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CHAPTER 3 

SYSTEM FRAMEWORK 

 

In this chapter, we will describe in detail the four components of the proposed classification 

system.  A simple but effective skin-color segmentation method based on the hue value is 

first introduced.  Candidate body parts are then isolated using connected components 

detection technique.  To accurately and efficiently compute the inherent structure of 

swimming motion, regression analysis is performed on the extracted regions.  Finally, a 

scoring system based on the calculated data is developed to indicate the type of movement. 

 

3.1 Color-based Segmentation 

 

In our proposed system, color video is first employed to enable robust segmentation of 

the human body parts.  Many skin color models have been proposed to detect and extract 

human subject in complex environments [14][15].  Some are very sophisticated with the 
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ability to compensate for illuminator changes [16].  Our first constraint on the environment, 

the swimmer is trained in a FINA Olympic standard pool with distinct lane ropes, has made 

this stage quite simple as we are only required to consider backgrounds with limited 

disturbances caused by water splash, shadow, and lane ropes.  To make use of the color 

information, the digitized images represented by RGB color model are first converted into 

HSV space, as shown in Equations (1)-(3).   
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Evidently, initial segmentation can be performed with ease in the H-plane.  As our 

background is largely blue, it would make sense to label the pixels with a hue value between 

0.3 and 1.5 as the possible skin region, which happens to be on the opposite side of the blue 

color in the hue ring.  (Refer to Fig. 3.1).   
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Figure 3.1: The hue ring and the interval corresponding to possible skin regions. 

 

Fig. 3.2 shows a typical frame of the input video clip and its hue component with the 

result of retaining the pixels that have a hue value between 0.3-1.5, i.e., potential skin pixels.  

We have found this simple technique to work quite well for most video clips.  

In addition, the “opening” and “closing” operations in morphological filtering is applied 

to clean up isolated or disconnected regions, as depicted in Fig. 3.3.  In most cases, less than 

10 blobs are left for processing in the next stage. 
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(a) Original color frame           (b) The hue component           (c) Segmented regions 

Figure 3.2: The hue component and its segmented regions for four strokes.  (butterfly, 

backstroke, breaststroke and freestyle). 
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(a) original frame           (b) Original segmented regions     (c) After morphological filtering 

Figure 3.3: The effect of morphological filtering, the two isolated regions are combined 

together after “closing” operation. 

 

3.2 Connected Component Detection 

 

After detecting regions that could possibly be associated with limbs, we need to 

determine the blobs that represent the arms.  Depending on the swimming style being 

exercised, one or two dominant blobs may exist.  We employ the morphological algorithm 

documented in [17] to detect connected components. 

Let Y represent a connected component contained in a set A and assume that a point p of 

Y is known.  Then the following iterative expression yields all the elements of Y: 

 

ABXX kk ∩⊕= − )( 1     k = 1,2,3,…         (4) 
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where ♁ stand for dilation, pX =0 , and B is a suitable structuring element, as shown in Fig. 

3.4.  If 1−= kk XX , the algorithm has converged and we let kXY = . 

 
Figure 3.4: (a) Set A showing initial point p (all shaded points are valued 1, but are shown 

different from p to indicate that they have not yet been found by the algorithm).  (b) 

Structuring element.  (c) Result of first iterative step.  (d) Result of second step.  (e) Final 

result.  (Adopted from [17]) 

 

For each single frame, the connected components detection algorithm starts with the 

upper left pixel, end when there is no unlabeled point left.   
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After connected components of a single image frame are labeled, components which 

have center near the left/right boundary or have size smaller than a pre-defined threshold are 

excluded from further consideration.  (In our experiments, blobs which have the center in 

outer 1/5 of image boundary are excluded; the pre-defined threshold is 500 pixels with a 

352x288 resolution video clip, approximately 4.93% of total area.) Finally, at most two 

largest blobs are retained for the next stage computation.  Fig. 3.5 and 3.6 show the blobs 

detected in red rectangle after this stage. 

 
(a) Original color frame                            (b) The hue component 

 
(c) Hue segmented regions                       (d) Detected connected components 

Figure 3.5: Blobs after connected components detection, 1 blob case. 
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(a) Original color frame                            (b) The hue component 

 
(c) Hue segmented regions                     (d) Detected connected components 

Figure 3.6: Blobs after connected components detection, 2 blobs case. 

 

3.3 Regression Analysis 

 

The proposed mechanism for motion classification stems from the observation that the 

angles formed by the limbs, especially the arms, are unique for each swimming style.  

Accurate estimation of the position and slope of the arms is therefore indispensable.  There 
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are many possible approaches for carrying out the calculation.  For example, we can utilize 

thinning algorithms to reduce the blob to a single line and approximate its slope.  Hough 

transform seems to be another plausible choice due to its robustness.  However, our main 

objective is to develop a real-time classification system and processing speed is of utmost 

concern.  Since that, linear regression analysis turns out to be a powerful tool that grants 

both speed and accuracy.  Linear regression will be performed for the two connected 

components detected in stage 2.  

Suppose there are N points in a blob, with coordinates denoted as (p1,q1), (p2,q2)… to 

(pN,qN).  Let Y be the array containing the y-axis coordinates, i.e., 

 

  ],...,,[ 21 NqqqY =              (5) 

 

Similarly, let X be the array containing the x-axis coordinates, 

 

  ],...,,[ 21 NpppX =              (6) 

 

Treating X as an independent variable, and Y as the dependent variable, we can fit these points 

with a line: 
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  baXY +=               (7) 

 

where 
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Also, the correlation coefficient R can be computed according to: 
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We will rely heavily on the calculated slope ‘a’ to perform the classification.  The 

correlation coefficient ‘R’ measures how spread out the blob appears.  It is used mainly to 

remove regions corresponding to the lane ropes, which usually possess large R values.  Fig. 

3.7 shows the detected blobs along with their regression lines. 

 

 

Figure 3.7: Detected regions (in yellow) and its corresponding regression lines (in red). 

 

At this point, we are equipped with one or two dominant regions, the slope of the 

regression lines (a), and the aspect ratio (AR) for each region.  These features will constitute 

the basis for classification.  Before proceeding to the next stage, it is worth mentioning that 

linear regression analysis can be performed using sub-sampled data.  As a matter of fact, we 

have attempted to use only 1/16 of the original data points and still get correct results. 
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3.4 Motion Classification 

 

As we have mentioned previously, swimming is a periodic motion that can be 

categorized into four stroke styles, namely, butterfly, backstroke, breaststroke, and freestyle.  

Each style depicts its unique combination of the movement of different body parts, including 

the arms, the legs, and the shoulder.  In order to better characterize and analyze each motion 

style, it is desirable to gather as much data as possible from both the water surface and 

underwater.  Our current settings, however, only supply the above-water video and thus only 

the upper body parts are visible in most image frames.  Limited by such constraints, the arm 

movements will constitute the key clues in distinguishing the different swimming styles.  

Therefore, a close-up view of the upper body movement in a swimming sequence is useful in 

providing guidelines for devising the classification system.  

 

3.4.1 Arm movements in butterfly stroke 

The arm movements for butterfly stroke have three major steps: the pull phase, the push 

phase, and the recovery phase.  These phases can be further subdivided.  From the initial 

position, the arm movement starts very similar to the front crawl.  At the beginning, the 

hands sink a little bit down with the palms facing outside and slightly down at shoulder width.  

This is called "catching the water", as depicted in Fig. 3.8 (a).  Then the pull movement 

follows a semicircle with the elbow higher than the hand and the hand pointing towards the 

body center and downward.  The semicircle ends in front of the chest at the beginning of the 
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ribcage, and finish pull phase, as depicted in Fig. 3.8 (a)-(c).   

What follows is the push phase.  In this phase, swimmer pushes the palm backward 

through the water under the body at the beginning, and at the side of the body at the end of the 

push (Fig. 3.8 (d) to (g)).  The movement increases speed throughout the pull push phase 

until the hand is the fastest at the end of the push.  This step is called the release and is 

crucial for the recovery.  The speed at the end of the push is used to help with the recovery.   

After the push phase, the recovery phase swings the arms sideways across the water 

surface to the front, with the elbows slightly higher than the hands and shoulders (Fig. 3.8 (h) 

to (l)).  The arms have to be swung forward fast in order to bring them to the front over 

water and not to enter the water too early, generating extra resistance of the arms moving 

against the swimming direction in the water.  A high elbow recovery as in front crawl would 

save more energy, yet the movement restrictions in the shoulders do not allow this easily, and 

due to the synchronized movement it is not possible to roll around the shoulders as in front 

crawl. 

The arms enter the water with the thumbs first at shoulder width (Fig. 3.8 (l)).  A wider 

entry looses movement in the next pull phase, and a smaller entry wastes energy.  After a 

brief rest the cycle repeats with the pull phase. 

As shown in the partitioned movement sequence, the pull and push phase make arms 

invisible from front-view camera, while the recovery phase makes the upper body obviously 

in front-view.  We will rely on the recovery phase heavily to perform the classification. 
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(a)                  (b)                 (c)                  (d) 

 

 

 
(e)                   (f)                 (g)                 (h) 
 

 

 
(i)                 (j)                  (k)                  (l) 

Figure 3.8 : Motion segments of butterfly stroke in two viewpoints.(a)-(c): pull phase, (d)-(g): 

push phase, (h)-(l): recovery phase.   
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3.4.2 Arm movements in backstroke 

In backstroke, the arms contribute most of the forward movement.  The arm stroke is 

built of three parts: the pull phase, the push phase, and the recovery phase.  The arms are 

alternate, that always one arm is underwater (pulling or pushing) while the other arm is 

recovering above water.  One complete arm turn is considered of one cycle.   

At the initial position, one arm sinks slightly under water and turns the palm outward, in 

preparation for the pull phase.  For the remaining pull and push phase, the hand stays in the 

same horizontal plane 10-20 cm below the water surface.   

During the pull phase (Fig. 3.9 (a) to (d) for left arm), the hand follows a semi circular 

path from the initial position to the side of the hip.  The palm is always facing away from the 

swimming direction, and the elbow always points downward towards the bottom.  This is 

done so that both the arms and the elbow can push the maximum amount of water back in 

order to push the body forward.  At the height of the shoulders the upper and lower arms 

should have its maximum angle of about 90 degrees (Fig. 3.9(d) (e)). 

The push phase (Fig. 3.9(e) to (g)) consists of pushing the palm of the hand as far down 

as possible with the fingers pointing upward.  Again, the goal is to push the body forward 

against the water.  At the very end of the push phase(Fig. 3.9 (g)), the palm flaps down for a 

last push forward down to a depth of 45 cm, also known as the Buggy Whip.  Besides 

pushing the body forward this also helps with the rolling back to the other side as part of the 

body movement.   
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(a)                  (b)                 (c)                  (d) 

 

 

 
(e)                 (f)                  (g)                 (h) 

 

 

 
(i)                  (j)                  (k)                  (l) 

Figure 3.9 : Motion segments of backstroke in two viewpoints.  For left arm: (a)-(d): pull 

phase, (e)-(g): push phase, (h)-(l): recovery phase.   
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To prepare for the recovery phase (Fig. 3.9 (h) to (i)), the hand is rotated so that the 

palms point towards the legs and the thumb side points upwards.  At the beginning of the 

recovery phase of the one arm, the other arm begins its pull phase.  The recovering arm is 

moved in a semicircle straight over the shoulders to the front.  During this recovery, the 

palm rotates so that the small finger enters the water first and the palms point outward.  After 

a short gliding phase, the cycle repeats with the preparation for the next pull phase. 

In front-view camera, only the recovery phase for both arms is visible in backstroke.  

The arm in recovery phase will hold a vertical direction and can be properly used in further 

classification. 

 

3.4.3 Arm movements in breaststroke 

The arm movement in breaststroke can be divided into three types: outsweep, insweep, 

and recovery.  The stroke starts with the outsweep.  From the initial position, the hands sink 

a little bit down from water surface, with the palms face outward, and the hands move apart.  

During the outsweep, the arms stay almost straight and parallel to the surface (Fig. 3.10 (a) to 

(d)).  The outsweep is followed by the insweep, were the hands are point down and push the 

water backwards.  The elbows stay in the horizontal plane with the shoulders.  The hands 

push back approximately till the vertical plane through the shoulders (Fig. 3.10 (e) to (h)).  

At the end of the insweep, the hands come together with facing palms in front of the chest and 

the elbows are at the side at the body (Fig. 3.10 (h)).   
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(a)                  (b)                 (c)                  (d) 

 

 

 
(e)                 (f)                  (g)                 (h) 

 

 

 
(i)                  (j)                  (k)                  (l) 

Figure 3.10 : Motion segments of breaststroke in two viewpoints.  (a)-(d): Outsweep, (e)-(h): 

Insweep, (i)-(l): recovery. 
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In the recovery phase, the hands are moved forward again into the initial position under 

water (Fig. 3.10 (i) to (l)).  The entire arm stroke starts slowly, increases speed to the peak 

arm movement speed in the insweep phase, and slows down again during recovery.   

 In breaststroke, at the end of outsweep and beginning of insweep, the arms are most 

clearly in front-view camera.   

 

3.4.4 Arm movements in freestyle (front crawl) 

The arm movement in freestyle is alternating, i.e. while one arm is pushing/pulling, the 

other arm is recovering.  The arm strokes also provide most of the forward movement in 

freestyle.  The move can be separated into three parts, the pull phase, the push phase, and the 

recovery phase. 

From the initial position, the arm sinks slightly lower and the palm of the hand turns 45 

degree with the thumb side of the palm towards the bottom.  This is called "catching the 

water", and is in preparation for the pull.  It also gives the muscles a brief rest during 

swimming.  The pull movement follows a semicircle with the elbow higher than the hand 

and the hand pointing towards the body center and downward.  The semicircle ends in front 

of the chest at the beginning of the ribcage (Fig. 3.11 (a) to (d)).   

Then the push phase pushes the palm backward through the water under the body at the 

beginning (Fig. 3.11 (e)), and at the side of the body at the end of the push phase (Fig. 

3.11(g)).   
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(a)                  (b)                 (c)                  (d) 

 

 

 
(e)                 (f)                  (g)                 (h) 

 

 

 
(i)                  (j)                  (k)                  (l) 

Figure 3.11 : Motion segments of freestyle(front crawl) in two viewpoints.  For left arm: 

(a)-(d): pull phase, (e)-(g): push phase, (h)-(l): recovery phase. 
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After the beginning of the recovery of the one arm, the other arm begins its pull.  The 

recovery moves the elbow in a semicircle in a vertical plane in the swimming direction (Fig. 

3.xx (h) to (l)).  The beginning of the recovery looks similar to pulling the hand out of the 

back pocket of a pair of pants, with the small finger upwards.   

 In breaststroke, similar to the backstroke, only the recovery phase makes the arms visible 

in a front-view camera. 

 

3.4.5 Motion classification system 

We use a decision tree system to classify the motion sequence in a single frame.  These 

rules are mainly derived from the characteristics of the upper body movements.  For example, 

in certain subsequence of the backstroke style, the arms will be held in the vertical direction.  

Therefore, the calculated slope a will be large and the aspect ratio tends to be very small.  

On the other hand, the arm movement in freestyle swimming usually displays shallow 

entry/exit angles, resulting in a smaller slope and a larger aspect ratio than those of the 

backstroke style (refer to Fig. 3.12). 

Our score assignment is based on the measure of proximity to the prominent features of a 

specific style.  For instance, detected region in backstroke style will left one blob which is 

normally associated with large slope (a) and small aspect ratio (AR).  Therefore, score for 

backstroke in a frame can be preliminary defined as: 
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 Score for backstroke = (|Aspect Ratio|–0.8) × 20 + (|Slope|–0.9) × 3  (11) 

 

   
 (a) Original frame in backstroke.                 (b) Detected regions, a = 0.83, AR = 0.19. 

   

          (c) Original frame in freestyle.                  (d) Detected regions, a = 0.48, AR = 2.10.   

Figure 3.12: A detected frame in clip and its corresponding arguments. 

On the other hand, there may be one or two detected regions in the butterfly stroke.  

The blobs correspond to the head position and the styles of the swimming suit, respectively.  

In the one blob case, the detected region is normally associated with a very small slope and a 

very large aspect ratio, as depicted in Fig. 3.13.  The score for the butterfly style is thus 
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empirically defined as: 

 

 Score for butterfly = (Aspect Ratio – 3) × 10.      (12) 

 

When the aspect ratio is high, the slope is always very small, which can be excluded 

from our calculation. 

 

   

(a) Original color image             (b) The hue component            (c) a = 0.04, AR = 8.20. 

Figure 3.13: One blob case in the butterfly stroke. 

 

Similar to the backstroke motion, the freestyle will exhibit one major blob in each frame.  

However, the detected region in freestyle is not as distinct as that of the backstroke.  The 

statistics obtained from our collection of swimming footage indicate that the blob in freestyle 

have an average slope of 0.8 and an average aspect ratio about 1.7.  As a result, we can 

define the score of freestyle in a frame according to: 
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Score for freestyle =  

15/(|Aspect Ratio – 1.7| × 10 + 1) + 15/(|Slope – 0.8| × 10 + 1).   (13) 

 

The value 15 is used to maintain balance of final scores in each style, and the value 1 is 

used to avoid the divide-by-zero situation. 

The breaststroke will generate either one or two blobs, which are determined by the 

position of head, the styles of the swimming suit, etc., as depicted in Fig. 10.  In the one blob 

case, statistics obtained from our collection of swimming footage show that the average value 

of the blob in breaststroke has the aspect ratio 0.5, so we define the score of breaststroke with: 

 

 Score for breaststroke = (Aspect Ratio AR – 0.5) × 3.5      (14) 

 

where the value 3.5 is used to balance scores in four styles. 
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(a) Original color image             (b) The hue component             (c) detected regions. 

Figure 3.14: One and two blobs case in breaststroke.  In one blob case, a=0.01 and AR=2.20; 

In two blobs case, left blob have a=0.22 and AR=2.20, right blob have a=-0.28 and AR=2.00. 

 

We now discuss the two blob cases.  In the four stroke styles, only breaststroke and 

butterfly stroke may produce two detected regions.  As a result, we only need to distinguish 

the features in these two stroke styles in two blobs case.  After studying our collection of 

swimming footage, we have found that the two blobs in the butterfly stroke will have negative 

slope on left blob and positive slope on right blob; on the other hand, the two blobs in both 

strokes may have positive slope on left blob and negative slope on right blob (refer to Fig. 

3.15).  Therefore, if two blobs have been detected and the negative slope is on right blob, 

then a high score is assigned to butterfly stroke.  On the contrary, if negative slope is found 

on left blob, both strokes will get equal scores. 
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To integrate the results, the decision-making mechanism is augmented with a scoring 

system, as depicted in Fig. 3.16.  The score is multiplied with a weight for each frame in the 

video sequence and accumulated continuously.  At this moment, we are setting the 

parameters empirically.   

We are not using a machine learning approach such as neural networks on the outset for 

specific reasons.  Because swimming has pre-defined exercise sequences and the motion 

pattern is fixed for each style, the movements in each style usually will not differ significantly 

at every arm-movement cycle.  Such domain-specific knowledge allows us to implement 

empirical rules to aid the analysis.  Experimental results verify that the use of a rule-based 

system is sufficient.  On the other hand, black-box approaches usually call for a large 

amount of training data, and is not guaranteed to offer better performance.  Training time 

and collection of ‘representative’ samples raise other concerns. 
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(a) A frame in butterfly stroke and its detected regions, left blob has negative slope. 

  
(b) Another frame in butterfly stroke and its detected regions, left blob has positive slope. 

  
(c) A frame in breaststroke and its detected regions, left blob has positive slope. 

Figure 3.15: The two blobs case in butterfly stroke and breaststroke. 
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Figure 3.16: Linear decision tree and scoring system for swimming style classification1. 

 

Another popular approach for motion tracking is through the formulation of  Hidden 

Markov Models (HMMs).  We can regard each leaf node of the discrete scoring tree (Fig. 

3.16) as a state and the input video as an observation in an HMM.  But the HMM still 

                                                 
1  For comparison, the original discrete scoring tree is shown in Fig. 3.17. 
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requires tremendous amount of training data.  All observations are not available in all frames 

due to frame dropping.  The observations might be severely fragmented, and will adversely 

affect the performance of such a system.   

Since swimming is a periodic motion, the swimmer will maintain a fixed swimming style 

at least in a stroke cycle.  As the result, the weighting factor is added to take into account the 

influence from the previous frames.  Exploiting the relationship among successive image 

frames turns out to boost the performance of the classification system significantly. 

The weight assignment algorithm works as follows: Originally, all four stroke styles 

receive a weight value of 1.  The weights start updating at the (k+1)th frame according to: 

 

 
frames  previous in the scores daccumulate

frames  perviousin  style specific for the scores total weight 
k

k
=       (11) 

 

The statistics obtained from our collection of swimming clips, with 29.97 frames/second 

(NTSC standard), indicate that a complete cycle of the butterfly style takes about 28 frames.  

The estimates are 25 frames for backstroke, 30 frames for breast stoke and 20 frames for 

freestyle.  Since it only makes sense to relate the motion patterns within one cycle, k should 

be less than 20.  In practice, k is usually set between 5 and 10 to take account for dropped 

frames.   

According to the decision tree depicted in Fig. 3.16, each frame in a video sequence may 
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be associated with 0, 1, or 22 styles.  Let count[style] denote the number of frames that have 

been assigned to a specific style in the past k frames.  Based on the assumption that the 

swimmer will maintain a fixed swimming style, we may incorporate the rules shown in Fig. 

3.18 to further adjust the weighting factor.  The arrangement of these if-else sequences is 

based on the ambiguities of each style.  Experimental results have verified the feasibility of 

such an arrangement. 

                                                 
2 Butterfly and backstroke are indistinguishable in some frames, due to the arms movements have high 

similarity in these frames (refer to Fig. 3.11(b)(c)). 
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Figure 3.17: Discrete decision tree and scoring system for swimming style classification. 
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Figure 3.18: Fine-tuning the weights. 

 

 

Fine-tuning the weight 
 

if (count[fly] > count[breast]) 
 weight[breast] ×= (1-weight[fly]) 
else if (count[back] > count[breast]) 
 weight[breast] ×= (1-weight[back]) 
else if (count[free] > count[breast]) 
 weight[breast] ×= (1-weight[free]) 
else if (count[breast] > count[fly]) 
 weight[fly] ×= (1-weight[breast]) 
else if (count[breast] > count[back]) 
 weight[back] ×= (1-weight[breast]) 
else if (count[breast] > count[free]) 
 weight[free] ×= (1-weight[breast]) 
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