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Abstract

Deep learning in computer vision has achieved great
success with the price of large-scale labeled training data.
However, exhaustive data annotation is impracticable for
each task of all domains of interest, due to high labor costs
and unguaranteed labeling accuracy. Besides, the uncon-
trollable data collection process produces non-IID training
and test data, where undesired duplication may exist. All
these nuisances may hinder the verification of typical theo-
ries and exposure to new findings. To circumvent them, an
alternative is to generate synthetic data via 3D rendering
with domain randomization. We in this work push forward
along this line by doing profound and extensive research on
bare supervised learning and downstream domain adapta-
tion. Specifically, under the well-controlled, IID data set-
ting enabled by 3D rendering, we systematically verify the
typical, important learning insights, e.g., shortcut learning,
and discover the new laws of various data regimes and net-
work architectures in generalization. We further investigate
the effect of image formation factors on generalization, e.g.,
object scale, material texture, illumination, camera view-
point, and background in a 3D scene. Moreover, we use
the simulation-to-reality adaptation as a downstream task
for comparing the transferability between synthetic and real
data when used for pre-training, which demonstrates that
synthetic data pre-training is also promising to improve real
test results. Lastly, to promote future research, we develop
a new large-scale synthetic-to-real benchmark for image
classification, termed S2RDA, which provides more signifi-
cant challenges for transfer from simulation to reality.

1. Introduction

Recently, we have witnessed considerable advances in
various computer vision applications [16,29,38]. However,
such a success is vulnerable and expensive in that it has been
limited to supervised learning methods with abundant la-
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beled data. Some publicly available datasets exist certainly,
which include a great mass of real-world images and ac-
quire their labels via crowdsourcing generally. For example,
ImageNet-1K [9] is of 1.28M images; MetaShift [26] has
2.56M natural images. Nevertheless, data collection and
annotation for all tasks of domains of interest are imprac-
tical since many of them require exhaustive manual efforts
and valuable domain expertise, e.g., self-driving and medi-
cal diagnosis. What’s worse, the label given by humans has
no guarantee to be correct, resulting in unpredictable label
noise. Besides, the poor-controlled data collection process
produces a lot of nuisances, e.g., training and test data aren’t
independent identically distributed (IID) and even have du-
plicate images. All of these shortcomings could prevent the
validation of typical insights and exposure to new findings.
To remedy them, one can resort to synthetic data gen-
eration via 3D rendering [10], where an arbitrary number
of images can be produced with diverse values of imaging
factors randomly chosen in a reasonable range, i.e., domain
randomization [48]; such a dataset creation pipeline is thus
very lucrative, where data with labels come for free. For
image classification, Peng et al. [32] propose the first large-
scale synthetic-to-real benchmark for visual domain adap-
tation [30], VisDA-2017; it includes 152K synthetic images
and 55K natural ones. Ros et al. [37] produce 9K synthetic
cityscape images for cross-domain semantic segmentation.
Hinterstoisser et al. [19] densely render a set of 64 retail ob-
jects for retail detection. All these datasets are customized
for specific tasks in cross-domain transfer. In this work, we
push forward along this line extensively and profoundly.
The deep models tend to find simple, unintended solu-
tions and learn shortcut features less related to the seman-
tics of particular object classes, due to systematic biases, as
revealed in [ 14]. For example, a model basing its prediction
on context would misclassify an airplane floating on water
as a boat. The seminal work [14] emphasizes that short-
cut opportunities are present in most data and rarely dis-
appear by simply adding more data. Modifying the training
data to block specific shortcuts may be a promising solution,
e.g., making image variation factors consistently distributed
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across all categories. To empirically verify the insight, we
propose to compare the traditional fixed-dataset periodic
training strategy with a new strategy of training with undu-
plicated examples generated by 3D rendering, under the
well-controlled, IID data setting. We run experiments on
three representative network architectures of ResNet [18],
ViT [12], and MLP-Mixer [49], which consistently show
obvious advantages of the data-unrepeatable training (cf.
Sec. 4.1). This also naturally validates the typical argu-
ments of probably approximately correct (PAC) generaliza-
tion [41] and variance-bias trade-off [11]. Thanks to the
ideal IID data condition enabled by the well-controlled 3D
rendering, we can also discover more reliable laws of var-
ious data regimes and network architectures in generaliza-
tion. Some interesting observations are as follows.

¢ Do not learn shortcuts! The test results on synthetic
data without background are good enough to show that
the synthetically trained models do not learn shortcut
solutions relying on context clues [14].

* A zero-sum game. For the data-unrepeatable train-
ing, IID and OOD (Out-of-Distribution [34, 55]) gen-
eralizations are some type of zero-sum game w.r.t. the
strength of data augmentation.

* Data augmentations do not help ViT much! In IID
tests, ViT performs surprisingly poorly whatever the
data augmentation is and even the triple number of
training epochs does not improve much.

* There is always a bottleneck from synthetic data to
OOD/real data. Here, increasing data size and model
capacity brings no more benefits, and domain adapta-
tion [56] to bridge the distribution gap is indispensable
except for evolving the image generation pipeline to
synthesize more realistic images.

Furthermore, we comprehensively assess image varia-
tion factors, e.g., object scale, material texture, illumina-
tion, camera viewpoint, and background in a 3D scene. We
then find that to generalize well, deep neural networks must
learn to ignore non-semantic variability, which may appear
in the test. To this end, sufficient images with different val-
ues of one imaging factor should be generated to learn a
robust, unbiased model, proving the necessity of sample di-
versity for generalization [42,48,55]. We also observe that
different factors and even their different values have uneven
importance to IID generalization, implying that the under-
explored weighted rendering [3] is worth studying.

Bare supervised learning on synthetic data results in poor
performance in OOD/real tests, and pre-training and then
domain adaptation can improve. Domain adaptation (DA)
[56] is a hot research area, which aims to make predictions
for unlabeled instances in the target domain by transferring

knowledge from the labeled source domain. To our knowl-
edge, there is little research on pre-training for DA [24]
(with real data). We thus use the popular simulation-to-real
classification adaptation [32] as a downstream task, study
the transferability of synthetic data pre-trained models by
comparing with those pre-trained on real data like ImageNet
and MetaShift. We report results for several representative
DA methods [7, 13,40,45,47] on the commonly used back-
bone, and our experiments yield some surprising findings.

e The importance of pre-training for DA. DA fails
without pre-training (cf. Sec. 4.3.1).

* Effects of different pre-training schemes. Different
DA methods exhibit different relative advantages un-
der different pre-training data. The reliability of exist-
ing DA method evaluation criteria is unguaranteed.

¢ Synthetic data pre-training vs. real data pre-
training. Synthetic data pre-training is better than pre-
training on real data in our study.

* Implications for pre-training data setting. Big Syn-
thesis Small Real is worth researching. Pre-train with
target classes first under limited computing resources.

¢ The improved generalization of DA models. Real
data pre-training with extra non-target classes, fine-
grained target subclasses, or our synthesized data
added for target classes helps DA.

Last but not least, we introduce a new, large-scale
synthetic-to-real benchmark for classification adaptation
(S2RDA), which has two challenging tasks S2RDA-49 and
S2RDA-MS-39. S2RDA contains more categories, more re-
alistically synthesized source domain data coming for free,
and more complicated target domain data collected from di-
verse real-world sources, setting a more practical and chal-
lenging benchmark for future DA research.

2. Related Works

Real Datasets. A lot of large-scale real datasets [9, 15,
—-27,35,43,44] have harnessed and organized the explo-
sive image data from the Internet or real world for deep
learning of meaningful visual representations. For exam-
ple, ImageNet [9] is a large-scale image database consisting
of 1.28M images from 1K common object categories, and
serves as the primary dataset for pre-training deep models
for vision tasks. Barbu et al. [2] collect a large real-world
test set for more realistic object recognition, ObjectNet,
which has 50K images and is bias-controlled. MetaShift
[26] of 2.56M natural images (~ 400 classes) is formed by
context guided clustering of the images from GQA [22].
Synthetic Datasets. Thanks to 3D rendering [10] and
domain randomization [48], synthetic data with increased
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sample diversity can be generated for free now, facilitat-
ing various vision tasks. VisDA-2017 [32] is a large-scale
benchmark dataset for cross-domain object classification,
focusing on the simulation-to-reality shift, with 152K syn-
thetic images and 55K natural ones across 12 categories.
For cross-domain semantic segmentation, Ros et al. [37]
produce 9K synthetic images by rendering a virtual city us-
ing the Unity engine; many other works [30, 52-54] focus
on computer graphics simulations to synthesize outdoor or
indoor scene images. For retail detection, Hinterstoisser et
al. [19] densely render 64 retail objects and a large dataset
of 3D background models. For car detection, domain ran-
domization is also utilized and developed in [33, 50].

Domain Adaptation. Domain adaptation is a developing
field with a huge diversity of approaches. A popular strat-
egy is to explicitly model and minimize the distribution shift

between the source and target domains [7,13,31,40,46,57],
such that the domain-invariant features can be learned. Dif-
ferently, works of another emerging strategy [8, 28,45,47]

take steps towards implicit domain adaptation, without ex-
plicit feature alignment. In this work, we consider these rep-
resentative DA methods for the empirical study, and broader
introductions to the rich literature are provided in [39,56].

3. Data Synthesis via Domain Randomization

We adopt the widely used 3D rendering [10] in a simu-
lator for data synthesis and generate synthetic RGB images
for model training. To increase sample diversity for better
generalization, we apply domain randomization [48] during
rendering, whose efficacy has been demonstrated in vari-
ous applications [32, 33, 50]. Specifically, we start by sam-
pling a 3D object model from one specific class of interest
from ShapeNet repository [5] and place it in a blank scene;
next, we set the lighting condition with a point source of
randomized parameters and place the camera at random po-
sitions on the surface of a sphere of random radius, which
has lens looking at the object and the intrinsic resolution
of 256 x256; next, we apply random materials and textures
to the object; then, we use an RGB renderer to take pic-
tures from different camera viewpoints in the configured
scene; finally, the rendered images are composed over a
background image chosen at random from open resources.
The synthesized images with the automatically generated
ground truth class labels are used as low-cost training data.

The changing ranges of image variation factors in the 3D
scene are as follows. (1) The scale of the object in an image
depends on its distance to the camera, namely the radius of
a sphere on whose surface the camera is located. The radius
is ranged in [0.8, 2.4]. (2) The material texture of an object
is from CCTextures [20], which contains actual images. (3)
The point light is on a shell centered at [1, 2, 3], whose ra-
dius and elevation are ranged in [1,7] and [15, 70] respec-
tively. (4) The camera lies on the surface of a sphere cen-

Figure 1. Sample images from the training (left) and validation
(middle) domains of VisDA-2017 and our synthesized data (right).

tered at [0, 0, 0] (also the object center) and its azimuth and
elevation are from 0° to 360°. (5) The background images
are from Haven [2 1], which includes environment HDRs.

Remarks. It is noteworthy that VisDA-2017 [32] generates
synthetic images by rendering 3D models just under varied
camera angles and lighting conditions. Differently, we vary
the values of much more image variation factors, leading to
more realistic and diverse samples, as illustrated in Fig. 1.

4. Experiment and Evaluation

We empirically demonstrate the utility of our synthetic
data for supervised learning and downstream transferring
by exploring the answers to the following questions:

e (Can we utilize synthetic data to verify typical theories
and expose new findings? What will we find when investi-
gating the learning characteristics and properties of our syn-
thesized new dataset comprehensively?

e (Can a model trained on non-repetitive samples con-
verge? If it could, how will the new training strategy
perform when compared to fixed-dataset periodic training?
Can the comparison provide any significant intuitions for
shortcut learning and other insights?

e How will the image variation factors in domain random-
ization affect the model generalization? What new insights
can the study provide for 3D rendering?

e (Can synthetic data pre-training be on par with real data
pre-training when applied to downstream synthetic-to-real
classification adaptation? How about large-scale synthetic
pre-training with a small amount of real data?

e Is our S2RDA benchmark more challenging and realis-
tic? How does it differ from VisDA-2017?

4.1. Empirical Study on Supervised Learning

Data Settings. We use the 10 object classes common in
ShapeNet and VisDA-2017 for the empirical study. We term
the synthetic and real domains of the 10 classes in VisDA-
2017 as SubVisDA-10. For the traditional fixed-dataset pe-
riodic training, we generate 12K synthetic images in each
class and train the model on the dataset with fixed size
epoch by epoch. For our used sample-unrepeatable training,
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we have mutually exclusive batches of synthesized samples
per iteration. At inference, we evaluate the learned model
on three types of test data: IID data of 6K samples per
class which follow the same distribution as the synthesized
training data, IID data of 60K images without background
to examine the dependency of network predictions on con-
texts, and OOD data, i.e., real images from SubVisDA-10.
For training, we consider three data augmentation strate-
gies with different strengths: no augmentation which has
only the center crop operation, weak augmentation based on
pixel positions such as random crop and flip [9], and strong
augmentation which transforms both position and value of
pixels in an image, e.g., random resized crop and color jit-
ter [6]. In the test phase, we use no augmentation.
Implemental Details. We adopt the standard cross-entropy
loss function for pattern learning. We do experiments using
ResNet-50 [18], ViT-B [12], and Mixer-B [49] as the back-
bone. We train the model from scratch for 200K iterations
and use the SGD optimizer with batch size 64 and the co-
sine learning rate schedule to update network parameters.
We report the overall accuracy (Acc. %) or mean class pre-
cision (Mean %) at the same fixed random seed across all
experiments. Other settings are detailed in the appendix.

4.1.1 Results

Fixed-Dataset Periodic Training vs. Training on Non-
Repetitive Samples. Under the ideal IID data condition
enabled by 3D rendering, we empirically verify significant
insights on shortcut learning [14], PAC generalization [4 1],
and variance-bias trade-off [11], by making comparisons
between fixed-dataset periodic training and training on non-
repetitive samples. Results are shown in Table 1 and Figs.
2 and A1 (learning process in the appendix). We highlight
several observations below. (1) With more training data of
increased sample diversity, the data-unrepeatable training
exhibits higher generalization accuracy and better conver-
gence performance than the fixed-dataset training. (2) To
intuitively understand what the models have learned, we vi-
sualize the saliency/attention maps in Figs. A2-AS5. We
observe that all models attend to image regions from global
(context) to local (object) as the learning process proceeds;
the data-unrepeatable training achieves qualitative improve-
ments over the fixed-dataset training. (3) Our synthesized
data used for training yield higher OOD test accuracy than
SubVisDA-10 as they share more similarities to the real
data, as shown in Fig. 1. (4) The fixed-dataset training dis-
plays overfitting phenomenons whilst the data-unrepeatable
training does not (cf. (a-d) in Fig. Al), since the former
samples training instances from an empirical distribution
with high bias and low variance, and thus cannot perfectly
generalize to the unseen test instances sampled from the true
distribution. (5) With strong data augmentation, the data-

11D 1ID w/o BG 00D
Acc./Mean  Acc/Mean  Acc. Mean

Backbone: ResNet-50 (23.53M)

Data FD DA

SubVisDA-10 T N 11.25 11.72 22.02 1471
Ours T N 87.63 78.55 2335 2336
Ours F N 98.19 96.39 25.04 26.05
SubVisDA-10 T w 12.31 13.53 2595 16.83
Ours T W 95.54 91.37 2397 22.89
Ours F w 98.10 96.35 2747 2749
SubVisDA-10 T N 17.39 20.32 33.07 2748
Ours T S 94.86 95.33 4224 4173
Ours F N 96.26 96.50 42.82 42.25
Backbone: ViT-B (85.78M)  ¥: Training for 600K iterations
SubVisDA-10 T N 12.68 11.30 2428 17.81
Ours T N 68.51 61.50 26.65 24.13
OursT T N 70.58 62.15 26.57 24.23
Ours F N 76.34 71.46 30.10 26.93
SubVisDA-10 T W 11.77 11.20 26.53  19.22
Ours T w 72.79 67.46 30.04 2645
Ours F W 73.93 68.59 29.92  26.80
SubVisDA-10 T S 14.45 12.89 31.52 2374
Ours T N 62.85 63.96 31.79  26.56
Ours F S 64.26 64.30 30.89 26.28
Backbone: Mixer-B (59.12M)
SubVisDA-10 T N 12.85 15.17 21.56  17.02
Ours T N 66.05 57.66 21.85 21.22
Ours F N 90.22 85.86 28.54 27.98
SubVisDA-10 T W 13.99 23.12 27.67 19.86
Ours T w 78.43 71.48 27.15 26.01
Ours F W 90.32 86.13 29.11 29.49
SubVisDA-10 T S 14.88 24.85 33.19  26.12
Ours T N 81.72 83.06 36.57 3343
Ours F S 84.16 85.25 36.50 33.75

Table 1. Training on a fixed dataset vs. non-repetitive samples.
FD: Fixed Dataset, True (T) or False (F). DA: Data Augmentation,
None (N), Weak (W), or Strong (S). BG: BackGround.

unrepeatable training has the test results on IID w/o BG data
not only at their best but also better than those on IID data,
implying that the trained models do not learn shortcut solu-
tions that rely on context clues in the background.
Evaluating Various Network Architectures. In addition
to Table 1, we also show the learning process of various
network architectures in Figs. 2d and A6. We take the fol-
lowing interesting observations. (1) On the fixed-dataset
training and IID tests, ViT-B performs surprisingly poorly
whatever the data augmentation is, when compared with
ResNet-50; even the triple number of training epochs does
not work as well as expected (e.g., in [12]). (2) When train-
ing on non-repetitive images without strong data augmenta-
tion, ViT-B and Mixer-B perform better than ResNet-50 in
OOD tests whereas they perform much worse with strong
data augmentation. Maybe they are more suitable for han-
dling data with a certain (or smaller) range of diversity.
Namely, different network architectures have different ad-
vantages for different data augmentations, suggesting that
neural architecture search (NAS) should also consider the
search for data augmentation. (3) With strong data augmen-
tation, ResNet-50 fits best and shows the best convergence,
though it has a more volatile learning process for the OOD
test (cf. Figs. 2d and A6). (4) ResNet-50 produces more
accurate saliency map visualizations, where the attended re-
gions are semantically related (cf. Figs. A2-AS).
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Figure 2. Learning process. (a-c): Training ResNet-50 on a fixed dataset (blue) or non-repetitive samples (red) for no, weak, and strong data

augmentations. (d): Training ResNet-50 (red), ViT-B (
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Mixer-L & /
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o ®
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Accurac;
)
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Number of Training Samples
Figure 3. Generalization accuracy w.r.t. model capacity (a/left) or
training data quantity (b/right).

Impact of Model Capacity. When Mixer is used as the
backbone for data-unrepeatable training with strong data
augmentation, we do experiments by varying the number
of layers in [8,12,24], i.e., Mixer-S (18.02M), Mixer-B
(59.12M), and Mixer-L (207.18M). The results are shown
in Fig. 3a. Although better results are achieved by higher
capacity models, the performance gain is less and less sig-
nificant. It also suggests that given a specific task, one
model always has a bottleneck, which may be broken by
adjusting the training data and learning algorithm.

Impact of Training Data Quantity. We do experiments by
doubling the number of training samples and the last 12.8M
is the upper bound. We use the fixed-dataset periodic train-
ing with ResNet-50 and no data augmentation, and show
the results in Fig. 3b. (1) In IID tests, as the number of
training samples is continuously doubled, the performance
gets better and is near perfect finally. (2) In real OOD tests,
the performance gain is slighter and along the last 4 num-
bers, the performance gain almost disappears under our data
regime. It demonstrates that simply generating more syn-
thesized images may get stuck at last and one can resort
to domain adaptation approaches to reduce the distribution
shift or more realistic simulation for image synthesis.

Impact of Data Augmentations. Data augmentation plays
an important role in deep learning and we separately ana-
lyze its impact. There are a few noteworthy findings in Ta-
ble 1. (1) For training ResNet-50 on a fixed dataset, weak
augmentation can enable the learnability from our synthe-
sized data to IID data (e.g., > 95%); from synthetic to IID
w/o BG, strong augmentation is necessary; from synthetic
to OOD, strong augmentation has the highest learnability.
These observations enlighten us: given a limited set of train-

), and Mixer-B (blue) on non-repetitive samples with strong data augmentation.

Object Scale Material Texture
Value IID 1D w/oBG Value IID  1ID w/o BG
1 68.77 58.00 Metal 79.58 68.78
1.5 80.80 72.22 Plastic 50.29 46.82
2 77.61 70.10 Fingerprints ~ 50.35 62.27
Mix 87.12 717.55 Moss 68.62 63.93
Illumination Camera Viewpoint
Value D 1D w/oBG Value IID 1D w/o BG
Location 1 86.48 76.02 Location 1 24.60 26.56
Location 2 86.60 76.75 Location 2 27.21 28.88
Radius 86.91 78.83 Location 3 32.82 32.76
Elevation 87.12 77.39 Location 4 33.79 33.07
Background Full Randomization
Value IID 1D w/oBG Value IID 1D w/o BG

No Background  17.68 94.75 Random 87.63 78.55

Table 2. Fix vs. randomize image variation factors (ResNet-50).

ing data, is there necessarily some kind of data augmenta-
tion that makes it learnable from training to test? (2) For
the data-unrepeatable training, the results in IID tests get
worse while those in OOD tests get better when strengthen-
ing the data augmentation, since the distribution of strongly
augmented training data differs from that of IID test data but
is more similar to that of OOD test data.

4.2. Assessing Image Variation Factors

To know how individual image variation factors in do-
main randomization affect the model generalization, we do
an ablation study by fixing one of them at a time. For each
variant, we accordingly synthesize 120K training images
and train a ResNet-50 from scratch with no data augmen-
tation. Other implementation details are the same as those
in Sec. 4.1. We compare the one-fixed variants with the
baseline of full randomization and report results in Table 2.
Object Scale. The scale of target object in an image is
changed by modifying the distance between the object and
camera in the virtual 3D scene, whose value is set as 1, 1.5,
2, or a mix of the three. We can observe that when the object
scale is fixed to one value, the recognition accuracy in IID
and IID w/o BG tests drops significantly, e.g., by 18.86%
and 20.55% respectively; setting the object-to-camera dis-
tance as 1.5 achieves the best performance among the three
scales; mixing the three scales restores most of the base-
line performance. The observations show that decreasing
the sample diversity would damage the generalization per-
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Pre-trainine Dat #1 #Epochs No Adaptation DANN MCD RCA SRDC DisClusterDA

re-training Lata ers POCIS Ace. Mean | Ace. | Mean | Acc.  Mean | Acc. | Mean | Ace.  Mean | Acc.  Mean
No Pre-training - - 23.89 1421 2230 17.72 | 1799 1620 19.15 15.19 1958 1592 20.87 17.31
Ours 200K 107 4773 4296 4791 4894 | 5523 56.86 54.27 5272 4470 4745 5409 5491
Ours w. SelfSup 200K 107 47.80 42.81 4725 4832  56.71 5833 5344 5331 4021 4050 5437 54.15
SynSL 200K 1 4750 44.12 4741 4948 55.06 56.92 53.61 5350 3630 37.57 53.10 54.88
SynSL 1.2M 6 51.22 4857 5590 5650 6452 67.70 58.19 59.67 51.87 5232 6132 63.70
SynSL 2.4M 12 5347 5384 59.59 59.11 6555 6883 6047 61.19 5517 58.10 63.62 64.89
SynSL 4.8M 24 55.02 5372  60.55 60.78  65.69 69.53 6033 60.05 5580 5836 64.01 65.36
SubImageNet 200K 499 4274 37.16 49.64 4543 5488 52.12 5824 5545 56.78 5124 5621 51.09
Ours+SubImageNet 200K 88 49.61 47.88 5535 56.22 | 6090 62.16 61.11 60.31 60.07 61.74 6222 6247
ImageNet-990 200K 10 3191 2631 3468 3229 3948 37.84 45110 43.10 43.69 4095 4156 39.40
ImageNet-990+Ours 200K 9 36.53 3058 38.15 3522 4238 41.84 46.19 4345 4587 4295 4207 39.40
ImageNet 200K 10 40.37 3325 4257 4022 | 49.04 4786 5236 47.90 51.62 47.88 4929 46.17
ImageNet 1.2M 60 54.69 5127 5850 56.02 6528 06588 62.69 60.28 6033 55.00 6228 61.00
ImageNet 2.4M 120 53.84 4755 5845 5538 6527 6538 61.65 60.82 61.65 5630 62.02 60.46
ImageNel* 600K 120 57.10 51.83  61.92 5875  64.59 67.72 66.17 69.00 64.92 6835 64.65
MetaShift 200K 5 38.18 3031 3829 34.04 4539 43.63 4593 42.67 42.83 38.02  40.17 35.09
MetaShift 1.2M 30 48.00 3999 53.00 48.17 6404 6130 53.97 51.09 48.69 4449 6028 57.15
MetaShift 2.4M 60 4724 3921 5841 53.85  61.10 5852 58.64 5535 51.71 4729 6271 60.18

Table 3. Domain adaptation performance on SubVisDA-10 with varied pre-training schemes (ResNet-50). % Official checkpoint. Green or
red: Best Acc. or Mean in each row (among compared DA methods). Ours w. SelfSup: Supervised pre-training + contrastive learning [6].

formance; different scales have different importance.
Material Texture. We fix the material texture of target ob-
ject in an image as metal, plastic, fingerprints, or moss. We
observe that compared to full randomization, fixing the ma-
terial texture degenerates the performance largely in IID and
IID w/o BG tests, e.g., by 37.34% and 31.73% respectively.
INlumination. We change the illumination by fixing the
light location to [5, —5, 5] or [4, 5, 6] or narrowing the
range of radius or elevation to [3, 4] and [20, 30]. We find
that the location of light source has a greater influence than
its radius and elevation. Compared with other factors, illu-
mination has much less impact on class discrimination.
Camera Viewpoint. Recall that the camera always looks
at the target object. We change the viewpoint of camera by
placing it in different 3D locations: [0, 1, 1], [0, -1, 1], [1, O,
1], or [-1, 0, 1]. We can see that fixing the camera viewpoint
makes the results in IID and IID w/o BG tests deteriorate
greatly, e.g., by 63.03% and 51.99% respectively.
Background. When the background is lacking in an im-
age, the accuracy in the IID test suffers an abrupt decrease
of 69.95% while that in the IID w/o BG test improves by
16.2% due to reduced distribution shift. Among 5 factors,
the background is the most important for IID generalization.
Remarks. Different rendering variation factors and even
their different values have uneven importance to model gen-
eralization. It suggests that the under-explored direction of
weighted rendering [3] is worth studying, and our results in
Table 2 provide preliminary guidance/prior knowledge for
learning the distributions of variation factors.

4.3. Exploring Pre-training for Domain Adaptation

Data Settings. The data used for pre-training can be se-
lected in several datasets and their variants: (1) our syn-
thesized 120K images of the 10 object classes shared by
SubVisDA-10 (Ours), (2) our synthesized 12.8M images of

the 10 classes (for supervised learning, termed SynSL), (3)
the subset collecting examples of the 10 classes from Im-
ageNet [9] (25,686 images, termed SublmageNet), (4) our
synthesized 120K images combined with SubImageNet, (5)
ImageNet-990, where the fine-grained subclasses for each
of the 10 classes are merged into one, (6) ImageNet-990
combined with our 120K synthetic images, (7) the full set of
ImageNet (1K classes), and (8) MetaShift [26] (2.56M). For
fine-tuning, we use domain adaptation (DA) on SubVisDA-
10 as the downstream task, which comprises 130, 725 la-
beled instances in the source domain and 46, 697 unlabeled
ones in the target domain. We follow the standard DA train-
ing protocol [13,40]. We report classification results of
overall accuracy (Acc. %) and mean class precision (Mean
%) on the target domain under a fixed random seed.
Implemental Details. For domain adaptation, we use
DANN [13], MCD [40], RCA [7], SRDC [45], and Dis-
ClusterDA [47] as baselines. We closely follow the specific
algorithms in the respective papers of these baselines. We
use a pre-trained ResNet-50 as the base model. We train the
model for 20 epochs with batch size 64 via SGD. Refer to
Sec. 4.1 and the appendix for other details.

4.3.1 Results and Discussions

To study the effects of pre-training on synthetic-to-real
adaptation, we examine several DA methods when varying
the pre-training scheme in terms of pre-training data and du-
ration. The results are reported in Table 3 and Figs. 4 and
A7. We emphasize several remarkable findings below.

The importance of pre-training for DA. DA fails with-
out pre-training. With no pre-training, the very baseline No
Adaptation that trains the model only on the labeled source
data, outperforms all compared DA methods in overall ac-
curacy, despite the worst mean class precision. It verifies
that pre-training is indispensable for DA and involving the
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Figure 4. Learning process (Mean) of MCD (left) and DisClus-
terDA (right) when varying the pre-training scheme.

0.1

target data in training may alleviate class imbalance.

Effects of different pre-training schemes. Different DA
methods exhibit different relative advantages under differ-
ent pre-training data. When pre-training on our synthesized
data, MCD achieves the best results; when pre-training on
Ours+SubImageNet, DisClusterDA outperforms the others;
when pre-training on ImageNet*, SRDC yields the best
performance. What’s worse, the reliability of existing DA
method evaluation criteria is unguaranteed. With differ-
ent pre-training schemes, the best performance is achieved
by different DA methods. When pre-training on ImageNet
for 10, 60, or 120 epochs, the best results are achieved
by RCA, MCD, and SRDC respectively; when pre-training
on MetaShift for 5, 30, or 60 epochs, the best results are
achieved by RCA, MCD, and DisClusterDA respectively.

Synthetic data pre-training vs. real data pre-training.
Synthetic data pre-training is better than pre-training on real
data in our study. With the same 200K pre-training itera-
tions, our synthetic data often bring more benefits than real
data from ImageNet or MetaShift, though the top-ranked
performance is achieved by extending the pre-training time
on real data. Under the same experimental configuration,
SynSL pre-training for 24 epochs is comparable to or better
than pre-training on ImageNet for 120 epochs and maybe
it’s because SynSL is 10 times ImageNet’s size. The ob-
servation indicates that with our 12.8M synthetic data pre-
training, the DA methods can yield the new state of the art.
Implications for pre-training data setting. Big
Synthesis Small Real is worth deeply researching.
Ours+SubImageNet augmenting our synthetic data with a
small amount of real data, achieves remarkable performance
gain over Ours, suggesting a promising paradigm of super-
vised pre-training — Big Synthesis Small Real. On the
other hand, pre-train with target classes first under limited
computing resources. With 200K pre-training iterations,
SublmageNet performs much better than ImageNet (10
Epochs), suggesting that one should consider pre-training
with target classes first in cases of low computation bud-
get, e.g., real-time deployment on low-power devices like
mobile phones, laptops, and smartwatches. Here, we have
two questions to be considered: do we have unlimited com-
puting resources for pre-training? Is the domain-specific
pre-training more suitable for some industrial applications?

Figure 5. Sample images from the synthetic (left) domain and the
real domains of S2RDA-49 (middle) and S2RDA-MS-39 (right).

The improved generalization of DA models. Real data
pre-training with extra non-target classes, fine-grained tar-
get subclasses, or our synthesized data added for tar-
get classes helps DA. ImageNet (120 Epochs) involving
both target and non-target classes in pre-training is bet-
ter than SublmageNet involving only target classes, in-
dicating that learning rich category relationships is help-
ful for downstream transferring. with 200K pre-training
iterations, ImageNet-990 performs much worse than Im-
ageNet, implying that pre-training in a fine-grained vi-
sual categorization manner may bring surprising benefits.
Ours+SubImageNet adding our synthesized data for tar-
get classes in SubImageNet, produces significant improve-
ments and is close to ImageNet (120 Epochs); ImageNet-
990+Ours improves over ImageNet-990, suggesting that
synthetic data may help improve the performance further.

Convergence analysis. In Figs. 4 and A7, the conver-
gence from different pre-training schemes for the same DA
method differs in speed, stability, and accuracy. In Fig. 4,
SynSL with 24 epochs outperforms ImageNet with 120
epochs significantly; notably, SynSL is on par with or better
than ImageNet*, supporting our aforementioned findings.

4.4. A New Synthetic-to-Real Benchmark

Dataset Construction. Our proposed Synthetic-to-Real
benchmark for more practical visual DA (termed S2RDA)
includes two challenging transfer tasks of S2RDA-49 and
S2RDA-MS-39 (cf. Fig. 5). In each task, source/synthetic
domain samples are synthesized by rendering 3D models
from ShapeNet [5] (cf. Sec. 3). The used 3D models
are in the same label space as the target/real domain and
each class has 12K rendered RGB images. The real domain
of S2RDA-49 comprises 60, 535 images of 49 classes, col-
lected from ImageNet validation set, ObjectNet [2], VisDA-
2017 validation set, and the web [1]. For S2RDA-MS-39,
the real domain collects 41, 735 natural images exclusive
for 39 classes from MetaShift [26], which contain complex
and distinct contexts, e.g., object presence (co-occurrence
of different objects), general contexts (indoor or outdoor),
and object attributes (color or shape), leading to a much
harder task. In Fig. A8, we show the long-tailed distribution
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Figure 6. The t-SNE visualization of target domain features extracted by different models on S2RDA-49 (a-b) and S2RDA-MS-39 (c-d).

No Adaptation DANN MCD RCA SRDC DisClusterDA
Acc.  Mean | Ace. Mean | Ace. Mean = Ace. Mean | Ace.  Mean | Ace.  Mean

S2RDA-49 51.89 42.19 [47.06 47.64 [4251 4777 4707 4846 |GNS2 5298 53.03 5234
S2RDA-MS-39 | 22.03 20.54 | 22.82 2220 | 2207 22.16 | 2334 2253 2583 2455 Q2704 2533

Table 4. Domain adaptation performance on S2RDA (ResNet-50).

Transfer Task

of image number per class in each real domain. Compared
to VisDA-2017 [32], our S2RDA contains more categories,
more realistically synthesized source domain data coming
for free, and more complicated target domain data collected
from diverse real-world sources, setting a more practical,
challenging benchmark for future DA research.
Benchmarking DA Methods. We use ResNet-50 as the
backbone, initialized by the official ImageNet pre-trained
checkpoint [18]. Refer to Sec. 4.3 and the appendix for
other implementation details. We report the results on
S2RDA in Table 4 and show t-SNE [51] visualizations in
Fig. 6. In the overall accuracy (Acc.) on S2RDA-49, the
adversarial training based methods DANN, MCD, and RCA
perform worse than No Adaptation, demonstrating that ex-
plicit domain adaptation could deteriorate the intrinsic dis-
criminative structures of target domain data [45, 47], espe-
cially in cases of more categories; in contrast, SRDC pro-
duces significant quantitative and qualitative improvements,
14.45% and 8.49% higher than RCA and DisClusterDA re-
spectively, but 7.48% lower than Acc. on SubVisDA-10 (cf.
Table 3), indicating the difficulty of the S2RDA-49 task. On
S2RDA-MS-39, the classification accuracy is much worse
than that on S2RDA-49 (decrease of more than 20%), and
the compared methods show much less performance dif-
ference; the highest accuracy is only 27.14% achieved by
DisClusterDA, showing that S2RDA-MS-39 is a very chal-
lenging task. To summarize, domain adaptation is far from
being solved and we expect that our results contribute to
the DA community as new benchmarks, though more care-
ful studies in different algorithmic frameworks are certainly
necessary to be conducted.

5. Conclusions and Future Perspectives

This paper primarily aims to publish new datasets includ-
ing our synthetic dataset SynSL (12.8M) and S2RDA, and
benchmarks the datasets via supervised learning and down-

stream transferring. In the context of image classification,
our work is the first comprehensive study on synthetic data
learning, which is completely missing. We propose exploit-
ing synthetic datasets to explore questions on model gener-
alization and benchmark pre-training strategies for DA. We
build randomized synthetic datasets using a 3D rendering
engine and use this established system to manipulate the
generation of images by altering several imaging factors.
We find that synthetic data pre-training has the potential to
be better than pre-training on real data, our new benchmark
S2RDA is much more practical for synthetic-to-real DA, to
name a few. We expect that these results contribute to the
transfer learning community as new benchmarks, though
the research on more synthetic datasets, more models, and
more DA methods is certainly to be done.

Synthetic data as a new benchmark. Synthetic data are well
suited for use as toy examples to verify existing deep learn-
ing theoretical results or explore new theories.

Evaluation metrics robust to pre-training. The comparison
among various DA methods yields different or even oppo-
site results when using different pre-training schemes (cf.
Sec. 4.3). DA researchers should propose and follow evalu-
ation metrics enabling effective and fair comparison.

More realistic simulation synthesis. We will consider more
imaging parameters, e.g., randomizing the type and hue of
the light, including 77 physical objects with actual textures
from YCB [4], and using the flying distractor [23].

To explore deep learning based data generation. Our
proposed paradigm of empirical study can generalize to
any data generation pipeline. Our findings may be data
source specific and the generalizability to other pipelines
like GANs, NeRFs, and AutoSimulate [3] is to be explored.
Applicability to other vision tasks. Our new paradigm of
empirical study for image classification can also be applied
to other vision tasks of semantic analysis, e.g., Kubric [17]
and HyperSim [36] for segmentation and object detection.
Acknowledgments. This work is supported in part by
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