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C
M

S
C

828D
:

F
u

n
d

am
en

tals
o

f
C

o
m

p
u

ter
V

isio
n

H
o

m
ew

o
rk

5
1

Instructors:Larry
D

avis,R
am

aniD
uraisw

am
i,

D
anielD

eM
enthon,and

Y
iannis

A
loim

onos
S

olution
based

on
hom

ew
ork

subm
itted

by
H

aiying
Liu

D
ate:O

ctober
27,2000

1.
G

enerate
a

param
eterization

along
this

curve
using

chord
lengths.…

Solution
:

T
he

M
atlab

script
and

the
three

colum
n

vectors
are

listed
in

appendix.
T

he
)

(s
x

and
)

(s
y

are
plotted

in
[Figure

1].

2.
U

sing
the

function
p
o
l
y
f
i
t

and
the

three
vectors

…

Solution
:

T
he

M
atlab

script
and

evaluations
are

listed
in

appendix.T
he

)
(s

x
and

)
(s

y
fitted

by
polynom

ialfunctions
are

show
n

in
[Figure

2].

3.
R

ead
chapter

3.3
of

N
um

ericalrecipes.
…

Solution
:D

one.

4.
F

it
cubic

spines
through

the
sam

e
data

using
the

function
s
p
l
i
n
e

…

Solution
:

T
he

M
atlab

script
and

evaluations
are

listed
in

appendix.T
he

)
(s

x
and

)
(s

y
fitted

by
polynom

ialfunctions
are

show
n

in
[Figure

3].

5.
Y

ou
can

evaluate
the

derivatives
…

Solution
:

T
he

M
atlab

scripts
and

evaluations
are

listed
in

appendix.
T

he
figures

are
show

n
in

[Figure
4].From

both
figures

and
data,w

e
can

see
the

num
erical

result
of

s
x

s
y

x y

d
d

d
d

d d
=

is
alm

ost

the
sam

e
as

the
analyticalexpression.

6.
W

rite
a

function
that

applies
the

R
oberts

operators
to

a
given

im
age

…

Solution
:

T
he

M
atlab

scripts
are

listed
in

appendix.
T

he
figures

are
show

n
in

[Figure
5],

including
horizontal

and
vertical

com
ponents

of
the

gradient.
P

lease
note

that
the

gradient
directly

from
R

oberts
operators

are
135°

and
225°

counter-clock-w
ise

from
the

x-axis
and

needed
to

be
rotated

back
to

getthe
correctdirection.T

he
gaussian

filter
is

norm
alized

so
thatthe

sum
of

all
entries

is
one.

T
he

output
of

function
m
y
_
g
r
a
d
i
e
n
t

in
h
w
5
_
6
.
m

includes
the

gradient
m

agnitude,
direction,

and
a

m
ask

w
hose

non-zero
entries

are
those

pixels
w

ith
m

axim
um

gradient
m

agnitudes
along

their
gradient

directions.
T

he
m

ask
is

obtained
by

the
function

n
o
n
M
a
x
i
m
a
S
u
p
p
r
e
s
s
.
m

,
w

hich
uses

3
3×

w
indow

to
com

pute
the

local
m

axim
a.

T
he

linear
interpolation

is
used

to
get

m
ore-accurate

result.
P

lease
see

the
M

atlab
scripts

for
detail.

1
T

he
e-version

of
this

hom
ew

ork
solution

is
posted

athttp://w
w

w
.cfar.um

d.edu/~hyliu/C
M

SC
828D

/hw
5.zip.
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Figure
1:O

riginalfunction
)

(s
x

and
)

(s
y

.

F
igure

2:
T

he
)

(s
x

and
)

(s
y

fitted
by

polynom
ialfunctions.
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F
igure

3:
T

he
)

(s
x

and
)

(s
y

fitted
by

cubic
spline.

F
igure

4:
D

erivatives
x yd d

by
s

x

s
y

x y

d
d

d
d

d d
=

and
by

analyticalexpression.
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F
igure

5:
Im

ages
and

their
edges

by
R

oberts
operators.
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A
ppendix :

• 
hw

5_1to5.m
:

f
u
n
c
t
i
o
n

h
w
5
_
1
t
o
5

%
S
y
n
t
a
x
:

h
w
5
_
1
t
o
5

%%
D
e
s
c
r
i
p
t
i
o
n
:

C
M
S
C
8
2
8
D

H
W
5
_
1

%%
A
u
t
h
o
r
:

H
a
i
y
i
n
g

L
i
u

%
D
a
t
e
:

O
c
t
.

2
,

2
0
0
0

%%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%

d
b
s
t
o
p

i
f

e
r
r
o
r

m
s
g

=
n
a
r
g
c
h
k
(
0
,

0
,

n
a
r
g
i
n
)
;

i
f

(
~
i
s
e
m
p
t
y
(
m
s
g
)
)

e
r
r
o
r
(
s
t
r
c
a
t
(
'
E
R
R
O
R
:
'
,

m
s
g
)
)
;

e
n
d

c
l
e
a
r

m
s
g
;

%
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=

%
=

T
u
r
n

o
n

t
h
e

d
i
a
r
y

t
o

s
a
v
e

t
h
e

r
e
s
u
l
t
.

d
i
a
r
y

o
f
f
;

f
i
l
e
n
a
m
e

=
'
h
w
5
_
1
t
o
5
.
t
x
t
'
;

i
f

(
e
x
i
s
t
(
f
i
l
e
n
a
m
e
,

'
f
i
l
e
'
)
)

d
e
l
e
t
e
(
f
i
l
e
n
a
m
e
)
;

e
n
d

e
v
a
l
(
[
'
d
i
a
r
y

'
,

f
i
l
e
n
a
m
e
]
)
;

%
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=

%
=

G
e
n
e
r
a
t
e

t
h
e

A
r
c
h
i
m
e
d
e
a
n

s
p
i
r
a
l
.

f
r
o
m

=
0
;

t
o

=
6
.
4
;

s
t
e
p

=
0
.
1
;

t
h
e
t
a

=
[
f
r
o
m
:
s
t
e
p
:
t
o
]
'
;

r
=

2
.
*

t
h
e
t
a
;

x
=

r
.
*

c
o
s
(
t
h
e
t
a
)
;

y
=

r
.
*

s
i
n
(
t
h
e
t
a
)
;

f
i
g
u
r
e
;

p
l
o
t
(
x
,

y
)
;

a
x
i
s

s
q
u
a
r
e
;

t
i
t
l
e
(
'
A
r
c
h
i
m
e
d
e
a
n

s
p
i
r
a
l
'
)
;

p
r
i
n
t

-
d
j
p
e
g

a
r
c
h
i
m
e
d
e
a
n
S
p
i
r
a
l
;

%
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=

%
=

G
e
n
e
r
a
t
e

a
p
a
r
a
m
e
t
e
r
i
z
a
t
i
o
n

a
l
o
n
g

t
h
e

c
u
r
v
e
.
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d
i
s
p
(
'
:
:
:
:
:
:
:
:
:
:
:
:
:
:
:
'
)
;

d
i
s
p
(
'
:
:

P
r
o
b
l
e
m

1
:
:
'
)
;

d
i
s
p
(
'
:
:
:
:
:
:
:
:
:
:
:
:
:
:
:
'
)
;

d
i
s
p
(
'

'
)
;

n
P
o
i
n
t
s

=
l
e
n
g
t
h
(
x
)
;

s
=

z
e
r
o
s
(
n
P
o
i
n
t
s
,

1
)
;

s
(
1
)

=
0
;

f
o
r

k
=

2
:
n
P
o
i
n
t
s

s
(
k
)

=
s
(
k

-
1
)

+
s
q
r
t
(
(
x
(
k
)

-
x
(
k

-
1
)
)

.
^

2
+

(
y
(
k
)

-
y
(
k

-
1
)
)

.
^

2
)
;

e
n
d

f
i
g
u
r
e
;

d
i
s
p
(
'
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
'
)
;

d
i
s
p
(
'

'
)
;

d
i
s
p
(
'
O
r
i
g
i
n
a
l

f
u
n
c
t
i
o
n
'
)
;

sxys
u
b
p
l
o
t
(
1
,

2
,

1
)
;

p
l
o
t
(
s
,

x
)
;

a
x
i
s

s
q
u
a
r
e
;

x
l
a
b
e
l
(
'
s
'
)
;

y
l
a
b
e
l
(
'
x
'
)
;

t
i
t
l
e
(
'
x
(
s
)
'
)
;

s
u
b
p
l
o
t
(
1
,

2
,

2
)
;

p
l
o
t
(
s
,

y
)
;

a
x
i
s

s
q
u
a
r
e
;

x
l
a
b
e
l
(
'
s
'
)
;

y
l
a
b
e
l
(
'
y
'
)
;

t
i
t
l
e
(
'
y
(
s
)
'
)
;

p
r
i
n
t

-
d
j
p
e
g

h
w
5
_
1

%
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=

%
=

F
i
t

t
h
e

c
u
r
v
e

b
y

2
n
d
,

4
t
h
,

a
n
d

1
6
t
h

p
o
l
y
n
o
m
i
a
l

f
u
n
c
t
i
o
n
s
.

d
i
s
p
(
'
:
:
:
:
:
:
:
:
:
:
:
:
:
:
:
'
)
;

d
i
s
p
(
'
:
:

P
r
o
b
l
e
m

2
:
:
'
)
;

d
i
s
p
(
'
:
:
:
:
:
:
:
:
:
:
:
:
:
:
:
'
)
;

d
i
s
p
(
'

'
)
;

o
r
d
e
r

=
[
2
,

4
,

1
6
]
;

n
O
r
d
e
r

=
l
e
n
g
t
h
(
o
r
d
e
r
)
;

f
i
g
u
r
e
;

f
o
r

i
n
d
e
x

=
1
:
n
O
r
d
e
r

N
=

o
r
d
e
r
(
i
n
d
e
x
)
;

[
p
o
l
y
_
x
,

s
t
r
u
c
t
_
x
]

=
p
o
l
y
f
i
t
(
s
,

x
,

N
)
;

[
p
o
l
y
_
y
,

s
t
r
u
c
t
_
y
]

=
p
o
l
y
f
i
t
(
s
,

y
,

N
)
;
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s
_
m
i
d

=
m
i
d
p
o
i
n
t
s
(
s
)
;

f
i
t
_
p
o
l
y
_
x

=
p
o
l
y
v
a
l
(
p
o
l
y
_
x
,

s
_
m
i
d
)
;

f
i
t
_
p
o
l
y
_
y

=
p
o
l
y
v
a
l
(
p
o
l
y
_
y
,

s
_
m
i
d
)
;

d
i
s
p
(
'

'
)
;

d
i
s
p
(
'
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
'
)
;

d
i
s
p
(
'

'
)
;

d
i
s
p
(
[
'
F
i
t
t
e
d

b
y

t
h
e

p
o
l
y
n
o
m
i
a
l

f
u
n
c
t
i
o
n

i
n

t
h
e

o
r
d
e
r

o
f

'
,

n
u
m
2
s
t
r
(
N
)
]
)
;

s
_
m
i
d

f
i
t
_
p
o
l
y
_
x

f
i
t
_
p
o
l
y
_
y

s
u
b
p
l
o
t
(
2
,

n
O
r
d
e
r
,

i
n
d
e
x
)
;

p
l
o
t
(
s
_
m
i
d
,

f
i
t
_
p
o
l
y
_
x
)
;

a
x
i
s

s
q
u
a
r
e
;

x
l
a
b
e
l
(
'
s
'
)
;

y
l
a
b
e
l
(
'
x
'
)
;

i
f

N
=
=

2
t
i
t
l
e
(
[
'
x
(
s
)

f
i
t
t
e
d

b
y

'
,

n
u
m
2
s
t
r
(
N
)
,

'
n
d

p
o
l
y
.
'
]
)
;

e
l
s
e

t
i
t
l
e
(
[
'
x
(
s
)

f
i
t
t
e
d

b
y

'
,

n
u
m
2
s
t
r
(
N
)
,

'
t
h

p
o
l
y
.
'
]
)
;

e
n
d

s
u
b
p
l
o
t
(
2
,

n
O
r
d
e
r
,

n
O
r
d
e
r

+
i
n
d
e
x
)
;

p
l
o
t
(
s
_
m
i
d
,

f
i
t
_
p
o
l
y
_
y
)
;

a
x
i
s

s
q
u
a
r
e
;

x
l
a
b
e
l
(
'
s
'
)
;

y
l
a
b
e
l
(
'
y
'
)
;

i
f

N
=
=

2
t
i
t
l
e
(
[
'
y
(
s
)

f
i
t
t
e
d

b
y

'
,

n
u
m
2
s
t
r
(
N
)
,

'
n
d

p
o
l
y
.
'
]
)
;

e
l
s
e

t
i
t
l
e
(
[
'
y
(
s
)

f
i
t
t
e
d

b
y

'
,

n
u
m
2
s
t
r
(
N
)
,

'
t
h

p
o
l
y
.
'
]
)
;

e
n
d

e
n
d

p
r
i
n
t

-
d
j
p
e
g

h
w
5
_
2

%
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=

%
=

F
i
t

t
h
e

c
u
r
v
e

b
y

c
u
b
i
c

s
p
l
i
n
e

f
u
n
c
t
i
o
n
s
.

d
i
s
p
(
'
:
:
:
:
:
:
:
:
:
:
:
:
:
:
:
'
)
;

d
i
s
p
(
'
:
:

P
r
o
b
l
e
m

4
:
:
'
)
;

d
i
s
p
(
'
:
:
:
:
:
:
:
:
:
:
:
:
:
:
:
'
)
;

d
i
s
p
(
'

'
)
;

p
p
_
x

=
s
p
l
i
n
e
(
s
,

x
)
;

p
p
_
y

=
s
p
l
i
n
e
(
s
,

y
)
;

f
i
t
_
s
p
l
i
n
e
_
x

=
p
p
v
a
l
(
p
p
_
x
,

s
_
m
i
d
)
;

f
i
t
_
s
p
l
i
n
e
_
y

=
p
p
v
a
l
(
p
p
_
y
,

s
_
m
i
d
)
;

d
i
s
p
(
'

'
)
;

d
i
s
p
(
'
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
'
)
;

d
i
s
p
(
'

'
)
;

d
i
s
p
(
'
F
i
t
t
e
d

b
y

c
u
b
i
c

s
p
l
i
n
e
'
)
;

s
_
m
i
d

f
i
t
_
s
p
l
i
n
e
_
x
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f
i
t
_
s
p
l
i
n
e
_
y

f
i
g
u
r
e
;

s
u
b
p
l
o
t
(
1
,

2
,

1
)
;

p
l
o
t
(
s
_
m
i
d
,

f
i
t
_
s
p
l
i
n
e
_
x
)
;

a
x
i
s

s
q
u
a
r
e
;

x
l
a
b
e
l
(
'
s
'
)
;

y
l
a
b
e
l
(
'
x
'
)
;

t
i
t
l
e
(
[
'
x
(
s
)

f
i
t
t
e
d

b
y

c
u
b
i
c

s
p
l
i
n
e
.
'
]
)
;

s
u
b
p
l
o
t
(
1
,

2
,

2
)
;

p
l
o
t
(
s
_
m
i
d
,

f
i
t
_
s
p
l
i
n
e
_
y
)
;

a
x
i
s

s
q
u
a
r
e
;

x
l
a
b
e
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%
%
%
%
%
%
%
%
%
%

d
b
s
t
o
p

i
f

e
r
r
o
r

m
s
g

=
n
a
r
g
c
h
k
(
0
,

0
,

n
a
r
g
i
n
)
;

i
f

(
~
i
s
e
m
p
t
y
(
m
s
g
)
)

e
r
r
o
r
(
s
t
r
c
a
t
(
'
E
R
R
O
R
:
'
,

m
s
g
)
)
;

e
n
d

c
l
e
a
r

m
s
g
;

%
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=

%
=

T
u
r
n

o
n

t
h
e

d
i
a
r
y

t
o

s
a
v
e

t
h
e

r
e
s
u
l
t
.

d
i
a
r
y

o
f
f
;

f
i
l
e
n
a
m
e

=
'
h
w
5
_
6
.
t
x
t
'
;

i
f

(
e
x
i
s
t
(
f
i
l
e
n
a
m
e
,

'
f
i
l
e
'
)
)

d
e
l
e
t
e
(
f
i
l
e
n
a
m
e
)
;

e
n
d

e
v
a
l
(
[
'
d
i
a
r
y

'
,

f
i
l
e
n
a
m
e
]
)
;

%
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=

%
=

R
e
a
d

i
m
a
g
e

d
a
t
a
.

%
R
e
a
d

i
m
a
g
e

f
r
o
m

f
i
l
e
.

i
m
a
g
e

=
i
m
r
e
a
d
(
'
f
l
o
w
e
r
s
.
t
i
f
'
)
;

%
C
o
n
v
e
r
t

t
h
e

c
o
l
o
r

i
m
a
g
e

i
n
t
o

g
r
a
y

s
c
a
l
e

i
m
a
g
e
.

i
m
a
g
e

=
r
g
b
2
g
r
a
y
(
i
m
a
g
e
)
;

%
C
o
n
v
e
r
t

t
h
e

d
a
t
a

t
y
p
e

f
r
o
m

u
i
n
t
8

t
o

d
o
u
b
l
e
.

i
m
a
g
e

=
d
o
u
b
l
e
(
i
m
a
g
e
)
;
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%
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=

%
=

F
i
n
d

e
d
g
e
s

o
f

o
r
i
g
i
n
a
l

i
m
a
g
e
.

%
A
p
p
l
y

r
o
b
e
r
t
s

o
p
e
r
a
t
o
r
s
.

g
r
a
d
i
e
n
t

=
m
y
_
g
r
a
d
i
e
n
t
(
i
m
a
g
e
)
;

%
S
h
o
w

r
e
s
u
l
t
.

f
i
g
u
r
e
;

i
m
s
h
o
w
(
i
m
a
g
e
,

[
]
)
;

a
x
i
s

s
q
u
a
r
e
;

t
i
t
l
e
(
'
F
l
o
w
e
r
s
'
)
;

p
r
i
n
t

-
d
j
p
e
g

h
w
5
_
6
_
f
l
o
w
e
r
;

f
i
g
u
r
e
;

i
m
s
h
o
w
(
g
r
a
d
i
e
n
t
.
m
a
g

.
*

g
r
a
d
i
e
n
t
.
m
a
s
k
,

[
]
)
;

a
x
i
s

s
q
u
a
r
e
;

t
i
t
l
e
(
[
'
E
d
g
e
s
'
]
)
;

p
r
i
n
t

-
d
j
p
e
g

h
w
5
_
6
_
e
d
g
e
;

f
i
g
u
r
e
;

i
m
s
h
o
w
(
g
r
a
d
i
e
n
t
.
m
a
g

.
*

c
o
s
(
g
r
a
d
i
e
n
t
.
d
i
r
)
,

[
]
)
;

a
x
i
s

s
q
u
a
r
e
;

t
i
t
l
e
(
'
V
e
r
t
i
c
a
l

c
o
m
p
o
n
e
n
t

o
f

g
r
a
d
i
e
n
t
'
)
;

p
r
i
n
t

-
d
j
p
e
g

h
w
5
_
6
_
e
d
g
e
_
v
;

f
i
g
u
r
e
;

i
m
s
h
o
w
(
g
r
a
d
i
e
n
t
.
m
a
g

.
*

s
i
n
(
g
r
a
d
i
e
n
t
.
d
i
r
)
,

[
]
)
;

a
x
i
s

s
q
u
a
r
e
;

t
i
t
l
e
(
'
H
o
r
i
z
o
n
t
a
l

c
o
m
p
o
n
e
n
t

o
f

g
r
a
d
i
e
n
t
'
)
;

p
r
i
n
t

-
d
j
p
e
g

h
w
5
_
6
_
e
d
g
e
_
h
;

%
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=

%
=

F
i
n
d

e
d
g
e
s

o
f

b
l
u
r
e
d

i
m
a
g
e
.

%
C
o
n
s
t
r
u
c
t

g
a
u
s
s
i
a
n

f
i
l
t
e
r
.

%
R
e
f
e
r
e
n
c
e
:

e
d
g
e
.
m

%
M
a
g
i
c

n
u
m
b
e
r
s

s
i
g
m
a

=
3
;

G
a
u
s
s
i
a
n
D
i
e
O
f
f

=
.
0
0
0
1
;

%
D
e
s
i
g
n

t
h
e

g
a
u
s
i
a
n

f
i
l
t
e
r
s

p
w

=
1
:
1
0
;

%
p
o
s
s
i
b
l
e

w
i
d
t
h
s

s
s
q

=
s
i
g
m
a
*
s
i
g
m
a
;

w
i
d
t
h

=
m
a
x
(
f
i
n
d
(
e
x
p
(
-
(
p
w
.
*
p
w
)
/
(
2
*
s
i
g
m
a
*
s
i
g
m
a
)
)
>
G
a
u
s
s
i
a
n
D
i
e
O
f
f
)
)
;

i
f

i
s
e
m
p
t
y
(
w
i
d
t
h
)

w
i
d
t
h

=
1
;

%
t
h
e

u
s
e
r

e
n
t
e
r
e
d

a
r
e
a
l
l
y

s
m
a
l
l

s
i
g
m
a

e
n
d

t
=

(
-
w
i
d
t
h
:
w
i
d
t
h
)
;

l
e
n

=
2
*
w
i
d
t
h
+
1
;

t
3

=
[
t
-
.
5
;

t
;

t
+
.
5
]
;

%
W
e

w
i
l
l

a
v
e
r
a
g
e

v
a
l
u
e
s

a
t

t
-
.
5
,

t
,

t
+
.
5

g
a
u

=
s
u
m
(
e
x
p
(
-
(
t
3
.
*
t
3
)
/
(
2
*
s
s
q
)
)
)
.
'
/
(
6
*
p
i
*
s
s
q
)
;

%
t
h
e

g
a
u
s
s
i
a
n

1
-
d

f
i
l
t
e
r

g
a
u

=
g
a
u

.
/

s
u
m
(
g
a
u
(
:
)
)
;

%
n
o
r
m
a
l
i
z
e
d

f
i
g
u
r
e
;

p
l
o
t
(
t
,

g
a
u
)
;

t
i
t
l
e
(
'
G
a
u
s
s
i
a
n

f
i
l
t
e
r

u
s
e
d

f
o
r

b
l
u
r
r
i
n
g
'
)
;
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p
r
i
n
t

-
d
j
p
e
g

h
w
5
_
6
_
g
a
u
s
;

%
B
l
u
r

t
h
e

i
m
a
g
e

%
A
p
p
l
y

g
a
u
s
s
i
a
n

f
i
l
t
e
r

a
l
o
n
g

x
a
n
d

y
d
i
r
e
c
i
t
o
n
s
.

b
l
u
r
r
e
d
I
m
a
g
e

=
c
o
n
v
2
(
g
a
u
'
,

g
a
u
,

i
m
a
g
e
,

'
s
a
m
e
'
)
;

f
i
g
u
r
e
;

i
m
s
h
o
w
(
b
l
u
r
r
e
d
I
m
a
g
e
,

[
]
)
;

a
x
i
s

s
q
u
a
r
e
;

t
i
t
l
e
(
'
F
l
o
w
e
r
s

a
f
t
e
r

b
l
u
r
i
n
g
'
)
;

p
r
i
n
t

-
d
j
p
e
g

h
w
5
_
6
_
f
l
o
w
e
r
_
b
l
u
r
;

%
A
p
p
l
y

r
o
b
e
r
t
s

o
p
e
r
a
t
o
r
s
.

g
r
a
d
i
e
n
t
_
b
l
u
r

=
m
y
_
g
r
a
d
i
e
n
t
(
b
l
u
r
r
e
d
I
m
a
g
e
)
;

%
S
h
o
w

r
e
s
u
l
t
.

f
i
g
u
r
e
;

i
m
s
h
o
w
(
g
r
a
d
i
e
n
t
_
b
l
u
r
.
m
a
g

.
*

g
r
a
d
i
e
n
t
_
b
l
u
r
.
m
a
s
k
,

[
]
)
;

a
x
i
s

s
q
u
a
r
e
;

t
i
t
l
e
(
'
E
d
g
e
s

a
f
t
e
r

b
l
u
r
i
n
g
'
)
;

p
r
i
n
t

-
d
j
p
e
g

h
w
5
_
6
_
e
d
g
e
_
b
l
u
r
;

f
i
g
u
r
e
;

i
m
s
h
o
w
(
g
r
a
d
i
e
n
t
_
b
l
u
r
.
m
a
g

.
*

c
o
s
(
g
r
a
d
i
e
n
t
_
b
l
u
r
.
d
i
r
)
,

[
]
)
;

a
x
i
s

s
q
u
a
r
e
;

t
i
t
l
e
(
'
V
e
r
t
i
c
a
l

c
o
m
p
o
n
e
n
t

o
f

g
r
a
d
i
e
n
t

a
f
t
e
r

b
l
u
r
i
n
g
'
)
;

p
r
i
n
t

-
d
j
p
e
g

h
w
5
_
6
_
e
d
g
e
_
b
l
u
r
_
v
;

f
i
g
u
r
e
;

i
m
s
h
o
w
(
g
r
a
d
i
e
n
t
_
b
l
u
r
.
m
a
g

.
*

s
i
n
(
g
r
a
d
i
e
n
t
_
b
l
u
r
.
d
i
r
)
,

[
]
)
;

a
x
i
s

s
q
u
a
r
e
;

t
i
t
l
e
(
'
H
o
r
i
z
o
n
t
a
l

c
o
m
p
o
n
e
n
t

o
f

g
r
a
d
i
e
n
t

a
f
t
e
r

b
l
u
r
i
n
g
'
)
;

p
r
i
n
t

-
d
j
p
e
g

h
w
5
_
6
_
e
d
g
e
_
b
l
u
r
_
h
;

%
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=

%
=

S
t
o
p

r
e
c
o
r
d
i
n
g
.

d
i
a
r
y

o
f
f
;

%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%

f
u
n
c
t
i
o
n

g
r
a
d
i
e
n
t

=
m
y
_
g
r
a
d
i
e
n
t
(
d
a
t
a
)

%
S
y
n
t
a
x
:

g
r
a
d
i
e
n
t

=
m
y
_
g
r
a
d
i
e
n
t
(
d
a
t
a
)

%%
d
a
t
a

-
d
a
t
a

t
o

b
e

c
o
m
p
u
t
e
d

%
g
r
a
d
i
e
n
t

-
a

s
t
r
u
c
t
u
r
e

c
o
n
t
a
i
n
s

r
e
s
u
l
t
s
:

%
.
m
a
g

:
m
a
g
n
i
t
u
d
e

o
f

t
h
e

g
r
a
d
i
e
n
t

%
l
a
r
g
e
r

t
h
a
n

'
t
h
r
e
s
h
o
l
d
'

%
.
d
i
r

:
d
i
r
e
c
t
i
o
n

o
f

t
h
e

g
r
a
d
i
e
n
t

%
.
m
a
s
k

:
m
a
s
k

f
o
r

l
o
c
a
l

m
a
x
i
m
a

%
1

:
i
s

l
o
c
a
l

m
a
x
i
m
a

%
0

:
i
s

n
o
t

l
o
c
a
l

m
a
x
i
m
a

%
.
m
a
g

.
*

.
m
a
s
k

y
i
e
l
d
s

e
d
g
e
s
.

%%
D
e
s
c
r
i
p
t
i
o
n
:

C
o
m
p
u
t
e

g
r
a
d
i
e
n
t

b
y

r
o
b
e
r
t
s

o
p
e
r
a
t
o
r
s

%%
A
u
t
h
o
r
:

H
a
i
y
i
n
g

L
i
u

C
M

SC
828D

Fundam
entals

of
C

om
puter

V
ision

H
aiying

L
iu

22/22

%
D
a
t
e
:

O
c
t
.

3
,

2
0
0
0

%%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%

d
b
s
t
o
p

i
f

e
r
r
o
r

m
s
g

=
n
a
r
g
c
h
k
(
1
,

1
,

n
a
r
g
i
n
)
;

i
f

(
~
i
s
e
m
p
t
y
(
m
s
g
)
)

e
r
r
o
r
(
s
t
r
c
a
t
(
'
E
R
R
O
R
:
'
,

m
s
g
)
)
;

e
n
d

c
l
e
a
r

m
s
g
;

%
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=

%
C
o
n
s
t
r
u
c
t

r
o
b
e
r
t
s

o
p
e
r
a
t
o
r
.

o
p
_
r
o
b
e
r
t
s

=
[
1
,

0
;

0
,

-
1
]

/
s
q
r
t
(
2
)
;

%
G
e
t

g
r
a
d
i
e
n
t
.

b
x

=
f
i
l
t
e
r
2
(
o
p
_
r
o
b
e
r
t
s
,

d
a
t
a
,

'
s
a
m
e
'
)
;

b
y

=
f
i
l
t
e
r
2
(
r
o
t
9
0
(
o
p
_
r
o
b
e
r
t
s
)
,

d
a
t
a
,

'
s
a
m
e
'
)
;

%
C
o
m
p
u
t
e

m
a
g
n
i
t
u
d
e

a
n
d

d
i
r
e
c
t
i
o
n
.

t
h
e
t
a

=
1
3
5

*
p
i

/
1
8
0
;

d
x

=
b
x

.
*

c
o
s
(
t
h
e
t
a
)

-
b
y

.
*

s
i
n
(
t
h
e
t
a
)
;

d
y

=
b
x

.
*

s
i
n
(
t
h
e
t
a
)

+
b
y

.
*

c
o
s
(
t
h
e
t
a
)
;

g
r
a
d

=
d
x

+
i

*
d
y
;

g
r
a
d
i
e
n
t
.
m
a
g

=
a
b
s
(
g
r
a
d
)
;

g
r
a
d
i
e
n
t
.
d
i
r

=
a
n
g
l
e
(
g
r
a
d
)
;

%
S
u
p
p
r
e
s
s

n
o
n
-
m
a
x
i
m
a

g
r
a
d
i
e
n
t
.
m
a
s
k

=
z
e
r
o
s
(
s
i
z
e
(
d
a
t
a
)
)
;

n
R
o
w

=
s
i
z
e
(
d
a
t
a
,

1
)
;

n
C
o
l

=
s
i
z
e
(
d
a
t
a
,

2
)
;

f
o
r

r
o
w

=
2
:
n
R
o
w

-
1

f
o
r

c
o
l

=
2
:
n
C
o
l

-
1

w
n
d

=
g
r
a
d
(
r
o
w

-
1
:
r
o
w

+
1
,

c
o
l

-
1
:
c
o
l

+
1
)
;

g
r
a
d
i
e
n
t
.
m
a
s
k
(
r
o
w
,

c
o
l
)

=
.
.
.

n
o
n
M
a
x
i
m
a
S
u
p
p
r
e
s
s
(
r
e
a
l
(
w
n
d
)
,

i
m
a
g
(
w
n
d
)
)
;

e
n
d

e
n
d

• 
nonM

axim
aSuppress.m

:
f
u
n
c
t
i
o
n

r
=

n
o
n
M
a
x
i
m
a
l
S
u
p
p
r
e
s
s
(
g
r
a
d
X
,

g
r
a
d
Y
)

%
S
y
n
t
a
x
:

r
=

n
o
n
M
a
x
i
m
a
l
S
u
p
p
r
e
s
s
(
g
r
a
d
X
,

g
r
a
d
Y
)

%%
A
r
g
:

g
r
a
d
X
(
Y
)

-
l
o
c
a
l

3
x
3

g
r
a
d
i
e
n
t

m
a
t
r
i
x
.

%
r

-
b
o
o
l
e
a
n

r
e
s
u
l
t
.

%
1
:

i
s

l
o
c
a
l

m
a
x
i
m
a

%
0
:

i
s

N
O
T

l
o
c
a
l

m
a
x
i
m
a

%%
D
e
s
c
r
i
p
t
i
o
n
:

D
e
t
e
r
m
i
n
e

i
f

t
h
e

c
e
n
t
e
r

o
f

"
l
o
c
a
l
"

i
s

t
h
e

m
a
x

g
r
a
d
i
e
n
t
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%
R
e
f
e
r
e
n
c
e

:
N
u
m
e
r
i
c
a
l

R
e
c
i
p
e
s

%%
A
u
t
h
o
r
:

H
a
i
y
i
n
g

%
D
a
t
e

:
O
c
t

3
,

2
0
0
0

%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%

%
C
h
e
c
k

a
r
g
u
m
e
n
t
s
.

m
s
g

=
n
a
r
g
c
h
k
(
2
,

2
,

n
a
r
g
i
n
)
;

i
f

(
~
i
s
e
m
p
t
y
(
m
s
g
)
)

e
r
r
o
r
(
s
t
r
c
a
t
(
'
E
R
R
O
R
:
'
,

m
s
g
)
)
;

e
n
d

c
l
e
a
r

m
s
g
;

%
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=

%
=

F
o
r

e
a
c
h

p
i
x
e
l

(
e
x
c
e
p
t

t
h
o
s
e

o
n

t
h
e

i
m
a
g
e

b
o
u
n
d
a
r
y
)
,

c
h
e
c
k

i
f

%
=

t
h
e

g
r
a
d
i
e
n
t

m
a
g
n
i
t
u
d
e

i
s

a
l
o
c
a
l

(
3
x
3

n
e
i
g
h
b
o
u
r
h
o
o
d
)

m
a
x
i
m
a

i
n

%
=

t
h
e

g
r
a
d
i
e
n
t

o
r
i
e
n
t
a
t
i
o
n
:

r
=

0
;

y
=

2
;

x
=

2
;

d
x

=
g
r
a
d
X
(
y
,

x
)
;

d
y

=
g
r
a
d
Y
(
y
,

x
)
;

m
a
g

=
s
q
r
t
(
g
r
a
d
X

.
*

g
r
a
d
X

+
g
r
a
d
Y

.
*

g
r
a
d
Y
)
;

i
f

(
d
x

~
=

0
|

d
y

~
=

0
)

i
f

(
a
b
s
(
d
y
)

>
a
b
s
(
d
x
)
)

u
x

=
a
b
s
(
d
x
)

/
a
b
s
(
d
y
)
;

u
y

=
1
;

g
b

=
m
a
g
(
y

-
1
,

x
)
;

g
d

=
m
a
g
(
y

+
1
,

x
)
;

i
f

(
s
i
g
n
(
d
x
)

~
=

s
i
g
n
(
d
y
)
)

g
a

=
m
a
g
(
y

-
1
,

x
-

1
)
;

g
c

=
m
a
g
(
y

+
1
,

x
+

1
)
;

e
l
s
e

g
a

=
m
a
g
(
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-
1
,

x
+

1
)
;

g
c

=
m
a
g
(
y

+
1
,

x
-

1
)
;

e
n
d
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l
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e
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=
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(
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)

/
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b
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;
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=
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;
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=
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g
(
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x
+

1
)
;
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=
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a
g
(
y
,

x
-

1
)
;
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f
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i
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n
(
d
x
)

~
=
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i
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n
(
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=
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+
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+
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;
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=
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(
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)
;

e
l
s
e
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g
a

=
m
a
g
(
y

-
1
,

x
+

1
)
;

g
c

=
m
a
g
(
y

+
1
,

x
-

1
)
;

e
n
d

e
n
d

g
1

=
(
u
x

*
g
a
)

+
(
u
y

-
u
x
)

*
g
b
;

g
2

=
(
u
x

*
g
c
)

+
(
u
y
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u
x
)

*
g
d
;

g
=

s
q
r
t
(
d
x

*
d
x

+
d
y

*
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y
)
;

i
f

(
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>
=

g
1

&
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=
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)

r
=
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;

e
l
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e
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=

0
;
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d
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d


