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ABSTRACT
Multimedia transmissions, especially of sport events, are an
important share of the services offered by mobile network op-
erators. Due to limited capacity, lossy compression codecs
have to be used, inducing a significant quality degradation.
The quality impairments can particularly be observed in soc-
cer games, when the ball is blurred or even totally disappears
on low-resolution user terminals. We present a suitable pre-
processing of the original video by means of ball sharpening
or enlarging in the original video sequence to avoid problems
caused by resolution down-sampling and compression. The
proposed system includes a novel initial ball-recognition al-
gorithm and an improved ball-trajectory tracking. Our pro-
posed algorithm runs robustly and is computational very
economical.

Categories and Subject Descriptors
I.4 [Image Processing and Computer Vision]: Appli-
cations

General Terms
Algorithms, Experimentation

Keywords
Visual Content Analysis, Image Processing, Ball Tracking,
Recognition, Segmentation

1. INTRODUCTION
Nowadays, soccer games represent very popular contents

not only for analog and digital television, but also for stream-
ing over mobile networks. Typical mobile terminals usually
offer resolutions as small as 144×176 (QCIF). The Universal
Mobile Telecommunication System (UMTS)1 supports data

1European standard of the 3rd generation of mobile sys-
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rates up to 2 Mbit/s, shared by all users in a cell. There-
fore, for unicast transmission of streaming video, data rates
about up to 128 kbit/s are feasible. Video codecs supported
by UMTS are currently H.263 and MPEG-4, with their basic
profiles, H.264 is in discussion (see [1]). Lossy compression
used by these codecs leads to visual quality degradation:
frame reduction causes an overall jerkiness of the video; fur-
ther compression achieved by the coarser quantization re-
sults in loss of spatial details accompanied with blockiness
and blurriness.

A soccer match usually encompasses scenes with diverse
character, separated by scene changes (i.e. cut, wipe, zoom
in/out, transition, etc.). Most common are wide-angle mov-
ing camera shots. These are particularly critical for the com-
pression, since the ball as well as the players are represented
by a few pixels only, and thus very susceptible to any qual-
ity degradation. The ball in a soccer game carries the most
important information; watching a game with a small ball
blurred into the field becomes rather annoying. In some
cases the ball even disappears from the image due to the
compression or due to picture resolution down-sampling.

Figure 1 provides a schematic illustration of the problem:
the ball in the already downsampled input sequence is rep-
resented by several pixels of not necessarily uniform color.
The appearance of the ball differs even within the same video
sequence from frame to frame. After video compression (per-
formed before the transmission) the ball visibility worsens
considerably. To improve the ball appearance in such cases,
we already proposed a method [2] that searches the ball in
each frame and replaces it by its enlarged or just sharpened
version. The so replaced ball is then likely to be visible af-
ter the compression and promises to considerably enhance
the user perceptual quality. The main advantage of such
a solution is its wide applicability: it does not require any
changes of the video codec or network protocol standards
and the method can run at the streaming server of the mo-
bile operator or the content provider.

In this paper, complementary to the findings in [2], we
present a new initial ball-recognition algorithm, which is
able to reliably detect the ball at the beginning of a scene
without supervision. Furthermore, we introduce an MMSE
(minimum mean square error) based ball-tracking to predict
a suitable region of interest for the on-the-fly ball detection
together with a simple but effective template update. Our
proposed techniques are focused on affordable complexity,

tems, standardized by 3rd Generation Partnership Project
(3GPP)
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Figure 1: Depiction of the quality degradation as observed in wireless multimedia communication. The
original video shows all relevant information (i.e. the ball), whereas after suitable compression for the capacity-
limited wireless channel and subsequent transmission, the output video at the user-equipment is suffering
from a significant quality reduction, i.e. the ball is nearly invisible. For the uncompressed original frame, a
set of sample ball-appearances in case of QCIF resolution are shown.

allowing for a real-time implementation, in contrast to pre-
vious work (see e.g. [3–6]).

This paper is organised as follows. In Section 2 an overview
of the ball appearance improvement system, together with
its logical functions, is described. Some basic image pro-
cessing techniques of our algorithm are recapitulated in Sec-
tion 3. Afterwards, Section 4 introduces our novel initial ball
recognition algorithm and Section 5 describes the on-the-fly
search with details about trajectory tracking and template
learning. In Section 6, we propose a low complexity method
to generate a possible replacement ball. Experimental re-
sults can be found in Section 7, after which a conclusion
finalises the paper.

2. SYSTEM OVERVIEW
Our algorithm consists of four main parts: the initial ball

recognition and the on-the-fly search, which are triggered by
the scene change detection, as well as the ball replacement,
which permits the desirable appearance improvement after
the compression and completes the proposed algorithm. A
schematic overview of the interaction between the four al-
gorithm parts can be seen in Fig. 2. The particular parts:
scene change detection, initial ball recognition and on-the-
fly processing each uses a consequent image preprocessing
to enhance their reliability (not depicted in Fig. 2).

The principle, the following steps are performed in our
system: a video source provides a series of frames which are
monitored by a scene change detector. This scene change
detector chooses whether the initial ball recognition or the
on-the-fly processing is performed. In case of a detected
scene change, or at the beginning of the video, the frames
are passed to the initial ball recognition. After its successful
completion, the subsequent frames are then passed to the
on-the-fly processing until the next scene change occurs.

To be more specific, the purpose of the initial ball recog-
nition is to find an appropriate template for the ball and
determine the first W ball-positions. These two tasks are
mainly solved using template matching, as well as by form-
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Figure 2: Overview of the basic algorithm interac-
tions between the four separated main parts.

ing so-called minimum distance polygons. The on-the-fly
processing, in contrast, uses a consequent tracking of the
ball-trajectory to predict the ball position in the present
frame. Then, at the predicted position, an appropriate re-
gion of interest (ROI) A, can be specified, where again tem-
plate matching is performed to recognise the ball.

3. VIDEO PREPROCESSING
Within our system, we use some well-known image pre-

processing techniques (cf. [7,8]), which we now briefly reca-
pitulate in order to clarify our terminology.

3.1 Image Preprocessing Techniques

3.1.1 Dominant Color Detection and Replacement
In order to enhance the reliability of the template match-

ing (see Section 3.2), we found removing the variety of colors
of the field to be a promising approach. Accordingly, a color
histogram analysis is used (see [3, 9]) to specify the color
range of the dominant color (the range of “greens” in the
field). The resulting ranges are specified by thresholds, de-
fined relative to the maximum value of the histogram in each
RGB color channel. We empirically set these thresholds to
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(a) A sample frame from a soccer video in QCIF resolution
together with the histogram of the green color channel.
The color boundaries to identify the dominant color range
are marked by vertical dashed lines.
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(b) The same frame as above with replaced field pixels
and the resulting histogram of the green color channel.

(c) Binary map of the field and the result of the line de-
tection for a wide angle shot.

Figure 3: Different examples for the image process-
ing performed to increase the reliability of the pro-
posed system.

25% in the red, 28% in the green and 32% in the blue color
channel. Fig. 3(a) shows an example of the obtained color
boundaries in the green color channel. Assuming that the
frame shows mainly the field, the pixels with a color lying in-
side all color channel boundaries are replaced by pixels with
a single color. Accordingly, most of the color variety of the
field is eliminated. The uniform replacement color is found
by a simple weighted average of the histograms of each color
channel. Fig. 3(b) shows the result for the previous exam-
ple. It has to be noted that the remaining value outside the
color boundaries are caused by the pixels, where at least one
color channel shows a value outside the specified boundary.

3.1.2 Line Detection
Since the ball and the vertical field-lines are of compa-

rable size, the ball does not appear visible, if it lies on a
vertical field-line. During the preprocessing, possible pixel
lying on a field-line are detected and their color is replaced
by the dominant one. Therefore, if the ball is overlapped by
a line, a missed detection is generated. We found the Hough
transformation [7] to deliver best results. The search for the
lines takes place on a thresholded grayscale representation

of the frame, where only the field (extracted by smoothing
and dominant color detection) is considered. Fig. 3(c) shows
an example for the grayscale representation of the field, and
the recognised field lines.

3.2 Template Matching
One of our main goals is to locate the ball within each

frame in quasi real-time and accordingly with low computa-
tional complexity. For this task we found similarity-measure
based template-matching techniques to be very suitable, be-
cause they showed a sufficient reliability and a very low com-
putational burden for the complete algorithm. We decided
in favour of the sum of absolute differences (SAD) because
of its sufficiently good performance in combination with the
dominant color detection and replacement. The SAD value
at a given point (x, y) in frame number f is defined by

SAD(f, x, y) �
Nx∑
i=1

Ny∑
j=1

∣∣Ff (x + i, y + j) −T(i, j)
∣∣, (1)

where Ff denotes the fth frame of the video sequence; x,
y are the SAD coordinates (within the searched region) and
i, j are the coordinates within the Nx × Ny template T.
The most probable candidate position for the ball, c(f), can
than be determined as the position (x, y), at which the SAD
metric (1) yields the lowest value,

c(f) = arg min
x,y∈A

SAD(f, x, y), (2)

where A denotes the “search region” within the frame. Fur-
thermore, the minimum SAD value, minx,y∈A SAD(f, x, y),
is used as a measure of the reliability of the ball-recognition.

3.3 Scene Change Detection
To facilitate the real-time operation of the algorithm, the

scene change detection has to be performed using previous
pictures only. There are several candidate methods suitable
to accomplish this task [9]. We decided in favour of a tech-
nique based on the sum of pixel-wise differences [7]. The
performance of a scene change detector based on such a dif-
ference metric depends essentially on the threshold. It is
nearly impossible to find a fixed threshold that would suit
well all the soccer videos, or even all the different scenes of
one match. Therefore, we implemented a dynamic thresh-
old (see [10]), using the instantaneous statistical properties
of the sequence.

4. INITIAL BALL RECOGNITION
The initial ball recognition aims at identifying the ball at

the beginning of a scene without any prior knowledge of an
appropriate template. In contrast to the on-the-fly process-
ing, the initial ball recognition has a higher computational
demand and introduces a small delay at the beginning of
each scene, which should not pose a big problem for the
buffer. Basically, with the initial ball-recognition, we try to
find possible ball-candidate motion-trajectories to determine
an appropriate initial template for the successive recogni-
tions in the on-the-fly processing. The method of motion
trajectories is usually much more reliable and robust, be-
cause knowledge about the physical behavior of the ball can
be used to identify favourable ball candidates. Similar ap-
proaches have already been investigates, e.g. [6], but those
typically need a large number of processed frames and use
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a more complex algorithm to find the most probable ball-
candidate trajectory, which makes the usage in an online
streaming system very questionable.

4.1 Minimum Distance Polygons
The initial ball recognition starts with a set of character-

istic templates obtained from analysis of a large number of
soccer sequences with different illumination, field color, res-
olution, size and contrast values, which we denote τ . The
templates are rectangular, thus showing also non ball pix-
els. In order to keep the size of the template small, we
color the non ball pixels of the templates with the domi-
nant color of the actual video to make them suitable for the
template matching process (comparable to the “blue-screen”
technique).

First of all, we perform a dominant color detection and
replacement to simplify the recognition process, and a line
detection to identify possible clutter, caused by the field
lines. After this image preprocessing, we conduct a template
matching by using the described SAD similarity metric with
all templates within the set τ = {t1, t2, . . . tN}. In contrast
to choosing the most probable ball candidate (denoted by
the lowest SAD value), we now extract the 15 most probable
ball positions. Due to our substitution of the recognised field
lines in the preprocessing, balls located on one of the field
lines will be effectively discarded.

The above procedure of preprocessing and template match-
ing is repeated for a number W of frames (typically cho-
sen around 7), depending on the frame rate. The choice
of W strongly influences the performance of the initial ball
search, since a larger number allows for a better extraction of
the motion trajectory. Nevertheless, as mentioned, the ini-
tial ball-recognition has a high computational demand that
grows linearly with W . In addition, if W is very high, the
probability that the motion trajectory is affected by players
in a non-smooth way gets higher, thus making it less suit-
able for our algorithm. In case that the frame rate is about
25 fps, and the resolution is either CIF or QCIF, we identi-
fied a value between 5 and 10 as a good choice to ensure a
high recognition probability and a reasonable computational
complexity (processing delay).

After the preprocessing and template matching, as well
as candidate list verification, ni(f) candidate positions are
found for each template ti (i = 1, . . . , N) in each frame f =
1, . . . , W respectively. The total number of candidate posi-
tions for a specific template ti0 is thus given by

∑W
f=1 ni0(f).

If this total number is less or equal to two, no reliable mo-
tion trajectory can be estimated and thus, the corresponding
template is discarded for further processing (removed from
the set τ ), such that the initial ball recognition only has to
deal with a smaller set τ ′ = {ti}, i = 1, . . . , N ′.

The remaining ball candidate positions and templates now
are the basis for the extraction of the minimum distance
polygons. Let us denote a specific candidate position corre-
sponding to the template ti in the frame f by ck,i(f), k =
1, . . . , ni(f). Then, starting from an arbitrary candidate po-
sition ck0,i(1) in the first frame of the scene, we calculate the
Euclidean distances,

d(a, b, f, ti) = ‖ca,i(f) − cb,i(f + 1)‖2 , (3)

to all other candidate positions (of that template) in the
subsequent frame, i.e. d(k0, l, 1, i). The ball-candidate posi-
tion cl,i(2) with the minimal distance to the starting point

ck0,i(1), in the first frame, then forms the second point of
the first minimum distance polygon corresponding to the
specific starting point.

This procedure is repeated for all candidate positions of
the first frame, thus forming ni(1) lines for the template
ti. Consequently, we use the candidate positions with min-
imum distance in frame two cl,i(2), and calculate the Eu-
clidean distances to the positions detected in frame three,
i.e. d(l, m, 2, ti). And again, the points with minimum dis-
tance represent the next point of the polygons. This pro-
cedure is repeated until all W = 7 frames have been com-
puted. Finally, we end up with ni(1) polygons, denoted pi,m

(m = 1, . . . , ni(1)), for each template ti.
For the practical implementation, we have to deal with

two aggravating situations: 1) It is possible that the correct
ball position is not recognised in the first frame (e.g. due
to occlusion). Therefore, all candidate positions ck,i(2) and
ck,i(3) are allowed to form starting points of new polygons.
If a resulting polygon “merges” with an already known poly-
gon (i.e. starting from frame one or two), it is discarded,
because the merge suggests that the more reliable polygon
has already been found. 2) It can happen that in a frame
no candidate position is left over from the withdrawal of
indeterminable ball-positions (ni(f) = 0). To track these
circumstances, this frame is excluded from the computa-
tions to obtain the minimum distance polygon. If there are
more than three frames in which no candidate position is
left, the according template is excluded from the minimum
distance polygon computation, because it is not guaranteed
that reliable polygons will be found.

4.2 Determining the Optimal Polygon
The remaining minimum distance polygons represent pos-

sible trajectories of the candidate balls. As a metric to de-
cide for the correct ball, we chose the sum of squared errors
(SSE) between the minimum distance polygon pi,m and its
fitted polygon of order two, φi,m,

SSE(pi,m, φi,m) =
W∑

f=1

(ck,i(f) − c̃k,i(f))2 , (4)

where ck,i(f) and c̃k,i(f) denote the candidate positions of
the minimum-distance polygon pi,m and its fitted version,
φi,m, respectively.

The identification of the “optimal” polygon is performed
in two steps: 1) exclude all polygons with an SSE value
above a fixed threshold (ensures that the motion trajectory
is sufficiently smooth) and 2) within the remaining polygons,
choose the one with the largest sum of Euclidean distances
over the length of W = 7 frames. We chose this strategy,
because we observed that in some cases, clutter in the field
is interpreted as a possible ball candidate. These wrong
candidates do not move much from frame to frame, leading
to polygons which can be well fitted with low SSE values, but
only show very short total polygon distances. Accordingly,
we identify the trajectory with a very low SSE value but
maximum sum of distances as the most probable candidate
for the correct ball, see Fig. 4 for an example.

5. ON-THE-FLY PROCESSING
As shown in Section 4, the initial ball recognition pro-

vides an appropriate template and the first W = 7 ball po-
sitions of a scene. Despite the reliability of the method, it
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Figure 4: Example of an optimally fitted polygon.
The optimal polygon is marked as a solid line with
circles, the according positions underlying the fit-
ting process are marked by crosses and other, wrong
candidate positions are marked by stars.

is computationally very demanding. Depending on the cho-
sen resolution of the uncompressed video, due to the whole
frame SAD-based template matching, the optimal polygon
search can be very time consuming. For a limited number of
frames, such an accumulative delay can be tolerated, since
the playout buffer at the user terminal is able to compen-
sate it. Nevertheless, for the computation of the remaining
frames of the scene, a different approach to detect the ball
has to be developed.

A possibility to reduce the computation time of the tem-
plate matching is to limit the search area to a certain region
of interest (ROI) A. Accordingly, for the on-the-fly process-
ing, a consequent tracking of the motion trajectory of the
ball is implemented, where the preceding ball positions are
used to predict the position in the present frame. This es-
timated ball position is than used to determine the position
and size of an appropriate ROI for the template matching.

5.1 Trajectory Tracking
We implemented an MMSE linear predictor on Δc(f) �

c(f)−c(f −1) to reliably predict the preceding ball position
and determine a suitable ROI, i.e.

Δĉ(f) =

(
Δĉx(f)
Δĉy(f)

)
=

O∑
j=1

(
ax,j · Δĉx(f − j)
ay,j · Δĉy(f − j)

)
, (5)

where Δĉ(f) denotes the predicted “speed” value, and ax,j ,
ay,j denote the MMSE filter coefficients for the x and y
direction, respectively. The filter coefficients were deter-
mined by a minimisation of the Mean Square Error (MSE)
E

{‖Δc(f) − Δĉ(f)‖2
}

between the real ball movement Δc(f)
and the predicted one Δĉ(f).

Unfortunately, the statistics of the real ball motion are
unknown a priori, thus a collection of 20 football sequences
in CIF resolution digitally acquired at 25fps, each of them
containing an average of 180 frames has been investigated.
This collection has been used to compute the correlation
matrix by averaging over the 20 correlation matrices for each
sequence. It turned out that an MMSE order of three is
sufficiently accurate for our problem.

Once the ball position has been predicted, the necessary
steps to recognise the ball (i.e. image preprocessing and tem-
plate matching) only take place in a ROI A centred at the
predicted ball position. The size of the ROI is determined

by the present speed of the ball, the frame rate and the
template dimension. More precisely, in 25 fps videos, we
calculate the size of the ROI to be five times the size of the
template. Limiting the search region to the ROI offers some
significant advantages over a full frame processing. The com-
putational complexity is reduced significantly according to
the usually small size of the ROI, and a lot of false hits that
would occur outside of the ROI are avoided.

To identify the ball candidate, we only use a comparison
of the minimum SAD value within the ROI with a fixed
threshold. In case that the minimum SAD value position
neither exceeds the given threshold, nor lies on one of the
detected lines, the found candidate position is assumed to be
valid. Otherwise, the algorithm reports a possible occlusion
and rejects the ball replacement. Furthermore, in this case
no reliable prediction of the next ball position is possible,
so the center of the ROI is kept at the present position and
the size of the ROI is slightly increased to ensure that the
ball does not cross the border of the ROI. This procedure
is repeated until the ball is found again, so that both the
prediction and the original ROI size are applied again.

5.2 Template Learning
To build our algorithm as robust as possible against small

ball appearance changes during a scene, we implemented an
update of the template ball. The template t is updated by
the newly recognised ball in an weighted manner, i.e. the new
ball b is multiplied with an update factor α and the resulting
new template t′ is obtained according to t′ = (1− α)t + αb.

6. BALL REPLACEMENT
The final part of the proposed system is the ball replace-

ment by a suitable substitution-ball to enhance the view-
ing experience after compression. Before the replacement,
the actual size of the ball is determined by a binary map
analysis. In case that the recognised ball size exceeds a
threshold, no replacement is necessary – and thus will not
be conducted. In the opposite case, the substitution-ball has
to be large enough and must have sufficient contrast to the
surrounding pixels in the frame (i.e. the field) to guarantee
the desired effect on the user terminal.

Due to the low resolution, the substitution-ball can be
generated in a very simple manner. According to the recog-
nised ball size, the substitution ball is chosen to be circular
and filled with pure white color. This filled white circle is
generated on a background that equals the actual dominant
color (i.e. the average field color) and afterwards, simple
Gaussian filtering ensures a smooth transition between the
ball and the field as it occurs in practice. For small ball sizes,
the so generated replacement is realistic enough to ensure a
ball-like appearance in the resulting video and is satisfying
our demand on contrast and size.

7. EXPERIMENTAL RESULTS
To determine the reliability of our algorithm to ground

truth, we measured the“recall”and“precision”ratios, recall =
NC/(NC + NM ) and precision = NC/(NC + NF ), with NC

denoting the number of correct ball recognitions, NM spec-
ifying the number of missed recognitions and NF denoting
the number of false recognitions. In Table 1, we show the
results of the on-the-fly processing of four QCIF test se-
quences. The computation time of the algorithm is strongly
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Figure 5: Visual result of the ball detection and replacement. The substitution ball is chosen in a way to
ensure that it is clearly visible at the user-terminal.

Table 1: Results of our on-the-fly algorithm for QCIF test video sequences.

frames detections

video total with ball without ball correct false missed recall precision

“soccer 1” 141 123 18 113 0 10 0.85 1.00

“soccer 2” 141 137 4 130 1 6 0.91 0.99

“soccer 3” 275 266 9 257 6 3 0.96 0.98

“soccer 4” 370 306 64 269 4 33 0.79 0.99

dependent on the resolution of the video to process. Fur-
thermore, if a lot of scene changes occur, the computation-
ally more complex initial ball recognition has to be executed
more often, thus resulting in a larger computation time. We
tested the algorithm on a standard PC, in MATLAB, which
resulted in an average frame-processing time of 115 ms (for
QCIF resolution videos with moderate occlusions). Typical
frame rates used in mobile networks are around 15 fps (i.e.
66 ms frame time), so that it seems that the speed enhance-
ment necessary to achieve real-time precessing ability can
likely be reached by a optimized implementation (i.e. coded
in C++).

8. CONCLUSIONS
A complete algorithm to improve the ball appearance in

low resolution soccer videos with low computational com-
plexity has been developed. The difficulties in the ball recog-
nition task are solved using image preprocessing, trajectory
tracking and prediction techniques, together with a conse-
quent scene change detection. The desired ball appearance
improvement is achieved by replacing the detected original
ball by a suitable substitution-ball, which guarantees an ap-
pearance improvement at the user-terminal side. We con-
sider our proposed technique a good possibility for mobile
network operators to enhance the subjective video quality of
soccer videos, without major changes in existing hardware.
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