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The Image Matching Problem

Remember CPM08 and CPMO09 ...
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The Image Matching Problem

A
Given: B
iven n & 1n
Find: feF f(A)
In
Goal: A(f(A), B) — min
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Transformation Class
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Transformation Class — Affine Transformations
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Discrete Problem

Consider D(A) = {f(A) | f € F}
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Our Characterization [MFCS08]
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Our Characterization [MFCS08]
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Our Characterization [MFCS08]

5 There are hyperplanes
11 /ijkii21+j22+a3:k—0.5
J,'jk . ia4+j35+36 =k—-05
v fori,j € {—n,...,n} and
for ke {—n,...,n+1}
15 _Il 0.5 0.5 i 15
-0.5
T-1
1.5

Christian Hundt Affine Image Matching is T CO-complete



Our Characterization [MFCS08]

5 There are hyperplanes
11 /ijkii21+j32+a3:k—0.5
J,'j Zia4+j35+86:k—0.5
v fori,j € {—n,...,n} and
for ke {—n,...,n+1}
N ¥, Vv 1 i cutting R® into a set A,
o of convex regions.
T-1
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Our Characterization [MFCS08]
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Our Characterization [MFCS08]
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Our Characterization [MFCS08]
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Our Characterization [MFCS08]
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Our Characterization [MFCS08]

15 /
%
11 4 Let ¢ € A, and let
f'
p=(a1,...,3)" €,
05 p’:(a{,...,a’ﬁ)Técp
: € A" : X represent f and f' € F.
1.5 _1 -0. I 1 I
2N Then f(A) = f'(A).
1-1
|A,| € O(n'®).
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A sequential Affine Image Matching Algorithm [MFCS08]

Input: Images A and B of size n
Output: f € F with minimum distortion A = (f(A), B)
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Input: Images A and B of size n
Output: f € F with minimum distortion A = (f(A), B)

construct A, O(n'®) time (Edelsbrunner '86)
traverse all faces ¢ of A, O(n*®) time (DFS)
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A sequential Affine Image Matching Algorithm [MFCS08]

Input: Images A and B of size n
Output: f € F with minimum distortion A = (f(A), B)

1. construct A, O(n'®) time (Edelsbrunner '86)
2. traverse all faces ¢ of A, O(n*®) time (DFS)

3. find p = (a1,...,a)" € ¢ O(1) time

4. get f from p and compute f(A) | O(1) time (amortized)

5.

6.
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A sequential Affine Image Matching Algorithm [MFCS08]

Input: Images A and B of size n
Output: f € F with minimum distortion A = (f(A), B)

n'8) time (Edelsbrunner '86)
18) time (DFS)

) time

) time (amortized)

) time (amortized)

construct A, 0
traverse all faces ¢ of A, 0
find p = (a1,...,a)" € ¢ 0]
o)
0

get f from p and compute f(A)

n
1
1
obtain A = (f(A), B) 1
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A sequential Affine Image Matching Algorithm [MFCS08]

Input: Images A and B of size n

Output: f € F with minimum distortion A = (f(A), B)

construct A,

traverse all faces ¢ of A,
find p = (a1,...,a)" € ¢
get f from p and compute f(A)
obtain A = (f(A), B)

return f with minimum distortion

S e
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A sequential Affine Image Matching Algorithm [MFCS08]

Input: Images A and B of size n
Output: f € F with minimum distortion A = (f(A), B)

1. construct A, O(n'®) time (Edelsbrunner '86)
2. traverse all faces ¢ of A, O(n*®) time (DFS)
3. find p = (a1,...,a)" € ¢ O(1) time
4. get f from p and compute f(A) | O(1) time (amortized)
5. obtain A = (f(A), B) O(1) time (amortized)
6. return f with minimum distortion | O(1) time
overall time O(n'8) time

It was open for a long time, whether Affine Image Matching
is polynomial time solveable.
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Recently raised Questions

What is the “exact” complexity class of Affine Image Matching?
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Recently raised Questions

What is the “exact” complexity class of Affine Image Matching?

To which degree can parallel computation speed-up Affine Image
Matching?
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New Result

Affine Image Matching is TC°-complete.
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New Result

Affine Image Matching is TC°-complete.

ACcTC’CNCrC...CL

N
-

Christian Hundt Affine Image Matching is T CO-complete



The Complexity Class TC®

All functions f : {0,1}* — {0,1}* that can be computed by
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The Complexity Class TC®

All functions f : {0,1}* — {0,1}* that can be computed by
a family of circuits G, Gy, ..., C,, ... that contain
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The Complexity Class TC®

All functions f : {0,1}* — {0,1}* that can be computed by
a family of circuits G, Gy, ..., C,, ... that contain

and-gates, and with unbounded fan-in and
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The Complexity Class TC®

All functions f : {0,1}* — {0,1}* that can be computed by

a family of circuits G, Gy, ..., C,, ... that contain

and-gates, or-gates and majority-gates with unbounded fan-in and
where every circuit has constant depth and

G

Ce
G

const
=
a

G
G
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The Complexity Class TC?

All functions f : {0,1}* — {0,1}* that can be computed by
a family of circuits G, Gy, ..., C,, ... that contain
and-gates, or-gates and majority-gates with unbounded fan-in and
where every circuit has constant depth and

contains a polynomial number of gates.

G

const

G G
G

G
e}
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The Complexity Class TC®

majority function (TCP-complete)
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majority function (TCP-complete)

integer addition, multiplication (TC°-complete), divi-
sion (TC -complete), ...
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The Complexity Class TC®

majority function (TCP-complete)

integer addition, multiplication (TC°-complete), divi-
sion (TC -complete), ...

repeated integer addition, i.e., > -operations (TCO—
complete)

integer minimum (TC®-complete), integer sorting
(TC°-complete)
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The Complexity Class TC?

majority function (TCP-complete)

integer addition, multiplication (TC°-complete), divi-
sion (TCO—compIete), ...

repeated integer addition, i.e., S -operations (TC®-
complete)

integer minimum (TC®-complete), integer sorting
(TC°-complete)

(CE C (CE %E

However it is unknown how A, can be computed
in TCP.
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A TC? Affine Image Matching Approach
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A TC? Affine Image Matching Approach

To get D(A)
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A TC? Affine Image Matching Approach

However, consider:

G, the grid of points

E t1 + 0.5
a t
3 | _10-7p—7 t3
ay ta
as ts + 0.5
a6 te

for all t1,...,t in
{—10%2n13 ... 1012n13},
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A TC? Affine Image Matching Approach

|Gn| € O(n"®).
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A TC? Affine Image Matching Approach

|G| € O(n™).
Every point p =

(a1,...,36) € Gn
fulfills a1as # axay.
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A TC? Affine Image Matching Approach

|G| € O(n™).
Every point p =

(a1,...,36) € Gn
fulfills a1as # axay.

For every o € A,
there is a grid point
p with p € p.
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A TC? Affine Image Matching Approach

fig,|

fig.I(A)

essentially arithmetics,
constant depth, O(n'®)
times polynomially many
processors
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A TC? Affine Image Matching Approach

Christian Hundt
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essentially arithmetics,
constant depth, O(n'®)
times polynomially many
processors

essentially repeated ad-
dition, constant depth,
O(n"®) times polynomially
many processors




f with minimum A(f(A), B)
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essentially arithmetics,
constant depth, O(n'®)
times polynomially many
processors

essentially repeated ad-
dition, constant depth,
O(n"®) times polynomially
many processors

minimum computation,
constant depth, polynomi-
ally many processors




A TC? Affine Image Matching Approach

Hence, Affine Image Matching is in TCP.

f with minimum A(f(A), B)

Christian Hundt
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essentially arithmetics,
constant depth, O(n'®)
times polynomially many
processors

essentially repeated ad-
dition, constant depth,
O(n"®) times polynomially
many processors

minimum computation,
constant depth, polynomi-
ally many processors




The TC%completeness of Affine Image Matching

Consider the TC®-complete problem

Majority = {s € {0,1} | ol 5> |2}

Christian Hundt Affine Image Matching is TC9-complete



The TC%completeness of Affine Image Matching

string s
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The TC%completeness of Affine Image Matching

string s

image As
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The TC%completeness of Affine Image Matching

string s
image As image Bs
EEEEEEEEE N NN EEEEEEEEN NN NEEENEEEENEEEEEEN
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The TC%completeness of Affine Image Matching

string s
image As image Bs
e A(AS,BS):ZIZ'I 1—s NN EEEEENEEEEEEEN

String s is in Majority iff A(As, Bs) < % .
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The TC%completeness of Affine Image Matching

string s
image As image Bs
image f(As)
EEEEEEEEE N NEN EEEEEEEE ? NN NEEENEEEENEEEEEEN
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The TC%completeness of Affine Image Matching

string s

image Bs
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The TCPcompleteness of Affine Image Matching

string s

image As image Bs

image fopt(As)

~(39)-(5)
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The TC%completeness of Affine Image Matching

string s
image fopt(As) image Bs
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The TCPcompleteness of Affine Image Matching

string s
image fopt(As) image Bs

A(fOPt(As)vBs):zl!jl 1—s;

String s is in Majority iff A(fopt(As), Bs) < {%J
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The TCPcompleteness of Affine Image Matching

string s
image fopt(As) image Bs

A(fOPt(As)vBs):zl!jl 1—s;

Because A and B can be computed easily,
Affine Image Matching is hard in TCP.
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Conclusions

m New insights into the structur of affine image transformations.
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Conclusions

m New insights into the structur of affine image transformations.

m Projective Image Matching is TC%-complete.
m TCC-approach does not apply to weaker transformation classes in a
straight-forward manner.
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Conclusions

m New insights into the structur of affine image transformations.

m Projective Image Matching is TC%-complete.

m TCC-approach does not apply to weaker transformation classes in a
straight-forward manner.

m TCC-hardness remains even for the weakest cases like Scaling or
Rotation Image Matching.
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End of Talk

Thank you for your attention!
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