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Predictive Watershed: A Fast Watershed Algorithm for Video Segmentation
Shao-Yi Chien, Yu-Wen Huang, and Liang-Gee Chen

Abstract—Watershed transform is a key operator in video seg- algorithms when they are employed to create watershed pixels.
mentation algorithms. However, the computation load of water- ~Although the results obtained are more correct, it is more
shed transform is too large for real-time applications. In this paper, complex than the other two algorithms. Moreover, watershed
a new fast watershed algorithm, named P-Watershed, for image t f f id tation is oft . dt, d
sequence segmentation is proposed. By utilizing the temporal co- rans orm orvi e_o segmentation 'S_O en required to produce a
herence property of the video signal, this algorithm updates wa- tessellation of animage, where the isolated area problem would
tersheds instead of searching watersheds in every frame, which not occur. Mogaet al.. proposed a watershed algorithm suitable
can avoid a lot of redundant computation. The watershed process for parallel implementation [11]. With parallel computation,
can be accelerated, and the segmentation results are almost thethe watershed algorithm can be further accelerated. However,

same as those of conventional algorithms. Moreover, an intra-inter it is al | d . ful platf hich |
watershed scheme (IP-Watershed) is also proposed to further im- It1S also complex and requires a powertul platiorm, which 1S

prove the results. Experimental results show that this algorithm impractical for general cases.
can save 20%-50% computation without degrading the segmenta-  Although Vincent and Soille’s algorithm provides fast

tion results. This algorithm can be combined with any video seg- computation, it is still not fast enough for real-time video
mentation algorithm to give more precise segmentation results. An segmentation. Moreover, video segmentation is different from

example is also shown by combining a background registration . tati The t L inf tion is i tant
and change-detection-based segmentation algorithm with P-Wa- Image segmentation. € temporal Information 1S 1mportan

tershed. This new video segmentation algorithm can give accurate in video signal processing. Applying image-signal-processing
object masks with acceptable computation complexity. algorithms on each frame for the video signal will lead to

Index Terms—Fast algorithm, image segmentation, predictive redundant computation. o )
watershed, video segmentation, watershed. This paper proposes a predictive watershed algorithm (P-Wa-
tershed) for image sequence segmentation on the basis that wa-
tersheds are highly related to original frame data. It “updates”
|. INTRODUCTION watersheds instead of recalculating watershed transform frame
ATERSHED transform, which can separate an imadgy frame. The watershed process can be accelerated, and the re-
into many homogeneous nonoverlapped closed regioss|ts are almost the same as those of conventional watershed al-
has been widely applied in image segmentation algorithms. lgsrithms. Furthermore, the segmentation results can be further
also applied to image sequences as a core operator of video $agroved with the intra-inter watershed scheme (IP-Watershed).
mentation, which is a key technique in MPEG-4 content-basedThe concepts of watershed and Vincent and Soille’s algo-
encoding systems [1]. Video segmentation algorithms with weithm will be introduced in Section Il. Section Il and Section IV
tershed transform [2]-[6] are taken as mainstream since they ¢&scribe the proposed algorithm and the simulation results, re-
generate object masks with accurate boundaries. spectively. In Section V, predictive watershed is employed with
Many watershed algorithms have been proposed [7]-[1&].prior video segmentation algorithm to improve the perfor-
Vincent and Soille proposed a watershed algorithm usimgance. Finally, Section VI provides a conclusion.
immersion simulations [7]. With sorting before the flooding
process and with priority queue, this algorithm is dramatically Il. WATERSHED
faster than any former ones. Beucher and Meyer's algorithm
also uses immersion simulations [8], [9]. Two types of al-
gorithms are included: one creates watershed pixels and

other produces a complete tessellation of an image. An orde(ﬁ cent and Soille’s algorithm is presented, which is an impor-

queue is used in this ,algorith_m, whose conceptis ?im""’“ to tr}%t benchmark algorithm to be compared with the proposed al-
of Vincent and Soille’s algorithm; however, the minima of th@%Orithm

input image need to be detected and labeled first, thus increases

the complexity of this algorithm. Dobriet al. proposed a A. Morphological Waterhsed

fast watershed algorithm named split-and-merge algorithm ) o ) ]

[10]. It can solve the isolated area problems of the former two Watershed transform is originally developed in the field of
topography, and it is found to be useful in digital image pro-
cessing. The first step of morphological watershed is morpho-
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Fig. 1. lllustration of watersheds.

(
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differentcatchment basinwill interflow at watershedsWater- b

shedswhich correspond to parts of an image with a high gra-
dient level, are then detected, and they can be used to separz
an image into many homogeneous closed regions.

The flooding process is often done with two mechanisms: im-
mersion or rainfall. The immersion simulation is more popular
and is described below. First, we pierce holes at the minimum o
eachcatchment basirand water is flooded from these holes to (©)
form small lakes. When water from differec&itchment basins
is going to interflow, a “dam” is built. After the whole surface i
flooded, these dams correspond towetershedsf this image.

%/

SFig. 2. lllustration of Vincent and Soille’s watershed process.

tion, which makes this algorithm inefficient for video segmen-

B. Vincent and Soille’s Algorithm tation.

Vincent and Soille’s algorithm [7] is the most famc_)us and_ is . PROPOSEDWATERSHED ALGORITHM
deemed as the fastest watershed algorithm [12]. This algorithm ] i -
can be briefly illustrated in Fig. 2 and by the following steps. FOr image sequences segmentation, Vincent and Soille’s al-
. . . Lo gonthm can be further accelerated when considering temporal
Step 1) Morphological gradient is applied in the whol
. ) . coherence of sequences. The core concepts of the proposed al-
frame to find the gradient value of every pixel.

Step 2) All the pixels are first sorted according to their grag_onthm are as follows. _ S
dient level. Pixels with lower gradient level will be 1) Watersheds are highly related to the original image se-
manipulated first. quences.

Step 3) Asshown in Fig. 2(a), pixels with the lowest gradient 2) Temporal coherence of image sequences leads to redun-
level of an image are first found, and pixels of each dant computation when watershed transform is applied to

connected region are given a special label. the whole image frame by frame, that is, the process can
Step 4) Pixels are then processed from the lower to higher P& accelerated with "updating” scheme. o

gradient level. In each level, pixels with labeled 3) The computational intensity of sorting and flooding in
neighbors are first added to the priority queue, as the the watershe_d algorlthm is propprtlonal to the numbgr of
two white balls shown in Fig. 2(b). The label of the processed pixels, that is, reducing the number of pixels
pixel at the beginning of the queue is determined by _ €an accelerate the process. _ _

its labeled neighbors, and the pixel is then removed 4) Sincé watershed is a global operation, the algorithm
from the queue. After all pixels with labeled neigh- ~ Should be modified in the updating area to keep the

bors are processed, pixels without labeled neighbors ~ 9lobalization.
are found and given a new label, as the black ballith these concepts, a new fast algorithm is proposed as fol-
shown in Fig. 2(b). lows.
Step 5) After all pixels are labeled, the boundaries between
regions with different labels are the watersheds df. Predictive Watershed

this image. In Fig. 2(c), the surface is divided into The plock diagram of the proposed watershed algorithm
four regions, and three watersheds are detected. js shown in Fig. 3. The first frame of an image sequence is
processed with the conventional Vincent and Soille’s algorithm,
Although this algorithm is efficient since each pixel of thavhile keeping the region label and gradient information, as
image is accessed only once in the flooding process, the compliewn in Fig. 4(a). Theorresponding framstores the original
tation load is still large. For video segmentation, large temporaame data to whom the current watersheds correspond and is
information redundancy exists. Therefore, applying a morphset to be the same as the first frame at this time.updated
logical gradient filter, address sorting, and flooding process anea mask (UAM)s used to indicate the changing parts of the
every pixel every frame introduces large redundant computetage, where the associated gradient values and watersheds
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Fig. 3. Block diagram of the proposed watershed algorithm.

Corredponding
Frame
. . . . \ 4
need to be gpdated. Sllnce .tUAM is set to be zero in the first [Block Baced Change Grad,ent Operation in J
frame, gradient operation in updating areaand watershed Detection Updating Areas
in updating areagust pass the gradient values and the region ¥ Upcate Gradent
labels of the first frame to the memories (or the delay elements), L Corespondng F'ame] »-—[ Sorting n Updating J
as shown in Fig. 4(a).
From the second frame, the proposed watershed algorithm Sorted
named predictive watershed (P-Watershed) takes over, and the Upatng Area ¥ baia
. . . Masl|
conventional watershed process is turned off, as presented in Watefshed in
Updating Areas

Fig. 4(b). Thecurrent frameandcorresponding framare input
into block-based change detectitmform updating area mask

(UAM), and thecorresponding framés then updated with the Ou‘t'put
current frameand UAM. These two frames are first separated (b)

into small blocks, whereas the selection of block size will be
discussed in Section IV. The operation executeblatk-based Fig. 4. Procedures of the proposed watershed algorithm for (a) the first frame
change detectionan be formulated, for each block, as the foland (b) the other frames.

lowing equations:

Region
Label

ference. The threshold value is decided by required significance
SAD, = Z |CFrame, , — CorFrame, ,| (1) level. Their relation is shown in the following equation:

(ry)€block _ o = Prob (SAD > Th | Hy) @)
UAM :{ 1, if SAD; >Thandz,y) €block i @
“¥10, else wherea is the significance leveTh is the threshold valuSAD
CFrame,,, if UAM,, =1 is the sum of absolute difference of a block, akig denotes
CorFramee, , :{ CorFrame, ,, else (3 the null hypothesis that there is no change at the current block.

The selection of the threshold depends on the environments and
where CFrameis the current frameCorFrameis the corre- the applications. Namely, for smaller camera noiEk,can be
sponding frame, anBAD; is the sum of absolute difference ofsmaller. For higher correctness requirements, a sniélllezan
theith block of thecurrent frameandcorresponding framel'h  be chosen; however, the penalty will be the higher false alarm
is the threshold to decide if the content of a block is “changingrate. Note that the change detection here is different from that
It can be decided with a significance test [13] where the usds video segmentation. Unlike video segmentation, where un-
can choose the significance level according to the applicatiossyered background should be avoided, in predictive watershed,
and the threshold can be decided according to the significaritis used to indicate the changing parts of the frame, including
level. The test statistic is the sum of absolute value of frame difacovered regions and occluded regions. The watersheds in the
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Fig. 6. Example of the proposed watershed algorithm. (a) Watersheds of
previous frame. (b) Updating area mask. (c) Watersheds in the updating area,
which will then be used to update the watersheds of previous frame. (d)

Watersheds of current frame, which is generated by updating watersheds in (a)
by watersheds in (c). The difference between (a) and (d) can be found clearly
around the ball.

N
N

(©
neighbor point outsid&A in region 1; therefore, it
will be also labeled as region 1. Similarity, the black
ball will be labeled as region 2. After all pixels with
labeled neighbors are processed in each level, pixels
without labeled neighbors are found and given a new
label, as the case of the white ball shown in Fig.

) 5(c). In Fig. 4(b) watershed in updating aredakes
charge of this step.

Fig. 5. lllustration of the proposed watershed process. Step 5) After all pixels are labeled, the boundaries between

regions with different labels are the watersheds of

changing parts are then updated regardless of whether they be- thisimage. In Fig. 5(d), two watersheds are detected.
long to foreground or background objects.

The generated)AM can indicate the changing parts of the An example of P-Watershed is shown in Fig. 6. In Fig. 6(a),
image and the corresponding watersheds to be updated. Nthe, previous frame and its watersheds are shown.UAld is
morphological gradient and sorting are applied only to pixels Bhown in Fig. 6(b), and the watershed4$ia are then generated
the updating aredJA), which is indicated byJAM. The water- as shown in Fig. 6(c). Finally, in Fig. 6(d), the watersheds of
shed process is then also applied onlik The whole process the current frame are formed by updating the watershed#in
is shown in Fig. 5 and involves the following steps. The difference between Fig. 6(a) and (d) can be found clearly

Step 1) Fig. 5(a) shows the region labels and gradient vall@gund the ball.

of the previous frame, and the updating area is Only parts of pixels are processed, hence the proposed algo-
marked. rithm is faster than the conventional watershed algorithm. Pixels

Step 2) As shown in Fig. 5(b), region labels and gradieiﬂSide UA are processed with the conventional algorithm, and
values inUA are removed, and morphological grathe region labels and gradient information outsitfeare also
dient operation is then employed A to generate taken into consideration; therefore, the globalization property is

gradient values of the current fram@radient op- @lso kept with this scheme.
eration in updating area@ Fig. 4(b) executes the )
operations of this step. B. Hybrid Scheme
Step 3) Pixels inUA are sorted according to the gradient Although the segmentation results are almost the same as
level, which is executed isorting in updating areas those of the conventional watershed algorithms, the proposed
in Fig. 4(b). algorithm may introduce error in the following conditions. First,
Step 4) Pixels itJA are then processed from lower to highechange detection is not sensitive enough. Second, the minimum
gradient level. In each level, the process is the samé a catchment basin is included WA, and a part the catch-
as Step 4 of Vincent and Soille’s algorithm. Note thatnent basin is not included. Third, the scenes change a lot. The
neighbors outsid&JA are also taken into considera-error will propagate in the proposed predictive watershed algo-
tion, as shown in Fig. 5(c). The twilled ball has aithm. The error propagation can be interrupted by inserting a
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Fig. 7. IP-Watershed. |-Watershed frames are inserted to avoid error
propagation of Predictive Watershed.
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result the of the conventional watershed transform and that of
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20 the proposed one, the more accurate the proposed algorithm is.
0 : : - : ' e : The ratio of the run time of the proposed algorithm to that of
40 50 60 70 80 920 100 110 120 . . . .
FunTime Ratio () the conventional watershed algorithm is used as another crite-

rion in this analysis. For each block size, a different threshold
valueTh is tested to decide the runtime-accuracy curve shown

. . In Fig. 8. The lower the threshold, the higher the runtime ratio,
frame where watersheds are generated with the conventionalgly ihe jower the average difference of region number. The test

gorithm. These watersheds do not need information from tg@quence ihildren Fig. 8 shows that & 8 is the optimal
previous frame, so we have the term “intra watershed” (I-Watf, i sjze hecause it can provide higher accuracy with less run

shed). The I-Watershed and P-Watershed hybrid scheme, cajlgdl than other choices. Several sequences were tested to give a
IP-Watershed, is illustrated in Fig. 7. It can accelerate the Wgzijar conclusion

tershed process and maintain accuracy at the same time. The region number corresponding to a different run time is

| The time to msert an I—_Watersher(]j can be decided ,W'th_Fh%f%lﬁown in Fig. 9. As can be seen, when the run time increases, the
owing two strategies to interrupt the error propagation. To de L‘nilarity between the results of the conventional watershed and
with the first and the second error conditions described aboxfﬁe proposed one also increases. When the run time is reduced

we can insert an I-Waters_hed _frame aftgr a fixed number f?)f61%, the region number is still very similar to the reference
P-Watershed frames. The fixed interval to insert an I-Watersh&%

frame depends on the threshalth and the error rate required The segmentation results of Vincent and Soille’s algorithm

for the applications. AftefT'h is decided, the error accumula-e}1nd the proposed one are shown in Fig. 10. Sequehkiys,

tion behavior, which is the amount of increasing error for eagh 1 Monitor. and Mother and Daughtenwere tested on a

frame, is also decided. An I-Watershed should be inserted Whea " .o~ Bontium-Ill 800-MHz processor. The execution

the accumulated error exceeds the required error rate. The E52 compared with Vincent and Soille’s algorithm is shown
the error accumulated in each frame, the longer the interval.1o

. . . in" Table 1. Only core operations of watershed are recorded,
insert an I-Watershed frame; the tighter the error requireme y P

) : namely, the gradient operation, sorting process, and flooding
the shorter the interval. On the other hand, to deal with the th'%j)cess. Note that the average difference in region number is
e

condition, scene change condition, the error rate is monitor; d at 5% in these experiments. The simulation results show

in each frame. An |-Watershed frame is inserted dynamically_. .. proposed algorithm can save 20%—-50% of the compu-

when the momtored error rate ex_ceeds a requweq value. Th fon. Moreover, the results of the conventional and proposed
two strategies can be employed simultaneously to interrupt er éorithms are similar, as shown in Fig. 10. Consequently, the

propagation effectively. An example is presented in Section | roposed algorithm can reduce computational intensity while
maintaining segmentation quality.

The simulation results of IP-Watershed are shown in Figs. 11

Block size analysis for determining the optimal block sizand 12, wher&Veatheiis used as the test sequence. Both strate-
is shown in Fig. 8. The accuracy of the segmentation resultsgies to insert I-Watershed frame described in Section IlI-B are
evaluated by the difference in region number, that is, the lessiployed. The thresholdh is found to be 320 by significance
average difference in region number between the results of tiet. If the error rate is evaluated by the region number difference
conventional algorithm and the proposed one, the higher the eatio (RNDR), which is the ratio of the region number difference
curacy. Since regions idA and outsiddJA are both processedto the region number of current frame derived with conventional
with the conventional watershed algorithm, the positions of wavatershed algorithm (reference region number), the error rate
tersheds must be very close to those of the conventional algarve is shown in Fig. 13. If we set RNDR 5%, the fixed
rithm, and only the over-segment problem may occur; the rieterval should set as about 20 frames, namely, an |I-Watershed
gion number information is enough to evaluate the accuracyfoiime is inserted every 20 frames. On the other hand, I-Water-

Fig. 8. Block size analysis showing thatx88 is the optimal block size.

ults.

IV. SIMULATION RESULTS
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@ (h) ' M

Fig. 10. (@), (d), (g) Original frame of sequenfeya Hall Monitor, andMother and Daughter(b), (e), (h) Watersheds generated with the conventional watershed
algorithm. (c), (f), (i) Watersheds generated with the proposed algorithm. The 50th frame of these sequences is shown.

1750

TABLE |
RUN-TIME COMPARISONBETWEEN THEPROPOSEDALGORITHM AND VINCENT oo
AND SOILLE’'S ALGORITHM
1650
Sequence Size (a) Vincent (b) Proposed Ratio(%) .
]
and Soille’s  (ms/frame) =(b)/(a) 5
§
(ms/frame) § 150
Akiyo 360x243 202.16 107.64 53.24 1500
Weather 360x243 203.89 103.15 50.59 o
Hall 360x240 199.77 160.21 80.20
1400
Children 360x240 200.02 128.61 64.30 s 10 20 3 w 50 60 7 80 % 100
Frame Number
. 41.87 75.63 ) . .
Mother and 176x144 5536 8 Fig. 11. Simulation results of the IP-Watershed (test sequéfieathey.
daughter

according to the second strategy. The segmentation quality can

shed frames are also inserted dynamically to deal with scetfeimproved with IP-Watershed as shown in Fig. 12, where the
change condition. The values of RNDR cannot be obtained'fsult of IP-Watershed [Fig. 12(d)] is more similar to that of
real cases since the region number of current frame derived wi§ conventional algorithm [Fig. 12(b)] than that of P-Water-
conventional watershed algorithm are not available; therefofé1ed [Fig. 12(c)]. The lower middle regions of Fig. 12(b)~(d)
we use an estimated RNDR (ERNDR) value to evaluate tREe: respectively, magnified to Fig. 14(a)—(c) to show the resu'lts
error rate, where the reference region number is substitutedB§re clearly. The results show that although the segmentation
the region number of nearest prior I-Watershed frame. In the§sult of IP-Watershed is slightly different than that of the con-
experiments, we set ERNDR 5%, that is, if the monitored ventional algorithm, it is better than that of the P-Watershed al-
ERNDR value is higher than 5%, an I-Watershed frame is i§9rithm, where the over-segmentation problem occurs.

serted. Fig. 11 shows that compared with P-Watershed, IP-Wa-

tershed can give results more similar to those of convention4l VIDEO SEGMENTATION BY USE OFPREDICTIVE WATERSHED
algorithms. Note that I-Watershed frames are inserted at framerhe proposed fast algorithm can be combined with video seg-
1, 21, 41, 61, 81 according to the first strategy and frame }entation to improve the segmentation results. An example is
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Fig. 12. (a) Original frame of sequent¢eather Watersheds generated with Difference Diffarence
(b) the conventional watershed algorithm, (c) the P-Watershed algorithm, and Mask v v Mask
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Fig. 15. Block diagram of the proposed video segmentation algorithm.
Fig. 13. Region number difference ratio curve of sequeweatherunder
Th = 320.
gions in the mask. Meanwhile, tipeedictive watershed process
generatesegion label informationthat is, the current frame is
divided into many homogeneous regions, and each region is la-
beled with an unique label. Finally, regions are selected by the
refined masko form theobject maskif the percentage of pixels
in the refined maskvithin a region is beyond a threshold, the
whole part of the region is labeled as a foreground object; oth-
Fig. 14. Detailed segmentation results of: (a) the conventional Watersh%gmsg’ itis regarded as: a bapkground region. In the shadow-can-
algorithm; (b) the P-Watershed algorithm; and (c) the IP-Watershed. cellation mode, thgradient filteris used to suppress the effect
of shadow and light changing.

presented in this section, where a new video segmentation algo-
rithm is proposed. The block diagram of the proposed algorit
isshownin Fig. 15. Itis developed from the real-time change de-The segmentation results of the original real-time change de-
tection and background registration based algorithm propodedtion and background registration-based algorithm [14], [15]
in [14], [15], as well as the predictive watershed algorithm. and the proposed algorithm are shown in Fig. 16(b) and (e) and
The algorithm has two modes: a baseline mode for geneFad). 16(c) and (f), respectively. The IP-Watershed algorithm is
situations and a shadow-cancellation mode for video sequenadapted in these experiments. As seen in the comparison, the
influenced by light changing and shadow effects. In baselipeoposed algorithm provides more precise segmentation results.
mode gradient filteris bypassed. First, the background registraFhe difference of the accuracy can be easily observed around the
tion technique can extract background information from accheads of the children in Fig. 16(b) and (c) and around the face
mulated frame difference of successive frames. The frame dif-the mother in Fig. 16(e) and (f). It can improve the segmenta-
ference and background difference, which is the frame diffefon results by fitting the object masks to the regions generated
ence between the current frame and background frame, are thvth watershed transform.
thresholded and combined to form an initial object mask. Next, Fig. 17 shows the simulation results of sequerdeyo,
the initial object maskis refined by eliminating the noise re-Mother and DaughteHall Monitor, andChildren Two frames

Simulation Results
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Fig. 16. Comparison between the segmentation results of (b), (e) the original segmentation algorithm and (c), (f) the proposed algorithm. fiée dfounda
object masks are more accurate in (c), (f) than those of (b), (e). (a), (b) are the original frames.
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24% //////////////////////,,, MaskGen
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Total Time = 106.64 ms

Fig. 18. Run -time analysis.

processing speed is 9.4 QCIF frames per second, which is very
close to real-time requirement. The algorithm can be further op-
timized, and will be included in future work.

VI. CONCLUSION

A new predictive watershed algorithm named P-Watershed
for video segmentation is proposed in this paper. Taking into
consideration the temporal coherence property of the video
signal, the watershed algorithm can be accelerated. It updates
watersheds in changing parts while keeping watersheds in other
parts of a frame. The watershed process can be accelerated,
and the results are almost the same as those of the conventional
watershed algorithms. Moreover, the segmentation results can
be further improved with the intra-inter watershed scheme,
which is named the IP-Watershed. The proposed algorithm
can be combined with any video segmentation algorithm to

Fig. 17. Segmentation results of sequeA&g/o, Mother and DaughteHall  improve the segmentation results.
Monitor, andChildren
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