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Abstract 

Benefiting from the low venue requirements and deploy-
ment cost, analysis of 3D volleyball trajectory from 
monocular vision sensor is of important significance to vol-
leyball game analysis and training assisting. Because of 
the monocular vision limitation, complicated ball trajec-
tory caused by physical factors and model drifting owing 
to distance information loss are two governing challenges. 
This paper proposes a multi-physical factors and self-cor-
recting trajectory approximation model. Also, a trajectory 
correction algorithm based on temporal motion features is 
proposed. For the first challenge, air resistance factor and 
gravity factor which mostly impact volleyball during flying 
are considered to simulate ball motion status. The approx-
imation model parameters are evaluated and corrected 
during model calculating to reduce calculation error.  To 
limiting model drifting, volleyball movement characteris-
tics based on temporal motion feature is applied to correct 
approximated trajectory. The success rate of proposed mo-
nocular 3D trajectory approximation method achieves 
82.5% which has 47.0% improvement comparing with con-
ventional work. 

1. Introduction  

Due to the development of computer vision, 3D sports 
analysis is of application prospects and commercial value. 
Monocular 3D ball trajectory analysis obtains 3D ball po-
sition and velocity based on low venue requirements and 
deployment cost [1]. It also has valuable application sce-
narios in volleyball game analysis and training assisting. 
Therefore, this paper aims at reducing 3D trajectory ap-
proximation error caused by unstable motion and 
monocular distance loss for volleyball game analysis. 

In monocular 3D volleyball trajectory approximation, 
there are two key problems: complicated flight trajectory 
and model drifting [2]. For problem 1, volleyball is affected 
by a variety of external physical factors during the flight, 
such as gravity, air resistance, and the Magnus generated by 
the rotation of the volleyball during the volleyball game. 
[3] Problem 2, model drifting problem, caused by monocu-
lar vision distance information loss. It means that a same 
coordinates sequence on the image can represent multiple 
actual 3D trajectories with conspicuous position disparity. 

These key challenges in monocular 3D analysis bring about 
high calculation error in approximation result. 

To solve the problem 1, there are several works aiming 
at monocular complex 3D ball trajectory analysis in recent 
years. Some works consider the influence of gravity to ap-
proximate the 3D motion trajectory of the ball in ball sports. 
[4-5] To correct the estimated 3D trajectory, affine transfor-
mation between the game image and the sports field is used 
in trajectory estimation in close-to-ground ball sports such 
as soccer and ice hockey. [6] However, volleyball is af-
fected by a variety of external physical factors and always 
flies and rotates at high speed in the game. Volleyball is also 
basically not touching with the court, which leads to large 
deviations in the approximation of volleyball 3D trajectory 
by using these tasks.   

 For problem 2, some works focus on the model drifting 
problem in 3D information analysis caused by the lack of 
depth information of the monocular sensor. Camera move-
ment can acquire information like multiple views on 
temporal which is applied to constrain the model drifting. 
[7] For regular court-touching balls, such as table tennis 
and tennis, the contact between the head and end in the tra-
jectory and the court can restrain the estimation error 
caused by model drifting. [8] For monocular 3D volleyball 
analysis, the moving camera needs to calculate the camera 
pose in every frame, but the volleyball is also in high-speed 
movement, which brings huge computational overhead and 
position calculation error.  

In this paper, multi-physical factors based self-correcting 
trajectory approximation model for varied volleyball flight 
trajectory adaptation is proposed. To limit the model drift-
ing error in monocular vision system, a trajectory 
correction algorithm based on temporal motion feature in 
volleyball game is proposed. 

The structure of this paper is as follows. Section 2 and 
Section 3 express the detail of our monocular trajectory ap-
proximation model, correction algorithm and proposals. 
The experiment result and conclusion are in section 4 and 
section 5. 

2. Monocular 3D approximation method 

Due to the lack of depth information caused by the mo-
nocular sensor, it is necessary to apply the temporal motion 
characteristics of volleyball. So the image sequence should 
be the input of the whole system. Based on camera matrix 
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𝑃  which calculated by Hartley’s calibration method, we 
can obtain 3D volleyball trajectory from 2D volleyball co-
ordinate sequence ℂ!. 

The overall structure of our frame work is shown in Fig. 
1. The RGB image sequence obtained from a single image 
sensor is the input of the entire system. Image coordinates 
(u, v) of each frame are obtained by a high-precision image 
tracking system based on particle filter. [9] Trajectory 
model calculates the volleyball trajectory parameter 𝑃! 
from the image coordinates sequence ℂ!. Then calculated 
3D coordinates (X, Y, Z) is projected onto the image plane 
for evaluation. Finally, the approximated 3D trajectory is 
corrected. 

Eq. (1) shows the mapping relationship between the 2D 
image coordinates (u, v) and the 3D coordinates augmented 
matrix	𝑊  based on the camera matrix 𝑃.  
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The first proposal is the improvement in trajectory model. 

Multi-physical factors trajectory model considers air re-
sistance and gravity influence in ball trajectory model. It 
aims at simulating the physical model of realistic flight con-
ditions of volleyball. 

The second proposal aids the evaluation step in approxi-
mation model. A self-correcting approximation model 
which evaluates approximation result and rectify model pa-
rameters dynamically is proposed. By evaluation for the 
approximation model, trajectory model’s parameters can be 
corrected dynamically by proposed method. 

The third proposal target for limiting the model drifting 
error approximated 3D volleyball trajectory in monocular 
vision. Based on temporal movement feature of volleyball 
motion states, model drifting deviation in approximation 
result is constrained. 

3. Proposals 

3.1. Multi-physical factors trajectory model 
In volleyball game, external physical factors such as 

gravity, air resistance, Magnus caused by volleyball rota-
tion, leading to the complex and unstable volleyball flight 
trajectory. Among them, gravity and air resistance are the 

external physical factors that affect the volleyball flight tra-
jectory mostly. 

Due to the lack of depth information caused by monocu-
lar vision, single 2D image coordinates (𝑢, 𝑣)  cannot 
calculate the target 3D coordinates (X, Y, Z), so we calcu-
late ball flight trajectory based on the physical 
characteristics of volleyball movement.  

 
𝑃𝑥!#$ = 	𝑃𝑥! + 𝑉%𝑡 − 𝑎	 𝑉%	(𝑛𝑡)&/2	
𝑃𝑦!#$ =	 	𝑃𝑦! + 	𝑉'𝑡 − 𝑎	 𝑉'	(𝑛𝑡)&/2	

𝑃𝑧!#$ =	 	𝑃𝑧! + 𝑉(𝑡+g(𝑛𝑡)&/2 − 𝑎	 𝑉(	(𝑛𝑡)&/2	
 
As Eq. (2) shown, the 3D position of volleyball in frame 

𝑘 + 𝑛	which is 𝑛 frame after initial frame 𝑘 can be obtain 
based on initial position coordinates 𝑃𝑥! , 𝑃𝑦! , 𝑃𝑧! and the 
initial velocity in each direction 𝑉%, 𝑉', 𝑉( in frame 𝑘. The 
time interval between each frame is fixed and known. 𝑎 is 
the air resistance coefficient of the volleyball during the 
flight, which can be calculated from the weight and radius 
of the standard volleyball. 

3.2. Self-correcting approximation model 
The overview of proposed self-correcting approximation 

model and the conceptual difference with conventional 
work is presented in Fig. 2. 

For the conventional volleyball approximation model, 
flight trajectory estimated by an stable model contain error 
which increase rapidly over time. Therefore, the parameters 
calculation error of the motion model should be detected 
and self-corrected immediately, which can significantly re-
duce the error of the trajectory approximation model. 

In order to improve the model's estimation accuracy of 
the volleyball 3D trajectory, the dynamic self-correcting al-
gorithm is applied to the approximation model. The least 
square method based on input image coordinates is used to 
calculate the trajectory model parameters to reduce the es-
timation error of the approximation model as much as 
possible. Euclidean distance 𝐸)	between the input coordi-
nates (𝑢, 𝑣)	 obtained by the high-accuracy volleyball 
tracking system based on particle filter and projected image 
coordinates L𝑢*, 𝑣*M which obtained from volleyball 3D 
coordinates estimated by proposal 1. The specific update 
strategy is as follows. 

(2) !
		
	
	
 

Method in conventional work [4]  

Figure 2.  Overall structure of conceptual differ-
ence between conventional approximation model 
and self-correcting approximation model. 
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Figure 1.  Overview structure of monocular 3D volley-
ball trajectory approximation system. 
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(1) If the Euclidean distance 𝐸)	 between (𝑢, 𝑣)	 and 

L𝑢*, 𝑣*M	is greater than the radius of the volleyball 
on the image plane, which means the old trajectory 
model is not correspond to current flight trajectory. 
New trajectory model parameters are calculated and 
updated for the trajectory model. 
 

(2) If the Euclidean distance 𝐸)	is less than the radius 
of the volleyball on the image plane, trajectory 
model continues use current parameters.   

 
For model parameters updating, a set of coordinates will 

input to calculate the new trajectory model parameters. In 
order to ensure the continuity of the approximated 3D tra-
jectory, the 3D coordinates which are calculated in the 
previous frame are assumed as the initial coordinates, and 
only the speed parameters 𝑉%, 𝑉', 𝑉( are recalculated. 

3.3. Movement features based trajectory correc-
tion 

Volleyball matches have very obvious sequential tem-
poral characteristics. For example, any round of volleyball 
matches starts with tossing the ball, and the order includes 
serving, receiving, passing, spiking and other events. These 
events are all have clear motion characteristics. Therefore, 
we propose to use the motion characteristics of the volley-
ball events to constrain the model drifting deviation caused 
by monocular vision in some cases to correct 3D trajectory 
which calculated by approximation model. 

As Fig. 3. shown, there are two identical trajectories on 
the image plane (green and red), but they are actually two 
completely different trajectories in the three-dimensional 
space. Due to the lack of depth information caused by the 
monocular sensor, they cannot be distinguished on stable 
camera vision.  

A typical volleyball match event sequence is shown in 
Fig. 4. For different events, such as tossing and spiking, the 
movement characteristics of volleyball have very signifi-
cant differences, especially the speed of movement in the 
three directions of the XYZ axis. Based on the temporal 
motion characteristics of different events, the model drift-
ing problem in the approximated trajectory can be 
constrained in a small interval, which significantly im-
proves the accuracy of the monocular 3D trajectory 
approximation model. 

4. Experiment result 

4.1. Experiment	environment	 	

The experiment is based on the volleyball games videos 
obtained in the Game of 2014 Japan Inter High School of 
Men Volleyball by 1 camera which located at grandstand. 
The video’s resolution is 1920×1080, the frame rate is 60 
fps. Since our research target is to analysis the 3D trajectory 
based on the image coordinates sequence, in order to reduce 
the trajectory estimation error caused by the image coordi-
nates deviation, we selected 20 volleyball game rounds 
video sequence include toss, pass, receive, spike and so on, 
which measure up 98% accuracy in image by particle filter 
based 2D volleyball tracking system. 

4.2. Ground	truth	and	evaluation	method	

Although the deployment cost of the multi-camera vol-
leyball 3D tracking system is high and the site requirements 
because of high 3D tracking accuracy. [10] Therefore, it is 
applied to checking the result of our proposed monocular 
3D trajectory approximation model as ground truth. 

To evaluate the proposed trajectory approximation 
model, we calculate the spatial distance 𝐷+  between the 
ground truth 3D position (𝑋,+ ,	𝑌,+, 𝑍,+ ) and the 3D position 
(𝑋+ , 𝑌+ , 𝑍+)	 approximated by our model for frame 𝑖 .  
𝑆𝑢𝑐𝑐𝑒𝑠𝑠	𝑓𝑟𝑎𝑚𝑒 is defined to reduce the influence of indi-
vidual frame estimation deviation. The evaluation of the 
𝑖	𝑡ℎ  frame is shown in the Eq. (3). The definition of 
𝑆𝑢𝑐𝑐𝑒𝑠𝑠 in frame and 𝑆𝑢𝑐𝑐𝑒𝑠𝑠	𝑟𝑎𝑡𝑒	is shown in Eq. (4) 
and Eq. (5) 

 

𝐷+ =	X(𝑋,+ − 𝑋+)& + (𝑌,+ − 𝑌+)& + (𝑍,+ − 𝑍+)&    (3) 

 

𝑓𝑟𝑎𝑚𝑒	(𝑖 − 𝑡ℎ) = 	 Y
𝑠𝑢𝑐𝑐𝑒𝑠𝑠	

		
𝑓𝑎𝑖𝑙	

									
𝐷+ ≤ 𝑡ℎ𝑟𝑒𝑠ℎ𝑜𝑙𝑑

	
𝐷+ > 𝑡ℎ𝑟𝑒𝑠ℎ𝑜𝑙𝑑

(4) 

 

𝑆𝑢𝑐𝑐𝑒𝑠𝑠	𝑟𝑎𝑡𝑒 = 	∑./00122	45671
"896:	456712

× 100%.						(5) 

4.3. Experimental	result	and	analysis	

For comparison, conventional work and the contribu-
tions of three proposals in our work are respectively 
evaluated. As it shown in Table 1, proposed multi-physical 
and temporal feature based self-correcting model achieves 
73.3% accurate in error range 150 mm, and 82.5% in error 

Figure 4. Typical volleyball match event se-
quence and their spatial characteristics. 
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range 200mm which improve 45.0% and 47.0% comparing 
with conventional work [4]. Some 3D trajectories which 
approximated by our work and their ground truth is shown 
in Fig. 6. 

However, there are some aspects that can be improved in 
future work. Firstly, proposed correction algorithm 
achieves redress for huge model drifting error but not sen-
sitive for small model drifting. So, model drifting problem 
still cause approximated 3D trajectory fail comparing with 
real trajectory. Also, because of the Magnus caused by ball 
rotation, trajectory model parameters error lead approxi-

mated trajectory shift. 

5. Conclusion 

This paper proposes a multi-physical factor based self-
correcting trajectory approximation model and a trajectory 

correction algorithm based on temporal motion feature to 
achieve high precision 3D volleyball trajectory approxima-
tion in monocular vision. In proposed trajectory model, the 
influence of gravity and air resistance factor affecting fac-
tors are applied to the trajectory model, in order to simulate 
real model. Proposed self-correcting approximation model 
adopts an automatically correcting trajectory approxima-
tion model to dynamically correct model parameters and 
reduce estimation errors. Proposed model drifting correc-
tion algorithm uses temporal motion feature based on 
events to constraint model drifting problem in monocular 
vision. Experiment based on 20 sequences recorded in of-
ficial volleyball match and achieves 73.3% accurate in error 
range 150mm, and 82.5% in error range 200mm.  
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Experiment 
work 

Success rate in 
T11 

Success rate in 
T22 

Convention 
work 28.3% 35.5% 
P13 39.1% 43.7% 
P1+P24 67.4% 75.8% 
P1+P2+P35 73.3% 82.5% 

1T1: Threshold1 in Eq. (4) (150mm) 
2T2: Threshold2 in Eq. (4) (200mm) 
3P1: Multi-physical factors trajectory model 
4P2: Self-correcting approximation model  
5P3: Movement features based trajectory correction 

Table 1. Experiment 
result 

Figure 6. Approximate 3D volleyball trajectory.  


