
Single-Image HDR Reconstruction by Learning to Reverse the Camera Pipeline
Supplementary Material

Yu-Lun Liu1,2∗ Wei-Sheng Lai3∗ Yu-Sheng Chen1 Yi-Lung Kao1

Ming-Hsuan Yang3,4 Yung-Yu Chuang1 Jia-Bin Huang5

1National Taiwan University 2MediaTek Inc. 3Google 4UC Merced 5Virginia Tech
https://www.cmlab.csie.ntu.edu.tw/˜yulunliu/SingleHDR

1. Overview
In this supplementary material, we present additional results to complement the main manuscript. We first illustrate

detailed network configurations, model size, and execution speed of the proposed model in Section 3. Second, we show the
quantitative evaluation of the tone-mapped HDR images in Section 4. Third, we analyze the effect of the noise model, edge,
and histogram features, and visualize the linearity of the reconstructed HDR images. Finally, we provide visual comparisons
with the alternatives of our Dequantization-Net, Linearization-Net, and Hallucination-Net in Section 5. Our project website
also provides comprehensive visual comparisons on all the datasets.

2. Datasets
In this section, we describe the details of the datasets we used for training and evaluation. We summarize the statistics of

four datasets, HDR-SYNTH, HDR-REAL, RAISE, and HDR-EYE, in Table 1.

2.1. HDR-SYNTH dataset

We collect a total of 562 HDR images used in prior work [8, 10, 11, 27, 30, 31] as well as from online sources, e.g.,
Pfstools HDR gallery1. We split the dataset into 502 HDR images for training and 60 HDR images for evaluation. For each
HDR image, we resize the shorter side to 512 and crop the image into two 512× 512 images.

We normalize all the HDR images to have a mean value of 0.5 as in [7]. To model the sensor noise, we use a realistic noise
model [9] to add a Poisson-Gaussian noise to the clean HDR images. The Poisson-Gaussian noise can be approximated by a
heteroscedastic Gaussian with a signal-dependent variance σ2(I) = I · σ2

s + σ2
c where I is the pixel intensity. Given a clean

HDR image H̃ , we first determine σs and σc by uniformly sampling from the range of [0, 0.013] and [0, 0.005], respectively.
Then, we generate two noise maps: (1) a stationary noise nc with the variance σ2

c , and (2) a signal-dependent noise ns with
the spatially variant variance H̃ · σ2

s . Finally, a noisy HDR image H is generated by H = H̃ + ns + nc, which is the target
ground-truth of our model.

We synthesize the LDR images using the camera pipeline in Equation 1 of the main paper. To generate training data,
we uniformly sample 600 exposure times t in the log2 space within [−3, 3] and apply 171 different CRFs from the training
set of the CRF dataset [12]. In total, we generate 103,010,400 (= 502 × 2 × 600 × 171) LDR-HDR pairs for training. To
generate test data, we use 7 exposure times, 2−3, · · · , 20, · · · , 23 and apply 10 different CRFs from the test set of the CRF
dataset [12]. This gives a total of 8,400 (= 60×2×10×7) LDR-HDR pairs for evaluation. As real-world LDR images often
contain JPEG compression artifacts, we save the synthesized LDR images in a JPEG format with a quality factor randomly
sampled from the range of [85, 100]. This process can be considered as a data augmentation procedure, which has been
shown effective to improve the reconstruction quality on real images [6].

Our synthetic LDR images may become too dark or too bright due to the random sampling of exposure time. These images
are not common cases and too difficult for a model to generate reasonable results. Therefore, we remove these extreme cases
by the following strategy. First, we convert an LDR image to grayscale and compute the number of pixels that are within
over-exposed or under-exposed regions. The over-exposed region is defined as the pixel intensity greater than 249/255, and

1http://pfstools.sourceforge.net/hdr_gallery.html
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Table 1: Summary of our datasets.

Dataset Training Testing
# HDR images # LDR images # HDR images # LDR images

HDR-SYNTH 502 103,010,400 60 4,669
HDR-REAL 410 3,974 70 919
RAISE - - 8154 8154
HDR-EYE - - 46 46

the under-exposed region is defined as the pixel intensity smaller than 6/255. During the training stage, we exclude the LDR
images which have more than 25% of pixels within the over-exposed or under-exposed region. We use the same strategy to
filter out extreme cases in the test set. After the selection, there are a total of 4,669 testing images in the synthetic dataset.

2.2. HDR-REAL dataset

We invite about 600 of amateurs to take HDR images and instruct them to capture the scenes with multiple exposures using
a steady tripod. The LDR images are captured from 42 different cameras, including NIKON D90, NEX-5N, Canon EOS 60D,
etc. We then use Photomatix2 to fuse the LDR exposure stacks into HDR images, each from 5 to 20 LDR images. In total,
we have 480 HDR images and 4,893 LDR images. We choose 70 HDR images and 882 LDR images for evaluation and use
the rest for training. We note that the LDR images in the HDR-SYNTH dataset are synthesized from the image formation
pipeline in Equation 1 of the main paper, while the LDR images in the HDR-REAL dataset are real photos captured using
different cameras with unknown pipelines.

2.3. RAISE dataset

As the source HDR images in HDR-SYNTH and HDR-REAL datasets are generated by fusing multiple LDR images, there
might exist some biases from the conversion tool (e.g., Photomatix). Therefore, we also evaluate on the RAISE [5] dataset,
which contains aligned RAW-TIFF image pairs. We consider the RAW images (12 or 14 bits, depending on the capturing
camera) as ground-truth HDR images, which are the unprocessed signals from the camera sensors. The TIFF images are 8-bit
images processed by real camera pipelines (Nikon D90 or D7000). We then convert the TIFF images into the JPEG format
as our LDR input. In total, we obtain 8,154 RAW-JPEG image pairs, which are more realistic images than our HDR-SYNTH
and HDR-REAL datasets.

2.4. HDR-EYE dataset

We use 46 HDR-LDR image pairs of HDR-Eye dataset [25] for testing. The HDR-Eye dataset is composed of images
taken with Sony DSC-RX100 II, Sony NEX-5N, and Sony α6000. The HDR images are created by combining nine bracketed
images with different exposures settings (-2.7, -2, -1.3, -0,7, 0, 0,7, 1,3, 2, 2.7 [EV]). The LDR images are 8-bit images in
the TIFF format. We also convert the TIFF images into the JPEG format as our LDR input.

3. Network Architectures and Implementation
3.1. Histogram feature

. Our histogram layer preserves the spatial information and is fully differentiable. We compute the histogram features for
each RGB channel and concatenate the features together, thereby obtaining a total of 3B channels of histogram features. In
addition, we compute histogram features for B = 4, 8, 16 to capture information from different resolutions of the histogram
bins. As a result, we obtain a total 84 = 3 · (4+8+16) histogram maps. Along with the non-linear input image (3 channels)
and edge responses (6 channels), the input to the Linearization-Net is a 93-channel feature.

3.2. Implementation details

We show the detailed architectures of our Dequantization-Net, Linearization-Net, Hallucination-Net, and Refinement-Net
in Figure 1. We implement the proposed model with TensorFlow [1] and use the Adam optimizer [15] with a learning rate of
10−4 to train the Dequantization-Net, Linearization-Net, and Hallucination-Net for 500k iterations. We then jointly fine-tune
the entire model for 100k iterations by setting the learning rate to be 10−5. We use a batch of 8 for training individual

2https://www.hdrsoft.com/



(a) Dequantization-Net (b) Linearization-Net

(c) Hallucination-Net (d) Re�nement-Net

Figure 1:Architectures of the sub-networks in the proposed model.
C : Concatenate along the feature channel.

Table 2:Model sizes and execution time.We compute the number of network parameters and evaluate the execution time of
state-of-the-art CNN-based approaches. We also provide the breakdown of individual sub-networks in the proposed model.

Method Implementation
# Parameters Time

(million) (seconds)

HDRCNN [6] TensorFlow 29.44 0.334
DrTMO [7] Chainer 48.09 1.489
ExpandNet [23] PyTorch 0.45 0.063
Ours TensorFlow 29.01 0.520

Dequantization-Net TensorFlow 1.99 0.055
Linearization-Net TensorFlow 1.20 0.111
Hallucination-Net TensorFlow 24.56 0.305
Re�nement-Net TensorFlow 1.26 0.049

networks and 4 for jointly �ne-tuning the entire model. Finally, we add the Re�nement-Net and �ne-tune the entire model
for 100k iterations with a10� 5 learning rate using HDR-SYNTH and HDR-REAL. The entire training process takes about 7
days to converge on a single NVIDIA Titan Xp GPU.

3.3. Model size and speed

We compare the model size (i.e., number of network parameters) of the CNN-based approaches [6, 7, 23] and the proposed
model in Table 2. Our Dequantization-Net and Linearization-Net use7% and6% of the overall parameters, respectively.
While our Hallucination adopts the same architecture as the HDRCNN [6], replacing the transposed convolution (4 � 4
kernels) with the resize convolution (3 � 3 kernels) reduces17%of parameters. Our overall model size is slightly smaller
than HDRCNN and is41%smaller than DrTMO.



Table 3:Quantitative comparison on HDR images with existing methods.* represents that the model is re-trained on our
synthetic training data and + is �ne-tuned on both synthetic and real training data. RedRedRed text indicates the best and bluetext
indicates the best performing state-of-the-art method.

Method Training dataset HDR-SYNTH HDR-REAL RAISE HDR-EYE

AEO [2] - 54:67 � 9:22 48:47 � 8:27 56:54 � 4:00 49:20 � 5:81
HPEO [14] - 51:08 � 8:10 46:29 � 6:70 55:16 � 5:40 44:12 � 4:75
KOEO [16] - 54:93 � 7:56 50:19 � 7:42 54:33 � 4:72 49:62 � 6:06
MEO [24] - 55:02 � 9:07 48:50 � 8:33 56:30 � 3:72 49:28 � 6:09
HDRCNN [6] Pre-trained model of [6] 56:94 � 7:99 49:74 � 7:82 57:08 � 3:77 50:80 � 5:79
HDRCNN* [6] HDR-SYNTH 58:72 � 6:57 50:02 � 6:96 54:72 � 3:84 50:57 � 5:07
HDRCNN+ [6] HDR-SYNTH + HDR-REAL 55:51 � 6:64 51:38 � 7:17 56:51 � 4:33 51:08 � 5:84
DrTMO [7] Pre-trained model of [7] 57:15 � 6:95 50:55 � 7:25 57:69 � 4:08 51:80 � 5:93
DrTMO* [7] HDR-SYNTH 56:74 � 7:54 50:20 � 7:57 57:65 � 3:62 51:47 � 5:88
DrTMO+ [7] HDR-SYNTH + HDR-REAL 56:41 � 7:20 50:77 � 7:78 57:92 � 3:69 51:26 � 5:94
ExpandNet [23] Pre-trained model of [23] 53:55 � 4:98 48:67 � 6:46 54:62 � 1:99 50:43 � 5:49
Deep chain HDRI [17] Pre-trained model of [17] - - - 49:80 � 5:97
Deep recursive HDRI [18] Pre-trained model of [18] - - - 48:85 � 4:91
Ours* HDR-SYNTH 60:11 � 6:1060:11 � 6:1060:11 � 6:10 51:59 � 7:42 58:80 � 3:91 52:66 � 5:64
Ours+ HDR-SYNTH + HDR-REAL 59:52 � 6:02 53:16 � 7:1953:16 � 7:1953:16 � 7:19 59:21 � 3:6859:21 � 3:6859:21 � 3:68 53:16 � 5:9253:16 � 5:9253:16 � 5:92

Table 4: Quantitative comparison on tone-mapped images with existing methods.* represents that the model is re-
trained on our training data. We generate tone-mapped HDR image with four local tone-mapping operators in Photomatix
and measure the average PSNR, SSIM, and LPIPS scores. The proposed model performs well on all three datasets.

Method HDR-SYNTH Dataset HDR-REAL Dataset RAISE Dataset HDR-EYE Dataset
PSNR (" ) SSIM (" ) LPIPS (#) PSNR (" ) SSIM (" ) LPIPS (#) PSNR (" ) SSIM (" ) LPIPS (#) PSNR (" ) SSIM (" ) LPIPS (#)

AEO [2] 21:26 0:9010 0:1278 19:60 0:8680 0:1784 17:09 0:8058 0:2137 17:56 0:7201 0:2640
HPEO [14] 21:50 0:9134 0:1253 20:23 0:8827 0:1719 18:08 0:8272 0:2063 17:63 0:7416 0:2547
KOEO [16] 23:00 0:9220 0:1289 22:04 0:8953 0:1678 19:23 0:8270 0:2208 18:87 0:7528 0:2436
MEO [24] 21:48 0:9016 0:1286 19:65 0:8673 0:1781 17:51 0:8095 0:2119 16:03 0:7093 0:2702
HDRCNN [6] 22:64 0:9118 0:1168 20:30 0:8797 0:1651 17:47 0:8119 0:2092 16:92 0:7304 0:2494
HDRCNN* [6] 24:04 0:9257 0:1092 20:73 0:8604 0:1752 17:40 0:7794 0:2431 17:96 0:7391 0:2470
HDRCNN+ [6] 22:28 0:8925 0:1312 21:95 0:8974 0:1550 18:23 0:8246 0:2061 18:69 0:7551 0:2351
DrTMO [7] 23:25 0:9371 0:1291 21:43 0:9082 0:1812 21:48 0:8651 0:1617 21:60 0:8140 0:1550
DrTMO* [7] 23:06 0:9350 0:1385 21:14 0:9092 0:1854 21:65 0:8757 0:1516 22:15 0:8234 0:1598
DrTMO+ [7] 23:30 0:9332 0:1259 21:65 0:9068 0:1755 21:57 0:8593 0:1611 21:50 0:8092 0:1681
ExpandNet [23] 23:14 0:9241 0:1181 21:25 0:8875 0:1729 19:88 0:8418 0:1740 19:71 0:7759 0:2044
Ours 25:27 0:9333 0:09480:09480:0948 20:48 0:8802 0:1809 22:17 0:8839 0:1313 20:09 0:7870 0:2011
Ours+ 25:4425:4425:44 0:94490:94490:9449 0:0987 24:3224:3224:32 0:92480:92480:9248 0:11880:11880:1188 24:1924:1924:19 0:90370:90370:9037 0:11280:11280:1128 22:3322:3322:33 0:82700:82700:8270 0:15020:15020:1502

We measure the execution time on an NVIDIA Tesla K80 GPU card with an image with a resolution of512 � 512
pixels. Our Dequantization-Net, Linearization-Net, and Hallucination-Net take66%, 9%, and25% of execution time. As
the Dequantization-Net does not contain any downsampling or pooling layers, all the convolutional layers are operated in the
full-resolution space.

4. Additional Quantitative Evaluation and Analysis

4.1. Quantitative comparisons on HDR images

We compare the proposed model with conventional methods, AOE [2], HPEO [14], KOEO [16], MEO [24], and recent
CNN-based models, HDRCNN [6], DrTMO [7], ExpandNet [23], Deep chain HDRI [17], and Deep recursive HDRI [18].
As the source code of HDRCNN and DrTMO is available, we also re-train their models on our HDR-SYNTH training set
(denoted by� ) and �ne-tune on our HDR-REAL training set (denoted by+ ) for fair comparisons. Table 3 shows that the
proposed model performs favorably against existing approaches on all four datasets.

4.2. Quantitative comparisons on tone­mapped images

We use the local (i.e., spatially varying) tone-mapping operators to generate the tone-mapped images and measure the
PSNR, SSIM, LPIPS scores. Table 4 shows the average scores from four tone-mapping operators, e.g., Balanced, Smooth,
Enhanced, and Soft, in Photomatix. The proposed model performs favorably against existing methods on all the datasets.



Figure 2:Histogram of HDR-VDP-2 scores.Ours results is distributed to the right (i.e., more images with higher scores)
of the HDRCNN� [6], DrTMO� [7], and ExpandNet [23].

Table 5: Effect of noise modeling. We demonstrate that adding realistic Poisson-Gaussian noise [9] to the training data
improves the generalization of our model on real LDR images (e.g., JPEG images produced by a real camera).

Dataset HDR-REAL RAISE

w/o noise 49:22 � 7:02 58:39 � 3:53
Gaussian noise 49:49 � 7:45 58:81 � 3:46
Poisson-Gaussian noise (ours)49:66 � 7:5049:66 � 7:5049:66 � 7:50 58:98 � 2:9758:98 � 2:9758:98 � 2:97

4.3. Histogram of HDR­VDP­2 scores

In Figure 2, we plot the distributions of the HDR-VDP-2 scores on the HDR-SYNTH, HDR-REAL, RAISE, and HDR-
EYE test sets for the HDRCNN� [6], DrTMO� [7], ExpandNet [23], and our model (Ours� ). These plots clearly show that our
results are distributed toward the right (i.e., more images with higher HDR-VDP-2 scores) of other approaches.

4.4. Effect of the noise model

To validate the effect of the realistic Poisson-Gaussian noise model [9], we further train the proposed model on the data
synthesized with Gaussian noise and without noise. We evaluate the performance on the HDR-REAL and RAISE test sets.
Table 5 shows that the model trained with realistic noise performs well on both datasets. Note that the models in Table 5 are
trained on the HDR-SYNTH training set and are not �ne-tuned on the HDR-REAL training set. The results also demonstrate
that our model generalizes well to unseen LDR images generated from real camera pipelines.

4.5. Effect of edge and histogram features

Our Linearization-Net uses additional input features to utilize edge and histogram cues. To understand the effect of these
input features on existing methods, we re-train the HDRCNN [6] and DrTMO [7] models by taking the LDR image, Sobel



Table 6: Effect of additional input features used in the proposed Linearization-Net. Directly adopting the edge and
histogram features in existing models, HDRCNN [6] and DrTMO [7] only obtains a marginal improvement.

Method HDR-SYNTH HDR-REAL

HDRCNN* 55:07 � 7:63 49:57 � 7:22
HDRCNN* + edge and histogram features55:14 � 7:59 49:61 � 7:24
DrTMO* 53:82 � 7:84 48:48 � 7:52
DrTMO* + edge and histogram features 53:90 � 7:93 48:31 � 7:21
Ours 57:10 � 7:3257:10 � 7:3257:10 � 7:32 49:91 � 7:4749:91 � 7:4749:91 � 7:47

Table 7: Comparison on linearization. * represents that the model is re-trained on our training data. The proposed
Linearization-Net reconstructs more accurate inverse CRFs than existing approaches.

Method
L2 error (#) PSNR (" )

of inverse CRF of linear image

Pre-de�nedx2 [6] 11:64 � 12:47 24:81 � 6:47
Pre-de�nedx2:2 9:06 � 10:74 25:82 � 6:04
Average inverse CRF 7:36 � 7:03 25:24 � 4:82
CRF-Net [19] 4:23 � 4:37 30:61 � 6:82
CRF-Net* [19] 2:71 � 4:10 32:84 � 6:85
Linearization-Net (ours) 1:56 � 2:521:56 � 2:521:56 � 2:52 34:64 � 6:7334:64 � 6:7334:64 � 6:73

edge response, and our soft histogram features as input. Table 6 shows that the HDRCNN and DrTMO obtain only marginal
improvement with the soft histogram features. Instead, we adopt these features to estimate the inverse CRF, which have been
shown effective for radiometric calibration [20]. This highlights the importance of our network designs for reversing the LDR
image formation pipeline as incorporating these additional features to other models does not lead to substantial performance
improvement.

4.6. Comparison with existing radiometric calibration approaches

Next, we compare the proposed Linearization-Net with existing approaches, including pre-de�ned curvesG = x2 and
G = x2:2, the average inverse CRF in the CRF dataset [12], and the CRF-Net [19]. We also re-train the CRF-Net on our
training data for fair comparisons (marked with *). As shown in Table 7, the proposed Linearization-Net obtains the lowest
reconstruction error of inverse CRFs as well as the highest PSNR values. More results of the reconstructed inverse CRFs and
linear images are in the supplementary material.

4.7. Linearity of reconstructed HDR images

We measure the linearity of reconstructed HDR images on an LDR image with a color-checker (Macbeth chart) containing
patches of known re�ectance [3]. We then analyze the gray row of the color checker. Since there exists a scale ambiguity on
the reconstructed HDR images, we normalize the intensity of the gray row to[0; 1] and measure the coef�cient of determina-
tion R2 of each reconstructed result by �tting the intensity to the liney = 1 � x. Figure 3 shows the results of four different
scenes. We note that theR2 of the ground-truth is not a perfect 1 as there exists noise in the ground-truth image. Compared
to other approaches, our model achieves a higher value ofR2, which demonstrates that our reconstructed result accurately
captures the scene irradiance.



Figure 3:Comparison on linearity. Our model restores the gray row of the color checker well, which shows a better linearity
than other approaches.



4.8. Consistency of the estimated CRFs

As the images in the RAISE dataset are mainly captured by three different cameras (Nikon D40, D90, and D7000), we
can evaluate the consistency of the recovered inverse CRFs from the same camera. The results are shown in Figure 4 and
Figure 5. Our method generates more consistent inverse-CRF prediction comparing to CRF-Net [19].

(a) Nikon D90 (2,276 images) (b) Nikon D7000 (5,802 images) (c) Nikon D40 (76 images)

Figure 4:Estimated inverse CRFs by our method.

(a) Nikon D90 (2,276 images) (b) Nikon D7000 (5,802 images) (c) Nikon D40 (76 images)

Figure 5:Estimated inverse CRFs by CRF-Net [19].



4.9. Evaluation on low­light images

Our methods are not designed speci�cally for handling noisy low-light images. We can still evaluate our method on low-
light image dataset [29]. This evaluation would be helpful in understanding how well our method can handle large image
noise. As shown in Figure 6, the tone-mapped images of our method still suffer from severe noises as we do not design any
speci�c component for reducing camera noise.

(a) Input (b) DeepUPE [29] (c) Ours

Figure 6:Results on low-light images.




