
PROCESS AND INTERMEDIATES FOR PREPARING ARZOXIFENE
This application claims the benefit of U.S.
Provisional Patent Application No. 60/895,154, filed
March 16, 2007. The present invention relates to a
process and intermediates for the preparation of
2-(4-methoxyphenyl)-3-[4-[2-(l-piperidinyl)ethoxy]phen
yoxy]benzo[b]thiophene-6-ol. The compound
2-(4-methoxyphenyl)-3-[4-[2-(lpiperidinyl)
ethoxy]phenyoxy]benzo[b]thiophene-6-ol is also known
as arzoxifene (hereinafter "arzoxifene"). The compound
arzoxifene, methods of preparing arzoxifene, as well
as pharmaceutical formulations containing arzoxifene,
are described in US Patent Number 5,723,474 (herein
'"474 patent"). The methods for preparing arzoxifene,
as described in the '474 patent, use methylene
chloride. Methylene chloride is considered to be a
potential occupational carcinogen by the United States
Occupational Safety and Health Administration (OSHA).
The use of methylene chloride is ecologically and
commercially undesirable. In the synthesis of
arzoxifene, a benzyl protecting group is used to
direct the bromination to the correct site and to
prevent impurities during the step in which the side
chain is installed. Removal of the benzyl protecting
group to yield arzoxifene requires multiple charges of
palladium catalyst, a heavy metal. Thus, there is a
need for a protecting group that is used to direct the
bromination at the desired position, to prevent
impurities, and does not require multiple charges of
catalyst for its removal. There is also a need for a
safer, more ecologically prudent, and commercially
feasible process to consistently produce arzoxifene of
high purity and consistent pharmaceutical quality. It
is particularly desired that the process yield a
crystalline form of arzoxifene HCl as described in US
Patent Numbers 6,610,706 and 7,122,203 and
WO200234741. The present invention provides novel
intermediates for the use in the synthesis of
arzoxifene. The present invention provides an improved
process and intermediates that eliminates the
requirement for methylene chloride as a processing
solvent, significantly reduces the amount of palladium
catalyst required, provides a commercially feasible
method for consistently preparing arzoxifene of
pharmaceutically acceptable quality, and can be used
to prepare crystalline Form III or Form V arzoxifene.
The present invention provides novel compounds of the
formula:wherein X is S or S(O); RI and R are each
independently selected from the group consisting of
-CH2CH3 and phenyl; or RI and R combine to form
morpholino. The invention provides compounds of
formula I : I wherein RI and R are each independently
-CH2CH3, phenyl; or RI and R combine to form
morpholino; and compounds of formula II: II; wherein
RI and R are defined as above. The invention further
provides a process for preparing arzoxifene:
comprising a) reducing the sulfoxide of a compound of
Formula II to form a compound of Formula I; andb)
deprotecting a compound of Formula I to form
arzoxifene. The invention provides a process for
preparing arzoxifene in the free base form. 



The invention further provides a process wherein the
hydrochloride salt of arzoxifene is formed. The
invention further provides a process wherein the
arzoxifene is prepared as Form III. The invention
further provides a process wherein the arzoxifene is
prepared as Form V. The preferred substituent for each
RI and R is -CH2CH3. A preferred embodiment is when X
is S and each R and R is -CH2CH3. A further preferred
embodiment is when X is S(O) and each R and R is
-CH2CH3. The terms and abbreviations used in the
instant Schemes, Preparations, Examples and Procedures
have their normal meanings unless otherwise
designated. For example, as used herein, the following
terms have the meanings indicated: "THF" refers to
tetrahydrofuran, "Et3N" refers to triethylamine,
"DMAP" refers to N,N-Dimethyl-4- Pyridinamine, "EtOAc"
refers to ethyl acetate, "AcOH" refers to acetic acid,
"NBS" refers to N-bromosuccinimide, "DMF" refers to
dimethylformamide, "IPrOH" refers to isopropyl
alcohol, "Pd/C" refers to palladium on carbon, "ESI"
refers to mass spectrometry-electrospray ionization,
and "morpholino" refers to a morpholine or 1-oxa-
4-azacyclohexane substituent. Besides arzoxifene, the
preparations and examples are named using AutoNom 2000
in ISIS/Draw Version 2.5 SPl. As used herein the term
"arzoxifene" means a compound having the structure:
Seed crystals are obtained by synthesizing the
compound by the described procedure without seeding.
Compounds and processes of this invention wherein R 1
and-AR are each -CH2CH3 are especially preferred
because the protecting groups are easily removed and
significantly reduce the amount of catalyst required
for the process. Scheme I solvent, base and catalyst
2) aq washes Scheme I describes the first step in the
synthesis where the 6-OH of 2-(4-
methoxy-phenyl)-benzo[b]thiophen-6-ol is protected.
Here, 2-(4-methoxy-phenyl)- benzo[b]thiophen-6-ol
reacts with an N,N disubstituted carbamyl chloride
(compound of formula VII) in a solvent, a base, and a
catalyst to form the compound of formula V. For 0 the
compound of formula VII, R I and R can independently
be -CH2CH3 or phenyl or R I and R combine to form
morpholino. Preferably, R 1 and R are each -CH2CH3.
Preferably, the solvent is THF, the base is
triethylamine, and the catalyst is DMAP. Scheme II
Na2CO3 Scheme II shows the compound of formula V
undergoing halogenation to form the compound of
formula IV. Preferably, the halogenation is performed
using NBS. Scheme III 1) oxidation 2) aq NaHSO 3 AcOH
3) EtOAc, recrystallization 0Scheme III shows the
oxidation of the sulfur in the benzothiophene ring to
the sulfinyl of compound III. Preferably, the
oxidation is performed in the presence of 



H2O2, H2SO4, and sulfolane. Scheme IV Scheme IV shows
the coupling of 4-(2-piperidin-l-yl-ethoxy)-phenol to
the compound of formula III in the presence of a
solvent and a base to form the compound of formula II.
Preferably, the solvent is DMF and the base is
potassium t-butoxide. Scheme V 1) Na2S2O3 5H2O 2)
n-propyl alcohol/ 37% HCI 23C, 4 hours In Scheme V,
the sulfinyl in the compound of formula II is reduced
to the sulfur in the compound of formula I . The
sulfinyl can be reduced by hydrogenation using H2 and
using Pd/C as the catalyst or by using Na2S2q 3.
Scheme VIwashes HCI Arzoxifene HCI In Scheme VI, a
compound of formula I is deprotected to afford
arzoxifene in the free base form which is then
converted to arzoxifene HCl. Preparation 1
Diethyl-carbamic acid
2-(4-methoxy-phenyl)-benzo[b]thiophen-6-yl ester
Combine 2-(4-methoxy-phenyl)-benzo[b]thiophen-6-ol
(10.00 g, 39.01 mmoles), DMAP (478 mg, 3.87 mmoles),
and THF (100 mL) under nitrogen and then add
triethylamine (4.19 g, 41.03 mmoles) and
diethylcarbamoyl chloride (5.73 g, 40.99 mmoles). Heat
the mixture to reflux and maintain for 6 hours. Cool
the reaction to 500C. Add a mixture of water (20 mL)
and acetic acid (0. 67 mL, 11.68 mmoles). Separate the
phases and discard the aqueous phase. This yields a
solution of diethyl-carbamic acid 2-
(4-methoxy-phenyl)-benzo[b]thiophen-6-yl ester in THF.
Preparation 2 Diethyl-carbamic acid
3-bromo-2-(4-methoxy-phenyl)-benzo[b]thiophen-6-yl
ester Add NBS (7.37 g, 40.99 mmoles) to the solution
of diethyl-carbamic acid 2-(4-
methoxy-phenyl)-benzo[b]thiophen-6-yl ester in THF at
ambient temperature. Stir the mixture for 20 minutes.
Distill the resulting solution to 47 mL. Add Methanol
(15 mL) to the distilled solution and cool the
solution to 500C. Add seed crystals of Example 2 (340
mg, 0.8 mmoles) to the cooled solution and stir the
mixture for 15 minutes. Slowly add water (35 mL).
Allow the mixture to cool to ambient temperature, and
hold at ambient temperature for one hour. Collect the
product by vacuum filtration, wash withaqueous THF (30
mL, 2 water: 1 THF) and dry in a vacuum oven to yield
diethylcarbamic acid
3-bromo-2-(4-methoxy-phenyl)-benzo[b]thiophen-6-yl
ester. Yield 15.75 g (36.26 mmol, 93 % of theory).
Preparation 3 Diethyl-carbamic acid
3-bromo-2-(4-methoxy-phenyl)-l-oxo-lH-lLambda*4*-
benzo[b]thiophen-6-yl ester Add diethyl-carbamic acid
3-bromo-2-(4-methoxy-phenyl)-benzo[b]thiophen-6-yl
ester (85.Og, 195.8 mmol; limiting reagent) to a
solution of sulfolane (510 mL) and sulfuric acid (255
mL, 4783.9 mmol) at -100C. Add hydrogen peroxide (30%;
20.25 mL; 1.02 eq.) dropwise during a time period of 3
hours, while maintaining the temperature at ~ -100C.
Following the end of the addition, stir the mixture
for 1 hour, sample, and assay 



for reaction completion. Once complete, quench any
residual oxidant with a 5% aqueous solution of sodium
bisulfite (85 mL; 60.4 mmol). Add acetic acid (127.5
mL; 1.5 vol) to the reaction mixture, adjust the
temperature to 10 0C, and then add water (127.5 mL;
1.5 vol). Adjust the temperature to 20-250C. Seed the
mixture with diethyl-carbamic acid 3-
bromo-2-(4-methoxy-phenyl)-l-oxo-lH-lLambda*4*-benzo[b
]thiophen-6-yl ester (2.5 g; 3 wt%) and stir for 2
hours to promote crystal growth. After 2 hours, add
water (550 mL; 6.5 vol) over a 3 hour period to
complete the crystallization. Stir the slurry for at
least 2 hours and filter. Wash the filter cake with
water (85 mL; 3 vol), ammonium hydroxide (14%; 85 mL;
3 vol), and water (85 mL; 3 vol). Dissolve the
resultant wet cake at 7 10C in a biphasic solution of
ethyl acetate (340 mL; 4 vol) and water (127.5 mL; 1.5
vol). Stir the dissolved product for a minimum of 15
minutes. Then, remove the lower, aqueous layer. Cool
the solution to 63-67C and seed with diethyl-carbamic
acid 3-bromo-2-(4-methoxy-phenyl)-l-oxo-lH-lLambda*4*-
benzo[b]thiophen-6-yl ester (2.5 g; 3 wt%). Ripen the
seed for 30-60 minutes and cool the slurry to 0-50C
over 2-3 hours. Filter the product and wash with cold
(0-5 0C) ethyl actetate (85 mL; 1 vol). Dry the
product with heat and vacuum at 50-600C.Preparation 4
Diethyl-carbamic acid
2-(4-methoxy-phenyl)-benzo[b]thiophen-6-yl ester
Charge a vessel with
2-(4-methoxy-phenyl)-benzo[b]thiophen-6-ol (1.000 mol,
256.3 g), 99% DMAP (0.100 mol, 12.34 g), and THF (10.0
L/kg, 2.56 L). Add 99% triethylamine (1.050 mol, 107.3
g) and 97% diethylcarbamyl chloride (DEC-Cl) (1.050
mol, 146.8 g). Heat the contents of the reactor to
reflux/66C. Stir 4 hours or until reaction is complete
as determined by HPLC. Begin to cool to 500C and add
acetic acid solution made up of DI water (3.0 L/kg,
769 mL) and glacial acetic acid (0.300 mol, 18.02 g).
Separate the layers at 500C, and remove the bottom
aqueous layer. Cool the organic layer to -5 to 00C
(-200C to ambient is acceptable). The organic layer
contains a solution of diethyl-carbamic acid
2-(4-methoxy-phenyl)-benzo[b]thiophen-6-yl ester which
is most conveniently carried directly to the next
step, the bromination step. Mass spec (Gradient
Positive ESI): found: 356.1307 (M+H), calculated:
356.1320 and found: 378.1 122 (M+Na), calculated:
378.1139. Preparation 5 Diethyl-carbamic acid
3-bromo-2-(4-methoxy-phenyl)-benzo[b]thiophen-6-yl
ester To the organic layer containing diethyl-carbamic
acid 2-(4-methoxy-phenyl)- benzo[b]thiophen-6-yl ester
as described in Example 4, add solid 99% NBS (1.070
mol, 192.4 g). Stir at least 15 minutes and ensure
that reaction is complete by HPLC (<0.5% of
diethyl-carbamic acid
2-(4-methoxy-phenyl)-benzo[b]thiophen-6-yl ester).
Quench the reaction with a solution of DI water (0.5
L/kg, 128 mL), sodium bicarbonate (0.075 mol, 6.30 g)
and 99% sodium thiosulfate pentahydrate (0.050 mol,
12.5 g). Stir for 15 minutes to quench excess NBS and
HBr. Reduce the volume to (5.0 L/kg, 1.28 L) by
atmospheric distillation. Cool to 55-60 0C and add
methanol (2.0 L/kg, 513 mL). Cool to 500C. Seed w/ 2.0
mol% diethyl-carbamic acid 3-bromo-2-(4-
methoxy-phenyl)-benzo[b]thiophen-6-yl ester (0.020
mol, 8.69 g) and stir for approximately 15 minutes.
Add DI water over 70 minutes (3.5 L/kg, 897 mL). Cool
to 20-25 0C over 1 hour, stir for 1 hour, and filter.
Wash with 2:1 wate THF (3.0 L/kg, 769 mL) and dry at
50-80C/FV.Preparation 6 Diethyl-carbamic acid
3-bromo-2-(4-methoxy-phenyl)-l-oxo-lH-lLambda*4*-
benzo[b]thiophen-6-yl ester 



Add diethyl-carbamic acid
3-bromo-2-(4-methoxy-phenyl)-benzo[b]thiophen-6-yl
ester (85.0 g, 195.8 mmol) to a pre-cooled solution of
sulfolane (510 mL) and sulfuric acid (255 mL, 4783.9
mmol) at -100C. Add hydrogen peroxide (30%; 20.25 mL;
1.02 eq.) dropwise over 3 hours, maintaining the
temperature at ~ -100C. Stir the mixture for 1 hour,
sample, and assay to determine reaction completion.
Once complete, quench any residual oxidant with a 5%
aqueous solution of sodium bisulfite (85 mL; 60.4
mmol). Then, to the reaction mixture, add a 50%
solution of acetic acid (255 mL; 3.05 vol) and adjust
the temperature to 20-250C. Seed the reaction with
diethyl-carbamic acid 3-
bromo-2-(4-methoxy-phenyl)-l-oxo-lH-lLambda*4*-benzo[b
]thiophen-6-yl ester (2.5 g; 3 wt%) and stir for 2
hours to promote crystal growth. After 2 hours, add
water (550 mL; 6.5 vol) over 3 hours to complete the
crystallization. Stir the slurry for at least 2 hours
and filter. Wash the filtered cake with water (255 mL;
3 vol), ammonium hydroxide (14%; 255 mL; 3 vol), and
water (255 mL; 3 vol) to obtain a wet cake. Dissolve
the resultant wet cake at 7 10C in a biphasic solution
of ethyl acetate (340 mL; 4 vol) and water (127.5 mL;
1.5 vol). Stir the dissolved product for a minimum of
15 minutes. Remove the lower, aqueous layer, cool the
solution to 63-67C, and seed with diethyl-carbamic
acid 3-bromo-2-(4-methoxy-phenyl)-l-oxo-lH-lLambda*4*-
benzo[b]thiophen-6-yl ester (2.5 g; 3 wt%). After
ripening the seed for 30-60 minutes, cool the slurry
0-5 0C over 2-3 hours. Filter the product and wash
with cold (0-5 0C) ethyl actetate (85 mL; 1 vol). Dry
the product with heat and vacuum at 50-600C. Example 1
Diethyl-carbamic acid 2-(4-methoxy -phenyl)-
l-oxo-3-[4-(2-piperidin-l-yl-ethoxy)- phenoxy]
-1H-1Lambda*4* -benzo [b]thiophen-6-yl esterCharge
1.08 eq (1.08 mol, 239.0 grams) of
4-(2-piperidin-l-yl-ethoxy)-phenol to a vessel and
then charge 1.03 eq (1.03 mol, 1.03 liter) of a 1
molar solution of potassium tbutoxide in THF to the
same vessel. Follow flush charge with a DMF flush of
less than 500 mL (volume taken from total DMF charge).
Allow the solution to stir for approximately 15
minutes to ensure complete deprotonation of the
4-(2-piperidin- 1-ylethoxy)- phenol. Charge 1.0 mol
(450.35 g) of diethyl-carbamic acid
3-bromo-2-(4-methoxyphenyl)- 1-oxo-l
H-lLambda*4*-benzo[b]thiophen-6-yl ester to a make-up
tank and use not more than 500-1000 mL of DMF to
slurry the material for transfer to the reaction
vessel (containing the deprotonated
4-(2-piperidin-l-yl-ethoxy)-phenol), and then transfer
the batch to the reaction vessel. Use the balance of
the DMF to rinse the charge vessel (total DMF charge
for initial flush and diethyl-carbamic acid
3-bromo-2-(4-methoxyphenyl)-
l-oxo-lH-lLambda*4*-benzo[b]thiophen-6-yl ester slurry
not to exceed 1.688 liters) into reactor. Heat reactor
to 500C and age for 3 hrs at 500C, or until end of
reaction assay shows no more conversion of the
diethyl-carbamic acid 3-bromo-2-(4-methoxy-phenyl)-
l-oxo-lH-lLambda*4*-benzo[b]thiophen-6-yl ester to the
diethyl-carbamic acid 2-(4- methoxy -phenyl)- 1-oxo-3
-[4-(2-piperidin- 1-yl-ethoxy)-phenoxy]- IH-I
Lambda*4*- benzo[b]thiophen-6-yl ester. In a separate
makeup tank, prepare an 8% brine solution with caustic
in the following manner by charging with 11.258 liters
of water, 900 grams of NaCl, and 67.5 grams of a 50
wt% NaOH solution. Thoroughly mix the solution to
ensure complete dissolution of the sodium chloride. To
the diethyl-carbamic acid 2-(4-methoxy-phenyl)-
l-oxo-3-[4-(2-piperidin-l-yl-ethoxy)-phenoxy]-lH-lLamb
da*4*-benzo[b]thiophen-6-yl 



ester, charge 12.5 L/kg (5.629 liters) of n-butyl
alcohol followed by 20% (2.34 liters) of the
caustic/brine solution. Agitate for 10 minutes and
allow to settle for 10-15 minutes or until two phases
have completely separated. Expect a lower aqueous cut
of approximately half that of the initial
brine/caustic charge. Cut lower aqueous layer keeping
rag layer with batch. Repeat the extraction four more
times with 20% of the caustic/brine makeup, keeping
rag with batch until the fifth and final extraction
cut. Mass spec (Gradient Positive ESI): found:
591.2533 (M+H), calculated: 591.2528.Example 2
Diethyl-carbamic acid
2-(4-methoxy-phenyl)-3-[4-(2-piperidin-l-yl-ethoxy)-ph
enoxy]- benzo[b]thiophen-6-yl ester Charge 75%
phosphoric acid to the remaining organic layer until
the pH is less than 2.0 (expect approximately 340 mL
of phosphoric acid solution). Transfer the acidified
solution to the hydrogenator and charge the catalyst
(0.004 eq, 4.3 grams dry basis) of Johnson Matthey
type A501023-10, 10% Pd/C. Follow flush catalyst with
0.5 L/kg DI water (225 mL) directly into hydrogenator.
Hydrogenate under 65 PSIG hydrogen pressure at 110 0C.
Remove solution containing diethyl-carbamic acid
2-(4-methoxy-phenyl)-3-[4-(2-
piperidin-l-yl-ethoxy)-phenoxy]-benzo[b]thiophen-6-yl
ester from the hydrogenator and filter the catalyst
over filter aid. Rinse the catalyst cake with
n-butanol enough to ensure adequate rinsing (as much
as 20% of the batch volume is acceptable as a rinse).
Charge n-BuOH rinse directly into batch layer. Mass
spec (Gradient Positive ESI): found: 575.2588 (M+H),
calculated: 575.2579. Example 3
2-(4-Methoxy-phenyl)-3-[4-(2-piperidin-l-yl-ethoxy)-ph
enoxy]-benzo[b]thiophen-6-ol or Arzoxifene Free Base
Remove the aqueous layer to attenuate the excess
phosphoric acid. Then charge 5.0 l/kg of DI water
(2251 mL). Adjust pH of the n-butanol solution of
diethyl-carbamic acid
2-(4-methoxy-phenyl)-3-[4-(2-piperidin-l-yl-ethoxy)-ph
enoxy]-benzo[b]thiophen-6- yl ester using KOH pellets
to above pH 8.0. Expect approximately 330 grams of 85%
KOH. After attaining a pH above 8.0, extract and cut
the lower aqueous layer, keeping the rag layer back
with the batch.Charge 5.5 eq (360 grams of 85%) of KOH
to the reactor and heat to 1080C. Expect a large
volume of distillate to begin coming off at 92.5C.
Once at 1080C, set condenser for total reflux, reduce
heat input to maintain temperature, and continue to
age at 1080C until deprotection is complete and less
than 0.10 % of the diethyl-carbamic acid
2-(4-methoxy-phenyl)-3-[4-(2-piperidin-l-yl-ethoxy)-ph
enoxy]-benzo[b]thiophen-6-yl ester remains. Sample
after 2 hrs to check for completion, then hourly
thereafter. Upon completion of deprotection, cool
batch to less than 500C and add back nbutanol to 16.5
volumes of solvent (total volume to 7.43 liters).
Charge 5.0 I/kg of DI water to the reaction vessel.
Settle and cut the lower aqueous layer, keeping rag
layer with the batch. Transfer the organic layer to
the crystallization vessel with 0.5 volume nbutanol
rinse. Charge 6.6 I/kg DI water to the reactor and
heat to 800C. At temperature, adjust pH to 7.5-8.0
using concentrated HCl. Expect approximately 1.18 eq
(105 mL) to reach neutral pH. Correct overshoot using
50 wt% caustic NaOH. Stir for 10 minutes and then
settle and cut the lower aqueous layer keeping batch
temperature at 85C. Cut the rag layer forward into
waste aqueous layer. Heat the remaining batch to 117C
and 10 volumes of solvent (4.50 liters). Expect a
large volume of distillate beginning at 92.5C. 



Charge back fresh n-butanol in 1 volume shots as
needed to increase temperature and maintain volume.
Once at temperature and volume, cool batch to 400C
over greater than 2 hours. Confirm the formation of a
medium to thick slurry. Reheat batch to 800C and age
for 30 minutes at 800C. Confirm survival of the seed
material. Slowly cool the batch, over 4 hours, to
-5.00C. Age at -5.00C for greater than 2 hours to
ensure equilibrium. Filter batch at -5.00C and wash
the cake with -5.00C n-butanol (2 volumes, 900 mL)
followed by 2 volumes (900 mL) of -5.00C isopropyl
alcohol. Dry in vacuo using 600C heat until dry. Mass
spec (Gradient Positive ESI): found: 476.1900 (M+H),
calculated: 476.1895. Example 4 Preparation of
2-(4-Methoxy-phenyl)-3-[4-(2-piperidin-l-yl-ethoxy)-ph
enoxy]- benzo[b]thiophen-6-ol Hydrochloride (or
Arzoxifene Hydrochloride) Form IIICharge 14.3 mL of
isopropyl Alcohol, 8.4 mL of DI water, and 10.0 g (21
mmol) of arzoxifene free base. Heat reactor to 500C
and add 1.12 eq (23.6 mmol, 2.0 mL) of concentrated
hydrochloric Acid. Heat to dissolution (~65C) and then
cool to 58-600C. Charge 6.3 mL of DI water and seed
the batch with 3.0 wt% (3.0 g) of arzoxifene HCl. Age
for 30 minutes. Charge 56.7 mL of DI water over 4
hours to crystallize the product. Cool to 5- 10 0C.
Filter and wash the wet cake with 50 mL of a DI
water/isopropyl alcohol solution (4: 1). Dry in vacuo
using 500C heat until dry. X-Ray Powder Diffraction of
Form III X-ray powder diffraction analysis is
performed with a D8 Diffractometer, equipped with a
CuKa source (l=l. 54056 A) operating at 30 kV and 30
mA. The sample is scanned from 4 to 35 degrees in 2
theta with a step size of 0.007 degrees and a scan
time of 0.5 seconds per step. The error for the method
is previously established as +/-0.2 degrees. Sample
displacement is corrected using Silver Behenate which
is a low angle internal standard supplied by Eastman
Kodak and characterized by The Gem Dugout of State
College, PA. The sample is analyzed after
equilibration in the environmental chamber of the D8
at 300C and 35% relative humidity.The x-ray
diffraction pattern confirms that the material
produced is Form III. Example 5 Alternate preparation
of Diethyl-carbamic acid 2-(4-methoxy-phenyl)-3
-[4-(2-piperidin- 1-yl-ethoxy)-phenoxy]-
benzo[b]thiophen-6-yl ester Dissolve diethyl-carbamic
acid 2-(4-methoxy-phenyl)-l-oxo-3-[4-(2-piperidin-lyl-
ethoxy)-phenoxy]-lH-lLambda*4*-benzo[b]thiophen-6-yl
ester (Example 1) (4.0 g, 6.8 mmol) in 80 mL w-propyl
alcohol with stirring and then cool the resultant
solution to -1O0C. Add 37% hydrochloric acid (6.7 g,
67.9 mmol) dropwise at -1O0C within a 10 minute time
period. After the mixture is warmed up to ambient
temperature, add Na2S2q 3-5H2O (6.7 g, 27.0 mmol) and
allow the reaction to occur at ambient temperaturefor
4 hours. Monitor the reaction by I 1H NMR for
completion. Carefully add 100 mL of saturated aqueous
NaHCq 3to neutralize the reaction mixture and then
adjust the pH of the mixture to 7. Add 100 mL CH2CI2
and stir. Separate the organic phase, and extract the
aqueous phase with CH2CI2 (2x50 mL). Wash (with
successive washes) the combined organic phase with
brine (50 mL) and water (50 mL), dry over anhydrous
Na2SO , and filter. Remove all the volatiles under
reduced pressure, affording 3.4 g of the crude product
as a viscous material. Pass this viscous material
through a short pad of silica gel with 100% petroleum
ether (30-600C) and 100% ethyl acetate as the eluents.



Collect the ethyl acetate phase and evaporate all the
volatiles under reduced pressure, producing 3.2 g of
the crude product as a pale yellow viscous material.
Add 20 mL of hexane and the mixture is kept at 4C
overnight, affording the desired product
Diethylcarbamic acid
2-(4-methoxy-phenyl)-3-[4-(2-piperidin-l-yl-ethoxy)-ph
enoxy]- benzo[b]thiophen-6-yl ester as a white solid
(2.9 g, yield 74%, NMR purity>96%) after dried at
40C/2 mmHg. Example 6 Alternate preparation of
Diethyl-carbamic acid
2-(4-methoxy-phenyl)-3-[4-(2-piperidin-l-yl-ethoxy)-ph
enoxy]- benzo[b]thiophen-6-yl ester To a 500 mL flask
(fitted with a stir bar) add diethyl-carbamic acid
2-(4-methoxyphenyl)- 1-oxo-3 -[4-(2-piperidin-
1-yl-ethoxy)-phenoxy] -1H-1Lambda*4*-
benzo[b]thiophen-6-yl ester (8.46 mmoles; 5.00 g) and
methanol (50.00 mL) at ambient temperature. To the
resulting yellow slurry, add 36.5% hydrogen chloride
(67.71 mmoles; 5.82 mL; 6.76 g) dropwise over 10
minutes to form a yellow solution. Then add solid
sodium thiosulfate (25.39 mmoles; 4.06 g). Stir the
resulting yellow mixture at 300C for 30 minutes and
then quench with 100 mL of EtOAc and 200 mL of 0.5 N
NaOH. Transfer the mixture to a separation funnel,
separate the organic layer, and wash the organic layer
with 100 mL of water and 50 mL of brine. Dry over
sodium sulfate and concentrate which results in a
thick oil. Dissolve the thick oil into 20 mL of
t-butyl methyl ether (MTBE) and then add 50 mL of
heptane. Stir the white slurry at room temperature
overnight. Collect the white solid by filtration and
wash with 50 mL of heptane. Dry in a vacuum oven at
500C for 5 hours and obtain 3.6 g of
diethyl-carbamicacid
2-(4-methoxy-phenyl)-3-[4-(2-piperidin-l-yl-ethoxy)-ph
enoxy]-benzo[b]thiophen-6- yl ester as a white solid.
MS: [M+H]: 575.2. Preparation of
2-(4-Methoxy-phenyl)-3 -[4-(2-piperidin-
1-yl-ethoxy)-phenoxy]- benzo[b]thiophen-6-ol
Hydrochloride (or Arzoxifene Hydrochloride) Form V One
molar description. Charge 2.00 I/kg (951 mL) of methyl
alcohol and 0.35 I/kg (166 mL) of water to a suitably
sized reactor. Charge 1. 10 eq cone. HCl (98.5 mL) to
reactor and heat contents to 500C. Charge 1.0 eq
(1.000 mol, 475.6 g) of arzoxifene freebase to
reactor. Immediately the solids will likely fully
dissolve. Heat contents of the reactor to near reflux
(68C-70C) and verify full dissolution of the solids.
Filter the solution. Charge pre-seed MeOH (2.50 I/kg,
1190 mL) to reactor and cool contents of the reactor
to 600C. At temperature (600C), seed reactor with 3.0
wt% (14.3 grams) pure arzoxifene HCl, form V. Allow
seed to age for 30 minutes. Cool the reactor contents
using the following profile: cool to 52C over 1 hour,
then cool to 400C over 1 hour, and finally cool to -5C
over at least 2 hours. Stir for at least an hour at
-5C. Filter the slurry and wash the cake with
pre-chilled (-5 0C) MeOH (2 I/kg, 95 1 mL). Dry at 55C
in vacuo until dry. X-ray powder diffraction of Form V
X-ray powder diffraction analysis is performed with a
Bruker D4 Diffractometer, equipped with a CuKa source
(l=l. 54056 A) operating at 50 kV and 40 mA. The
sample is scanned from 4 to 35 degrees in 2-theta with
a step size of 0.009 degrees and a scan time of 0.5
seconds per step. The error for the method is
previously established as +/-0.2 degrees. Sample
displacement is corrected using Silver Behenate which
is a low angle internal standard supplied by Eastman
Kodak and characterized by The Gem Dugout of 



State College, PA.SYSTEM AND METHOD FOR TRACKING THREE
DIMENSIONAL OBJECTS CROSS-REFERENCE TO RELATED
APPLICATION [0001J This application claims the benefit
of U.S. Provisional Patent Application No. 60/892,738,
filed March 2, 2007, the contents of which are hereby
incorporated by reference herein. BACKGROUNDOF THE
INVENTION Field of the Invention [0002 1 Embodiments
of the invention relate to computer vision and three
dimensional (3D) image reconstruction. Description of
the Related Art [0003] Over the past twenty years many
well documented techniques have been developed in the
field of computer vision to try to reconstruct,
digitize and track objects in 3D. One such technique
is the reconstruction of objects from multiple two
dimensional (2D) outline images taken of this object.
This technique typically makes use of a 3D volume of
voxels which are carved using the 2D outline images
from varying viewpoints. This technique has been
effectively used to generate voxel volumes that
represent the general 3D shape of the object being
reconstructed. [0004] Several algorithms have been
published for the computation of the visual hull, for
example: W. Martin and J. K. Aggarwal, "Volumetric
descriptions of objects from multiple views," IEEE
Transactions on Pattern Analysis and Machine
Intelligence, vol. 5, no. 2, pp. 150-158, March 1983;
M. Potmesil, "Generating octree models of 3D objects
from their silhouettes in a sequence of images,"
Computer Vision, Graphics and Image Processing, vol.
40, pp. 1-29, 1987; Richard Szeliski, "Rapid octree
construction from image sequences," CVGIP: Image
Understanding, vol. 58, no. 1, pp. 23-32, July 1993;
and W. Niem, "Robust and Fast Modeling of 3D
NaturalObjects from Multiple Views", Proceedings
"Image and Video Processing FI", Vol. 2 182, pp.
388-397 (1994). The contents of these documents are
hereby incorporated by reference herein. [0005] These
approaches attempt to solve the problem in a
volumetric space representation. The most common of
these representations is to subdivide a 3D box into a
set of voxels of discrete size. The size of the box is
predetermined so that the object can be contained by
it. To improve performance these may be represented as
"octrees" or are run-length encoded. [0006] Further
related information can be found in: C. H.Chien and J.
K. Aggarwal, "Identification of 3D Objects from
Multiple Silhouettes Using Quadtrees / Octrees",
Computer Vision Graphics And Image Processing 36,
pp.256-273 (1986); and A.W. Fitzgibbon, G. Cross and
A. Zissermann, "Automatic 3D Model Construction for
Turntable Sequences", Proceedings of the European
Workshop on 3D Structure from Multiple Images of
Large-scale Environments (SMILE *98), LNCS 1506, pp.
155-170 (1998). The contents of these documents are
hereby incorporated by reference herein. [0007J The
problem with traditional space carving techniques is
one of performance and flexibility. By predefining a
grid of voxels in X,Y and Z dimensions computer
resources are quickly depleted. Real-time performance
has only been possible with greatly reduced
resolutions involving as few as 1 million voxels
representing a 100x100x100 low resolution grid. Many
techniques have been developed to try to 



optimize this approach using space subdivisions and
other optimizations. These techniques have helped but
have not made a voxel based approach a real time
practicality. US Patent No. 7,327,362 describes one
such approach. The contents of this patent is hereby
incorporated by reference herein. [0008] After image
reconstruction using the above techniques, researchers
have then often used various techniques of analyzing
and tracking the objects. Analyzing voxel grids has
proven to be very time intensive. One technique of
tracking a human figure represented by a voxel grid
has been described in US Patent No. 7,257,237. The
contents of this patent is hereby incorporated by
reference herein.[0009] Accordingly, there exists a
need in the art for improved systems and methods for
three dimensional (3D) image reconstruction. SUMMARY
OF THE INVENTION (0010) Embodiments of the invention
address these and other needs by providing improved
systems and methods for three dimensional (3D) image
reconstruction. [001 1J Embodiments of the invention
are directed to new systems and methods of image
reconstruction which avoid the use of voxels. These
embodiments address both the performance and
resolution problems inherent in voxel based
reconstruction approaches as well as the performance
problems related to analyzing and tracking a voxel
shape once it has been reconstaicted. [0012] A new
approach ahs been developed for extracting, digitally
reconstructing and tracking 3D objects from multiple
2D video camera sources. This method particularly
lends itself to high speed detection and tracking of
complex organic shapes such as animals as well as the
human body. Embodiments are directed to a method that
successfully achieves real-time marker-less motion
capture system which no longer requires subjects to
use markers or attached tracking devices. [0013]
Embodiments are directed to a novel approach to
reconstructing a 3D scene via 2D cameras and then
re-projecting this data back onto 2D surfaces. This
method greatly simplifies the image processing
required to analyze the 3D model by moving the
analysis techniques back into the 2D domain. [0014] In
addition to providing a novel new approach of
digitally reconstruction 3D scenes, embodiments of the
invention provide a unique approach of leveraging and
repurposing graphics card hardware (Graphics
Processing Units - GPU) developed for the Video Game
industry. Repurposing this hardware using this novel
approach can accelerate 3D scene reconstruction at
multiples of 100 folds over conventional CPU driven
approaches. BRIEF DESCRIPTION OF THE DRAWINGS [0015]
Objects and advantages of the invention will become
apparent upon consideration of the following detailed
description, taken in conjunction with theaccompanying
drawings, in which like reference characters refer to
like parts throughout, and in which: [0016] FIG. 1
depicts 6 views of video from 6 cameras surrounding
the subject; |0017| FIG. 2 depicts video views showing
background subtraction information; [0018] FlG. 3
depicts a video view of cameras looking at large
calibration board; [0019J FIG. 4 depicts a 3D view on
right showing a 2D polygon after all camera data has
been projected on it (in this case the location of the
Polygon is offering a cross section of the floor along
the length of the subjects feet); [0020[ FK3. 5 shows
the recursive use of 2D projected polygons to
"examine" the space and find the full figure of a
human subject; 



[0021] FIG. 6 depicts initial matching of a skeletal
figure to the data generated by evaluating the 2D
polygons; [0022J FIG. 7 shows 2D polygons after
texture data has been projected onto them; [0023J FIG.
8: depicts a close up of an arm being tracked using 2D
polygons in local coordinate space; [0024] FIG. 9
shows how a texture can be projected onto a 2D
polygon; [0025J FIG. 10 depicts another viewpoint of
the projected texture from FIG. 9; [0026] FIG. 11
shows a layout depicting how the real world relates to
a digital domain and how cameras relate to virtual
projectors; [0027] FIG. 12 shows how camera/space
calibration is setup; [0028] FIG. 13 shows a virtual
projection cloud of intersecting camera projections;
[0029] FIG. 14 shows how data from camera projections
are "Drawn" onto a 2D Polygon; [0030] FIG. 15 shows
how slices positioned local to the bones of a
character being tracked can offer position information
for the next time-step;[0031 J FIG. 16 shows how 2D
slice analysis can be used to eliminate confusion in
complex scenes; [0032] FIG. 17 shows how "end caps"
can help properly position a skeletal figure being
tracked; [0033] FIG. 18 depicts the flow of data in an
exemplary system; [0034] FIG. 19 shows a typical video
camera layout, in accordance with embodiments of the
invention; and [0035] FIG. 20 depicts a close up view
of projections onto a 2D polygon. [0036J It is to be
understood that the above-mentioned drawing figures
are provided solely to assist in describing the
concepts of the present invention and may not be to
scale, and are certainly not intended to be limiting
in terms of the range of possible shapes and
proportions well within the scope of embodiments of
the invention. DETAILED DESCRIPTION [0037] The steps
used, in accordance with embodiments of the invention,
to extract and track a human subject in 3D who is
being watched by multiple video cameras, are described
below: [0038] Step 1. Image acquisition. [0039]
Certain embodiments use the video feeds of 10 or more
digital video cameras which are oriented around the
area of interest in a way to give the maximum number
of perspectives. [0040] The Video acquisition
subsystem is described on FIG. 18. Multiple cameras
[1801] feed into a host computer either via Firewire
Cable [1802], Ethernet IP, via Analog cable or any
other common used method to transfer video. This video
feeds into camera acquisition boards [1803]. In the
case of our demonstration we use custom made cards
that function using the IEEE 1394a firewire standard.
In general any type of image interface board can be
used as long as it has the capability to transmit
video data via Direct Memory Access (DMA) Transfer
[1804]. Using DMA we then transfer the video data to
system memory on the host computer. From there the
data is moved viaDMA transfer directly to the Graphics
Processing Unit Memory (GPU Memory) [1805]. The GPU in
our case is a standard DirectX capable consumer grade
3D graphics card capable of running vertex and pixel
shaders. Optionally we simultaneously make a copy of
the video data and DMA transfer it to a Hard Disk
Array [1806] for later retrieval. The purpose of using
100% DMA transfers is to free up 



the CPU of the host computer for other tasks. This
method of image transfer allows us to move all video
data into place using only about 1% of CPU cycles.
[0041 ] FIG. 11 shows a diagram of how to position
cameras around a subject or scan area. FIG. 1 shows a
snapshot of our software showing the 6 of the typical
video feeds that feed into the host computer when a
subjects stands in a setup described in FIG. 11.
[0042] Step 2. Background Subtraction. [0043J i) Using
black and white cameras: When we use black and white
cameras we use an active background to aid us in
rapidly subtracting the subject from the background.
In our case the active background consists of a
backlit sheet or a reflective surface as can be
achieved with reflective products sold by 3M called
ScotchLite. This material is commonly found on street
signs, reflective stripes on clothing or even in paint
on streets. If shining a light on this material it
reflects the light back to the location the light came
from. When placing lights around the camera lens the
effect of the light returning to the camera makes the
background appear to glow. The basic idea behind these
glowing backgrounds is that even the lightest texture
of image of the subject will be darker than the
background. Two methods can then be used to subtract
the background. We can use either of these techniques
interchangeable depending on the lighting conditions
of the setup. In one case we simply clip the image at
a specific brightness level. In this case we say that
every pixel that is brighter than a specific threshold
belongs to the background. In the FIG. 2 this
background is replaced with black to help illustrate.
Another way to replace an active background for black
and white cameras is to take a reference shot of the
background and then do a pixel per pixel subtraction
of the background and foreground image. We then take
the absolute value of the subtracted image and clip on
a specific threshold. The idea here is that pixels
that differ more than a specific amount between
foreground and background are probably part of the
foreground. The resulting subtracting looks similar to
clipping thebackground at a high intensity value (as
in option one) By using active backgrounds we
eliminate complexities in image segmentation that are
introduced by changes in ambient lighting or shadows
as the subject moves in the scene. The backlighting
eliminates or washes out shadows. The disadvantage to
this approach is that we need to use a dedicated
studio setup with active or special reflective
surfaces placed around the subject. [0044] ii) Using
color cameras: When we use color cameras we have more
sophisticated options to subtract background. In the
case of color cameras we take a snapshot of the
background (i.e. without the subject in the scan area)
and convert this image from RGB into HLS color-space
(Hue, Luminosity, Saturation) We do the same for the
foreground and apply the following rules: [0045] a .
If the foreground pixel is lighter in Saturation than
the background then it is a foreground pixel. [0046]
b. If the foreground pixel is darker than the
background pixel it may be a foreground pixel or it
could be a background pixel that has a shadow on it.
Shadows tend to have the same hue value as the color
they are affecting. In this case we do a second check
to see if the hue value of the foreground is similar
(within a certain range) to the background. If they
are and the difference in saturation and luminance is
not too great then we can assume that this is a
background pixel which is being effected by a shadow
of die subject. 



[0047] c . If the foreground differs from the
background in hue value even if saturation and
luminance are the same then we clip and make the pixel
a foreground. [0048] d. If foreground and background
differ in saturation beyond a specific range then we
also clip and call the background the foreground.
[0049] By combining all these rules we have developed
a strong per-pixel background subtraction which holds
up well to lighting changes in a scene. It allows us
to do solid background subtraction in both indoor and
outdoor settings without the need for a dedicated
studio setting. In addition to the per pixel
subtraction technique mentioned we also may use region
based techniques that look at changes in gradients in
background verses foreground. In some cases a pixel in
the foreground may have beenfalsely set to background
because it has similar color values to the background.
But since adjacent pixels differ in gradient (such as
going from light to dark in opposite direction between
foreground and background) we can make the assumption
that the pixel is in fact not a background pixel.
[0050J Combining these techniques allows us to build
solid background subtraction in complicated lighting
conditions such as daylight. The downside is that
there is a significant performance hit to the system
with all these additional calculations when compared
with the black and white technique described above.
Both techniques can run in real-time however by die
projection method we describe later in this document.
[0051] A special note on Background Subtraction:
[0052] We describe background subtraction in concept
here. In our approach we don't subtract backgrounds at
the 2D level or in a pre-process step. We project
backgrounds into the scene in the same way we project
the video (as described below). This gives us complete
freedom to work with the data after it has been
projected onto the 2D Polygon (or slice) (as described
below). [0053] Step 3. Lens distortion and camera
calibration: [0054] The lenses on video cameras
distort images. This is seen most clearly when looking
dirough a f sheye or wide angle lens. Straight lines
have a tendency to curve around the edges. To
successfully reconstruct objects that are seen by the
cameras we need to un-distort these images and
compensate for the image shifts introduced by the
optical properties of the lens. Only if we can
compensate for these distortions can projected lines
converge properly in the digital domain as we
reconstruct the real scene. To do this successfully we
must first derive the exact lens parameters. The
parameters include the following: Exact, or near
exact, focal point in both X and Y directions (this is
the number on the lens such as 6mm focal point but we
need to figure out the real number which may be around
6.023 1 mm for example. Exact lens center-point in
both X and Y (this is the measure of how the lens is
attached to the image sensor. Manufacturers place the
lens in the center of the image sensor but we need to
know this number down to less than one pixel or
0.002mm). Lens Skew in both X and Y. This is the value
for which the camera lens is not mounted straight on
the camera. We use twomore values to accommodate for
how the focal length changes at different points from
center of the lens to the edges. [0055] Step one: We
show the lens a checkerboard pattern and take about 30
images from different angles. The system auto-detects
these checkerboards and figures out the intersection
point of all squares on the board. This leaves the
systems with 30 sets of point. From these points it
uses well published algorithms to calculate all lens
parameters. [0056J Step two. Once we have figured out
lens parameters we need to calibrate 



the location of the cameras. Here we take a larger
checkerboard and place it in the center of the scene.
Every camera that can view the checkerboard takes a
picture and detects the checkers and the points.
Although we use published methods to derive camera
positions relative to the board, we have devised a
technique that allows us to improve on accuracy here.
We continuously take pictures by all cameras (100 or
more) and then build a map of positional relationships
between all cameras based on each cameras relative
position to the board. (See FlG. 12). [0057] We then
place the board on the floor and have one camera get
the position relative to the board on the floor. The
top left checker on the checkerboard on the floor
becomes the X and Y origin point of the scan space and
the up vector (coming out of the board) becomes the Z
vector. Since every camera knows the relative position
between it and every other camera the camera that can
best see the board will orient the grid of cameras
relative to the origin point in both position and
orientation. Now every camera's position is known
relative to the boards origin point. The accuracy of
the camera grid to the origin point is not as
important and we do this using just one sample. But
the relative position of cameras to each other use
over one hundred samples. We further improve this by
taking the standard deviation and removing outliers
from the calculation. We have found that we achieve a
sub-millimeter XYZ positional accuracy for every
camera relative to the origin point. FIG. 3 shows a
view from various cameras of the larger checkerboard.
[0058] Step 4. Image reconstruction via projections
onto 2D surfaces. [0059] One we have subtracted
backgrounds and have gained the knowledge of every
cameras exact position and lens properties we are
ready to implement one of ourbreakthrough techniques:
We can project these images onto 2D surfaces. To
project the video onto surfaces we employ a technique
commonly used in 3D graphics to project shadows in 3D
scenes. There are many well published techniques used
to project shadows, or light sources or even video
onto 2D polygon textures using DirectX or OpenGL.
These techniques involved distorting the UV texture
coordinates of the 2D slice being rendered to read the
texture being projected. In our case the texture being
projected is the 2D video stream. These techniques are
well understood in the filed of 3D computer graphics.
The following publication gives a good background to
the art: [0060] Mark Segal and Carl Korobkin and Rolf
van Widenfelt and Jim Foran and Paul Haeberli, "Fast
shadows and lighting effects using texture mapping,"
SIGGRAPH Comput. Graph., vol. 26, no. 2, 1992, issn.
0097-8930}, pp. 249-252. The contents of this document
is hereby incorporated by reference herein.. [0061 j
By way of analogy, the computer is basically
simulating video projectors. In a 3D simulation we
turn every camera into a video projector. We project
the video feed of the background subtracted image, or
the image together with the background image into the
3D space for each of the cameras. The idea here is
that every camera projects a video feed into the exact
direction and from the exact position of the actual
camera with the exact lens properties of the actual
camera. In effect we are reversing what is happening
in the real world. In the real world light from all
objects is emanating from the subject into the many
cameras of our system. In the 3D model in the digital
domain these images are doing the reverse - the system
is projecting the light from the cameras into the
simulated room with the same exact lens properties.
When all cameras are properly calibrated then these
rays of light meet inside the 3D digital domain in the
same way they had emanated from the subject in the
real world. (See FIG. 13). 



[0062) FIG. 19 offers a side by side comparison
between the real world and the digital domain. The
"data cloud" represents a theoretical space in the
digital domain. All data is available and ready to
represent the real world, but only by placing a
polygon into this space do we actually project the
video data onto a surface. By placing a 2D polygon
into this projection space we can catch these
simulated rays. We do this in the following way: if a
foreground texture (i.e. non-black) touches a pixel on
the surface of the slice we increment a counter by one
or by some amount by which it differs from the
background. If at the end of projecting all cameras
onto this slice wecount the number in increments. If
they equal the number of cameras we have projected (or
some slightly lesser number) then we know that there
is actually a solid object in the space of this pixel.
This solid pixel then represents a solid object in the
real world at that exact location. We use many 2D
polygon slices to deconstruct a 3D scene. It looks
similar to an MRI imaging system when we place many
slices from top to bottom on the scene. By getting all
the cross sections this way we can visually see. the
person standing in the real word reappear on the
slices in the digital domain. The more slices we use
the more precise the image becomes. [0063J FIG. 14
illustrates how two points in the video data may line
up on a polygon. FlG. 20 shows this same intersection
in a different way by taking a closer look of slice
number 3 from FIG. 19. In this case one can see how a
ray that is part of the right arm projects out from
every projector to meet at the right spot on the
slice. Also note the doted slices on the 2D pictures
[2001]. They give an idea of what the slice would look
like if it was projected back into the cameras. [0064]
In this way the polygon (i.e., 2D slice) effectively
slices through space and offers a "view" into the real
world that the cameras are filming. We can now
generate a . slice cross section of the real world by
placing such a polygon into the virtual space. An
analogy to the slice may be data from an MRI where you
can get a slice through the cross section of the human
body (note: MRI uses very different techniques) We get
this same cross section but of course without being
able to see inside the body. We simply get the outside
contours of the slice along with the outside texture
(Actual video image of the surface area of the
cross-section) [0065J Why is this so special? It
differs greatly from other published techniques of
volumetric reconstruction using multiple cameras in
the following important ways: [0066] 1. It is
resolution independent. The clarity of the slice is
determined by the resolution of the surface of the
slice texture we are rendering. This means we can
chose the properties of the slice dynamically. We can
chose where and at what orientation the slice is
placed. We can chose what "real world size" it
represents (i.e. is it one meter across or 5 cm). We
can chose the resolution (i.e. is this 2D slice made
up of 10x10 pixels or is it 1000x1000). This dynamic
ability to "look" and "examine" the real world inside
our 3D virtual projection system (the digital domain)
allows us to do somethingvery important: We can now
decide on the fly what we need to look at carefully
and what parts of objects are not as important. In the
case of tracking human motion for instance we can now
look at the chest at a less fine resolution then we
may look at the fingers of the subject. By avoiding a
voxel based approach to reconstruction we completely
circumvent the lookup table and resolution dependant
models that are part of most research in this field.
[0067] 2. We can repurpose 3D video hardware
(Graphical Processing Units - GPU) designed for the
latest retail video gaming market. This technique
allows us to directly use hard wired features
developed as part of billion dollar research in 3D 



graphics and video gaming and repurpose them for our
needs. Projecting textures is a big part of making
lighting in video games more realistic. Using our
slice technique we piggyback on this ability and use
it in a completely new way. This way we achieve
hardware accelerated projections speeding up rendering
time to 100 or even 1000s of times faster than CPU
based approaches. |0068] 3. It is very fast. The
techniques of motion capture described below run up to
one million times faster then many published
techniques in this domain. [0069] 4. The dynamic
resolution technique allows us to achieve a much
higher resolution than is possible with a voxel based
approach. We typically run at 200 times the resolution
of published systems running on voxel models. [0070]
5. In addition to general 3D model reconstruction we
are able to use this slice approach to solve many
other problems in computer vision that have been
previously solved in the 2D domain but not in the 3rd
dimension. Using slices we can for instance
effectively track textures and cross section
(described later) in the 2D domain and then
extrapolate their 3D position in a second step. We
therefore effectively get 3D image processing at the
cost of 2D image processing techniques. We get to
repurpose many 2D image techniques that never worked
effectively in the 3D environment. [0071] 6.
Scalability. Building a vision architecture based on
slices is very scalable. A system could be setup using
many servers and hundreds of cameras and every
individual slice could be rendered by picking the
right cameras that are relevantto it based on its
position in the space. This would allow for the
ability to outfit a large facility with cameras and
track objects over vast amounts of spaces. [0072] Step
5. 2D Image Analysis on Slices [0073] As mentioned
above, one of the great benefits of the projected
slice technique is the ability to work with
conventional image processing techniques and then
project them into the 3D domain. The first step we use
is to sort objects that we find on the 2D slice. An
object is defined as a continuous cross-section on the
2D plane. We call them blobs. Once we have isolated
individual blobs we apply various published 2D curve
fitting algorithms. A common technique we use is to
"fit" an ellipse to the blob. This gives us an X and Y
position value of the center point of the blob, as
well as an X and Y radius and a rotation angle. In
this way we have moved from raw 3D data to raw 2D data
using our slice system and then we moved from raw 2D
data to usable vector data by simply fitting a 2D
ellipse to our raw blob points. [0074] In the next
step we then take the 2D vector data and derive its 3D
properties by applying the properties of the slice to
it. We take into account the position and orientation
of the slice, the resolution of the slice as well as
its real world size. From this we can convert the
pixel XY positions of the ellipse to XY coordinates in
real world space (i.e. in millimeters relative to the
origin point of the floor calibration board) [0075] In
this way we have generated 3D vector data of a real
world object in just a few simple steps. [0076] FIG. 4
shows our system with a single slice placed at the
feet of the subject at floor level. Through the
projection techniques described above we found the
"foot prints" of the subject. We then applied the
above mentioned ellipse fitting technique. The red
crosses mark the center points of the objects on the
slices. The two 2 dimensional windows of the slice on
the screen show the actual textures of the slice that 



is in the 3D view. [0077J Step 6. Model Detection.
[0078] This is how we detect a human shape that walks
into the space:[0079] a. We place a Slice on the floor
and look for footsteps. We do this by analyzing the
slice and by looking for "blobs" with the properties
that may be the size of feet. If we find them we:
[00801 . Place another slice a few inches higher.
These are the ankles. If we find them we determine
what direction the person if facing. The tips of the
feet tend to face away from the ankles. [0081 ] c.
Next we place a slice at knee, hip, chest and head
height. We place a few slices around the head to try
to pinpoint the height of the person. [0082] d. We
find the orientation of the body by looking at the
angle of the torso. [0083] e. We look for the arms by
placing slices on either side of the body. [0084] When
all these test check out we can determine with a high
degree of certainty that we are looking at the human
shape in a specific pose. A graphic sample of this can
be seen in FIG. 5. [0085] Step 7. Model Matching :
[0086] Once we used the above "smart sampling"
technique and have determined with a rough estimate
that we are looking at a human subject we move into
the next phase. We employ a rag doll system based on
physics, joints, mass and inverse kinematics. We apply
forces to this Rag Doll and move it into place where
we think the arms, hands, head and feet are. We
initially assume that the "bones" of the rag doll fit
into the center sections of the ellipses of the slices
we have placed into the space. With step 7 we have
roughly matched a model to the 3D data of the real
world. FIG. 6 shows our system superimposing a rag
doll into the 2D slice framework to illustrate this
technique. [0087] Step 8. Model Tracking: [0088] In
step 8 we hand off the mechanism of placing slices
over to the Rag Doll. From the point of view of the
Rag Doll (and no longer from the global reference
point) we place slices for every body part. The slices
are "attached" to the bones in fixed orientations. We
calculate all center points and figure out the
discrepancy between theellipse centers and the bone
center. We then apply forces to the model to allow the
model to further approximate the position of the 3D
data. FIG. 15. In this way we can animate the Rag Doll
and make if follow the real world human where the
Human becomes the puppet master and the Rag Doll a
mime which follows the masters projected data in the
3D computer simulation. Many times per second we
repeat this process: The subject moves, the cameras
record and update the projections they project into
the 3D simulation. Each Rag Doll bone places slices
around its bones and compares its position to the
position of the ellipses that are generated. Forces
are then applied to the Rag Doll and each Rag Doll
bone is moved incrementally closer to the center of
the cross section of the slice that is representing
the real subject. [0089] Things we watch out for when
tracking bones this way: [0090] Interference between
objects: Example: when tracking an arm there is a
problem when this arm moves close to the body. At some
point two separate blobs, one belonging to the cross
section of the arm and one to the cross section of the
body are so close that they form a single blob. It
then becomes hard to determine which object belongs
where. We solve this problem by using the Rag Doll and
checking it for such situations. Since the Rag Doll is
moving over time in the same way the real person is 



moving, we can make the assumption that the Rag Doll
closely resembles the real data. In the case the two
bones are close enough to be "touching" then we employ
a mechanism that calculates the highest likelihood of
a small blob that has merged with a large one as may
become the case with an arm that is too close the
body. FIG. 16 for details. Since we know the diameter
of the arm and the diameter and relative position of
the body we can make an assessment that the small blob
of the arm resides within the larger blob of the body.
This technique has proven very effective at keeping
body parts from sticking together and creating a
breakdown of the tracking system. [0091] End Caps. We
call slices that search for the end of body parts end
caps. End of body parts include the hands, feet and
head. End caps make sure that we are stretching the
Rag Doll into the extremities. By forcing the hands,
feet and head into position we have achieved great
model matching. FIG. 17. We apply the same model aware
technique to end-caps as in the previous section. If
one hand moves to close to another hand we adjust our
forces to prevent one hand from "merging" into the
other.[0092] Step 9. Using textures: [0093] As
mentioned before, one of the great advantage of
projecting onto slices is the ability to use 2D image
processing techniques on 3D models. [0094J Once we
have matched and are tracking our Rag Doll using the
cross sections of our slices we can run a second pass
to refine the position of our model. By analyzing the
surface textures of the model we can further position
the Rag Doll to match the actor in the real world.
[0095] Here is how it works: [0096] When the Rag Doll
is in very close proximity and position of the actual
person we can place "slices" not as cross sections but
as surface sections. For example we can place a slice
on the chest of the subject. The outline of this slice
is determined by the same method the cross sections,
showing us the outline of the chest it is
intersecting. But since we know the position of this
slice relative to all cameras we can determine and
render the actual projected texture from a blend of
the best positioned camera projectors. Now the chest
has not only the outline of the body but also the
"look" and texture of the body from the video. We can
place these slices all around the body and give the
model the same "look" of the real subject. More
importantly we can now analyze each 2D slice and track
the movement of die textures themselves to generate a
high degree of accuracy. [0097] 1st pass - fit the Rag
Doll to the contours of the slice (i.e. ellipse
positioning) [0098] 2nd pass - once the Rag Doll is
moved into very close proximity of the position of the
real person we can place slices on the surface of the
subject. These will offer us the 3D textures of the
real person. We can then track these textures to
further improve the positioning of the Rag Doll. See
FIG. 7 and FlG. 8 for examples of projection textures
onto slices. |0099] Step 10. Texture Tracking. (OOlOOj
We employ published techniques of texture tracking on
2D surfaces. For each slice we compare the "image" or
texture to a reference image that we took fromthe same
slice at the start of the animation sequence. We then
determine by what X and Y value the two textures
differ in position and by what angle they have
rotated. The unique part of this process is that we
can then use this 2D X and Y and angle data and
calculate its 3D position in much the way we did with
the ellipses. We take the position and orientation of
the slice itself and extrapolate how the change in 3D
is actually a 



change in 3D. We use this offset to add forces to the
Rag Doll to further refine its position in a second
pass after its initial fitting with the ellipses. It
is in this second pass that we achieve a very high
degree of accuracy that exceeds that of even marker
based motion capture systems which employ markers and
body suits today. [001011 FlG. 9 and FlG. 10 show how
we can place a slice onto the chest of the model and
project a texture from the video image onto the model.
The projected texture is shown in the 2D window in the
lower left comer of the images. (00102) In summary:
[00103| By projecting onto 2D slices (2D polygons) we
have achieved a major breakthrough in computer vision.
It allows us to approximate organic objects (in our
chase the human subject) by applying and repurposing
many published techniques from the 3D world and make
them work efficiently in the 3D domain. It has allowed
us to build the world first real time marker-less
motion capture system which can perform at the speed
and resolutions of systems that require the subject to
wear specialized markers and body suits to aid the
vision computer in their tracking task. [001 04| Notes
on GPU hardware: [00105| Embodiments make use of the
Redeon 9700 Graphics Processor. The Redeon processor
is the first GPU capable of handling hardware based
projection algorithms described in this paper. The
first slice system was implemented using shader model
1.4, the most advanced shader system at the time.
[00106| With the introduction of GPU shader version
3.0 we have been able to implement the entire
projection technique into a single pass. This means we
calculate everything from lens distortion to
background subtraction and projection all in a single
pass and via instancing we are able to project all
slices in a system with a single GPU call.[00107]
Embodiments of the invention can include a new method
and system of reconstructing real world objects within
the digital domain of the computer in 3d by projecting
multiple camera video streams within the digital
domain onto 2D polygonal surfaces, comprising of 2 or
more video cameras, a video camera acquisition or
input port, a host computer with a DMA controller,
Central Processing Unit and or a Graphics Processing
Unit. [00108] Embodiments of the system of can use a
DirectX or OpenGL accelerated graphics card to
accelerate the computations of the projections onto
polygon surfaces.. Embodiments of the system can use
IEEE 1394 standards to transfer image data.
Embodiments of the system can use Ethernet to transfer
image data. [00109] Embodiments of the system can use
Wireless networking protocols to transfer image data.
Embodiments of the system can project both video data
and background data for each camera onto polygons.
Embodiments of the system can. convert texture pixel
on the surfaces of the 2D projected polygon back to 3d
world coordinates. [00110] Embodiments of the system
can be used for tracking human subjects. Embodiments
of the system can be used to track animals.
Embodiments of the system can be use to animate a 3d
character Embodiments of the system can be used as a.
visual aid in a karaoke system [00111] Embodiments of
the system can use 2D image processing techniques on
data projected from the cameras onto the 2D polygons.
Embodiments of the system can use 2D shape fitting
techniques to evaluate the 2D shapes generated on the 



projected polygons. Embodiments of the system can
perform all background subtraction after all data has
been projected onto the 2D polygon. [00112]
Embodiments of the system can use black and white
cameras and 3M ScotchLite retro-reflective material to
accelerate and simplify background subtraction stage.
Embodiments of the system can use color cameras.
Embodiments of the system can use vertex and fragment
shaders to move slice projection calculation from the
CPU. to the GPU.[00113] Embodiments of the system can
recursively use projected and analyzed polygons to
figure out where to place the next polygon to
increasingly investigate the shape of a reconstructed
object. Embodiments of the system can project video
textures onto the TD polygon based on a blend between
cameras based on their inclination angle relative to
the polygon normal. Embodiments of the system can use
2D optical flow techniques to track contrast points in
the texture which has been projected onto the 2D
polygon. [00114] Embodiments of the system can be used
as part of a motion capture system to track and
digitize the movement of humans without the use of
markers or attached tracking devices. Embodiments of
the system can be used to measure the size of a human
subject and to calculate precise joint rotation points
based on analyzing the subjects movement. Embodiments
of the system can be used to analyze a tennis player:
analyzing the swing and body movement of a player to
improve performance and to prevent injuries like
shoulder, elbow, and ankle problems. [001 15]
Embodiments of the system can be used in research and
development to studying the movements of subjects
while using particular products. Embodiments of the
system can be used to analyze the movements of a
skier/snowboarder to improve performance and to
prevent injuries. Embodiments of the system can be
used to animate and broadcast a virtual character of
the actual subject over TV broadcast networks. [00116]
Embodiments of the system can be used as part of human
computer user interfaces. Embodiments of the system
can be used as part of a security system. Embodiments
of the system can be used to fit human subjects to
sporting goods equipment such as bikes, golf clubs,
clothing and or shoes. [00117] Embodiments of the
system can be used as part of a visual simulation or
training system. Embodiments of the system can be used
to evaluate human body shape, size or vital signs such
as breathing mechanics. Embodiments of the system can
be used as part of a public entertainment experience.
Embodiments of the system can be used as a fitness or
exercise evaluation or recommendation system [00 118|
Embodiments of the system can be used as part of a
physical rehabilitation system. Embodiments of the
system can be used as part of a clinical motion
analysis orevaluation tool. Embodiments of the system
can be used as an aid for the handicapped. Embodiments
of the system can be used as part of a training tool.
[00119] Embodiments of the system can be used as part
of a Virtual Reality visualization system. In certain
embodiments of the invention, all of the steps of the
method can be performed by a computer, or computerized
system, as described above. In alternative
embodiments, one or more of the steps can be performed
manually, by a person. [00120J In alternate
embodiments of the methods described herein,
additional steps may be added, certain steps may be
excluded, certain steps may be performed multiple
times, and/or the steps may be performed in a
different order and/or simultaneously. 



[00121] One skilled in the art will appreciate that
the invention can be practiced by other than the
described embodiments, which are presented for
purposes of illustration and not by way of limitation.
Various arrangements of the described embodiments can
be made by those skilled in the art without departing
from the spirit and scope of the present invention,
which is limited only by the claims that follow.What
is claimed is: 1. A method of tracking a three
dimensional object comprising: acquiring an image
including the object from a plurality of cameras;
subtracting a background of the image; calibrating at
least one of the cameras: reconstructing the image via
projections onto two dimensional surfaces; analyzing
the image; detecting one or more models; matching the
one or more models; tracking the one or more models;
analyzing the surface textures of the one or more
models; and tracking the surface textures. 2. A system
for tracking a three dimensional object comprising: a
plurality of video cameras for capturing an image
including the object; a video camera acquisition
module coupled to the plurality of video cameras; and
a host computer including at least a DMA controller
and a graphics processing module; the system being
configured to perform the steps of: acquiring the
image including the object from a plurality of
cameras; subtracting a background of the image;
calibrating at least one of the cameras:
reconstructing the image via projections onto two
dimensional surfaces; analyzing the image; detecting
one or more models; matching the one or more models;
tracking the one or more models; analyzing the surface
textures of the one or more models; and tracking the
surface textures. 


