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ABSTRACT	

	 This paper explores the application of video-based methods for the analysis of com-
petitive swimming performance. A systematic search of the existing literature was conducted 
using the following keywords: swim*, performance, analysis, quantitative, qualitative, cam-
era, video on studies published in the last five years, in the electronic databases ISI Web of 
Knowledge, PubMed, Science Direct, Scopus and SPORT discus. Of the 384 number of records 
initially identified, 30 articles were fully reviewed and their outcome measures were analysed 
and categorised according to (i) the processes involved, (ii) the application of video for techni-
cal analysis of swimming performance and (iii) emerging advances in video technology. Re-
sults showed that video is one of the most common methods used to gather data for analysing 
performance in swimming. The process of using video in aquatic settings is complex, with little 
consensus amongst coaches regarding a best-practice approach, potentially hindering usage 
and effectiveness. Different methodologies were assessed and recommendations for coaches, 
sport scientists and clinicians are provided. Video is an extremely versatile tool. In addition to 
providing a visual record, it can be used for qualitative and quantitative analysis and is used in 
both training and competition settings. Cameras can be positioned to gather images both above 
and below the water. Ongoing advances in automation of video processing techniques and the 
integration of video with other analysis tools suggest that video analysis will continue to remain 
central to the preparation of elite swimmers. 

KEYWORDS: Swimming; Video analysis; Coaching; Biomechanics; Qualitative; Quantitative.

ABBREVIATIONS: PRISMA: Preferred Reporting Items for Systematic Reviews and Meta-
analyses; MEMS: Micro-Electro-Mechanical Systems.

INTRODUCTION

	 Elite sporting success is achieved through gradual improvements over an extended 
period of time, to ensure that the athlete has achieved a sufficient level of physical conditioning 
and technical expertise. Central to this process is a detailed training plan which is prepared by 
the coach and monitored using a variety of means, with video-based analysis arguably the most 
common methodology employed in elite sport. Unsurprisingly therefore, many reviews have 
been published on the various applications of video in sport, including technical recommenda-

http://dx.doi.org/10.17140/SEMOJ-1-121
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tions1 applications in coaching and feedback;2-4 human motion 
tracking and analysis;5-7 and technological advances.8 

	 There are various methods by which video analysis is 
applied in different sports.3,4 A recent review of the development 
of video technology in coaching settings examined key ques-
tions about why and how sports coaches apply video-based 
methods.4 That author proposed that the main reason why video 
is used is to provide an objective record of performance, provid-
ing evidence that can be reviewed and analysed. To further un-
derstand the application of video in particular situations, reviews 
have been carried out for specific sports such as soccer;9 tennis10 
and golf.11 Video analysis has been used for various purposes, 
including tactical; technical; physical and mental applications in 
different sports.12 

	 The use of video in competitive swimming is wide-
spread, with close to three quarters of coaches based in the 
United States using video on a monthly basis.13 This is not unex-
pected as underwater video cameras can be positioned in ways 
that can record what the coach cannot see from the pool deck, 
thus providing him/her with additional insight into the athletes’ 
performances. This is essential to ensure that swimmers develop 
a good technique, not just for performance gains but also to re-
duce the risk of injury.14 Previous research has shown that video 
is used by swimming coaches mainly as a qualitative too.13 This 
is intuitive as the qualitative process is more straightforward to 
implement in applied settings compared with quantitative prac-
tices. However, Lees15 has argued that there is a lack of informa-
tion regarding the specific qualitative methods used in elite sport 
and also a shortage of evidence of how successful this approach 
may be. In a swimming context, this appears to be valid, with a 
dearth of published research papers outlining the application of 
qualitative video analysis and providing evidence of the effec-
tiveness of the approach. 

	 Video is also widely utilised for quantitative purposes 
in swimming for various applications including assessing tech-
nique, for race analysis; as a teaching tool; or as part of a medi-
cal screening process. Additionally, video is the primary means 
by which data for swimming research are collected and has al-
lowed researchers to greatly advance our understanding of the 
mechanics governing each of the four competitive swimming 
strokes.16-19 Callaway, Cobb, and Jones20 reviewed how our un-
derstanding of swimming mechanics has developed through 
video analysis, focusing on research breakthroughs and making 
comparisons with newer sensor based technologies. Others have 
provided an extensive examination of the technical aspects of 
underwater videography, with an emphasis on calibration and 
reconstruction procedures.21-23 

	 No review has been published specifically assessing 
the processes by which video is captured in applied swimming 
settings. This may result in uncertainty amongst coaches and 
practioners regarding the most appropriate methodologies to be 

adopted and the value of video in swimming. Additionally, it is 
the view of the authors that such a review could serve to provide 
recommendations for coaches, sports scientists and clinicians, 
given the challenges of working in an aquatic environment. 
This may lead to increased consistency in approaches to video 
analysis in competitive swimming to ensure the efficiency and 
effectiveness of coaching practices is maximized. The aim of 
this paper is to systematically review the applications of video-
based systems for the analysis of competitive swimming. The 
review will focus on the processes involved in video analysis in 
competitive swimming; the interpretation and feedback of data 
for technical analysis; and will outline future developments cur-
rently emerging in the literature.

METHODS

	 A systematic review of the available literature on the ap-
plication of video-based methods for the analysis of competitive 
swimming performance was conducted according to PRISMA 
(Preferred Reporting Items for Systematic Reviews and Meta-
analyses) guidelines in an attempt to address the following re-
view questions: (1) what are the processes involved in obtaining 
video-based data for swimming analysis, (2) how can the video 
footage be interpreted and presented for technical analysis of 
swimming performance and (3) what are the emerging advances 
in video-based technology for competitive swimming analysis. 
The electronic databases ISI Web of Knowledge, PubMed, Sci-
ence Direct, Scopus and SPORTDiscus were searched for rele-
vant publications over a five year period to the end of June 2015, 
using the following keyword search string: (swim OR swimming 
OR swimmer) AND (performance OR analysis OR quantitative 
OR qualitative) AND (camera OR video). The inclusion criteria 
for these articles were: (1) that they provided sufficient detail 
regarding the equipment specifications and experimental setup; 
(2) that they include relevant data regarding the application of 
video based methods for the analysis of competitive swimming 
performance; (3) that they were published in the last five years 
(1st July 2010-1st July 2015) and (4) that they were written in 
the English language. Studies were excluded if they: (1) did not 
involve human competitive swimmers; (2) did not provide suf-
ficient detail to answer at least one of the review questions and 
(3) were published as part of conference proceedings. 

RESULTS

	 The outcomes of the systematic search strategy pro-
cess is summarised in Figure 1. The initial search identified 384 
records. Reference manager software (EndNote X5, Thomson 
Reuters, Philadelphia, PA, USA) was used to collate results. 
Duplicates were removed and a screening process of both the 
title and abstract of the remaining records was subsequently con-
ducted. The full-text of the remaining records was then assessed 
for relevance to the review. Following this procedure, 30 articles 
remained for the systematic review (Table 1). 
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Figure 1: Flowchart of the systematic literature search.

Reference Purpose of Study Exp.
Design

No. of 
cam-
eras

Camera 
config.

Plane(s) of  
movement

Enclo-
sures 

(for UW 
camera)

Frame 
rate

No. of  
anatomical  
landmarks

Camera positioning
Variables  
measured  

using video

24

Quantify shoulder 
kinematics in back-
stroke and compare 
between advanced 

and intermediate level 
swimmers

2D 1AW Static Frontal Viewing 
window 50 Hz 4 2.3 m above water

FoV: 2 x 2 m
Shoulder entry 

angles

25
Analysis of freestyle 
kinematics using a 
markerless system 

3D 6UW Static Sagittal, frontal
Water-
proof 

housing
Unrep. 0 0.0-1.65 m depth Shoulder, elbow & 

wrist joint angles

26

Examination of the 
effect of breathing 

patterns on freestyle 
swimming kinematics

3D 4UW
2AW Static Sagittal

Water-
proof 

housing

50 Hz 19

UW: 8 m from swimmer, 
0.5 - 1.8 m depth, 75-110° 

optical axis
AW: 12 m from swimmer, 

100 ° optical axis
FoV: 6.5 m per camera

Shoulder & hip roll

27 Effect of fatigue on 
kinematics of butterfly 

swimming
2D 1UW

1AW Static Sagittal
Water-
proof 

housing
50 Hz 13

UW: 1.6 m depth
AW: 0.9 m above water

2.1 x 3.0 calibration space
9 m from plane of movement

Velocity, stroke 
length, stroke rate, 
intra-cyclic velocity 

variation, stroke 
duration, hand & 
foot displacement
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Reference Purpose of Study Exp.
Design

No. of 
cam-
eras

Camera 
config.

Plane(s) of  
movement

Enclo-
sures 

(for UW 
camera)

Frame 
rate

No. of  
anatomical  
landmarks

Camera positioning
Variables  
measured  

using video

28

Examination of the 
variability on arm 

coordination patterns 
in freestyle

3D 4UW
2AW Static Sagittal, frontal Unrep. 50 Hz 21

UW: 75-110 ° optical axis
AW: approx. 100 ° optical 

axis

Velocity, stroke 
length, stroke rate

29 Analyse the effect 
of increased energy 
cost on kinematics of 
freestyle swimming

2D 1UW
1AW Static Sagittal

Water-
proof 

housing
50 Hz 0 UW: 0.5 m depth 

FoV: 5 m

Stroke rate, stroke 
length, velocity, 

arm coordination, 
energy cost

30

Analysis of kinematic 
differences in freestyle  
performance between 

sprint and distance 
swimmers

3D 4UW
2AW Static Sagittal

Water-
proof 

housing

50 Hz 19

UW: 8 m from swimmer, 
0.5-1.5 m depth, 75-110 ° 

optical axis
AW: 12 m from swimmer, 

100 ° optical axis
FoV: 6.5 m per camera

Average veloc-
ity, stroke length, 
stroke rate, stroke 

duration, arm & 
foot displacement, 
shoulder, elbow & 

hip joint angles

31 Qualitative analysis 
of breaststroke 

technique
2D 1UW Static Sagittal Viewing 

window 25 Hz 0 Unrep.

Water displace-
ment due to kicking 

patterns

32 Kinematic and kinetic 
analysis of tumble turn 

performance
3D 5UW Static Sagittal, trans-

verse

Water-
proof 

housing
50Hz 17

0.7-2.0 m depth 
45-60° optical axis

Temporal, kine-
matic & kinetic pa-
rameters related to 
turn performance 
(integrated with 
force platform)

33
Effect of starting block 
setup on the kinemat-

ics of track start 
performance 

2D 1AW Static Sagittal N/A 125 Hz 14 2 m from plane of motion

Block time, velocity 
(horizontal, vertical, 

resultant), flight 
distance, take off 
angle, rear foot 

take off time

34
Comparison of differ-
ent feedback methods 
on glide performance

2D 1UW
1AW Static Sagittal, frontal

Water-
proof 

housing
50 Hz 5

UW: 10 m from swimmer
AW: 5 m from swimmer

FoV: 9 m

Initial & average 
velocity, glide 

factor

35

Investigation of 
individual variations 
in limb coordination 

patterns
2D 2UW

1AW
Static, 
trolley Sagittal, frontal

Water-
proofed 
camera

50 Hz 0
UW: 0.4 m depth

FoV: 10 m (side view)
Average speed, 
stroke length, 

stroke rate, IdC

36

Kinematical analysis 
of arm motion in 

freestyle using CAST 
technique

3D 6UW Static Sagittal, frontal
Water-
proof 

housing
Unrep. 31 0.0-1.65 m depth Shoulder & elbow 

joint angles

37

Comparison of differ-
ent backstroke starting 

techniques 2D 1UW
1AW Static Sagittal

Water-
proof 

housing
50 Hz 13

UW: 0.3 m depth
AW: 0.3 m above water

2.5 m from head wall of pool
2.1 x 3.0 m2 calibration 

space

Centre of mass 
position and veloc-

ity, contact time, 
take off angle, back 
angle arc, fight dis-

tance, start time

38 Effect of resistance 
on propulsive forces 

during freestyle sprint 
swimming

3D 4UW Static Sagittal Periscope 60 Hz 11 3 x 1x 1 m3 capture volume

Pitch & sweepback 
angles, hand 

velocity, propulsive 
forces

39

Characterization of 
backstroke swimming 

kinematics at high 
intensity

2D 2UW Static Sagittal, frontal
Water-
proof 

housing
50 Hz 12 6.3 m2 capture space

Average velocity, 
stroke rate, stroke 

length, stroke 
index, IdC

40

Investigation of 
correlation between 

technique with velocity 
profile in breaststroke 

swimming

2D 1UW
1AW Trolley Sagittal

Water-
proofed 
camera

50 Hz 0 UW: 1.0 m depth
5 m from plane of motion

Stroke phase 
analysis (arms & 
legs), stroke rate, 
stroke length, IdC, 

speed 
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Reference Purpose of Study Exp.
Design

No. of 
cam-
eras

Camera 
config.

Plane(s) of  
movement

Enclo-
sures 

(for UW 
camera)

Frame 
rate

No. of  
anatomical  
landmarks

Camera positioning
Variables  
measured  

using video

41
Analysis of the kine-
matics of backstroke 

turns
2D 4AW Static Sagittal N/A 25 Hz 0

All cameras positioned 7 
m above and 7 m away 

from pool
2 cameras fixed at ends of 

pool, perpendicular to plane 
of motion, 2 cameras fixed 
with optical axes crossed 
(one from 0-15 m and the 

other from 10-25 m)

Turn time (7.5m 
round trip), 

distance in, UW 
distance, velocity, 
normalized veloc-
ity, stroke velocity

42 Examination of 
dolphin kicking perfor-

mance
2D 1UW Static Sagittal

Water-
proofed 
camera

30 Hz 12
0.5 m depth, 7.5 m from 
push-off wall, 4 m from 

swimmers plane of motion

Kick symmetry, 
displacement, 

amplitude & fre-
quency. Horizontal 

centre of mass 
velocity, relative 
angles for ankle, 

knee, hip, shoulder, 
elbow, wrist, upper 
waist, lower waist 

& chest.

43

Examination of the 
pitching effects of 
buoyancy using a 
markerless system

2D 2UW
1AW

Trolley, 
towing 
cable

Sagittal, trans-
verse Unrep. 50 Hz 0 Unrep.

Centre of mass 
& centre of buoy-
ancy positions, 

buoyancy torques, 
moment of inertia

44
Effect of breathing 

patterns on freestyle 
swimming kinematics 2D 1AW Static Sagittal N?A 50 Hz 2

2.35 m above water
Approx. 11.7 m from 

swimmer
FoV: 7.5 m

Stroke rate, stroke 
length, velocity

45

Assess the effect of 
leg kicking dynamics 
on freestyle kinemat-

ics
3D 4UW Static Sagittal Periscope 60 Hz 6 3 x 1 x 1 m3 capture volume

Stroke rate, stroke 
length, velocity, 
intra-cyclical hip 

velocity, IdC, pitch 
& sweepback 

angles

46

Determine the 
accuracy of a 3D 

kinematics system for 
swimming analysis

3D 8AW Static Sagittal, frontal Viewing 
window 200 Hz 4

0.55-2.0 m height
1.4-1.9 m from viewing 

window
0.45-1.8 m between 

cameras

Sweepback & pitch 
angles

47
Effect of aerobic 

training on freestyle 
kinematics 2D 2UW

1AW
Static & 
panning Sagittal, frontal

Water-
proof 

housing
50 Hz 0

UW: panning camera 
positioned at mid-pool, static 

camera captured frontal 
plane

AW: profile view of entire 
swim trial

Stroke rate, stroke 
length, velocity, 
IdC, propulsive 
phase duration

48

Examination of the 
kinematics of the 
backstroke start 

technique
2D 1UW

1AW Static Sagittal Viewing 
window 60 Hz 14

UW: 1.0m depth
AW: 0.2m above water

7.5 m from plane of motion

Hip & knee joint 
angles, angular 

velocity, hip & toe 
displacement, time 

to 5m

49

Assessing the 
relationship between 
coordination and en-
ergy cost of freestyle 

and breaststroke 
swimming

2D 2UW Static Sagittal, frontal Unrep. 50 Hz 0 FoV: 10 m, between 10 & 20 
m mark in 50 m pool

Average velocity, 
stroke rate, stroke 
length, IdC, stroke 
phases, kick rate, 
arm & leg coordi-

nation

50

Analysis of kinematic 
parameters relevant 
to starts and turns, 
comparing national 
and regional level 

swimmers

2D 2AW Static Sagittal N/A 25 Hz 0

Cameras positioned 7 m 
above and 7 m away from 

pool

Turn distance & 
velocity, start dis-
tance & velocity
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Reference Purpose of Study Exp.
Design

No. of 
cam-
eras

Camera 
config.

Plane(s) of  
movement

Enclo-
sures 

(for UW 
camera)

Frame 
rate

No. of  
anatomical  
landmarks

Camera positioning
Variables  
measured  

using video

51
Examination of the 

impact of verbal 
feedback on technique 2D 1 UW

1 AW Static Sagittal
Water-
proofed 
camera

50 Hz 3
Cameras fixed mid-pool

FoV: 15 m Stroke rate, stroke 
length, velocity

52

Investigation of path 
linearity in elite free-

style swimmers 2D 2 AW Static Sagittal N/A 50 Hz 0
6 m above water

15 m from plane of motion
FoV: 40 m

Forward & lateral 
speed fluctuations

53

Examination of the 
effect of swim speed 

on coordination in 
Paralympic swimmers

2D 2 UW Trolley Sagittal
Water-
proof 

housing

50 Hz 4

6.5 m from swimmer (left 
and right sides), FoV: 

included whole body of par-
ticipants, 10 m test window

Arm and leg 
cycle phases, 

swim speed, stroke 
frequency, kick 
frequency, kick 

pattern, downbeat 
time, upbeat time, 
pull time, recovery 

time, leg to arm 
coordination

Table 1: Results of systematic review search summarising studies conducted that apply video-based systems for the analysis of swimming performance. Results are presented in chronological order 
and include the purpose of the study; experimental and equipment details; the number of anatomical landmarks and the variables that were measured using the video footage. Abbreviations: UW: 
Underwater; AW: Above Water; FoV: Field of View; Unrep: Unreported; IdC: Index of coordination. 

DISCUSSION

Process of Video Capture

	 It has been found that technical examination of a swim-
mer in an applied setting can be undertaken using many different 
types of video setup and using various analysis methods (Table 
1). For example, quantitative or semi-quantitative techniques in-
volve an objective, deductive means of examining components 
of a performance using specialized instrumentation. Alternative-
ly, a qualitative approach is more inductive in design and analy-
sis is descriptive and subjective in nature.54 Qualitative analysis 
can be carried out to assess the quality of the performance or 
technique but is also important as a method of identifying the 
key variables that need to be measured by quantitative means at 
a later stage.1 Figure 2 provides an overview of the video analy-
sis process. Three stages are involved: (i) camera selection and 
setup (ii) video capture and (iii) data processing and analysis. 
Following these three stages, a coach will interpret the results, 
provide feedback to the swimmer and decide on appropriate in-
tervention strategies. 

Camera Selection and Setup 

Equipment specifications: Swimming presents unique challeng-
es to the application of video that warrant consideration. Impor-
tant issues to consider include light refraction and the effect of 
water turbulence such as bubbles and splash that are generated 
by a swimmers movements.20,22  Refraction can result in the dis-
tortion of an image when light passes from a fast medium (air) 
to a slow medium (water). An additional concern for underwater 
recording is water clarity and its effect on image quality. For ex-
ample, a swimming pool that is excessively aerated will result in 
high levels of bubbles around the swimmer, making identifica-
tion of anatomical landmarks on the swimmer difficult (Figure 3). 

	

Figure 2:  The process of video capture for swimming analysis involves three stages: (i) camera selection and setup; (ii) video capture and (iii) data 
processing and analysis. This may be conducted in either training or competition settings.

Figure 3: The motion of a swimmer in the water can cause turbulence 
resulting in bubbles that make identification of landmarks difficult. 
Rapidly moving body segments can also result in a blurred image.
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	 There is a vast array of video cameras to choose from, 
with both under-water and above-water cameras available from 
all the major camera manufacturers. Studies that utilise only 
above-water cameras tend to be analyses based on competition 
footage.41,50,52  However, for a thorough technical examination 
of swimming using video it is imperative for the swim coach 
to have an underwater view to fully assess a swimmer’s move-
ments. Specialist underwater equipment is available through 
dedicated manufacturers. Examples include SwimPro, Swim-
Right and Qualisys Oqus (Table 2). Some key parameters to con-
sider when choosing a camera include the frame rate and shutter 
speed. Frame rate refers to the number of individual frames that 
comprise each second of video, also known as FPS (frames per 
second). Shutter speed refers to the amount of time that each 
individual frame is exposed for. It is generally advised that the 
denominator of your shutter speed should be at least double the 
number of FPS that you are recording. Consequently, a frame 
rate of between 25-50 Hz and a shutter speed of between 1/350-
1/750 s are recommended for swimming applications to maxi-
mise image quality.1 These frame rates are reflected in the extant 
literature although some examples of higher values such as 125 
Hz and 200 Hz can be found.33,46 

	

	 Various solutions have been developed to record un-
derwater motion, including placing the camera in a waterproof 

housing;25,47,53  using an underwater viewing window24,31,46 or al-
ternatively a periscope system38,45 (Figure 4). Although periscope 
systems were frequently used in the past,55-58 waterproof camera 
housings would appear to now be the most popular choice and 
offer flexibility in positioning but have short camera to interface 
distances (the distance between the camera lens and the glass of 
the waterproof housing) which can result in reconstruction errors 
(Figure 5).22 Underwater viewing windows allow for increased 
camera to interface distances but video capture will be limited 
by access to a swimming pool or flume with built in windows 
included and may also result in issues with refraction. Inverse 
periscopes allow for camera’s to be positioned above the water 
to record activity both above and under the water. The advantage 
of a periscope system is that it allows for a longer camera to 
interface distance compared to waterproofed camera housings. 
However, the mirrors used in periscope systems must be of a 
very high quality to ensure good image quality and consequently 
periscope systems can be expensive compared with the alterna-
tive approaches.22 

Camera 
System

Shutter 
Speed (s)

Frames 
per 

second 
(fps)

No. of 
Cameras

Resolu-
tion 

(Mpixel)

Min Illumi-
nation (Lux)

SwimRight
Shark Eye 

Coach

1/50-
1/10,000 25-30 1 0.3 1.0

SwimPro
IQ Re-
corder

1/50-
1/60,000 1-4 0.6 0.01

GoPro
Hero3 1/1-1/8,192 12-240 1 0.4-12.0 1.4

Qualisys
Oqus N/A 180-

10,000 1-24 0.3-12.0 0.0

Table 2: Comparison of technical specifications for various underwater cameras systems 
used in competitive swimming environments, highlighting that no common configuration has 
been established.

Figure 5: When using a waterproof housing, the distance between the camera lens and the glass 
of the housing is important as refraction at both the water-glass interface and glass-air interface 
will cause deformation of the image. The thickness of the glass will also affect the degree of 
refraction experienced.

Figure 4: To capture the underwater movements of the swimmer different options are available for the positioning of cameras including (a) using a waterproof housings such as the Shark 
Eye system; (b) a periscope system or (c) placing cameras outside the water and tracking the swimmers as they pass underwater viewing windows. Redrawn from Yanai et al. (1996)58  
(Figure 4B) and Reproduced from Monnet et al. (2014)46 (Figure 4C), with permission.

(a) (b) (c)
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Camera Configuration

	 Using a single camera offers an ease of portability and 
setup, and can often be used for a rapid performance assess-
ment.59 Use of multiple cameras requires a more complex setup 
and requires images from different cameras to be synchronized. 
Between one and eight cameras have been used in studies cap-
turing swimming footage, with various combinations of above-
water and under-water cameras.31,35,46 Cameras can be positioned 
to capture the swimmer in the sagittal, transverse or frontal 
planes, or a combination of these, depending on the analysis re-
quirements53,60,61  (Figure 6).

	 Payton1 recommended that the size of the athlete in view 
be maximized in order to reduce perspective error. Perspective 
error results in the size of an object changing with its distance 
from the lens and overcoming this is critical in measurement ap-
plications involving objects with depth or objects moving rela-
tive to the lens. This can be achieved through a combination of 
increasing the distance from the camera to the performer and 
choosing an appropriate zoom level. Whilst this is seldom an 
issue for above water cameras, when recording underwater this 

can present a challenge as it can often require several lanes of the 
pool to be left empty to avoid other swimmers from blocking the 
view. Moreover, underwater lenses have a fixed focal length (the 
distance between the centre of the lens and its focus). And do 
not allow for adjustment in zoom or shutter speeds so it is neces-
sary to increase the distance of the camera position in relation 
to the swimmer,1 which may be impractical for many training 
programmes.

	 Static cameras are typically used in order to allow 
for the movement to be assessed relative to an external refer-
ence.28,34,42 The camera is fixed on a specific field of view and 
the footage is captured as the swimmer moves past. When using 
a smaller capture space, issues arise as only a short number of 
stroke cycles can actually be recorded within the capture space. 
This may limit the effectiveness of such an approach as it does 
not allow for variations in swimmers patterns of movement to be 
fully observed.62,63 

	 Panning cameras introduce additional complexity for 
accurate measurement58 but can be used to capture a swimmers 
movements through a longer distance, for example over the full 

Figure 6: Representative examples of different video setups and configurations for various quantitative analyses. (a) Two above water cameras, one static and one panning, for kinematic 
and temporal analysis of dive starting technique. Images from the static camera were used for digitization of subjects during block and flight phases whilst the panning camera was used to 
measure temporal measures for the full 15 m start phase. (b) A trolley system with underwater views from both sides of the pool facilitated following the swimmer over 10m to get three full 
stroke cycles for kinematic analysis. A graduated rope was fixed below the swimmer and within the field of view to facilitate calibration. (c) Multiple above and below water cameras around 
a calibrated space of known dimensions (4.5 m x 1.5 m x 1.0 m) and control points distributed at regular intervals allows for a 3D analysis of swimming performance. Redrawn from Mooney 
(2011)60 (Figure 6A); Osborough et al. (2015)53 (Figure 6B); Sanders et al. (2006)61 (Figure 6C), with permission.
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length of an Olympic distance pool.59 Alternatively, tracking 
cameras allow the videographer to manually follow the swim-
mer throughout the length of the pool using a camera mounted 
on a trolley or similar device.40,43,53  This increases the analysis 
potential beyond the limited capture volume possible with static 
cameras.

Calibration procedures: Calibration of a video image for a 2D 
quantitative analysis requires a scaling object and vertical refer-
ence to be recorded before video capture, to facilitate accurate 
extraction of variables during the digitization stage.1 Typically, 
this is achieved using a metre stick. When conducting 3D anal-
ysis, a controlled volume is defined according to a calibration 
frame of known dimensions with control points positioned at 
known intervals and the calibration frame design must reflect its 
intended use.

	 Examples of differently sized calibration frames used 
in swimming can be found in the literature. Larger frames are 
capable of capturing the entire swimmer during one or more 
stroke cycles, with examples as large as 18 m3 21 and 25.2 m3 58 
previously described. Others have used a calibration frame with 
dimensions of 4.5 m x 1.0 m x 1.5 m (6.75 m3) which is also 
suitable for whole body analysis.26 Cappaert, Pease, and Troup64 

used a 5.6 m3 calibration frame in a whole body swimming in-
vestigation. These researchers used digitized footage from four 
cameras (two below and two above the water) to determine 
changes in shoulder, hip and elbow angles throughout one stroke 
cycle, to compare the techniques of elite and sub-elite swim-
mers.

	 Conversely, smaller calibration frame sizes have also 
been utilized.38,55-57,65 Payton, et al.57 used a frame measuring 1.3 
m x 0.93 m x 0.88 m (1.06 m3) and digitized six anatomical land-
marks on the shoulder, forearm and hand in order to determine 
the movements of one arm during a single stroke. Lauder, et al.65 

previously reported the smallest frame found in a swimming re-
lated study, measuring just 0.4 m3 (1.0 m x 0.5 m x 0.8 m). These 
studies focused on specific aspects of swimmer’s arm move-
ments and the relationship of these with propulsion. Smaller 
frame sizes can result in lower reconstruction errors than larger 
frames.55 These reconstruction error differences be attributed to 
various factors, including the effects of light refraction; image 
deformation when recording; the relative size of the reproduced 
image in relation to the capture volume or issues with the recon-
struction algorithms used.22,55 A trade off exists in deciding the 
appropriate calibration frame size and the resultant accuracy of 
the reproduced image. Additionally, the frame size can be com-
pensated for somewhat by increasing the distance between the 
camera and the performer. 

Video Capture

Preparation of swimmers: There are various factors involved 
in preparing swimmers for video-based data collection. Some 
factors are common to both quantitative and qualitative analy-

sis, but quantitative methods will require additional preparation. 
Swimmers may be required to wear specific clothing (such as 
different coloured hats or swim-suits to aid identification), have 
identification markers written on their skin, or some other mark-
ers for identifying body landmarks when conducting digitization 
procedures (Figure 7). Digitization involves the reconstruction 
of a swimmers body movement by tracking the displacement of 
markers placed at specific anatomical locations. Up to 31 land-
marks have been included in the reviewed literature,36 although 
the number of specific locations of the markers will depend on 
the aims of the study. It is important to note that the swimmer 
cannot typically hear or see the videographer whilst performing 
trials so it is vital that instructions regarding the protocol are 
clearly communicated to the swimmer in advance to improve the 
efficiency and accuracy of data collection.

Video storage and retrieval: Various software packages are 
available, including Dartfish; Kinovea; Quintic; APAS; Coaches 
Eye and Simi Motion, for video capture, editing and subsequent 
analysis. Video requires a large amount of storage space on a 
computer, with footage of a typical 200 m race lasting 2-3 min-
utes taking up 250-300 MB. Recordings taken during a training 
activity are typically longer in duration and require much larger 

Figure 7:  Representation of the anatomical locations of body segments 
used to facilitate the digitization process for kinematic analysis. The ac-
curacy of the digitization process is dependent on anatomical knowledge 
when markings are made. Reproduced from Atkison et al. (2013),42 with 
permission.
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storage space. 

	 A large volume of recording raises two concerns for the 
coach. Firstly, a suitable storage solution must be available with 
sufficient capacity for dealing with multiple recordings over an 
extended period of time. This may involve a physical hard drive 
or a cloud based solution. Advances in cloud based computing 
allow for vast storage and sharing solutions for coaches but this 
may also involve a lot of time for compressing, uploading and 
downloading of information when large squads of swimmers are 
involved. Secondly, a coach must have a system that allows for 
rapid retrieval of information at a later stage. This may involve 
manually indexing and tagging data, to attribute information re-
lated to a specific swimmer, event or analysis type conducted. 
Many software packages will include features for this to be car-
ried out or alternatively a coach may develop their own nota-
tional system. It is important that coaches and sports scientists 
working with the same group of swimmers follow a consistent 
approach for ease of retrieval at a later stage. 

Data Processing and Analysis

	 For a qualitative analysis, it is typically only necessary 
to edit and store the files for later review. However, process-
ing may involve merging of images from multiple views for 
thorough assessment. Data processing for quantitative analysis 
involves additional steps however. Digitization procedures are 
required to obtain the coordinates of body landmarks from re-
corded video and can be completed using manual or automatic 
methods. Manual methods involve an operator having to iden-
tify landmarks through visual inspection of each frame of the 
footage. In order to improve the consistency of the process, the 
same operator should perform all the digitizing for data to be 
analysed. Certain limb positions can be difficult to identify due 
to water turbulence or hidden body segments. Operators should 
have a sound anatomical knowledge and use markers on the skin 
only as a guide. 

	 The scaling object or control points must be digitized 
with a high degree of accuracy as this process is used to gener-
ate all other outputs from the system.1 It is also recommended to 
assess the level of systematic and random error involved. Errors 
can arise from various factors including the quality of the video 
image; the resolution of the digitization software; the size of the 
calibration volume and the skill of the operator.1 Error estima-
tion typically involves a both inter-operator and intra-operator 
reliability testing.66-68 Reconstruction error for 3D analysis of 
less than 5 mm for each axis is deemed acceptable.61,69 

	 According to swim coaches, a key disadvantage to per-
forming quantitative video analysis methods is the time taken to 
manually digitize the footage.13 Coaches perceive that it takes 
too long to carry out quantitative analysis and this outweighs 
any perceived advantage of conducting such work. A recent 
study reported that it took approximately seven and a half hours 
to carry out manual digitization of a relatively small amount of 

footage, involving ten swimmers performing three dives each.70 
Magalhaes, et al.71 also cite another example whereby it took 27 
hours to digitize footage of four separate stroke cycles for one 
swimmer, involving images from six cameras, 19 anatomical 
landmarks and 1,620 frames in total.72  

	 Automatic digitization offers a clear time-saving ad-
vantage over manual methods. However, it is not always possi-
ble to complete automatic digitization as markers cannot always 
be placed on a performer (in a competitive setting for example) 
and in the water the negative drag effects of markers hinders 
the swimmers movements significantly. An increase of between 
7-10% in passive drag was reported in one study which involved 
24 markers, each 19mm in diameter.73 Additionally, underwater 
and/or outdoor conditions lead to variations in the pixel contrast 
(the difference in luminance or colour that makes an object or 
its image representation distinguishable) between the markers 
and the background and air bubbles in the water can also intro-
duce additional error in automatic procedures, rendering them 
impractical.1 

	 Based on the evidence presented in this review, the 
overall trend in video capture in swimming appears to be to-
wards the use of multiple cameras and that both the underwater 
and above water images are important to the coach. This is logi-
cal as it allows for swimmers movements to be tracked through 
complete stroke cycles and from multiple planes of motion. In-
creased availability of low-cost equipment is also facilitating 
coaches in obtaining these multiple views. Additionally, whilst 
many 3D analysis setups are found in research practice, there is a 
much greater emphasis on 2D approaches, especially in applied 
practice. 

INTERPRETATION AND FEEDBACK

Qualitative Technical Assessment

	 Commonly, a coach will conduct technical analysis us-
ing video as an aid to their own observations.4,15 This analysis is 
based on a coach’s own knowledge and experience but video al-
lows the coach to prepare, observe, assess and evaluate a swim-
mer’s performance before taking what they consider to be the 
most appropriate action.54,74 A key advantage is that it is low cost 
and easy to implement with large numbers of athletes. Wilson4 

suggests that in coaching settings there is more of a focus on 
qualitative methods as it allows for rapid video feedback to be 
provided at any stage during a training session. Moreover, quali-
tative analysis is considered by some to be more intuitive for an 
athlete, compared with quantitative approaches.74 Despite this, 
limited examples of qualitative swimming research using video 
can be found.31,75,76 

	 One recent study used a qualitative approach to assess 
different breaststroke techniques.31 By using an underwater cam-
era, researchers were able to use flow visualization techniques to 
assess the impact of different arm and leg movements (Figure 8). 
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For example, it was found that supination of the foot at the end 
of leg extension resulted in increased displacement of the swim-
mer compared with leg extension without a corresponding foot 
supination. 

	

	
	 Another example of the application of video for quali-
tative assessment is the use of self-modelling. Self-modelling 
is an observational technique based on preparing a video of an 
athlete’s own performance that has been edited to show a per-
formance level that is greater than what the athlete is currently 
capable of.77 Such an approach has been implemented previ-
ously for the learning of swimming skills76 and may also have 
relevance in competitive environments. This may involve tak-
ing video footage of a swimmer’s four best laps (from a longer 
race or from different performances) and editing them together 
with the swimmer’s best ever start, turns and finish, to create a 
video file that the swimmer can then view. This approach has 
been used in competitive gymnastics and shown to significantly 
increase performance compared to when no video is provided to 
the athletes.78 

	 This visual feedback on performance is vital for skill 
acquisition, it raises a swimmer’s awareness of their movements 
in the water and it is suggested that feedback should be pro-
vided as quickly as possible during the skill acquisition stage to 
maximise the learning effect.79 Furthermore, it has believed that 
the timing and content of feedback information should change 
as learning and skill development progresses.2,8 Video facilitates 
this augmented feedback approach just as readily. 
	
	 Video allows for a thorough qualitative evaluation from 

any viewing angle to be conducted. As most of a swimmer’s 
movements occur under the water it is difficult for a coach to 
see what is going on. Therefore, underwater video appears to be 
just as important for the coach as it is for the athlete. Manipula-
tion of the video image using tools such as slow motion replay, 
frame-by-frame viewing or split screen comparisons can be used 
to facilitate both observation and assessment of the performance 
and highlight issues that could be missed with the naked eye. 
Moreover, video footage can be used to compare the same swim-
mer on different occasions to check for changes in technique 
following a period of training or for the effects of fatigue.

	 The lack of qualitative swimming research highlighted 
in this review is of concern as it has been found that coaches 
most often employ qualitative procedures in their own environ-
ments.13 However, without a strong evidential basis for its ef-
ficacy, it is possible that coaches are not making the best use of 
the methods, leading to poor practice and potentially inefficient 
performance gains. Future research should focus on examining 
the merits of qualitative approaches in applied swimming set-
tings.

Quantitative Technical Assessment

	 Alternatively, video may be used along with special-
ist equipment and software to assess swimming technique us-
ing quantitative or semi-quantitative means.30,35,61,80,81  Whilst 
qualitative analysis using video has been shown to be an effec-
tive method of producing changes in technique compared with 
verbal coach feedback,11 it has been suggested that quantitative 
feedback is also important for improving technique rather than 
using video purely for qualitative analysis.34,82 Thow, et al.34 re-
ported significantly greater improvements in both initial and av-
erage velocity measurements in elite swimmers during the glide 
phase following a dive start when swimmers were provided with 
quantitative feedback to compliment the coach’s instructions. 
Average velocity increased from 1.74±0.16 m∙s-1 to 1.84±0.09 
m∙s-1 over a five week intervention period. Moreover, whilst 
the results indicated that a qualitative feedback approach also 
brought about significant gains in performance, the addition of 
quantitative data elicited faster improvement gains.34 

	 Video facilitates the quantification of key performance-
related parameters, which have been shown to significantly influ-
ence overall performance. These quantitative methods can also 
be applied to injury prevention strategies. Becker and Havriluk83 

used video to assess different phases of butterfly swimming 
technique in order to highlight how changes to technique can re-
duce the risk of injury by affecting the forces experienced by the 
swimmers hands as they propel themselves through the water. 
Furthermore, video has been used to determine stroke asymme-
tries84,85 and has informed musculoskeletal screening procedures 
to help clinicians and coaches to identify such deficiencies.86 

	 The studies included in this review demonstrate that 
video has been used in a diverse number of ways for providing 

Figure 8: A qualitative assessment of breaststroke kicking action is facilitated 
through the use of underwater video footage. A fluorescent dye is used to assess 
the impact of foot supination at the end of leg extension (squeezing). The supinated 
position (on right) results in increased displacement of the swimmer as compared 
to the non-supinated position (on left). Reproduced from Martens & Daly (2012),31 
with permission.
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analysis in swimming. Whilst some differences can be attributed 
to the advancement of filming and computer technology, the 
review does highlight an apparent lack of common approaches 
for conducting quantitative video analysis in swimming, with 
different studies using different camera configurations to mea-
sure the same variables. What is also apparent is that in-depth 
quantitative video analysis does not always require a complex 
experimental setup. 

	 For example, the pitch and sweepback angles of the 
hand are important factors for generating propulsion.45,69 Recent 
studies have used either two, four or eight cameras positioned ei-
ther in waterproof housings, behind viewing windows or with a 
periscope system and have digitized between 4 and 12 anatomi-
cal landmarks in order to measure these angles.45,50,65,69 Similarly 
velocity, stroke rate and stroke length have been variously de-
rived using static cameras,29 or cameras with a trolley setup,53 
both with  and without87  digitization procedures. Such diversity 
in approaches is undoubtedly due to the specific nature of differ-
ent studies, but may lead to confusion among practitioners as to 
the best methods to employ in their own environments. 

	 Turns are a vital component of swimming competi-
tion and have been shown to be significantly related to overall 
performance.32,88 and as a result have received much research 
attention.32,41,50 Puel, et al. provided a comprehensive three-di-
mensional analysis of the key parameters related to successful 
performance of the freestyle tumble turn, using five underwater 
cameras and an integrated force platform to quantify 51 separate 
variables. In contrast, Veiga, et al.50 recently also assessed turn-
ing performance in a group of elite swimmers but used just two 
above water cameras and measured only turning distance and 
velocity. Clearly the objectives of these studies differed but it is 
interesting to consider which study would be more likely to be 
replicated by a coach in their own environment.

EMERGING ADVANCES IN VIDEO TECHNOLOGY

	 The criticisms of video appear to be commonly ex-
pressed by both researchers and coaches. A central theme of this 
criticism is the time required to carry out video based proce-
dures.13,20,89 This is certainly limiting the frequency of quantita-
tive video analysis performed in applied settings but is likely to 
also decrease qualitative video practices, given that video editing 
for multiple swimmers can be very labour intensive in its own 
right. It is unsurprising therefore that much research attention is 
currently focused on reducing the time taken to obtain pertinent 
information using video and on the automation of many of the 
laborious manual procedures involved.2,6,8,90 By way of example, 
one recently reported automated digitization approach claims to 
reduce processing time by a factor of ten over manual tracking 
methods.46 

Automated Tracking Systems

	 One automated tracking approach uses an array of 

LED’s mounted on flexible circuit board that was worn by the 
swimmer.91 The system removes the requirement for manual 
digitization and initial testing suggests comparable accuracy to 
manually derived variables related to swimming starts and turns. 
Another automated tracking system recently described is based 
on the Calibrated Anatomical System Technique (CAST).36 The 
CAST system, frequently seen in clinical settings, estimates ana-
tomical landmarks based on joint degrees of freedom and can 
be used to estimate the position of hidden landmarks.92 Initial 
results indicate that this approach may be suitable for swimming 
applications,36,71 although the procedures are still time-consum-
ing and complex, with 31 anatomical landmarks required during 
swimmer preparation for one arm and a portion of the trunk to 
be digitized, which perhaps offsets the time gained elsewhere. 

Marker-Less Analysis

	 Another emerging approach found in other sports is 
a marker-less 3D analysis method based on the extraction of a 
swimmer’s silhouette from video images.24,25  Marker-less sys-
tems have an advantage over other techniques for swimming 
applications, as form and drag caused by markers are central 
concerns.73 The results of initial investigations suggest that 
this method shows similar reliability to manual digitisation ap-
proaches, but further investigation of system reliability has been 
suggested.46 This method may help to reduce both participant 
preparation and processing time93 and has also been investigated 
in other sports to provide real-time kinematic data on perfor-
mance with promising results.94 As with any new methodology, 
additional investigation will be required to fully assess the mer-
its and feasibility of any new approach for applied settings. For 
instance, the system described by Ceseracciu, et al.25 was tested 
for one arm only and for front-crawl swimming, and it remains 
to be seen if the same level of accuracy would be achieved for 
whole body kinematic analysis and for other swimming strokes. 
This trend towards automated procedures is likely to lead to in-
creases in quantitative analysis practices as the time constraints 
associated with digitization are reduced. However, it could be 
reasonably argued that many of the automatic video analysis 
procedures are currently overtly costly to be applied in the ma-
jority of coaching settings, with one example costing over US 
$35,000 to purchase the equipment and software (ProAnalyst, 
Xcitex Inc., Woburn, MA, USA). Additionally, with a concur-
rent growth in interest in alternative methods of quantifying 
swimming performance, some have argued that more suitable 
solutions are starting to emerge, such as the use of low cost 
Micro-Electro-Mechanical Systems (MEMS) inertial sensor de-
vices.20,93,95 What is more likely is that integrated systems will 
become more prominent, with data measurements arising from 
multiple sources. 

CONCLUSIONS AND RECOMMENDATIONS

	 The aim of this paper was to systematically review 
the process of applying video-based systems for the analysis of 
competitive swimming. It is clear that video can be used in a 
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Figure 9: Flowchart detailing recommendations for the key steps to be followed and decisions to be made when undertaking video 
analysis in swimming.

variety of ways to provide feedback, and to aid technical devel-
opment and to reduce the risk of injury. Video allows a coach to 
review, reflect and evaluate the development of many aspects of 
athletic preparation and can be used to facilitate both qualitative 
and quantitative analysis.

	 Video capture in swimming shares many common 
characteristics with other sports, but with additional consider-
ations for underwater filming. The aquatic environment adds to 
the time, cost and complexity of implementing video analysis. 
In using video to provide feedback to swimmers, coaches must 
make appropriate decisions regarding the equipment, camera 
configurations and processing methods involved, and ensure 
they follow key recommendations.

	 There are a large number of factors to be considered 
when using video analysis for swimming applications and no 
common specifications or methodologies appear to exist. It could 
be argued that this lack of consistency is hindering the effective-
ness of the technique. A more consistent approach would remove 
some of the confusion around the process and could facilitate 
increased use of video. Figure 9 provides a detailed flowchart 
of the various stages involved and is intended to provide recom-
mendations that may aid decision making and perhaps improve 
the effectiveness of video for coaching purposes. 

	 It would appear that the key feature of video is its 
adaptability to various applications. Video analysis can be tai-
lored to suit the specific needs at the time. If rapid feedback is 
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required, video can facilitate instant review by both the coach 
and the swimmer. Additionally, video can be edited, processed 
and reviewed either qualitatively or quantitatively to provide an 
augmented feedback approach. Furthermore, video can be used 
to capture movement in both 2D and 3D for in-depth study or 
combined with other measurement tools. Finally, video can also 
be used in training, competition and research situations, and can 
capture movements both above and under the water. This versa-
tility extends its application potential far beyond other analysis 
systems used in elite sport. With continued advances in video 
and software technology it is also likely that video will continue 
to remain an integral part of the elite training environment in 
future. 
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