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Abstract

This paper focuses on the problem of online action detection for interactive systems, with a special emphasis on
earliness. Online Action Detection (OAD) refers to the challenging task of recognizing gestures in untrimmed, strea-
ming videos where the actions occur in unpredictable orders and durations. To address these challenges, we present
a skeleton-based system for OAD incorporating a decision mechanism to accurately detect ongoing gestures. This
allows us to provide instance-level output, achieving a high level of stream understanding. This mechanism relies on
a novel Connectionist Temporal Classification (CTC) loss design that restricts the path possibilities according to the
action boundaries. We also present a mechanism to tune the trade-off between accuracy and earliness according to
the needs of the interactive system using a weighted label prior. This system includes a 3D CNN network, referred
to as DOLT-C3D, exploiting the spatial-temporal information provided by the euclidean skeleton representation. We
extensively evaluate our approach on eight publicly available datasets, demonstrating its superior performance com-
pared to state-of-the-art methods in terms of both accuracy and earliness. We also successfully applied our approach
to early 2D gestures detection. Furthermore, our system shows real-time performance, making it a suitable choice for
interactive systems.
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1. Introduction

Gesture interaction has become an essential component of many human-machine interactive systems. These sys-
tems require real-time detection and recognition of user gestures. Gestures follow one another without any prior
information on the temporal location of the gesture, which makes recognition more complex in this context. In this
study, we tackle the Online Action Detection (OAD) task, which involves analyzing an untrimmed video stream to
detect and recognize gestures in real time.

In the context of interactive systems, a high level of understanding and decision-making capability is essential
when it comes to detecting human actions.

However, most OAD approaches produce a result at the frame level, with no overall view of the action perfor-
med. This leads to a low-level understanding of the sequence and offers little guarantee of the consistency of action
prediction over time. Moreover, some gestures may have common beginnings, making it impossible to recognize the
action correctly on these first frames. Therefore, a system attempting to produce a frame-by-frame response would
necessarily make errors in these first frames, as illustrated in figure[I] In the context of human-computer interaction,
it is very important to make as few recognition errors as possible so as not to produce undesirable commands in the
application, even if this means not giving a decision in the first few frames. Few works address the OAD task as such
a decision-making problem.

It is therefore essential to develop OAD systems that produce output at the instance level. Instance-level output
can be represented using either detection bounds or a decision point. The choice of output representation depends
on the specific requirements of the interactive system. These bounds, or decision points, must be consistent with the
nature of the gestures, as some can be recognized earlier than others.

To clarify when a system should make a recognition decision, Nowozin et al. [1] have defined the concept of
action point”. An action point in an action refers to a specific moment when the presence of the action is unambiguous
and can be consistently identified in all instances of the action. An example is given in figure [T} where two actions
with a similar start cannot be clearly identified until a certain moment, at which point the gesture becomes clearly
recognizable. We can associate the action point with the first frame of the clear zone. This point can be difficult to
define, since it involves all the classes in the set considered.

Attempting to predict before the light zone, during the “ambiguous zone”, is more risky, but in some cases it is
possible to succeed in recognizing the gesture correctly. The level of earliness required in interactive applications
varies according to the specific requirements and application context. Referring to the figure|l} attempting to predict
gestures in the ambiguous zone may result in recognition systems that makes earlier detections, but probably at the
expense of overall accuracy. For example, a command-based application that uses gestures to create, modify and
move objects in a graphical space would require a high level of accuracy for smooth interaction. Earliness, on the
other hand, is not essential in this application. On the other hand, a sports training application, such as boxing, where

a virtual opponent has to react to the user’s actions, requires the system to recognize the user’s attack very quickly
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Figure 1 — Comparison of the behaviour of a gesture detection system on a data stream at the frame level (2) and at the instance level (3) on different
gesture zones. Two sequences of three gestures are represented, the ground truth (GT) bounds of gestures is given (1). The first frames contain
the same movements between two actions, so the actions cannot be differentiated. The frame-based system, which aims to recognize each frame,
would necessarily make mistakes on these “unrecognizable” frames. An intermediate "ambiguous” zone can be defined at the point where small
clues might make it possible to identify the action. The instance-level system would generally make its decision later, during the “’clear” zone, but

would not make any mistakes.

in order to produce the right defense. The recognition system must therefore be able to achieve different levels of
earliness, to make trade-offs between earliness and accuracy according to the specific requirements and constraints of
the application.

To summarize, the instance-level OAD task we address in this article has multiple challenges. a) Gestures follow
one another in an untrimmed data stream, with no prior information on gesture location. We therefore need to identify
the different gesture instances. b) Gestures are not necessarily identifiable from their first frames, so the system needs
to be able to avoid making a recognition decision in this area. c) Some applications require this decision to arrive as
quickly as possible, while others prioritize detection accuracy to avoid misunderstood commands. A mechanism is
therefore needed to adjust the accuracy-earliness ratio. d) The system needs to have a strong recognition capability,
yet be efficient enough to run in real time.

We propose an efficient system specifically designed to meet these challenges. To enable effective recognition, we
use a new CNN network that features efficient exploitation of the gesture representation. The euclidean representation
of the gesture is also designed to be efficient and consistent with the intrinsic design of the CNN. In order to identify
each gesture instance, we made a cost function based on the CTC [2], which naturally allows for robust decision
making at the instance level. In order to correctly localize the gesture, we guide the CTC by the segmentation of
the gesture during learning. Finally, to adjust the balance between precision and earliness, we designed the weighted
label-prior. This mechanism will allow adjusting the system so that it makes decisions more or less early and precise
depending on the chosen intensity.

Our contributions can be summarized as follows :



— We conceived E-SIM, a Euclidean representation of the gesture that is independent of execution speed. Construc-
ted from the skeleton, this representation preserves spatial and temporal relationships between joints, making
it well-suited for CNNss.

— We built the Dual-stream Online Long-term Convolutional 3D (DOLT-C3D), an efficient 3D CNN that fully
and effectively exploits the E-SIM representation. This network enables the extraction of spatiotemporal fea-
tures with sufficient context.

— We developed two learning strategies guided by gesture segmentation. Based on CTC, they will enhance the
localization of the gesture in the untrimmed stream.

— We introduced the weighted label prior, a regularization of the CTC loss that adjusts the precision-earliness

ratio to meet various application needs.

2. Related work

2.1. Skeleton-Based Action Recognition

In this work, we present an action detection system based on skeletal information. We rely on the study of Johans-
son [3], which demonstrated that perceiving and understanding the movement of the human body is possible through
the motion of the body’s joints, i.e., the skeleton. Additionally, sensors such as the Kinect can effectively provide
skeleton data from depth maps [4]. Thus, we think that skeleton information is sufficient for gesture recognition and
offers a robust and lightweight approach to online action detection.”

Action recognition is a challenging problem in computer vision. Many researchers have addressed this problem,
especially on trimmed sequence (one gesture per sequence) and on offline cases (whole clip is available). Many
modalities are used in the literature to accomplish action recognition, like RGB videos, depth maps, motion sensors,
etc. We focus here on the skeleton modality. The handmade feature approach involves picking important information
from the skeleton data, such as the position and angle of joints, and then compute some features using this information
to identify the action. Deep learning-based methods are newer and more powerful for recognizing actions. This time,
deep networks have to extract by themselves the features from raw data. Nevertheless, several works shown that the
way of presenting the raw data to the network, which we call “representation” of skeleton data, can have a decisive
impact on performances|3, 16} [7, [8, 9} [10, [11} [12} [13} [14]. Three kinds of networks are mainly used in the literature
for this task : Recurrent Neural Networks (RNN), Convolutional Neural Networks (CNN), and Graph Convolutional
Networks (GCN). Recurrent Neural Networks (RNNs) were used a lot for skeleton-based action recognition [15} 16}
170[18L19L20L 211 122], as they are powerful to recognize temporal patterns. Recently, some transformer-based methods
are also emerging for this task [23 24} 25/ 26} 27, 28]].

As explain earlier, the way of representing the data is very important, especially for CNN-based methods. Skeleton
data representations can be split into two main categories : Joint Coordinate-based and Euclidean Space-based. A

summary is available in the table |1} The first category consists of arranging the joints coordinates into a 2D or 3D
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matrix. Hou et al. [29] concatenates all coordinates of all joints in one vector for each frame, even if this representation
is very compacted and simple, it gets good results when using a 1D CNN. A different arrangement using the same
amount of data as Hou et al. has been introduced by Du et al. [30]. It consists of putting the coordinates into a
3D matrix : time X joints X joint position (x,y,z values), a 2D CNN can then be applied to this structure. This
representation and its variants has been widely used in the literature [} [31} 132} 133} 19} 8 34, 22} |35} [12} [13]. A
crucial aspect to consider is that the order of joints holds significance in this representation, as the kernel of the first
convolutional layer exclusively perceives the neighboring joints in the matrix. Furthermore, there is a limitation in
its ability to capture the spatial relationships between joints that are close into the Euclidean space at a time, but
not consecutive in the matrix order. In contrast, some works tried to represent the gestures in a 2D or 3D Euclidean
space [36,[37, 23| [14]. For example, Duan et al. [[14] builds 2D images of the skeleton. Multiple images are generated
per frame to localize the placement of each joint and bone. It is worth noting that these images are very sparse but are
built as heatmaps. The intensity of the pixels represents the confidence of the presence of the joints or bones in this
area. These images over time are used as the direct input for a 3D CNN, with the images of different joints and bones
in the channels. The CNN then extracts features using filters sliding across three dimensions : time, X dimension, and
Y dimension. This approach improves the previous state-of-the-art results on multiple benchmarks.

TasLE 1 — Summary of the representations used in skeleton-based approaches with CNNs. J : number of joints considered, time : number of frames,

¢ : number of output channels, depends on approaches and variants. ¢ and 7 : depends on approaches, 7 is always time-dependent. X, Y and Z

designate here the size of an image. views in the number of different viewpoints integrated in the representations.

Type Dim. |Description Repr. Output Shape Approaches
1D Time time X (J % 3) [29],[38]] (3™ stream)
1D Time, Component-wise 3« (time X J) [L1]] (15t stream)
Joint
1D Time, Joint-component-wise |3 = J * (time X 1) 139]
Coordinate- T
1D Time, Relative distances time X (% + 2% J*3) 6]
based
1D Joint, Time-wise time x (J X 3) [Lo]
1300150 31512201320 1344 181 19, 13301350
2D Time and joints time X J X 3
121[13]
2D  |Time/joint Grid-arrangement|( VJ * ) x (VJ % T) x 3 (71,110 (27 stream)
Euclidean 2D/3D |Spatial, time cumulated views * (X X Y[XZ] X ¢) [37] (2D), [36] (3D)
Space-based 3D/4D |Spatio-temporal views * (time X X X Y[XZ] x c)|[23] (4D, 2" stream), [14] (3D)

Another way to tackle the spatial correlation problem in the representation of Du et al. is to design a special
convolutions mechanism to apply convolutions on the skeleton graph, making use of the semantic structure of the
skeleton. The first Spatio-Temporal Graph Convolutional Network (ST-GCN) was introduced by Yan et al.[40] using
this idea. GCN-based approaches have brought considerable interest in the field, with numerous publications exploring
its use in recent years [41] 42| |43] 144} 45| 146). Despite their continuous success, GCN-based approaches have been

challenged by euclidean space-based methods, including the work of Duan et al. discussed earlier.



2.2. Online Action Detection

Geest et al. [47] defined the Online Action Detection (OAD) task as detecting an action as it occurs, ideally
before it completes. Most existing approaches, especially those utilizing RGB modality [47, 48| 49, 50, 51} 152} 53|
54,155]], aim to predict the maximum quantity of frames depicting actions in an online setting. They typically focus on
determining the probability of each gesture at each frame and evaluate using frame-level metrics. In contrast, methods
employing skeleton modality, such as those in [56} |57, [58} 159} |16} [60], approach OAD by recognizing actions at
instance-level. These methods provide one prediction per action instance. In our work, we focus on this instance-level
setting, with particular attention to the earliness of detection. In both tasks, a robust temporal modeling is crucial for
handling the untrimmed stream of gestures. In earlier approaches, this was primarily addressed by utilizing sliding
windows with hand-crafted feature extraction and machine learning techniques [156 1} 158} 159, 161]. More recently the
use of deep learning with RNNs, Temporal Convolutional Network (TCN) and Spatio-Temporal CNNs shows better
results.

Fothergill et al. [S6] were among the pioneers in addressing this task using sliding windows-based approaches
and the skeleton modality. In their work, they extract features from a sliding window and classify using random
forests. They also introduced the MSRC-12 dataset for the skeleton modality, with the first protocol for instance-
level evaluation. The G3D dataset was introduced in the same year by Bloom et al.[57]. Nowozin et al. [1]] defined
the concept of ”Action Point” mentioned earlier. This important concept can be relevant for evaluating the earliness
performance of a system. Knowing the action point frame for each test sample allows to evaluate the accuracy of
the prediction by measuring how close it is to this frame. That is the idea of the “Latency-Aware metric” defined in
the work of Fothergill et al. However, defining action points can be challenging in the context of human actions, as
some actions may be detected early due to previous actions, subtle hints, or external factors. Hence, we introduced
an alternative metric named “Bounded Online Detection” (BOD) metric in our previous work [62]] on 2D gesture
recognition, coupled with the Normalize Time to Detection [[63]] (NTtoD) to compute the earliness, which can be used
for the OAD task.

Boulahia et al. [59}161]] also addressed the modeling of the temporal aspect using sliding windows, but in a different
way compared to other methods. Instead of sliding the window over time using a fixed number of frames, they used a
fixed amount of cumulated displacement. The features extracted from these windows are independent of the action’s
execution speed, which is relevant for some actions categories.

RNNSs have been widely used for OAD due to their ability to model the temporal dynamics of sequences and
provide memory to the system [16, [17, 164, 165, 166, 167, 160, |68, |69]]. For example, Li et al.[16] presented a multi-
task approach where they jointly learned two tasks : first, a classification task trained with a per-frame loss, and
second, a regression task to find the start and end boundaries of each gesture. This allowed the model to have a
better generalization capability while considering actions as entities rather than individual frames. In their subsequent
work, in addition to using multiple modalities as input, Liu et al. [60] introduced a small TCN module at the start
of their network to extract higher-level features such as speed or acceleration, based on the information from local
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joint neighbors. The rest of the network is mostly based on LSTM and Fully-Connected layers, processing each frame
sequentially and producing the three outputs for each frame : class probabilities, start and end bound probabilities.

Recently, several studies have used CNNs to model the temporal dynamics of gestures for OAD. In particular, Liu
et al.[10] and Zhao et al.[52] adopted 1D CNNs (TCNs), instead of RNNs to integrate the temporal information. The
frame-level 1D representation vectors of the skeleton were extracted by a CNN-based feature extractor and are used
as input of the TCNs. Inspired by the WaveNet network [70], these TCNs employed causal convolutions, which only
use information from past frames to make predictions. Dilated convolutions were also used in the work of Liu et al.,
increasing the network’s receptive field to consider more context from past frames.

We have drawn inspiration from different methods discussed in existing studies. In the relevant sections, we will

clarify the connections between these approaches and our own methodology.

3. A new Approach for Early Gesture Detection in Untrimmed Stream

3.1. E-SIM : a new Euclidean Speed-Independent Maps Representation for 3D Gestures

First, we will describe our method for representing 3D gestures : E-SIM. This method is based on a representation
of the gesture in a Euclidean space, to enable it to be properly exploited by the network.

Inspired by previous works on speed-independent gesture representations [[71,159]] and the Euclidean representation
proposed by Duan et al. [14], we designed a new representation for skeleton-based systems. Indeed, it has been
shown [59] that proposing a speed-independent representation enhances the robustness of a system when speed is not
a discriminative factor for recognition. Generally, only the trajectory of a gesture is informative for recognition, and its
execution speed is typically not discriminative, although this heavily depends on the nature of the gestures. Regarding
the euclidean aspect of the representation, we believe it is particularly relevant when it is being exploited by a CNN,
originally designed to process images, which are naturally euclidean. By directly using the 3D positions estimated by
devices such as Kinect, we generate 2D heatmaps for each temporal step. The generated heatmaps are projections of
the 3D skeleton into two 2D Euclidean space, retaining only the X and Y axes for the first space, and the Y and Z axes
for the second space.

Firstly, we need to normalize the skeleton. Given the online context, we cannot normalize using a global bounding
box for all images. Instead, we employ the skeleton in each image with a fixed distance over time, such as the
arm’s length. We normalize the skeleton with a sufficient margin to stretch the arms in all directions. The resulting
coordinates fall within the range of 0 to W for the X axis and O to H for the Y axis. The skeleton’s root is centered for
each frame at the position (W/2, H/2).

Secondly, in order to create a speed-independent representation, “chunks” of frames (a chunk being a set of
one or more frames) are formed. Within each new chunk, an equivalent amount of displacement 6 is achieved. The
displacement of all relevant joints k € J is taken into account to calculate the displacement quantity. We can obtain

chunk ¢ from the list of available frames F of size V that have not yet been considered and are chronologically sorted,
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as follows :

> Y Wi, = el < 6, (1)

C={fVEF
v Jred

where ||x|| is the Euclidean norm of x, Ji 5, is the vector of 3D coordinates of joint k at frame f,. An example of a

sequence decomposed into chunks is illustrated in figure

f&@ﬂf&f&ﬂh\f&@

chunk 1 chunk chunk 3 chunk 4
Z] 6 Z]

Time (frames)

FiGure 2 — A sequence is decomposed into multiple chunks. Each chunk contains the same amount of displacement # and may therefore include a

different number of frames. A representation is extracted from each chunk.

In addition to being speed-independent, making the input stream more consistent for our network, this segmenta-
tion strategy is also a very interesting way to increase the efficiency of our system. During training, much less data is
introduced to our model, enabling much faster learning. Furthermore, in the testing context, the system will wait until
a sufficient amount of displacement is accumulated before making a prediction, avoiding system saturation.

Thirdly, heatmaps are generated from each chunk. Three types of heatmaps will be drawn for each chunk : joint
heatmaps |J|, bone heatmaps |B|, and a trajectory trace map. We produce one map per joint and per bone to always
be able to identify them separately (for example, the "shoulder’ joint map will always be in the same channel of the
network).

For the joint heatmaps, we chose to consider only pixels within a distance d from the normalized position of the
joint to optimize the process for real-time processing. The pixel intensity depends on the distance to the joints using
the same formula as [[14] :

. _ (= Ak)2+(/ )’
E, ;= o Vke {1, LIV ) € T, 2)

where E° is the final set of heatmaps for a given chunk, each heatmap is an image of size W X H, x; and y are the
coordinates (x, y) of joint k in the last frame of chunk c. I ik is the set of discrete coordinates (pixels) within a distance
d around (xg, yx), o is the variance parameter. Similar to the initial usage, this method of "’blurring” the joint positions
aims to reduce the impact of pose estimation approximations. The order of joints is not significant (as long as the
order remains the same during training and testing). These maps are illustrated at the center of figure 3]

For the bones, using a similar idea, the pixel intensity depends on the distance to the bone segment :
. _D(apfngh])? .
Ej,,.; =€ 2 L Vbel{l,.,IBLYG, ) €pl, 3)
where [by, b;] is the segment determined by joints by and by, D is a function calculating the distance between a point
and a segment. ,Bf . represents the set of discrete coordinates within the bounding box given by the two joints of the
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FiGure 3 — Our generated heatmaps consist of three groups : joint heatmaps and bone heatmaps representing their spatial location, and the trajectory

trace map representing the local movement of each joint in the same space. Here, chunk 3 is depicted. Only the last frame of the chunk is used
to produce the joint and bone maps, while the entire set of frames in the chunk is used to construct the trajectory map. Only Front-View (FV) is

represented here.

bone in the last frame of chunk ¢, with margins of d units. The maps dedicated to the bones are visible on the right
side of figure 3]

An additional map is added to the representation. The aim is to incorporate the temporal information of the
trajectory into the representation. Since the joint and bone heatmaps only consider the last frame of the chunk, this
additional map bridges the gap between the last frames of chunks by plotting all joint positions from all frames of the
chunk onto the same image. The pixel intensity reflects the temporal sequence. Those with a maximum intensity of ’1’
represent the final position of the skeleton within the chunk. This strategy allows for the reconstruction of trajectories
in a single image while preserving information about the temporal order. Since this map will be overlaid with others in
the network channels, trajectories will share positions with joint positions. It is unnecessary to differentiate all joints
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in this map because it is deducible by the network. Moreover, combining all trajectories on a single map allows to
learn shared features related to all joints trajectories. Indeed, the same trajectory can be traced by different joints. The
distinction of joints is accomplished through the set J. This map is illustrated on the left side of figure[3]

For each chunk, the front view (FV, axes X and Y) produces |J| + |B| + 1 maps of size W X H, as illustrated in
figure[3] By proceeding in the same manner for the projection of the Side View (SV, axes Y and Z), we obtain twice

this number of maps. The two generated streams, the frontal and side views, will be fed into our DOLT-C3D network.

3.2. An Extended Spatio-temporal Convolutional Neural Network : DOLT-C3D

The Dual-stream Online Long-Term Convolutional 3D network (DOLT-C3D) presented here is primarily inspired
by our Online Long-Term Convolutional 3D network (OLT-C3D) described our previous article [62], where it was
applied to untrimmed 2D gesture recognition. However, in this section, we extend its application to 3D gesture re-
cognition by introducing the ability to process two streams simultaneously, allowing observation from two different
perspectives : the Frontal View (FV) and the Side View (SV). Since the gesture actually occurs in 3D, it is essential
not to lose the ’Z’ dimension. The use of two 2D-projected viewpoints allows us to retain the use of 3D convolutions,
losing only a minimal amount of information.

Our network is composed of OLT-C3D blocks. Each OLT-C3D block consists of four 3D convolutional layers with
dilation rates of 1, 2, 4, and 8 along the temporal axis. One block is shown in figure #a] The complete DOLT-C3D

network, depicted in figure #b] comprises four OLT-C3D blocks. For more information on the network, refer to [62].

time X #class + 1

time X W x H x 50 ®<
[ oLrc3Dblock |
time X W x H x 50 ®<
[ oLrc3Dblock |

3D CNN
Layers

time X W X H x 50

[ oLrc3Dblock |

front VW viéw stream
2 time X W x H X |J| + |B| +

FV .L. J-. oy .L. .L. Ay A A A A A AL A .3.)
A EA TR TR TR TR TR TRGTR TR TR TR
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(a) OLT-C3D Block (b) Complete DOLT-C3D Network

Figure 4 — The presented DOLT-C3D network consists of 4 OLT-C3D blocks and concludes with fully connected layers to produce the number of

classes + 1 scores.
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As mentioned earlier, our network is dual-stream. It receives inputs from the Front View (FV) and Side View (SV)
through two distinct streams, each stream having its set of maps E as defined in the previous section. Both streams
share the same OLT-C3D blocks with the same weights to optimize the feature learning. The output features from each
stream are then concatenated after a global average pooling layer over the two spatial dimensions (SGAP), so that
the subsequent fully connected (FC) layer can consistently identify the stream origin of the extracted features. The
features are then passed through two fully connected layers to produce the output. The network makes a classification
prediction for each new chunk. Our architecture can handle sequences of any length during training.

During the testing phase, an online decoding strategy is necessary to achieve instance-level detection based on
chunk predictions. This strategy is illustrated in figure[5} At each chunk, we determine the most probable class as the
prediction. The detection start boundary is emitted when a class different from the previous one is detected in a chunk.
Subsequently, we consider the action to continue until a prediction of a different class is encountered for a chunk. To

handle chunks which do not correspond to any gesture or chunks on which the actions are unrecognizable, we use a

blank class.

[Test] Online Decoding Strategy

¢ = argmax(out put,)

init[t=0] =
pred(c)[c=blank] %

Gesture =

No occurring %
Gesture class ¢ o

o=

pred(c)[c#blank]

Ficure 5 — The online decoding strategy is employed. The “blank” is used as a delimiter, and the detected action remains the same instance as long

as the prediction remains unchanged. This follows the same strategy as the conventional “greedy” decoding of the CTC.

During training, we need a cost function that is consistent with the instance-level output goal and the online

decoding strategy. We choose to use the CTC (Connectionist Temporal Classification) function [2] as it meets this

requirement.

3.3. A new Learning Strategy through Segmentation-Guided CTC for Improved Gesture Localization

The CTC (Connectionist Temporal Classification) cost function [2]] will serve as the basis for our decision-making
mechanism. CTC is generally used to train a model to generate a sequence of labels from a sequential input data,
resulting in instance-level output. It has rarely been used in the literature for the OAD task, however we find the work
of Molchanov et al. [17]. A study conducted by Zeyer et al. [72] confirms that systems trained with this cost function
tend to predict a ’peak” in class probability within a limited number of frames (one or two frames), while other frames

are assigned the special ’blank” label. Moreover, these peaks may not necessarily align with frames corresponding to
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the actions. The effect is even more pronounced in online processing, where the CTC tends to predict towards the end
of the gesture or even after its completion, as illustrated in the example in figure [6]

The use of CTC ensures the production of instance-level results. However, the imprecise temporal localization
behavior mentioned earlier hinders our goal of early detection. In this section, we address the problem of peak
localization by adding constraints to the paths learned by the CTC function. For this, during training, we use a
Segmentation-Guided CTC (CTCgg), leveraging the knowledge of temporal segmentation provided by ground truth

annotations. The objective is to ensure that the peak occurs between the beginning and the end of the gesture, as

T ™

A B >

Ficure 6 — The classical CTC tends to produce predictions with ’peaks” that are poorly localized with respect to the gesture. Online, the peak tends

illustrated in figure 6}

Ground Truth
Example CTC
Guided CTC Objective

to occur lately or even after the gesture completion. The goal of our guided CTC is to teach the system to localize the peak within the bounds of

the gesture, between the start and the end.

First, let’s define the classical CTC in our context. Let x = (E VE? .., EC) be our input sequence where C is the
number of chunks for a given sequence. Let [ = {1, ..., L} represent the set of possible output labels, and L is the total
number of labels. Let y = (y, ¥, ..., yy) be the set of labels where y, € [ U {€}, where € represents the empty label.
The sequence y consists of the class labels ordered over time, with empty labels inserted before each label and at
the end, and U is the number of labels in the sequence (including blanks). The CTC algorithm learns to predict the
output sequence $ based on the input sequence x. For training, it is first necessary to construct a graph representing
all possible alignments between x and y. Each node n., in the graph corresponds to a possible alignment where the
c-th chunk is aligned with the u-th label (u € {1..U}). This graph represents the set of possible predictions the system
can make on the sequence. For example, to recognize the sequence “action 2, action 1, action 1” within 9 chunks of
frames, the model can predict "21€eleeeee” (green path in figure [7a)), "eeeee21ele” (red path), or all the intermediate
paths represented in figure [7a] The goal of CTC is to allow the system to optimize all paths leading to the correct
final sequence (only the order of the labels matters). The transitions in the graph represent valid transitions for these
paths. To be valid, a transition can only go from one label to the label that follows it in the order defined by the ground
truth or remain on the same label. A transition can also pass through the blank (€), and this passage is necessary if
two consecutive actions have the same label. We can see the result of the transitions in the figure[7a] More formally,
an edge can go from a node n., (where c is the index number of the chunk, and u is the index of the action in the

sequence) to a node n.4;,, if the condition C is satisfied :

Yuw € {ym Yu+1 }
C(nc,m nc+l,u’) = . (4)

or(y, € {yus2}and y, # eand y, #y,)

12



yi=€

Ve J U/ U/ U/
. ( I I
3 =Action 2 )
y2 =Action 2 / A /
'Y
yi=€ ( ) | R
y3 =€ U/
action1 ()
ya=Action1 ()
4 =Action 1 4 W,
= () [
ys=¢ ys=e€ ) )
Action 1 ) ' (
M Y6 =Action )
6 =Action 1 e - N\
I M\ e
N n=e O O 0O 0O
1 2 3 4 5 6 7 8 9
1 2 3 4 5 6 7 8 9 _—
Action 2, Action 1, Action 1 Action 2 Action 1 Action 1
(a) Normal CTC (b) Our Pruned CTC

Figure 7 — Connectionist Temporal Classification (CTC) graphs. (a) the classic CTC graph. The two paths highlighted in red and green designate
the two extreme paths which lead to the correct sequence prediction. The green path is the sequence 21eleceee, while the red path is eecee21€1. (b)
our pruned graph following Soft-SG pruning, and Hard-SG pruning (without dashed transitions). The yellow nodes are the ones which are totally

removed from the traditional CTC graph using both pruning strategies.

Until now, all approaches that perform Online Action Detection (OAD) leverage segmentation annotations (start/end)
of gestures during training. The classical CTC would only use the order in which actions are performed, regardless
of their locations. Thus, we propose two versions of pruning the Segmentation-Guided CTC graph to optimize only
relevant paths during training. The goal is to ensure that peaks occur during frames of the actions. We present two
versions of pruning in the CTC graph : Soft Segmentation-Guided Pruning (SSG) and Hard Segmentation-Guided
Pruning (HSG).

SSG pruning allows the optimization of any path passing through at least one frame of an action during the action.
This pruning is flexible enough to allow predicting blanks up to the penultimate frame of the action (late prediction)
and from the second frame of the action (early detection peak). SSG pruning is similar to the “Local-CTC” used

in [[73]]. We can express the transition condition for SSG pruning as follows :

C(nc,u, nc+1,u’)
CSSG(nc,u» Net ,u’) = 5 (5)

andy, #e€ = s, <c+1<ey

where s, and e, are, respectively, the start and end chunks of action #’. The resulting pruned graph is shown in
figure [7b]

The HSG pruning removes the paths from the SSG version going from actions to blanks (early detection peak).
The objective is to encourage the network to continue predicting this class until the end of the action. This pruning is

more relevant with the label prior presented in the next section. The transition condition for HSG pruning is formally
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expressed as follows :

CSSG(nc,u’ nc+l,u’)
CHSG(nc,us nc+1,u’) = . (6)
andy, =€ = (sy <c+1<ey0r ypo =y, and c +2 = 5,42))

Note that the condition s, < ¢+ 1 < e, is always false when there are no blanks between two actions.
As two consecutive actions with the same class label need a blank to effectively decode two different actions, the
(Yu+2 = yu €t ¢ + 2 = s,42) condition ensure to have a path passing by the first frame of the second action since that
it allows the last frame of the first action to be a blank. The resulting graph is shown in figure [/b| (paths without the
dashed transitions).

Our Segmentation-Guided CTC loss Lcrc,,, is defined as follows :

Lere ==log Y [ [prez) ™

nepathsiCsg ¢:C

where paths|Cs ¢ are all the paths leading to the correct final sequence of label, where transitions verify the segmen-

tation guided condition Cs (SSG or HSG). 7. is the label in the path 7 at the step c. p(n. ., ) is the output probability
of the model for the label 7. at step c.

Our new guiding strategy enables learning to make decisions during the gesture, unlike the classical CTC. This

contribution does not explicitly address the accuracy/earliness balance, which we handle through the weighted label

prior, as presented in the next section.

3.4. An Original Weighted Label Prior for Balanced Accuracy and Earliness

In the online context, the earliness of a system refers to its ability to accurately detect and recognize a gesture as
soon as possible during its execution. Typically, during the final frames of a gesture, it is easier to classify the action
as the system has access to the complete information at that moment. Thus, we expect that the CTC peaks happens on
average in the last frames of the gestures. However, our objective is to detect the gestures as early as possible.

One possible approach could involve adding more constraints to the graph. However, since we lack prior know-
ledge about the temporal localization of the action point of the gestures (i.e., the frame from which the gesture becomes
recognizable), adding additional constraints could eliminate relevant paths. Additionally, considering that the bounds
annotation in the ground truth may not always be consistent due to variations among annotators, it is necessary to
allow for some flexibility in the paths.

Thus, instead of trying to shift the action prediction peak earlier, we present here a way to gradually “flat” peaks
by predicting a larger number of frames in a gesture. Combined with the Segmentation-Guided pruning presented in
the previous section, we expect that the first frame classified as the action will arrive earlier. However, as it is risky to
make a decision with less information, the system will probably do more false detection from a certain point. There is

here a trade-off Accuracy/Earliness that we want to investigate in order to be consistent with the application used. To
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address that, we flat the peaks by using a weighted label prior in our pruned versions of the CTC, based on the study
of Zeyer et al. [[72]].

By introducing the label prior term, the contribution of frequently predicted labels, such as the blank label, is ef-
fectively down weighted in the loss function. This encourages the model to produce output label distributions that are
more uniformly distributed, with less emphasis on frequently predicted labels. Indeed, when examining the construc-
tion of the CTC graph (gigure[7a), it can be observed that the blank is overrepresented compared to other classes. It is
consistently present between each annotated class. The goal is therefore to reduce the impact of the blank so that it

is less predicted in a sequence. The softmax label prior term is defined as follows :
1
PPrior(”(f) = E Z P(”d,nc) , (8)
d:C

which is the average probability of the label . on the sequence. The prior can also be estimated on the whole training
data [72].

Predicting a blank label on an action frame is not an error, as the action may not clearly be identifiable at that
step. The blanks are necessary, especially in the early stages. The traditional CTC has an advantage of producing very
stable predictions with fewer errors because the blank label is predicted frequently and is considered safe. By dividing
the prediction’s score by its prior term (as shown in Equation [J)), the labels become perfectly balanced, resulting in
actions being as likely as blank. It will also lead to more errors as the blank would be less predicted. To allow tuning
this balance between labels, we add a weight ¥ on the label prior. ¥ = 0 would lead to the traditional CTC loss,
¥ = 1 will totally balance the labels. Adjusting this weight will enable fine-tuning the balance between accuracy and
timeliness. This label prior can be applied either to the classic CTC or the guided CTC. In our case, we will couple it
with the guided version to constrain the localization of the flattening.

Our final cost function is :

P(esx,)
S Grad(Pprior(n'c)‘P) '

Lercggy =—log ) ©)

nepaths|Csg c:C
where SGrad (Stop Gradient) indicates that this part is not optimized by the network.

In summary, our weighting method allows labels to become more or less equiprobable a priori. By making the
blank less probable, it will be less predicted, and thus the prediction peaks will be flattened. Combined with the
localization constraint of the guided CTC, the learning process will encourage predicting “flattened peaks” between
the start and end of the gesture. Indirectly, the flatter the peak is, the more it will tend to start early, and thus predict
early. This is achieved while maintaining the classical CTC objective of leading to the correct sequence of gestures at

the end, ensuring understanding at the instance level.

4. Experiments

In the experiments section, we thoroughly evaluate our method. We provide implementation details (section 4.1)),
describe the eight datasets and metrics used (section#.2). We also conduct an ablation study to analyze the impact of
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different method components (section [4.3). Furthermore, we compare our approach against state-of-the-art methods
(sectiond.4). This comprehensive analysis offers valuable insights into the effectiveness and robustness of our method

across various datasets and evaluation criteria.

4.1. Implementation Details

To reduce noise in the joint positions, a soft online Butterworth filter is applied before computing the representa-
tion. To normalize the skeleton, we use the head-root distance as the invariant distance. We consider these joints to be
more accurately detected by the Kinect devices than the arm joints. We built our custom CTC implementation based
on the CTC implementation of Liu et al. [74]. Additionally, we incorporated a smoothing loss by computing the cross-
entropy between the current prediction at time t and the previous prediction at time t-1, multiplied by a weight of 10
to ensure it had a similar magnitude to the CTC loss. Our network hyperparameters are the same for all the datasets :
output image dimensions used for E-SIM is 15 x 15 x 15 with distance d = 2 (unless explicit mention in ablation
study) and 6 is set to 3. 13 joints have been selected to be represented in the joints heatmaps, but all the bones are used.
Heatmap variance o is set to 1.3. Regarding the network, we used four OLT-C3D blocks of four 3D CNN layers with
50 filters each, ReLu is employed after the convolutions and the Fully Connected (FC) layer. Dropout is added after
each convolution layers (0.2) and after the FC layer (0.3). 70 neurons are used in the FC layer. Spatial maxpooling
is used after each convolution layer (1 X 3 x 3) with padding to keep the same dimensions. The batch size is set to 4
sequences of ~ 200 chunks (40 for G3D as the sequences are much smaller). Mirroring is done as data augmentation.
The training is done with Adam optimizer. The network has a total of ~715K trainable parameters. For 2D gesture
experiments, we used the representation employed in [62], with w = 2. The network is used in single-stream mode,
with two OLT-C3D blocks of 5 convolution layers. Dropout is applied in all convolutional and dense layers, with a
rate of 0.1 for convolutional layers and 0.2 for dense layers. Each convolutional layer learns 30 filters. After the convo-
lutional layers, a dense layer of 100 units is used, with all outputs shared. The network has around 150K parameters.
During training, a random rotation is applied to the sequence to augment the data (all images in the sequence undergo
the same rotation), following a normal distribution with ¢ = 0 and o = 15°, to improve generalization. Training is
performed with a batch of 5 sequences.

Our implementation is available at https://gitlab.inria.fr/intuidocenlignepublic/0OLT-C3D_0AD. To
evaluate our system, we used our evaluation framework available at following address : https://gitlab.inria.

fr/intuidocenlignepublic/evaluation-framework-0AD|for future experiments in the field.

4.2. Datasets and Metrics

To evaluate the performance of our system, we carried out experiments on six databases commonly used in the
literature for untrimmed action detection, as well as two 2D gesture databases. A summary of the databases is gi-
ven in table 2| The data, additional information and splits used are available at https://www-shadoc.irisa.fr/

oad-datasets/, For the G3D and MAD databases, new test data have been created to avoid gesture order bias.
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TaBLE 2 — Summary of gesture data sets used in this work. The number of sequences refers to the initial count; an alternative number is given if

different (subset or extended set). Details are given on https://www-shadoc.irisa.fr/oad-datasets/.

#sequences| Gestures Annotation | Annotation
Nom #classes Device

[used Nature start/end |Action Point
MSRC-12 [56] 12 594

Interaction Kinect V1 v v

MSRC6-Iconic-C4 [56] 6 58
OAD [16] 10 59 Daily Activities |Kinect V2 v X
G3D [57] (Fighting) 5 30/33 Sport Kinect V1 v v
MAD [75] 35 40/107 Activities/Sport |Kinect V1 v X
Chalearn [76] 20 680 Interaction Kinect V1 v X
PKU-MMD [77] 43 (1pers.)|1076/860 |Daily Activities |Kinect V2 v X
ILGDB _Untrimmed [62] |21 2831 2D Mono-Stroke [Pen + tablet |V X
MTGSetB_Untrimmed [62] |31 3748 2D Multi-Touch |Touch + tablet|v’ X

In these experiments we use the metrics Latency-Aware Score [56] and DAP [61] to evaluate online detection
quality, as well as NTtoD [63]] to evaluate earliness. We also use the BOD [62]] metric with parameters A = 0 and
canCorrect = False, enabling us to evaluate our approach with a metric that is more relevant and representative of

our context of use.

4.3. Ablation Study

Before making a comparison with state-of-the-art approaches, we first carry out an ablation study to evaluate
the performance of the various components of our method. Here, we evaluate our representation strategy presented
in section [3.1] then the effectiveness of our CTC-based cost function (presented in section [3.3] and section [3.4) by

comparison with variants.

4.3.1. Effectiveness of the E-SIM Representation Strategy

To demonstrate the effectiveness of the E-SIM representation strategy, we conducted experiments on the Chalearn
dataset. We first evaluated our representation against that introduced by Duan et al. [14]], which transforms each
frame into a set of temporal heatmaps. The table |3| shows that our approach processes sequences much faster than
the temporal heatmap method. This is because our chunking strategy (the way chunks are constructed) reduces the
number of images to be processed, as well as being independent of execution speed. For a dataset with an average of
1370 images per sequence, our chunking strategy produces around 400 images when the displacement quantity 6 is
set to 3. At runtime, this means that no new images are created or processed until a sufficient amount of displacement
has accumulated. This approach avoids overloading the system and makes it well suited to real-world applications.
Moreover, our approach defines intensity values locally around key points on the skeleton heatmaps (at a maximum
distance d from the key point), instead of iterating over the whole heatmap, which significantly reduces processing
time. Inference time is thus reduced from 115 ms per chunk to 25-53 ms, depending on the value chosen for d.

17


https://www-shadoc.irisa.fr/oad-datasets/

TasLE 3 — Results for different representation variants, using our DOLT-C3D + CTCgg,w=0.1. Chalearn dataset, BOD FScore A = 0, canCorrect =
False. FV is the front view stream, SV is the side view stream. E-TM is the representation without the speed-independent strategy, it is equivalent
to the representation used by Duan et al. [14]. "Full map” means that d is not limited. Processing/seq.” is the average processing time (s) for a
sequence. “Output size” is the average number of output images per sequence. IT is the inference time (ms) per chunk (for E-SIM) or per frame

(for E-TM).

Representation FScore T |NTtoD | ||Processing/seq. (s)|Output Size|TI (ms)
E-SIMd =2,FV Only||77.8 £ 0.8|41.3 £ 0.7||7 400 17.5
E-SIMd =2,SV Only||78.7 £ 0.5/41.2 £ 0.9|7 400 17.5
E-SIMd =1 80.7 £ 0.4|40.0 + 0.8[10 400 25.0
E-SIMd =2 81.9 +0.4|39.6 + 1.2|[15 400 375
E-SIMd =3 82.4 +0.6/39.5 + 0.8|21 400 525
E-SIM Full Map 82.2 +0.6(39.7 = 0.8||46 400 115.0
E-TM Full Map [14] H84.2 + 0.6‘37.6 + 0.6H 158 ‘1370 ‘115.3 ‘

We also experimented with keeping only one projection in our representation, either the X and Y axis (Front View,
FV), or the Z and Y axis (Side View, SV). Processing time has been halved but performance in terms of Fscore and
earliness is also reduced. Although temporal heatmaps (E-TM, [14]] representation) perform best, execution at nearly 9
frames per second with a large number of images to process (3.5 times more than E-SIM), is not suitable for real-time
applications. Consequently, the chunk strategy with d = 2 or d = 3 is a good compromise between performance and

speed, and in future experiments we will be using E-SIM with d = 2.

4.3.2. Impact of the Guided CTC and the Weighted Label Prior

In this study, we analyzed the impact of our pruning strategies and label prior weighting on the performance of
our system. To carry out this analysis, we rely mainly on the Chalearn 3D gesture database, but also on six other
databases, including the two 2D gesture databases. All the Fscores mentioned in this section correspond to the BOD

metric, with A = 0 and canCorrect = False.

Segmentation-guided CTC compared with Classical CTC. First of all, segmentation-guided pruning gives very inter-
esting results compared with conventional CTC, especially for the SSG version. Table ] shows that even without any
Label Prior (when ¥ = 0), the system learned with SSG pruning produces much earlier detections (-9%) than the
system learned with the classical CTC, in addition to a small gain in Fscore (+2%). These performances confirm that
the use of segmentation knowledge during learning is an effective strategy for improving system performance, not
only for earliness, but also for Fscore. On the other hand, without any label prior, the HSG version does not deliver
satisfactory results (of the order of 15% Fscore), and we have observed that the network has difficulties to converge
with this version. Leaving flexibility to the CTC therefore seems preferable in these conditions. We will come back to

HSG combined with the label prior later.
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TasLE 4 — Comparison of the system trained with different cost functions. The BOD Fscore with A = 0, canCorrect = False is shown with NTtoD

(earliness). Chalearn dataset.

Loss FScore 7 [NTToD |

E-SIM + DOLT-C3D + classical CTC ||79.3 £2.2|61.0 + 4.1

E-SIM + DOLT-C3D + CTCssgw=0 ||81.4+0.7|51.9+0.7

E-SIM + DOLT-C3D + CTCSSG,‘Y:OAI 81.9 +0.4/39.6 + 1.2

Guided CTC combined with a Low-weighted Label Prior (¥ = 0.1). Then, concerning the guided CTC with the
S S G pruning version combined with the label prior, we observe in figures[§] (for Chalearn) and [9] (for the other bases)
systematically a significant gain in Fscore between ¥ = 0 and ¥ = 0.1 (+15% for ILGDB, +7% for MTGSetB, +20%
for PKU-MMD,,, +11% for OAD, +0.5% for Chalearn, +2% for MAD, +9% for G3D). This gain shows that, in
general, the weighted label prior (¥ = 0.1) improves the results of guided CTC.
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0.0 0.2 04 0.6 08 1.0 0.0 0.2 04 0.6 0.8 1.0
Weight Label Prior (W) Weight Label Prior (W)
(a) Fscore vs. ¥ (b) Earliness vs. ¥

Ficure 8 — Evolution : a) of the Fscore of BOD (A = 0) and b) of earliness related to the weight of the label prior . Increasing the weight leads to
a system that detects gestures earlier. At the same time, Fscore degrades with weight, but some points are more optimal than others. For example,
for the SSG version, the best Fscore is obtained when ¥ = 0.1 with an interesting earliness performance. Experiments carried out on the Chalearn

dataset.

This can be explained by the low recall when ¥ = 0. Without the label prior, the impact of the blank in learning
is so important that gesture prediction may not be achieved in some cases. For example, for PKU-MMD,,,, recall rises
from 35.5% with ¥ = 0 to 58.9% with ¥ = 0.1. In addition to the increase in Fscore, there is a significant gain in
earliness (from 51.9 % to 39.6 % for Chalearn) for the 3D gesture datasets, as can be seen in figure @ This result,
coupled with the analysis of the qualitative results (figure [[Tb), allows us to deduce that this is a particular point.
Indeed, it shows that detections can be earlier without reducing recognition quality. This result is very important,
as it means that detections occur closer to the theoretical ”action points”, these points being the theoretical instant at

which gestures are distinguished from each other, and which depends on each gesture class.
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Optimization of the Trade-off between Earliness and Precision (¥ > 0.1). We can see in figures[9|and [I0]that varying

the weight ¥ of the label prior allows us to effectively adjust the balance between Fscore and earliness (for SSG with

¥ >0.0).
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FiGURE 9 — Fscore (BOD A = 0) according to label prior weight () on 3D gesture databases : a) OAD b) G3D c) MAD d) PKUMMD._cs e)
PKUMMD _cv and 2D gesture databases : f) ILGDB_Untrimmed g) MTGSetB_Untrimmed.
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Ficure 10 — Earliness as a function of label prior weighting (W) on 3D gesture databases : a) OAD b) G3D c¢) MAD d) PKUMMD cs e)
PKUMMD _cv and 2D gesture databases : f) ILGDB_Untrimmed g) MTGSetB_Untrimmed.
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We observed that a higher weight enabled the system to produce earlier detections, but with a generally lower
Fscore. This is the same for all 3D and 2D gesture databases. Note that G3D’s Fscore does not really decrease, as the
score is very close to 100%, with large standard deviations.

The effect of the label prior used to calibrate the earliness/precision ratio is linked the reduced quantity of blank

predicted, as shown in the qualitative example in figure|11b
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Ficure 11 — Example of gesture detection with different label prior weight values (‘') for a) classical CTC and b) guided CTC (SSG). The first
line (GT) is the annotation (ground truth), with each color designating a class label. Example taken from the Chalearn test database (Sample4).
When the weight (W) of the label prior is higher, fewer blanks are predicted, resulting in faster gesture detection for guided CTC (the detection is
represented with the red vertical line). However, a higher ¥ value increases the risk of errors (red cross). For the classical CTC, detections do not

necessarily come earlier. The result is shown in video at : https://www.irisa.fr/intuidoc/data/videos/VisualisationSeq00004 .mp4

The presence of the blank allows the system to wait for the gesture to become more clearly recognizable. Predicting
fewer blanks in the early stages of a gesture carries a higher risk. When ¥ = 0.9, the system makes more errors than
when W values are lower. Regarding the classical CTC, when it is combined with the label prior, fewer blanks are
predicted but detections are shifted in time, which does not lead to earlier detections as shown in ﬁgure[@ This is
partly due to the fact that path learning is not constrained by action boundaries in this version. In addition, when actions
are temporally close, there is little space left for the detection of the next action. As a result, Fscore performance is
poor and convergence difficulties arise. We can see in figure [TTa] that gestures predicted with ¥ = 0 are not really
located at the end of annotated gestures (ground truth, GT line) as we would expect with classical CTC. This is
because the annotations on this example from the Chalearn database are very “larges”, encompassing the gesture with
margins, especially at the end of the gesture.

By adjusting the trade-off between earliness and precision using the ¥ weight of the label prior, it is therefore
possible to obtain systems with different levels of balance between precision and earliness. In figure [12] each point
corresponds to a system state. The performance of these systems can be varied in such a way as to favor precision
or earliness, or a compromise between the two. The choice of weight ¥ will help meet the specific requirements of a

given application.
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Ficure 12 — The use of different weight values for the prior label allows to make systems with varying degrees of precision and earliness. (a) Our
SSG pruning methods outperform HSG pruning and the classical CTC for our online detection task. (b) HSG shows interesting results when accurate
predictions of end boundaries are required (BOD with A = 0.8). Experiments were conducted on the Chalearn dataset with CTCSSG, ¥ > 0.1 and
CTCHSG,¥ > 0.3

We also evaluated the performance of HSG pruning, finding that it generally underperformed SSG with Fscore
BOD (A = 0) for our task, as shown in ﬁgure@ With alow ¥ (< 0.2), results are poor compared with the SSG version.
With a higher ¥, both versions perform similarly, but HSG pruning produces generally later detections for a similar
Fscore. However, for an application that wants to accurately detect the end of the gesture (BOD score with high A), it
may be more suitable than SSG pruning in certain configurations, as shown in figure

Interestingly, earliness is not the same for all classes, as shown in figure[I3] Wide variations can be observed (from
58.5% to 28.9%), showing that the system is able to adapt according to the class of action (some classes are indeed
recognizable earlier than others).

A qualitative result at a more granular level than previously illustrated can be seen in figure [14}

Comparison with a Per-frame Cost Function. To demonstrate the effectiveness of our cost function, we compare it
to the classical per-frame cost function (cross-entropy) used in most state-of-the-art methods. As shown in Table 5]
using the per-frame cost function performs very poorly for the task evaluated with the BOD metric. This cost function
takes no account of any form of rejection, since it classifies each frame without any temporal consistency objective at
instance level.

TaBLe 5 — Comparison of the system trained with a conventional per-frame cost function (cross-entropy) and with our CTC-based cost function.

BOD Fscore (A = 0) on the Chalearn dataset.

Loss FScore T [NTToD |

E-SIM + DOLT-C3D + Per frame loss ||36.7 + 2.5|22.7 + 0.3

E-SIM + DOLT-C3D + CTCssG,w=0.1||81.9 + 0.4|39.6 + 1.2
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FiGure 13 — Results by class on the Chalearn dataset with our CTCg s w=0.1. (a) Earliness is highly class-dependent, ranging from 28.9% to 58.5%.

(b) Fscores are rather stable around ~80%.
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Ficure 14 - Qualitative prediction results on sequences demonstrating the impact of different ¥ values on prediction timing. The gestures shown
from top to bottom are from the Chalearn dataset : Basta, Combinato, Vatenne and Perfetto. Three different values of ¥ (0.1, 0.4, 0.7) are shown.
With ¥ = 0.1, we observe that predictions are made when gestures are generally clearly identifiable, implying a later decision. On the other hand,

higher ¥ values introduce a higher level of risk on average, with predictions being made at earlier stages of earliness.

4.4. Comparison With State Of The Art

We compared our method with those in the state of the art using the skeleton modality, which focus on instance-
level action detection in an online context. For this purpose, consistent with the ablation study, we used : E-SIM with

d = 2 and CTCggg, the value of ¥ will be specified for each experiment.

4.4.1. Evaluation of Online Action Detection on MSRC-12 and G3D using Action Point
First, we compare our method with previous approaches using the Latency-Aware Score. This metric evaluates

online detection, but without any specific measure of detection earliness. However, as it uses the action point as a
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reference for calculating the metric, it makes sense in our context. Two small datasets are evaluated with this metric,
G3D (table[6) and MSRC-12 (table[7).

For G3D (table@), we obtained state-of-the-art results [58LI159]], close to 100%. The evaluation focused on the ”figh-
ting” categories following a leave-subject-out protocol over 10 folds. Each of the 10 test sets consists of 3 sequences

of 5 actions performed by a user.

TaBLE 6 — Latency aware Fscore (A = 10 frames) based on G3D. Our method achieves results similar to those of the latest approaches.

Method FScore
DFS [78] 91.9
RTMS [79] 92.1
RF [80] 94.8
CAM [58] 97.8
CuDi3D [59] 98.9

E-SIM + DOLT-C3D + CTCsgw-02 983 +£2.8

For MSRC-12 (table [7), the difference with previous approaches is significant. We obtain superior results in all
categories, with 7.4 % of gain in the mean score for all instructional modalities compared to the previous state of the
art [81} 182} 159] in this experiment. The protocol used is a cross-subject evaluation of 10 subjects. Each instruction
modality is trained and tested separately. A minimum test set is created for each fold by taking random subjects from

the 30 individuals until all gesture classes are present in the test set.

TaBLE 7 — MSRC-12, Latency-Aware Fscore. The instruction modalities are : V-Video, I-Images, T-Text.

Method |RTMS [79]|SSS [83]|ELS [§1]|IELS [82]|CuDi3D [59] F-SIM + DOLTC3D
+ CTCss56.9=02

\ 71.3 557 726|795 845+80 [90.2+49

I 65.6 666 670  |69.2 73.1+12.0 |84.4+57

T 52.1 713|622 638 673 =100 |77.2+9.8

V+T  [63.5 707 790 823 854+7.0 [90.1+35

+T  [596 730|711 |738 753+9.0 |80.6+9.9
’Average‘62.4 ‘67.5 ‘70.4 ‘74.1 ‘77.1 ‘84.5

4.4.2. Evaluation on the Online Action Detection Task

Few works have looked at the earliness aspect in an online detection context at instance level. Indeed, the com-
parison approaches in the previous section were evaluated with metrics that did not reflect the system earliness.
Nonetheless, the E-CuDi3D [61]] approach evaluated itself with a metric that does evaluate earliness in this context,

so we will compare ourselves directly to its score. In order to enable further comparisons with metrics that seem more
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relevant to us (BOD and NTtoD), we have implemented the last approach that addresses OAD at the instance level,
SM-MT [60].
Regarding the 2D gestures, we compare this approach to our previous approach [62] based on a combination of

CTC and SelectiveNet.

Detection to Action Point on MSRC6-Iconic-C4. In this experiment, we compare our method with the evaluation done
by Boulahia et al. with the method ECuDi3D [61]]. The result is shown in the figure [I5] We can see that our method
has a much better performance. At the earliest points, ECuDi3D has a little higher fscore, but our system quickly

caught up. Our method achieves a final score of 92%, outperforming the ECuDi score of 78% (DAP metric).

901 —— Ours
—— ECuDi3D

-20 -15 -10 -5 0
Distance to action point

Ficure 15 — Earliness detection evaluation on MSRC6-Iconic-C4 dataset. The metric used is the Detection to Action Point (DAP) score used in [61].

Our system, E-SIM + DOLT-C3D + CTCgs¢,w=0.4, shows a better overall performance than the previous work.

Our system shows good ability to classify the gestures at the right moment. In order to have a similar level of risk
at the earliest points, we set the parameter ¥ = 0.4 in this experiment.
As in [61]], experiments were done on the MSRC6-Iconic-C4 subset. The protocol is a 10-fold cross subject, with

the same constraint as mentioned earlier.

Detection and Earliness. We also compare our method with a recent state-of-the-art method on the instance-based
OAD tasks.

The Skeleton-Modality Multi-Task (SM-MT) approach was introduced by Li et al. [60] in their extension of the
JCR-RNN approach [16]. The LSTM-based network jointly learned two tasks : classification and regression. The
regression is dedicated to predict start and end bound confidence of the action (supervised with a Gaussian curve
centered around the start/end frame) in addition to the class, it allows extracting instance-level gestures. However,
trying to predict the start bound with its class is very hard in the online context since multiple actions can have a
similar beginning. On the contrary, with our CTC graph design, we allow the system to start predicting the class
whenever it deems appropriate. To allow the SM-MT system performs more or less early, we made variations on the

start and end confidence thresholds to detect the gestures.
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We will evaluate our approach in comparison with SM-MT on 5 databases : G3D, OAD, Chalearn, MAD and

PKU-MMD.

First, we evaluated the performance of our approach against the SM-MT approach on two small datasets, G3D

and OAD, with the metric BOD (canCorrect=False, A = 0) coupled to NTtoD. The G3D dataset includes 5 classes

with low inter-class similarity at the beginning of the gestures (left and right punch, left and right kick, defense). The

OAD database contains 10 classes that can also be identified very early on. In this context, our approach demonstrated

similar performance to SM-MT, as illustrated in figures [[6a] and [T6b]

100 l
A_M\ 75 801 —— sm-mT
—— Ours
\ 95 + 70 1 60
) g g
c 90 S 65 9
b ke 8407
85 === SM-MT 60 —— SM-MT
— Ours —  OQUIS 201
80 10 15 20 23 10 15 20 10 20 30 40
« Earliness (NTtoD) « Earliness (NTtoD) « Earliness (NTtoD)
(a) G3D (b) OAD (c) Chalearn
80 80 80
—— SM-MT —— SM-MT
— Ours 60 === Ours 60
1 60 1 1
(0] (0] (0]
o S 40 S 40
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20 = Ours
10 20 30 00 10 20 30 40 o0 10 20 30 40

« Earliness (NTtoD)

(d) MAD

« Earliness (NTtoD)

(e) PKUMMD,¢

« Earliness (NTtoD)

(f) PKUMMD,,

FiGurEe 16 — (a) Performance comparison on the G3D dataset : Our approach (E-SIM + DOLT-C3D + CTCss¢,w) shows similar overall performance

to the SM-MT approach, with the ability to reach earlier points while maintaining close accuracy. (b) Performance comparison on the OAD dataset :

SM-MT competes with our approach on earlier points, but we obtain the best maximum Fscore with reasonable earliness. Fscore is Fscore BOD

(A =0, canCorrect = False).

TaBLE 8 — Fscore comparison on G3D and OAD datasets. Fscore is the BOD Fscore with A = 0. Values for the highest Fscore for each method.

Method G3D OAD
SM-MT 99.5+1.0(741+19
E-SIM + DOLT-C3D + CTCss6,w[99.3 + 1.1(75.7 + 1.0
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On G3D, we can reach earlier points thanks to the weighted label prior. However, the fscore remains the same :
predicting later is not clearly associated with a better score, which has a large variance (the average variance is around
2.5 %). As gestures can be detected very early due to the nature of the actions, having more or less information to make
a decision has no impact on the final score, which is more related to overall recognition ability. Our system reaches
areas slightly earlier than SM-MT (x10% earliness vs. 17% for SM-MT), for a very similar Fscore (around 99%),
as shown in table [8| On the OAD dataset, the behavior is slightly different. We can see the impact of the weighted
label prior as the Fscore decreases with earliness. At the point of best Fscore, our approach obtains an Fscore of
75.7% for a earliness of 20.6%, whereas SM-MT achieves an Fscore of 74.1% for a earliness of 11.4%. At equal
earliness values, two points are interesting : at around 11% of earliness, SM-MT has a 4.6% Fscore advantage (69.5%
vs. 74.1%), but at around 9% our approach shows a 7.4% gain (66.8% vs. 59.4%). In short, our approach has similar
performance to SM-MT on this dataset.

When the differences between gestures are less obvious on first frames, our method outperforms SM-MT, as we

can see from the datasets Chalearn and MAD in figures and

TaBLE 9 — Fscore comparison on Chalearn, MAD, and PKU-MMD. The Fscore is the BOD Fscore with A = 0. Values for the highest Fscore for
each method. Our method (E-SIM + DOLT-C3D + CTCgss w) obtains the best maximum Fscore.

Method Chalearn| MAD |PKU-MMD (cs)| PKU-MMD (cv)
SM-MT 414 +2.0(52.1+45] 31.6+23 59.5+2.0
E-SIM + DOLT-C3D + CTCss:6,v(81.9 + 0.4|78.0 £ 1.5| 77.1+3.3 72.7 £ 0.6

On both datasets, SM-MT reaches areas where the system responds very early, but with a low Fscore (< 60%).
Our method achieves Fscores (81.9% for Chalearn, 78% for MAD) that SM-MT cannot reach (table [9). The SM-
MT detection strategy is designed to give priority to early detection. For example, faced with a similar begin of
two gestures, SM-MT classifies them a priori as a given class during the ambiguous zone. For these two datasets,
gestures cannot be differentiated from their beginning due to their greater number (20 and 35 classes) and the common
beginnings between gestures. This justify the need of a system that is capable of not deciding in certain circumstances.
In addition, we need to bear in mind that the NTtoD metric, which expresses earliness, only takes correct classifications
into account. The detection score (Fscore of BOD) should be preferred when the difference is significant. Generally
speaking, there is little point in having a system that gives answers very early, but which is unreliable.

For the largest dataset, PKU-MMD (43 classes considered), our method also outperforms SM-MT (figures
and[I6f)). In terms of Fscore, we obtain respectively 77.1 % and 72.7 % for the inter-subject and inter-view protocols
at the highest points, whereas SM-MT obtains only 31.6 % and 59.6 %, which are not sufficiently interesting values
to allow its use in an interactive system. The good performance of our approach on the inter-view protocol, despite
the use of 2D projections of the skeleton in our representation (FV and SV), can be linked to the use of convolution

filters whose weights are shared in the two branches linked to the two streams. Filters can therefore be used to extract
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common features, probably making them less sensitive to changes in viewpoint. Furthermore, the viewpoint variation

in this database is 45° (three distinct views at -45°, 0 and 45°), which does not fundamentally alter the projections.

4.4.3. Evaluation of Online Detection of 2D Untrimmed Gestures
Compared with our previous approach [62]], which uses a SelectiveNet + CTC combination (SelectiveNet for ad-
dressing earliness, and the classic CTC for decision stability) our new approach (CTCgs s + V) significantly improves

performance on both datasets, ILGDB_Untrimmed and MTGSetB _Untrimmed, as shown in figure Here we obtain

80
90
70
T 60 Xt X
o g
o 50 S 80
b b
% 40 -
= ES|+OLT-C3D+CTC_SSGy === ES|+OLT-C3D+CTC_SSGy
30 ESI+OLT-C3D+CTC_SSG (y=0) ESI+OLT-C3D+CTC_SSG (y=0)
=ée= ES|4+OLT-C3D+SelectiveNet+CTC 70 =é= ES|+OLT-C3D+SelectiveNet+CTC
30 40 50 60 70 20 30
« NDtoD « NDtoD
(a) ILGDB _Untrimmed (b) MTGSetB_Untrimmed

FiGure 17 — Comparison on dataset a) ILGDB _Untrimmed and b) MTGSetB_Untrimmed. Our new method with CTCg ¢ w is far more interesting
than the method combining CTC and SelectiveNet [62], both in terms of early detection and quality. ESI is the representation used in [62]. The
Fscore is calculated using the BOD metric A = 0, canCorrect = False. Horizontal and vertical bars represent the standard deviation of NDToD

and Fscore.

both a much better Fscore (75.3 % versus 61.1 % for ILGDB, 91.2 % versus 83.6 %) but also a better earliness (61.
4 % versus 68.7 % for ILGDB, 30.7 % versus 32.7 % for MTGSetB), for ¥ = 0.1 (which gives the best Fscore and

the worst earliness).

5. Conclusion

Our work highlights the importance of taking into account the specific requirements of interactive systems when
designing online action detection methods. Very few works in the literature have addressed the task of online action
detection with a focus on earliness and decision making, which is particularly important in interactive systems.

In this work, we presented a new approach to online action detection in interactive systems. We presented E-
SIM, a speed-independent representation of gesture in an Euclidean space. We introduced the Dual-stream Online
Long-Term Convolutional 3D (DOLT-C3D) network, which effectively uses the temporal and spatial information
provided by the representation to improve the accuracy of the gesture detection process. Our new cost function, the
Segmentation-Guided CTC, demonstrated its ability to correctly localize gestures over time, while improving the
system’s earliness. We also presented an original Weighted Label Prior to effectively adjust the trade-off between
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accuracy and earliness, making it suitable for a wide range of interactive applications requiring different levels of
latency and accuracy. Evaluation on eight publicly available datasets has shown that our approach outperforms state-
of-the-art methods in terms of accuracy and earliness. These three components—namely, the E-SIM representation,
the DOLT-C3D network, and the guided CTC with or without the weighted label prior—are versatile and independent.
They can be integrated into various systems beyond instance-level OAD tasks. Moreover, the enhanced CTC version
can be applied to tasks where decision-making capabilities are required. The Segmentation-Guided CTC, especially
with the low-weighted prior label (0.1 < ¥ < 0.3), is particularly promising and can be easily used on any neural
network-based system that seeks to perform detection (online or offline) in a untrimmed sequence. To conclude,
while our method demonstrates promising results in online action detection, the necessity for retraining the system
to adjust precision-earliness trade-offs poses a notable limitation. Addressing this challenge, particularly from a user

perspective, and exploring more dynamic, adaptive strategies for model tuning will be a key focus for future research.
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