

[25

[26]

Jason Antic. 2019. jantic/deoldify: A Deep Learning based project for colorizing
and restoring old images (and video!). https://github.com/jantic/DeOldify.
Andrew Brock, Jeff Donahue, and Karen Simonyan. 2019. Large scale GAN
training for high fidelity natural image synthesis. In International Conference on
Learning Representations.

Holger Caesar, Jasper Uijlings, and Vittorio Ferrari. 2018. Coco-stuff: Thing and
stuff classes in context. In IEEE/CVF Conference on Computer Vision and Pattern
Recognition. 1209-1218.

Nicolas Carion, Francisco Massa, Gabriel Synnaeve, Nicolas Usunier, Alexan-
der Kirillov, and Sergey Zagoruyko. 2020. End-to-end object detection with
transformers. In European Conference on Computer Vision. Springer, 213-229.
Guillaume Charpiat, Matthias Hofmann, and Bernhard Schélkopf. 2008. Auto-
matic image colorization via multimodal predictions. In European Conference on
Computer Vision. Springer, 126-139.

Bowen Cheng, Ishan Misra, Alexander G Schwing, Alexander Kirillov, and Rohit
Girdhar. 2022. Masked-attention mask transformer for universal image seg-
mentation. In IEEE/CVF Conference on Computer Vision and Pattern Recognition.
1290-1299.

Bowen Cheng, Alex Schwing, and Alexander Kirillov. 2021. Per-pixel classi-
fication is not all you need for semantic segmentation. In Advances in Neural
Information Processing Systems, Vol. 34. 17864-17875.

Zezhou Cheng, Qingxiong Yang, and Bin Sheng. 2015. Deep colorization. In
IEEE/CVF International Conference on Computer Vision. 415-423.

Eric Dubois. 2010. The structure and properties of color spaces and the representation
of color images. Vol. 11. Springer.

Tan Goodfellow, Jean Pouget-Abadie, Mehdi Mirza, Bing Xu, David Warde-Farley,
Sherjil Ozair, Aaron Courville, and Yoshua Bengio. 2014. Generative adversarial
nets. In Advances in Neural Information Processing Systems, Vol. 27.

Shreyank N Gowda and Chun Yuan. 2019. ColorNet: Investigating the importance
of color spaces for image classification. In Asian Conference on Computer Vision.
Springer, 581-596.

David Hasler and Sabine E Suesstrunk. 2003. Measuring colorfulness in natural
images. In Human vision and electronic imaging VIII, Vol. 5007. SPIE, 87-95.
Mingming He, Dongdong Chen, Jing Liao, Pedro V Sander, and Lu Yuan. 2018.
Deep exemplar-based colorization. ACM Transactions on Graphics 37, 4 (2018),
1-16.

Martin Heusel, Hubert Ramsauer, Thomas Unterthiner, Bernhard Nessler, and
Sepp Hochreiter. 2017. Gans trained by a two time-scale update rule converge to
a local nash equilibrium. In Advances in Neural Information Processing Systems,
Vol. 30.

Quan Huynh-Thu and Mohammed Ghanbari. 2008. Scope of validity of PSNR in
image/video quality assessment. Electronics letters 44, 13 (2008), 800-801.
Phillip Isola, Jun-Yan Zhu, Tinghui Zhou, and Alexei A Efros. 2017. Image-to-
image translation with conditional adversarial networks. In IEEE/CVF Conference
on Computer Vision and Pattern Recognition. 1125-1134.

Xiaozhong Ji, Boyuan Jiang, Donghao Luo, Guangpin Tao, Wenqing Chu, Zhifeng
Xie, Chengjie Wang, and Ying Tai. 2022. ColorFormer: Image Colorization via
Color Memory Assisted Hybrid-Attention Transformer. In European Conference
on Computer Vision. Springer, 20-36.

Xiaoyang Kang, Tao Yang, Wenqi Ouyang, Peiran Ren, Lingzhi Li, and Xuan-
song Xie. 2023. DDColor: Towards Photo-Realistic Image Colorization via Dual
Decoders. In IEEE/CVF International Conference on Computer Vision. 328-338.
Tero Karras, Samuli Laine, and Timo Aila. 2019. A style-based generator archi-
tecture for generative adversarial networks. In IEEE/CVF Conference on Computer
Vision and Pattern Recognition. 4401-4410.

James M Kasson and Wil Plouffe. 1992. An analysis of selected computer inter-
change color spaces. ACM Transactions on Graphics 11, 4 (1992), 373-405.
Geonung Kim, Kyoungkook Kang, Seongtae Kim, Hwayoon Lee, Sehoon Kim,
Jonghyun Kim, Seung-Hwan Baek, and Sunghyun Cho. 2022. BigColor: Coloriza-
tion using a Generative Color Prior for Natural Images. In European Conference
on Computer Vision. Springer, 350-366.

Alexander Kolesnikov, Alexey Dosovitskiy, Dirk Weissenborn, Georg Heigold,
Jakob Uszkoreit, Lucas Beyer, Matthias Minderer, Mostafa Dehghani, Neil
Houlsby, Sylvain Gelly, Thomas Unterthiner, and Xiaohua Zhai. 2021. An image is
worth 16x16 words: Transformers for image recognition at scale. In International
Conference on Learning Representations.

Munish Kumar and Simpel Rani Jindal. 2019. Fusion of RGB and HSV colour
space for foggy image quality enhancement. Multimedia Tools and Applications
78 (2019), 9791-9799.

Manoj Kumar, Dirk Weissenborn, and Nal Kalchbrenner. 2021. Colorization
transformer. In International Conference on Learning Representations.

Zihang Lai, Erika Lu, and Weidi Xie. 2020. Mast: A memory-augmented self-
supervised tracker. In IEEE/CVF Conference on Computer Vision and Pattern Recog-
nition. 6479-6488.

Chongyi Li, Saeed Anwar, Junhui Hou, Runmin Cong, Chunle Guo, and Wengi
Ren. 2021. Underwater image enhancement via medium transmission-guided

[27

[28

[29

[30

(31]

(32]

[33

[34

[35

[36]

[37

[38

[39

[40

[41]

[42

[43

=
ot

[45

[46

[47

[48

ACM MM, 2024, Melbourne, Australia

multi-color space embedding. IEEE Transactions on Image Processing 30 (2021),
4985-5000.

Peng Li, Huang Yong, and Kunlun Yao. 2018. Multi-algorithm fusion of RGB
and HSV color spaces for image enhancement. In Chinese Control Conference.
9584-9589.

Zhuang Liu, Hanzi Mao, Chao-Yuan Wu, Christoph Feichtenhofer, Trevor Darrell,
and Saining Xie. 2022. A convnet for the 2020s. In IEEE/CVF Conference on
Computer Vision and Pattern Recognition. 11976—-11986.

Ilya Loshchilov and Frank Hutter. 2019. Decoupled weight decay regularization.
In International Conference on Learning Representations.

Safa Messaoud, David Forsyth, and Alexander G Schwing. 2018. Structural
consistency and controllability for diverse colorization. In European Conference
on Computer Vision. 596-612.

Ido Omer and Michael Werman. 2004. Color lines: Image specific color represen-
tation. In IEEE/CVF Conference on Computer Vision and Pattern Recognition.
Adam Paszke, Sam Gross, Francisco Massa, Adam Lerer, James Bradbury, Gregory
Chanan, Trevor Killeen, Zeming Lin, Natalia Gimelshein, Luca Antiga, Alban Des-
maison, Andreas Kopf, Edward Yang, Zachary DeVito, Martin Raison, Alykhan
Tejani, Sasank Chilamkurthy, Benoit Steiner, Lu Fang, Junjie Bai, and Soumith
Chintala. 2019. Pytorch: An imperative style, high-performance deep learning
library. In Advances in Neural Information Processing Systems, Vol. 32.

Yingge Qu, Tien-Tsin Wong, and Pheng-Ann Heng. 2006. Manga colorization.
ACM Transactions on Graphics 25, 3 (2006), 1214-1220.

Olga Russakovsky, Jia Deng, Hao Su, Jonathan Krause, Sanjeev Satheesh, Sean Ma,
Zhiheng Huang, Andrej Karpathy, Aditya Khosla, Michael Bernstein, Alexander C.
Berg, and Li Fei-Fei. 2015. Imagenet large scale visual recognition challenge.
International Journal of Computer Vision 115 (2015), 211-252.

Karen Simonyan and Andrew Zisserman. 2015. Very deep convolutional net-
works for large-scale image recognition. In International Conference on Learning
Representations.

Jheng-Wei Su, Hung-Kuo Chu, and Jia-Bin Huang. 2020. Instance-aware image
colorization. In IEEE/CVF Conference on Computer Vision and Pattern Recognition.
7968-79717.

Linfeng Tan, Jiangtong Li, Li Niu, and Liqing Zhang. 2023. Deep Image Harmo-
nization in Dual Color Spaces. In ACM International Conference on Multimedia.
2159-2167.

Ashish Vaswani, Noam Shazeer, Niki Parmar, Jakob Uszkoreit, Llion Jones,
Aidan N Gomez, Lukasz Kaiser, and Illia Polosukhin. 2017. Attention is all
you need. In Advances in Neural Information Processing Systems, Vol. 30.
Patricia Vitoria, Lara Raad, and Coloma Ballester. 2020. Chromagan: Adver-
sarial picture colorization with semantic class distribution. In IEEE/CVF Winter
Conference on Applications of Computer Vision. 2445-2454.

Shaohua Wan, Yu Xia, Lianyong Qi, Yee-Hong Yang, and Mohammed Atiquz-
zaman. 2020. Automated colorization of a grayscale image with seed points
propagation. IEEE Transactions on Multimedia 22, 7 (2020), 1756-1768.

Ziyu Wan, Bo Zhang, Dongdong Chen, and Jing Liao. 2022. Bringing old films
back to life. In IEEE/CVF Conference on Computer Vision and Pattern Recognition.
17694-17703.

Ziyu Wan, Bo Zhang, Dongdong Chen, Pan Zhang, Dong Chen, Jing Liao, and
Fang Wen. 2020. Bringing old photos back to life. In proceedings of the IEEE/CVF
conference on computer vision and pattern recognition. 2747-2757.

Shuchen Weng, Jimeng Sun, Yu Li, Si Li, and Boxin Shi. 2022. CT2: Coloriza-
tion Transformer via Color Tokens. In European Conference on Computer Vision.
Springer, 1-16.

Yanze Wu, Xintao Wang, Yu Li, Honglun Zhang, Xun Zhao, and Ying Shan. 2021.
Towards vivid and diverse image colorization with generative color prior. In
IEEE/CVF Conference on Computer Vision and Pattern Recognition. 14377-14386.
Liron Yatziv and Guillermo Sapiro. 2006. Fast image and video colorization
using chrominance blending. IEEE Transactions on Image Processing 15, 5 (2006),
1120-1129.

Richard Zhang, Phillip Isola, and Alexei A Efros. 2016. Colorful image colorization.
In European Conference on Computer Vision. Springer, 649-666.

Yuzhi Zhao, Lai-Man Po, Wing Yin Yu, Yasar Abbas Ur Rehman, Mengyang Liu,
Yujia Zhang, and Weifeng Ou. 2022. VCGAN: video colorization with hybrid
generative adversarial network. IEEE Transactions on Multimedia (2022).

Bolei Zhou, Hang Zhao, Xavier Puig, Sanja Fidler, Adela Barriuso, and Antonio
Torralba. 2017. Scene parsing through ade20k dataset. In IEEE/CVF Conference on
Computer Vision and Pattern Recognition. 633-641.

987

988

989

990

991

992

993

994

995

996

997

998

999

1000
1001
1002
1003
1004
1005
1006
1007
1008
1009
1010
1011
1012
1013
1014
1015
1016
1017
1018
1019
1020
1021
1022
1023
1024
1025
1026
1027
1028
1029
1030
1031
1032
1033
1034
1035
1036
1037
1038
1039
1040
1041
1042
1043

1044


https://github.com/jantic/DeOldify

	Abstract
	1 Introduction
	2 Related Work
	3 Background
	3.1 Suboptimal of Using Single Color Space

	4 Image Colorization by MultiColor
	4.1 Encoder
	4.2 Modeling in Individual Color Space
	4.3 Color Space Complementary Network
	4.4 Training Objective

	5 Experiments
	5.1 Experimental Setting
	5.2 Comparison with Prior Arts
	5.3 Ablation Study

	6 Conclusion
	References

