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An ef fi cient speckle track ing al go rithm is pro posed for mo tion es ti ma tion in ul tra sonic im ag ing. 
Speckle track ing in volves a match ing pro cess and a search ing pro cess.  The match ing pro cess of the pro -
posed al go rithm is based on a Block Sum Pyr a mid al go rithm that sig nif i cantly re duces the com pu ta -
tional com plex ity while main tain ing the same ac cu racy as the con ven tional sum of ab so lute dif fer ence
ap proach.  The search ing pro cess, on the other hand, is based on a mul ti level search strat egy rather than
the full-search strat egy used by most con ven tional track ing meth ods.  Both sim u lated speckle im ages
and clin i cal breast im ages were used to test the per for mance of the pro posed al go rithm.  The re sults show 
that the com pu ta tion ef fi ciency is im proved by up to a fac tor of five over the con ven tional ap proach.  The
im proved ef fi ciency en ables real-time or near-real-time im ple men ta tion of mo tion es ti ma tion in ul tra -
sonic im ag ing, which is par tic u larly ben e fi cial in ar eas such as blood flow es ti ma tion, elas tic ity im ag ing, 
speckle im age reg is tra tion, and strain com pound ing.

KEY WORDS: Block sum pyr a mid; mo tion es ti ma tion; mul ti level search; speckle track ing; ul tra sonic im -
ag ing.

I.   INTRODUCTION

Speckle track ing has a wide range of ap pli ca tions in med i cal ul tra sound.  For ex am ple,
two-di men sional blood ve loc ity vec tors can be es ti mated by track ing the mo tion of the
speckle pat terns pro duced by blood;1 an other ex am ple is the es ti ma tion of in ter nal strain of a
tis sue un der com pres sion through mea sure ments of tis sue dis place ment us ing speckle track -
ing.2–4  The es ti ma tion of in ter nal strain is a crit i cal step in im ag ing the hard ness of tis sue. 
Speckle track ing is also uti lized in strain com pound ing, a speckle re duc tion tech nique in
which the tis sue mo tion re sult ing from ex ter nal com pres sion must be ac counted for so that
the im ages to be com pounded are spa tially matched.5,6

Speckle is an in her ent ar ti fact in ul tra sonic im ag ing.  It is pro duced by the co her ent in ter -
fer ence of scat ter ers within a sam ple vol ume and may be pres ent over the en tire im age.  Al -
though speckle’s mot tled ap pear ance de grades con trast res o lu tion, it can also be uti lized for
im age anal y sis and im age pro cess ing.  In par tic u lar, be cause the speckle char ac ter is tics re -
main ap prox i mately un changed if the rel a tive mo tion be tween the speckle ob ject and the
trans ducer is small com pared to the ap er ture size, the im age speckle pat tern has been used to
track tis sue and blood mo tion.7

Speckle track ing typ i cally in volves match ing and search ing be tween two im ages.  The
two pro cesses are han dled in de pend ently, and both are crit i cal in de ter min ing the com pu ta -
tional ef fi ciency.  The gen eral pro ce dures of speckle track ing are il lus trated in fig ure 1, in
which the im age on the left is the ref er ence im age and the im age on the right is the com par i -
son im age.  Note that in soft tis sue im ag ing and blood flow es ti ma tion, mo tion in for ma tion is 
of ten re quired for ev ery im age pixel be cause of po ten tial tis sue de for ma tion and non uni form 
blood ve loc ity dis tri bu tion.  This con trasts with video pro cess ing, in which re gion-based
mo tion es ti ma tion is of ten sat is fac tory.  To track the mo tion, each pixel of in ter est is as so ci -
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ated with a tem plate block cen tered at that pixel. The tem plate block needs to be suf fi ciently
large such that the gen eral char ac ter is tics of the re gion around the pixel of in ter est can be ad -
e quately rep re sented. Then, the sim i lar ity be tween the tem plate block in the ref er ence im age
and a can di date block in the com par i son im age is cal cu lated based on the cor re la tion co ef fi -
cient or a sim i lar mea sure, such as the sum of ab so lute dif fer ence (SAD). The size of the can -
di date block is the same as that of the tem plate block, and the cen ter of the can di date block is
re ferred to as the can di date pixel. The sim i lar ity is cal cu lated for all can di date pix els within a
prespecified search re gion. The can di date pixel with the high est sim i lar ity is de ter mined as
the best-matched pixel, and the dis place ment be tween the best-matched pixel and the orig i -
nal pixel is the es ti ma tion re sult.  Its sim plic ity and rea son able ac cu racy has meant that the
SAD ap proach is com monly uti lized.

The other de ter min ing fac tor for the com pu ta tional ef fi ciency is the ef fec tive ness of the
search ing pro cess.  A full search is typ i cally em ployed, in which the sim i lar ity to the tem -
plate block is cal cu lated for ev ery pixel in the search win dow.  In many ap pli ca tions, the
full-search ap proach is com bined with the SAD ap proach.  The full-search SAD tech nique is
sim ple and ac cu rate, but it is also time con sum ing which lim its its use in real-time ap pli ca -
tions.  The pro cess ing ef fi ciency can be im proved by re duc ing the num ber of can di date
blocks (i.e., im prove ment in the search ing pro cess)8 or by us ing a more ef fi cient al go rithm to
cal cu late the sim i lar ity (i.e., im prove ment in the match ing pro cess).9–11  The two ap proaches
can also be com bined to fur ther speed up the com pu ta tions.12 Note that al though other
speckle track ing al go rithms may have been im ple mented in real-time, im prov ing the ef fi -
ciency is still de sir able since it re sults in ei ther less com pu ta tion time or less sys tem re quire -
ments.

In this pa per, a Block Sum Pyr a mid (BSP) al go rithm is pro posed for cal cu lat ing the sim i -
lar ity be tween two blocks.10–13  This al go rithm is adopted from mo tion es ti ma tion as used in
video sig nal pro cess ing and it has the same ac cu racy as the con ven tional SAD ap proach
while re quir ing less com pu ta tions.  Al though the same BSP ap proach pro posed for video
sig nal pro cess ing is ap plied to speckle track ing for ul tra sonic im ag ing, it is worth not ing that
mo tion es ti ma tion in video is typ i cally re gion based, whereas speckle track ing in ul tra sonic
im ag ing is pixel based.  Con se quently, speckle track ing is likely to be more computationally
de mand ing due to the ne ces sity for over lap ping match ing blocks.  Also, the hy poth e sis that
the BSP al go rithm can ef fec tively im prove the com pu ta tion ef fi ciency for speckle im ages
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FIG.  1 Sche matic of the tem plate block, the can di date block and the search win dow.



also needs to be tested, due to po ten tial per for mance is sues re lated to speckle decorrelation. 
Here the BSP al go rithm is com bined with a mul ti level search al go rithm – in stead of the
full-search al go rithm – to fur ther im prove the ef fi ciency; the ef fec tive ness of this ap proach
is also in ves ti gated.  The pro posed com bined ap proach is re ferred to as the mul ti level BSP
al go rithm and it is com pared to the full-search SAD ap proach us ing both sim u lated speckle
im ages and clin i cal breast im ages.

II.  SPECKLE IM AGE SIM U LA TIONS

Sim u la tions are per formed to eval u ate the per for mance of the pro posed mul ti level BSP
tech nique.  The sim u la tion model is based on that pro posed by Li and Wu.6  Ac cord ing to this 
model, scat ter ers are ran domly dis trib uted in a three-di men sional space.  The am pli tude of
the echo from each scat terer is ran dom and all scat ter ers have an in de pend ent and iden ti cal
dis tri bu tion.  The phase of the echo, on the other hand, changes with the dis tance be tween the 
scat terer and the trans ducer.  The min i mum spac ing be tween two pos si ble scat terer po si tions 
is 0.02 mm.  The point spread func tion (PSF) of the im ag ing sys tem is a cosine-modulated
three-dimensional Gaussian func tion:  

where the cen ter fre quency f0 is 5 MHz, and sx, sy, and sz are the –6.82 dB widths of the PSF
in the three re spec tive di men sions (all –6.82 dB widths of the PSF used in the sim u la tion
model are 0.3 mm).  To ob tain a B-mode im age, the en ve lope of the predetection sig nal is
com puted at a cer tain elevational po si tion (i.e., the im age plane) us ing the Hilbert trans form.  
Us ing this model, three-di men sional tis sue mo tion can also be sim u lated by mov ing the orig -
i nal po si tion of a scat terer to a new po si tion.  Two sim u lated im ages with a size of 2.56´2.56
mm are shown in fig ure 1.  As an ex am ple, the im age shown in fig ure 1b is dis placed ver ti -
cally by 0.1 mm from the im age shown in fig ure 1a.  As il lus trated in fig ure 1, a tem plate
block cen tered at the orig i nal pixel in the ref er ence im age is matched to a can di date block
within the search win dow in the com par i son im age.  The search win dow is usu ally cen tered
at the orig i nal pixel.  Then blocks as so ci ated with pix els within the search win dow are
matched and the best-matched block is cho sen in or der to de ter mine the dis place ment.

III.  THE BSP AL GO RITHM

Ba sics

Fig ure 2 shows a flow chart of the pro posed BSP al go rithm.  The BSP al go rithm first es -
tab lishes a pyr a mid for each block – a sche matic di a gram of a pyr a mid is pro vided in fig ure
3.  The block (tem plate or can di date) is orig i nally at the bot tom level of the pyr a mid with a
size of 2m

´2m pix els, where m is equal to 5 in fig ure 3.  Note that the block size must be a
power of 2.  A pyr a mid of (m+1) lev els can be built with the top level be ing the first level and
the bot tom level be ing the (m+1)-th level.  Ev ery pixel on the (m–1)-th level in the pyr a mid is 
ob tained by sum ming its cor re spond ing 2´2 neigh bor ing pix els on the m-th level.  The pro -
cess con tin ues un til the top level with only one pixel is reached.  In other words, the pyramid
is built up according to
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where Xm (i, j) is the value of the  pixel (i, j) on level m.  With the pyr a mid, the SAD value for
each layer m can be cal cu lated as

where Xm  and Ym  de note pixel val ues for the tem plate block and the can di date block on the
m-th level, re spec tively.  It can be fur ther de rived from Eq.  (3) that
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 FIG.  2 Flow chart of the BSP al go rithm.
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Ac cord ing to Min kow ski’s in equal ity,14 we have

for a block size of 2m
´2m.  From Eq.  (2) and Eq.  (5) and for any m, 0£m<n, it can be ob tained

that

Thus,
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FIG.  3 Sche matic of the pyr a mid struc ture.
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Based on Eq.  (7), the BSP al go rithm is im ple mented as fol lows.  First, a thresh old SADmin

is spec i fied as a com par i son cri te rion.  The thresh old is typ i cally the SAD value be tween the
tem plate block and the can di date block at the orig i nal po si tion.  Then, for ev ery search po si -
tion, the BSP al go rithm first com pares SAD0 to SADmin.  If SAD0 is greater than SADmin, this
block can be dis carded; oth er wise, SAD1 is com pared to SADmin.  The pro cess con tin ues un til
this can di date block is dis carded or the bot tom level is reached.  If the bot tom level is reached 
and its SADm is still smaller than SADmin, SADm be comes new SADmin.  Af ter search ing all the
des ig nated po si tions within the search win dow, a fi nal SADmin can be ob tained with the cor re -
spond ing block be ing the best-matched block.  The dis place ment be tween the tem plate
block and the best-matched can di date block is the es ti mated re sult.  Since the BSP al go rithm
elim i nates cal cu la tions of the SAD at the bot tom level (i.e., larg est block) in most sit u a tions,
the com pu ta tion time is re duced.

Com pu ta tional re quire ments

Sim u lated im ages were used to com pare the per for mance of the BSP al go rithm with that
of the con ven tional SAD ap proach (i.e., where the SAD value is cal cu lated from the orig i nal
blocks with out build ing a pyr a mid).  In both cases, the block size is 64´64 pix els cov er ing an 
area slightly larger than 4l´4l, where l is the acous tic wave length.  The search win dow is
1.36l´1.36l cen tered at the orig i nal pixel po si tion.  The num ber of com pu ta tions (in clud ing 
ad di tions, sub trac tions, mul ti pli ca tions, and ab so lute val ues) is used as an in dex for the com -
pu ta tional com plex ity.

For a 64´64 block, the pyr a mid has a to tal of seven lev els and the pyr a mid con sists of a se -
quence of blocks with sizes from 20´20 to 26´26.  Ac cord ing to Eq.  (2), three ad di tions are
needed for the con struc tion of each pixel in the pyr a mid.  Thus, the to tal num ber of ad di tions
for a seven-level pyramid is 

Note that since the blocks in an im age are over lap ping, the pyr a mids only have to be con -
structed once for the en tire im age.  When com put ing the sim i lar ity, the precomputed val ues
for the pyr a mids are readily avail able through proper in dex ing.  In ad di tion to build ing pyr a -
mids, the SAD val ues also need to be cal cu lated from the top level down to a cer tain level N0,
based on the al go rithm de picted in fig ure 2.  The num ber of com pu ta tions for SAD cal cu la -
tions at each level is listed in ta ble 1.  At each level n, it is straight for ward to see that the num -
ber of com pu ta tions is (3´22n

-1).  Thus, with precomputed pyr a mids, the to tal num ber of
com pu ta tions re quired by the BSP al go rithm for each can di date block be comes

The con ven tional match ing tech nique only cal cu lates the SAD value at the bot tom level
(i.e., with out build ing the pyr a mid).  For a 26

´26 block, this re quires 12,287 (=4095´2+4097)
com pu ta tions.

It is ap par ent that ob tain ing ben e fit from us ing the pro posed BSP al go rithm de pends on
the num ber of lev els re quired for the SAD cal cu la tions (i.e., N0 de fined in Eq. (9)).  Sim u lated 
speckle im ages with a 21´21 search win dow and a 64´64 block size were used to in ves ti gate
the ex pected im prove ment from the pro posed al go rithm.  The re sults are shown in ta ble 2.
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Be cause the al go rithm starts from the top level (i.e., level 0), all the 441 (i.e., 21´21) SAD
val ues at level 0 need to be com puted.  De pend ing on the out come of the com par i son at the
top level, the match ing pro cess may ter mi nate or con tinue to the next level.  The sec ond row
in ta ble 2 lists the to tal num ber of SAD com par i sons at each level, and the cor re spond ing ra -
tio to the to tal can di date pix els in the search win dow is listed in the third row.  The fourth row
lists the to tal num ber of com pu ta tions re quired at each level (i.e., at level n, as shown in the
last col umn of ta ble 1).  Fi nally, the last row shows the to tal num ber of com pu ta tions for each 
level (the num ber in row 2 mul ti plied by the num ber in row 4).  Based on ta ble 2, the to tal
num ber of SAD com pu ta tions needed by the BSP al go rithm is 595,784.  Thus, on av er age,
only 1,351 com pu ta tions are re quired to find the sim i lar ity at each pixel, com pared to 12,287 
com pu ta tions re quired when us ing the con ven tional SAD ap proach.

IV.  RESULTS OF THE BSP AL GO RITHM

The per for mance of the BSP al go rithm was tested in C on a per sonal com puter with a
600-MHz Pentium III pro ces sor and 384 MB of 133-MHz RAM.  Fig ure 4 shows the es ti -
mated re sults from the im ages used in fig ure 1: fig ure 4a is for the BSP al go rithm and fig ure
4b is for the full-search SAD ap proach.  The dis place ment vec tor is rep re sented by an ar row
whose length in di cates the dis tance.  The ac tual dis place ment is 0.325l down ward.  The
meth ods have iden ti cal per for mance, and the re sults are sum ma rized in ta ble 3: the com pu ta -
tion time when us ing the BSP al go rithm is im proved 13-fold over us ing the full-search SAD
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TA BLE 1 Num ber of com pu ta tions re quired at each level for the BSP al go rithm.

+ - ½·½ To tal

Level 0 0 1 1 2

Level 1 3 4 4 11

Level 2 15 16 16 47

Level 3 63 64 64 191

Level 4 255 256 256 767

Level 5 1,023 1,024 1,024 3,071

Level 6 4,095 4,096 4,096 12,287

TA BLE 2 Per cent age of com par i sons at each level for the BSP al go rithm.

Level 0 Level 1 Level 2 Level 3 Level 4 Level 5 Level 6

No. of pix els 441 430 385 316 111 39 25

Ra tio 100 97.6 87.39 71.59 25.25 8.85 5.74

Math e mat i cal op er a tions 2 11 47 191 767 3,071 12,287

No. of com pu ta tions 882 4,370 18,095 60,356 85,137 119,769 307,175



ap proach.  Note that the block size must be a power of 2 for the BSP al go rithm.  The sam pling 
rate was de ter mined by con sid er ing the res o lu tion re quire ment and was ver i fied by sim u la -
tions.

The mo tion sim u lated in fig ure 1 is re stricted to the im age plane only.  In prac tice, the mo -
tion is three di men sional, so that speckle decorrelation re sult ing from the out-of-plane mo -
tion can not be ig nored.  The ef fects of speckle decorrelation on the per for mance of the BSP
ap proach were in ves ti gated us ing two sets of sim u la tions.  The first set of im ages had dis -
place ments in the out-of-plane di rec tion (i.e., Y) only; the dis place ments were 0, 0.325l,
0.65l, 0.97l, 1.30l and 1.62l.  The sec ond set of im ages had an ax ial (i.e., Z) mo tion of
0.325l in ad di tion to the same out-of-plane (Y) mo tion.  The speckle decorrelation due to the
Y mo tion is il lus trated in fig ure 5, with the hor i zon tal axis be ing the Y dis place ment and the
ver ti cal axis be ing the cor re la tion co ef fi cient be tween the ref er ence im age and the com par i -
son im age.  The dot ted and solid lines de note re sults from the first set (I) and the sec ond set
(II), re spec tively (with the Z mo tion be ing com pen sated).  The cor re la tion co ef fi cient de -
creases to be low 0.5 when the Y mo tion is ap prox i mately equal to one wave length.

Fig ure 6 shows the es ti ma tion re sults when Y mo tion is pres ent.  Im ages in the left col umn
(i.e., fig ure 6a, d, g, j, m) are all iden ti cal to the orig i nal ref er ence im age.  The mid dle col umn
(i.e., fig ure 6b, e, h, k, n) shows the im ages with a Z mo tion of 0.325l and a Y mo tion of
0.325l, 0.65l, 0.97l, 1.30l and 1.62l, re spec tively.  The in-plane Z dis place ment can be es -
ti mated by the speckle track ing al go rithm.  From the es ti mated dis place ments shown on the
third col umn, it is ob served that speckle track ing er rors in crease with the amount of
out-of-plane mo tion (i.e., in crease with speckle decorrelation).  The es ti ma tion re sults are
fur ther sum ma rized in ta ble 4.  It is shown that even if the out-of-plane mo tion is only 0.65l,
the ac cu racy drops to 30% to 40%.  Thus, the out-of-plane mo tion has a sig nif i cant in flu ence
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FIG.  4 Es ti mated dis place ments by BSP (a) and full-search SAD (b) ap proaches.

TA BLE 3 Com par i son be tween SAD and BSP al go rithms in ac cu racy and com pu ta tion time.

Block size (l) Search win dow (l) Per for mance SAD BSP

4.15´4.15 1.36´1.36
Time (s) 332.3 25.5

Ac cu racy (%) 100 100



on speckle track ing.  In ad di tion, the es ti ma tion re sults based on full cor re la tion co ef fi cient is 
also in cluded in ta ble 4.  If the out-of plane mo tion is 0.325l , the ac cu racy based on cor re la -
tion co ef fi cient has lower track ing ac cu racy than the other two ap proaches.  For a larger
out-of-plane mo tion, the ac cu racy drops to the ex tent that the track ing re sults are no lon ger
re li able.  There fore, the pro posed BSP al go rithm has better ac cu racy than us ing the full cor -
re la tion co ef fi cient when the im ages are suf fi ciently cor re lated.

V.  IN COM BI NA TION WITH THE MUL TI LEVEL SEARCH ALGORITHM15

The BSP al go rithm fo cuses on the match ing pro cess of speckle track ing.  In or der to fur -
ther im prove the per for mance, the mul ti level block-match ing al go rithm (MLBM)15 was
used to speed up the search ing pro cess.  Note that the BSP al go rithm low ers the com pu ta -
tional com plex ity by de creas ing the num ber of cal cu la tions in block match ing with out the
loss of es ti ma tion ac cu racy.  The MLBM, on the other hand, im proves the com pu ta tion
speed by re duc ing the num ber of blocks that need be searched, but a dif fer ent es ti ma tion re -
sult may be ob tained.  The com bined al go rithm is re ferred to as the mul ti level BSP al go -
rithm.  A sche matic di a gram of the MLBM al go rithm is shown in fig ure 7.  The com plete
search is bro ken down to N stages (N = 4 in the ex am ple shown in fig ure 7).  At first only nine
pix els in the com par i son im age are can di dates, as il lus trated by the nine dots in the left panel
of fig ure 7.  At sub se quent stages, the block size, the search win dow size, and the po si tions of 
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 FIG.  5 Y-axis dis place ment vs.  cor re la tion co ef fi cient.  The ver ti cal axis rep re sents the cor re la tion co ef fi cient
be tween the ref er ence im age and com par i son im age, and the Y-axis dis place ment is in di cated by the hor i zon tal axis.
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FIG.  6 Sim u lated im ages and the cor re spond ing dis place ment dis tri bu tions.  The left col umn shows the orig i nal
im ages, the mid dle col umn shows im ages with a Z-axis dis place ment of 0.325l (up ward) and in creas ing Y-axis dis -
place ment from top to bot tom, and the right col umn shows the es ti mated dis place ment dis tri bu tions.



the can di date pix els can be ad justed.  The over all dis place ment is the ac cu mu la tion of the
mo tion vec tors from all N stages.  Fig ure 8 shows that the estimation errors may accumulate.

As pre vi ously noted, the com pu ta tional ef fi ciency is im proved by re duc ing the to tal num -
ber of can di date points.  The choice of the num ber of stages, the block size, and the search
win dow size at each stage is a trade-off be tween es ti ma tion ac cu racy and com pu ta tion
speed.  Note that al though the pro posed method re quires fewer com pu ta tions, it is se quen tial
in na ture and not as ame na ble to par al lel pro cess ing.  In the fol low ing re sults, the mul ti level
BSP uses two stages with the same block size.  The search win dow size of the sec ond stage,
on the other hand, is re duced by 50% from that of the first stage and the first stage only
searches the nine corner points as illustrated in figure 7.

The clin i cal breast im ages shown in fig ure 9a and b were used to test the mul ti level BSP al -
go rithm.  The im ages were ac quired us ing a com mer cial im ag ing sys tem (ATL HDI 3000,
Bothell, Wash ing ton) and a lin ear ar ray trans ducer (ATL L10-5, 38 mm).  Dur ing data ac -
qui si tion, the breast was ax i ally com pressed by a trans ducer held by a clin i cal tech ni cian. 
Each pixel in the ac quired im age had a res o lu tion of 8 bits and the to tal im age is 240´352
pix els.  Note that speckle track ing be tween the precompression im age (fig ure 9a) and the
postcompression im age (fig ure 9b) is nec es sary for elas tic ity im ag ing and strain com pound -
ing.2–6  In this case, sig nif i cant speckle decorrelation may ex ist due to ex ter nal com pres sion
and out-of-plane mo tion.  Com pared to the full-search SAD al go rithm, the mul ti level BSP al -
go rithm im proves the com pu ta tion time by a fac tor of 5, up from a fac tor of 3 when us ing the
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FIG.  7 Il lus tra tion of the mul ti level search.

TA BLE 4 Track ing re sults of BSP, SAD and full cor re la tion co ef fi cient ap proaches as a func tion of Y-axis dis -
place ment.

Y dis place ment (l) 0 0.325 0.65 0.97 1.30 1.62

Ac cu racy (%)

BSP 100 95.84 31.15 0.24 0 0

SAD 100 95.984 31.15 0.24 0 0

CC 100 93.46 44.11 0.24 0 0

Cor re la tion co ef fi cient 0.87 0.73 0.54 0.41 0.28 0.24



BSP alone.  Thus, it is clear that the com bi na tion of BSP and mul ti level search fur ther im -
proves the ef fi ciency of speckle track ing.  The es ti mated dis place ment dis tri bu tion us ing
full-search SAD and mul ti level BSP are given in fig ure 9c and d, re spec tively, which shows
that the two dis place ment dis tri bu tions are sim i lar in most re gions ex cept for the bot tom por -
tion of the im ages.  This is mainly due to the poor sig nal-to-noise ra tio at depth and that the
speckle cor re la tion co ef fi cient is too low in those re gions.  The es ti ma tion re sults are sum -
ma rized in ta ble 5.  It is con cluded that the mul ti level BSP al go rithm can sig nif i cantly re duce 
the com pu ta tional com plex ity while main tain ing suf fi cient track ing ac cu racy.

VI.  CONCLUDING RE MARKS

This study tested the ef fi ciency of the mul ti level BSP al go rithm on both sim u lated and
clin i cal im ages, with the re sults rep re sent ing im prove ments over both the BSP al go rithm
and the MLBM al go rithm.  On clin i cal ul tra sonic im ages, the com bined al go rithm is ap prox -
i mately 5 times faster than the full-search SAD al go rithm.  Note that the num ber of com pu ta -
tions is used as an ef fi ciency in dex in some cases.  The ac tual per for mance may de vi ate from
that pre dicted from the num ber of com pu ta tions, due to the dif fer ences in the num ber of
logic op er a tions, mem ory man age ment, and sys tem.  None the less, a clear im prove ment is
dem on strated in this pa per.  It is ex pected that many ar eas of med i cal ul tra sound im ag ing
could ben e fit from the more ef fi cient speckle track ing tech nique, in clud ing blood flow es ti -
ma tion, elas tic ity im ag ing, three-di men sional im age reg is tra tion and strain com pound ing. 
More over, its su pe rior com pu ta tional ef fi ciency makes the tech nique more suitable for
real-time or near-real-time applications than conventional speckle tracking techniques.
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