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Figure 1: AI Choreographer. We present a new 3D dance dataset, AIST++, which contains 5.2 hours of 3D motion
reconstructed from real dancers paired with music (left) and a novel Full-Attention Cross-modal Transformer (FACT) network
that can generate realistic 3D dance motion with global translation conditioned on music (right). We output our 3D motion
in representations that allow for instant motion retargeting to a novel character. Here we use a character from Mixamo [ ]

Abstract

We present AIST++, a new multi-modal dataset of 3D
dance motion and music, along with FACT, a Full-Attention
Cross-modal Transformer network for generating 3D dance
motion conditioned on music. The proposed AIST++
dataset contains 5.2 hours of 3D dance motion in 1408 se-
quences, covering 10 dance genres with multi-view videos
with known camera poses—the largest dataset of this kind
to our knowledge. We show that naively applying sequence
models such as transformers to this dataset for the task of
music conditioned 3D motion generation does not produce
satisfactory 3D motion that is well correlated with the input
music. We overcome these shortcomings by introducing key
changes in its architecture design and supervision: FACT
model involves a deep cross-modal transformer block with
full-attention that is trained to predict N future motions. We
empirically show that these changes are key factors in gen-
erating long sequences of realistic dance motion that are
well-attuned to the input music. We conduct extensive ex-
periments on AIST++ with user studies, where our method
outperforms recent state-of-the-art methods both qualita-
tively and quantitatively. The code and the dataset can be
found at: https://google.github.io/aichoreographer.

* equal contribution. Work performed while Ruilong was an intern at
Google.

1. Introduction

The ability to dance by composing movement patterns
that align to musical beats is a fundamental aspect of hu-
man behavior. Dancing is an universal language found in all
cultures [50], and today, many people express themselves
through dance on contemporary online media platforms.
The most watched videos on YouTube are dance-centric
music videos such as “Baby Shark Dance”, and “Gangnam
Style” [75], making dance a more and more powerful tool
to spread messages across the internet. However, dancing is
a form of art that requires practice—even for humans, pro-
fessional training is required to equip a dancer with a rich
repertoire of dance motions to create an expressive chore-
ography. Computationally, this is even more challenging as
the task requires the ability to generate a continuous motion
with high kinematic complexity that captures the non-linear
relationship with the accompanying music.

In this work, we address these challenges by presenting
a novel Full Attention Cross-modal Transformer (FACT)
network, which can robustly generate realistic 3D dance
motion from music, along with a large-scale multi-modal
3D dance motion dataset, AIST++, to train such a model.
Specifically, given a piece of music and a short (2 seconds)
seed motion, our model is able to generate a long sequence
of realistic 3D dance motions. Our model effectively learns
the music-motion correlation and can generate dance se-
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Figure 2: Cross-Modal Music Conditioned 3D Motion Generation Overview. Our proposed a Full-Attention Cross-
modal Transformer (FACT) network (details in Figure 3) takes in a music piece and a 2-second sequence of seed motion,
then auto-regressively generates long-range future motions that correlates with the input music.

quences that varies for different input music. We represent
dance as a 3D motion sequence that consists of joint rota-
tion and global translation, which enables easy transfer of
our output for applications such as motion retargeting as
shown in Figure 1.

In order to generate 3D dance motion from music, we
propose a novel Full Attention Cross-modal Transformer
(FACT) model, which employs an audio transformer and
seed motion transformer to encode the inputs, which are
then fused by a cross-modal transformer that models the dis-
tribution between audio and motion. This model is trained
to predict /V future motion sequences and at test time is ap-
plied in an auto-regressive manner to generate continuous
motion. The success of our model relies on three key design
choices: 1) the use of full-attention in an auto-regressive
model, 2) future-N supervision, and 3) early fusion of two
modalities. The combination of these choices is critical for
training a model that can generate a long realistic dance mo-
tion that is attuned to the music. Although prior work has
explored using transformers for motion generation [3], we
find that naively applying transformers to the 3D dance gen-
eration problem without these key choices does not lead to
a very effective model.

In particular, we notice that because the context window
in the motion domain is significantly smaller than that of
language models, it is possible to apply full-attention trans-
formers in an auto-regressive manner, which leads to a more
powerful model. It is also critical that the full-attention
transformer is trained to predict N possible future motions
instead of one. These two design choices are key for pre-
venting 3D motion from freezing or drifting after several
auto-regressive steps as reported in prior works on 3D mo-
tion generation [4, 3]. Our model is trained to predict 20
future frames, but it is able to produce realistic 3D dance
motion for over 1200 frames at test time. We also show that
fusing the two modalities early, resulting in a deep cross-
modal transformer, is important for training a model that
generates different dance sequences for different music.

In order to train the proposed model, we also address
the problem of data. While there are a few motion capture
datasets of dancers dancing to music, collecting mocap data

requires heavily instrumented environments making these
datasets severely limited in the number of available dance
sequences, dancer and music diversity. In this work, we pro-
pose a new dataset called AIST++, which we build from the
existing multi-view dance video database called AIST [82].
We use the multi-view videos to recover reliable 3D motion
from this data. We will release code and this dataset for re-
search purposes, where AIST++ can be a new benchmark
for the task of 3D dance generation conditioned on music.
In summary, our contributions are as follows:

e We propose Full Attention Cross-Modal Transformer
model, FACT, which can generate a long sequence of
realistic 3D dance motion that is well correlated with
the input music.

e We introduce AIST++ dataset containing 5.2 hours of
3D dance motions accompanied with music and multi-
view images, which to our knowledge is the largest
dataset of such kind.

e We provide extensive evaluations validating our design
choices and show that they are critical for high quality,
multi-modal, long motion sequence generation.

2. Related Work

3D Human Motion Synthesis The problem of generating
realistic and controllable 3D human motion sequences has
long been studied. Earlier works employ statistical models
such as kernel-based probability distribution [64, 10, 25,

] to synthesize motion, but abstract away motion details.
Motion graphs [53, 7, 47] address this problem by generat-
ing motions in a non-parametric manner. Motion graph is
a directed graph constructed on a corpus of motion capture
data, where each node is a pose and the edges represent the
transition between poses. Motion is generated by a random
walk on this graph. A challenge in motion graph is in gener-
ating plausible transition that some approaches address via
parameterizing the transition [30]. With the development
in deep learning, many approaches explore the applicabil-
ity of neural networks to generate 3D motion by training on
a large-scale motion capture dataset, where network archi-
tectures such as CNNs [35, 34], GANs [31], RBMs [80],
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RNNs [24, 4, 40, 27, 16, 18, 88, 12, 87] and Transform-
ers [3, 9] have been explored. Auto-regressive models like
RNNSs and vanilla Transformers are capable of generating
unbounded motion in theory, but in practice suffer from
regression to the mean where motion “freezes” after sev-
eral iterations, or drift to unnatural motions [4, 3]. Some
works [8, 56, 49] propose to ease this problem by peri-
odically using the network’s own outputs as inputs during
training. Phase-functioned neural networks and it’s varia-
tions [94, 33, 73, 74] address this issue via conditioning the
network weights on phase, however, they do not scale well
to represent a wide variety of motion.

Audio To Human Motion Generation Audio to motion
generation has been studied in 2D pose context either in
optimization based approach [81], or learning based ap-
proaches [52, 72, 51, 67, 68, 21] where 2D pose skele-
tons are generated from a conditioning audio. Training data
for 2D pose and audio is abundant thanks to the high re-
liability of 2D pose detectors [14]. However, predicting
motion in 2D is limited in its expressiveness and poten-
tial for downstream applications. For 3D dance genera-
tion, earlier approaches explore matching existing 3D mo-
tion to music [7 1] using motion graph based approach [20].
More recent approach employ LSTMs [5, 79, 90, 97, 42],
GANSs [51, 78, 28], transformer encoder with RNN de-
coder [36] or convolutional [2, 92] sequence-to-sequence
models. Concurrent to our work, Chen et al. [15] pro-
posed a method that is based on motion graphs with learned
embedding space. Many prior works [72, 68, 42, 28, 92]
solve this problem by predicting future motion determinis-
tically from audio without seed motion. When the same au-
dio has multiple corresponding motions, which often occurs
in dance data, these methods collapse to predicting a mean
pose. In contrast, we formulate the problem with seed mo-
tion as in [55, 96], which allows generation of multiple mo-
tion from the same audio even with a deterministic model.
Closest to our work is that of Li et al. [55], which also
employ transformer based architecture but only on audio
and motion. Furthermore, their approach discretize the out-
put joint space in order to account for multi-modality, which
generates unrealistic motion. In this work we introduce a
novel full-attention based cross-modal transformer (FACT
model) for audio and motion, which can not only preserve
the correlation between music and 3D motion better, but
also generate more realistic long 3D human motion with
global translation. One of the biggest bottleneck in 3D
dance generation approaches is that of data. Recent work
of Li et al. [55] reconstruct 3D motion from dance videos
on the Internet, however the data is not public. Further, us-
ing 3D motion reconstructed from monocular videos may
not be reliable and lack accurate global 3D translation in-
formation. In this work we also reconstruct the 3D motion
from 2D dance video, but from multi-view video sequences,

which addresses these issues. While there are many large
scale 3D motion capture datasets [39, 59, |, 37], mocap
dataset of 3D dance is quite limited as it requires heavy
instrumentation and expert dancers for capture. As such,
many of these previous works operate on either small-scale
or private motion capture datasets [79, 5, 96]. We compare
our proposed dataset with these public datasets in Table 1.

Cross-Modal Sequence-to-Sequence Generation Be-
yond of the scope of human motion generation, our work
is closely related to the research of using neural network
on cross-modal sequence to sequence generation task. In
natural language processing and computer vision, tasks
like text to speech (TTS) [69, 41, 43, 83] and speech
to gesture [22, 28, 23], image/video captioning (pixels to
text) [13, 44, 58, 48] involve solving the cross-modal se-
quence to sequence generation problem. Initially, combina-
tion of CNNs and RNNs [86, 85, 91, 93] were prominent in
approaching this problem. More recently, with the develop-
ment of attention mechanism [84], transformer based net-
works achieve top performance for visual-text [95, 77, 19,

, 38,76, 76], visual-audio [26, 89] cross-modal sequence
to sequence generation task. Our work explores audio to
3D motion in a transformer based architecture. While all
cross-modal problems induce its own challenges, the prob-
lem of music to 3D dance is uniquely challenging in that
there are many ways to dance to the same music and that the
same dance choreography may be used for multiple music.
We hope the proposed AIST++ dataset advances research in
this relatively under-explored problem.

3. AIST++ Dataset

Data Collection We generate the proposed 3D motion
dataset from an existing database called AIST Dance
Database [82]. AIST is only a collection of videos with-
out any 3D information. Although it contains multi-view
videos of dancers, these cameras are not calibrated, making
3D reconstruction of dancers a non-trivial effort. We re-
cover the camera calibration parameters and the 3D human
motion in terms of SMPL parameters. Please find the details
of this algorithm in the Appendix. Although we adopt the
best practices in reconstructing this data, no code base exist
for this particular problem setup and running this pipeline
on a large-scale video dataset requires non-trivial amount of
compute and effort. We will make the 3D data and camera
parameters publicly available, which allows the community
to benchmark on this dataset on an equal footing.

Dataset Description Resulting AIST++ is a large-scale
3D human dance motion dataset that contains a wide variety
of 3D motion paired with music. It has the following extra
annotations for each frame:

e 9 views of camera intrinsic and extrinsic parameters;
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Dataset Music 3D Joint,,s 3D Joint,,, 2D Kpt Views Images Genres Subjects Sequences Seconds
AMASS[59] X v v X 0 0 0 344 11265 145251
Human3.6M[39] X v v v 4 3.6M 0 11 210 71561
Dance with Melody[79] v v X X 0 0 4 - 61 5640
GrooveNet [5] v v X X 0 0 1 1 2 1380
DanceNet [96] v v X X 0 0 2 2 2 3472
EA-MUD [78] v v X X 0 0 4 - 17 1254
AIST++ v v v v 9 10.1IM 10 30 1408 18694

Table 1: 3D Dance Datasets Comparisons. The proposed AIST++ dataset is the largest dataset with 3D dance motion paired
with music. We also have the largest variety of subjects and genres. Furthermore, our dataset is the only one that comes with
image frames, as other dance datasets only contain motion capture dataset. We include popular 3D motion dataset without

any music in the first two rows for reference.

e 17 COCO-format[
2D and 3D;

e 24 SMPL [57] pose parameters along with the global
scaling and translation.

] human joint locations in both

Besides the above properties, AIST++ dataset also contains
multi-view synchronized image data unlike prior 3D dance
dataset, making it useful for other research directions such
as 2D/3D pose estimation. To our knowledge, AIST++ is
the largest 3D human dance dataset with 1408 sequences,
30 subjects and 10 dance genres with basic and advanced
choreographies. See Table. 1 for comparison with other 3D
motion and dance datasets. AIST++ is a complementary
dataset to existing 3D motion dataset such as AMASS [59],
which contains only 17.8 minutes of dance motions with no
accompanying music.

Owing to the richness of AIST, AIST++ contains 10
dance genres: Old School (Break, Pop, Lock and Waack)
and New School (Middle Hip-hop, LA-style Hip-hop,
House, Krump, Street Jazz and Ballet Jazz). Please see
the Appendix for more details and statistics. The motions
are equally distributed among all dance genres, covering
wide variety of music tempos denoted as beat per minute
(BPM)[61]. Each genre of dance motions contains 85%
of basic choreographies and 15% of advanced choreogra-
phies, in which the former ones are those basic short danc-
ing movements while the latter ones are longer movements
freely designed by the dancers. However, note that AIST is
an instructional database and records multiple dancers danc-
ing the same choreography for different music with varying
BPM, a common practice in dance. This posits a unique
challenge in cross-modal sequence-to-sequence generation.
We carefully construct non-overlapping train and val sub-
sets on AIST++ to make sure neither choreography nor mu-
sic is shared across the subsets.

4. Music Conditioned 3D Dance Generation

Here we describe our approach towards the problem of
music conditioned 3D dance generation. Specifically, given
a 2-second seed sample of motion represented as X =
(21,...,z7) and a longer conditioning music sequence

represented as Y = (y1,...,y7), the problem is to gen-
erate a sequence of future motion X' = (x741,...,277)
from time step 7'+ 1 to 77, where T' > T.

Preliminaries Transformer [84] is an attention based net-
work widely applied in natural language processing. A ba-
sic transformer building block (shown in of Figure 3 (a)) has
multiple layers with each layer composed of a multi-head
attention-layer (Attn) followed by a feed forward layer (FF).
The multi-head attention-layer embeds input sequence X
into an internal representation often referred to as the con-
text vector C. Specifically, the output of the attention layer,
the context vector C is computed using the query vector Q
and the key K value V pair from input with or without a
mask M via,

C = FF(Attn(Q, K, V,M))

N QK" + M
= FF(softmax (\/5 ) V),

Q=XW? K=XW¥ Vv=xw" )
where D is the number of channels in the attention layer
and W are trainable weights. The design of the mask func-
tion is a key parameter in a transformer. In natural language
generation, causal models such as GPT [66] uses an upper
triangular look-ahead mask M to enable causal attention
where each token can only look at past inputs. This allows
efficient inference at test time, since intermediate context
vectors do not need to be recomputed, especially given the
large context window in these models (2048). On the other
hand, models like BERT [17] employ full-attention for fea-
ture learning, but rarely are these models employed in an
auto-regressive manner, due to its inefficiency at test time.

4.1. Full Attention Cross-Modal Transformer

We propose Full Attention Cross-Modal Transformer
(FACT) model for the task of 3D dance motion generation.
Given the seed motion X and audio features Y, FACT first
encodes these inputs using a motion transformer f,, and
audio transformer f,,q4i into motion and audio embeddings
h*,.7 and h¥;.7/ respectively. These are then concatenated
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Figure 3: FACT Model Details. (a) The structure of the audio/motion/cross-modal transformer with NV attention layers. (b)
Attention and supervision mechanism as a simplified two-layer model. Models like GPT [66] and the motion generator of [55]
use causal attention (left) to predict the immediate next output for each input nodes. We employ full-attention and predict n
future from the last input timestamp m (right). The dots on the bottom row are the input tensors, which are computed into
context tensors through causal (left) and full (right) attention transformer layer. The output (predictions) are shown on the
top. We empirically show that these design choices are critical in generating non-freezing, more realistic motion sequences.

and sent to a cross-modal transformer f;os5, Which learns
the correspondence between both modalities and generates
N future motion sequences X', which is used to train the
model in a self-supervised manner. All three transformers
are jointly learned in an end-to-end manner. This process is
illustrated in Figure 2. At test time, we apply this model in
an auto-regressive framework, where we take the first pre-
dicted motion as the input of the next generation step and
shift all conditioning by one.

FACT involves three key design choices that are critical
for producing realistic 3D dance motion from music. First,
all of the transformers use full-attention mask. We can still
apply this model efficiently in an auto-regressive framework
at test time, since our context window is not prohibitively
large (240). The full-attention model is more expressive
than the causal model because internal tokens have access
to all inputs. Due to this full-attention design, we train our
model to only predict the unseen future after the context
window. In particular, we train our model to predict NV fu-
tures beyond the current input instead of just 1 future mo-
tion. This encourages the network to pay more attention to
the temporal context, and we experimentally validate that
this is a key factor training a model that does not suffer
from motion freezing or diverging after a few generation
steps. This attention design is in contrast to prior work that
employ transformers for the task of 3D motion [3] or dance
generation [55], which applies GPT [66] style causal trans-
former trained to predict the immediate next future token.
We illustrate this difference in Figure 3 (b).

Lastly, we fuse the two embeddings early and employ a
deep 12-layer cross-modal transformer module. This is in
contrast to prior work that used a single MLP to combine
the audio and motion embeddings [55], and we find that
deep cross-modal module is essential for training a model
that actually pays attention to the input music. This is par-
ticularly important as in dance, similar choreography can be
used for multiple music. This also happens in AIST dataset,
and we find that without a deep cross-modal module, the
network is prone to ignoring the conditioning music. We

experimentally validate this in Section 5.2.3.

S. Experiments
5.1. AIST++ Motion Quality Validation

We first carefully validate the quality of our 3D motion
reconstruction. Possible error sources that may affect the
quality of our 3D reconstruction include inaccurate 2D key-
points detection and the estimated camera parameters. As
there is no 3D ground-truth for AIST dataset, our validation
here is based-on the observation that the re-projected 2D
keypoints should be consistent with the predicted 2D key-
points which have high prediction confidence in each im-
age. We use the 2D mean per joint position error MPJPE-
2D, commonly used for 3D reconstruction quality measure-
ment [46, 39, 65]) to evaluate the consistency between the
predicted 2D keypoints and the reconstructed 3D keypoints
along with the estimated camera parameters. Note we only
consider 2D keypoints with prediction confidence over 0.5
to avoid noise. The MPJPE-2D of our entire dataset is 6.2
pixels on the 1920 x 1080 image resolution, and over 86% of
those has less than 10 pixels of error. Besides, we also cal-
culate the PCKh metric introduced in [6] on our AIST++.
The PCKh@0.5 on the whole set is 98.7%, meaning the
reconstructed 3D keypoints are highly consistent with the
predicted 2D keypoints. Please refer to the Appendix for
detailed analysis of MPJPE-2D and PCKh on AIST++.

5.2. Music Conditioned 3D Motion Generation

5.2.1 Experimental Setup

Dataset Split All the experiments in this paper are con-
ducted on our AIST++ dataset, which to our knowledge is
the largest dataset of this kind. We split AIST++ into train
and rest set, and report the performance on the zest set only.
We carefully split the dataset to make sure that the music
and dance motion in the fest set does not overlap with that
in the train set. To build the zest set, we first select one mu-
sic piece from each of the 10 genres. Then for each music
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Motion Quality =~ Motion Diversity = Motion-Music Corr User Study
FID; | FID, | Dist; T Disty T BeatAlign 1 FACT WinRate]

AIST++ - - 9.057 7.556 0.292 -

AIST++ (random) - - - - 0.213 25.4%
Lietal [55] 86.43 20.58 6.85% 4.93 0.232 80.6%
Dancenet [96] 69.18 17.76 2.86 2.72 0.232 71.1%
DanceRevolution [36]  73.42 31.01 3.52 2.46 0.220 77.0%
FACT (ours) 35.35 12.40 5.94 5.30 0.241 -

Table 2: Conditional Motion Generation Evaluation on AIST++ dataset. Comparing to the three recent state-of-the-art
methods, our model generates motions that are more realistic, better correlated with input music and more diversified when

conditioned on different music. *Note Li et al. [
distance (FIDy) abnormally high.

piece, we randomly select two dancers, each with two dif-
ferent choreographies paired with that music, resulting in
total 40 unique choreographies in the zest set. The train set
is built by excluding all test musics and test choreographies
from AIST++, resulting in total 329 unique choreographies
in the train set. Note that in the test set we intentionally
pick music pieces with different BPMs so that it covers all
kinds of BPMs ranging from 80 to 135 in AIST++.

Implementation Details In our main experiment, the in-
put of the model contains a seed motion sequence with 120
frames (2 seconds) and a music sequence with 240 frames
(4 seconds), where the two sequences are aligned on the
first frame. The output of the model is the future motion se-
quence with N = 20 frames supervised by L2 loss. During
inference we continually generate future motions in a auto-
regressive manner at 60 FPS, where only the first predicted
motion is kept in every step. We use the publicly available
audio processing toolbox Librosa [60] to extract the music
features including: 1-dim envelope, 20-dim MFCC, 12-dim
chroma, 1-dim one-hot peaks and 1-dim one-hot beats, re-
sulting in a 35-dim music feature. We combine the 9-dim
rotation matrix representation for all 24 joints, along with a
3-dim global translation vector, resulting in a 219-dim mo-
tion feature. Both these raw audio and motion features are
first embedded into 800-dim hidden representations with
linear layers, then added with learnable positional encod-
ing, before they were input into the transformer layers. All
the three (audio, motion, cross-modal) transformers have 10
attention heads with 800 hidden size. The number of atten-
tion layers in each transformer varies based on the exper-
iments, as described in Sec. 5.2.3. We disregard the last
linear layer in the audio/motion transformer and the posi-
tional encoding in the cross-modal transformer, as they are
not necessary in the FACT model. All our experiments are
trained with 16 batch size using Adam [45] optimizer. The
learning rate starts from le—4 and drops to {le—>5, le—6}
after {60k, 100k} steps. The training finishes after 300k,
which takes 3 days on 4 TPUs. For baselines, we compare
with the latest work on 3D dance generation that take mu-
sic and seed motion as input, including Dancenet [96] and

]’s generated motions are discontinuous making its average kinetic feature

Li et al. [55]. For a more comprehensive evaluation we also
compare with the recent state-of-the-art 2D dance genera-
tion method DanceRevolution [36]. We adapt this work to
output 3D joint locations which can be directly compared
with our results quantitatively, though joint locations do not
allow immediate re-targeting. We train and test these base-
lines on the same dataset with ours using the official code
provided by the authors.

5.2.2 Quantitative Evaluation

In this section, we evaluate our proposed model FACT on
the following aspects: (1) motion quality, (2) generation di-
versity and (3) motion-music correlation. Experiments re-
sults (shown in Table 2) show that our model out-performs
state-of-the-art methods [55, 36, 96], on those criteria.

Motion Quality Similar to prior works [55, 36], we eval-
uate the generated motion quality by calculating the distri-
bution distance between the generated and the ground-truth
motions using Frechet Inception Distance (FID) [32] on
the extracted motion features. As prior work used motion-
encoders that are not public, we measure FID with two well-
designed motion feature extractors [62, 63] implemented in
fairmotion [29]: (1) a geometric feature extractor that pro-
duces a boolean vector z, € R3 expressing geometric re-
lations between certain body points in the motion sequence
X € RT*NX3 (2) akinetic feature extractor [63] that maps
a motion sequence X to z; € R"2, which represents the
kinetic aspects of the motion such as velocity and acceler-
ations. We denote the FID based on these geometric and
kinetic features as FID and FIDy, respectively. The metrics
are calculated between the real dance motion sequences in
AIST++ test set and 40 generated motion sequences each
with T" = 1200 frames (20 secs). As shown in Table 2, our
generated motion sequences have a much closer distribution
to ground-truth motions compared with the three baselines.
We also visualize the generated sequences from the base-
lines in our supplemental video.

13406



WHRASEL8T)
mfmurﬁﬂ A §

o N i’ s/r [ 53\\?\?‘ z ji’ :{\ };‘45
DAL /

Generated 3D Dance Motion

Figure 4: Diverse Generation Results. Here we visualize
4 different dance motions generated using different music
but the same seed motion. On the left we illustrate the 2
second seed motion and on the right we show the gener-
ated 3D dance sequences subsampled by 2 seconds. For
rows top to bottom, the genres of the conditioning music
are: Break, Ballet Jazz, Krump and Middle Hip-hop. Note
that the seed motion come from hip-hop dance.Our model
is able to adapt the dance style when given a more modern
dance music (second row: Ballet Jazz). Please see more
results in the supplementary video.

Generation Diversity We also evaluate our model’s abil-
ity to generate diverse dance motions when given various
input music compared with the baseline methods. Similar
to the prior work [36], we calculate the average Euclidean
distance in the feature space across 40 generated motions on
the AIST++ fest set to measure the diversity. The motion
diversity in the geometric feature space and in the kinetic
feature space are noted as Dist,,, and Disty, respectively. Ta-
ble 2 shows that our method generates more diverse dance
motions comparing to the baselines except Li ef al. [55],
which discretizes the motion, leading to discontinuous out-
puts that results in high Dist;. Our generated diverse mo-
tions are visualized in Figure 4.

Motion-Music Correlation Further, we evaluate how
much the generated 3D motion correlates to the input mu-
sic. As there is no well-designed metric to measure this
property, we propose a novel metric, Beat Alignment Score
(BeatAlign), to evaluate the motion-music correlation in
terms of the similarity between the kinematic beats and mu-
sic beats. The music beats are extracted using librosa [60]
and the kinematic beats are computed as the local minima of
the kinetic velocity, as shown in Figure 5. The Beat Align-
ment Score is then defined as the average distance between
every kinematic beat and its nearest music beat. Specifi-
cally, our Beat Alignment Score is defined as:

minyyepy ||t — Y12

202

1 m
BeatAlign = — Z exp(— ) ()
=1

where B = {t7'} is the kinematic beats, BY = {t¥} is the
music beats and o is a parameter to normalize sequences

—kinetic velocity music beats kinematic beats

time
Figure 5: Beats Alignment between Music and Gener-
ated Dance. Here we visualize the kinetic velocity (blue
curve) and kinematic beats (green dotted line) of our gener-
ated dance motion, as well as the music beats (orange dot-
ted line). The kinematic beats are extracted by finding local
minima from the kinetic velocity curve.

with different FPS. We set 0 = 3 in all our experiments
as the FPS of all our experiments sequences is 60. A sim-
ilar metric Beat Hit Rate was introduced in [51, 36], but
this metric requires a dataset dependent handcrafted thresh-
old to decide the alignment (“hit”) while ours directly mea-
sure the distances. This metric is explicitly designed to be
uni-directional as dance motion does not necessarily have
to match with every music beat. On the other hand, every
kinetic beat is expected to have a corresponding music beat.
To calibrate the results, we compute the correlation met-
rics on the entire AIST++ dataset (upper bound) and on the
random-paired data (lower bound). As shown in Table 2,
our generated motion is better correlated with the input mu-
sic compared to the baselines. We also show one example
in Figure 5 that the kinematic beats of our generated motion
align well with the music beats. However, when comparing
to the real data, all four methods including ours have a large
space for improvement. This reflects that music-motion cor-
relation is still a challenging problem.

5.2.3 Ablation Study

We conduct the following ablation experiments to study
the effectiveness of our key design choices: Full-Attention
Future-N supervision, and early cross-modal fusion. Please
refer to our supplemental video for qualitative comparison.
The effectiveness of different model architectures is mea-
sured quantitatively using the motion quality (FIDy, FID,)
and the music-motion correlation (BeatAlign) metrics, as
shown in Table 4 and Table 3.

Full-Attention Future-N Supervision Here we dive
deep into the attention mechanism and our future-N super-
vision scheme. We set up four different settings: causal-
attention shift-by-1 supervision, and full-attention with
future-{1, 10,20} supervision. Qualitatively, we find that
the motion generated by the causal-attention with shift-by-
1 supervision (as done in [55, 66, 3]) starts to freeze after
several seconds (please see the supplemental video). Sim-
ilar problem was reported in the results of [3]. Quantita-
tively (shown in the Table 3), when using causal-attention
shift-by-1 supervision, the FIDs are large meaning that the
difference between generated and ground-truth motion se-
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Attn-Supervision FID, | FID, ] BeatAlign 1

Causal-Attn-Shift-by-1 111.69  21.43 0.217
Full-Attn-F1 (FACT-1) 207.74  19.35 0.233
Full-Attn-F10 (FACT-10)  35.10 15.17 0.239
Full-Attn-F20 (FACT-20)  35.35 12.39 0.241

Table 3: Ablation Study on Attention and Supervision
Mechanism. Causal-attention shift-by-1 supervision tends
to generate freezing motions in the long-term. While Full-
attention supervised more future frames boost the ability of
generating more realistic dance motions.

o YAy VAV AN, |
o [T

motion attention

music attention low

Figure 6: Attention Weights Visualization. We compare
the attention weights from the last layer of the (a) 12-layer
cross-modal transformer and (b) 1-layer cross-modal trans-
former. Deeper cross-modal transformer pays equal atten-
tion to motion and music, while a shallower one pays more
attention to motion.

quences is substantial. For the full-attention with future-
1 supervision setting, the results rapidly drift during long-
range generation. However, when the model is supervised
with 10 or 20 future frames, it pays more attention to the
temporal context. Thus, it learns to generate good quality
(non-freezing, non-drifting) long-range motion.

Early Cross-Modal Fusion Here we investigate when to
fuse the two input modalities. We conduct experiments in
three settings, (1) No-Fusion: 14-layer motion transformer
only; (2) Late-Fusion: 13-layer motion/audio transformer
with 1-layer cross-modal transformer; (3) Early-Fusion: 2-
layer motion/audio transformer with 12-layer cross-modal
transformer. For fair comparison, we change the number
of attention layers in the motion/audio transformer and the
cross-modal transformer but keep the total number of the
attention layers fixed. Table 4 shows that the early fusion
between two input modalities is critical to generate motions
that are well correlated with input music. Also we show
in Figure 6 that Early-Fusion allows the cross-model trans-
former pays more attention to the music, while Late-Fusion
tend to ignore the conditioning music. This also aligns
with our intuition that the two modalities need to be fully
fused for better cross-modal learning, as contrast to prior
work that uses a single MLP to combine the audio and mo-
tion [55].

5.2.4 User Study

Finally, we perceptually evaluate the motion-music corre-
lation with a user study to compare our method with the
three baseline methods and the “random’ baseline, which
randomly combines AIST++ motion-music. (Refer to the
Appendix for user study details.) In this study, each user

Cross-Modal Fusion FID;, | FID, | BeatAlign 1

No-Fusion 45.66 13.27 0.228%*
Late-Fusion 45.76 14.30 0.234
Early-Fusion 35.35 12.39 0.241

Table 4: Ablation Study on Cross-modal Fusion. Early
fusion of the two modalities allows the model to generate
motion sequences align better with the conditioning music.
*Note this number is calculated using the music paired with
the input motion.

is asked to watch 10 videos showing one of our results and
one random counterpart, and answer the question “which
person is dancing more to the music? LEFT or RIGHT” for
each video. For user study on each of the four baselines, we
invite 30 participants, ranging from professional dancers to
people who rarely dance. We analyze the feedback and the
results are: (1) 81% of our generated dance motion is better
than Li et al. [55]; (2) 71% of our generated dance motion is
better than Dancenet [96]; (3) 77% of our generated dance
motion is better than DanceRevolution [36]; (4) 75% of the
unpaired AIST++ dance motion is better than ours. Clearly
we surpass the baselines in the user study. But because the
“random” baseline consists of real advanced dance motions
that are extremely expressive, participants are biased to pre-
fer it over ours. However, quantitative metrics show that our
generated dance is more aligned with music.

6. Conclusion and Discussion

In this paper, we present a cross-modal transformer-
based neural network architecture that can not only learn
the audio-motion correspondence but also can generate non-
freezing high quality 3D motion sequences conditioned on
music. We also construct the largest 3D human dance
dataset: AIST++. This proposed, multi-view, multi-genre,
cross-modal 3D motion dataset can not only help research
in the conditional 3D motion generation research but also
human understanding research in general. While our results
shows a promising direction in this problem of music condi-
tioned 3D motion generation, there are more to be explored.
First, our approach is kinematic based and we do not reason
about physical interactions between the dancer and the floor.
Therefore the global translation can lead to artifacts such as
foot sliding and floating. Second, our model is currently
deterministic. Exploring how to generate multiple realistic
dance per music is an exciting direction.
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