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�ӂԓԚԏҷӅԚ

�Ȗ ȝǣǐ ЖȓȖȝ ǜȂȓǻȖ Ȃǜ ǶǦǜǐ ȂǼ ǐƷȓȝǣ ǅǦǶǶǦȂǼȖ Ȃǜ ΞǐƷȓȖ ƷǝȂॶ ǅƷǆȝǐȓǦƷ Ʒȓǐ ǐȖȖǐǼȝǦƷǶ ȏƷȓȝǦǆǦȏƷǼȝȖ ǦǼ ǼƷৄ
ȝȠȓǐ ƷǼǌ ǐΝǦȖȝ ƷǶǻȂȖȝ ǐΗǐȓΞΘǣǐȓǐॽ ,ȂΘǐΗǐȓॶ ȝǣǐ ǶǦΗǦǼǝ ΘȂȓǶǌ Ȃǜ ȝǣǐȖǐ ǆǐǶǶȖ ȓǐǻƷǦǼȖ ǻΞȖȝǐȓǦȂȠȖ
ǌȠǐ ȝȂ ǶǦǻǦȝƷȝǦȂǼȖ Ȃǜ ǆȂǼΗǐǼȝǦȂǼƷǶ ǻǦǆȓȂȖǆȂȏΞॽ
bǣǐ ȓǐǆǐǼȝǶΞ ǦǼȝȓȂǌȠǆǐǌ ǶƷȝȝǦǆǐ ǶǦǝǣȝ Ȗǣǐǐȝ ǻǦǆȓȂȖǆȂȏǐ ǦȖ ǆƷȏƷǅǶǐ Ȃǜ ǅȓǐƷǴǦǼǝ ȝǣǐ ǌǦЍȓƷǆȝǦȂǼ

ǶǦǻǦȝ ƷǼǌ ȏǐȓǜȂȓǻǦǼǝ ǶȂǼǝ ȝǐȓǻ ǶǦΗǐ ǆǐǶǶ ǦǻƷǝǦǼǝ ΘǦȝǣ ǶȂΘ ȏǣȂȝȂৄȝȂΝǦǆǦȝΞॽ bǣǦȖ ǼǐΘ ǻȂǌƷǶǦȝΞ
ǼǐǆǐȖȖǦȝƷȝǐȖ ƷǌΗƷǼǆǐǌ ǦǻƷǝǐ ƷǼƷǶΞȖǦȖ ƷǶǝȂȓǦȝǣǻȖ ǜȂȓ ȠǼǌǐȓȖȝƷǼǌǦǼǝ Ȃȓ ȠǶȝǦǻƷȝǐǶΞ ǆȂǼȝȓȂǶǶǦǼǝ ȝǣǐ
ƷǆȝǦΗǦȝǦǐȖ Ȃǜ ǦǼǌǦΗǦǌȠƷǶ ǅƷǆȝǐȓǦƷ ǦǼ Ʒ ǆȓȂΘǌǐǌॶ ȝǣȓǐǐৄǌǦǻǐǼȖǦȂǼƷǶ ǐǼΗǦȓȂǼǻǐǼȝ ȖȠǆǣ ƷȖ Ʒ ǅǦȂЖǶǻॽ
�ƷǆȝǐȓǦƷǶ ǅǐǣƷΗǦȂȓ ǦǼ ǅǦȂЖǶǻȖ ǦȖ ǆǶȂȖǐǶΞ ȓǐǶƷȝǐǌ ȝȂ ǦǻȏȂȓȝƷǼȝ ȏȓȂǅǶǐǻȖ ǦǼ ǐǼǐȓǝΞॶ ǌǦȖǐƷȖǐॶ ƷǼǌ ȝǣǐ
ǅƷȖǦǆ ǅǦȂǶȂǝΞॽ �ǶȝǣȂȠǝǣ ȝǣǐȓǐ ǐΝǦȖȝ ǅƷǆȝǐȓǦƷǶ ǦǻƷǝǐ ƷǼƷǶΞȖǦȖ ƷǶǝȂȓǦȝǣǻȖॶ ȝǣǐΞ ǜƷǦǶ ȝȂ ǌǐǶǦǼǐƷȝǐ ǆǐǶǶȖ
ǦǼ ǌǐǼȖǐ ǅǦȂЖǶǻȖॶ ǐȖȏǐǆǦƷǶǶΞ ǦǼ ं� ǦǻƷǝǦǼǝ ȖǆǐǼƷȓǦȂȖ ǦǼ ΘǣǦǆǣ ȝǣǐ ǆǐǶǶȖ Ʒȓǐ ǝȓȂΘǦǼǝ ƷǼǌ ȖȠǅǌǦৄ
ΗǦǌǦǼǝ ǦǼ Ʒ ǆȂǻȏǶǐΝ ǻƷǼǼǐȓॽ bǣǦȖ ȓǐȖǐƷȓǆǣ ǌǐΗǐǶȂȏȖ ƷǼ ƷȠȝȂǻƷȝǐǌ ƷǼǌ ǐЍǐǆȝǦΗǐ ƷǼƷǶΞȖǦȖ ȝȂȂǶǴǦȝ
ȝǣƷȝ ȂΗǐȓǆȂǻǐȖ ȝǣǐ ǆǣƷǶǶǐǼǝǐȖ Ȃǜ ǶǦΗǐ ǆǐǶǶ ǦǻƷǝǦǼǝॶ ȖȠǆǣ ƷȖ ȝǣǐ ǶƷǆǴ Ȃǜ ƷȏȏƷȓǐǼȝ ȖȝȓȠǆȝȠȓǐॶ ǶǦǻǦȝǐǌ
ǆȂǼȝȓƷȖȝ ǅǐȝΘǐǐǼ ǆȂǼȝǐȓǻǦǼȂȠȖ ǆǐǶǶȖॶ ƷǼǌ ǣǦǝǣ ǌǐǼȖǦȝΞ Ȃǜ ǆǐǶǶȖॽ
/Ǽ ȝǣǐ ǦǼǦȝǦƷǶ ȝǣȓȠȖȝ Ȃǜ ȝǣǦȖ ȓǐȖǐƷȓǆǣॶ Ʒ ǶǐΗǐǶ Ȗǐȝ ȖǐǝǻǐǼȝƷȝǦȂǼ ΘȂȓǴЙȂΘॶ ǼƷǻǐǌ �Ʒǆȝৄं�ॶ ΘƷȖ

ǐΝȏǶȂȓǐǌ ΘǦȝǣ ǶȂǆƷǶ ǆȂǼȖȝȓƷǦǼȝȖ ȝȂ ȖȝȂȏ ȝǣǐ ǻǐȓǝǦǼǝ Ȃǜ ǶǐΗǐǶ ȖǐȝȖ ǦǼ ǌǦЍǐȓǐǼȝ ǆǐǶǶ ȓǐǝǦȂǼȖॽ bǣǐ ƷǶǝȂৄ
ȓǦȝǣǻ ΞǦǐǶǌǐǌ ȏȓȂǻǦȖǦǼǝ ȓǐȖȠǶȝȖ ǜȂȓ ǻȠǶȝǦৄǶƷΞǐȓǐǌ ǅǦȂЖǶǻ ं� ǌƷȝƷॶ ǅȠȝ ȝǣǐ ȏǐȓǜȂȓǻƷǼǆǐ ǌǐǝȓƷǌǐȖ
ΘǣǐǼ ƷȏȏǶǦǐǌ ȝȂ ǻȂȓǐ ǆȂǻȏǶǐΝ ǅǦȂЖǶǻ ǦǻƷǝǐȖॶ Θǣǐȓǐ ȝǣǐ ǝƷȏȖ ǅǐȝΘǐǐǼ ǼǐǦǝǣǅȂȓǦǼǝ ǆǐǶǶȖ Ʒȓǐ ǐΝৄ
ȝȓǐǻǐǶΞ ǣƷȓǌ ȝȂ ǌǦȖȝǦǼǝȠǦȖǣॽ bǣǐȓǐǜȂȓǐॶ ǶǦǼǐƷȓ ǝȓƷȏǣ ǆȠȝȖ =�ȠȝȖ ǦȖ ȏȓȂȏȂȖǐǌ ƷȖ ƷǼ ƷȠȝȂǻƷȝǐǌ
ǆǐǶǶ ȖǐǝǻǐǼȝƷȝǦȂǼ ƷǶǝȂȓǦȝǣǻ ȝȂ ЖǼǌ ǦǼǌǦΗǦǌȠƷǶ ǅƷǆȝǐȓǦƷ ǅΞ ǐΝȝȓƷǆȝǦǼǝ ƷǼǌ ǌǐȝǐǆȝǦǼǝ ȝǣǐ ǐǻǅǐǌৄ
ǌǐǌ ǶǦǼǐƷȓǦȝΞ ǜǐƷȝȠȓǐȖ ǦǼ ȝǣǐ ǅǦȂЖǶǻॽ =�ȠȝȖ ƷǼǌ ǦȝȖ ǶƷȝǐȓ ǦǻȏȓȂΗǐǻǐǼȝȖ Ʒȓǐ ǝǐǼǐȓƷǶǶΞ ǐΝȝǐǼǌƷǅǶǐ
ƷȖ Ʒ ǶǦǼǐƷȓ ǌƷȝƷ ǆǶȠȖȝǐȓǦǼǝ ǻǐȝǣȂǌঃ ȝǣǐ ǻǐȝǣȂǌ ǌȂǐȖ ǼȂȝ ȓǐȒȠǦȓǐ ȏȓǦȂȓ ǴǼȂΘǶǐǌǝǐ Ȃǜ ȝǣǐ ǼȠǻǅǐȓ
Ȃǜ ǆǐǶǶȖ ƷȖ ǌȂ Ȃȝǣǐȓ ǆǶȠȖȝǐȓǦǼǝ ǻǐȝǣȂǌȖॽ /Ǽ ȝǣǐ ȖǐǆȂǼǌ ǻƷǱȂȓ ȝǣȓȠȖȝ Ȃǜ ȝǣǦȖ ǌǦȖȖǐȓȝƷȝǦȂǼॶ Θǐ ǦǼৄ
ΗǐȖȝǦǝƷȝǐ ȝǣǐ ǦǼǆȂȓȏȂȓƷȝǦȂǼ Ȃǜ =�ȠȝȖ ΘǦȝǣ ǌǐǐȏ ǼǐȠȓƷǶ ǼǐȝΘȂȓǴȖ ȝȂ ǻƷΝǦǻǦΣǐ ȝǣǐ ǆǐǶǶ ǌǐȝǐǆȝǦȂǼ
ƷǆǆȠȓƷǆΞॶ ƷǼǌ ȏȓȂȏȂȖǐ Ʒ ǝǐǼǐȓƷǶǦΣǐǌ ƷǼǌ ȠǼǦЖǐǌ ƷǶǝȂȓǦȝǣǻॶ ǻৄ=�ȠȝȖॶ ǜȂȓ ȏȂȖȝৄȏȓȂǆǐȖȖǦǼǝ ȠǼǌǐȓৄ
ƷǼǌ ȂΗǐȓৄȖǐǝǻǐǼȝǐǌ ȓǐȖȠǶȝȖॽ
�ȠȓȓǐǼȝ ȝȓƷǦǼǦǼǝ ǌƷȝƷ Ʒȓǐ ǶǦǻǦȝǐǌ ǌȠǐ ȝȂ ȝǣǐ ǶǦǻǦȝǐǌ ǼȠǻǅǐȓ Ȃǜ ȓǐƷǶ ǌƷȝƷȖǐȝȖ ƷǼǌ ǶƷǆǴ Ȃǜ ǆȂȓৄ

ȓǐȖȏȂǼǌǦǼǝ ƷǼǼȂȝƷȝǐǌ ǝȓȂȠǼǌ ȝȓȠȝǣॽ bǣǐ ǆȠȓȓǐǼȝ ǝȂǶǌৄȖȝƷǼǌƷȓǌॶ ǻƷǼȠƷǶ ƷǼǼȂȝƷȝǦȂǼॶ ǦȖ ǐȓȓȂȓৄ
ȏȓȂǼǐ ƷǼǌ ȝǦǻǐ ǆȂǼȖȠǻǦǼǝॽ bǣǐȓǐǜȂȓǐॶ ƷȖ ǐЍȂȓȝȖ ȝȂ ǐΝȏƷǼǌ ȝǣǐ ƷǼǼȂȝƷȝǐǌ ं� ǅǦȂЖǶǻ ǌƷȝƷȖǐȝȖॶ
ǅȂȝǣ Ʒ ǻȂǌǐǶৄǅƷȖǐǌ ǦǻƷǝǐ ȖǦǻȠǶƷȝǦȂǼ ȏǦȏǐǶǦǼǐ ȠȖǦǼǝ ȂȏȝǦǆƷǶ ƷǼǌ ǅǦȂǶȂǝǦǆƷǶ ǴǼȂΘǶǐǌǝǐ ƷǼǌ ƷǼ Ǧǻৄ
Ʒǝǐ ǝǐǼǐȓƷȝǦȂǼ ΘȂȓǴЙȂΘ ΗǦƷ ं� ǆΞǆǶǦǆ ǝǐǼǐȓƷȝǦΗǐ ƷǌΗǐȓȖƷȓǦƷǶ ǼǐȝΘȂȓǴȖ Ʒȓǐ ǦǼȝȓȂǌȠǆǐǌ ǦǼ ȝǣǐ ȝǣǦȓǌ
ȝǣȓȠȖȝ Ȃǜ ȝǣǦȖ ȓǐȖǐƷȓǆǣॽ /Ǽ Ȃȓǌǐȓ ȝȂ ǐΗƷǶȠƷȝǐ ȝǣȂȖǐ ं� ȖΞǼȝǣǐȝǦǆ ǌƷȝƷȖǐȝȖॶ Ʒ ȖȝȂǆǣƷȖȝǦǆ ȖΞǼȝǣǐȝǦǆ
ǌƷȝƷȖǐȝ ȒȠƷǶǦȝΞ ƷȖȖǐȖȖǻǐǼȝ ǻǐƷȖȠȓǐॶ ǼƷǻǐǌ [[W�ॶ ǦȖ ȏȓȂȏȂȖǐǌ ȝǣƷȝ ǆƷǼ ЖǶǶ ȝǣǐ ǐΝǦȖȝǦǼǝ ǝƷȏ ǦǼ ȝǣǐ
Ʒȓȝ ȝȂ ǐΗƷǶȠƷȝǐ ं� ȖΞǼȝǣǐȝǦǆ ǌƷȝƷȖǐȝ ȒȠƷǶǦȝΞॽ
bǣǐ ƷȠȝȂǻƷȝǐǌ ƷǶǝȂȓǦȝǣǻȖॶ ȏȓǐȖǐǼȝǐǌ ǦǼ ȝǣǦȖ ȓǐȖǐƷȓǆǣॶ Ʒȓǐ ƷǅǶǐ ȝȂ ȏȓȂǻȂȝǐ ȝǣǐ ȖǦǼǝǶǐৄǆǐǶǶ ƷǼǌ

ȏȂȏȠǶƷȝǦȂǼৄǶǐΗǐǶ ȖȝȠǌǦǐȖ ǅΞ ǆȂǻǅǦǼǦǼǝ ȖȠȏǐȓৄȓǐȖȂǶȠȝǦȂǼ ǦǻƷǝǦǼǝ ΘǦȝǣ ǆȂǻȏȠȝƷȝǦȂǼƷǶ ǦǻƷǝǐ Ʒǌৄ
ΗƷǼǆǐॽ $ȠȓȝǣǐȓǻȂȓǐॶ ȝǣǐΞ ƷǶȖȂ ǐǼƷǅǶǐ ȓǐǆȂǼȖȝȓȠǆȝǦȂǼ ƷǼǌ ƷǼƷǶΞȖǦȖ Ȃǜ ं� ǅǦȂЖǶǻȖॽ �Ȗ ǆȂǼǌȠǆȝǐǌ

ǦǦǦ



ǦǼ ȝǣǐ ǶƷȖȝ ȝǣȓȠȖȝ ǦǼ ȝǣǦȖ ǌǦȖȖǐȓȝƷȝǦȂǼॶ ǅǦȂЖǶǻ ȓǐǆȂǼȖȝȓȠǆȝǦȂǼ ΗǦƷ ǝǐȂǻǐȝȓǦǆƷǶ ǻȂǌǐǶ ЖȝȝǦǼǝ ƷǼǌ
ȖǣƷȏǐ ƷǼƷǶΞȖǦȖ Ȃǜ ȖǐǝǻǐǼȝƷȝǦȂǼ ȓǐȖȠǶȝȖ ǆƷǼ ȏȓȂΗǦǌǐ ȝǣǐ ǆǐǶǶ ǅǦȂǶȂǝǦȖȝȖ ΘǦȝǣ ȖȝƷȝǦȖȝǦǆȖ ȝȂ ǜȠȓȝǣǐȓ ǐΝৄ
ȏǶȂȓǐ ǅƷǆȝǐȓǦƷǶ ǆǐǶǶ ǻȂȓȏǣȂǶȂǝΞ ƷǼǌ ǦǼȝȓƷǅǦȂЖǶǻǻǐǆǣƷǼǦȖǻȖ ǦǼ ǜȠȝȠȓǐ ΘȂȓǴॽ

<ǐΞ ΘȂȓǌȖॵ ं� ȖǐǝǻǐǼȝƷȝǦȂǼॶ ǌƷȝƷ ǆǶȠȖȝǐȓǦǼǝॶ ǅǦȂЖǶǻ ȓǐǆȂǼȖȝȓȠǆȝǦȂǼॶ ǻƷǆǣǦǼǐ ǶǐƷȓǼǦǼǝॶ
ǝȓƷȏǣॶ ȖǣƷȏǐ

ǦΗ



�ȂǼȝǐǼȝȖ

�ӂԓԚԏҷӅԚ ǦǦǦ

ऀ /ӹԚԏԀӋԞӅԚӢԀӹ ऀ
ऀॽऀ =ƷȝȝǦǆǐ =Ǧǝǣȝ [ǣǐǐȝ /ǻƷǝǦǼǝ Ȃǜ �ƷǆȝǐȓǦƷǶ �ǦȂЖǶǻȖ ॽ ॽ ॽ ॽ ॽ ॽ ॽ ॽ ॽ ॽ ॽ ॽ ॽ ॽ ॽ ॽ ॽ ँ
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ΝǦ



�ǆǴǼȂΘǶǐǌǝǻǐǼȝȖ

� ǌǐǆƷǌǐ ǣƷȖ ȏƷȖȖǐǌॶ ȖǦǼǆǐ / ЖȓȖȝ ǐǼȝǐȓǐǌ ȝǣǐ ǝƷȝǐ Ȃǜ �ǶǐǆȝȓǦǆƷǶ ƷǼǌ �ȂǻȏȠȝǐȓ �ǼǝǦǼǐǐȓǦǼǝ ƷȖ
Ʒ ǜȓǐȖǣ ǣǦǝǣ ȖǆǣȂȂǶ ǝȓƷǌȠƷȝǐॽ / ȖȝǦǶǶ ȓǐǻǐǻǅǐȓ ȝǣƷȝ / ǣƷǌ ǼȂ ǦǌǐƷ ƷǅȂȠȝ ǣȂΘ ǜƷȓ / ΘȂȠǶǌ ǝȂ ΘǦȝǣ
ȝǣǐ ǆǣȂǦǆǐॶ ǅȠȝ ǼȂΘ / Ʒǻ ȏȓǐȖǐǼȝǦǼǝ ΞȂȠ ǻΞ ǌǦȖȖǐȓȝƷȝǦȂǼ ǜȂȓ ȝǣǐ ǌǐǝȓǐǐ Ȃǜ �ȂǆȝȂȓ Ȃǜ UǣǦǶȂȖȂȏǣΞ
ǦǼ �ǶǐǆȝȓǦǆƷǶ �ǼǝǦǼǐǐȓǦǼǝॽ bǣǦȖ ǻȂǻǐǼȝ ΘȂȠǶǌ ǼǐΗǐȓ ǅǐ ȏȂȖȖǦǅǶǐ Ǧǜ / ǌǦǌ ǼȂȝ ǣƷΗǐ ȝǣǐ ȖȠȏȏȂȓȝ
ǜȓȂǻ ȝǣǐ ǅǐȖȝ ƷǌΗǦȖȂȓॶ ΘȂǼǌǐȓǜȠǶ ǻǐǼȝȂȓȖॶ ȖΘǐǐȝǐȖȝ ǜȓǦǐǼǌȖॶ ƷǼǌ ǅǐǶȂΗǐǌ ǜƷǻǦǶΞ ƷǶȂǼǝ ȝǣǐ ȏƷȝǣॽ �
ǻǦǶǶǦȂǼ ȝǣƷǼǴȖ ȝȂ ƷǶǶ Ȃǜ ΞȂȠॽ
bǣǐ ЖȓȖȝ ȏǐȓȖȂǼॶ / ΘȂȠǶǌ ǶǦǴǐ ȝȂ ȝǣƷǼǴॶ ǦȖ ǻΞ ƷǌΗǦȖȂȓॶ �ȓॽ [ǆȂȝȝ �ǆȝȂǼॽ ,ǐ Ƕǐǌ ǻǐ ȝȂ Ȗǐǐ ȝǣǐ

ǅǐƷȠȝΞ Ȃǜ ǦǻƷǝǐ ȏȓȂǆǐȖȖǦǼǝॶ ƷǼǌ ȏȓȂΗǦǌǐǌ ǻǐ ǝǐǼǐȓȂȠȖ ȖȠȏȏȂȓȝॶ ǆȂǼȝǦǼȠȂȠȖ ǐǼǆȂȠȓƷǝǐǻǐǼȝ ƷǼǌ
ȏȓǐǆǦȂȠȖ ǝȠǦǌƷǼǆǐॽ / ǶǐƷȓǼȝ ǴǼȂΘǶǐǌǝǐ ǼȂȝ ȂǼǶΞ ǦǼ ƷǆƷǌǐǻǦǆȖ ǜȓȂǻ ǣǦǻॶ ǅȠȝ ƷǶȖȂ ǦǼ ȝǣǐ ȝǣǐȂȓΞ Ȃǜ
ǶǦǜǐॽ / Ʒǻ ΗǐȓΞ ǶȠǆǴΞ ǜȂȓ ǅǐǦǼǝ ǦǼ ȝǣǐ q/q� ǶƷǅ ȠǼǌǐȓ ȝǣǐ ȏȓȂȝǐǆȝǦȂǼ Ȃǜ ǣǦǻॽ
/ ΘȂȠǶǌ ǶǦǴǐ ȝȂ ȝǣƷǼǴ �ȓॽ �ǼǌȓǐƷȖ %ƷǣǶǻƷǼǼ ƷǼǌ ǣǦȖ ǶƷǅ ǦǼ ȝǣǐ �ǐȏƷȓȝǻǐǼȝ Ȃǜ �ǣǐǻǦȖȝȓΞॽ /

ȓǐƷǶǶΞ ǆȂȠǶǌ ǼȂȝ ǣƷΗǐ ǌȂǼǐ ȝǣǦȖ ȓǐȖǐƷȓǆǣ ΘǦȝǣȂȠȝ ƷǶǶ Ȃǜ ȝǣǐǦȓ ǣǐǶȏॽ / Ʒǻ ΗǐȓΞ ǝȓƷȝǐǜȠǶ ȝȂ ǣƷΗǐ �ȓॽ
%ƷǣǶǻƷǼǼȖ ƷǌΗǦǆǐ ȝȂ ǐΝȏǶȂȓǐ ȝǣǐ ǦǻƷǝǐ ƷǼƷǶΞȖǦȖ ȏȂȝǐǼȝǦƷǶȖ ǦǼ ǅƷǆȝǐȓǦƷǶ ǅǦȂЖǶǻȖॽ / Ʒǻ ƷǶȖȂ ȝǣƷǼǴৄ
ǜȠǶ ȝȂ ΘȂȓǴ ΘǦȝǣ ȝǣǐ ǼǦǆǐȖȝ ǆȂǶǶƷǅȂȓƷȝȂȓȖॶ �ȓॽ BǦǼǝΝǦǼǝ ~ǣƷǼǝॶ :Ǧ ~ǣƷǼǝॶ ƷǼǌ yǦǅȂsƷǼǝॶ ǜȂȓ
ȝǣǐǦȓ ǝǐǼǐȓȂȠȖ ȖǣƷȓǦǼǝ Ȃǜ ǌƷȝƷ ƷǼǌ ǴǼȂΘǶǐǌǝǐॽ
bǣƷǼǴ ΞȂȠ ȝȂ ƷǶǶ ǻΞ ǆȂǻǻǦȝȝǐǐ ǻǐǻǅǐȓȖॶ �ȓॽ ~ȂǼǝǶǦ =ǦǼॶ �ȓॽ bȂǻ $Ƕǐȝǆǣǐȓॶ ƷǼǌ �ȓॽ BǦƷȂৄ

ǻǦƷȂ ~ǣƷǼǝॽ / ȓǐƷǶǶΞ ƷȏȏȓǐǆǦƷȝǐ ǐΗǐȓΞ ǣǐǶȏ ƷǼǌ ȖȠǝǝǐȖȝǦȂǼ ȝǣǐΞ ȂЍǐȓǐǌ ǻǐॽ bǣǐΞ Ʒȓǐ ƷǶΘƷΞȖ ȖȂ
ǴǦǼǌॶ ǐǼǆȂȠȓƷǝǦǼǝॶ ƷǼǌ ǣǐǶȏǜȠǶॽ / Ʒǻ ΗǐȓΞ ǣȂǼȂȓǐǌ ȝȂ ǣƷΗǐ ȝǣǐǻ ȂǼ ǻΞ ǆȂǻǻǦȝȝǐǐ ȝǣƷȝ / ǆƷǼ
ȖǣƷȓǐ ǻΞ ΘȂȓǴ ΘǦȝǣॽ
bǣǐ ǅǐȖȝ q/q�ॶ / ȂΘǐ ΞȂȠ ƷǶǶ ȖȂ ǻƷǼΞ ȝǣƷǼǴȖॽ / ǝƷǦǼǐǌ Ʒ ǶȂȝ Ȃǜ ǴǼȂΘǶǐǌǝǐ ƷǼǌ ȏȓǦǆǐǶǐȖȖ ǜȓǦǐǼǌৄ

ȖǣǦȏ ǜȓȂǻ ǐΗǐȓΞȂǼǐ ǦǼ ȝǣǐ q/q� ǶƷǅॽ / ΘǦǶǶ ǜȂȓǐΗǐȓ ȝȓǐƷȖȠȓǐ ȝǣǐ ǝȂȂǌ ȂǶǌ ȝǦǻǐȖ ΘǦȝǣ �ȓॽ �ǼǌȓǐƷ
qƷǆǆƷȓǦॶ �ȓॽ XǦȝȠȏƷȓǼƷ [ƷȓǴƷȓॶ �ȓॽ bƷǻƷǶ �ƷȝƷǅΞƷǶॶ �ȓॽ CƷΣǦƷ bƷǅƷȖȖȠǻॶ �ȓॽ CƷȓȖǦǼ [ƷǌǐǝǣΣƷǌǐৄ
ǣΞƷΣǌǦॶ �ȓॽ bǦЍƷǼΞ =Ξॶ ƷǼǌ ,ƷȂΞǦ BƷॽ / ΘȂȠǶǌ ƷǶȖȂ ǶǦǴǐ ȝȂ ȝǣƷǼǴ ƷǼǌ ΘǐǶǆȂǻǐ bƷǼǱǦǼ bȂǻƷ ǜȂȓ
ǣǐȓ ǣǐǶȏ ƷǼǌ ǱȂǦǼ ǦǼ ȝǣǐ ǅǦȂЖǶǻ ȓǐȖǐƷȓǆǣॽ UƷȓȝǦǆȠǶƷȓ ƷȏȏȓǐǆǦƷȝǦȂǼ ȝȂ CƷΣǦƷॶ bǦЍƷǼΞ ƷǼǌ CƷȖȓǦǼॶ
ΘǣȂ ȓǐƷǶǶΞ ǻƷǌǐ ǻΞ q/q� ΞǐƷȓȖ ǅȓǦǝǣȝॽ
/ ΘȂȠǶǌ ȖǐǼǌ ǻΞ ǝȓƷȝǦȝȠǌǐ ȝȂ ȝǣǐ q/b�= ǶƷǅॶ �ȓॽ ~ǣƷǼǝȖ ǶƷǅॶ ǻΞ ȓȂȂǻǻƷȝǐȖॶ ƷǼǌ ǐΗǐȓΞȂǼǐ /

ǻǐȝ Ʒȝ eq� ƷǼǌ �ǣƷȓǶȂȝȝǐȖΗǦǶǶǐॽ /ȝ ǦȖ ǻΞ ǝȓǐƷȝ ȏǶǐƷȖȠȓǐ ȝȂ ǣƷΗǐ ȝǣǐ ǜȓǦǐǼǌȖǣǦȏ ΘǦȝǣ ƷǶǶ Ȃǜ ȝǣǐǻॽ /
ΘǦǶǶ ǼǐΗǐȓ ǜȂȓǝǐȝ ȝǣǐ ǣǐǶȏ ƷǼǌ ǴǦǼǌǼǐȖȖ / ȓǐǆǐǦΗǐǌॽ BΞ eq� ȖȝȂȓΞ ǦȖ ǦǼΗƷǶȠƷǅǶǐ ǅǐǆƷȠȖǐ Ȃǜ ȝǣǐǻॽ
BΞ ȖǦǼǆǐȓǐ ǝȓƷȝǦȝȠǌǐ ƷǶȖȂ ǝȂǐȖ ȝȂ ƷǶǶ ǻΞ ǅǐȖȝǐȖȝȖ ǜȓȂǻ ǅƷǆǴ ǦǼ �ǣǦǼƷॶ ǜȂȓ ȝǣǐǦȓ ǆȂǼȝǦǼȠȂȠȖ Ʒǆৄ

ǆȂǻȏƷǼΞǦǼǝ ƷǼǌ ȖȠȏȏȂȓȝॽ =ȂǼǝ ǶǦΗǐ ȂȠȓ ǜȓǦǐǼǌȖǣǦȏॽ
$ǦǼƷǶǶΞॶ ǻΞ ǌǐǐȏ ƷȏȏȓǐǆǦƷȝǦȂǼ ǝȂǐȖ ȝȂ ǻΞ ǌǐƷȓǐȖȝ ǜƷǻǦǶΞॶ ǐȖȏǐǆǦƷǶǶΞ ȝȂ ǻΞ ȏƷȓǐǼȝȖॶ ǜȂȓ ȝǣǐǦȓ

ȠǼǆȂǼǌǦȝǦȂǼƷǶ ǶȂΗǐॶ ǆƷȓǦǼǝॶ ƷǼǌ ȠǼǌǐȓȖȝƷǼǌǦǼǝॽ bǣǐΞ Ʒȓǐ ǻΞ ǐǼǐȓǝΞ ȝȂ Ǵǐǐȏ ȏȂȖǦȝǦΗǐ ƷǼǌ ȖȝȓȂǼǝৄ
ǻǦǼǌǐǌॽ bǣǦȖ ǌǦȖȖǐȓȝƷȝǦȂǼ ǦȖ ǜȂȓ ΞȂȠॽ

ΝǦǦ



bȂǯ Ȳǯǖȕ ͝ȡͤǖǼǯ ȡǻ ǫȅȵǥȡ͝ǯȲͤ ǥȡțȵȅȵȼȵ țȡȼ ȅț ȵǯǯȓȅțǼ țǯ͞

ȕǖțǫȵǥǖȮǯȵ࣐ Ǥȿȼ ȅț Ȃǖ͝ȅțǼ țǯ͞ ǯͤǯȵࣗ

BƷȓǆǐǶ UȓȂȠȖȝ

1
/ǼȝȓȂǌȠǆȝǦȂǼ

�Ȗ ȝǣǐ ЖȓȖȝ ǜȂȓǻȖ Ȃǜ ǶǦǜǐ ȂǼ ǐƷȓȝǣ ȖǦǼǆǐ ǅǦǶǶǦȂǼȖ Ȃǜ ΞǐƷȓȖ ƷǝȂॶ ǻǦǆȓȂȂȓǝƷǼǦȖǻȖ Ʒȓǐ ǐȖȖǐǼȝǦƷǶ ȏƷȓৄ

ȝǦǆǦȏƷǼȝȖ ǦǼ ǼƷȝȠȓǐ ƷǼǌ ǐΝǦȖȝ ƷǶǻȂȖȝ ǐΗǐȓΞΘǣǐȓǐंࣿॽ �ƷȖǐǌ ȂǼ ȝǣǐ ৗȝΘȂৄǐǻȏǦȓǐ ȖΞȖȝǐǻ ȖǦǼǆǐ Ʒ ǆǐǼৄ

ȝȠȓΞ ƷǝȂॶ ǆǐǶǶȠǶƷȓ ǶǦǜǐ ǦȖ ǆǶƷȖȖǦЖǐǌ ǦǼȝȂ ȝΘȂ ǝȓȂȠȏȖॵ UȓȂǴƷȓΞȂȝƷ ƷǼǌ �ȠǴƷȓΞȂȝƷऀअॽ UȓȂǴƷȓΞȂȝǐȖ Ʒǆৄ

ǆȂȠǼȝ ǜȂȓ ǻȂȓǐ ȝǣƷǼ ǣƷǶǜ ȝǣǐ ǅǦȂǻƷȖȖ ȂǼ ǐƷȓȝǣ ΘǦȝǣ ƷǼ ǐȖȝǦǻƷȝǐǌ ǆȂȠǼȝ Ȃǜ ऄ ǼȂǼǦǶǶǦȂǼऀँइॶ ΘǣǦǆǣ

ǦȖ ƷǅȂȠȝ ࣧ.ࣦ × ࣣ࣡࣡ ȝǣǐ ȏȂȏȠǶƷȝǦȂǼ Ȃǜ ǣȠǻƷǼȖ ȂǼ ȝǣǐ ǐƷȓȝǣॽ �ƷǆȝǐȓǦƷ ƷǼǌ ƷȓǆǣƷǐƷ Ʒȓǐ ƷǶǶ ȏȓȂǴƷȓΞৄ

ȂȝǦǆ ǆǐǶǶȖ ǦǼ ȝǣǐ ǻǦǆȓȂȖǆȂȏǦǆ ΘȂȓǶǌॽ bǣǐ ȖȠȓΗǦΗƷǶ Ȃǜ ƷǶǻȂȖȝ ƷǶǶ ȝǣǐ ƷǼǦǻƷǶȖ ȂǼ ȝǣǐ ǐƷȓȝǣ ǦȖ ǌǐȏǐǼৄ

ǌǐǼȝ ȂǼ ǅƷǆȝǐȓǦƷ ƷǼǌ ȖȂǻǐ ƷȓǆǣƷǐƷॶ ǅǐǆƷȠȖǐ ȝǣǐΞ ȏȓȂΗǦǌǐ ǜȠǼǌƷǻǐǼȝƷǶ ǝǐǼǐȖ ƷǼǌ ǐǼΣΞǻǐȖ ǜȂȓ

ΗǦȝƷǻǦǼ �ࣣ ȖΞǼȝǣǐȖǦȖँंॽ

ऀ



�ǼƷǶΞȖǦȖ Ȃǜ ǦǼǌǦΗǦǌȠƷǶ ǻǦǆȓȂȖǆȂȏǦǆ ǆǐǶǶȖॶ ǐȖȏǐǆǦƷǶǶΞ ȝǣȂȖǐ ǅƷǆȝǐȓǦƷǶ ǆǐǶǶȖ ΘǣǦǆǣ ƷǝǝȓǐǝƷȝǐ ǦǼ ǻȠǶৄ

ȝǦǆǐǶǶȠǶƷȓ ǆȂǻǻȠǼǦȝǦǐȖ ǆƷǶǶǐǌ ǅǦȂЖǶǻȖइँॶ ȏȓȂǻȂȝǐȖ ȖǦǝǼǦЖǆƷǼȝ ǦǼȖǦǝǣȝȖ ȓǐǝƷȓǌǦǼǝ ǻǦǆȓȂȂȓǝƷǼǦȖǻȖॽ

[ȝȠǌǦǐȖ ǦǼǌǦǆƷȝǐǌ ȝǣƷȝ ȖǦǼǝǶǐৄǆǐǶǶ ǶǐΗǐǶ ǦǼȝǐȓৄ ƷǼǌ ǦǼȝȓƷৄǆǐǶǶȠǶƷȓ ΗƷȓǦƷȝǦȂǼȖ ƷǼǌ ƷǆȝǦΗǦȝǦǐȖ Ʒȓǐ ǆȓǦȝǦǆƷǶ

ǜȂȓ ǅǦȂЖǶǻ ǌǐΗǐǶȂȏǻǐǼȝइऄॶइँॶ ǆǐǶǶȠǶƷȓ ǜȠǼǆȝǦȂǼƷǶǦȝΞइआॶंॶ ƷǼǌ ȏȂȏȠǶƷȝǦȂǼ ǣǐȝǐȓȂǝǐǼǐǦȝΞऀऀऀॶऀंइॽ eǼৄ

ǌǐȓȖȝƷǼǌǦǼǝ ȝǣǐȖǐ ȖǦǼǝǶǐৄǆǐǶǶ ǶǐΗǐǶ ƷǆȝǦΗǦȝǦǐȖ ǦȖ ƷǼ ǐȖȖǐǼȝǦƷǶ Ȗȝǐȏ ǜȂȓ ȏȓǐΗǐǼȝǦǼǝ ǣƷȓǻǜȠǶ ǦǻȏƷǆȝȖ ƷǼǌ

ǣƷȓǼǐȖȖǦǼǝ ǅǐǼǐЖǆǦƷǶ ȂȠȝȏȠȝȖ Ȃǜ ǻǦǆȓȂȂȓǝƷǼǦȖǻȖ ǜȂȓ ǣȠǻƷǼ ǅǐǼǐЖȝॽ $Ȃȓ ǐΝƷǻȏǶǐॶ ȝǣǐ ǜȂȓǻƷȝǦȂǼ

Ȃǜ ǅƷǆȝǐȓǦƷǶ ǅǦȂЖǶǻȖ ȂǼ ǻǦǆȓȂǅǦƷǶ ȖȠȓǜƷǆǐȖ ǆƷǼ ǆƷȠȖǐ ȏǐȓȖǦȖȝǐǼȝ ǦǼǜǐǆȝǦȂǼȖ ΘǦȝǣ ǣǦǝǣǐȓ ƷǼȝǦǅǦȂȝǦǆ

ȝȂǶǐȓƷǼǆǐ ǦǼ ǆȂǼȝȓƷȖȝ ȝȂ ȖǦǼǝǶǐ ΘƷǼǌǐȓǦǼǝ ǆǐǶǶȖ ȂȠȝȖǦǌǐ ǅǦȂЖǶǻȖँँॶऀंऀॽ bǣȠȖॶ ǶǐƷȓǼǦǼǝ ȝǣǐ ǦǼǼǐȓ

ΘȂȓǴǦǼǝȖ Ȃǜ ǅǦȂЖǶǻȖ ǆƷǼ ƷȖȖǦȖȝ ǦǼ ЖǼǌǦǼǝ ǐЍǐǆȝǦΗǐ ȝȓǐƷȝǻǐǼȝȖ ǜȂȓ ǅƷǆȝǐȓǦƷǶ ǦǼǜǐǆȝǦȂȠȖ ǌǦȖǐƷȖǐȖॶ

ȖȠǆǣ ƷȖ ǆΞȖȝǦǆ ЖǅȓȂȖǦȖ ȏǼǐȠǻȂǼǦƷॶ ǆǣȂǶǐȓƷॶ ƷǼǌ ǆǣȓȂǼǦǆ ǦǻȏǶƷǼȝৄȓǐǶƷȝǐǌ ǦǼǜǐǆȝǦȂǼȖःआॽ � ȏȓȂǻǦȖৄ

ǦǼǝ ǦǼǌȠȖȝȓǦƷǶ ƷȏȏǶǦǆƷȝǦȂǼ Ȃǜ ǅƷǆȝǐȓǦƷ ǦǼΗȂǶΗǐȖ ΘƷȖȝǐΘƷȝǐȓ ȝǣƷȝ ǆȂȠǶǌ ȏȓȂǌȠǆǐ ǐǶǐǆȝȓǦǆƷǶ ȏȂΘǐȓ Ȃȓ

ǣǦǝǣ ΗƷǶȠǐ ǆǣǐǻǦǆƷǶȖ ȝǣȓȂȠǝǣ ǐǶǐǆȝȓȂৄǅǦȂȖΞǼȝǣǐȖǦȖआऀॽ

[ȝȠǌΞǦǼǝ ȖǦǼǝǶǐ ǆǐǶǶ ǅǐǣƷΗǦȂȓ ǦǼ ǅǦȂЖǶǻȖ ȓǐȒȠǦȓǐȖ ȝǣǐ ǦǌǐǼȝǦЖǆƷȝǦȂǼ Ȃǜ ǦǼǌǦΗǦǌȠƷǶ ǆǐǶǶȖ ǜȓȂǻ ȝǣǐ

ǆȂǻȏǶǐΝ ं� ǐǼΗǦȓȂǼǻǐǼȝॶ ΘǣǦǆǣ ȓǐǻƷǦǼȖ Ʒ ǆǣƷǶǶǐǼǝǦǼǝ ȝƷȖǴ ǌȠǐ ȝȂ ǶǦǻǦȝƷȝǦȂǼȖ ǦǼ ǅȂȝǣ ǦǻƷǝǦǼǝ

ƷǼǌ ǦǻƷǝǐ ƷǼƷǶΞȖǦȖ ȝǐǆǣǼǦȒȠǐȖॽ /Ǽ ȝǐȓǻȖ Ȃǜ ǦǻƷǝǦǼǝ ǅǦȂЖǶǻȖॶ ȏǣȂȝȂȝȂΝǦǆǦȝΞॶ ȝǣǐ ȂȏȝǦǆƷǶ ǌǦЍȓƷǆৄ

ȝǦȂǼ ǶǦǻǦȝ ƷȓȂȠǼǌ ࣣ࣡࣡Ǽǻॶ ƷǼǌ ƷǼǦȖȂȝȓȂȏǦǆ ǦǻƷǝǦǼǝ ȓǐȖȂǶȠȝǦȂǼȖ ǦǼǜǐȓǦȂȓ ΗǐȓȝǦǆƷǶ ȓǐȖȂǶȠȝǦȂǼॶ

ǻƷǴǐ ƷǆǆȠȓƷȝǐ ȖǐǝǻǐǼȝƷȝǦȂǼ Ȃǜ ǦǼǌǦΗǦǌȠƷǶ ǆǐǶǶȖ ǌǦАǆȠǶȝॽ /Ǽ ȝǐȓǻȖ Ȃǜ ǦǻƷǝǐ ƷǼƷǶΞȖǦȖॶ ȝǣǐ ǻƷǦǼ

ǦȖȖȠǐȖ Ʒȓǐ ǆƷȠȖǐǌ ǅΞ ȝǣǐ ǌǐǼȖǐ ƷǝǝȓǐǝƷȝǦȂǼ Ȃǜ ǻǦǆȓȂǼৄȖǦΣǐǌ ǆǐǶǶȖॶ ǼȂǼȠǼǦǜȂȓǻ ǦǼȝȓƷৄǆǐǶǶȠǶƷȓ ЙȠȂৄ

ȓȂȏǣȂȓǐ ǌǦȖȝȓǦǅȠȝǦȂǼȖ ƷǼǌ ȖȏƷȝǦƷǶǶΞ ΗƷȓǦƷǼȝ ǦǶǶȠǻǦǼƷȝǦȂǼ ǆȂǼǌǦȝǦȂǼȖॽ /Ǽ ȝǣǦȖ ǌǦȖȖǐȓȝƷȝǦȂǼॶ ƷǼ ƷȠৄ

ȝȂǻƷȝǐǌ ǅǦȂЖǶǻ ǦǻƷǝǐ ƷǼƷǶΞȖǦȖ ƷȏȏȓȂƷǆǣ ǦȖ ȏȓǐȖǐǼȝǐǌ ȝȂ ȏǐȓǜȂȓǻ ȖǦǼǝǶǐ ǆǐǶǶ ƷǼƷǶΞȖǦȖ ǜȂȓ ǦǻƷǝǐȖ

ƷǆȒȠǦȓǐǌ ǅΞ ȝǣǐ ƷǌΗƷǼǆǐǌ ǶƷȝȝǦǆǐ ǶǦǝǣȝ Ȗǣǐǐȝ ǦǻƷǝǦǼǝ ȝǐǆǣǼǦȒȠǐॽ

ऀ৷ऀ =ҷԚԚӢӅӏ =ӢӚӟԚ [ӟӏӏԚ /ӸҷӚӢӹӚ Ԁә �ҷӅԚӏԏӢҷӲ �ӢԀәӢӲӸԓ

bǣǐ ǦǻƷǝǦǼǝ Ȃǜ ǅƷǆȝǐȓǦƷǶ ǅǦȂЖǶǻȖ ǣƷȖ ǅǐǐǼ Ʒ ǆǣƷǶǶǐǼǝǦǼǝ ȝƷȖǴ ǌȠǐ ȝȂ ȝǣǐ ǶƷǆǴ Ȃǜ ǦǻƷǝǦǼǝ ȝǐǆǣৄ

ǼǦȒȠǐȖ ȝȂ ȓǐȖȂǶΗǐ ǆǐǶǶȠǶƷȓ ǅǐǣƷΗǦȂȓȖ ȂΗǐȓ ȝǦǻǐ ƷǻȂǼǝ ǻƷǼΞ ǻǦǆȓȂǻǐȝǐȓৄȖǦΣǐǌ ǅƷǆȝǐȓǦƷ ǦǼ ं�

ँ



ǅǦȂЖǶǻȖइँॽ �ȂǼΗǐǼȝǦȂǼƷǶ ȂȏȝǦǆƷǶ ǻǦǆȓȂȖǆȂȏΞ ȝǐǆǣǼǦȒȠǐȖॶ ȖȠǆǣ ƷȖ ǆȂǼǜȂǆƷǶ ƷǼǌ ΘǦǌǐৄЖǐǶǌ ǻǦৄ

ǆȓȂȖǆȂȏΞॶ ȖȠЍǐȓǐǌ ǜȓȂǻ ȝǣǐ ǌǦЍȓƷǆȝǦȂǼ ǶǦǻǦȝ  ँࣿࣿ Ǽǻ ƷǼǌ ǣǦǝǣ ȏǣȂȝȂȝȂΝǦǆǦȝΞ ǆƷȠȖǐǌ ǅΞ ǣǦǝǣ ǦǶৄ

ǶȠǻǦǼƷȝǦȂǼ ǦǼȝǐǼȖǦȝΞॽ $Ȃȓ ǐΝƷǻȏǶǐॶ ȝǣǐ ȓǐȖȂǶȠȝǦȂǼ Ȃǜ ǦǻƷǝǐȖ ȏȓȂǌȠǆǐǌ ǅΞ ȝǣǐȖǐ ǻǐȝǣȂǌȖ ǆƷǼ ȂǼǶΞ

ȓǐƷǆǣ ƷǅȂȠȝ ँंࣿ Ǽǻ ǦǼ ȝǣǐ ǶƷȝǐȓƷǶ ȏǶƷǼǐ ƷǼǌ ǝǐȝ ΘȂȓȖǐ ǦǼ ȝǣǐ ƷΝǦƷǶ ǌǦȓǐǆȝǦȂǼ ΘǦȝǣ ȂǼǶΞ ऄआࣿ Ǽǻऀंआॽ

/Ǽ ȝǣǐȖǐ ǆƷȖǐȖॶ ǅƷǆȝǐȓǦƷǶ ǆǐǶǶȖ ΘǦȝǣ Ʒ ȝΞȏǦǆƷǶ ȓƷǌǦȠȖ ȓƷǼǝǦǼǝ ǜȓȂǻ ँࣿࣿ Ǽǻ ȝȂ अࣿࣿ Ǽǻ ǆƷǼ ǅǐ ǐƷȖǦǶΞ

ǜȠȖǐǌ ȝȂ ȝǣǐ ǼǐǦǝǣǅȂȓǦǼǝ ǆǐǶǶȖ ΘǦȝǣ ǌǦЍȓƷǆȝǦȂǼ ǶǦǻǦȝǐǌ ǻǦǆȓȂȖǆȂȏΞॽ BǐƷǼΘǣǦǶǐॶ ǶǦΗǐ ǆǐǶǶ ǜȠǼǆৄ

ȝǦȂǼȖ ǆƷǼ ǅǐ ǌǐȖȝȓȂΞǐǌ ΘǦȝǣ ǣǦǝǣ ǦǶǶȠǻǦǼƷȝǦȂǼ ǦǼȝǐǼȖǦȝΞॽ $Ȃȓ ǆȂǼǜȂǆƷǶ ƷǼǌ ΘǦǌǐৄЖǐǶǌ ǻǦǆȓȂȖǆȂȏΞॶ

ȝǣǐ ǦǶǶȠǻǦǼƷȝǦȂǼ ǦǼȝǐǼȖǦȝǦǐȖ Ʒȓǐ ȠȖȠƷǶǶΞ Ʒȝ ࣦ࣡ ƷǼǌ ࣡ࣤ Θǆǻࣣ ȓǐȖȏǐǆȝǦΗǐǶΞॶ ΘǣǦǆǣ Ʒȓǐ ȏȂȝǐǼȝǦƷǶǶΞ

ǣƷȓǻǜȠǶ ǜȂȓ ǶǦǝǣȝ ȖǐǼȖǦȝǦΗǐ ȖȏǐǆǦǻǐǼȖ ƷǼǌ ǶȂǼǝৄȝǐȓǻ ǶǦΗǐ ǆǐǶǶ ǦǻƷǝǦǼǝऀइॽ XƷȏǦǌ ȏǣȂȝȂǅǶǐƷǆǣǦǼǝ Ȃǜ

ЙȠȂȓȂȏǣȂȓǐȖ ǦȖ ƷǼȂȝǣǐȓ ǜƷǆȝȂȓ ȝǣƷȝ ƷЍǐǆȝȖ ȝǣǐ ȒȠƷǶǦȝΞ Ȃǜ ǦǻƷǝǐȖॽ /Ǽ ǆȂǼǜȂǆƷǶ ǻǦǆȓȂȖǆȂȏΞ ǻȂǌƷǶǦৄ

ȝǦǐȖॶ ȝǣǐ ǣǦǝǣ ǆȂǼȝȓƷȖȝ ǦǻƷǝǐȖ Ʒȓǐ ȏȓȂǌȠǆǐǌ ǅΞ ǶƷȖǐȓ ȖǆƷǼǼǦǼǝ ƷǆȓȂȖȖ ȝǣǐ ǦǻƷǝǐ ƷǼǌ ȓǐǻȂΗǦǼǝ ȂȠȝৄ

ȂǜৄǜȂǆȠȖ ȖǦǝǼƷǶȖ ǅΞ ȏǦǼ ǣȂǶǐȖॽ bǣǐ ȂȠȝৄȂǜৄǜȂǆȠȖ ȖǦǝǼƷǶȖ Ʒȓǐ ȠȖȠƷǶǶΞ ȓǐȏǐƷȝǐǌǶΞ ǦǶǶȠǻǦǼƷȝǐǌ ΘǣǐǼ

ȖǆƷǼǼǦǼǝ ƷǆȓȂȖȖ ȝǣǐ ΘǣȂǶǐ ǦǻƷǝǐॶ ȓǐȖȠǶȝǦǼǝ ǦǼ ǜƷȖȝ ȏǣȂȝȂǅǶǐƷǆǣǦǼǝऀंआॽ

bȂ ȂΗǐȓǆȂǻǐ ȝǣǐȖǐ ǶǦǻǦȝƷȝǦȂǼȖॶ ं� ȖȠȏǐȓৄȓǐȖȂǶȠȝǦȂǼ ǦǻƷǝǦǼǝ ȝǐǆǣǼȂǶȂǝΞऀइॶःࣿ ǦȖ ƷȏȏǶǦǐǌ ǅΞ

ȠȖǦǼǝ Ʒ ǶƷȝȝǦǆǐ ǶǦǝǣȝ Ȗǣǐǐȝ ȝȂ ǐΝǆǦȝǐ ЙȠȂȓǐȖǆǐǼǆǐ Ȃǜ Ʒ ȖȏǐǆǦǻǐǼॽ =ƷȝȝǦǆǐ ǶǦǝǣȝ Ȗǣǐǐȝ ǻǦǆȓȂȖǆȂȏΞ

==[B ǦȖ ǆƷȏƷǅǶǐ Ȃǜ ȏǐȓǜȂȓǻǦǼǝ ǶȂǼǝ ȝǐȓǻ ǶǦΗǐ ǆǐǶǶ ǦǻƷǝǦǼǝ ΘǦȝǣ ǼȂǼৄȏǣȂȝȂȝȂΝǦǆ ǦǶǶȠǻǦǼƷৄ

ȝǦȂǼ ǦǼȝǐǼȖǦȝǦǐȖ ∼ऀ Θǆǻࣣॶ ΘǣǦǆǣ ǦȖ ǆȂǻȏƷȓƷǅǶǐ ȝȂ ȝǣǐ ǦǶǶȠǻǦǼƷȝǦȂǼ Ȃǜ ȖȠǼȖǣǦǼǐ ∼ࣿॽऀ Θǆǻࣣॽ

BǐƷǼΘǣǦǶǐॶ ȝǣǐ ЙȠȂȓȂȏǣȂȓǐ ȏǣȂȝȂǅǶǐƷǆǣǦǼǝ ǆƷǼ ǅǐ ँࣿূऄࣿ ȝǦǻǐȖ ǶȂΘǐȓ ȝǣƷǼ ǆȂǼǜȂǆƷǶ ǻǦǆȓȂȖǆȂȏΞ

ȝȂ ȏȓȂǌȠǆǐ ǆȂǻȏƷȓƷǅǶǐ ȓǐȖȂǶȠȝǦȂǼ ƷǼǌ ǆȂǼȝȓƷȖȝऀंआॶऀइॶऀऀइॽ sǦȝǣ ȝǣǐ ȖȝȓȠǆȝȠȓǐǌ ǦǶǶȠǻǦǼƷȝǦȂǼ ǻȂǌǐॶ

==[B ǆƷǼ ǐΗǐǼ ȏȓȂǌȠǆǐ ȝǣȓǐǐৄǌǦǻǐǼȖǦȂǼƷǶ ǦǻƷǝǐȖ Ʒȝ ȓǐȖȂǶȠȝǦȂǼȖ ȝǐǼ ȝǦǻǐȖ ȖǻƷǶǶǐȓ ȝǣƷǼ ȝǣƷȝ ȏȓȂৄ

ΗǦǌǐǌ ǅΞ ȝȓƷǌǦȝǦȂǼƷǶ ȝǐǆǣǼǦȒȠǐȖऀइॽ

bǣǐ ==[B ǜȂȓ ƷǆȒȠǦȓǦǼǝ ЙȠȂȓǐȖǆǐǼȝ ȝǣȓǐǐৄǌǦǻǐǼȖǦȂǼƷǶ ǦǻƷǝǐȖ ΘƷȖ ǅȠǦǶȝ ǦǼ ȝǣǐ �ǐǶǶ /ǻƷǝǦǼǝ

Ʒȝ CƷǼȂȖǆƷǶǐ ǶƷǅ Ʒȝ ȝǣǐ eǼǦΗǐȓȖǦȝΞ Ȃǜ qǦȓǝǦǼǦƷ eq�ॽ � ँ� ȂȏȝǦǆƷǶ ǶƷȝȝǦǆǐǌ ȝǣǦǼ Ȗǣǐǐȝ Ȃǜ ǶǦǝǣȝ ǦȖ

ȠȖǐǌ ȝȂ ǦǶǶȠǻǦǼƷȝǐ ƷǼǌ ǐΝǆǦȝǐ ȝǣǐ ЙȂȠȓȂȏǣȂȓǐȖ ǦǼ ȝǣǐ ǐΝǆǦȝƷȝǦȂǼ ȏǶƷǼǐȖ ǦǼ ȝǣǐ ȖȏǐǆǦǻǐǼऀंआॽ �Ǽ

ǦǶǶȠȖȝȓƷȝǦȂǼ Ȃǜ ȝǣǐ ǦǻƷǝǦǼǝ ȏȓȂǆǐǌȠȓǐ ǦȖ ȖǣȂΘǼ ǦǼ $ǦǝȠȓǐ ऀॽऀॽ �ǐǆƷȠȖǐ ȝǣǐ ǶƷȖǐȓ ƷǼǌ ǌǐȝǐǆȝȂȓ Ʒȓǐ

Ȗǐȝ Ƞȏ Ʒȝ ƷǼ ǦǼǆǶǦǼǐǌ ƷǼǝǶǐॶ ȝǣǐ ЖǼƷǶ ǦǻƷǝǐȖ ǜȂȓ ǦǻƷǝǐ ƷǼƷǶΞȖǦȖ Ʒȓǐ ǌǐৄȖǴǐΘǐǌॽ �ǌǌǦȝǦȂǼƷǶ ȓƷΘ ǌƷȝƷ
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Figure 1.1: Illustration of the imaging procedure of bacterial biofilm using LLSM. The final output for image analysis
are 3D images de‐skewed and deconvolved from the raw volume produced by LLSM.

ȏȓȂǆǐȖȖǦǼǝ ΘƷȖ ƷǶȖȂ ǆȂǼǌȠǆȝǐǌ ǦǼ ȝǣǐ ǦǻƷǝǦǼǝ ǶƷǅ ΘǦȝǣ ǅƷǆǴǝȓȂȠǼǌ ȖȠǅȝȓƷǆȝǦȂǼ ƷǼǌ ǌǐǆȂǼΗȂǶȠৄ

ȝǦȂǼ ȠȖǦǼǝ ȝǣǐ XǦǆǣƷȓǌȖȂǼূ=ȠǆΞ ƷǶǝȂȓǦȝǣǻॽ bǣǐ ȂȏȝǦǆƷǶ ȓǐȖȂǶȠȝǦȂǼ Ȃǜ ==[B ȂȠȝȏȠȝȖ ǦȖ ँंࣿ Ǽǻ

× ँंࣿ Ǽǻ× ंआࣿ Ǽǻ ƷǼǌ ȝǣǐ ǦǻƷǝǐ ΗȂΝǐǶ ȖǦΣǐ ǜȂȓ ȝǣǐ ЖǼƷǶ ǌƷȝƷȖǐȝ ǦȖ ऀࣿࣿ Ǽǻ× ऀࣿࣿ Ǽǻ× ऀࣿࣿ

Ǽǻॽ

ऀ৷ँ �ҷԚҷԓӏԚԓ ҷӹӋ ӅӟҷӲӲӏӹӚӏԓ Ӣӹ Ԛӟӏ ӢӸҷӚӏ

bǣǐȓǐ Ʒȓǐ ȝǣȓǐǐ ȖȏǐǆǦǐȖ Ȃǜ ǅƷǆȝǐȓǦƷ ȠȝǦǶǦΣǐǌ ǦǼ ȝǣǦȖ ǌǦȖȖǐȓȝƷȝǦȂǼॵ [Ȃǯ͞ǖțǯȕȕǖ ȡțǯȅǫǯțȵȅȵBXৄऀॶ

�ࣗ ǥȡȕȅ <ऀँॶ ƷǼǌBͤͣȡǥȡǥǥȿȵ ͣǖțȼȂȿȵॽ [Ȃǯ͞ǖțǯȕȕǖ ȡțǯȅǫǯțȵȅȵ ǅƷǆȝǐȓǦƷ Ʒȓǐ ǆȂǻǻȂǼǶΞ ǜȂȠǼǌ ǦǼ

ƷȒȠƷȝǦǆ ǐǆȂȖΞȖȝǐǻȖॽ bǣǐΞ Ʒȓǐ ǼȂȝƷǅǶǐ ǜȂȓ ȝǣǐǦȓ ǜȠǼǆȝǦȂǼ ƷȖ ǻǦǆȓȂǅǦƷǶ ǜȠǐǶ ǆǐǶǶȖ ǌȠǐ ȝȂ ȓǐȖȏǦȓƷȝȂȓΞ

ƷǅǦǶǦȝǦǐȖऄईॽ [ǣǐΘƷǼǐǶǶƷ ƷǶȖȂ ǣƷȖ ȂǼǐ Ȃǜ ȝǣǐ ǌǐǼȖǐȖȝ ǅǦȂЖǶǻȖঃ [ǣǐΘƷǼǐǶǶƷ ǦȖ ȝǣǐ ǻȂǌǐǶ ǅƷǆȝǐȓǦȠǻ ȝȂ

ȖȝȠǌΞ ǆǐǶǶ ǌǐȝǐǆȝǦȂǼ ǦǼ ǌǐǼȖǐ ǅǦȂЖǶǻȖ $ǦǝȠȓǐ ऀॽँ Ʒॽ �ࣗ ǥȡȕȅ ǦȖ Ʒ ȝΞȏǦǆƷǶ ǅƷǆȝǐȓǦȠǻ ȝǣƷȝ ǼȂȓǻƷǶǶΞ

ǶǦΗǐȖ ǦǼ ȝǣǐ ǦǼȝǐȖȝǦǼǐȖ Ȃǜ ȏǐȂȏǶǐ ƷǼǌ ƷǼǦǻƷǶȖॶ ƷǼǌ ȖǐȓΗǐȖ ƷȖ Ʒ ȖƷǻȏǶǐ ǻȂǌǐǶ ǦǼ ȝǣǐ ȖȝȠǌΞ Ȃǜ ǅƷǆȝǐȓǦƷǶ

ǅǦȂЖǶǻȖॽ bΘȂ ǌǦЍǐȓǐǼȝ ǶƷǅǐǶǦǼǝ ǻǐȝǣȂǌȖॶ ऀ ǝǐǼǐȝǦǆ ǶƷǅǐǶǦǼǝ ȝǣȓȂȠǝǣ ȝǣǐ ǐΝȏȓǐȖȖǦȂǼ Ȃǜ ǆǐǶǶৄ

ǦǼȝǐȓǼƷǶ ЙȠȂȓǐȖǆǐǼȝ ȏȓȂȝǐǦǼȖ ΘǦȝǣ ǆΞȝȂȖȂǶǦǆ ЙȠȂȓȂȏǣȂȓǐȖॶ ƷǼǌ ँ ȖȝƷǦǼǦǼǝ Ȃǜ ȝǣǐ ǆǐǶǶ ǻǐǻǅȓƷǼǐȖ

ȠȖǦǼǝ ЙȠȂȓǐȖǆǐǼȝ ǌΞǐȖॶ ǆƷǼ ǅǐ ȠȝǦǶΣǦǐǌ Ʒȝ ȝǣǐ ȖƷǻǐ ȝǦǻǐ $ǦǝȠȓǐ ऀॽँ ǅǆॽ BȂȓǐ ǆǣƷǶǶǐǼǝǐȖ ȂǆǆȠȓ

ΘǣǐǼ ǆǐǶǶȖ Ʒȓǐ ǅǐǼǌǦǼǝॶ ǝȓȂΘǦǼǝॶ ƷǼǌ ȖȠǅǌǦΗǦǌǦǼǝॽ Bͤͣȡǥȡǥǥȿȵ ͣǖțȼȂȿȵ ǦȖ Ʒ ȏȓǐǌƷȝȂȓ ǦǼ ȝǣǐ ǅƷǆৄ
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Figure 1.2: Sample experimental datasets covered in the dissertation. (a) Two viewpoints of Shewanella dataset.
The others are xy views of (b) mix‐labeling of E. coli dataset, (c) interior labeling of E. coli dataset, and (c) membrane
staining of Myxococcus dataset.

ȝǐȓǦƷ ǜƷǻǦǶΞॽ HǼǐ ǼȂȝƷǅǶǐ ǻȂȓȏǣȂǶȂǝǦǆƷǶ ǅǐǣƷΗǦȂȓ ȂǆǆȠȓȖ ΘǣǐǼ ȝǣǐȓǐ Ʒȓǐ ǼȂȝ ǐǼȂȠǝǣ ǼȠȝȓǦǐǼȝȖ

ǦǼ ȝǣǐ ǅǦȂЖǶǻঃ ǦǼ ȖȠǆǣ Ʒ ǆƷȖǐॶ ȖȂǻǐ Ȃǜ ȝǣǐ ǆǐǶǶȖ ΘǦǶǶ ȝȠȓǼ ȒȠǦǆǴǶΞ ǦǼȝȂ ȖȏǣǐȓǐȖॶ ȝǣǐ ȖȂৄǆƷǶǶǐǌ ǻȲȿȅȼͤ

Ǥȡǫͤॽ

�Ȗ Ǧȝ ǆƷǼ ǅǐ ȂǅȖǐȓΗǐǌ ǦǼ ȝǣǐ ǌƷȝƷȖǐȝȖ $ǦǝȠȓǐ ऀॽँॶ ȝǣǐ ǻƷǱȂȓ ǆǣƷǶǶǐǼǝǐȖ ǦǼ ȝǣǐ ǦǻƷǝǐȖ ǜȂȓ ȖǦǼǝǶǐ

ǆǐǶǶ ƷǼƷǶΞȖǦȖ ǆȂǻǐ ǜȓȂǻॵ Ʒ ȝǣǐ ȏȓǐȖǐǼǆǐ Ȃǜ ȠǼǐΗǐǼ ЙȠȂȓǐȖǆǐǼǆǐ ǦǼȝǐǼȖǦȝΞ ΘǦȝǣǦǼ Ʒ ȖǦǼǝǶǐ ǆǐǶǶ Ȃȓ

ƷǆȓȂȖȖ ǻȠǶȝǦȏǶǐ ǆǐǶǶȖঃ ǅ ȝǣǐ ǻǦΝȝȠȓǐ ǶƷǅǐǶǦǼǝ Ȃǜ ǆΞȝȂȖȂǶǦǆ ǐΝȏȓǐȖȖǦȂǼ Ȃǜ ǆǐǶǶ ǦǼȝǐȓǦȂȓ ЙȠȂȓǐȖǆǐǼȝ

ȏȓȂȝǐǦǼȖ ƷǼǌ ǻǐǻǅȓƷǼǐ ȖȝƷǦǼǦǼǝ ΘǦȝǣ ЙȠȂȓǐȖǆǐǼȝ ǌΞǐȖঃ ǆ ȝǣǐ ǌǦΗǐȓȖǦȝΞ ǦǼ ǆǐǶǶ ȖǣƷȏǐȖঃ ǌ ȝǣǐ

ǣǦǝǣ ǌǐǼȖǦȝΞ Ȃǜ ǆǐǶǶȖ ȝǣƷȝ Ʒȓǐ ǆǶȂȖǐǶΞ ȝȂȠǆǣǦǼǝ ǐƷǆǣ Ȃȝǣǐȓঃ ǐ ȝǣǐ ǆȂǻȏǶǐΝ ǼȂǦȖǐ ǆȂǼǌǦȝǦȂǼȖ ǦǼ ȝǣǐ

ǌƷȝƷȖǐȝॶ ǐȖȏǐǆǦƷǶǶΞ ȝǣǐ ȂǼǐȖ ǦǻƷǝǐǌ Ʒȝ ǶƷȝǐȓ ȝǦǻǐ ȏȂǦǼȝȖ ǦǼ ǅǦȂЖǶǻ ǜȂȓǻƷȝǦȂǼॽ

ऀ৷ं HԪӏԏԪӢӏԫ Ԁә ӢӸҷӚӏ ҷӹҷӲԮԓӢԓ ԚӏӅӟӹӢԎԞӏԓ

bǣǐ ȠǶȝǦǻƷȝǐ ǝȂƷǶ Ȃǜ ǦǻƷǝǐ ƷǼƷǶΞȖǦȖ ǦȖ ȝȂ ǐΝȝȓƷǆȝ ǦǼǜȂȓǻƷȝǦȂǼ ȝǣƷȝ ǦȖ ǻǐƷǼǦǼǝǜȠǶ ǜȂȓ ȝǣǐ ȝƷȓǝǐȝ

ǌƷȝƷȖǐȝऀࣿःॽ $Ȃȓ ȖǦǼǝǶǐ ǆǐǶǶ ƷǼƷǶΞȖǦȖ Ȃǜ ǌǐǼȖǐ ǅƷǆȝǐȓǦƷǶ ǅǦȂЖǶǻȖ ǦǼ ȝǣǦȖ ǌǦȖȖǐȓȝƷȝǦȂǼॶ ǦǼǜȂȓǻƷȝǦǆȖॶ

ȖȠǆǣ ƷȖ ǆǐǶǶ ȖǦΣǐॶ ǆǐǶǶ ȖǣƷȏǐȖॶ ǆǐǶǶৄȝȂৄǆǐǶǶ ȖȏƷȝǦƷǶ ƷǼǌ ȝǐǻȏȂȓƷǶ ȓǐǶƷȝǦȂǼȖǣǦȏȖॶ Ʒȓǐ Ȃǜ ǝȓǐƷȝ ǦǼȝǐȓǐȖȝ ǜȂȓ

ǅǦȂЖǶǻ ȓǐȖǐƷȓǆǣǐȓȖॶ Θǣǐȓǐ ǦǌǐǼȝǦЖǆƷȝǦȂǼ Ȃǜ ǦǼǌǦΗǦǌȠƷǶ ǆǐǶǶ ȓǐǝǦȂǼȖ ǦȖ ȝǣǐ ǐȖȖǐǼȝǦƷǶ ЖȓȖȝ Ȗȝǐȏॽ

bǣǐȓǐ Ʒȓǐ ǝǐǼǐȓƷǶǶΞ ȝΘȂ ΘƷΞȖ ȝȂ ЖǼǌ ȝǣǐȖǐ ǦǼǌǦΗǦǌȠƷǶ ǆǐǶǶ ȓǐǝǦȂǼȖॵ ȂǅǱǐǆȝ ǌǐȝǐǆȝǦȂǼ ƷǼǌ ǦǻƷǝǐ

ȖǐǝǻǐǼȝƷȝǦȂǼॽ HǅǱǐǆȝ ǌǐȝǐǆȝǦȂǼ ȠȝǦǶǦΣǐȖ ǜǐƷȝȠȓǐȖ ǦǼ ȝǣǐ ǦǻƷǝǐ ȝȂ ǶȂǆƷǶǦΣǐ ǐƷǆǣ ǦǼǌǦΗǦǌȠƷǶ ǆǐǶǶॶ ȠȖȠৄ

ऄ



ƷǶǶΞ ǅΞ Ʒ ǆȂƷȓȖǐ ǅȂȠǼǌǦǼǝ ǅȂΝॽ [Ƞǆǣ ǜǐƷȝȠȓǐȖ ǻƷΞ ǦǼǆǶȠǌǐ ǐǌǝǐȖॶ ǦǼȝǐǼȖǦȝΞॶ ȝǐΝȝȠȓǐॶ ƷǼǌ ǆȠȓΗƷȝȠȓǐॽ

$Ȃȓ ȝǣǐ ǆƷȖǐȖ ΘǣǐǼ ȝǣǐ ǻƷΝǦǻȠǻ ǦǼȝǐǼȖǦȝΞ ǦȖ ƷǶΘƷΞȖ ǦǼȖǦǌǐ Ȃǜ ȝǣǐ ǆǐǶǶȖॶ Ʒ ǶȂǆƷǶ ǻƷΝǦǻƷ ǦǼȝǐǼȖǦȝΞ

ǌǐȝǐǆȝǦȂǼ ƷȏȏȓȂƷǆǣ ǆƷǼ ȖƷȝǦȖǜΞ ȝǣǐ ǌǐȝǐǆȝǦȂǼ Ȃǜ ǆǐǶǶȖऀࣿँॽ sǦȝǣ ȖȏǣǐȓǦǆƷǶ ǆǐǶǶȖॶ ȝǣǐ ǆȠȓΗƷȝȠȓǐ Ȃǜ ǆǐǶǶ

ȖǣƷȏǐ ǦȖ ȠȖǐǌ ǜȂȓ ǼǐȠȓȂǼ ǌǐȝǐǆȝǦȂǼ ΘǦȝǣ =ƷȏǶƷǆǦƷǼ Ȃǜ %ƷȠȖȖǦƷǼ =Ȃ%ऀँऄॽ $Ȃȓ ǌǐǐȏ ǶǐƷȓǼǦǼǝ ȓǐৄ

ǶƷȝǐǌ ƷȏȏǶǦǆƷȝǦȂǼȖॶ ȝǣǐ ȓǐǝǦȂǼৄǅƷȖǐǌ ǆȂǼΗȂǶȠȝǦȂǼƷǶ ǼǐȝΘȂȓǴ ǜƷȖȝ Xৄ�CCःं ƷǼǌ ǦȝȖ ΗƷȓǦƷȝǦȂǼȖ Ʒȓǐ

ȝǣǐ ǆȠȓȓǐǼȝ ȝȂȏ ȏǦǆǴȖ ΘǦȝǣ ȖȠǆǆǐȖȖǜȠǶ ƷȏȏǶǦǆƷȝǦȂǼ ǦǼ ǆǐǶǶ ǌǐȝǐǆȝǦȂǼ �ǐǶǶ Xৄ�CCqࣤ
अईॶ �UCऄॽ

$Ȃȓ Xৄ�CCॶ ȝǣǐ ЖǼƷǶ ǦǼȏȠȝ ǦǼǆǶȠǌǐȖ Ʒ ǅȂȠǼǌǦǼǝ ǅȂΝ ȓǐǝȓǐȖȖȂȓ ȝȂ ǶȂǆƷȝǐ ȝǣǐ ȂǅǱǐǆȝ ƷǼǌ Ʒ ǆǶƷȖȖǦЖৄ

ǆƷȝǦȂǼ ȖǆȂȓǐ ȝȂ ǌǐȝǐȓǻǦǼǐ ȝǣǐ ǆȂǼЖǌǐǼǆǐ Ȃǜ ȝǣǐ ǌǐȝǐǆȝǐǌ ȓǐǝǦȂǼ ȝȂ ǅǐ ȝǣǐ ȝƷȓǝǐȝǐǌ ǆǐǶǶॽ ,ȂΘǐΗǐȓॶ

ȂǅǱǐǆȝ ǌǐȝǐǆȝǦȂǼ ǆƷǼ ȂǼǶΞ ȏȓȂΗǦǌǐ ƷǼ ƷȏȏȓȂΝǦǻƷȝǐ ȖǦΣǐ ƷǼǌ ǶȂǆƷȝǦȂǼ Ȃǜ ǆǐǶǶȖॶ ΘǣǦǶǐ ȝǣǐ Ȃȝǣǐȓ Ǧǻৄ

ȏȂȓȝƷǼȝ ǦǼǜȂȓǻƷȝǦǆȖ Ʒȓǐ ǼȂȝ ƷǆǆǐȖȖǦǅǶǐॽ

/ǻƷǝǐ ȖǐǝǻǐǼȝƷȝǦȂǼ ǜȂȓ ȖǦǼǝǶǐ ǆǐǶǶ ƷǼƷǶΞȖǦȖ ǦȖ ƷǼ ǦǼȖȝƷǼǆǐ ȖǐǝǻǐǼȝƷȝǦȂǼ ȝƷȖǴॽ $Ȃȓ ǦǼȖȝƷǼǆǐ Ȗǐǝৄ

ǻǐǼȝƷȝǦȂǼॶ ǦǼ ƷǌǌǦȝǦȂǼ ȝȂ ȖǐȏƷȓƷȝǦȂǼ Ȃǜ ȝǣǐ ǜȂȓǐǝȓȂȠǼǌ Ȃǜ ǆǐǶǶȖ ǜȓȂǻ ȝǣǐ ǅƷǆǴǝȓȂȠǼǌॶ ȝǣǐ ǦǌǐǼৄ

ȝǦЖǆƷȝǦȂǼ Ȃǜ ǐǌǝǐȖ ǅǐȝΘǐǐǼ ǼǐǦǝǣǅȂȓǦǼǝ ǆǐǶǶȖ ǦȖ Ʒ ΗǦȝƷǶ Ȗȝǐȏःअॽ bǣǐ ǆǶƷȖȖǦǆ ǦǻƷǝǐ ȏȓȂǆǐȖȖǦǼǝ ȝǐǆǣৄ

ǼǦȒȠǐȖ ȠȖȠƷǶǶΞ ȝƷǴǐ Ʒ ǆȂǻǅǦǼƷȝǦȂǼ Ȃǜ ȝǣȓǐȖǣȂǶǌǦǼǝ ƷǼǌ ΘƷȝǐȓȖǣǐǌ ǻǐȝǣȂǌȖऄआॶऀंँॶइॶःईॽ bǣǐ ǝǐǼǐȓƷǶ

ȝǣȓǐȖǣȂǶǌǦǼǝ ǻǐȝǣȂǌȖ Ʒȝȝǐǻȏȝ ȝȂ ЖǼǌ ȝǣǐ ǆǐǶǶ ȓǐǝǦȂǼȖ ǅΞ ΘƷΞ Ȃǜ ǶȂΘৄȏƷȖȖ Ȃȓ ǣǦǝǣৄȏƷȖȖ ЖǶȝǐȓॶ ǅȠȝ

ȝǣǐΞ Ʒȓǐ ȠȖȠƷǶǶΞ ȠǼƷǅǶǐ ȝȂ ǌǦȖȝǦǼǝȠǦȖǣ ǼȂǦȖΞ ǅƷǆǴǝȓȂȠǼǌ ǜȓȂǻ ǦǼǣȂǻȂǝǐǼǐȂȠȖ ǜȂȓǐǝȓȂȠǼǌॽ sƷৄ

ȝǐȓȖǣǐǌऀऀआ ȠȖǐȖ ȝǣǐ ǝȓƷǌǦǐǼȝ ЙȂΘ ȝȂ ǦǌǐǼȝǦǜΞ ȝǣǐ ǻȂȓȏǣȂǶȂǝǦǆƷǶ ǆǣƷǼǝǐȖ ƷǶȂǼǝ ȖǐǝǻǐǼȝ ǆȂǼȝȂȠȓȖॶ

Ȃȓ ΗƷȓǦƷȝǦȂǼȖ ǦǼ ȝǣǐ ǦǻƷǝǐ ǦǼȝǐǼȖǦȝΞॽ [Ƞǆǣ ǻǐȝǣȂǌ ǦȖ ȖǐǼȖǦȝǦΗǐ ȝȂ ȝǣǐ ǼȂǦȖΞ ǆȂǼǌǦȝǦȂǼȖ ǦǼ ȝǣǐ Ǧǻৄ

Ʒǝǐॽ �ǌǝǐৄǅƷȖǐǌ ǦǻƷǝǐ ȖǐǝǻǐǼȝƷȝǦȂǼ ǻǐȝǣȂǌȖॶ ȖȠǆǣ ƷȖ ǐǌǝǐ ǌǐȝǐǆȝǦȂǼँࣿॶ ǌǐЖǼǐ ȝǣǐ ǆȂǼȝȂȠȓȖ ǅΞ

ȠȝǦǶǦΣǦǼǝ ȝǣǐ ǝȓƷǌǦǐǼȝ ƷǼǌ ,ǐȖȖǦƷǼ Ȃǜ ȝǣǐ ǦǻƷǝǐॽ bǣǐΞ Ʒȓǐ ƷǶȖȂ ǐȓȓȂȓৄȏȓȂǼǐ ȝȂ ǌǦȖǆȂǼȝǦǼȠǦȝǦǐȖ ǦǼ

ǆȂǶȂȓॶ ȝǐΝȝȠȓǐॶ ǐȝǆॽ XǐǝǦȂǼৄǅƷȖǐǌ ȖȂǶȠȝǦȂǼȖ Ʒȓǐ ȠȖȠƷǶǶΞ ǶǐȖȖ ȖǐǼȖǦȝǦΗǐ ȝȂ ǼȂǦȖΞ ȖǦǝǼƷǶȖ ǦǼ ȝǣǐ ǦǻƷǝǐ

ƷǼǌ ǆƷǼ ȏȓȂΗǦǌǐ ȖǐǝǻǐǼȝƷȝǦȂǼ ȓǐȖȠǶȝȖ ΘǦȝǣ ȖǻȂȂȝǣ ǅȂȠǼǌƷȓǦǐȖॶ ȖȠǆǣ ƷȖ ȠȖǦǼǝ ǝǐȂǻǐȝȓǦǆ ƷǆȝǦΗǐ

ǆȂǼȝȂȠȓ ǻȂǌǐǶȖॽ %ǐȂǻǐȝȓǦǆ ƷǆȝǦΗǐ ǆȂǼȝȂȠȓ ǻȂǌǐǶȖ Ʒȓǐ ǴǼȂΘǼ ǜȂȓ ȝǣǐǦȓ ƷǅǦǶǦȝΞ ȝȂ ƷȠȝȂǻƷȝǦǆƷǶǶΞ

ƷǌǱȠȖȝ ȝȂ ȝǣǐ ǦǻƷǝǐ ȝȂȏȂǶȂǝΞ ǦǼ ȝǣǐ ȏȓǐȖǐǼǆǐ Ȃǜ ƷǼ ƷȓǅǦȝȓƷȓΞ ǼȠǻǅǐȓ Ȃǜ ȓǐǝǦȂǼȖःॽ ,ȂΘǐΗǐȓॶ ǜȂȓ

ȖǦǼǝǶǐৄǆǐǶǶ ȖǐǝǻǐǼȝƷȝǦȂǼ ȏȠȓȏȂȖǐȖॶ ȝǣǐ ǅƷȖǦǆ ǝǐȂǻǐȝȓǦǆ ƷǆȝǦΗǐ ǆȂǼȝȂȠȓ ǻȂǌǐǶȖ ǆƷǼ ǐƷȖǦǶΞ ǦǝǼȂȓǐ

ȝǣǐ ȖǻƷǶǶ ǝƷȏȖ ǅǐȝΘǐǐǼ ȝΘȂ ƷǌǱƷǆǐǼȝ ǆǐǶǶȖॽ �ǼȂȝǣǐȓ ǻȂǌǐǶॶ ȏƷȓƷǻǐȝȓǦǆ ƷǆȝǦΗǐ ǆȂǼȝȂȠȓȖॶ ǌȂ ǼȂȝ

अ



ǻǐȓǝǐ ȝȂ ƷǼȂȝǣǐȓ ǆȂǼȝȂȠȓ ǅǐǶȂǼǝǦǼǝ ȝȂ ȝǣǐ Ȃȝǣǐȓ ȓǐǝǦȂǼॶ ǅȠȝ ȝǣǐ ǦǼǦȝǦƷǶǦΣƷȝǦȂǼ Ȃǜ ǶƷǼǌǻƷȓǴȖ ȂǼ

ȝǣǐ ǆȂǼȝȂȠȓȖ ǜȂȓ ǐƷǆǣ ǦǼǌǦΗǦǌȠƷǶ ǅƷǆȝǐȓǦȠǻ ǦǼ ȝǣǐ ǅǦȂЖǶǻ ǦȖ ȓǐȒȠǦȓǐǌॽ

sǦȝǣǦǼ ǌǐǐȏ ǼǐȠȓƷǶ ǼǐȝΘȂȓǴȖॶ ǆȂǼΗȂǶȠȝǦȂǼƷǶ ǼǐȠȓƷǶ ǼǐȝΘȂȓǴ �CC ǅƷȖǐǌ ǻȂǌǐǶȖ Ʒȓǐ ǐȖৄ

ȏǐǆǦƷǶǶΞ ȏȂȏȠǶƷȓ ƷȏȏȓȂƷǆǣǐȖ ǦǼ ǅǦȂǻǐǌǦǆƷǶ ǦǻƷǝǐ ȖǐǝǻǐǼȝƷȝǦȂǼ ȝƷȖǴȖआआॶंंॶईऀॶऀँईॶअईॶंअॶऀंआॶऀऀअॶँऀॶऀऀࣿॽ

bǣǐȓǐ Ʒȓǐ ȝΘȂ ȝΞȏǦǆƷǶ ȓȂȠȝǦǼǐȖ ǜȂȓ ƷǆǣǦǐΗǦǼǝ ȖǦǼǝǶǐৄǆǐǶǶ ǦǼȖȝƷǼǆǐ ȖǐǝǻǐǼȝƷȝǦȂǼॵ ऀ ȏȓǐȏȓȂǆǐȖȖৄ

ǦǼǝ ΘǦȝǣ �CC ȝȂ ǌǦȖȝǦǼǝȠǦȖǣ ǜȂȓǐǝȓȂȠǼǌ ǜȓȂǻ ǅƷǆǴǝȓȂȠǼǌॶ ȝǣǐǼ ǜȂǶǶȂΘǐǌ ǅΞ ȏȂȖȝৄȏȓȂǆǐȖȖǦǼǝ

ȝȂ ǦǌǐǼȝǦǜΞ ǐƷǆǣ ǦǼǌǦΗǦǌȠƷǶ ǆǐǶǶऀऀअॶऀंआॶंअॶऀऀࣿঃ ँ ǶȂǆƷǶǦΣƷȝǦȂǼ Ȃǜ ǐƷǆǣ ǆǐǶǶ ȓǐǝǦȂǼ ǅΞ ȂǅǱǐǆȝ ǌǐȝǐǆৄ

ȝǦȂǼॶ ȝǣǐǼ ЖǼǌǦǼǝ ȝǣǐ ȏȓǐǆǦȖǐ ȖǐǝǻǐǼȝƷȝǦȂǼ ǦǼȖǦǌǐ Ȃǜ ǐƷǆǣ ȂǅǱǐǆȝ ȓǐǝǦȂǼऀंऄॶअईॶऄॽ ,ȂΘǐΗǐȓॶ ȝǣǐ

ǻȂȖȝ ȖǦǝǼǦЖǆƷǼȝ ȂǅȖȝƷǆǶǐ ǜȂȓ ǦǻȏǶǐǻǐǼȝǦǼǝ ȖȠǆǣ ƷǼ ǐΝȏǐȓǦǻǐǼȝ ǦȖ ȝǣǐ ȖǦΣƷǅǶǐ ǌǐǻƷǼǌ ǜȂȓ ȝȓƷǦǼৄ

ǦǼǝ ǌƷȝƷȖǐȝȖॽ $Ȃȓ ǐΝȏǐȓǦǻǐǼȝƷǶ ǅǦȂЖǶǻ ǦǻƷǝǐȖॶ ȝǣǐ ǝȓȂȠǼǌ ȝȓȠȝǣ ǆǐǶǶ ȏȂȖǦȝǦȂǼȖ ƷǼǌ ǅȂȠǼǌƷȓǦǐȖ Ʒȓǐ

ȠǼǴǼȂΘǼॽ sǣǦǶǐ ȂǜȝǐǼ ȠȖǐǌ ƷȖ Ʒ ǝȂǶǌৄȖȝƷǼǌƷȓǌॶ ǻƷǼȠƷǶ ǶƷǅǐǶǦǼǝ Ȃǜ ȝȓƷǦǼǦǼǝ ǌƷȝƷȖǐȝȖ ǦȖ ǼȂȝ ȂǼǶΞ

ȝǦǻǐৄǆȂǼȖȠǻǦǼǝॶ ǅȠȝ ȂǜȝǐǼ ǦǼǆȂǼȖǦȖȝǐǼȝ ƷǆȓȂȖȖ ǌǦЍǐȓǐǼȝ ƷǼǼȂȝƷȝȂȓȖ ƷǼǌ ǌǦЍǐȓǐǼȝ ǌƷȝƷȖǐȝȖऀंआॽ

�ƷȝƷ ƷȠǝǻǐǼȝƷȝǦȂǼ ȝǣƷȝ ǆƷǼ ǐΝȝǐǼǌ ȝǣǐ ǜǐƷȝȠȓǐ ǌǦǻǐǼȖǦȂǼ Ȃǜ ǶǦǻǦȝǐǌ ǌƷȝƷȖǐȝȖ ǦȖ ȝǣȠȖ ǣǦǝǣǶΞ

ƷǌȂȏȝǐǌ ǦǼ ȖȝƷȝǐৄȂǜৄȝǣǐৄƷȓȝ ȏǦȏǐǶǦǼǐȖ ǜȂȓ ǅǦȂǶȂǝǦǆƷǶ ǦǻƷǝǐ ȖǐǝǻǐǼȝƷȝǦȂǼईऀॶंंॶऀंआॽ

ऀ৷ः �ӢԓԓӏԏԚҷԚӢԀӹ ԀԪӏԏԪӢӏԫ

bǣǦȖ ǌǦȖȖǐȓȝƷȝǦȂǼ ƷǦǻȖ ȝȂ ȏȓǐȖǐǼȝ ƷȠȝȂǻƷȝǐǌ ƷǶǝȂȓǦȝǣǻȖ ȝȂ ǅȓǐƷǴ ȝǣȓȂȠǝǣ ȝǣǐ ǦǼƷǅǦǶǦȝΞ ǦǼ ȓǐৄ

ȖȂǶΗǦǼǝ ƷǼǌ ƷǼƷǶΞΣǦǼǝ ǦǼǌǦΗǦǌȠƷǶ ǆǐǶǶȖ ǦǼ ǌǐǼȖǐǶΞৄȏƷǆǴǐǌ ǅǦȂЖǶǻȖ ǦǼǆȂȓȏȂȓƷȝǦǼǝ ǅȂȝǣ ǆǶƷȖȖǦǆ ƷǼǌ

ǻƷǆǣǦǼǐ ǶǐƷȓǼǦǼǝ ǦǻƷǝǐ ƷǼƷǶΞȖǦȖ ȝǐǆǣǼǦȒȠǐȖॽ bǣǐ ǝȂƷǶȖ Ʒȓǐ ǆƷȏȝȠȓǐǌ ǅΞ ȝǣǐ ǜȂȠȓ ȝǣȓȠȖȝȖ ǌǐȖǆȓǦǅǐǌ

ǅǐǶȂΘॽ bǣǐΞ ΘǦǶǶ ǅǐ ǦǼȝȓȂǌȠǆǐǌ ƷǼǌ ƷǼƷǶΞΣǐǌ ǦǼ ǌǐȝƷǦǶ ǜȓȂǻ �ǣƷȏȝǐȓ ँ ȝȂ �ǣƷȏȝǐȓ ऄ ǆȂȓȓǐȖȏȂǼǌৄ

ǦǼǝǶΞॱॽ /Ǽ ȝǣǐ ǶƷȖȝ ǆǣƷȏȝǐȓॶ Θǐ ΘǦǶǶ ǆȂǼǆǶȠǌǐॶ ǌǦȖǆȠȖȖ ȝǣǐ ǆȂǼȝȓǦǅȠȝǦȂǼȖॶ ƷǼǌ ȏȂǦǼȝ ȝȂ ȏȂȝǐǼȝǦƷǶ

ǜȠȝȠȓǐ ΘȂȓǴॽ
ॱbǣǐ ǌǐȝƷǦǶȖ ƷǼǌ ЖǝȠȓǐȖ Ȃǜ ǐƷǆǣ ǆǣƷȏȝǐȓ Ʒȓǐ ȓǐǶƷȝǐǌ ȝȂ ȝǣǐ ƷȠȝǣȂȓȖ ȏȠǅǶǦǆƷȝǦȂǼȖ ƷȖ ǆǦȝǐǌ ǦǼ ȝǣǐ ȝǣȓȠȖȝȖॽ

आ



ऀ৷ः৷ऀ bӟԏԞԓԚ ऀ৭ ԓӏӚӸӏӹԚҷԚӢԀӹ Ԁә ӂҷӅԚӏԏӢҷ ԫӢԚӟ =�ԞԚԓ

bǣǐ ǆȂǻȏǶǦǆƷȝǐǌ ȖȝȓȠǆȝȠȓǐ Ȃǜ ȝǣȓǐǐৄǌǦǻǐǼȖǦȂǼƷǶ ǅǦȂЖǶǻȖ ȏȂȖǐȖ ǌǦȖȝǦǼǆȝ ǆǣƷǶǶǐǼǝǐȖ ǜȂȓ ȒȠƷǼȝǦৄ

ȝƷȝǦΗǐ ǆǐǶǶ ƷǼƷǶΞȖǦȖ ƷǼǌ ǻȂǌǐǶǦǼǝॶ ǐȖȏǐǆǦƷǶǶΞ ΘǦȝǣ ȝǣǐ ȏȓǐȖǐǼǆǐ Ȃǜ ΗƷȓǦƷǼȝ ǌǐǼȖǦȝΞॶ ǼȂǦȖǐॶ ǦǶǶȠǻǦǼƷৄ

ȝǦȂǼॶ ǆǐǶǶ ȝΞȏǐॶ ƷǼǌ ЙȠȂȓǐȖǆǐǼȝ ȖȝƷǦǼǦǼǝ ǆȂǼǌǦȝǦȂǼȖऀंआॽ /Ǽ ȝǣǦȖ ȝǣȓȠȖȝॶ Θǐ Ʒȓǐ ǝȂǦǼǝ ȝȂ ǦǼȝȓȂǌȠǆǐ

ȝΘȂ ǻǐȝǣȂǌȂǶȂǝǦǐȖ ȝȂ ȂΗǐȓǆȂǻǐ ȝǣǐ ǣȠȓǌǶǐȖ ȏȓǐȖǐǼȝǐǌ ǅΞ ȝǣǦȖ ǅǦȂЖǶǻ ƷȏȏǶǦǆƷȝǦȂǼॵ ऀ ƷǆȝǦΗǐ

ǆȂǼȝȂȠȓৄǅƷȖǐǌ ȖǐǝǻǐǼȝƷȝǦȂǼ ǻǐȝǣȂǌ ΘǦȝǣ �ǖǥȼठँँऀ� ǜȂȓ ǻȠǶȝǦৄǶƷΞǐȓǐǌ ǅǦȂЖǶǻ ǌƷȝƷॶ ƷǼǌ ँ

Ʒ ǻȂȓǐ ƷǌΗƷǼǆǐǌ ȖǐǝǻǐǼȝƷȝǦȂǼ ȖȂǶȠȝǦȂǼ ΘǦȝǣ ǶǦǼǐƷȓ ǜǐƷȝȠȓǐৄǅƷȖǐǌ ǌǐȝǐǆȝǦȂǼ ƷǶǝȂȓǦȝǣǻ =�ȿȼȵ ऀँࣿॶ

ΘǣǦǆǣ ǆƷǼ ЖǼǌ ǦǼǌǦΗǦǌȠƷǶ ǆǐǶǶȖ ǦǼ Ʒ ǻȂȓǐ ǆȂǻȏǶǦǆƷȝǐǌ ȖȝȓȠǆȝȠȓǐ ǦǼ ं�ॽ =�ȿȼȵΘǦǶǶ ǅǐ ǐΝȏǶȂȓǐǌ

ȠȖǦǼǝ Ʒ ȓǐǆȠȓȖǦΗǐ ǝȓƷȏǣ ǆȠȝ ƷȏȏȓȂƷǆǣ ȝȂ ǐǼǣƷǼǆǐ ȝǣǐ ȖǦǼǝǶǐ ǆǐǶǶ ǦǌǐǼȝǦЖǆƷȝǦȂǼ ȏǐȓǜȂȓǻƷǼǆǐॽ

ऀ৷ः৷ँ bӟԏԞԓԚ ँ৭ ӚӏӹӏԏҷӲӢԲҷԚӢԀӹ Ԁә Ԛӟӏ ԓӏӚӸӏӹԚҷԚӢԀӹ ӸӏԚӟԀӋԫӢԚӟ Ӹ৳=�ԞԚԓ

bȂ ǣƷǼǌǶǐ ȝǣǐ ǦǻƷǝǐ ƷǼƷǶΞȖǦȖ ǆǣƷǶǶǐǼǝǐȖॶ ǻƷǼΞ ȝȂȂǶǴǦȝȖ Θǐȓǐ ȏȓȂȏȂȖǐǌ ȂΗǐȓ ȝǣǐ ǶƷȖȝ ǌǐǆƷǌǐ ȝȂ

ǌǐȝǐǆȝ ǦǼǌǦΗǦǌȠƷǶ ǆǐǶǶȖॽ ,ȂΘǐΗǐȓॶ Ʒ ȝȓƷǌǐৄȂЍ ȝǣƷȝ ǐΝǦȖȝȖ ƷǻȂǼǝ ƷǶǶ ȝǣǐ ǻǐȝǣȂǌȖ ǦȖ ǅǐȝΘǐǐǼ ȝǣǐ ǝȂƷǶ

Ȃǜ ǦǌǐǼȝǦǜΞǦǼǝ ǌǦȖȝǦǼǆȝ ǆǐǶǶȖ ƷǼǌ ȝǣǐ ǝȂƷǶ Ȃǜ ȏȓǐȖǐȓΗǦǼǝ ǻȂȓȏǣȂǶȂǝΞॽ $ƷΗȂȓǦǼǝ ȂǼǐ ȖȠǆǣ ǆȓǦȝǐȓǦȂǼ

ǻƷΞ ǶǐƷǌ ȝȂ ǜȓǐȒȠǐǼȝ ǆƷȖǐȖ Ȃǜ ȠǼǌǐȓৄȖǐǝǻǐǼȝƷȝǦȂǼ ƷǼǌ ȂΗǐȓৄȖǐǝǻǐǼȝƷȝǦȂǼ Ȃǜ ǆǐǶǶȖॽ bǣǐȖǐ ȏǣǐৄ

ǼȂǻǐǼƷ Ʒȓǐ ǐΗǐǼ ǻȂȓǐ ǆȂǻǻȂǼ ǜȂȓ ǅƷǆȝǐȓǦƷǶ ǆǐǶǶȖ ΘǦȝǣ ƷǼǦȖȂȝȓȂȏǦǆ ǆǐǶǶ ȖǣƷȏǐȖॽ UȂȖȝৄȏȓȂǆǐȖȖǦǼǝ

ǻǐȝǣȂǌȖ Ʒȓǐ ȝǣȠȖ ȓǐȒȠǦȓǐǌ ǅΞ ǻƷǼΞ ǐΝǦȖȝǦǼǝ ȖȂǶȠȝǦȂǼȖॶ ǦǼΗȂǶΗǦǼǝ ǐǦȝǣǐȓ ȝǣǐ ǆȂǻǅǦǼǦǼǝ Ȃǜ ȝǣǐ

ȂΗǐȓৄȖǐǝǻǐǼȝǐǌ ǆǶȠȖȝǐȓȖ Ȃȓ ȝǣǐ ȖȏǶǦȝȝǦǼǝ Ȃǜ ȝǣǐ ǻǐȓǝǐǌ ǆǐǶǶȖॽ bǣǐȓǐǜȂȓǐॶȚठ=�ȿȼȵ ǻƷȖǴǐǌ =�ȠȝȖऀँः

ΘǦǶǶ ǅǐ ȏȓǐȖǐǼȝǐǌ ƷȖ Ʒ ǝǐǼǐȓƷǶǦΣǐǌ ƷǼǌ ȠǼǦЖǐǌ ȖȂǶȠȝǦȂǼ ȝȂ ЖΝ ǅȂȝǣ ȂΗǐȓৄȖǐǝǻǐǼȝƷȝǦȂǼ ƷǼǌ ȠǼǌǐȓৄ

ȖǐǝǻǐǼȝƷȝǦȂǼ ȏȓȂǅǶǐǻȖ ΘǦȝǣ ȂǼǐ ȝǣǐȂȓΞ ǦǼ �ǣƷȏȝǐȓ ंॽ �ΝȏǐȓǦǻǐǼȝȖ Ʒȓǐ ǆȂǼǌȠǆȝǐǌ ȝǣƷȝ ǆȂǻǅǦǼǐ

ǆȂǻȏȠȝƷȝǦȂǼƷǶ ƷǼǌ ǻƷǆǣǦǼǐ ǶǐƷȓǼǦǼǝৄǅƷȖǐǌ ȝǐǆǣǼǦȒȠǐȖ ǜȂȓ Ʒ ǝǐǼǐȓƷǶǦΣƷȝǦȂǼ Ȃǜ ȖǐǝǻǐǼȝƷȝǦȂǼ ǜȂȓ

ǅƷǆȝǐȓǦƷǶ ǅǦȂЖǶǻȖ ǦǼ ��Bंऀ�आ ΘǦȝǣ ƷǼ ǦǼȝǐȓǻǐǌǦƷȝǐ ΗǐȓȖǦȂǼ Ȃǜ ǻৄ=�ȠȝȖॶ ȓǐǜǐȓȓǐǌ ȝȂ ƷȖ Ȳǯठ

Ϩțǯǫ =�ȿȼȵॽ

इ



ऀ৷ः৷ं bӟԏԞԓԚ ं৭ ӢӸҷӚӏ ԓԮӹԚӟӏԓӢԓ ҷӹӋ ӏԪҷӲԞҷԚӢԀӹ әԀԏ ӂҷӅԚӏԏӢҷӲ ӂӢԀәӢӲӸ ӢӸҷӚӏԓ

bǣǐ ƷǌΗǐǼȝ Ȃǜ ǌǐǐȏ ǶǐƷȓǼǦǼǝ ǅȓǦǼǝȖ ȂȏȏȂȓȝȠǼǦȝǦǐȖ ǜȂȓ ȖȂǶΗǦǼǝ ǆǣƷǶǶǐǼǝǦǼǝ ȏȓȂǅǶǐǻȖ ǦǼ Ʒ ΗƷȓǦǐȝΞ

Ȃǜ ЖǐǶǌȖॶ ǦǼǆǶȠǌǦǼǝ ȖǦǼǝǶǐৄǆǐǶǶ ƷǼƷǶΞȖǦȖॽ �ƷȝƷৄǌȓǦΗǐǼ ƷȏȏȓȂƷǆǣǐȖ ȝΞȏǦǆƷǶǶΞ ȓǐȒȠǦȓǐ Ʒ ǶƷȓǝǐ ȒȠƷǼৄ

ȝǦȝΞ Ȃǜ ǶƷǅǐǶǐǌ ȝȓƷǦǼǦǼǝ ǌƷȝƷ ȝȂ ƷǆǣǦǐΗǐ ȓǐǶǦƷǅǶǐ ȖȂǶȠȝǦȂǼȖॽ bȂ ǐΝȏƷǼǌ ȝǣǐ ǼȠǻǅǐȓ Ȃǜ ं� ǦǻƷǝǐȖ

ȝȂ ȒȠƷǼȝǦǜΞ ƷǼǌ ǐΗƷǶȠƷȝǐ ǌƷȝƷৄǌȓǦΗǐǼ ƷǼƷǶΞȖǦȖॶ Θǐ ȏȓǐȖǐǼȝ ȖȂǶȠȝǦȂǼȖ ǜȂȓ ȖΞǼȝǣǐȝǦǆ ǌƷȝƷ ǝǐǼǐȓƷৄ

ȝǦȂǼ ǅΞ ΘƷΞ Ȃǜ ǻȂǌǐǶৄǅƷȖǐǌ ǦǻƷǝǐ ȖǦǻȠǶƷȝǦȂǼ ǦǼ �ǣƷȏȝǐȓ ं ƷǼǌ ǝǐǼǐȓƷȝǦΗǐ ƷǌΗǐȓȖƷȓǦƷǶ ǼǐȝΘȂȓǴȖ

%�CȖ ǅƷȖǐǌ ǦǻƷǝǐ ǝǐǼǐȓƷȝǦȂǼ ƷǶǝȂȓǦȝǣǻȖ ǦǼ �ǣƷȏȝǐȓ ःॽ $Ȃȓ ǻȂǌǐǶৄǅƷȖǐǌ ǦǻƷǝǐ ȖǦǻȠǶƷȝǦȂǼॶ

ǌƷȝƷȖǐȝȖ Ʒȓǐ ǝǐǼǐȓƷȝǐǌ ǆȂǻǅǦǼǦǼǝ ǆȂǻȏȠȝƷȝǦȂǼƷǶ ǻȂǌǐǶ Ȃǜ ǅǦȂЖǶǻ ǝȓȂΘȝǣ ƷǼǌ ȂȏȝǦǆƷǶ ǴǼȂΘǶǐǌǝǐ

Ȃǜ ȝǣǐ ǻǦǆȓȂȖǆȂȏǐॽ $Ȃȓ %�CৄǅƷȖǐǌ ǦǻƷǝǐ ǝǐǼǐȓƷȝǦȂǼॶ � �ͤǥȕȅǥ %�C ए!ࣣऐΘǦȝǣ ȠǼǅƷǶƷǼǆǐǌ

ǆΞǆǶǐ ǆȂǼȖǦȖȝǐǼǆΞ ǶȂȖȖ ǦȖ ȏȓȂȏȂȖǐǌ ǦǼ ȂȠȓ ȓǐȖǐƷȓǆǣऀँंॶ ΘǦȝǣ ȝǣǐ ȏȠȓȏȂȖǐ Ȃǜ ǻǦǻǦǆǴǦǼǝ ȝǣǐ ȓǐƷǶǦȖȝǦǆ

ǆȂǼǌǦȝǦȂǼȖ ǦǼ ǐΝȏǐȓǦǻǐǼȝƷǶ ǦǻƷǝǐȖॽ %�CৄǅƷȖǐǌ ƷȏȏȓȂƷǆǣ ǆƷǼ ȝƷǴǐ ǦǼȝȂ ƷǆǆȂȠǼȝ ȝǣǐ ǆǣƷǶǶǐǼǝǦǼǝ

ǦǻƷǝǐ ǆȂǼǌǦȝǦȂǼȖॶ ȖȠǆǣ ƷȖ ȠǼǆƷǶǦǅȓƷȝǐǌ ǦǻƷǝǐ ƷǅǐȓȓƷȝǦȂǼȖ ƷǼǌ ǦǶǶȠǻǦǼƷȝǦȂǼǐǻǦȖȖǦȂǼ ǣǐȝǐȓȂǝǐǼǐৄ

ǦȝΞঃ ΘǣǦǶǐॶ ǻȂǌǐǶৄǅƷȖǐǌ ǦǻƷǝǐ ȖǦǻȠǶƷȝǦȂǼ ΘȂȓǴЙȂΘ ǆƷǼǼȂȝ ƷǆǆȂǻǻȂǌƷȝǐ ȝǣǐȖǐ ȖǦȝȠƷȝǦȂǼȖॽ �ǌৄ

ǌǦȝǦȂǼƷǶǶΞॶ Ʒ ȖȝȂǆǣƷȖȝǦǆ ȖΞǼȝǣǐȝǦǆ ǌƷȝƷȖǐȝ ȒȠƷǶǦȝΞ ƷȖȖǐȖȖǻǐǼȝ [[W� ǻǐƷȖȠȓǐऀँं ΘǦǶǶ ǅǐ ȏȓǐȖǐǼȝǐǌ

ȝǣƷȝ ǆƷǼ ǐΗƷǶȠƷȝǐ ȝǣǐ ȒȠƷǶǦȝǦǐȖ Ȃǜ ȖΞǼȝǣǐȝǦǆ ǌƷȝƷȖǐȝȖ ΘǦȝǣȂȠȝ ȝǣǐ Ǽǐǐǌ ǜȂȓ ǆȂȓȓǐȖȏȂǼǌǦǼǝ ǝȓȂȠǼǌ

ȝȓȠȝǣ ǦǻƷǝǐȖ ǦǼ ं�ॽ

ऀ৷ः৷ः bӟԏԞԓԚ ः৭ ӂҷӅԚӏԏӢҷӲ ӂӢԀәӢӲӸ ԏӏӅԀӹԓԚԏԞӅԚӢԀӹ ҷӹӋ ҷӹҷӲԮԓӢԓ

bǣǐ ƷǜȂȓǐǻǐǼȝǦȂǼǐǌ ǝȂƷǶȖ ȝǣƷȝ ȖǐǝǻǐǼȝॶ ǶǐƷȓǼ ƷǼǌ ǐΗƷǶȠƷȝǐ ǅǦȂЖǶǻ ǦǻƷǝǐȖ ǆƷǼ ǜȠȓȝǣǐȓ ǐǼƷǅǶǐ

ƷǌΗƷǼǆǐǌ ǅǦȂǦǼǜȂȓǻƷȝǦǆȖ ƷǼƷǶΞȖǦȖ ǦǼ �ǣƷȏȝǐȓ ऄॽ /ǼǜȂȓǻƷȝǦǆȖ ǐǻǅǐǌǌǐǌ ǦǼ ǅǦȂЖǶǻȖ ǐǼƷǅǶǐ ȠǼǌǐȓৄ

ȖȝƷǼǌǦǼǝ ǻǐǆǣƷǼǦȖǻȖ ǦǼȖǦǌǐ Ȃǜ ǅǦȂЖǶǻȖ ƷǼǌ ȝǣǐ ǆȂǼȝȓȂǶ Ȃǜ ȝǣǐ ǌǐΗǐǶȂȏǻǐǼȝ Ȃǜ ǣƷȓǻǜȠǶ ǅǦȂЖǶǻȖॽ

XǐǆȂǼȖȝȓȠǆȝǦȂǼ ƷǶȝǐȓǼƷȝǦΗǐȖ ΘǦǶǶ ǅǐ ǦǼȝȓȂǌȠǆǐǌॶ ǦǼǆǶȠǌǦǼǝ ȠȖǦǼǝ ǼǯȡȚǯȼȲȅǥǖȕ Țȡǫǯȕ ϨȼȼȅțǼ ƷǼǌ

ǐΝȏǶȂǦȝ ƷǆȝǦΗǐ ȖȠȓǜƷǆǐ ǜȂȓȚȡǫǯȕ ȵȂǖȮǯ ȲǯϨțǯȚǯțȼॽ $ȠȓȝǣǐȓǻȂȓǐॶ Θǐ ΘȂȠǶǌ ǶǦǴǐ ȝȂ ǌǐǻȂǼȖȝȓƷȝǐ

ȝǣǐ ȏȂȝǐǼȝǦƷǶ Ȃǜ ȖǣƷȏǐৄǅƷȖǐǌ ǅǦȂЖǶǻ ƷǼƷǶΞȖǦȖ ȝȂ ƷǼƷǶΞΣǐॶ ΗǦȖȠƷǶǦΣǐॶ ƷǼǌ ǆȂǻȏƷȓǐ ǅƷǆȝǐȓǦƷǶ ȖǣƷȏǐȖ ǦǼ

ȝǣǐ ǅǦȂЖǶǻॶ ǅƷȖǐǌ ȂǼ ȂȠȓ ΘȂȓǴ ȵȂǖȮǯ ϨȕȼǯȲ ऀँऀॽ

ई



$ȡȲ ȼȂǯ ȼȂȅțǼȵ ͞ǯ Ȃǖ͝ǯ ȼȡ ȕǯǖȲț ǤǯǻȡȲǯ ͞ǯ ǥǖț ǫȡ ȼȂǯȚ࣐ ͞ǯ

ȕǯǖȲț Ǥͤ ǫȡȅțǼ ȼȂǯȚࣗ

�ȓǦȖȝȂȝǶǐॶ bǣǐ CǦǆȂǻƷǆǣǐƷǼ �ȝǣǦǆȖ

2
[ǐǝǻǐǼȝƷȝǦȂǼ Ȃǜ �ƷǆȝǐȓǦƷ

bǣǐ ȂǅǱǐǆȝǦΗǐ Ȃǜ ȝǣǦȖ ǆǣƷȏȝǐȓ ǦȖ ȝȂ ǦǼȝȓȂǌȠǆǐ Ʒ ȖǦǼǝǶǐৄǆǐǶǶ ȖǐǝǻǐǼȝƷȝǦȂǼ ȖȂǶȠȝǦȂǼॶ ǼƷǻǐǌ =�ȠȝȖ

=ǦǼǐƷȓ ǝȓƷȏǣ ǆȠȝȖऀँࣿॶ ȝǣƷȝ ȂΗǐȓǆȂǻǐȖ ȝǣǐ ǌǦАǆȠǶȝΞ Ȃǜ ȖǐǝǻǐǼȝǦǼǝ ǌǐǼȖǐ ƷǝǝȓǐǝƷȝǦȂǼȖ ǦǼ Ʒ ǶƷȓǝǐ

ǅǦȂЖǶǻ ΘǦȝǣ ǼȂǼৄǣȂǻȂǝǐǼǐȂȠȖ ǦǼȝǐȓৄ ƷǼǌ ǦǼȝȓƷৄǆǐǶǶ ǦǼȝǐǼȖǦȝǦǐȖॽ /Ǽ ȂȠȓ ǦǼǦȝǦƷǶ Ʒȝȝǐǻȏȝ ǜȂȓ ȖǦǼǝǶǐৄ

ǆǐǶǶ ȖǐǝǻǐǼȝƷȝǦȂǼॶ Ʒ ǶǐΗǐǶ Ȗǐȝ ȖǐǝǻǐǼȝƷȝǦȂǼ ǻǐȝǣȂǌॶ �Ʒǆȝৄं�ऀँँॶ ΘƷȖ ǦǼȝȓȂǌȠǆǐǌॽ �Ʒǆȝৄं� ȏȓǐৄ

ΗǐǼȝȖ ȝǣǐ ǶǐΗǐǶ ȖǐȝȖ ǦǼ ǌǦЍǐȓǐǼȝ ȖǦǼǝǶǐৄǆǐǶǶ ȓǐǝǦȂǼȖ ǜȓȂǻǻǐȓǝǦǼǝ ǦǼȝȂ ǐƷǆǣ Ȃȝǣǐȓ ǅΞ ǐȖȝƷǅǶǦȖǣǦǼǝ

ǶȂǆƷǶ ǐΗȂǶȠȝǦȂǼ ǆȂǼȖȝȓƷǦǼȝȖॽ �ǶȝǣȂȠǝǣ ȏȓȂǻǦȖǦǼǝ ȓǐȖȠǶȝȖ ǜȂȓ ǻȠǶȝǦৄǶƷΞǐȓǐǌ ǅǦȂЖǶǻ ं� ǌƷȝƷ ΘƷȖ

ƷǆǣǦǐΗǐǌॶ ȝǣǐ ȏǐȓǜȂȓǻƷǼǆǐ ǌǐǝȓƷǌǐȖ ȂǼ ǻȂȓǐ ǆȂǻȏǶǐΝ ǅǦȂЖǶǻ ǦǻƷǝǐȖ ƷȖ ȝǣǐ ǝƷȏȖ ǅǐȝΘǐǐǼ ǼǐǦǝǣৄ

ǅȂȓǦǼǝ ǆǐǶǶȖ Ʒȓǐ ǐΝȝȓǐǻǐǶΞ ǣƷȓǌ ȝȂ ǦǌǐǼȝǦǜΞॽ /Ǽ ǆȂǼȝȓƷȖȝॶ =�ȠȝȖ ǦȖ ǆƷȏƷǅǶǐ Ȃǜ ЖǼǌǦǼǝ ȝǣǐ ǶǦǼǐƷȓ

ऀࣿ



ȖȝȓȠǆȝȠȓǐȖ ǦǼ ȏȂǦǼȝ ǆǶȂȠǌ ǌƷȝƷ Θǣǐȓǐ ǆǐǶǶ ǅȂȠǼǌƷȓǦǐȖ ǻƷΞ ǅǐ ƷǻǅǦǝȠȂȠȖॽ /ǼȖȝǐƷǌ Ȃǜ ǦǌǐǼȝǦǜΞǦǼǝ

ȝǣǐ ǅȂȠǼǌƷȓǦǐȖ ǦǼ ǦǼȝǐǼȖǦȝΞ ǅǐȝΘǐǐǼ ǌǐǼȖǐǶΞ ȏƷǆǴǐǌ ǆǐǶǶȖॶ =�ȠȝȖ ǆȂǻȏȠȝǐ ȝǣǐ ǶȂǆƷǶ ǦǼȝǐǼȖǦȝΞ ǻƷΝৄ

ǦǻƷ ȝȂ ǌǐǶǦǼǐƷȝǐ ȝǣǐ ǆǐǼȝȓƷǶ ƷΝǦȖ Ȃǜ ǐƷǆǣ ǆǐǶǶঃ ȝǣǐǼ Ǧȝ ȏƷȓȝǦȝǦȂǼȖ ȝǣǐ ȏȂǦǼȝ ǆǶȂȠǌ ǌƷȝƷ ǅƷȖǐǌ ȂǼ ȝǣǐ

ƷȏȏȓȂΝǦǻƷȝǐ ǆȂǶǶǦǼǐƷȓǦȝΞ Ȃǜ ǅƷǆȝǐȓǦƷǶ ǆǐǶǶȖ ǐǻǅǐǌǌǐǌ ǦǼ ȝǣǐ ǦǻƷǝǐ ȝȂ ȓǐȏȓǐȖǐǼȝ ǌǦЍǐȓǐǼȝ ǝȓȂȠȏȖ

Ȃǜ ǆǐǶǶȖॽ =�ȠȝȖ ǦȖ Ʒ ǝȓƷȏǣৄǅƷȖǐǌ ǻȠǶȝǦৄǆǶƷȖȖ ǶǦǼǐƷȓ ǌƷȝƷ ǆǶȠȖȝǐȓǦǼǝ ƷǶǝȂȓǦȝǣǻ ȝǣƷȝ ΘȂȓǴȖ ǦǼ Ʒ ȓǐǆȠȓৄ

ȖǦΗǐ ǻƷǼǼǐȓॽ /ȝ ǌȂǐȖ ǼȂȝ ȓǐȒȠǦȓǐ ȏȓǦȂȓ ǴǼȂΘǶǐǌǝǐ Ȃǜ ȝǣǐ ǼȠǻǅǐȓ Ȃǜ ǆǐǶǶȖ ƷȖ ǌȂ Ȃȝǣǐȓ ǆǶȠȖȝǐȓǦǼǝ

ǻǐȝǣȂǌȖॽ

ँ৷ऀ �ҷӅӯӚԏԀԞӹӋ

$Ȃȓ ȖǦǼǝǶǐৄǆǐǶǶ ȖǐǝǻǐǼȝƷȝǦȂǼ ȝƷȖǴȖॶ ȝǣǐ ȝΘȂ ǻƷǱȂȓ ȂǅǱǐǆȝǦΗǐȖ Ʒȓǐॵ ऀ ǌǦȖȝǦǼǝȠǦȖǣǦǼǝ ȝǣǐ ǦǼǣȂৄ

ǻȂǝǐǼǐȂȠȖ ǜȂȓǐǝȓȂȠǼǌ ǅƷǆȝǐȓǦƷ ǜȓȂǻ Ʒ ǼȂǦȖΞ ǅƷǆǴǝȓȂȠǼǌঃ ँ ǦǌǐǼȝǦǜΞǦǼǝ ȝǣǐ ǝƷȏȖ ǅǐȝΘǐǐǼ

ǼǐǦǝǣǅȂȓǦǼǝ ǆǐǶǶȖॽ

bǣȓǐȖǣȂǶǌǦǼǝৄǅƷȖǐǌ ǻǐȝǣȂǌȖ ईइॶइअॶईࣿ ȠȖȠƷǶǶΞ ȝƷǴǐ Ʒ ǻȠǶȝǦǶǐΗǐǶ ƷȏȏȓȂƷǆǣ ȝȂ ǌǐƷǶ ΘǦȝǣ ȝǣǐ ǦǼৄ

ǣȂǻȂǝǐǼǐǦȝΞॽ /Ǽईइॶ ȝǣǐ ƷȠȝǣȂȓȖ ǆȂǻǅǦǼǐǌ ǝǶȂǅƷǶ ƷǼǌ ǶȂǆƷǶ ƷǌƷȏȝǦΗǐ ȝǣȓǐȖǣȂǶǌǦǼǝ ǻǐȝǣȂǌȖ ȝȂ

ȂȏȝǦǻǦΣǐ ȖǐǝǻǐǼȝǐǌ ǆǐǶǶȖ ǦǼ ǦȝǐȓƷȝǦȂǼȖॽ �ȠȝǣȂȓȖ ǦǼइअ ǣǦǐȓƷȓǆǣǦǆƷǶǶΞ ǜȂȠǼǌ ǻȠǶȝǦȏǶǐ ȝǣȓǐȖǣȂǶǌǦǼǝ

ǶǐΗǐǶȖ ǜȂǶǶȂΘǐǌ ǅΞ ǻȂȓȏǣȂǶȂǝǦǆƷǶ ȂȏǐȓƷȝǦȂǼȖ ȝȂ ЖǼǌ ǼȠǆǶǐǦ ȓǐǝǦȂǼȖॽ ,ȂΘǐΗǐȓॶ ȝǣǐȖǐ ǻǐȝǣȂǌȖ ǆƷǼ

ǐƷȖǦǶΞ ǆƷȠȖǐ ǦǼǆȂǻȏǶǐȝǐ ǆǐǶǶ ȖǐǝǻǐǼȝ ΘǦȝǣ ȓȂȠǝǣ ǅȂȠǼǌƷȓǦǐȖ Ȃȓ ǜƷǶȖǐ ǌǐȝǐǆȝǦȂǼ Ȃǜ ǆǐǶǶȖ ǜȓȂǻ ȝǣǐ

ǼȂǦȖΞ ǅƷǆǴǝȓȂȠǼǌॽ BǐȝǣȂǌȖ ǌǐȓǦΗǐǌ ǜȓȂǻ ǝǐȂǻǐȝȓǦǆ ƷǆȝǦΗǐ ǆȂǼȝȂȠȓ ǻȂǌǐǶȖॶ ȅࣗǯॽ ǶǐΗǐǶ ȖǐȝȖऀआॶःॶइࣿॶअंॶ

Ʒȓǐ ƷǅǶǐ ȝȂ ȏȓȂΗǦǌǐ ȖǻȂȂȝǣ ȖǐǝǻǐǼȝ ǜȂȓ ȂǅǱǐǆȝȖ ΘǦȝǣȂȠȝ ȝǣǐ Ǽǐǐǌ ǜȂȓ ǆǶǐƷȓ ǐǌǝǐȖॽ BȂǌǐǶǦǼǝ ΘǦȝǣ

=ǐǝǐǼǌȓǐ ȏȂǶΞǼȂǻǦƷǶȖ ǦǼइࣿ ǐǼƷǅǶǐǌ ȝǣǐ ǶǐΗǐǶ ȖǐȝȖ ȖǐǝǻǐǼȝƷȝǦȂǼ ΘǦȝǣ ȝǣǐ ȏȓǐȖǐǼǆǐ Ȃǜ ȠǼǐΗǐǼ ǦǼৄ

ȝǐǼȖǦȝǦǐȖॽअं ǆȂȓȓǐǆȝǐǌ ȝǣǐ ǦǼǣȂǻȂǝǐǼǦȝΞ ƷǼǌ ǼȂǦȖǐ ǦǼ ं� ǌǦȓǐǆȝǦȂǼȖ Ȃǜ ȝǣǐ ǦǻƷǝǐ ƷǼǌ ȏǐȓǜȂȓǻǐǌ

ȓǐǝǦȂǼৄǅƷȖǐǌ ƷǆȝǦΗǐ ǆȂǼȝȂȠȓȖ ȖǐǝǻǐǼȝƷȝǦȂǼॽ �Ȃȝǣ ƷǜȂȓǐǻǐǼȝǦȂǼǐǌ ȝǣȓǐȖǣȂǶǌǦǼǝ ƷǼǌ ƷǆȝǦΗǐ ǆȂǼৄ

ȝȂȠȓȖ ǻǐȝǣȂǌȖ ǜƷǆǐ ǌǦАǆȠǶȝΞ ǦǼ ǦǌǐǼȝǦǜΞǦǼǝ ȖǻƷǶǶ ǝƷȏȖ ǅǐȝΘǐǐǼ ǆǶȂȖǐǶΞ ȝȂȠǆǣǦǼǝ ǆǐǶǶȖॽ bȂ ƷǼƷǶΞΣǐ

ȝǣǐ ǅǐǣƷΗǦȂȓ Ȃǜ ƷǼ ǦǼǌǦΗǦǌȠƷǶ ǆǐǶǶ ǦǼ Ʒ ǆȓȂΘǌǐǌ ǆȂǶǶǐǆȝǦȂǼ Ȃǜ ǆǐǶǶȖॶ ȝǣǐ ǦǌǐǼȝǦЖǆƷȝǦȂǼ Ȃǜ ǐǌǝǐȖ ǅǐৄ

ȝΘǐǐǼ ǼǐǦǝǣǅȂȓǦǼǝ ǆǐǶǶȖ ǦȖ ƷǼȂȝǣǐȓ ΗǦȝƷǶ Ȗȝǐȏॽ � ȏȂȏȠǶƷȓ ǆǣȂǦǆǐ ǦȖ ȝȂ ȠȖǐ ΘƷȝǐȓȖǣǐǌ ƷǶǝȂȓǦȝǣǻȖऀऀआ

ऀऀ



ƷǼǌ ǦȝȖ ΗƷȓǦƷȝǦȂǼȖ ΘǦȝǣ ȖǐǐǌȖऀऀॶऀंँॶइॶःईॽ bǣǐ ǶƷȝȝǐȓॶ Ǧॽǐॽ ǻƷȓǴǐȓৄǆȂǼȝȓȂǶǶǐǌȖǐǐǌǐǌ ΘƷȝǐȓȖǣǐǌ ƷǶǝȂৄ

ȓǦȝǣǻȖॶ ȏǐȓǜȂȓǻǐǌ ǌǐǆǐǼȝ ΘȂȓǴ ǦǼ ǻƷǼΞ ǆǐǶǶ ȖǐǝǻǐǼȝƷȝǦȂǼ ȏȓȂǅǶǐǻȖऀंँॶइॶःईॽ � ȏȓǐȏȓȂǆǐȖȖǦǼǝ Ȗȝǐȏ

ǦȖ ȠȖȠƷǶǶΞ ȝƷǴǐǼ ȝȂ ǌǐǼȂǦȖǐ ƷǼǌ ǐǼǣƷǼǆǐ ȝǣǐ ǦǻƷǝǐ ȒȠƷǶǦȝΞॽ bǣǐǼॶ ȖǐǐǌȖǆǐǶǶৄǻƷȓǴǐȓȖ ǆƷǼ ǅǐ ǜȂȠǼǌ

ƷȖ ȝǣǐ ȓǐǝǦȂǼƷǶ ǻƷΝǦǻƷ ǦǼȝǐǼȖǦȝΞ ΘǦȝǣǦǼ ǆǐǶǶ ȓǐǝǦȂǼȖॽ sǦȝǣ ȝǣǐ ΘƷȝǐȓȖǣǐǌ ƷǶǝȂȓǦȝǣǻॶ ȝǣǐȖǐ ȖǐǐǌȖ

ΘǦǶǶ ǝȓȂΘ ǦǼ ȝǣǐ ȓǐǝǦȂǼ Ȃǜ ǆǐǶǶȖ ƷǼǌ ȖȝȂȏ Ʒȝ ǐǌǝǐ ǅȂȠǼǌƷȓǦǐȖ Ȃȓ ǻǐȓǝǦǼǝ ȏȂǦǼȝȖ ΘǦȝǣ Ȃȝǣǐȓ ǻƷȓǴৄ

ǐȓȖॽ CǐΗǐȓȝǣǐǶǐȖȖॶ ȖȠǆǣ ǻǐȝǣȂǌȖ Ʒȓǐ ȖǐǼȖǦȝǦΗǐ ȝȂ ǦǻƷǝǐȖ ΘǦȝǣ ǣǐȝǐȓȂǝǐǼǐȂȠȖ ЙȠȂȓǐȖǆǐǼǆǐ ǦǼȝǐǼȖǦȝΞ

ƷǆȓȂȖȖ ȝǣǐ ǦǻƷǝǐॽ bǣǐ ǣǦǝǣ ǌǐǼȖǦȝΞ Ȃǜ ǆǐǶǶȖ ƷǶȖȂ ƷǌǌȖ ƷǼ ƷǌǌǦȝǦȂǼƷǶ ǆǣƷǶǶǐǼǝǐ ȝȂ ȝǣǐȖǐ ǻǐȝǣȂǌȖॶ ǦǼ

ΘǣǦǆǣ ǆƷȖǐ ȝǣǐ ǝƷȏȖ ǅǐȝΘǐǐǼ ǼǐǦǝǣǅȂȓǦǼǝ ǆǐǶǶ Ʒȓǐ ǐΗǐǼ ǣƷȓǌǐȓ ȝȂ ǦǌǐǼȝǦǜΞॽ �ȂǼȖǐȒȠǐǼȝǶΞॶ ǻǦȖȖৄ

ǦǼǝ ǆǐǶǶȖॶ ȂΗǐȓৄȖǐǝǻǐǼȝƷȝǦȂǼॶ ƷǼǌ ȠǼǌǐȓৄȖǐǝǻǐǼȝƷȝǦȂǼ ȏȓȂǅǶǐǻȖ Ʒȓǐ ȂǅȖǐȓΗǐǌःईॶःऀॶऀंँॽ bȂ ǌǐǆȓǐƷȖǐ

ȝǣǐ ǆƷȖǐȖ Ȃǜ ȠǼȖȂǶΗǐǌ ȖǐǝǻǐǼȝƷȝǦȂǼ ǐȓȓȂȓॶ ȖȂǻǐ ƷǶȝǐȓǼƷȝǦΗǐ ƷǆȝǦΗǐ ǆȂǼȝȂȠȓȖ ǻǐȝǣȂǌȖ Θǐȓǐ ȏȓȂৄ

ȏȂȖǐǌऀँँॶअॶआईॽअ ƷǼǌआई ǦǼǆȂȓȏȂȓƷȝǐǌ ȖǣƷȏǐ ǆȂǼȖȝȓƷǦǼȝ ǜȂȓ ƷǆȝǦΗǐ ǆȂǼȝȂȠȓȖ ǻȂǌǐǶ ȝȂ ȖǐǝǻǐǼȝ ȂΗǐȓৄ

ǶƷȏȏǐǌ ǆǐǶǶȖॽ ,ȂΘǐΗǐȓॶ ΘǣǐǼ Ǧȝ ǆȂǻǐȖ ȝȂ ं� ǆǐǶǶ ȖǐǝǻǐǼȝƷȝǦȂǼ ǦǼ ǻȠǆǣ ǆȂǻȏǶǐΝ ं� ȖȝȓȠǆȝȠȓǐ ǦǼ

ǅǦȂЖǶǻȖॶ ƷǌǌǦȝǦȂǼƷǶ ǆǣƷǶǶǐǼǝǐȖ ƷȓǦȖǐॽ

bǣǐ ȖȝȓȠǆȝȠȓƷǶ ǣǐȝǐȓȂǝǐǼǐǦȝΞ Ȃǜ ं� ǅǦȂЖǶǻȖॶ ǼƷǻǐǶΞ ΗƷȓǦƷǼȝ ǆǐǶǶ ǌǐǼȖǦȝΞॶ ǦǶǶȠǻǦǼƷȝǦȂǼ ǦǼȝǐǼৄ

ȖǦȝΞॶ ǆǐǶǶ ȝΞȏǐॶ ƷǼǌ ЙȠȂȓǐȖǆǐǼȝ ȖȝƷǦǼǦǼǝॶ ȏȂȖǐȖ ȖǐΗǐȓǐ ǆǣƷǶǶǐǼǝǐȖ ǜȂȓ ȒȠƷǼȝǦȝƷȝǦΗǐ ǆǐǶǶ ƷǼƷǶΞȖǦȖऀंआॽ

bǣȠȖॶ ǻȂǌƷǶǦȝǦǐȖ ǦǼ ȝǣǐ Ʒȓȝ ȝȓǦǐǌ ȝȂ ǦǼȝǐǝȓƷȝǐ ǌǦЍǐȓǐǼȝ ȝǐǆǣǼǦȒȠǐȖ ȝȂǝǐȝǣǐȓ ȝȂ ǦǌǐǼȝǦǜΞ ǐƷǆǣ ȖǦǼǝǶǐৄ

ǆǐǶǶ ȓǐǝǦȂǼॽ [ǐǝৄं�ॶ ȏȓȂȏȂȖǐǌ ǦǼइइॶ ǆȂǻǅǦǼǐȖ ǶȂǆƷǶ ȝǣȓǐȖǣȂǶǌǦǼǝॶ ȖǣƷȏǐ ƷǼƷǶΞȖǦȖॶ ƷǼǌ ǆȂǼǆƷΗǦȝΞৄ

ǅƷȖǐǌ ǆǶȠȖȝǐȓ ȖȏǶǦȝȝǦǼǝ ȝȂ ǦǌǐǼȝǦǜΞ ȖǦǼǝǶǐ ǆǐǶǶȖॽ bǣǐ ȠȝǦǶǦΣƷȝǦȂǼ Ȃǜ ȝǣǐ ǆȂǼǆƷΗǦȝΞ Ȃǜ ȝǣǐ ǆȂǼȝȂȠȓȖ

ȂǜȝǐǼ ǆƷȠȖǐȖ ǦǼǆȂȓȓǐǆȝ ȖȏǶǦȝȝǦǼǝ Ȃǜ ȝǣǐ ǆǐǶǶȖॽ bǣǐ ƷȠȝǣȂȓȖ ǦǼऀࣿअ ǌǦȖȝǦǼǝȠǦȖǣ ȝǣǐ ǆǐǶǶ ȓǐǝǦȂǼȖ ǜȓȂǻ

ȝǣǐ ǅƷǆǴǝȓȂȠǼǌ ǅΞ ΘƷΞ Ȃǜ Ʒ ȖƷǶǦǐǼǆΞ ǆȠȝ ȝǣƷȝ ǆȂǼȖǦǌǐȓȖ ȝǣǐ ǆȂǶȂȓ ƷǼǌ ȖǦΣǐ ǦǼǜȂȓǻƷȝǦȂǼ Ȃǜ ȓǐǝǦȂǼȖ

ǦǼ ȝǣǐ ǦǻƷǝǐॽ ,ǐ ǐȝ ƷǶॽऄऀ ǌǐȝǐǆȝ ȖǦǼǝǶǐ ǆǐǶǶ ȓǐǝǦȂǼȖ ǅΞ ƷǼƷǶΞΣǦǼǝ ǜǐƷȝȠȓǐȖ ȂǼ ǆǐǶǶȠǶƷȓ ǆȂǼΗǐΝ ǆȠȓΗƷৄ

ȝȠȓǐȖॽ yǐȝॶ ȝǣǐȖǐ ǻǐȝǣȂǌȖ Ʒȓǐ ǼȂȝ ǌǐȖǦǝǼǐǌ ǜȂȓ ȝǣǐ ǼǐǐǌȖ ǦǼ ȝǣǐ ं� ȖǐǝǻǐǼȝƷȝǦȂǼ ȝƷȖǴȖ ƷǼǌ ǆƷǼ

ǐƷȖǦǶΞ ǆƷȠȖǐ ȂΗǐȓৄ ƷǼǌ ȠǼǌǐȓৄȖǐǝǻǐǼȝƷȝǦȂǼॽ

bȂ ЖǼǌ ƷǼ ƷǌΗƷǼǆǐǌ ȖȂǶȠȝǦȂǼ ȝǣƷȝ ǆƷǼ ȓǐȖȂǶΗǐ ȖǦǼǝǶǐ ǅƷǆȝǐȓǦȠǻ ǦǼ ȝǣǐ ǌǐǼȖǐ ं� ǅǦȂЖǻȖॶ Θǐ

ǦǼΗǐȖȝǦǝƷȝǐǌ ƷǶȝǐȓǼƷȝǦΗǐ ƷǆȝǦΗǐ ǆȂǼȝȂȠȓৄǅƷȖǐǌ ȖǐǝǻǐǼȝƷȝǦȂǼ ǻǐȝǣȂǌȖ ƷǼǌ ǜǐƷȝȠȓǐৄǅƷȖǐǌ ǌƷȝƷ ǆǶȠȖৄ

ȝǐȓǦǼǝ ǻǐȝǣȂǌȖॶ ǅΞ ǦǼȝȓȂǌȠǆǦǼǝ �Ʒǆȝৄं� ƷǼǌ =�ȠȝȖॽ

ऀँ



ँ৷ऀ৷ऀ =ӏԪӏӲ ԓӏԚ ԓӏӚӸӏӹԚҷԚӢԀӹ ӸӏԚӟԀӋԓ

�ǆȝǦΗǐ ǆȂǼȝȂȠȓৄǅƷȖǐǌ ȖǐǝǻǐǼȝƷȝǦȂǼ ǻǐȝǣȂǌȖ ǆƷǼ ǅǐ ǆƷȝǐǝȂȓǦΣǐǌ ǦǼȝȂ ȏƷȓƷǻǐȝȓǦǆ ƷǼǌ ǝǐȂৄ

ǻǐȝȓǦǆ ƷǆȝǦΗǐ ǆȂǼȝȂȠȓȖःॽ �ǐȝΘǐǐǼ ȝǣǐȖǐ ȝΘȂ ƷǶȝǐȓǼƷȝǦΗǐȖॶ ǝǐȂǻǐȝȓǦǆ ƷǆȝǦΗǐ ǆȂǼȝȂȠȓȖॶ ȅࣗǯࣗ ǶǐΗǐǶ

Ȗǐȝ ǻǐȝǣȂǌȖॶ Ʒȓǐ ǻȂȓǐ ЙǐΝǦǅǶǐ ǦǼ ȝȂȏȂǶȂǝǦǆƷǶ ǆǣƷǼǝǐȖॶ ΘǣǦǆǣ ǻǐƷǼȖ Ǧȝ ǆƷǼ ȖǐǝǻǐǼȝ ǌǦЍǐȓǐǼȝ Ȃǅৄ

ǱǐǆȝȖ ȖǦǻȠǶȝƷǼǐȂȠȖǶΞॽ bǣǐ ǝǐǼǐȓƷǶ ȝǣǐȂȓΞ Ȃǜ ǶǐΗǐǶ Ȗǐȝ ȖǐǝǻǐǼȝƷȝǦȂǼ ΘƷȖ ȏȓȂȏȂȖǐǌ ǅΞ HȖǣǐȓ ƷǼǌ

[ǐȝǣƷǦǼइःॶ ǦǼ ΘǣǦǆǣ Ʒ ǶǐΗǐǶ Ȗǐȝ ǜȠǼǆȝǦȂǼ ݂(ͣ, ͤ; ȼ) ǐΗȂǶΗǐȖ ǦȝǐȓƷȝǦΗǐǶΞ ƷǶȂǼǝ ȝǦǻǐ ȝȂ ƷȏȏȓȂƷǆǣ ȝǣǐ

ȂǅǱǐǆȝ ǅȂȠǼǌƷȓΞॽ $Ȃȓ ǐΝƷǻȏǶǐॶ ȝǣǐ ǶǐΗǐǶ Ȗǐȝ ǜȠǼǆȝǦȂǼ ǆƷǼ ǅǐ Ʒ ȖǦǝǼǐǌ �ȠǆǶǦǌǐƷǼ ǌǦȖȝƷǼǆǐ ǜȠǼǆȝǦȂǼॽ

bǣǐ ΣǐȓȂ ǶǐΗǐǶ Ȗǐȝॶ � = {(ͣ, ͤ; ȼ) : ݂(ͣ, ͤ; ȼ) = ࣡}ॶ ȓǐȏȓǐȖǐǼȝȖ ȝǣǐ ǅȂȠǼǌƷȓΞ ǆȂǼȝȂȠȓॶ Θǣǐȓǐ ȝǣǐ

ǦǼȖǦǌǐ ݂ > ࣡ ǌǐǼȂȝǐȖ ǜȂȓǐǝȓȂȠǼǌ ƷǼǌ ȂȠȝȖǦǌǐ ݂ < ࣡ ǦȖ ȝǣǐ ǅƷǆǴǝȓȂȠǼǌॽ bǣǐ ǻȂȝǦȂǼ Ȃǜ ȝǣǐ

ǶǐΗǐǶ Ȗǐȝ ǜȠǼǆȝǦȂǼ ǆƷǼ ǅǐ ǝǐǼǐȓƷǶǶΞ ǜȂȓǻȠǶƷȝǐǌ ƷȖॵ

∂�
∂ȼ = qC ँॽऀ

Θǣǐȓǐq ǦȖ ȝǣǐ ΗǐǶȂǆǦȝΞ ȝǣƷȝ ǐΗȂǶΗǐȖ ȝǣǐ ǆȠȓΗǐ ƷǼǌC = ∇݂/|∇݂| ǦȖ ȝǣǐ ȂȠȝΘƷȓǌ ǼȂȓǻƷǶ ǜȂȓǆǐॽ

eȖǦǼǝ ȝǣǐ ǆǣƷǦǼ ȓȠǶǐॶ ȝǣǐ ƷǅȂΗǐ ǝǐǼǐȓƷǶ ǐΝȏȓǐȖȖǦȂǼ ǦȖ ǐȒȠǦΗƷǶǐǼȝ ȝȂॵ

∂݂
∂ȼ = −q|∇݂| ँॽँ

ΘǣǦǆǣ ǆƷǼ ǅǐ ǜȠȓȝǣǐȓ ΘȓǦȝȝǐǼ ǦǼȝȂ ǌǦȖǆȓǐȝǐ ȝǦǻǐ ǐΗȂǶȠȝǦȂǼ ƷȖॵ ݂ț+ = ݂ț − q|∇݂ț|۶ȼॽ

/Ǽ ȝǣǐ ǶǐΗǐǶ Ȗǐȝ ǶǦȝǐȓƷȝȠȓǐॶ ǌǦЍǐȓǐǼȝ ΗǐǶȂǆǦȝΞq ǜȠǼǆȝǦȂǼȖ ǣƷΗǐ ǅǐǐǼ ȏȓȂȏȂȖǐǌ ǜȂȓ ǌǦЍǐȓǐǼȝ Ʒȏৄ

ȏǶǦǆƷȝǦȂǼ ǼǐǐǌȖॽ $Ȃȓ ǐΝƷǻȏǶǐॶ HȖǣǐȓ ƷǼǌ [ǐȝǣǦƷǼ ǌǐЖǼǐǌ ǐǌǝǐৄǅƷȖǐǌ ǆȠȓΗƷȝȠȓǐৄǌǐȏǐǼǌǐǼȝ Ȗȏǐǐǌ

ȝȂ ȏȓȂȏƷǝƷȝǐ ȝǣǐ ΣǐȓȂ ǶǐΗǐǶ Ȗǐȝ ȝȂ ȝǣǐ ȂǅǱǐǆȝ ǅȂȠǼǌƷȓΞॽ bȂ ЖǼǌ ȓǐǝǦȂǼȖ ΘǦȝǣȂȠȝ ǆǶǐƷȓ ǐǌǝǐȖॶ �ǣƷǼ

ƷǼǌ qǐȖǐऀआ ǆƷǶǆȠǶƷȝǐ ȓǐǝǦȂǼƷǶ ǻǐƷǼ ΗƷǶȠǐȖ ȝȂ ǶǐƷǌ ȝǣǐ ǻȂΗǐǻǐǼȝ Ȃǜ ǶǐΗǐǶ Ȗǐȝ ǜȠǼǆȝǦȂǼॽ bȂ ǌǐȝǐǆȝ

ȝȠǅȠǶƷȓ ȖȝȓȠǆȝȠȓǐȖ Ȃǜ ΗǐȖȖǐǶȖॶ ȝǣǐ ƷȠȝǣȂȓȖ ǦǼइऀ ƷǼƷǶΞΣǐǌ ǐǦǝǐǼΗƷǶȠǐȖ Ȃǜ ȝǣǐ ,ǐȖȖǦƷǼ Ȃǜ ȝǣǐ ǦǻƷǝǐȖ

ƷǼǌ ǦǼǆȂȓȏȂȓƷȝǐǌ ǆȠȓΗƷȝȠȓǐ ǦǼ ȝǣǐ ΗǐǶȂǆǦȝΞ ǜȠǼǆȝǦȂǼȖ ȝȂ ЖǼǌ ΗǐȖȖǐǶǼǐȖȖ ȖȝȓȠǆȝȠȓǐȖ ǦǼ ȝǣǐ ǦǻƷǝǐॽ

bǣǐ ƷȠȝǣȂȓȖ ǦǼआं Ʒǌǌǐǌ Ʒ ǆȂȠȏǶǐǌ ȝȠǅȠǶƷȓǦȝΞ ƷǼǌ ǅǶȂǅ ЙȂΘ ЖǐǶǌ ȝȂ ȖǐǝǻǐǼȝ ǻǦǆȓȂǝǦǶƷ ǆǐǶǶȖॽ =ǐǝৄ

ऀं



ǐǼǌȓǐ ȏȂǶΞǼȂǻǦƷǶȖ Ʒȓǐ ȠȝǦǶǦΣǐǌ ǦǼ ȝǣǐ ΗǐǶȂǆǦȝΞ ǜȠǼǆȝǦȂǼ ǦǼइࣿ ȝȂ ǆƷȏȝȠȓǐ ǦǼǣȂǻȂǝǐǼǐǦȝΞ ƷǆȓȂȖȖ ȝǣǐ

ȂǅǱǐǆȝȖॽ [ǣƷȏǐ ȏȓǦȂȓȖ Ʒȓǐ Ʒǌǌǐǌ ǦǼंः ǦǼ ȝǣǐ ǆȠȓΗƷȝȠȓǐৄǅƷȖǐǌ ΗǐǶȂǆǦȝΞ ǜȠǼǆȝǦȂǼ ȝȂ ȓǐǝȠǶƷȓǦΣǐ ȝǣǐ

ǌǐǜȂȓǻƷǅǶǐ ǻȂǌǐǶॽ BȂȓǐ ȓǐǆǐǼȝǶΞॶ ȝǣǐ ƷȠȝǣȂȓȖ ǦǼऀऀः ȏȓǐȖǐǼȝǐǌ =ΞBUǣǦॶ ΘǣǦǆǣ ƷȠȝȂǻƷȝǦǆƷǶǶΞ

ȓǐЖǼǐȖ ȝǣǐ Ȗȏǐǐǌ Ȃǜ ȝǣǐ ǶǐΗǐǶ Ȗǐȝ ǜȠǼǆȝǦȂǼ ȝȂΘƷȓǌȖ ȝǣǐ ȂǅǱǐǆȝ ǜȂȓǐǝȓȂȠǼǌ ǅƷȖǐǌ ȂǼ ǻƷȝȝǐǌ ǣǦǐȓৄ

ƷȓǆǣǦǐȖ ǦǼ ǦǻƷǝǐ ǦǼȝǐǼȖǦȝΞ ƷǼǌ ǶȂǆƷȝǦȂǼॽ �ǐǐȏ ǶǐƷȓǼǦǼǝ ȝǐǆǣǼǦȒȠǐȖ Θǐȓǐ ǐǻǅǐǌǌǐǌ ǦǼ ȝǣǐ ȓǐǝǦȂǼৄ

ǅƷȖǐǌ ǶǐΗǐǶ ȖǐȝȖ ǜȂȓǻȠǶƷȝǦȂǼ ǦǼऄंॶ Θǣǐȓǐ ǌǐǐȏ ǆȂǼΗȂǶȠȝǦȂǼƷǶ ǼǐȠȓƷǶ ǼǐȝΘȂȓǴȖ Θǐȓǐ ǐǻȏǶȂΞǐǌ ȝȂ

ǶǐƷȓǼ ȝǣǐ ȖƷǶǦǐǼǆΞ Ȃǜ ȓǐǝǦȂǼȖ ǦǼ ȝǣǐ ǦǻƷǝǐ ȝȂ ȠȏǌƷȝǐ ȝǣǐ Ȗȏǐǐǌ ǜȠǼǆȝǦȂǼॽ

ँ৷ऀ৷ँ $ӏҷԚԞԏӏ৳ӂҷԓӏӋ ӋҷԚҷ ӅӲԞԓԚӏԏӢӹӚ ӸӏԚӟԀӋԓ

�ǶȠȖȝǐȓǦǼǝ ǦȖ Ʒ ǻǐȝǣȂǌ ȝȂ ǝȓȂȠȏ ǌƷȝƷ ΘǦȝǣ ǣǦǝǣ ǌǐǝȓǐǐȖ Ȃǜ ȖǦǻǦǶƷȓǦȝΞ ǦǼȝȂ ȝǣǐ ȖƷǻǐ Ȗǐȝइंॽ BƷৄ

ǱȂȓ ǻǐƷȖȠȓǐȖ ǜȂȓ ȖǦǻǦǶƷȓǦȝΞ Ȃǜ ǌƷȝƷ ǦǼǆǶȠǌǐॶ ǅȠȝ ǦȖ ǼȂȝ ǶǦǻǦȝǐǌ ȝȂॵ ǌǦȖȝƷǼǆǐॶ ǌǐǼȖǦȝΞॶ ȏȓǐǌǐЖǼǐǌ

ǻȂǌǐǶȖॶ ƷǼǌ ǣǦǐȓƷȓǆǣǦǆƷǶ ȓǐǶƷȝǦȂǼȖǣǦȏȖॽ <ৄǻǐƷǼȖ ǆǶȠȖȝǐȓǦǼǝआः ȏƷȓȝǦȝǦȂǼȖ ȝǣǐ ǌƷȝƷ ǦǼȝȂ ȓ ǝȓȂȠȏȖ

ΘǣǦǆǣ Ʒȓǐ ǆǐǼȝǐȓǐǌ Ʒȝ ȓ ƷȓǦȝǣǻǐȝǦǆ ǻǐƷǼȖॽ %ƷȠȖȖǦƷǼ ǻǦΝȝȠȓǐ ǻȂǌǐǶȖऀं ǐȖȝǦǻƷȝǐ ȝǣǐ ΗƷȓǦƷǅǶǐȖ ǜȂȓ

ǻȠǶȝǦȏǶǐ ȏȓȂǅƷǅǦǶǦȝΞ ǌǦȖȝȓǦǅȠȝǦȂǼȖ ǦǼ ȝǣǐ ȏȂǦǼȝ ǆǶȂȠǌ ǅΞ ǐΝȏǐǆȝƷȝǦȂǼৄǻƷΝǦǻǦΣƷȝǦȂǼॽ �Ȃȝǣ Ʒȏৄ

ȏȓȂƷǆǣǐȖ ǆƷǼ ǐƷȖǦǶΞ ǆƷȠȖǐ ǻǦȖৄǆǶƷȖȖǦЖǆƷȝǦȂǼ ΘǣǐǼ ǼȂǼৄȖȏǣǐȓǦǆƷǶ ǻȂȓȏǣȂǶȂǝΞ ǦȖ ǐǼǆȂȠǼȝǐȓǐǌॽ bȂ

ǌǐȝǐǆȝ ƷȓǅǦȝȓƷȓǦǶΞ ȖǣƷȏǐǌ ǆǶȠȖȝǐȓȖ ǦǼ ȝǣǐ ȏȓǐȖǐǼǆǐ Ȃǜ ǼȂǦȖǐॶ ǌǐǼȖǦȝΞৄǅƷȖǐǌ ǻǐƷȖȠȓǐȖ ǣƷΗǐ ǐǻǐȓǝǐǌॽ

��[��Cंआ ƷǼǌ �ǐǼȖǦȝΞ�ǶȠȖȝइई Ʒȓǐ ΘǦǌǐǶΞ ȠȖǐǌ ǦǼ ǻƷǼΞ ȖǐȝȝǦǼǝȖॽ �ǐǼȖǦȝΞৄǅƷȖǐǌ ǻǐƷȖȠȓǐȖ ЖǼǌ

ǆǶȠȖȝǐȓȖ ΘǦȝǣ ǌǦЍǐȓǐǼȝ ȖǦΣǐ ƷǼǌ ȖǣƷȏǐ ǅƷȖǐǌ ȂǼ ǶȂǆƷǶ ǌǐǼȖǦȝΞ Ȃǜ ǐƷǆǣ ȏȂǦǼȝॶ ΘǣǦǶǐ �ǐǼȖǦȝΞ�ǶȠȖȝ

ƷǶȖȂ ǻƷΝǦǻǦΣǐȖ ȝǣǐ ȓǐǶƷȝǦΗǐ ǌǦȖȝƷǼǆǐ ǅǐȝΘǐǐǼ ǆǶȠȖȝǐȓ ǆǐǼȝǐȓȖॽ � ǆȂǻǻȂǼ ǌȓƷΘǅƷǆǴ Ȃǜ ƷǶǶ Ȃǜ ȝǣǐȖǐ

ƷȏȏȓȂƷǆǣǐȖ ǦȖ ȝǣƷȝ ȝǣǐΞ ȓǐȒȠǦȓǐ ȖȏǐǆǦЖǆƷȝǦȂǼ Ȃǜ ȝǣǐ ǼȠǻǅǐȓ Ȃǜ ǝȓȂȠȏȖॶ ΘǣǦǆǣ ȖȠǅȖȝƷǼȝǦƷǶǶΞ Ʒǜৄ

ǜǐǆȝȖ ȝǣǐ ЖǼƷǶ ǆǶȠȖȝǐȓǦǼǝ ȓǐȖȠǶȝॽ bȂ ƷȠȝȂǻƷȝǦǆƷǶǶΞ ǦǌǐǼȝǦǜΞ ȖǦǼǝǶǐ ǆǐǶǶȖ ǦǼ ȝǣǐ ȏȓǐȖǐǼǆǐ Ȃǜ ȂΗǐȓৄ ƷǼǌ

ȠǼǌǐȓৄȖǐǝǻǐǼȝƷȝǦȂǼ ǐȓȓȂȓȖॶ Θǐ ȏȓȂȏȂȖǐ ȝȂ ǅȠǦǶǌ Ʒ ǝȓƷȏǣ ȂǼ ȝǣǐ ǦǼǦȝǦƷǶǶΞ ȖǐǝǻǐǼȝǐǌ ȓǐȖȠǶȝȖ ƷǼǌ

ȝǣǐǼ ǆǶȠȖȝǐȓ ȝǣǐ ǼȂǌǐȖ ǦǼ ȝǣǐ ǝȓƷȏǣ ǅƷȖǐǌ ȂǼ ȝǣǐǦȓ ǆȂǶǶǦǼǐƷȓǦȝΞ ǜǐƷȝȠȓǐॽ

ऀः



ँ৷ऀ৷ं %ԏҷԌӟ ӅԞԚԓ

%ȓƷȏǣ ǆȠȝȖ ΘƷȖ ȂȓǦǝǦǼƷǶǶΞ Ʒ ȝǐȓǻǦǼȂǶȂǝΞ ǦǼ ǝȓƷȏǣ ȝǣǐȂȓΞॽ � ǝȓƷȏǣ ȠȖȠƷǶǶΞ ǆȂǼȖǦȖȝȖ Ȃǜ ΗǐȓȝǦǆǐȖ

ƷǼǌ ǐǌǝǐȖॶ ΘǣǦǶǐ Ʒ ǆȠȝ ƷȝȝǐǻȏȝȖ ȝȂ ǌǦȖǆȂǼǼǐǆȝ ȖȂǻǐ ǐǌǝǐȖ ȝȂ ȏƷȓȝǦȝǦȂǼ ȝǣǐ ǝȓƷȏǣ ǦǼȝȂ ȝΘȂ ǌǦȖǱȂǦǼȝ

ȖȠǅৄǝȓƷȏǣȖॽ �ƷȖǐǌ ȂǼ ȝǣǐ ȏȠȓȏȂȖǐ Ȃǜ Ʒ ǆȠȝॶ ȝǣǐȓǐ Ʒȓǐ Ʒ ΗƷȓǦǐȝΞ Ȃǜ ǝȓƷȏǣ ǆȠȝ ǻǐȝǣȂǌȖॶ ȖȠǆǣ ƷȖ ǻǦǼৄ

ǦǻȠǻ ǆȠȝऀंࣿॶ ǻƷΝǦǻȠǻ ǆȠȝँइॶ ƷǼǌ ȖȏƷȓȖǐȖȝ ǆȠȝआअॽ bǣǐ ЖȓȖȝ ƷȏȏǶǦǆƷȝǦȂǼ Ȃǜ ǝȓƷȏǣ ǆȠȝȖ ȝǣǐȂȓΞ ǦǼ

ǆȂǻȏȠȝǐȓ ΗǦȖǦȂǼ ȏȓȂǅǶǐǻ ΘƷȖ ǦǼ ऀईइई ǅΞ %ȓǐǦǝ ǐȝ ƷǶॽःऄ ȝȂ ǐΗƷǶȠƷȝǐ ǣȂΘ ȝǣǐ ǻƷΝǦǻȠǻ ǖ ȮȡȵȼǯȲȅठ

ȡȲȅ B�U ȂȏȝǦǻǦΣƷȝǦȂǼ ȏȓȂǅǶǐǻ ǦǼ ȝǣǐ ǦǻƷǝǐȖ ǆƷǼ ǅǐ ȂǅȝƷǦǼǐǌ ǅΞ ǻƷΝǦǻȠǻ ЙȂΘॽ [ǦǼǆǐ ȝΘȂ

ǌǐǆƷǌǐȖ ƷǝȂॶ ǝȓƷȏǣ ǆȠȝȖ ǜȂȓ ǦǻƷǝǐ ȖǐǝǻǐǼȝƷȝǦȂǼ ǐǻǐȓǝǐǌॶ ȖȠǆǣ ƷȖ ǼȂȓǻƷǶǦΣǐǌ ǝȓƷȏǣ ǆȠȝȖईई ƷǼǌ

ǦǼȝǐȓƷǆȝǦΗǐ ǝȓƷȏǣ ǆȠȝȖऀऄॽ �Ȗ ǦǻƷǝǐ ȖǐǝǻǐǼȝƷȝǦȂǼ ǦȖ ƷǼ ǐЍȂȓȝ ȝȂ ȖǐȏƷȓƷȝǐ ȝǣǐ ȓǐǝǦȂǼȖ ȝǣƷȝ ȖǣƷȓǐǌ

ȝǣǐ ȖǦǻǦǶƷȓ ǜǐƷȝȠȓǐȖ ǦǼ ȝǣǐ ǦǻƷǝǐॶ ǝȓƷȏǣ ǆȠȝȖৄǅƷȖǐǌ ȖǐǝǻǐǼȝƷȝǦȂǼ ǻǐȝǣȂǌȖ ƷǶȖȂ ȠȝǦǶǦΣǐ ȝǣǐȖǐ ǜǐƷৄ

ȝȠȓǐȖ ȝȂ ǌǦȖǆȂǼǼǐǆȝ ȝǣǐ ǐǌǝǐȖ ƷǻȂǼǝ ȏǦΝǐǶȖ Ȃȓ ȓǐǝǦȂǼȖৄǅƷȖǐǌ ǝȓƷȏǣȖॽ bǣǐ ǝȓƷȏǣ ǆȂǼȖȝȓȠǆȝǦȂǼ

ƷǼǌ ȖǦǻǦǶƷȓǦȝΞ ǌǐЖǼǦȝǦȂǼ Ʒȓǐ ȠȖȠƷǶǶΞ ȝǣǐ ǴǐΞ ȝȂ ƷȏȏǶΞǦǼǝ ǝȓƷȏǣ ǆȠȝȖ ǻǐȝǣȂǌȖ ǦǼ ǦǻƷǝǐ ȖǐǝǻǐǼৄ

ȝƷȝǦȂǼऀःॶईईॽ /Ǽ ǼȂȓǻƷǶǦΣǐǌ ǝȓƷȏǣ ǆȠȝȖॶ ȏǦΝǐǶȖ Ʒȓǐ ȠȖǐǌ ƷȖ ΗǐȓȝǦǆǐȖ ǦǼ ȝǣǐ ǝȓƷȏǣ ΘǣǦǶǐ ǦǻƷǝǐ ǦǼȝǐǼȖǦȝΞ

ƷǼǌ ǶȂǆƷȝǦȂǼ Ȃǜ ȓǐǝǦȂǼȖ ǦǼ ȝǣǐ ǦǻƷǝǐ Ʒȓǐ ȠȖǐǌ ȝȂ ǌǐЖǼǐ ȝǣǐ ǆȠȝ ǐǼǐȓǝΞईईॽ /Ǽ ǦǼȝǐȓƷǆȝǦΗǐ ǝȓƷȏǣ ǆȠȝȖॶ

ȝǣǐ ΗǐȓȝǦǆǐȖ ǜȂȓ ǝȓƷȏǣ ǆȠȝȖ Ʒȓǐ ǌǐǼȂȝǐǌ ƷȖ ȖǐǐǌȖॶ ΘǣǦǆǣ ǻƷΞ ȖȝƷȓȝ ǜȓȂǻ ȖǐΗǐȓƷǶ ǅȂȠǼǌǦǼǝ ǅȂΝǐȖ Ȃǜ

ȝǣǐ ȓǐǝǦȂǼȖ Ȃǜ ǦǼȝǐȓǐȖȝ ȝȂ ǆȂǼȖȝȓȠǆȝ ȝǣǐ ǦǼǦȝǦƷǶ ǝȓƷȏǣ ȝǣǐǼ ǦȝǐȓƷȝǦΗǐǶΞ Ʒǌǌ ǼǐΘ ȖǐǐǌȖ Ǧǜ Ǽǐǐǌǐǌऀंःॶऀऄॽ

XǐǆǐǼȝǶΞॶ ǝȓƷȏǣ ǆȠȝȖ ǦǻƷǝǐ ȖǐǝǻǐǼȝƷȝǦȂǼ ȏǦȏǐǶǦǼǐȖ Ʒȓǐ ΘǦǌǐǶΞ ƷȏȏǶǦǐǌ ǦǼ ǅǦȂǶȂǝǦǆƷǶ ƷǼǌ ǅǦȂৄ

ǻǐǌǦǆƷǶ ȖǐȝȝǦǼǝȖॽ bǣǐ ƷȠȝǣȂȓȖ ǦǼआँ ȖȏǐǆǦЖǐǌ ȖǣƷȏǐ ǆȂǼȖȝȓƷǦǼȝȖ ǦǼ ǻȠǶȝǦৄǌǦǻǐǼȖǦȂǼƷǶ ǜǐƷȝȠȓǐৄǅƷȖǐǌ

ǻǦǼৄǆȠȝ ȝȂ ǐΝȝȓƷǆȝ ǶǦΗǐȓ ȓǐǝǦȂǼȖ ǜȓȂǻ �b ǦǻƷǝǐȖॽ �ǐǼȝȓȂǦǌৄǅƷȖǐǌ ƷǼǌ ǴৄǻǐƷǼȖ ǅƷȖǐǌ Ȗǐǐǌ Ȗǐৄ

ǶǐǆȝǦȂǼ ǻǐȝǣȂǌȖ Θǐȓǐ ȏȓȂȏȂȖǐǌ ǦǼंऀ ȝȂ ǆȂǼȖȝȓȠǆȝ ǝȓƷȏǣ ȂǼ ǅȓƷǦǼ BƷǝǼǐȝǦǆ XǐȖȂǼƷǼǆǐ /ǻƷǝǦǼǝ

BX/ ǦǻƷǝǐȖॽ /Ǽऀऀईॶ ǦǻƷǝǐ ǦǼȝǐǼȖǦȝΞ ǦǼǜȂȓǻƷȝǦȂǼ ƷǼǌ ȖǐǆȂǼǌৄȂȓǌǐȓ ȝǐǼȖȂȓ ǜǐƷȝȠȓǐȖॶ ȖȠǆǣ ƷȖ ,ǐȖৄ

ȖǦƷǼ Ȃǜ ȝǣǐ ǦǻƷǝǐॶ Θǐȓǐ ȠȖǐǌ ǦǼ ǻƷΝৄЙȂΘǻǦǼৄǆȠȝ ΘȂȓǴЙȂΘ ȝȂ ȖǐǝǻǐǼȝ ΗǐȖȖǐǶǼǐȖȖ ȖȝȓȠǆȝȠȓǐȖ ǦǼ

ǅǶȂȂǌ ΗǐȖȖǐǶॽ $Ȃȓ ȝǣǐ ǅƷǆȝǐȓǦƷ ǅǦȂЖǶǻ ǦǻƷǝǐȖ ǦǼ ȂȠȓ ǐΝȏǐȓǦǻǐǼȝॶ ǝȓƷȏǣ ǆȠȝৄǅƷȖǐǌ ǻǐȝǣȂǌȖ ȏȓȂৄ

ΗǦǌǐ ȠȖ Ʒ ǌǦȓǐǆȝǦȂǼ ǅΞ ȏȓȂȏȂȖǦǼǝ ǅǦȂЖǶǻ ǝȓƷȏǣ ǆȂǼȖȝȓȠǆȝǦȂǼ ƷǼǌ ǆȂǶǶǦǼǐƷȓǦȝΞ ǜǐƷȝȠȓǐ ǐΝȝȓƷǆȝǦȂǼ ȝȂ

ǌǐǶǦǼǐƷȝǐ ǆǐǶǶȖ ǐΗǐǼ ȝǣȂȠǝǣ ȝǣǐΞ Ʒȓǐ ǆǶȂȖǐǶΞ ȝȂȠǆǣǦǼǝ ȝȂ ǐƷǆǣ Ȃȝǣǐȓ ǦǼ ं�ॽ

ऀऄ



ँ৷ँ /ӹӢԚӢҷӲ ԫԀԏӯ Ԁӹ ӂӢԀәӢӲӸ ԓӏӚӸӏӹԚҷԚӢԀӹԫӢԚӟ �ҷӅԚ৳ं�

�ǖǥȼठ�ΘƷȖ ЖȓȖȝǶΞ ǌǐΗǐǶȂȏǐǌ ȝȂ ȓǐȖȂǶΗǐ ǦǼǌǦΗǦǌȠƷǶ ǆǐǶǶȖ ǦǼ ǌǐǼȖǐ ं� ǅƷǆȝǐȓǦƷǶ ǅǦȂЖǶǻȖऀँँॽ /Ǽ

Ȃȓǌǐȓ ȝȂ ǦǌǐǼȝǦǜΞ ƷǼǌ ȖǐǝǻǐǼȝ ȝǣǐ ǦǼǌǦΗǦǌȠƷǶ ǅƷǆȝǐȓǦƷ ǦǼ ं�ॶ Θǐ ȏȓȂȏȂȖǐ ƷǼ ƷȏȏȓȂƷǆǣ ǦǼ ΘǣǦǆǣ

Θǐ ЖȓȖȝ ƷǼƷǶΞΣǐ ǐƷǆǣ ǶƷΞǐȓ ƷǼǌ ЖǼƷǶǶΞ ȓǐǆȂǼȖȝȓȠǆȝ ȝǣǐ ȖǐǝǻǐǼȝǐǌ ं� ΗȂǶȠǻǐॽ bǣǐ ǦǼȝȠǦȝǦȂǼ ǅǐৄ

ǣǦǼǌ �Ʒǆȝৄं� ǦȖ ȝǣƷȝ ƷǶȝǣȂȠǝǣ ǅƷǆȝǐȓǦƷ Ʒȓǐ ǌǐǼȖǐǶΞ ȏƷǆǴǐǌॶ ȝǣǐǦȓ ǐǶǶǦȏȖȂǦǌƷǶ ȖǣƷȏǐॶ ǌȠǐ ȝȂ ȝǣǐ

ǦǼȝǐȓƷǆȝǦȂǼ ǅǐȝΘǐǐǼ ȝǣǐ ǌǦȖȝȓǦǅȠȝǦȂǼ Ȃǜ ЙȠȂȓȂȏǣȂȓǐȖ ƷǼǌ ȝǣǐ ȖǦǻȠǶƷȝǐǌ ȏȂǦǼȝ ȖȏȓǐƷǌ ǜȠǼǆȝǦȂǼॶ

ǣǐǶȏȖ ǦǼ ǦǌǐǼȝǦǜΞǦǼǝ Ʒ ͩৄȏǶƷǼǐ Θǣǐȓǐ ƷǶǶ ȝǣǐ ǦǼǌǦΗǦǌȠƷǶ ǆǐǶǶȖ Ʒȓǐ ǆȂǻȏǶǐȝǐǶΞ ȖǐȏƷȓƷȝǐǌॽ

ँ৷ँ৷ऀ BӏԚӟԀӋԓ

$Ǧǝॽ ँॽऀ ǝǦΗǐȖ ƷǼ ȂΗǐȓΗǦǐΘ Ȃǜ ȝǣǐ ǻǐȝǣȂǌȂǶȂǝΞ ǦǼΗȂǶΗǐǌ ǦǼ ȏǐȓǜȂȓǻǦǼǝ ȖǶǦǆǐৄǅΞৄȖǶǦǆǐ ȖǐǝǻǐǼȝƷৄ

ȝǦȂǼ ǦǼ Ʒ ǶƷΞǐȓǐǌ ǅǦȂЖǶǻॽ /Ǽ �Ʒǆȝৄं�ॶ Θǐ ǐΗȂǶΗǐ ȝǣǐ ǶǐΗǐǶ Ȗǐȝ ǜȠǼǆȝǦȂǼ ǜȓȂǻ ȝǣǐ Ȗǐǐǌ ȏȂǦǼȝȖ ǦǼȖǦǌǐ

Ȃǜ ǐƷǆǣ ǆǐǶǶ ȠȖǦǼǝ ,ǐȖȖǦƷǼৄǅƷȖǐǌ ǆȠȓΗƷȝȠȓǐ ǌǐȝǐǆȝǦȂǼ $Ǧǝॽ ँॽऀ ǅ ƷǼǌ ƷǶǶȂΘ ȝǣǐ ǆȂǼȝȂȠȓȖॶ ǌǐЖǼǐǌ

ǅΞ ȝǣǐ ǶǐΗǐǶ Ȗǐȝ ǜȠǼǆȝǦȂǼॶ ȝȂ ǐΗȂǶΗǐ ǦǼ Ʒ ǶȂǆƷǶ ǼǐǦǝǣǅȂȓǣȂȂǌ $Ǧǝॽ ँॽऀ ǆॽ bǣǐ ǶǐΗǐǶ Ȗǐȝ ǦȖ ǐΗȂǶΗǐǌ

ȠǼȝǦǶ Ǧȝ ȓǐƷǆǣǐȖ Ʒ ȖȝȂȏȏǦǼǝ ǆȓǦȝǐȓǦȂǼ $Ǧǝॽ ँॽऀ ǐॶ ȂǅȝƷǦǼǐǌ ǐΝȏǶȂǦȝǦǼǝ ȝǣǐ ȏȓǦȂȓ ȖǶǦǆǐ ȖǐǝǻǐǼȝƷȝǦȂǼ

ȓǐȖȠǶȝॽ

Figure 2.1: Flowchart of the Bact‐3D algorithm.

bǣǐ ǶȂǆƷǶ ǶǐΗǐǶ Ȗǐȝ ǻǐȝǣȂǌ ǌǐΗǐǶȂȏǐǌ ǦǼ �Ʒǆȝৄं� ǦȖ ǻȂȝǦΗƷȝǐǌ ǅΞ ȝǣǐ ǦǌǐƷ Ȃǜ ȂΗǐȓৄȖǐǝǻǐǼȝƷȝǦȂǼ

ǜȓȂǻअःॽ bȂ ȏȓǐΗǐǼȝ ȝǣǐ ǻǐȓǝǦǼǝ Ȃǜ ǐΗȂǶΗǦǼǝ ǆȂǼȝȂȠȓȖ ǦǼ ȖǶǦǆǐȖ Θǣǐȓǐ ȝǣǐ ǅȂȠǼǌƷȓǦǐȖ Ȃǜ ƷǌǱƷǆǐǼȝ

ǅƷǆȝǐȓǦƷ ǅǶȠȓ ǦǼȝȂ ǐƷǆǣ Ȃȝǣǐȓ ǌȠǐ ȝȂ ȝǣǐ ǦǻƷǝǦǼǝ ȓǐȖȂǶȠȝǦȂǼॶ Ǧȝ ǦȖ ǆȓǦȝǦǆƷǶ ȝȂ ǌǐЖǼǐ Ʒ ȖȝȂȏȏǦǼǝ ǆȓǦৄ

ऀअ



ȝǐȓǦȂǼ Θǣǐȓǐ ȝǣǐ ǆȠȓΗǐ ǐΗȂǶȠȝǦȂǼ ΗǐǶȂǆǦȝΞ ǦȖ Ȗǐȝ ȝȂ ࣡ ȝǣƷȝ ǆǶǐƷȓǶΞ ȖǐȏƷȓƷȝǐȖ ƷǌǱƷǆǐǼȝ ǆǐǶǶȖॽ bǣǦȖ ǦȖ

ƷǆǣǦǐΗǐǌ ǅΞ ǌǐЖǼǦǼǝ Ʒ ȏǦǐǆǐৄΘǦȖǐ ΗǐǶȂǆǦȝΞ ǜȠǼǆȝǦȂǼ ƷȖ ǜȂǶǶȂΘȖॵ

q =






࣡, Ǧǜ [� = 

Ǽ[− ܱܶ]− ,ǼC∇ܮ ȂȝǣǐȓΘǦȖǐ
ँॽं

bǣǐq = ࣡ ǆȂǼǌǦȝǦȂǼ ǐЍǐǆȝǦΗǐǶΞ ȏȓǐΗǐǼȝȖ ȝǣǐ ǆȂǼȝȂȠȓȖॶ ǌȓǦΗǐǼ ǅΞ ȝǣǐ ǶǐΗǐǶ Ȗǐȝ ǐΗȂǶȠȝǦȂǼॶ ǜȓȂǻ

ǆȓȂȖȖǦǼǝ ȝǣǐ ǅȂȠǼǌƷȓǦǐȖ ǌǐЖǼǐǌ ǅΞ ȝǣǐ ȖȝȂȏȏǦǼǝ ǆȓǦȝǐȓǦȂǼ [�ॽ bǣǐ ΗǐǶȂǆǦȝΞ ǻȂǌǐǶq = Ǽ[ −

ǼCऀࣿऄ∇ܮ−[ܱܶ ȓǐȏȓǐȖǐǼȝȖ ȝǣǐ ȏȓȂȏƷǝƷȝǦǼǝ ȓƷȝǐ Ȃǜ ȝǣǐ ǐΗȂǶΗǦǼǝ ǆȠȓΗǐ ȝȂΘƷȓǌ ȝǣǐ ǆǐǶǶ ǅȂȠǼǌƷȓΞॽ /Ǽ

ȝǣǦȖ ǜȂȓǻȠǶƷॶ ܶ ǦȖ ǝǐǼǐȓƷǶǶΞ ȝǣǐ ǆȠȓΗƷȝȠȓǐ ǜȂȓǆǦǼǝ Ʒ ȖǶȂΘ ǌȂΘǼ Ʒȝ ȝǣǐ ǅȂȠǼǌƷȓΞ ƷȓǐƷȖॶ ܱ ƷǼǌ ܮ Ʒȓǐ

ȝǣǐ ǆȂǼȝȂȠȓ ȖǻȂȂȝǣǦǼǝ ƷǼǌ ǐǌǝǐ ƷȝȝȓƷǆȝǦǼǝ ȓǐǝȠǶƷȓǦΣƷȝǦȂǼॶ ƷǼǌ Ǽ ǦȖ ȝǣǐ ǶȂǆƷǶ ƷАǼǦȝΞ ǜȠǼǆȝǦȂǼ ƷȖ

ǌǐЖǼǐǌ ǦǼअःॵ
Ǽ(ͣ, ͤ) = ǯ−�(ͣ,ͤ)/ܹ, �(ͣ, ͤ) = |∇/|

%ܿ ∗ |∇/|+ ܯ ँॽः

Θǣǐȓǐ∇/ ǦȖ ȝǣǐ ǝȓƷǌǦǐǼȝ Ȃǜ ȝǣǐ ǦǻƷǝǐॶ%ܿ ǦȖ Ʒ ȖǻȂȂȝǣǦǼǝ ǴǐȓǼǐǶॶ ƷǼǌ ܯ ǦȖ Ʒ ǆȂǼȖȝƷǼȝ ȝȂ ǝȠƷȓƷǼȝǐǐ

ȝǣƷȝ �ΘǦǶǶ ȓǐǻƷǦǼ ǶǦǻǦȝǐǌ ǦǼ ȏȓǐȖǐǼǆǐ Ȃǜ ȖǻƷǶǶ ǝȓƷǌǦǐǼȝȖॽ

bǣǐ ȖȝȂȏȏǦǼǝ ǆȓǦȝǐȓǦȂǼ [� ǦǼ $Ǧǝॽ ँॽऀ ǐ ǦȖ ȝǣǐ ȖǴǐǶǐȝȂǼ Ȃǜ ǅƷǆǴǝȓȂȠǼǌ ȝǣƷȝ ǐΝȝȓƷǆȝȖ ȖǻȂȂȝǣǐǌ

ǆǐǶǶ ȓǐǝǦȂǼȖ ǜȓȂǻ ȝǣǐ ǦǼǦȝǦƷǶǦΣƷȝǦȂǼ ǶƷΞǐȓ Ȃǜ ȝǣǐ ǅǦȂЖǶǻॶ Θǣǐȓǐ ǆǐǶǶȖ Ʒȓǐ ǼȂȝ ȝȂȠǆǣǦǼǝ ȝȂ ǐƷǆǣ Ȃȝǣǐȓॽ

bǣǐ ȖǻȂȂȝǣǐǌ ǆǐǶǶ ȓǐǝǦȂǼȖ Ʒȓǐ ǆǐǶǶ ȖǐǝǻǐǼȝƷȝǦȂǼ ȓǐȖȠǶȝȖ Жȝȝǐǌ ΘǦȝǣ ǐǶǶǦȏȖǐ ЖȝȝǦǼǝॶ ȖȂ ȝǣƷȝ Θǐ ǆƷǼ

ȂǅȝƷǦǼ Ʒ ȖǻȂȂȝǣ ȖǴǐǶǐȝȂǼ Ȃǜ ȝǣǐ ǅƷǆǴǝȓȂȠǼǌ ȓǐǝǦȂǼॽ bǣǐ ǦǼǦȝǦƷǶǦΣƷȝǦȂǼ ǶƷΞǐȓȖ Ȃǜ ȝǣǐ ǅǦȂЖǶǻ Ʒȓǐ

ƷȠȝȂǻƷȝǦǆƷǶǶΞ ǌǐȝǐǆȝǐǌ ǅΞ ƷǼƷǶΞΣǦǼǝ ȝǣǐ ǼȠǻǅǐȓ Ȃǜ ǌǐȝǐǆȝǐǌ ǅƷǆȝǐȓǦƷ ƷȖ ǜȠǼǆȝǦȂǼ Ȃǜ ȖǶǦǆǐ ǶȂǆƷȝǦȂǼ

ƷǶȂǼǝ ȝǣǐ ͩৄǌǦȓǐǆȝǦȂǼॽ �ȝ ǦǼǦȝǦƷǶǦΣƷȝǦȂǼ ǶƷΞǐȓȖॶ ȝǣǐ ǼȠǻǅǐȓȖ Ȃǜ ǅƷǆȝǐȓǦƷ Ʒȓǐ ȝǣǐ ǶȂǆƷǶ ǻƷΝǦǻƷॽ

ँ৷ँ৷ँ �ӢԓӅԞԓԓӢԀӹ ҷӹӋ ӸԀԚӢԪҷԚӢԀӹ әԀԏ =�ԞԚԓ

sǐ ȒȠƷǶǦȝƷȝǦΗǐǶΞ ƷǼǌ ȒȠƷǼȝǦȝƷȝǦΗǐǶΞ ǆȂǻȏƷȓǐǌ ȂȠȓ ȓǐȖȠǶȝȖ ȂǼ ȖǦǻȠǶƷȝǐǌ ǌƷȝƷȖǐȝȖ ΘǦȝǣ ȝΘȂ ȏȠǅৄ

ǶǦȖǣǐǌ ƷǶǝȂȓǦȝǣǻȖॵ ȵȅțǼȕǯ ǥǯȕȕ ȼȲǖǥȓȅțǼ ǅΞ yƷǼॶ ǐȝ ƷǶॽऀंँ ƷǼǌ =࡛[ इࣿ ǦǼ ȂȠȓ �Ʒǆȝৄं� ȏƷȏǐȓऀँँॽ $Ǧǝॽ

ँॽँ ǦȖ Ʒ ΗǦȖȠƷǶ ǆȂǻȏƷȓǦȖȂǼ Ȃǜ ƷǶǶ ȝǣȓǐǐ ƷǶǝȂȓǦȝǣǻȖॽ yƷǼȖ ȖǦǼǝǶǐ ǆǐǶǶ ȝȓƷǆǴǦǼǝ ǻǐȝǣȂǌ ǦȖ ǦǻȏǶǐৄ

ऀआ



ǻǐǼȝǐǌ ȠȖǦǼǝ ȝǣǐ ƷΗƷǦǶƷǅǶǐ ȂȏǐǼ ȖȂȠȓǆǐ ǆȂǌǐ Θǣǐȓǐ ȝǣǐ ΗƷǶȠǐ Ȃǜ ऀࣿ ȠȖǐǌ ǦǼ ȝǣǐ ΘƷȝǐȓȖǣǐǌ ƷǶǝȂৄ

ȓǦȝǣǻ ΘƷȖ ǐǻȏǦȓǦǆƷǶǶΞ ǆǣȂȖǐǼ ȝȂ ȂȏȝǦǻǦΣǐ ȝǣǐ ȂȠȝȏȠȝॽ $Ȃȓ =ँ[ॶ Θǐ ȠȖǐǌ ȝǣǐ ȏȠǅǶǦȖǣǐǌ ǆȂǌǐ ǦǼ Ʒ

ȖǶǦǆǐৄǅΞৄȖǶǦǆǐ ǦǻȏǶǐǻǐǼȝƷȝǦȂǼ ƷǼǌ ȝǣǐǼ ǻǐȓǝǐǌ ƷǶǶ ȝǣǐ ȖǐǝǻǐǼȝǐǌ ȖǶǦǆǐȖ ƷǶȂǼǝ ȝǣǐ ͩৄǌǦȓǐǆȝǦȂǼ ȝȂ

ƷǆǣǦǐΗǐ ȝǣǐ ЖǼƷǶ ं� ΗȂǶȠǻǐॽ

Ʒ %ȓȂȠǼǌ ȝȓȠȝǣ ǅ �Ʒǆȝৄं� ǆ yƷǼ ǐȝ ƷǶॽऀंँ ǌ =ँ[इࣿ

Figure 2.2: Comparison of segmentation algorithms with Bact‐3D. The first row shows final 3D volumes recon‐
structed by each algorithm (different color for each layer). The second row shows the segmentation on an individual
slice.

bǣǐ�ȅǥǯ ǥȡǯϪǥȅǯțȼॶȚǯǖț ȵȱȿǖȲǯǫ ǯȲȲȡȲ ƷǼǌ ǥǯȕȕ ǫǯȼǯǥȼȅȡț ǖǥǥȿȲǖǥͤ Ʒȓǐ ȠȖǐǌ ȝȂ ǐΗƷǶȠƷȝǐ ȝǣǐ

ȏǐȓǜȂȓǻƷǼǆǐ Ȃǜ ȝǣǐ ƷǅȂΗǐ ǻǐȝǣȂǌȖ bƷǅǶǐॽ ँॽऀॽ bǣǐ �Ǧǆǐ ǆȂǐАǆǦǐǼȝ ǆȂǻȏƷȓǐȖ ȝǣǐ ȖǦǻǦǶƷȓǦȝΞ ǅǐৄ

ȝΘǐǐǼ ȝΘȂ ȖǐȝȖॵ ȝǣǐ ǝȓȂȠǼǌ ȝȓȠȝǣ qǝ ƷǼǌ ȝǣǐ ǌǐȝǐǆȝǐǌ qȝ ΗȂǶȠǻǐॶ ƷǼǌ Ǧȝ ǦȖ ǐΗƷǶȠƷȝǐǌ ǅΞ ࣣ|qǝ∩qȝ|
|qǝ|+|qȝ| ॶ

Θǣǐȓǐ | ॳ | ǌǐǼȂȝǐȖ ȝǣǐ ǆƷȓǌǦǼƷǶǦȝΞ Ȃǜ ȝǣǐ ǆȂȓȓǐȖȏȂǼǌǦǼǝ Ȗǐȝॶ ƷǼǌ ΗƷȓǦǐȖ ǅǐȝΘǐǐǼ ࣿ ȝȂ ऀ ΘǦȝǣ ȠǼǦȝΞ

ǦǼǌǦǆƷȝǦǼǝ ȂȏȝǦǻƷǶ ȖǐǝǻǐǼȝƷȝǦȂǼॽ BǐƷǼ ȖȒȠƷȓǐǌ ǐȓȓȂȓ B[� = ‖qǝ−qȝ‖ࣣࣣ ǻǐƷȖȠȓǐȖ ȝǣǐ ƷΗǐȓƷǝǐ

ȖȒȠƷȓǐǌ ǐȓȓȂȓȖ ǅǐȝΘǐǐǼ ǝȓȂȠǼǌ ȝȓȠȝǣ qǝ ƷǼǌ ǌǐȝǐǆȝǐǌ qȝ ΗȂǶȠǻǐȖॽ bǣǐB[� ǦȖ ǼȂȓǻƷǶǦΣǐǌ ǅΞ ȝǣǐ

ȝȂȝƷǶ ǼȠǻǅǐȓ Ȃǜ ȏǦΝǐǶȖ ǦǼ ȝǣǐ ΗȂǶȠǻǐॽ bǣǐ ǆǐǶǶ ǌǐȝǐǆȝǦȂǼ ƷǆǆȠȓƷǆΞ �� ǌǐȝǐȓǻǦǼǐȖ ǣȂΘǻƷǼΞ

ǆǐǶǶȖ Ʒȓǐ ȖǐǝǻǐǼȝǐǌ ƷǼǌ ǦǌǐǼȝǦЖǐǌ Cȝ ǆȂǻȏƷȓǐǌ ΘǦȝǣ ȝǣǐ ƷǆȝȠƷǶ ǼȠǻǅǐȓ ǦǼ ȝǣǐ ǝȓȂȠǼǌ ȝȓȠȝǣ ΗȂǶৄ

Ƞǻǐ Cǝॽ sǐ ǌǐЖǼǐ ȝǣǦȖ ǻǐƷȖȠȓǐ ȖǦǻǦǶƷȓǶΞ ȝȂ ȝǣǐ �Ǧǆǐ ǆȂǐАǆǦǐǼȝॵ �� =
ࣣǻǦǼ(Cǝ,Cȝ)

Cǝ+Cȝ
ॽ bǣǐ ǝȓȂȠǼǌ

ȝȓȠȝǣ ΘƷȖ ǌǐЖǼǐǌॶ ǦǌǐǼȝǦǆƷǶǶΞ ǜȂȓ ƷǶǶ ȝǣǐ ȓǐȖȂǶȠȝǦȂǼȖॶ ƷȖ ȝǣǐ ȖȂǶǦǌ ΗȂǶȠǻǐȖ ȂǆǆȠȏΞǦǼǝ ȝǣǐ ȖǦǻȠǶƷȝǐǌ

ǅƷǆȝǐȓǦƷǶ ǆǐǶǶȖ ǅǐǜȂȓǐ ȝǣǐ ǅǶȠȓȓǦǼǝ ǅΞ ȝǣǐ %ƷȠȖȖǦƷǼ ǴǐȓǼǐǶॽ bǣǐ ΗƷǶȠǐ ΘƷȖ Ȗǐȝ ȝȂ ȠǼǦȝΞ ǜȂȓ ȝǣǐ ǦǼȖǦǌǐ

Ȃǜ ȝǣǐ ǆǐǶǶȖ ƷǼǌ ΣǐȓȂ ǜȂȓ ȝǣǐ ȂȠȝȖǦǌǐॽ bǣǐ ȖƷǻǐ ǦǼǌǐΝৄȝΞȏǐ ǜȠǼǆȝǦȂǼ ΘƷȖ ȠȖǐǌ ǜȂȓ ȝǣǐ ǌǐȝǐǆȝǦȂǼȖ
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�Ʒǆȝৄं� yƷǼॶ ǐȝ ƷǶॽऀंँ =ँ[इࣿ

�ƷȝƷ �Ǧǆǐ B[� �� �Ǧǆǐ B[� �� �Ǧǆǐ B[� ��
ऀ ࣿॽइइ ࣿॽࣿइ ऀࣿࣿॽࣿ ࣿॽऄः ࣿॽँः ऄइॽआ ࣿॽइई ࣿॽࣿआ ऀॽऀ
ँ ࣿॽइअ ࣿॽࣿइ ऀࣿࣿॽࣿ ࣿॽऄअ ࣿॽऀई अऀॽई ࣿॽइइ ࣿॽࣿआ ईॽऀ
ं ࣿॽइआ ࣿॽࣿई ऀࣿࣿॽࣿ ࣿॽऄअ ࣿॽँअ ऄईॽऀ ࣿॽइई ࣿॽࣿइ ंॽऀ
ः ࣿॽइआ ࣿॽࣿई ईईॽऄ ࣿॽऄअ ࣿॽँअ ःआॽः ࣿॽइई ࣿॽࣿआ ःॽऀ
ऄ ࣿॽइआ ࣿॽࣿई ईईॽऄ ࣿॽऄआ ࣿॽँऄ ऄऄॽअ ࣿॽइई ࣿॽࣿइ इॽई

Table 2.1: Comparison of segmentation efficiency of Bact‐3D. Each dataset was generated using the cylinders models
to simulate the biofilm images with pixel resolution to be ࣨࣨ ×ࣨࣨ Ǽǻ122.

ȂǅȝƷǦǼǐǌ ǅΞ ȝǣǐ ȝǣȓǐǐ ǻǐȝǣȂǌȖ ƷǶǶȂΘǦǼǝ ǜȂȓ Ʒ ǌǦȓǐǆȝ ǆȂǻȏƷȓǦȖȂǼॽ

�Ƞǐ ȝȂ ȝǣǐ ǣǦǝǣ ȂΗǐȓৄȖǐǝǻǐǼȝƷȝǦȂǼ ȓǐȖȠǶȝȖॶ ȝǣǐ ȖǦǼǝǶǐ ǆǐǶǶ ȝȓƷǆǴǦǼǝ ǻǐȝǣȂǌऀंँ ǣƷȖ ǼȂ ǐΗǦǌǐǼȝ

ƷǌΗƷǼȝƷǝǐȖ ΘǣǐǼ ǆȂǻȏƷȓǐǌ ΘǦȝǣ ȝǣǐ ȝΘȂ Ȃȝǣǐȓ ǻǐȝǣȂǌȖॽ �ǶȝǣȂȠǝǣ =ँ[इࣿ ǆƷǼ ǌǐЖǼǐ ȝǣǐ ǣȂǻȂৄ

ǝǐǼǐȂȠȖ ǜȂȓǐǝȓȂȠǼǌ ǜȓȂǻ ȝǣǐ ǅƷǆǴǝȓȂȠǼǌॶ ΘǣǐǼ ǆȂǼȖǦǌǐȓǦǼǝ ȝǣǐ ƷǆǆȠȓƷǆΞ ǦǼ ȖǦǼǝǶǐ ǆǐǶǶ ǦǌǐǼȝǦЖৄ

ǆƷȝǦȂǼ �� ǦǼऀँँॶ ȝǣǐ ȏȓȂȏȂȖǐǌ �Ʒǆȝৄं� ȖǣȂΘȖ Ʒ ȖǦǝǼǦЖǆƷǼȝ ƷǌΗƷǼȝƷǝǐ ΘǦȝǣ ƷǼ ƷΗǐȓƷǝǐ ƷǆǆȠȓƷǆΞ

Ȃǜ ईईॽइऀॽ �Ʒǆȝৄं� ȂȠȝȏȠȝ ȏȓȂΗǦǌǐȖ ȠȖ ǼȂȝ ȂǼǶΞ ΘǦȝǣ Ʒ ǆǶǐƷȓ ं� ȓǐǆȂǼȖȝȓȠǆȝǦȂǼ Ȃǜ ȝǣǐ ǶƷΞǐȓǐǌ

ǅǦȂЖǶǻ ǅȠȝ ƷǶȖȂ ΘǦȝǣ ȝǣǐ ƷǅǦǶǦȝΞ ȝȂ ǦǌǐǼȝǦǜΞ ǐƷǆǣ ǦǼǌǦΗǦǌȠƷǶ ǅƷǆȝǐȓǦȠǻ $Ǧǝॽ ँॽँॶ ȖǐǆȂǼǌ ǆȂǶȠǻǼ

ƷǶǶȂΘǦǼǝ ȝǣǐ ǐΝȝȓƷǆȝǦȂǼ Ȃǜ ȖȝƷȝǦȖȝǦǆƷǶ ǦǼǜȂȓǻƷȝǦȂǼ ƷǅȂȠȝ ǶȂǆƷȝǦȂǼॶ ȖǦΣǐ ƷǼǌ ȂȓǦǐǼȝƷȝǦȂǼॽ

sǣǐǼ �Ʒǆȝৄं� ΘƷȖ ƷȏȏǶǦǐǌ ȂǼ ǻȂȓǐ ǆȂǻȏǶǐΝ ǅǦȂЖǶǻ ǦǻƷǝǐȖ ƷȖ ȖǣȂΘǼ ǦǼ $Ǧǝॽ ऀॽँॶ Θǣǐȓǐ ȝǣǐ

ǅƷǆȝǐȓǦƷǶ ǆǐǶǶȖ Ʒȓǐ ǼȂȝ ǶƷΞǐȓǶΞৄȏȂȖǦȝǦȂǼǐǌ ƷǼǌ Ʒȓǐ ǻȂȓǐ ǌǐǼȖǐǶΞ ȏƷǆǴǐǌॶ ȝǣǐ ȏǐȓǜȂȓǻƷǼǆǐ Ȃǜ �Ʒǆȝৄ

ं� ǌǐǝȓƷǌǐǌॽ bǣǐȓǐǜȂȓǐॶ Θǐ ǐΝȏǶȂȓǐǌ Ʒ ȖȂǶȠȝǦȂǼ ȝǣƷȝ ǆƷǼ ǦǌǐǼȝǦǜΞ ǦǼǌǦΗǦǌȠƷǶ ǅƷǆȝǐȓǦƷǶ ȓǐǝǦȂǼȖ ǅΞ

ǶǦǼǐƷȓ ǌƷȝƷ ǆǶȠȖȝǐȓǦǼǝ ȠȖǦǼǝ Ʒ ȓǐǆȠȓȖǦΗǐ ǝȓƷȏǣ ǆȠȝȖ ǻǐȝǣȂǌॶ ǼƷǻǐǌ =�ȠȝȖऀँࣿॽ =�ȠȝȖ ǦȖ ǅȠǦǶȝ ȂǼ

ȝǣǐ ǜȂǶǶȂΘǦǼǝ ǦǼȖǦǝǣȝॵ ǐΗǐǼ ȝǣȂȠǝǣ ȝǣǐ ȓƷΘ ǦǻƷǝǐ ǌƷȝƷ ǌȂǐȖ ǼȂȝ ȖǣȂΘ ǌǦȖȝǦǼǆȝ ǅȂȠǼǌƷȓǦǐȖ ǦǼ ǦǼৄ

ȝǐǼȖǦȝΞ ǅǐȝΘǐǐǼ ǌǐǼȖǐǶΞ ȏƷǆǴǐǌ ǆǐǶǶȖॶ Θǐ Ʒȓǐ ȖȝǦǶǶ ƷǅǶǐ ȝȂ ȓǐǶǦƷǅǶΞ ǆȂǻȏȠȝǐ ǶȂǆƷǶ ǦǼȝǐǼȖǦȝΞ ǻƷΝǦǻƷ

ȝǣƷȝ ǌǐǶǦǼǐƷȝǐ ȝǣǐ ǆǐǼȝȓƷǶ ƷΝǦȖ Ȃǜ ǐƷǆǣ ǆǐǶǶॽ

ऀई
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Figure 2.3: Intuitive workflow for the recursive program of LCuts. Here, ȵȅͩǯ=ȅȚȅȼ, ǫȅȵȼ=ȅȚȅȼ, and ǯǥǥ=ȅȚȅȼ are
parameters based on prior biological information. Blue panels are major steps proposed in Sec 2.3.1 to Sec 2.3.3.

eǼǶǦǴǐ ǻȂȖȝ ǌƷȝƷ ǆǶȠȖȝǐȓǦǼǝ ǻǐȝǣȂǌȖ ȖȠǆǣ ƷȖ ǴৄǻǐƷǼȖआःॶ ��[��Cंआॶ ƷǼǌ �ǐǼȖǦȝΞ�ǶȠȖȝइईॶ

=�ȠȝȖ ǌȂǐȖ ǼȂȝ ȓǐȒȠǦȓǐ ǻƷǼȠƷǶ ǦǼȝǐȓΗǐǼȝǦȂǼ ǦǼ Ȃȓǌǐȓ ȝȂ ǶȂǆƷȝǐ ȝǣǐ ƷȏȏȓȂȏȓǦƷȝǐ ǼȠǻǅǐȓ Ȃǜ ǆǶȠȖৄ

ȝǐȓȖ ΘǦȝǣ Ʒ ȏȓȂȏȂȖǐǌ ȓǐǆȠȓȖǦΗǐ ΘȂȓǴ ЙȂΘ $Ǧǝॽ ँॽंॽ /ǼǆȂȓȏȂȓƷȝǦȂǼ Ȃǜ ȖȝȓȠǆȝȠȓƷǶ ǆȂǼȖȝȓƷǦǼȝȖॶ ȖȠǆǣ

ƷȖ ȝǣǐ ǌǦȖȝƷǼǆǐ ǶǦǻǦȝ ƷǼǌ ȝǣǐ ǐǆǆǐǼȝȓǦǆǦȝΞ Ȃǜ ȝǣǐ ǅƷǆȝǐȓǦƷ ǦǼȝȂ =�ȠȝȖॶ ȂǅΗǦƷȝǐȖ ȝǣǐ Ǽǐǐǌ ǜȂȓ ǖ ȮȲȅȡȲȅ

ǦǼǜȂȓǻƷȝǦȂǼ ȓǐǝƷȓǌǦǼǝ ȝǣǐ ǼȠǻǅǐȓ Ȃǜ ǆǶȠȖȝǐȓȖ ǦǼ ȂȠȓ ǆƷȖǐॶ ȝǣǐ ǼȠǻǅǐȓ Ȃǜ ǆǐǶǶȖॶ ǻƷǴǦǼǝ =�ȠȝȖ

Ʒ ǜȠǶǶΞ ƷȠȝȂǻƷȝǦǆ ƷȏȏȓȂƷǆǣॽ bǣǐ ΘǣȂǶǐ ƷǶǝȂȓǦȝǣǻ ǆƷǼ ǅǐ ȏȓǦǻƷȓǦǶΞ ǌǦΗǦǌǐǌ ǦǼȝȂ ȝǣȓǐǐ ȏƷȓȝȖॵ ǆȂǼৄ

ȖȝȓȠǆȝ ȝǣǐ ǝȓƷȏǣ [ǐǆ ँॽंॽऀॶ ǆȂǻȏȠȝǐ ȝǣǐ ǅǦৄȏƷȓȝǦȝǦȂǼ ȖȂǶȠȝǦȂǼ [ǐǆ ँॽंॽँॶ ƷǼǌ ȓǐǆȠȓȖǦΗǐǶΞ ȓǐৄ

ȏƷȓȝǦȝǦȂǼ ȠǼȝǦǶ ȝǣǐ ȖȝȂȏȏǦǼǝ ǆȓǦȝǐȓǦƷ Ʒȓǐ ȓǐƷǆǣǐǌ [ǐǆ ँॽंॽंॽ

ँ৷ं৷ऀ %ԏҷԌӟ ӅԀӹԓԚԏԞӅԚӢԀӹ

CȂǌǐȖॵ bǣǐ ǼȂǌǐȖ ǶȂǆƷǶ ǻƷΝǦǻƷ ƷǶȂǼǝ ȝǣǐ ȓǦǌǝǐǶǦǼǐ Ȃǜ Ʒ ǆǐǶǶ ǦǼ ȝǣǐ ǆȂǼȖȝȓȠǆȝǐǌ ǝȓƷȏǣ ǣƷΗǐ

ȝΘȂ ǜǐƷȝȠȓǐȖॵ ǶȂǆƷȝǦȂǼ țȡǫǯ=ȡǥ ƷǼǌ ǌǦȓǐǆȝǦȂǼ țȡǫǯ�ȅȲॽ =ȂǆƷȝǦȂǼ ǦȖ ȖǦǻȏǶΞ ȝǣǐ �ƷȓȝǐȖǦƷǼ ȏȂȖǦৄ

ȝǦȂǼ Ȃǜ ȝǣǐ ǼȂǌǐॽ �ǦȓǐǆȝǦȂǼ Ȃǜ ǐƷǆǣ ǼȂǌǐ ǦȖ ȝǣǐ ȏȓǦǼǆǦȏƷǶ ƷΝǦȖ ǌǦȓǐǆȝǦȂǼ Ȃǜ ȝǣǐ ȓǦǌǝǐǶǦǼǐ ǆȂǻȏȠȝǐǌ

ΗǦƷ ǻƷǱȂȓǦȝΞ ΗȂȝǦǼǝ ȵǯǯ $Ǧǝॽ ँॽःॽ

ँࣿ



Figure 2.4: An illustration of majority voting. (a) A 4‐hop ”neighborhood” example. In graph theory, a ”hop” between
two nodes is defined as the number of edges that one has to traverse in order to reach from one node to the other
node. Each hop‐neighbor is found within a specified distance (dashed circles) to node. (b) The dashed lines connect‐
ing target node with all the other nodes in the neighborhood are possible orientations. (c) Those orientations that
have larger relative angles with respect to the orientations are excluded from the candidates. (d) The direction to
represent the target node is determined as the average orientation from the candidates.

�CȲ × CȮ ƷǆǆȠǻȠǶƷȝȂȓ ǦȖ Ȗǐȝ Ƞȏ ǜȂȓ ȝǣǐ ǻƷǱȂȓǦȝΞ ΗȂȝǦǼǝॽ HǼǐ ǌǦǻǐǼȖǦȂǼ Ȃǜ ȝǣǦȖ ƷǆǆȠǻȠǶƷȝȂȓ

ȓǐȏȓǐȖǐǼȝȖ ȝǣǐCȮ ȏȂȖȖǦǅǶǐ ȂȓǦǐǼȝƷȝǦȂǼȖ ȏ ǦǼCȮ ǅǦǼȖ Ȗǐǐ $Ǧǝॽ ँॽःǅॽ �ǼȂȝǣǐȓ ǌǦǻǐǼȖǦȂǼ ǆȂȓȓǐৄ

ȖȏȂǼǌȖ ȝȂ ȝǣǐ ȒȠƷǼȝǦΣǐǌ ȓǐǶƷȝǦΗǐ ƷǼǝǶǐȖ ݂ ΘǦȝǣCȲ ǅǦǼȖॶ Θǣǐȓǐ ݂ ǦȖ ǆȂǻȏȠȝǐǌ ǜȓȂǻ ǐƷǆǣ ȏȂȖȖǦǅǶǐ

ȂȓǦǐǼȝƷȝǦȂǼ ȝȂ ƷǶǶ ȝǣǐ ȂȝǣǐȓȖॽ ,ǐȓǐॶCȲ ǦȖ ǆǣȂȖǐǼ ǅƷȖǐǌ ȂǼ ȝǣǐ ǣȂȏ ǼȠǻǅǐȓॽ bǣǐ ƷǆǆȠǻȠǶƷȝȂȓ

ΘǦǶǶ ǆȂȠǼȝ ȝǣǐ ǼȠǻǅǐȓ Ȃǜ ȏƷȓƷǻǐȝǐȓ ȏƷǦȓȖ ȏ, ݂ ȝǣƷȝ ǶǦǐ ǦǼ ǐƷǆǣ ǅǦǼॽ sǦȝǣǦǼ ȝǣǐ ЖȓȖȝ ǅǦǼ Ȃǜ ݂ॶ ȝǣǐ

ȂȓǦǐǼȝƷȝǦȂǼȖ ΘǦȝǣ ȝǣǐ ǶƷȓǝǐȖȝ ΗƷǶȠǐ Ʒȓǐ ȖǐǶǐǆȝǐǌ ΘǣǦǆǣ ǝǦΗǐ ȝǣǐ ǆƷǼǌǦǌƷȝǐ ǌǦȓǐǆȝǦȂǼȖॽ bǣǐȖǐ ǆƷǼǌǦৄ

ǌƷȝǐȖ Ʒȓǐ ƷΗǐȓƷǝǐǌ ȝȂ ΞǦǐǶǌ ȝǣǐ ǻƷǱȂȓ ǌǦȓǐǆȝǦȂǼ ǜȂȓ ȝǣǐ ȝƷȓǝǐȝ ǼȂǌǐॽ

�ǌǱƷǆǐǼǆΞ ǻƷȝȓǦΝॵ bǣǐ ƷǌǱƷǆǐǼǆΞ ǻƷȝȓǦΝ ȓǐЙǐǆȝȖ ȝǣǐ ǶǦǴǐǶǦǣȂȂǌ Ǧǜ ȝΘȂ ǼȂǌǐȖ Ʒȓǐ ǦǼ ȝǣǐ ȖƷǻǐ

ǝȓȂȠȏॽ [ȠȏȏȂȖǐ ȝǣǐȓǐ ƷȓǐC ǼȂǌǐȖ ǦǼ ȝǣǐ ǝȓƷȏǣॶ ȝǣǐǼ ȝǣǐ ǌǦǻǐǼȖǦȂǼ Ȃǜ ȝǣǐ ƷǌǱƷǆǐǼǆΞ ǻƷȝȓǦΝ ǦȖ

C × Cॽ �Ʒǆǣ ƷȝȝȓǦǅȠȝǐ ǦǼ ȝǣǐ ǻƷȝȓǦΝ ȓǐȏȓǐȖǐǼȝȖ ȝǣǐ ǆȂǼǼǐǆȝǦΗǦȝΞ ƷǼǌ ǐǌǝǐ ΘǐǦǝǣȝ ǅǐȝΘǐǐǼ ȝΘȂ

ǼȂǌǐȖ ȅॶ Ȑॵ ͞ȅȐ = ͞ǫȅȵȼǖțǥǯ ॳ͞ǫȅȲǯǥȼȅȡț ॳ͞ȅțȼǯțȵȅȼͤॽ

bǣȓǐǐ ȖǦǻǦǶƷȓǦȝΞ ǻǐƷȖȠȓǐȖ Ʒȓǐ ǦǼΗȂǶΗǐǌॵ ȝǣǐ �ȠǆǶǦǌǐƷǼ ǌǦȖȝƷǼǆǐ Ȃǜ ǶȂǆƷȝǦȂǼȖ Ȃǜ ǼȂǌǐȖ ǐȒ ंॽंॶ

ȝǣǐ ȓǐǶƷȝǦΗǐ ƷǼǝǶǐ ǅǐȝΘǐǐǼ ǻƷǱȂȓ ǌǦȓǐǆȝǦȂǼȖ ǐȒ ंॽअ ƷǼǌ ȝǣǐ ǌǦȖȖǦǻǦǶƷȓǦȝΞ Ȃǜ ǦǼȝǐǼȖǦȝΞ ƷǶȂǼǝ ȝǣǐ
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ȖǐǝǻǐǼȝ ǆȂǼǼǐǆȝǦǼǝ ȝΘȂ ǼȂǌǐȖ ǐȒ ँॽआॽ ,ǐȓǐॶ ȝǣǐ ȝǐȓǻȖ Ʒȓǐ ǌǐЖǼǐǌ ƷȖ ǜȂǶǶȂΘȖॵ

͞ǫȅȵȼǖțǥǯ =






ǯ−||ǼȂǌǐ=Ȃǆȅ−ǼȂǌǐ=ȂǆȐ||ࣣࣣ/ࣣܿ� , Ǧǜ ||ǼȂǌǐ=Ȃǆȅ − ǼȂǌǐ=ȂǆȐ||ࣣ ≤ Ȳ

࣡, ȂȝǣǐȓΘǦȖǐ
ँॽऄ

͞ǫȅȲǯǥȼȅȡț = ǯ−(ǆȂȖ(ܴ)−)ࣣ/ࣣܿb ँॽअ

͞ȅțȼǯțȵȅȼͤ = ǻǦǼ /ȅ→Ȑ, Ǧǜ ǻǦǼ /ȅ→Ȑ ≤ ȼȂȲǯȵȂ ँॽआ

,ǐȓǐॶ ͞ǫȅȵȼǖțǥǯ ΘǐǦǝǣȖ ȝǣǐ ǌǦȖȝƷǼǆǐ ǅǐȝΘǐǐǼ ȝΘȂ ǼȂǌǐȖ ƷǼǌ ͞ǫȅȲǯǥȼȅȡț ΘǐǦǝǣȖ ȝǣǐ ǌǦЍǐȓǐǼǆǐ ǅǐৄ

ȝΘǐǐǼ ǼȂǌǐ ǌǦȓǐǆȝǦȂǼȖॽ ||ǼȂǌǐ=Ȃǆȅ − ǼȂǌǐ=ȂǆȐ||ࣣ ǦȖ ȝǣǐ �ȠǆǶǦǌǐƷǼ ǌǦȖȝƷǼǆǐ ǅǐȝΘǐǐǼ ǼȂǌǐ ȅ ƷǼǌ

ǼȂǌǐ Ȑॶ ƷǼǌ Ȳ ǦȖ Ȗǐȝ ȝȂ ǐǶǦǻǦǼƷȝǐ ǐǌǝǐȖ ǅǐȝΘǐǐǼ ȝΘȂ ǜƷȓ ƷΘƷΞ ǼȂǌǐȖॽ ܴȅȐ ǦȖ ȝǣǐ ȓǐǶƷȝǦΗǐ ƷǼǝǶǐ ǅǐȝΘǐǐǼ

ȝǣǐ ǌǦȓǐǆȝǦȂǼȖ Ȃǜ ǼȂǌǐȖ ȅ ƷǼǌ Ȑॽ ܿ� ƷǼǌ ܿb Ʒȓǐ ƷǌǱȠȖȝƷǅǶǐ ȏƷȓƷǻǐȝǐȓȖ ȝǣƷȝ ǆȂǼȝȓȂǶ ȝǣǐ ȓƷȝǐ Ȃǜ ǐΝȏȂৄ

ǼǐǼȝǦƷǶ ǌǐǆƷΞॽ

bǣǐ ȝǣǦȓǌ ȝǐȓǻॶ ͞ȅțȼǯțȵȅȼͤॶ ǌǐȝǐǆȝȖ ȝǣǐ ǦǼȝǐǼȖǦȝΞ ǌǦȖȖǦǻǦǶƷȓǦȝΞ ƷǶȂǼǝ ȝǣǐ ȖǐǝǻǐǼȝ ǱȂǦǼǦǼǝ ȝΘȂ

ǼȂǌǐȖ ǦǼ ȝǣǐ ǦǻƷǝǐॽ ȼȂȲǯȵȂ ǐȒȠƷǶȖ ȝǣǐ ǌǦЍǐȓǐǼǆǐ ǅǐȝΘǐǐǼ ȝǣǐ ǻǦǌৄȓƷǼǝǐ Bȅǫ Ȃǜ ƷǶǶ ȝǣǐ ǼȂǌǐȖ

ƷǼǌ ȝǣǐ ΗƷȓǦƷǼǆǐ qǖȲ Ȃǜ ȝǣǐ ǆȂǼȖȝǦȝȠǐǼȝ ǼȂǌǐ ǦǼȝǐǼȖǦȝǦǐȖॽ /Ǽ ȝǣǐ ǆƷȖǐ ȝǣƷȝ ȝǣǐ ǼȂǌǐȖ ǣƷΗǐ ǼȂ ǦǼৄ

ȝǐǼȖǦȝΞ ǦǼǜȂȓǻƷȝǦȂǼॶ ȝǣǦȖ ȝǐȓǻ ǆƷǼ ǅǐ Ȗǐȝ ƷȖ ॽ HȝǣǐȓΘǦȖǐॶ Θǐ ǐΝȝȓƷǆȝ ȝǣǐ ǦǼȝǐǼȖǦȝǦǐȖ ƷǶȂǼǝ ȝǣǐ ǆȂǼৄ

ǼǐǆȝǦǼǝ ȖǐǝǻǐǼȝ ǜȓȂǻ ǼȂǌǐ ȅ ȝȂ ǼȂǌǐ Ȑ ǜȓȂǻ ȝǣǐ ǦǻƷǝǐ ƷȖ ȖǣȂΘǼ ǦǼ $Ǧǝॽ ँॽऄ ƷǼǌ ЖǼǌ ȝǣǐ ǶȂΘǐȖȝ

ǦǼȝǐǼȖǦȝΞ ƷǶȂǼǝ ȝǣǐ ȖǐǝǻǐǼȝ ƷǼǌ ǆȂǻȏƷȓǐ ȝȂ ȼȂȲǯȵȂॽ

ँ৷ं৷ँ �ԀӸԌԞԚҷԚӢԀӹ Ԁә ӂӢ৳ԌҷԏԚӢԚӢԀӹ ԓԀӲԞԚӢԀӹ

bǣǐ ǆȂǻȏȠȝƷȝǦȂǼ Ȃǜ ȝǣǐ ǅǦৄȏƷȓȝǦȝǦȂǼ ȖȂǶȠȝǦȂǼ ǦǼ ȝǣǐ ȏȓȂȏȂȖǐǌ ȓǐǆȠȓȖǦΗǐ ΘȂȓǴЙȂΘ ΘƷȖ ǦǼȝȓȂৄ

ǌȠǆǐǌ ǅΞ [ǣǦ ƷǼǌBƷǶǦǴईईॽ bǣǐ ǦǻƷǝǐ ǦȖ ȓǐȏȓǐȖǐǼȝǐǌ ƷȖ Ʒ ΘǐǦǝǣȝǐǌॶ ȠǼǌǦȓǐǆȝǐǌ ǝȓƷȏǣ% = (q,�)ॶ

Θǣǐȓǐq = � ∪ � ƷǼǌ � ȓǐȏȓǐȖǐǼȝȖ ȝǣǐ ǆȂǼǼǐǆȝǦǼǝ ǐǌǝǐȖॽ bǣǐǼॶ ȝǣǐ ǦǻƷǝǐ ǦȖ ȏƷȓȝǦȝǦȂǼǐǌ ǦǼȝȂ

ȝΘȂ ǝȓȂȠȏȖॶ � ƷǼǌ �ॶ ǅΞ ǌǦȖǆȂǼǼǐǆȝǦǼǝ ȝǣǐ ǐǌǝǐȖ ǅǐȝΘǐǐǼ ȝǣǐȖǐ ȝΘȂ ǝȓȂȠȏȖॽ � ǆǶȂȖǐǌৄǜȂȓǻ ȖȂǶȠৄ

ȝǦȂǼ Ȃǜ ȝǣǦȖ ȏƷȓȝǦȝǦȂǼǦǼǝ ȏȓȂǅǶǐǻ ǦȖ ǜȂȠǼǌ ǅΞ ȓǐΘȓǦȝǦǼǝCǥȿȼ ǦǼȝȂ ǝǐǼǐȓƷǶǦΣǐǌ ǐǦǝǐǼΗƷǶȠǐ ȖΞȖȝǐǻॽ

ँँ



Figure 2.5: Illustration and motivation of defining intensity on edge weight. a: Nodes are denoted as red asterisk. b:
After extracting the node directions from the red region in a, it is still hard to separate two groups as the relative an‐
gle (in c) and relative distance (shown in d, the distance is 10) are close. In this case, we evaluate the intensity along
the connection of the two nodes. The intensity changes are shown in d. The intensity weighting is then assigned as
the lowest intensity lower than ȼȂȲǯȵȂ.

bǣǐǼॶ ȝǣǐ ȂȏȝǦǻƷǶ ǅǦৄȏƷȓȝǦȝǦȂǼ ȖȂǶȠȝǦȂǼ ǦȖ ǝǦΗǐǼ ǅΞ ǆȂǻȏȠȝǦǼǝ ȝǣǐ ǐǦǝǐǼΗǐǆȝȂȓ ΘǦȝǣ ȝǣǐ ȖǐǆȂǼǌ

ȖǻƷǶǶǐȖȝ ǐǦǝǐǼΗƷǶȠǐ Ȃǜ ȝǣǐ ǝǐǼǐȓƷǶǦΣǐǌCǥȿȼ ǜȠǼǆȝǦȂǼॽ UǶǐƷȖǐ ȓǐǜǐȓ ȝȂ [ǐǆȝǦȂǼ ंॽःॽआ ǜȂȓ ǻȂȓǐ ǌǐৄ

ȝƷǦǶȖ ȓǐǝƷȓǌǦǼǝ ȝǣǐ ǻƷȝǣǐǻƷȝǦǆƷǶ ǆƷǶǆȠǶƷȝǦȂǼȖॽ

ँ৷ं৷ं [ԚԀԌԌӢӹӚ �ԏӢԚӏԏӢҷ

bΘȂ ȖȝȂȏȏǦǼǝ ǆȂǼǌǦȝǦȂǼȖ Ʒȓǐ ǆǣǐǆǴǐǌ Ʒǜȝǐȓ ǐƷǆǣ ǅǦৄȏƷȓȝǦȝǦȂǼ Ȗȝǐȏ ȝȂ ǌǐǆǦǌǐ ȝǣǐ ǆȂǻȏǶǐȝǐǼǐȖȖ Ȃǜ

ȝǣǐ ȓǐǆȠȓȖǦȂǼॽ

�ȓǦȝǐȓǦȂǼ ऀ ৄ ȖǦΣǐॵ bǣǐ ȏȓǐǶǦǻǦǼƷȓΞ ǆȂǻȏȂǼǐǼȝȖ ȝǣƷȝ Ʒȓǐ ǶǐȖȖ ȝǣƷǼ ȵȅͩǯ=ȅȚȅȼ ǣƷΗǐ ȝǣǐ ȏȂȝǐǼৄ

ȝǦƷǶ ȝȂ ǅǐ ƷǼ ǦǼǌǦΗǦǌȠƷǶ ǝȓȂȠȏॽ ,ǐȓǐॶ ȵȅͩǯ=ȅȚȅȼ ǦȖ ǌǐȝǐȓǻǦǼǐǌ ǅΞ ȝǣǐ ȏȓǦȂȓ ǅǦȂৄǦǼǜȂȓǻƷȝǦȂǼ Ȃǜ ȝǣǐ

ǻƷΝǦǻȠǻ ǶǐǼǝȝǣ Ȃǜ ȝǣǐ ǅƷǆȝǐȓǦȠǻॽ

�ȓǦȝǐȓǦȂǼ ँ ৄ ǶǦǼǐƷȓǦȝΞॵ bǣȓǐǐ ƷȖȏǐǆȝȖ Ʒȓǐ ǆǣǐǆǴǐǌ ȝȂ ǐǼȖȠȓǐ ȝǣǐ ǶǦǼǐƷȓǦȝΞॵ ऀ [ȼǖțǫǖȲǫ ǫǯ͝ȅठ

ǖȼȅȡț [ȝǌ ǜȓȂǻ ǼȂǌǐȖ ǦǼ ȝǣǐ ǝȓȂȠȏ ȝȂ ȝǣǐ ǶǐƷȖȝ ȖȒȠƷȓǐ Жȝȝǐǌ ǶǦǼǐঃ ँ /țȼǯțȵȅȼͤ ǥȂǖțǼǯȵ ǅǐȝΘǐǐǼ

ȝǣǐ ǼȂǌǐȖ ΘǦȝǣǦǼ ȝǣǐ ǝȓȂȠȏ ƷȖ ǐΝȏǶƷǦǼǐǌ ǦǼ [ǐǆ ँॽंॽऀঃ ं �ǥǥǯțȼȲȅǥȅȼͤ Ȃǜ ȝǣǐ ǝȓȂȠȏॽ bǣǦȖ ǦȖ ƷǼ

ȂȏȝǦȂǼƷǶ ǆȂǼǌǦȝǦȂǼ ǅƷȖǐǌ ȂǼ ȝǣǐ ǌƷȝƷ ȝΞȏǐॽ $Ȃȓ ǶǦǼǐƷȓ ǆȂǻȏȂǼǐǼȝȖॶ ȝǣǐ ǐǆǆǐǼȝȓǦǆǦȝΞ ǯǥǥ=ȅȚȅȼ ǦȖ

ǆǶȂȖǐȓ ȝȂ ऀঃ ΘǣǦǶǐॶ ǜȂȓ ǆǦȓǆȠǶƷȓ ǆȂǻȏȂǼǐǼȝȖॶ Ǧȝ ǦȖ ǆǶȂȖǐȓ ȝȂ ࣿॽ
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ँ৷ः �ԭԌӏԏӢӸӏӹԚԓ Ԁӹ ँ� ӂҷӅԚӏԏӢҷӲ ӢӸҷӚӏԓ

ँ৷ः৷ऀ �ҷԚҷԓӏԚ

$Ȃȓ ȒȠƷǶǦȝƷȝǦΗǐ ƷǼǌ ȒȠƷǼȝǦȝƷȝǦΗǐ ƷȖȖǐȖȖǻǐǼȝȖॶ =�ȠȝȖ ǦȖ ЖȓȖȝ ȝǐȖȝǐǌ ȂǼ ऀࣿ ȝΘȂৄǌǦǻǐǼȖǦȂǼƷǶ ȏȂǦǼȝ

ǆǶȂȠǌ ǌƷȝƷȖǐȝȖ ΘǣǦǆǣ Ʒȓǐ ǝǐǼǐȓƷȝǐǌ ǜȓȂǻ ǅƷǆȝǐȓǦƷǶ ǦǻƷǝǐȖ ȠȖǦǼǝ �ǦȓΞȖǆƷǼ ǻǦǆȓȂȖǆȂȏΞॽ $ȓȂǻ ȝǣǐȖǐ

ǦǻƷǝǐȖॶ Θǐ ȂǅȝƷǦǼ ȏȓǦȂȓ ǦǼǜȂȓǻƷȝǦȂǼ ȓǐǝƷȓǌǦǼǝ ȝǣǐ ǶȂǼǝǐȖȝ ǅƷǆȝǐȓǦȠǻ ǦǼ ȝǣǐ ǌƷȝƷȖǐȝ ƷȏȏȓȂΝǦৄ

ǻƷȝǐǶΞ ǻƷΝǦǻȠǻ अࣿ ȏǦΝǐǶȖ ǦǼ ǶǐǼǝȝǣ ƷǼǌ ऀऄ ȏǦΝǐǶȖ ǦǼ ΘǦǌȝǣॶ Θǣǐȓǐ ǐƷǆǣ ȏǦΝǐǶ ǦȖ ࣥࣧǼǻ × ࣥࣧǼǻॽ

bǣǐ ȝΞȏǦǆƷǶ ǌƷȝƷ ǣƷΗǐ ँऄࣿ ȝȂ अࣿࣿ ǼȂǌǐȖ ΘǦȝǣ ƷȏȏȓȂΝǦǻƷȝǐǶΞ ँࣿ ȝȂ अࣿ ǆǐǶǶȖ ȂǅȖǐȓΗǐǌॽ bȂ ǅȠǦǶǌ ȝǣǐ

ǝȓƷȏǣॶ Θǐ ǝǐǼǐȓƷȝǐ ȝǣǐ ȏȂǦǼȝ ǆǶȂȠǌ ǌƷȝƷ ǜȂǶǶȂΘǦǼǝ ȝǣǐ ȏǦȏǐǶǦǼǐ ǦǼ $Ǧǝॽ ँॽअॽ

bȂ ǅȠǦǶǌ ȝǣǐ ǝȓƷȏǣॶ Θǐ ǝǐǼǐȓƷȝǐ ȝǣǐ ȏȂǦǼȝ ǆǶȂȠǌ ǌƷȝƷ ǜȂǶǶȂΘǦǼǝ ȝǣǐ ȏǦȏǐǶǦǼǐ ǦǼ $Ǧǝॽ ँॽअॽ �Ǽ

ǐΝȏǐȓǦǻǐǼȝƷǶ ȓǐȖȠǶȝ ƷǼǌ ǆȂȓȓǐȖȏȂǼǌǦǼǝ ǼȂǌǐ ǜǐƷȝȠȓǐȖ ǦȖ ȖǣȂΘǼ ǦǼ $Ǧǝॽ ँॽआॽ

Figure 2.6: Pipeline for finding nodes from bacterial images. Step 1: Filter the original image with a Gaussian kernel (a
→ b). Step 2: Enhance the signals in the image via background subtraction (b→ c). Step 3: Find the local maxima (c
→ d). Step 4: Clear the points if they have no neighbors or overlap with other points ‐ the rest are the found nodes
(red asterisks in d).

Figure 2.7: An example performance of LCuts with constructed graph features. (a) Nodes are marked in red aster‐
isks. (b) Red lines show the major direction features for each nodes (blue dots). (c) LCut clustering results for the
constructed graph.

ँः



ँ৷ः৷ँ �ԪҷӲԞҷԚӢԀӹ

bǣǐ ȏǐȓǜȂȓǻƷǼǆǐ Ȃǜ =�ȠȝȖ ǦȖ ƷǼƷǶΞΣǐǌ ȒȠƷǶǦȝƷȝǦΗǐǶΞ ƷǼǌ ȒȠƷǼȝǦȝƷȝǦΗǐǶΞ ǅΞ ǆȂǻȏƷȓǦǼǝ ΘǦȝǣ

ȝΘȂ ǆȠȓȓǐǼȝ ǻǐȝǣȂǌȖ ȠȖǐǌ ǦǼ ȝǣǐ ǅǦȂǦǻƷǝǦǼǝ ǆȂǻǻȠǼǦȝΞॶ�ǯțȵȅȼͤ�ȕȿȵȼ इई ƷǼǌ [ȅțǼȕǯ �ǯȕȕ ȼȲǖǥȓठ

ȅțǼ ऀंँॽ �ǯțȵȅȼͤ�ȕȿȵȼ ǦȖ Ʒ ǣǦǝǣǶΞৄȓƷȝǐǌ ǆǶȠȖȝǐȓǦǼǝ ǻǐȝǣȂǌ ȝǣƷȝ ǣƷȖ ǜƷΗȂȓƷǅǶǐ ȏǐȓǜȂȓǻƷǼǆǐ ǦǼ ǆǶƷȖৄ

ȖǦǜΞǦǼǝ ǐǶǐǻǐǼȝȖ ǅƷȖǐǌ ȂǼ ȝǣǐ ȓǐǶƷȝǦΗǐ ǌǐǼȖǦȝΞ ƷȓȂȠǼǌ ǐƷǆǣ ȏȂǦǼȝȖॽ [ȅțǼȕǯ �ǯȕȕ ȼȲǖǥȓȅțǼ ǦȖ ȂǼǐ Ȃǜ

ȝǣǐ ȓǐȏȓǐȖǐǼȝƷȝǦΗǐ ȝȂȂǶǴǦȝȖ ǜȂȓ ȓǐǆȂǼȖȝȓȠǆȝǦǼǝ ǅƷǆȝǐȓǦƷǶ ǅǦȂЖǶǻȖॽ /ȝ ȠȖǐȖ Ʒ ǅƷǼǌৄȏƷȖȖ ЖǶȝǐȓ ǜȂȓ Ǧǻৄ

Ʒǝǐ ǌǐǼȂǦȖǦǼǝ ƷǼǌ ȏǐȓǜȂȓǻȖ ǻƷȓǴǐȓ ǆȂǼȝȓȂǶǶǐǌ ΘƷȝǐȓȖǣǐǌ ȖǐǝǻǐǼȝƷȝǦȂǼ ȝȂ ȖǐȏƷȓƷȝǐ ȖǦǼǝǶǐ ǆǐǶǶȖॽ

WȠƷǶǦȝƷȝǦΗǐ ǆȂǻȏƷȓǦȖȂǼ ǦȖ ȖǣȂΘǼ ǦǼ $Ǧǝॽ ँॽइॽ

Figure 2.8: Qualitative comparison for the proposed method (second column) with DensityClust89 (third column) and
Single Cell Tracking132 (fourth column). The first column is manually labeled ground truth. Different colors represent
different single cell groups in all the cases.

bΘȂǻǐƷȖȠȓǐȖॶ ǝȓȂȠȏǦǼǝ ƷǆǆȠȓƷǆΞ %�ǆǆ ƷǼǌ ǆȂȠǼȝǦǼǝ ƷǆǆȠȓƷǆΞ ��ǆǆॶ Ʒȓǐ ǆȂǻȏȠȝǐǌ ǜȂȓ

ȒȠƷǼȝǦȝƷȝǦΗǐ ǆȂǻȏƷȓǦȖȂǼ ȠȖǦǼǝ�ȅǥǯ  ँbUँbU  $U $Cॽ $Ȃȓ ǅȂȝǣ ǻǐƷȖȠȓǐȖॶ ȝǣǐ ȝȓȠǐ ȏȂȖৄ

ǦȝǦΗǐȖ bU Ʒȓǐ ȝǣǐ ǼȠǻǅǐȓ Ȃǜ ǼȂǌǐȖ ȏǐȓ ǆǐǶǶ ȝǣƷȝ Ʒȓǐ ǆȂȓȓǐǆȝǶΞ ǆǶƷȖȖǦЖǐǌ ΘǦȝǣǦǼ ǐƷǆǣ ǆǐǶǶ ȓǐǝǦȂǼॽ

,ǐȓǐॶ ǆǐǶǶ ȓǐǝǦȂǼȖ Ʒȓǐ ǻƷǼȠƷǶǶΞ ǶƷǅǐǶǐǌ ƷȖ ǅǦǼƷȓǦΣǐǌ ǝȓȂȠǼǌ ȝȓȠȝǣ ƷȖ ǆȂǼȖǦȖȝǐǼȝ ȖȝƷǼǌƷȓǌ ǦǼ ȝǣǐ

ǆȂǻȏƷȓǦȖȂǼॽ $Ȃȓ %�ǆǆॶ ǜƷǶȖǐ ȏȂȖǦȝǦΗǐȖ $U ǆȂȠǼȝ ȝǣǐ ǼȂǌǐȖ ǻǦȖǻƷȝǆǣǐǌ ǦǼ ǐΝȏǐȓǦǻǐǼȝƷǶ ǌƷȝƷঃ

ΘǣǦǶǐॶ ǜƷǶȖǐ ǼǐǝƷȝǦΗǐȖ $C ȓǐȏȓǐȖǐǼȝ ȝǣȂȖǐ ǼȂǌǐȖ ǻǦȖȖǦǼǝ ǦǼ ǆȂȓȓǐȖȏȂǼǌǦǼǝ ǝȓȂȠǼǌ ȝȓȠȝǣॽ [ǦǻǦৄ

ँऄ



ǶƷȓǶΞॶ ǜȂȓ ��ǆǆॶ $U ǦȖ ȝǣǐ ǆȂȠǼȝ ǜȂȓ ǆǐǶǶȖ ȝǣƷȝ Ʒȓǐ ȂΗǐȓৄȖǐǝǻǐǼȝǐǌ ƷǼǌ $C ǆȂȠǼȝ ǜȂȓ ǆǐǶǶȖ ȝǣƷȝ ǣƷΗǐ

ǼȂ ǆȂȓȓǐȖȏȂǼǌǦǼǝ ǆǶȠȖȝǐȓ ǦǼ ȝǣǐ ǐΝȏǐȓǦǻǐǼȝƷǶ ȓǐȖȠǶȝॽ

=�ȠȝȖ �ǐǼȖǦȝΞ�ǶȠȖȝ [�b
%�ǆǆ ��ǆǆ %�ǆǆ ��ǆǆ %�ǆǆ ��ǆǆ

�ǐȖȝ ईऄॽई ईऄॽऀ ईःॽअ ईँॽं ईःॽः ईःॽऀ
sȂȓȖȝ इआॽइ इऄॽँ आइॽं इंॽआ आआॽइ ऄंॽऄ
�Ηǝॽ ईऀॽअ ईऀॽँ इऄॽई इआॽँ इआॽआ इअॽऄ

Table 2.2: Quantitative comparison of LCuts with DensityClust89 and Single Cell Tracking (SCT)132 using Dice scores.

HΗǐȓƷǶǶॶ =�ȠȝȖ ȂȠȝȏǐȓǜȂȓǻȖ �ǐǼȖǦȝΞ�ǶȠȖȝ ƷǼǌ [�b ǦǼ %�ǆǆ ƷǼǌ ��ǆǆ ǅΞ Ʒ ǻƷȓǝǦǼ Ȃǜ Ʒȝ ǶǐƷȖȝ

ࣥ ȂǼ ƷΗǐȓƷǝǐॽ bǣǐȓǐ Ʒȓǐ ǆǦȓǆȠǻȖȝƷǼǆǐȖ ȝǣƷȝ ȖȂǻǐ ǆǐǶǶȖ Ʒȓǐ ǻǦȖǆǶƷȖȖǦЖǐǌ ǦǼ =�ȠȝȖॽ HǼǐ ǆƷȠȖǐ ǦȖ

ȝǣǐ ǼȂǼৄǶǦǼǐƷȓǦȝΞ Ȃǜ ƷȠȝȂৄȏȓȂǌȠǆǐǌ ȏȂǦǼȝ ǆǶȂȠǌ ǌƷȝƷॶ ǐȖȏǐǆǦƷǶǶΞ ΘǣǐǼ ǆǐǶǶȖ Ʒȓǐ ȓƷǼǌȂǻǶΞ ЙȂƷȝৄ

ǦǼǝ ǦǼ ȝǣǐ ȝǣȓǐǐৄǌǦǻǐǼȖǦȂǼƷǶ ȖȏƷǆǐॽ �ǼȂȝǣǐȓ ȓǐƷȖȂǼ ǦȖ ȝǣǐ ȝȓƷǌǐৄȂЍ ǅǐȝΘǐǐǼ ȝǣǐ ȝȂǶǐȓƷǼǆǐ ǦǼ ǌǦȖৄ

ȝƷǼǆǐǦǼȝǐǼȖǦȝΞ ǆǣƷǼǝǐȖ ƷǼǌ ȝǣǐ ǆȂǼȝǦǼȠǦȝΞ Ȃǜ ȝǣǐ ǶǦǼǐƷȓ ȖȝȓȠǆȝȠȓǐॽ

ँ৷ऄ �ԭԌӏԏӢӸӏӹԚԓ Ԁӹ ं� ӂҷӅԚӏԏӢҷӲ ӢӸҷӚӏԓ

ँ৷ऄ৷ऀ �ҷԚҷԓӏԚ

=�ȠȝȖ ǆƷǼ ǅǐ ǌǦȓǐǆȝǶΞ ƷȏȏǶǦǐǌ ȂǼ ȝǣǐ ȝǣȓǐǐৄǌǦǻǐǼȖǦȂǼƷǶ ǌƷȝƷॽ sǐ ȝǐȖȝǐǌ Ʒ ȓǐЖǼǐǌ ΗǐȓȖǦȂǼ Ȃǜ

=�ȠȝȖ ǻȂǌǦЖǆƷȝǦȂǼȖ ȖȝƷȝǐǌ ǦǼ �ǣƷȏȝǐȓ ं ȂǼ ȝΘȂ ǌǦЍǐȓǐǼȝ ȝΞȏǐȖ Ȃǜ ǅƷǆȝǐȓǦƷǶ ǐΝȏǐȓǦǻǐǼȝƷǶ ं�

ǌƷȝƷȖǐȝȖॵ [Ȃǯ͞ǖțǯȕȕǖ ȡțǯȅǫǯțȵȅȵBXৄऀ ƷǼǌBࣗ ͣǖțȼȂȿȵॽ bȂ ȝǐȖȝ ȝǣǐ ȏǐȓǜȂȓǻƷǼǆǐ Ȃǜ ǆǐǶǶ ǦǌǐǼȝǦЖǆƷৄ

ȝǦȂǼ ƷǶǝȂȓǦȝǣǻȖॶ ǻƷǼȠƷǶǶΞ ȖǐǝǻǐǼȝǐǌ ǝȓȂȠǼǌ ȝȓȠȝǣ Θǐȓǐ ȏȓȂΗǦǌǐǌ ǅΞ ȝǣǐ ǆǐǶǶ ǅǦȂǶȂǝǦȖȝȖ ǜȓȂǻ ȝǣǐ

�ǐȏƷȓȝǻǐǼȝ Ȃǜ �ǣǐǻǦȖȝȓΞॶ Ʒȝ eq� $Ǧǝॽ ँॽईॽ

Uȡȅțȼ ǥȕȡȿǫ ǫǖȼǖ࣏ bǣǐ ȏǐȓǜȂȓǻƷǼǆǐ Ȃǜ ȝΘȂ ǌǦЍǐȓǐǼȝ ȏȂǦǼȝ ǆǶȂȠǌ ǌƷȝƷ ǦǼȏȠȝȖ ǦȖ ȝǐȖȝǐǌॽ HǼǐ Ȃǜ

ȝǣǐ ǌƷȝƷ ǦǼȏȠȝȖ ǦȖ ȝǣǐ ǆǐǼȝȓȂǦǌȖ ǜȓȂǻ ȝǣǐ ǻƷǼȠƷǶǶΞ ǶƷǅǐǶǐǌ ǆȂǼȝȂȠȓȖ ǅΞ ǆǐǶǶ ǅǦȂǶȂǝǦȖȝȖ $Ǧǝॽ ँॽईॽ

bǣǐ Ȃȝǣǐȓ ȂǼǐ ǦȖ ȝǣǐ ǆǐǼȝȓƷǶ ȏȂǦǼȝȖ ƷȠȝȂǻƷȝǦǆƷǶǶΞ ǐΝȝȓƷǆȝǐǌ ǅΞ ǌǐȝǐǆȝǦǼǝ ǶȂǆƷǶ ǻƷΝǦǻƷ ǜȓȂǻ ȝǣǐ

ǦǼȝǐǼȖǦȝΞ ǦǻƷǝǐ ȖǶǦǆǐ ǅΞ ȖǶǦǆǐ ƷǶȂǼǝ ͣठ࣐ ͤठ࣐ ƷǼǌ ͩठ ǌǦȓǐǆȝǦȂǼȖ $Ǧǝॽ ँॽअॽ
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Figure 2.9: Pipeline for manual labeled ground truth for 3D experimental datasets provided by Imaging at the
Nanoscale Lab, University of Virginia. (a) Cell contours are manually labeled slice by slice along x‐, y‐, and z‐. (b)
Contours from 2D slices are manually grouped together in 3D (one color represents one group). (c) Then the ground
truth of the central points is provided as grouped centroids of the contours.

ँ৷ऄ৷ँ XӏԓԞӲԚԓ ҷӹӋ ӏԪҷӲԞҷԚӢԀӹ

WȠƷǶǦȝƷȝǦΗǐ ȏȓǐǶǦǻǦǼƷȓΞ ȓǐȖȠǶȝȖ ȂǼ [Ȃǯ͞ǖțǯȕȕǖ ƷǼǌBͤͣȡǥȡǥǥȿȵ Ʒȓǐ ȖǣȂΘǼ ǦǼ $Ǧǝॽ ँॽऀࣿॶ Θǣǐȓǐ

Θǐ ǆȂǻȏƷȓǐǌ ȝǣǐ ȒȠƷǶǦȝƷȝǦΗǐ ȓǐȖȠǶȝȖ ȂǼ ǻƷǼȠƷǶǶΞ ǶƷǅǐǶǐǌ ȏȂǦǼȝ ǆǶȂȠǌ ǌƷȝƷ ƷǼǌ ƷȠȝȂৄǌǐȝǐǆȝǐǌ ǆǐǼৄ

ȝȓȂǦǌȖ ȠȖǦǼǝ ǶȂǆƷǶ ǻƷΝǦǻƷ ǌǐȝǐǆȝǦȂǼॽ

�͝ǖȕȿǖȼȅȡț࣏ �Ƞǐ ȝȂ ȝǣǐ ǜƷǆȝ ȝǣƷȝ ǝȓȂȠǼǌ ȝȓȠȝǣ ΘƷȖ ǻƷǼȠƷǶǶΞ ǝȓȂȠȏǐǌ ȝȂ ȓǐЙǐǆȝ ȝǣǐ ȖǦǼǝǶǐ ǅƷǆৄ

ȝǐȓǦȠǻ ǶƷΞȂȠȝ ǦǼ ं� ȖȏƷǆǐ $Ǧǝॽ ँॽई ǆॶ ȝǣǐ ǝȓȂȠǼǌ ȝȓȠȝǣ ǆƷǼǼȂȝ ȏǐȓǜǐǆȝǶΞ ƷǶǦǝǼ ΘǦȝǣ ȝǣǐ Ȗǐǝৄ

ǻǐǼȝǐǌ ȓǐȖȠǶȝȖ ǦǼ ȖȂǻǐ ǆƷȖǐȖॽ � ǼǐΘ ǐΗƷǶȠƷȝǦȂǼ ǻƷȝȓǦΝ ΘƷȖ ȠȖǐǌ ȝȂ ȝǐȖȝ ȝǣǐ ƷǆǆȠȓƷǆΞ ǅΞ ǻƷȝǆǣǦǼǝ

ȝǣǐ ȖǐǝǻǐǼȝǐǌ ȓǐȖȠǶȝ ΘǦȝǣ ǝȓȂȠǼǌ ȝȓȠȝǣ ȠȖǦǼǝ ȝǣǐ ,ȠǼǝƷȓǦƷǼअऀ ǻǐȝǣȂǌॽ

bǣǐ ,ȠǼǝƷȓǦƷǼ ƷǶǝȂȓǦȝǣǻअऀ ǦȖ Ʒ ǶǦǼǐƷȓ ȏȓȂǝȓƷǻǻǦǼǝ ȝǐǆǣǼǦȒȠǐ ȝǣƷȝ ǆȂǼȖǦǌǐȓȖ ƷǶǶ ȏȂȖȖǦǅǶǐ ȂǼǐৄ

ȝȂৄȂǼǐ ƷȖȖǦǝǼǻǐǼȝȖ ǅǐȝΘǐǐǼ ȖǐǝǻǐǼȝǐǌ ǆǐǶǶȖ Ʒȝ ȝΘȂ ȝǦǻǐ ȏȂǦǼȝȖ ƷǼǌ ȝǣǐǼ ǌǐȝǐȓǻǦǼǐȖ ȝǣǐ Ȗǐȝ Ȃǜ

ǆǐǶǶৄȝȂৄǆǐǶǶ ƷȖȖǦǝǼǻǐǼȝȖ ȝǣƷȝ ǻǦǼǦǻǦΣǐȖ ȝǣǐ ȖȠǻ
∑

ǥȡȵȼॽ /Ǽ ȝǣǦȖ ǆƷȖǐॶ ǐƷǆǣ ȖǐǝǻǐǼȝǐǌ ȏȂǦǼȝ ǆǶȂȠǌ

ǆƷǼ ȂǼǶΞ ǅǐ ǻƷȝǆǣǐǌ ΘǦȝǣ ȂǼǐ ǝȓȂȠȏ ǦǼ ȝǣǐ ǝȓȂȠǼǌ ȝȓȠȝǣ Θǣǐȓǐ ȝǣǐ ȂΗǐȓƷǶǶ ǆȂȖȝ Ȃǜ ǌǦȖȝƷǼǆǐ ƷǼǌ

ȓǐǶƷȝǦΗǐ ƷǼǝǶǐȖ Ʒȓǐ ǻǦǼǦǻǦΣǐǌॽ /Ǽ ǌǐȝƷǦǶॶ ȝǣǐ ǆȂȖȝ ǜȠǼǆȝǦȂǼ ǜȂȓ ȝǣǐ ,ȠǼǝƷȓǦƷǼ ǻƷȝǆǣǦǼǝ ƷǶǝȂȓǦȝǣǻ
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Figure 2.10: Comparison of qualitative results on manual labeled centers and auto‐detected centroids. Top: She‐
wanella; Bottom: Myxococcus. The cell counting accuracy results using the Hungarian algorithm on manual and auto
centroids are 88.7% and 59.5% respectively on the top, and 86.8% and 65.9% on the bottom row.

ȝƷǴǐȖ ǦǼȝȂ ƷǆǆȂȠǼȝ ȝǣǐ ȓǐǶƷȝǦΗǐ ǌǦȖȝƷǼǆǐ ƷǼǌ ƷǼǝǶǐ ǅǐȝΘǐǐǼ ȝΘȂ ȖǐǝǻǐǼȝȖॶ ΘǣǦǆǣ ǦȖ ǌǐЖǼǐǌ ƷȖॵ

ǥȡȵȼ = ||ǥǼȼ − ǥȲǯȵȿȕȼ||ࣣࣣ × ƷǆȂȖ(ǫȅȲǼȼ, ǫȅȲȲǯȵȿȕȼ) ँॽइ

Θǣǐȓǐ ǥǼȼ ƷǼǌ ǥȲǯȵȿȕȼ ǌǐǼȂȝǐ ȝǣǐ ǆǐǼȝȓȂǦǌ ǆȂȂȓǌǦǼƷȝǐȖ Ȃǜ Ʒ ȖǐǝǻǐǼȝ ǦǼ ǝȓȂȠǼǌ ȝȓȠȝǣ ƷǼǌ Ʒ ȖǐǝǻǐǼȝ

ǦǼ ȝǣǐ =�ȠȝȖ ȓǐȖȠǶȝॽ ǫȅȲǼȼ ƷǼǌ ǫȅȲȲǯȵȿȕȼ Ʒȓǐ ȝǣǐ ȖǐǝǻǐǼȝ ȏȂǦǼȝ ǆǶȂȠǌ ǌǦȓǐǆȝǦȂǼȖॽ

�ǜȝǐȓ ȝǣǐ ȂǼǐৄȝȂৄȂǼǐ ƷȖȖǦǝǼǻǐǼȝ ΗǦƷ ,ȠǼǝƷȓǦƷǼ ƷǶǝȂȓǦȝǣǻॶ Θǐ Ʒȓǐ ƷǅǶǐ ȝȂ ΗǦȖȠƷǶǦΣǐ ƷǼǌ ȒȠƷǼৄ

ȝǦǜΞ ȝǣǐ ǣǦȖȝȂǝȓƷǻ Ȃǜ ǌǦȖȝƷǼǆǐ ƷǼǌ ƷǼǝǶǐȖ ǅǐȝΘǐǐǼ ǻƷȝǆǣǐǌ ǆǐǶǶȖ ƷȖ ȖǣȂΘǼ ǦǼ $Ǧǝॽ ँॽऀऀॽ sǣǐǼ ȝǣǐ

ǼȠǻǅǐȓ Ȃǜ ǆǐǶǶȖ Ʒȓǐ ǼȂȝ ȝǣǐ ȖƷǻǐ ǦǼ ȝǣǐ ǝȓȂȠǼǌ ȝȓȠȝǣ ƷǼǌ ȝǣǐ ȓǐȖȠǶȝ ΗȂǶȠǻǐȖॶ ΘǣǦǆǣ ǻǐƷǼȖ ȝǣǐȓǐ

Ʒȓǐ ǻǦȖȖǦǼǝ ǆǐǶǶȖ Ȃȓ ǐΝȝȓƷ ǆǐǶǶȖ ǦǼ ȝǣǐ ȓǐȖȠǶȝȖॶ ȝǣǐǼ ȝǣȂȖǐ ǆǐǶǶȖ Ʒȓǐ ǆȂȠǼȝǐǌ ƷȖ ȠǼǻƷȝǆǣǐǌ Ȃȓ ǜƷǶȖǐ

ǼǐǝƷȝǦΗǐȖॽ $Ȃȓ ȝǣǐ Ȃȝǣǐȓ ǻƷȝǆǣǐǌ ǆǐǶǶȖॶ ȝǣǐ ǌǦƷǝȓƷǻȖ ǦǼ $Ǧǝॽ ँॽऀऀ ȏȓǐȖǐǼȝ ȝǣǐ ǣǦȖȝȂǝȓƷǻȖ ȂǼ ǌǦȖৄ

ȝƷǼǆǐ ƷǼǌ ȓǐǶƷȝǦΗǐ ƷǼǝǶǐ ǆȂȖȝ ȖǐȏƷȓƷȝǐǶΞॽ bȂ ȒȠƷǼȝǦǜΞ ȝǣǐ ȏȓǐǶǦǻǦǼƷȓΞ ǆǐǶǶ ǆȂȠǼȝǦǼǝ ƷǆǆȠȓƷǆΞ ȠȖǦǼǝ
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Figure 2.11: Histogram of distance and relative angles between matched cells using Hungarian algorithm. This is
an example of Shewanella analysis figure. The unmatched number of cells in manual labeled centroids and auto‐
detected centroids are 33 and 24 respectively. After using the thresholding on distance≤ 60 pixels as a sample, the
counting accuracy for the two centroids are 88.7% and 59.5%.

�Ǧǆǐ ǆȂǐАǆǦǐǼȝॶ Θǐ ǆǣȂȖǐ Ʒ ȝǣȓǐȖǣȂǶǌǦǼǝ ΗƷǶȠǐ ȂǼ ǌǦȖȝƷǼǆǐ Ȃǜ अࣿ ȏǦΝǐǶȖ ࣧµǻ ȝȂ ǆȂȠǼȝ ȝǣǐ ǆǐǶǶȖ

ΘǦȝǣǦǼ ȝǣǐ ȓƷǼǝǐ ƷȖ ȝȓȠǐ ȏȂȖǦȝǦΗǐȖ ΘǣǦǶǐ ȝǣǐ ȂȝǣǐȓȖ Ʒȓǐ ǜƷǶȖǐ ȏȂȖǦȝǦΗǐȖॽ

bǣǐ ȏȓǐǶǦǻǦǼƷȓΞ ं� ȓǐȖȠǶȝȖ ȓǐΗǐƷǶ ȝǣƷȝ =�ȠȝȖ ǦȖ ȏȓȂǻǦȖǦǼǝ ΘǦȝǣ ǻƷǼȠƷǶǶΞ ǶƷǅǐǶ ǌƷȝƷȖǐȝȖঃ ǣȂΘৄ

ǐΗǐȓॶ ȝǣǐȓǐ ǦȖ Ʒ ǆǣƷǶǶǐǼǝǐ ǜȂȓ ȝǣǐ ǆȠȓȓǐǼȝ ΘȂȓǴЙȂΘ ȝǣƷȝ ǆȂǻǐȖ ǜȓȂǻ ȝǣǐ ǼȂǦȖΞ ǦǼȏȠȝ Ȃǜ ȏȂǦǼȝ ǆǶȂȠǌ

ǌƷȝƷ $Ǧǝॽ ँॽऀࣿॽ bǣǐȓǐǜȂȓǐॶ Θǐ ȏȓȂȏȂȖǐǌ ƷǼ ǦǻȏȓȂΗǐǻǐǼȝ ȂǼ ȝǣǐ ƷȠȝȂǻƷȝǐǌ ǆǐǼȝȓƷǶ ƷΝǦȖ ǐΝȝȓƷǆৄ

ȝǦȂǼ ƷȖ ǻȂȓǐ ǌǐȝƷǦǶȖ ΘǦǶǶ ǅǐ ǦǼȝȓȂǌȠǆǐǌ ǦǼ ȝǣǐ ǼǐΝȝ ǆǣƷȏȝǐȓॽ

ँ৷अ [ԞӸӸҷԏԮ

bǣǦȖ ǆǣƷȏȝǐȓ ЖȓȖȝǶΞ ȏȓǐȖǐǼȝǐǌ ǅǦȂЖǶǻ ȖǐǝǻǐǼȝƷȝǦȂǼ ΘǦȝǣ ƷǼ ǐǌǝǐৄǅƷȖǐǌ ǶǐΗǐǶ Ȗǐȝ ȖǐǝǻǐǼȝƷৄ

ȝǦȂǼ ǻǐȝǣȂǌॶ ǼƷǻǐǌ �Ʒǆȝৄं�ॽ /Ǽ �Ʒǆȝৄं�ॶ Ʒ ǶȂǆƷǶ ΗǐǶȂǆǦȝΞ ǆȂǼȖȝȓƷǦǼȝ ΘƷȖ ȏȓȂȏȂȖǐǌ ȝȂ ǶȂǆƷȝǐ

ǦǼǌǦΗǦǌȠƷǶ ǆǐǶǶ ȖǐǝǻǐǼȝॽ ,ȂΘǐΗǐȓॶ ΘǣǐǼ ǆǐǶǶ ǐǌǝǐȖ Ʒȓǐ ƷǻǅǦǝȠȂȠȖॶ ȝǣǐ ȖǦȝȠƷȝǦȂǼ ǜȂȓ ȖǐǝǻǐǼȝƷৄ
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ȝǦȂǼ ǅǐǆȂǻǐȖ ǻȂȓǐ ǆǣƷǶǶǐǼǝǦǼǝॽ bǣȠȖॶ ƷǼ ƷǌΗƷǼǆǐǌ ȖǐǝǻǐǼȝƷȝǦȂǼ ȖȂǶȠȝǦȂǼ ǦȖ ȏȓǐȖǐǼȝǐǌॶ ǼƷǻǐǌ

=�ȠȝȖॽ bǣǦȖ ȖȂǶȠȝǦȂǼ ǦȖ Ʒ ǌƷȝƷৄǆǶȠȖȝǐȓǦǼǝ ƷȏȏȓȂƷǆǣ ƷǼǌ ǣƷȖ ǅǐǐǼ ȖǣȂΘǼ ȝȂ ǅǐ ǐАǆƷǆǦȂȠȖ ǦǼ ЖǼǌৄ

ǦǼǝ ǦǼǌǦΗǦǌȠƷǶ ǅƷǆȝǐȓǦƷ ǦǼ ǌǐǼȖǐ ǅǦȂЖǶǻȖॽ /ȝ ȂȠȝȏǐȓǜȂȓǻȖ ȝǣǐ ǐΝǦȖȝǦǼǝ ǻǐȝǣȂǌȖ ǦǼ ȝǣǐ ǻƷǱȂȓǦȝΞ Ȃǜ

ǆƷȖǐȖ ँ�ॽ $ȠȓȝǣǐȓǻȂȓǐॶ =�ȠȝȖ ǆƷǼ ǅǐǼǐЖȝ ȝǣǐ ǅǦȂЖǶǻ ǆȂǻǻȠǼǦȝΞ ǅΞ ǦȝȖ ƷȠȝȂǻƷȝǦȂǼ ƷǼǌ ǐƷȖΞ

ƷǌƷȏȝǦȂǼ ȝȂ ǻȠǶȝǦৄǌǦǻǐǼȖǦȂǼȖॽ sǦȝǣ ȝǣǐ ǐΝȏǐǆȝǐǌ ȂȠȝȏȠȝॶ ǆǐǶǶ ǅǦȂǶȂǝǦȖȝȖ Ʒȓǐ ƷǅǶǐ ȝȂ ƷǼƷǶΞΣǐ ȝǣǐ

ǅǦȂЖǶǻ ΘǦȝǣ ȝǣǐ ȒȠƷǼȝǦЖƷǅǶǐ ǦǼǜȂȓǻƷȝǦȂǼ ȏȓȂΗǦǌǐǌ ǅΞ =�ȠȝȖ ǦǼ ȝǣǐ ǜȂȓǻ Ȃǜ ǆǐǶǶȠǶƷȓ ȏȂȖǦȝǦȂǼȖॶ

ȂȓǦǐǼȝƷȝǦȂǼȖॶ ƷǼǌ ȝǣǐ ȏǣΞȖǦǆƷǶ ǆȂǼȝƷǆȝ ȏȂǦǼȝȖ ǅǐȝΘǐǐǼ ȝǣǐǻॽ �ǐΞȂǼǌ ǅƷǆȝǐȓǦƷǶ ǅǦȂЖǶǻȖॶ =�ȠȝȖ

ǆƷǼ ǅǐ ǐΝȝǐǼǌǐǌ ȝȂ Ȃȝǣǐȓ ǶǦǼǐƷȓ ǆǶȠȖȝǐȓǦǼǝ Ȃȓ ȖǐǝǻǐǼȝƷȝǦȂǼ ȏȓȂǅǶǐǻȖ Θǣǐȓǐ ǦǌǐǼȝǦЖǆƷȝǦȂǼ Ȃǜ ǶǦǼৄ

ǐƷȓ ȖȝȓȠǆȝȠȓǐȖ Ȃǜ ȝǣǐ ȂǅǱǐǆȝȖ ǦȖ ǌǐȖǦȓǐǌॽ

ंࣿ



sȂǯț ͞ǯ ǫȡ ȼȂǯ Ǥǯȵȼ ͞ǯ ǥǖț࣐ ͞ǯ țǯ͝ǯȲ ȓțȡ͞ ͞Ȃǖȼ ȚȅȲǖǥȕǯ

ȅȵ ͞ȲȡȿǼȂȼ ȅț ȡȿȲ ȕȅǻǯ ȡȲ ȼȂǯ ȕȅǻǯ ȡǻ ǖțȡȼȂǯȲࣗ

,ǐǶǐǼ <ǐǶǶǐȓ

3
%ǐǼǐȓƷǶǦΣƷȝǦȂǼ Ȃǜ ȝǣǐ ȖǐǝǻǐǼȝƷȝǦȂǼ ǻǐȝǣȂǌ

bȂ ǝǐǼǐȓƷǶǦΣǐ ȝǣǐ ǅƷǆȝǐȓǦƷǶ ǆǐǶǶ ƷǼƷǶΞȖǦȖ ǜȂȓ ƷǼΞ ȖǐǝǻǐǼȝƷȝǦȂǼ ȏǦȏǐǶǦǼǐȖ ƷǼǌ ȝȂ ǻƷΝǦǻǦΣǐ ȝǣǐ ȖǦǼৄ

ǝǶǐ ǆǐǶǶ ǦǌǐǼȝǦЖǆƷȝǦȂǼ ȏǐȓǜȂȓǻƷǼǆǐॶ ȝǣǐ ǦǼǆȂȓȏȂȓƷȝǦȂǼ Ȃǜ ȝǣǐ ȓǐЖǼǐǌ =�ȠȝȖ ΘǦȝǣǦǼ Ʒ ǌǐǐȏ ǼǐȠȓƷǶ

ǼǐȝΘȂȓǴȖ ǜȓƷǻǐΘȂȓǴ ΘƷȖ ЖȓȖȝǶΞ ǦǼΗǐȖȝǦǝƷȝǐǌॽ �Ξ ȠȝǦǶǦΣǦǼǝ ȏȓǐৄȖǐǝǻǐǼȝǐǌ ǆǐǶǶ ȓǐǝǦȂǼȖ ȝȂ ǝǐǼǐȓৄ

Ʒȝǐ ȖǻȂȂȝǣ ȏȂǦǼȝ ǆǶȂȠǌ ǌƷȝƷॶ ȝǣǐ ȏǐȓǜȂȓǻƷǼǆǐ Ȃǜ =�ȠȝȖ ƷǶȖȂ ǦǻȏȓȂΗǐȖ ƷȖ Ǧȝ ǆƷǼ ǐЍǐǆȝǦΗǐǶΞ ȏȂȖȝৄ

ȏȓȂǆǐȖȖ ȝǣǐ ȠǼǌǐȓৄȖǐǝǻǐǼȝǐǌ ǆǶȠȖȝǐȓȖ ǦǼ ȝǣǐ ȠৄǼǐȝ ȏȓȂǆǐȖȖǐǌ ȖǐǝǻǐǼȝƷȝǦȂǼ ȓǐȖȠǶȝȖॽ sǦȝǣ ǻȂȓǐ

ǐΝȏǐȓǦǻǐǼȝȖ ǆȂǼǌȠǆȝǐǌ ȠȖǦǼǝ ǌǦЍǐȓǐǼȝ ǦǼǦȝǦƷǶ ȖǐǝǻǐǼȝƷȝǦȂǼ ǻǐȝǣȂǌȖॶ ȝǣǐ Ǽǐǐǌ ǜȂȓ ƷǌǌǦȝǦȂǼƷǶ

ȏȂȖȝৄȏȓȂǆǐȖȖǦǼǝ ǐǻǐȓǝǐǌ Θǣǐȓǐ ǅȂȝǣ ȠǼǌǐȓৄ ƷǼǌ ȂΗǐȓৄȖǐǝǻǐǼȝƷȝǦȂǼ ǐȓȓȂȓȖ ǻƷΞ ȂǆǆȠȓॽ UȂȖȝৄ

ȏȓȂǆǐȖȖǦǼǝ ƷȝȝǐǻȏȝȖ ȝȂ ǅƷǶƷǼǆǐ ȝǣǐ ȝȓƷǌǐৄȂЍ ǅǐȝΘǐǐǼ ȝǣǐ ǝǶȂǅƷǶ ǝȂƷǶ Ȃǜ ǆǐǶǶ ǆȂȠǼȝǦǼǝ ǜȂȓ ǦǼȖȝƷǼǆǐ

ंऀ



ȖǐǝǻǐǼȝƷȝǦȂǼॶ ƷǼǌ ǶȂǆƷǶ ЖǌǐǶǦȝΞ ȝȂ ȝǣǐ ǻȂȓȏǣȂǶȂǝΞ Ȃǜ ǦǌǐǼȝǦЖǐǌ ǆǐǶǶȖॽ sǐ ȏȓǐȖǐǼȝ Ʒ ȠǼǦЖǐǌ ȖȂǶȠৄ

ȝǦȂǼॶ ǼƷǻǐǌ ǻƷȖǴǐǌ =�ȠȝȖ ǻৄ=�ȠȝȖॶ ΘǣǦǆǣ ǦȖ ƷǼ ƷǌΗƷǼǆǐǌ ƷǶǝȂȓǦȝǣǻ ȝȂ ƷȠȝȂǻƷȝǦǆƷǶǶΞ ǌǐȝǐǆȝ

ǆȂǶǶǦǼǐƷȓǶΞ ȖȝȓȠǆȝȠȓǐǌ ǆǶȠȖȝǐȓȖ ƷǼǌ ȝȂ ȏȂȖȝৄȏȓȂǆǐȖȖ ȝǣǐ ȠǼȖȂǶΗǐǌ ǆǐǶǶ ȖǐǝǻǐǼȝƷȝǦȂǼ ǐȓȓȂȓȖ ǦǼ ƷǼ ƷǼৄ

ƷǶΞΣǐǌ ǦǻƷǝǐ Ȃǜ Ʒ ं� ǅƷǆȝǐȓǦƷǶ ǅǦȂЖǶǻॽ %ǐǼǐȓƷǶǶΞॶ ȝǣǐ ǻƷȖǴ ǆƷǼ ǅǐ ƷǼΞ ȏȓǐȏȓȂǆǐȖȖǐǌ ȠǼǌǐȓৄ Ȃȓ

ȂΗǐȓৄȖǐǝǻǐǼȝǐǌ ȓǐȖȠǶȝঃ ȝǣǐǼॶ ǻৄ=�ȠȝȖ ǆƷǼ ƷȠȝȂǻƷȝǦǆƷǶǶΞ ǜȠȓȝǣǐȓ ȖȏǶǦȝ Ȃȓ ǆȂǼǼǐǆȝ ȝǣǐ ǦǼǆȂǻȏǶǐȝǐ

ȖǐǝǻǐǼȝƷȝǦȂǼ ȓǐȖȠǶȝॽ �ȂǼȖȝȓȠǆȝǦȂǼ Ȃǜ ȂȠȝǶǦǐȓৄȓǐǻȂΗǐǌ ǝȓƷȏǣȖ ȝȂ ǐΝȝȓƷǆȝ ȝǣǐ ǆȂǶǶǦǼǐƷȓǦȝΞ ǜǐƷȝȠȓǐ

ǦǼ ȝǣǐ ǌƷȝƷ ƷǌǌȖ ǼȂΗǐǶȝΞ ȝȂȚठ=�ȿȼȵॽ bǣǐ ȖȠȏǐȓǦȂȓǦȝΞ ȂǜȚठ=�ȿȼȵ ǦȖ ȂǅȖǐȓΗǐǌ ǅΞ ȝǣǐ ǐΗƷǶȠƷȝǦȂǼ

ǦǼ ǆǐǶǶ ǆȂȠǼȝǦǼǝ ΘǦȝǣ ȂΗǐȓ ईࣿ Ȃǜ ǆǐǶǶȖ ǆȂȓȓǐǆȝǶΞ ǦǌǐǼȝǦЖǐǌॶ ΘǣǦǶǐ Ʒ ǶȂΘǐȓ ǅȂȠǼǌ Ȃǜ ࣿॽइ ǦǼ ȝǐȓǻȖ

Ȃǜ ƷΗǐȓƷǝǐ ȖǦǼǝǶǐৄǆǐǶǶ ȖǐǝǻǐǼȝƷȝǦȂǼ ƷǆǆȠȓƷǆΞ ǦȖ ǻƷǦǼȝƷǦǼǐǌॽ bǣǦȖ ȏȓȂȏȂȖǐǌ ǻǐȝǣȂǌ ǌȂǐȖ ǼȂȝ Ǽǐǐǌ

ǻƷǼȠƷǶ ȖȏǐǆǦЖǆƷȝǦȂǼ Ȃǜ ȝǣǐ ǼȠǻǅǐȓ Ȃǜ ǆǐǶǶȖ ȝȂ ǅǐ ȖǐǝǻǐǼȝǐǌॽ $ȠȓȝǣǐȓǻȂȓǐॶ ȝǣǐ ǅȓȂƷǌ ƷǌƷȏȝƷȝǦȂǼ

ǜȂȓ ΘȂȓǴǦǼǝ ȂǼ ΗƷȓǦȂȠȖ ƷȏȏǶǦǆƷȝǦȂǼȖॶ ΘǦȝǣ ȝǣǐ ȏȓǐȖǐǼǆǐ Ȃǜ ǌƷȝƷ ǆȂǶǶǦǼǐƷȓǦȝΞॶ ƷǶȖȂ ǻƷǴǐȖȚठ=�ȿȼȵ

ȖȝƷǼǌ ȂȠȝ ǜȓȂǻ ȝǣǐ Ȃȝǣǐȓ ƷȏȏȓȂƷǆǣǐȖॽ

ं৷ऀ �ҷӅӯӚԏԀԞӹӋ৭ Ԛӟӏ ӹӏӏӋ әԀԏ ԌԀԓԚ৳ԌԏԀӅӏԓԓӢӹӚ

bǣǐ Ǽǐǐǌ ǜȂȓ ȏȂȖȝৄȏȓȂǆǐȖȖǦǼǝ ǆȂǻǻȂǼǶΞ ǐΝǦȖȝȖ ǦǼ ǻȂȖȝ ΘȂȓǴЙȂΘȖ ǯࣗǼ࣐ࣗःईॶऀंँ ǌȠǐ ȝȂ ȝǣǐ ǌǦАৄ

ǆȠǶȝǦǐȖ ǦǼ ǆǐǶǶ ȖǐǝǻǐǼȝƷȝǦȂǼॽ �Ȗ ƷǶȖȂ ǻǐǼȝǦȂǼǐǌ ǐƷȓǶǦǐȓॶ ǻƷǦǼ ǆƷȝǐǝȂȓǦǐȖ ǜȂȓ ǅƷǆȝǐȓǦƷǶ ǅǦȂЖǶǻ Ȗǐǝৄ

ǻǐǼȝƷȝǦȂǼ ǦǼǆǶȠǌǐ ȝǣȓǐȖǣȂǶǌǦǼǝৄǅƷȖǐǌईइॶइअॶईࣿॶईःॶ ΘƷȝǐȓȖǣǐǌৄǅƷȖǐǌऀऀॶऀंँॶइॶःईॶ ƷǆȝǦΗǐ ǻȂǌǐǶȖअंॶऀँँॶअॶआईॶ

ǜǐƷȝȠȓǐৄǅƷȖǐǌ ǌǐȝǐǆȝǦȂǼईईॶऀࣿअॶअअॶऀँࣿॶऀंआॶ ƷǼǌ ǌǐǐȏ ǶǐƷȓǼǦǼǝ ΘȂȓǴЙȂΘȖऀऀअॶईऀॶँऀॶआआॶंंॶऀँआॶऀࣿइॽ � ȝȓƷǌǐৄ

ȂЍ ȝǣƷȝ ǐΝǦȖȝȖ ƷǻȂǼǝ ƷǶǶ ȝǣǐ ǻǐȝǣȂǌȖ ǦȖ ǅǐȝΘǐǐǼ ȝǣǐ ǝǶȂǅƷǶ ǝȂƷǶ Ȃǜ ǦǌǐǼȝǦǜΞǦǼǝ ȝǣǐ ȖǐȏƷȓƷȝǦȂǼȖ

ƷǻȂǼǝ ǆǐǶǶȖ ƷǼǌ ȝǣǐ ǶȂǆƷǶ ǝȂƷǶ Ȃǜ ȏȓǐȖǐȓΗǦǼǝ ǻƷΝǦǻƷǶ ƷȏȏǐƷȓƷǼǆǐ Ȃǜ ǆǐǶǶ ǻȂȓȏǣȂǶȂǝΞॽ HΗǐȓৄ

ȝȠǼǦǼǝ ȂǼ ǐƷǆǣ ȖǦǌǐ ǻƷΞ ǶǐƷǌ ȝȂ ǜȓǐȒȠǐǼȝ ǆƷȖǐȖ Ȃǜ ȠǼǌǐȓৄȖǐǝǻǐǼȝƷȝǦȂǼ ƷǼǌ ȂΗǐȓৄȖǐǝǻǐǼȝƷȝǦȂǼ Ȃǜ

ǆǐǶǶȖॽ bǣǐȖǐ ȏǣǐǼȂǻǐǼƷ Ʒȓǐ ǐΗǐǼ ǻȂȓǐ ǆȂǻǻȂǼ ǜȂȓ ǅƷǆȝǐȓǦƷǶ ǆǐǶǶ Θǣǐȓǐ ƷǼ ƷǼǦȖȂȝȓȂȏǦǆ ǆǐǶǶ ǻȂȓৄ

ȏǣȂǶȂǝΞ ǦȖ ȏȓǐȖǐǼȝǐǌॽ UȂȖȝৄȏȓȂǆǐȖȖǦǼǝ ǻǐȝǣȂǌȖ Ʒȓǐ ȝǣȠȖ ȓǐȒȠǦȓǐǌ ǅΞ ǻƷǼΞ ΘȂȓǴЙȂΘȖॶ ƷȖ ǐǦȝǣǐȓ

ǆȂǻǅǦǼǦǼǝ ȝǣǐ ȂΗǐȓৄȖǐǝǻǐǼȝǐǌ ǆǶȠȖȝǐȓȖ Ȃȓ ǜȠȓȝǣǐȓ ȖȏǶǦȝȝǦǼǝ ȝǣǐ ǌǦЍȠȖǐǌ ǆǐǶǶȖॽ �ȂǻǻȂǼ ȝǐǆǣৄ

ǼǦȒȠǐȖ ǦǼǆǶȠǌǐ ǅȠȝ Ʒȓǐ ǼȂȝ ǶǦǻǦȝǐǌ ȝȂ ȓǐǝǦȂǼ ǝȓȂΘǦǼǝॶ ΘƷȝǐȓȖǣǐǌॶ ǻȂǌǐǶ ЖȝȝǦǼǝॶ ƷǼǌ ǆȠȝȝǦǼǝ ƷǶȂǼǝ

ंँ



ǆȠȓΗƷȝȠȓǐॽ ,ȂΘǐΗǐȓॶ ǼȂǼǐ Ȃǜ ȝǣǐȖǐ ǻǐȝǣȂǌȖ ǆƷǼ ȝƷȓǝǐȝ ȝǣǐ ȝΘȂ ȏȂȖȝৄȏȓȂǆǐȖȖǦǼǝ ǌǐǻƷǼǌȖ ǼƷǦΗǐǶΞॽ

$Ȃȓ ǆƷȖǐȖ Θǣǐȓǐ ǆǐǶǶȖ Ʒȓǐ ȖȝǦǶǶ ǆȂǼǼǐǆȝǐǌ Ʒǜȝǐȓ ȖǐǝǻǐǼȝƷȝǦȂǼॶ ȅࣗǯࣗॶ ȠǼǌǐȓৄȖǐǝǻǐǼȝƷȝǦȂǼ ƷǼǌ ΘƷȝǐȓȖǣǐǌৄ

ǅƷȖǐǌ ǻǐȝǣȂǌȖॶ Ʒȓǐ ǻȂȖȝ ǜȓǐȒȠǐǼȝǶΞ ƷȏȏǶǦǐǌ ƷȖ ƷǼ ƷǌǌǦȝǦȂǼƷǶ Ȗȝǐȏआआॶंंॶअࣿॽ ,ȂΘǐΗǐȓॶ ȝǣǐȖǐ ǻǐȝǣȂǌȖ

Ʒȓǐ ȖǐǼȖǦȝǦΗǐ ȝȂ ȠǼǐΗǐǼ ǦǼȝǐǼȖǦȝǦǐȖ ǦǼ ȝǣǐ ǦǻƷǝǐȖॽ $Ȃȓ ǶƷȓǝǐ ǆȂǼǼǐǆȝǐǌ ǆǐǶǶ ȓǐǝǦȂǼȖॶ %ƷȠȖȖǦƷǼ ǻǦΝৄ

ȝȠȓǐ ǻȂǌǐǶȖ ΘǦȝǣ ȝǣǐ ǐȖȝǦǻƷȝǐǌ ǼȠǻǅǐȓ Ȃǜ ǆǐǶǶȖ Ʒȓǐ ȠȖǐǌ ȝȂ ǌǦΗǦǌǐ ȝǣǐ ǆǶȠȖȝǐȓःईॽ ,ǐȓǐॶ ȝǣǐ ǐȖȝǦৄ

ǻƷȝǐǌ ǼȠǻǅǐȓ Ȃǜ ǆǐǶǶȖ ǆƷǼ ǣǐƷΗǦǶΞ ƷЍǐǆȝ ȝǣǐ ЖǼƷǶ ȂȠȝȏȠȝॽ �ȂǼǆƷΗǦȝΞ ƷǶȂǼǝ ȝǣǐ ǆǐǶǶ ǆȂǼȝȂȠȓ ǦȖ

ƷǼȂȝǣǐȓ ǦǼǌǐΝ ǜȂȓ ȖȏǶǦȝȝǦǼǝ ǆǐǶǶȖऄइॶऄऀॽ [Ƞǆǣ ǻǐȝǣȂǌȖ ǣƷΗǐ ǼȂȝ Ξǐȝ ǅǐǐǼ ȝǐȖȝǐǌ ǜȂȓ ं� ǦǻƷǝǐȖ ƷǼǌ

ȝǣǐΞ ǆƷǼ ǅǐ ǆȂǻȏȠȝƷȝǦȂǼƷǶǶΞ ǐΝȏǐǼȖǦΗǐ ΘǣǐǼ ȝǣǐ ǼȠǻǅǐȓ Ȃǜ ǜȂȓǐǝȓȂȠǼǌ ȏǦΝǐǶȖ ǦȖ ǶƷȓǝǐॽ bǣǐȓǐ

Ʒȓǐ ƷǶȖȂ ǻǐȝǣȂǌȖ ǜȂȓ ȖȏǶǦȝȝǦǼǝ ȠǼȖȂǶΗǐǌ ǆƷȖǐȖ ȅࣗǯ࣐ࣗ ȠǼǌǐȓৄ ƷǼǌ ȂΗǐȓৄȖǐǝǻǐǼȝƷȝǦȂǼ ǐȓȓȂȓȖ ǅƷȖǐǌ ȂǼ

ǦǼȝǐǼȖǦȝΞॶ ȖǐǝǻǐǼȝ ǌǦȖȝƷǼǆǐॶ ƷǼǌ ǆȠȓΗƷȝȠȓǐऄऀॶऀࣿअॽ ,ȂΘǐΗǐȓॶ ȝǣǐ ǆȠȓȓǐǼȝ ȖȝƷȝǐৄȂǜৄȝǣǐৄƷȓȝ ǻǐȝǣȂǌȖ

ȏǐȓǜȂȓǻ ȖȠǅৄȂȏȝǦǻƷǶǶΞ ΘǣǐǼ ȝƷȖǴǐǌ ΘǦȝǣ ȓǐȖȂǶΗǦǼǝ ǻȠǶȝǦȏǶǐ ǆǐǶǶȖ ȝǣƷȝ Ʒȓǐ ȖǦǻǦǶƷȓ ȝȂ ǐƷǆǣ Ȃȝǣǐȓ

ƷǼǌ ǆǶȂȖǐǶΞ ȏƷǆǴǐǌॽ

�ȂǻǻȂǼ ȏȓƷǆȝǦǆǐȖ ǜȂȓ ȖȂǶΗǦǼǝ ȂΗǐȓৄȖǐǝǻǐǼȝƷȝǦȂǼ ȏȓȂǅǶǐǻȖ Ʒȓǐ ȓǐǝǦȂǼ ǻǐȓǝǦǼǝॶ ǝȓȂȠȏǦǼǝॶ

ƷǼǌ ǻȂȓȏǣȂǶȂǝǦǆƷǶ ǆǶȂȖǦǼǝॽ ,ƷȓȝǻƷǼǼ ǐȝ ƷǶॽःई ǆȂǼǼǐǆȝȖ ȝǣǐ ǼǐǦǝǣǅȂȓǦǼǝ ȓǐǝǦȂǼȖ ǅΞ ǻƷΝǦǻȠǻ

ǆȂǼȝƷǆȝǦǼǝ ƷȓǐƷॽ bǣǦȖ ǦȖ ǌǦАǆȠǶȝ ǦǼ ȝǣǐ ǆƷȖǐ ΘǣǐǼ ǻȠǶȝǦȏǶǐ ȂΗǐȓৄȖǐǝǻǐǼȝǐǌ ǆǶȠȖȝǐȓȖ ǝƷȝǣǐȓ ȝȂৄ

ǝǐȝǣǐȓ ǦǼ ȏƷȓƷǶǶǐǶ ǶƷΞȂȠȝȖॽ /Ǽःऀॶ ƷȓǐƷ ƷǼǌ ǐǆǆǐǼȝȓǦǆǦȝΞ ǦǼǜȂȓǻƷȝǦȂǼ Ʒȓǐ ȠȖǐǌ ȝȂ ǌǐȝǐȓǻǦǼǐ Ǧǜ ȝǣǐ

ǻȂȓȏǣȂǶȂǝǦǆƷǶ ǆǶȂȖǦǼǝ ȂȏǐȓƷȝǦȂǼ ǦȖ Ǽǐǐǌǐǌ ȝȂ ǆȂǼǼǐǆȝ ȝǣǐ ȏǦΝǐǶȖ ǅǐȝΘǐǐǼ ǼǐǦǝǣǅȂȓǦǼǝ ȖǐǝǻǐǼȝȖॽ

bǣǦȖ ǻǐȝǣȂǌ ǦȖ ǣȂΘǐΗǐȓ ȠǼƷǅǶǐ ȝȂ ȖȂǶΗǐ ǆȂǻȏǶǦǆƷȝǐǌ ǆƷȖǐȖ ǦǼ ं� Θǣǐȓǐ ǻȂȓȏǣȂǶȂǝǦǆƷǶ ȂȏǐȓƷৄ

ȝǦȂǼȖ ǻǦǝǣȝ ǐȓȓȂǼǐȂȠȖǶΞ ǆȂǼǼǐǆȝ Ȃȝǣǐȓ ǼǐƷȓǅΞ ǆǐǶǶȖॽ bǣǐ ƷȠȝǣȂȓȖ Ȃǜ /ǶƷȖȝǦǴऀࣿ ǻȂǌǐǶǐǌ ȝǣǐ ǐǌǝǐȖ

Ȃǜ ȂΗǐȓৄȖǐǝǻǐǼȝǐǌ ǌƷȝƷ ƷȖ ȖȠȏǐȓȏǦΝǐǶȖ ƷǼǌ ȝȓƷǦǼǐǌ Ʒ ȓƷǼǌȂǻ ǜȂȓǐȖȝ ǆǶƷȖȖǦЖǐȓ ȝȂ ǌǐǆǦǌǐ Ǧǜ ȝǣǐ ǐǌǝǐȖ

Ȃǜ ȝǣǐ ȝΘȂ ȖǐǝǻǐǼȝȖ Ǽǐǐǌ ȝȂ ǅǐ ǻǐȓǝǐǌॽ bǣǐ ǦǼȝǐȓǜƷǆǐ ǜȂȓ ǻǐȓǝǦǼǝ ं� ǆǐǶǶ ȖǐǝǻǐǼȝƷȝǦȂǼ ǦȖ ǼȂȝ

Ξǐȝ ƷΗƷǦǶƷǅǶǐॽ

ंं



ं৷ँ �ӏӲӲ ԓӏӚӸӏӹԚҷԚӢԀӹ ԞԓӢӹӚ Ԟ৳ӹӏԚ

HǼǐ ǅƷȓȓǦǐȓ ǦǼ ǆǐǶǶ ȖǐǝǻǐǼȝƷȝǦȂǼ ȠȖǦǼǝ ǌǐǐȏ ǼǐȠȓƷǶ ǼǐȝΘȂȓǴȖ ǆȂǻǐȖ ǜȓȂǻ ȝǣǐ ǶǦǻǦȝǐǌ ǐΝȏǐȓǦৄ

ǻǐǼȝƷǶ ǌƷȝƷ ƷǼǌ ȝǣǐ ǶƷǆǴ Ȃǜ ǝȓȂȠǼǌ ȝȓȠȝǣ ǜȂȓ ȝȓƷǦǼǦǼǝॽ bǣǦȖ ȏȓȂǅǶǐǻ ƷȓǦȖǐȖ ǐȖȏǐǆǦƷǶǶΞ ǜȂȓ ं� ǼǐȠৄ

ȓƷǶ ǼǐȝΘȂȓǴȖ Θǣǐȓǐ ǶƷǅǐǶǦǼǝ Ȃǜ ं� ǝȓȂȠǼǌ ȝȓȠȝǣ ǦȖ ǼȂȝ ǆȂǼȖǦȖȝǐǼȝ ǜȓȂǻ ΗȂǶȠǻǐ ȝȂ ΗȂǶȠǻǐॶ ƷǼǌ

ǜȓȂǻ ƷǼǼȂȝƷȝȂȓ ȝȂ ƷǼǼȂȝƷȝȂȓॽ $Ȃȓ ǐΝƷǻȏǶǐॶ ǜȂȓ Ʒ ं� ǦǻƷǝǐ ΘǦȝǣ ƷȏȏȓȂΝǦǻƷȝǐǶΞ ंࣿࣿ ǆǐǶǶȖॶ Ǧȝ ȝƷǴǐȖ

ǻȂȓǐ ȝǣƷǼ ȂǼǐ ΘǐǐǴ ǜȂȓ ǻȠǶȝǦȏǶǐ ǌȂǻƷǦǼ ǐΝȏǐȓȝȖ ȝȂ ǝǐȝ Ʒ ǻƷǼȠƷǶ ǝȓȂȠǼǌ ȝȓȠȝǣ $Ǧǝॽ ँॽईॽ /Ǽ ȝǣǦȖ

ǆƷȖǐॶ ȝǣǐ ǦǼǦȝǦƷǶ ǆǣȂǦǆǐ Ȃǜ ȝǣǐ ǼǐȠȓƷǶ ǼǐȝΘȂȓǴ ȖȝȓȠǆȝȠȓǐ ǦȖ ǆȓǦȝǦǆƷǶॽ

eৄǼǐȝईऀ ǆƷǼ ȏȓȂΗǦǌǐ ȏȓȂǻǦȖǦǼǝ ȖǐǝǻǐǼȝƷȝǦȂǼ ȓǐȖȠǶȝȖ ΘǦȝǣ ǶǦǻǦȝǐǌ ȝȓƷǦǼǦǼǝ ǌƷȝƷ ǅƷȖǐǌ ȂǼ ȝǣǐ

ǐΝȏǐȓǦǻǐǼȝȖ ΘǦȝǣ Ʒ ΗƷȓǦǐȝΞ Ȃǜ ǅǦȂǻǐǌǦǆƷǶ ǦǻƷǝǐȖॽ /ȝ ǆƷǼ ǐΝȝǐǼǌ ȝǣǐ ȝȓƷǦǼǦǼǝ ǌƷȝƷȖǐȝ ǅΞ ǌƷȝƷ ƷȠǝৄ

ǻǐǼȝƷȝǦȂǼ ȖȠǆǣ ƷȖ ȖǆƷǶǦǼǝॶ ȓȂȝƷȝǦȂǼॶ ƷǼǌ ǐǶƷȖȝǦǆ ǌǐǜȂȓǻƷȝǦȂǼॽ BƷǼΞ ǐΝȝǐǼȖǦȂǼȖ Ȃǜ ȠৄǼǐȝॶ ȖȠǆǣ ƷȖ

�ǐǐȏ�ǐǶǶईॶ �ǦȂЖǶǻWःइॶ ƷǼǌ [ȝƷȓ�ǦȖȝईअॶ ƷǶȖȂ ǐΝǣǦǅǦȝ ƷǌΗƷǼȝƷǝǐȖ ǜȂȓ ǶǐƷȓǼǦǼǝ ǶǦǻǦȝǐǌ ǌƷȝƷȖǐȝȖ ǜȂȓ

ǆǐǶǶ ȖǐǝǻǐǼȝƷȝǦȂǼ ȏȓȂǅǶǐǻȖॽ ,ȂΘǐΗǐȓॶ ǦǼǆȂǼȖǦȖȝǐǼȝ ं� ǝȓȂȠǼǌ ȝȓȠȝǣ ȖȝǦǶǶ ƷЍǐǆȝȖ ȝǣǐ ȓǐǶǦƷǅǦǶǦȝΞ Ȃǜ

ȒȠƷǶǦȝƷȝǦΗǐ ƷǼǌ ȒȠƷǼȝǦȝƷȝǦΗǐ ƷȖȖǐȖȖǻǐǼȝ Ȃǜ ȏȓȂȏȂȖǐǌ ƷǶǝȂȓǦȝǣǻȖॽ [ǦǻȠǶƷȝǐǌ ǌƷȝƷȖǐȝȖ Ʒȓǐ ȠȖǐǌ ȝȂ

ȝǐȖȝ ȝǣǐ ǜǐƷȖǦǅǦǶǦȝΞ Ȃǜ ȏȓȂȏȂȖǐǌ ǻǐȝǣȂǌȖॶ Θǣǐȓǐ ȝǣǐ ǝȓȂȠǼǌ ȝȓȠȝǣ ǦȖ ƷȠȝȂǻƷȝǦǆƷǶǶΞ ȏȓȂǌȠǆǐǌ ΗǦƷ

ȖǦǻȠǶƷȝǦȂǼॽ

ं৷ँ৷ऀ �ҷԚҷ ԓӢӸԞӲҷԚӢԀӹ

[ǦǻȠǶƷȝǦȂǼ Ȃǜ ǅƷǆȝǐȓǦƷǶ ǅǦȂЖǶǻȖ ǦȖ ǆȂǼǌȠǆȝǐǌ ǦǼ ȝǣǐ %ƷǣǶǻƷǼǼ ǶƷǅ ƷȖ Ʒ ЖȓȖȝ Ȗȝǐȏ ǦǼ ȝǣǐ ȏȓȂৄ

ȏȂȖǐǌ ΘȂȓǴЙȂΘॶ ǼƷǻǐǌ �ǖǥȼǯȲȅǖȕ �ǯȕȕ BȡȲȮȂȡȚǯȼȲͤ � ��Bं� ॱॽ bǣǐ ȏȓȂǆǐǌȠȓǐ Ȃǜ ȖǦǻৄ

ȠǶƷȝǦǼǝ ƷǼ �ࣗǥȡȕȅ ǌƷȝƷȖǐȝ ǦȖ ȖǣȂΘǼ ǦǼ $Ǧǝॽ ंॽऀॽ �Ǽ ƷǝǐǼȝৄǅƷȖǐǌ ǆȂǻȏȠȝƷȝǦȂǼƷǶ ǻȂǌǐǶ Ȃǜ ǅǦȂЖǶǻ

ǝȓȂΘȝǣॶ �ǐǶǶBȂǌǐǶǶǐȓईंॶ ǦȖ ȠȖǐǌ ȝȂ ȖǦǻȠǶƷȝǐ ȝǣǐ ǶƷΞȂȠȝ Ȃǜ ǅƷǆȝǐȓǦƷǶ ǅǦȂЖǶǻॽ XƷǼǌȂǻ ǼȠǻǅǐȓȖ

Ȃǜ ǆǐǶǶȖ Θǐȓǐ ȏǶƷǆǐǌ ǦǼ ȝǣǐ ǅǦȂЖǶǻȖ ΘǦȝǣ ȝΘȂ ΗƷȓǦƷǅǶǐȖॵ ȖǦǝǼƷǶ ȝȂ ǅƷǆǴǝȓȂȠǼǌ [�X ȓƷȝǦȂ ƷǼǌ ǆǐǶǶ

ǌǐǼȖǦȝΞॽ bǣǐ ЙȠȂȓǐȖǆǐǼǆǐ ǐǻǦȝȝǐȓȖ ǜȂȓ ǐƷǆǣ ǆǐǶǶ Ʒȓǐ ȓƷǼǌȂǻǶΞ ȖǐǶǐǆȝǐǌ ΘǦȝǣǦǼ ȝǣǐ ǆǐǶǶ ΗȂǶȠǻǐ ƷǼǌ

ǆǐǶǶ ȖȠȓǜƷǆǐ ȝȂ ȖǦǻȠǶƷȝǐ ǐΝȏȓǐȖȖǦȂǼ Ȃǜ ǦǼȝȓƷǆǐǶǶȠǶƷȓ ЙȠȂȓǐȖǆǐǼȝ ȏȓȂȝǐǦǼȖ ƷǼǌ ǻǐǻǅȓƷǼǐ ȖȝƷǦǼǦǼǝॶ

ॱ��B� ǦȖ Ʒ ǆȂǶǶƷǅȂȓƷȝǦȂǼ ǻƷǼȠȖǆȓǦȏȝ ΘǦȝǣ Bॽ ~ǣƷǼǝॶ ǐȝ ƷǶॽ

ंः



ȓǐȖȏǐǆȝǦΗǐǶΞॽ �Ʒǆǣ ǆǐǶǶ ΘƷȖ ȖǦǻȠǶƷȝǐǌ ΘǦȝǣ ऄࣿࣿ ȝȂ ऀࣿࣿࣿ ЙȠȂȓȂȏǣȂȓǐȖ ȝȂ ǐΝȏȓǐȖȖ ΗƷȓǦƷȝǦȂǼȖ ǅǐৄ

ȝΘǐǐǼ ǆǐǶǶȖ ƷǆǆȂȓǌǦǼǝ ȝȂ ǅǦȂЖǶǻ ǐΝȏǐȓǦǻǐǼȝȖऀंआॽ �ȂǼΗȂǶȠȝǦȂǼ ǦȖ ȏǐȓǜȂȓǻǐǌ ΘǦȝǣ ƷǼ ǐΝȏǐȓǦǻǐǼȝƷǶ

ȏȂǦǼȝ ȖȏȓǐƷǌ ǜȠǼǆȝǦȂǼ U[$ ȝȂ ȏȓȂǌȠǆǐ ƷǼ ǦǼȝǐǼȖǦȝΞ ǦǻƷǝǐॶ ƷǼǌ ǼȂǦȖǐ ƷȏȏȓȂΝǦǻƷȝǦǼǝ ȝǣǐ ƷǆȝȠƷǶ

ǌǦȖȝȓǦǅȠȝǦȂǼ ǦȖ Ʒǌǌǐǌॽ BǦΝৄȝΞȏǐ Ȃǜ ǆǐǶǶȖ Ʒȓǐ ƷǶȖȂ ȖǦǻȠǶƷȝǐǌ ƷȖ ǻΞΝȂǆȂǆǆȠȖ ǌƷȝƷȖǐȝ Θǣǐȓǐ ȖȏǣǐȓȂৄ

ǆΞǶǦǼǌǐȓ ǆǐǶǶȖ ƷǼǌ ǜȓȠǦȝΞ ǅȂǌΞ Ȗȏǣǐȓǐ ǆǐǶǶȖ Ʒȓǐ ȏȓǐȖǐǼȝ Ʒȝ ȝǣǐ ȖƷǻǐ ȝǦǻǐॽ

Figure 3.1: Model‐based data simulation procedure137: Step1: Different layouts of bacterial biofilm are generated by
CellModeller93; Step 2: Randomly simulate fluorescence emission points in the layouts and convolve these points
with experimental acquired point spread function (psf); Step 3: Add background and other microscope noise.

ं৷ँ৷ँ �ԭԌӏԏӢӸӏӹԚԓ Ԁӹ ԓӢӸԞӲҷԚӏӋ ӋҷԚҷԓӏԚԓ

� ं� ȠৄǼǐȝ ΘǦȝǣ ȝǣȓǐǐ ΗȂΝǐǶৄǅƷȖǐǌ ǆǶƷȖȖǐȖ ǆǐǶǶॶ ǆǐǶǶ ǅȂȠǼǌƷȓΞॶ ƷǼǌ ǅƷǆǴǝȓȂȠǼǌ ΘƷȖ ȝȓƷǦǼǐǌ

ƷǼǌ ȝǐȖȝǐǌ ǦǼ ��Bं�ऀंआ ȠȖǦǼǝ ȝǣǐ CǦǜȝΞCǐȝ ȏǶƷȝǜȂȓǻःँॽ bǣǐ ǼǐȝΘȂȓǴ ƷȓǆǣǦȝǐǆȝȠȓǐ ǆȂǼȝƷǦǼȖ

ǌǐȏȝǣ Ȃǜ ः ǆȂǼΗȂǶȠȝǦȂǼƷǶ ǶƷΞǐȓȖॽ �Ʒǆǣ ǆȂǼΗȂǶȠȝǦȂǼƷǶ ǶƷΞǐȓ ǣƷȖ ǴǐȓǼǐǶȖ Ȃǜ ȖǦΣǐ ं×ं×ं ƷǼǌ ȠȖǐȖ

Xǐ=e ƷȖ ȝǣǐ ƷǆȝǦΗƷȝǦȂǼ ǜȠǼǆȝǦȂǼॽ bǣǐȓǐ Ʒȓǐ ंँ ǦǼǦȝǦƷǶ ǜǐƷȝȠȓǐ ǻƷȏȖॶ ƷǼǌ ǜȂǶǶȂΘǐǌ ǅΞ Ʒ ǌȓȂȏȂȠȝ

ǶƷΞǐȓ Ȃǜ ऄࣿ ȏȓȂǅƷǅǦǶǦȝΞॽ bǐǼ ं� ǦǻƷǝǐȖ ∼ ई ǻǦǶǶǦȂǼ ΗȂΝǐǶȖ ȏǐȓ ǦǻƷǝǐ ΘǦȝǣ ǌǦЍǐȓǐǼȝ [�XȖ ƷǼǌ

ǆǐǶǶ ǌǐǼȖǦȝǦǐȖ Θǐȓǐ ȠȖǐǌ ǜȂȓ ȝȓƷǦǼǦǼǝॶ ƷǼǌ ЖΗǐ ǣȠǼǌȓǐǌ ं� ǦǻƷǝǐȖ Θǐȓǐ ȠȖǐǌ ǜȂȓ ȝǐȖȝǦǼǝॽ bǣǐ Жৄ

ǼƷǶ ȂȠȝȏȠȝ Ȃǜ ȠৄǼǐȝ ȏȓȂΗǦǌǐȖ Ʒ ǆȂǼЖǌǐǼǆǐ ǻƷȏ ǜȂȓ ǐƷǆǣ ǆǶƷȖȖॽ bǣǐ ȖǐǝǻǐǼȝƷȝǦȂǼ ȓǐȖȠǶȝȖ Ʒȓǐ ȝǣǐǼ

ǆǣȂȖǐǼ ǅΞ ȝǣȓǐȖǣȂǶǌǦǼǝ Ȃǜ ȝǣǐ ǆǐǶǶ ǆȂǼЖǌǐǼǆǐ ǻƷȏ ΘǦȝǣ Ʒ ΗƷǶȠǐ ȝǣƷȝ ǻƷΝǦǻǦΣǐȖ ȝǣǐ ǆǐǶǶ ǆȂȠǼȝǦǼǝ

ƷǆǆȠȓƷǆΞॽ

�ΗƷǶȠƷȝǦȂǼॵ bΘȂǻǐȝȓǦǆȖ Ʒȓǐ ȠȖǐǌ ȝȂ ǐΗƷǶȠƷȝǐ ȝǣǐ ȏǐȓǜȂȓǻƷǼǆǐ Ȃǜ ȖǐǝǻǐǼȝƷȝǦȂǼ ȓǐȖȠǶȝȖ ǅΞ

ȠৄǼǐȝ $Ǧǝॽ ंॽँॵ bǣǐ :ǖǥǥǖȲǫ /țǫǯͣ ȓǐȏȓǐȖǐǼȝȖ ȝǣǐ ȖǐǝǻǐǼȝƷȝǦȂǼ ƷǆǆȠȓƷǆΞ ȠȖǦǼǝ bUbU  $U
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Figure 3.2: Evaluation of u‐net segmentation performance. Illustration of used evaluation metrics is shown on the left
panel. Red cell is the ground truth (GT) and blue cell is the experimental result (Res). (a‐c): Performance of images
labeled with cytosolic fluorophores; (d‐f): Performance of images labeled with membrane‐localized fluorophores.
Each value shows the averaged performance on 10 datasets for each setting. Dots represent different experimental
data setup in terms of SBR and cell density. (c) and (f) show the one slice result with the SBR and cell density marked
in the white window, where the u‐net failed to split closely connected cells (pointed out by the red arrow).

$Cॽ bȓȠǐ ȏȂȖǦȝǦΗǐ bU ǦȖ ȝǣǐ ǼȠǻǅǐȓ Ȃǜ ȏǦΝǐǶȖ ǦǼ ΘǣǦǆǣ ȝǣǐ ǝȓȂȠǼǌ ȝȓȠȝǣ ȂΗǐȓǶƷȏȖ ΘǦȝǣ ȝǣǐ

ǐΝȏǐȓǦǻǐǼȝƷǶ ȓǐȖȠǶȝॽ $ƷǶȖǐ ȏȂȖǦȝǦΗǐ $U ǦȖ ȝǣǐ ȏȂȓȝǦȂǼ Ȃǜ ȝǣǐ ȖǐǝǻǐǼȝǐǌ ƷȓǐƷȖ ΘǦȝǣȂȠȝ ƷǼΞ ȂΗǐȓǶƷȏ

ΘǦȝǣ ȝǣǐ ǝȓȂȠǼǌ ȝȓȠȝǣॶ ƷǼǌ ǜƷǶȖǐ ǼǐǝƷȝǦΗǐ $C ǦȖ ȝǣǐ ǼȂǼৄǻƷȝǆǣǦǼǝ ȏƷȓȝ ǦǼ ȝǣǐ ǝȓȂȠǼǌ ȝȓȠȝǣॽ

bǣǐ �ȡȿțȼȅțǼ ǖǥǥȿȲǖǥͤ ȠȖǐȖ ȝǣǐ ǆƷǶǆȠǶƷȝǦȂǼ Ȃǜ :ƷǆǆƷȓǌ ǦǼǌǐΝ ƷȖ ΘǐǶǶॽ bU ǣǐȓǐ ǆȂȠǼȝȖ ǜȂȓ ȝǣǐ

ǼȠǻǅǐȓ Ȃǜ ȓǐȖȠǶȝȖ ȝǣƷȝ ǣƷΗǐ ƷǼ ȂΗǐȓǶƷȏȏǐǌ ƷȓǐƷ ǅǐȝΘǐǐǼ ȖǐǝǻǐǼȝƷȝǦȂǼ ȓǐȖȠǶȝ ƷǼǌ ǝȓȂȠǼǌ ȝȓȠȝǣ

ǶƷȓǝǐȓ ȝǣƷǼ Ʒ ȼȂȲǯȵȂȡȕǫȅțǼ ͝ǖȕȿǯॶ ΘǣǦǆǣ ǦȖ ƷǶȖȂ ȓǐǜǐȓȓǐǌ ȝȂ ƷȖ /ǼȝǐȓȖǐǆȝǦȂǼৄȂΗǐȓৄeǼǦȂǼ /ȡe  ΗƷǶȠǐॽ

$U ǦȖ ȝǣǐ ǼȠǻǅǐȓ Ȃǜ ǆǐǶǶȖ ȝǣƷȝ Ʒȓǐ ǆȂȠǼȝǐǌ ǦǼ ȝǣǐ ǐΝȏǐȓǦǻǐǼȝƷǶ ȓǐȖȠǶȝ ǅȠȝ ǌȂ ǼȂȝ ǐΝǦȖȝ ǦǼ ȝǣǐ ǝȓȂȠǼǌ

ȝȓȠȝǣॽ $CȖ Ʒȓǐ ȝǣǐ ȂǼǐȖ ȝǣƷȝ Ʒȓǐ ǼȂȝৄǆȂȠǼȝǐǌ ǦǼ ȝǣǐ ȓǐȖȠǶȝॶ ǅȠȝ Ʒȓǐ ȏȓǐȖǐǼȝ ǦǼ ȝǣǐ ǝȓȂȠǼǌ ȝȓȠȝǣॽ

�ΗƷǶȠƷȝǦȂǼ Ȃǜ ȠৄǼǐȝ ȖǐǝǻǐǼȝƷȝǦȂǼ ȏǐȓǜȂȓǻƷǼǆǐ ȂǼ ȝΘȂ ǌǦЍǐȓǐǼȝ ȝΞȏǐȖ Ȃǜ ǶƷǅǐǶǐǌ ǌƷȝƷȖǐȝȖ ǦȖ

ȖǣȂΘǼ ǦǼ $Ǧǝॽ ंॽँॽ bǣǐ ȂΗǐȓƷǶǶ ȏǐȓǜȂȓǻƷǼǆǐ Ȃǜ ȠৄǼǐȝ ǦȖ ǌǐǆǐǼȝ ǦǼ ǻȂȖȝ ǆƷȖǐȖॽ ,ȂΘǐΗǐȓॶ ΘǣǐǼ Ǧǻৄ

ƷǝǐȖ Ʒȓǐ ǣǐƷΗǦǶΞ ƷЍǐǆȝǐǌ ǅΞ ȝǣǐ ǼȂǦȖǐ [�Xॵ ǶȂΘ Ȃȓ ǆǐǶǶȖ Ʒȓǐ ǆǶȂȖǐǶΞ ǶȂǆƷȝǐǌ ΘǦȝǣ ȓǐȖȏǐǆȝ ȝȂ ȂǼǐ

ƷǼȂȝǣǐȓ ǌǐǼȖǦȝΞॵ ǣǦǝǣॶ ǅȂȝǣ ǻǐȝȓǦǆȖ ȖǣȂΘ Ʒ ǼȂȝǦǆǐƷǅǶǐ ǌȓȂȏ ǦǼ ƷǆǆȠȓƷǆΞॽ $Ȃȓ ǐΝƷǻȏǶǐॶ ΘǦȝǣ
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ȝǣǐ ǶȂΘǐȖȝ ȖǦǻȠǶƷȝǐǌ [�Xॶ ȝǣǐ ƷΗǐȓƷǝǐ ǆȂȠǼȝǦǼǝ ƷǆǆȠȓƷǆΞ ǦȖ ࣥࣧ.ࣩࣣ% ǜȂȓ ऄࣿ ǦǻƷǝǐȖ ǶƷǅǐǶǐǌ ΘǦȝǣ

ǆΞȝȂȖȂǶǦǆ ЙȠȂȓȂȏǣȂȓǐȖ ƷǼǌ ȂǼǶΞ .࣪ࣨ% ǜȂȓ ऄࣿ ǦǻƷǝǐȖ ǶƷǅǐǶǐǌ ΘǦȝǣ ǻǐǻǅȓƷǼǐৄǶȂǆƷǶǦΣǐǌ ЙȠȂৄ

ȓȂȏǣȂȓǐȖॽ $ȓȂǻ ƷǼȂȝǣǐȓ ƷȖȏǐǆȝॶ ΘǣǐǼ ǆǐǶǶ ǌǐǼȖǦȝΞ ǦǼǆȓǐƷȖǐȖ ǜȓȂǻ ࣧࣥ% ȝȂ ࣣࣨ%ॶ ȝǣǐ ǆǐǶǶ ǆȂȠǼȝǦǼǝ

ƷǆǆȠȓƷǆΞ ǌǐǆȓǐƷȖǐȖ ǜȓȂǻ ࣪࣪% ȝȂ ࣧ࣡% ǜȂȓ ȝǣǐ ǦǻƷǝǐȖ ΘǦȝǣ ǣǦǝǣǐȓ [�Xॽ

ं৷ं UԀԓԚ৳ԌԏԀӅӏԓԓӢӹӚ Ԟ৳ӹӏԚ ԏӏԓԞӲԚ ԫӢԚӟ ԏӏәӢӹӏӋ =�ԞԚԓ

Figure 3.3: Post‐processing using refined LCuts120. A: Clutter removal using CV‐filtering. B: Under‐segmented clus‐
ters are selected for further splitting based on cluster size. C: Illustration of modified medial axis (dashed red lines)
extraction for fused clusters or rod‐shaped cells using the method of inscribed spheres. Proposed medial axis ex‐
traction limits the radii of inscribed spheres (C.2) overcomes the drawbacks in traditional method (C.1). D: The con‐
structed graph has two node features: location (D.1) and direction (D.2). E: The further splitting of the graph is done
in a recursive manner until all the groups meet the stopping criteria. F: The final reconstructed cluster is obtained by
model fitting on the post‐processed cluster.
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sǣǐǼ ǆǐǶǶȖ Ʒȓǐ ǆǶȂȖǐǶΞ ȝȂȠǆǣǦǼǝ ǐƷǆǣ Ȃȝǣǐȓॶ ȖǐǝǻǐǼȝǐǌ ȓǐȖȠǶȝȖ Ʒǜȝǐȓ ȠৄǼǐȝ ȓǐǻƷǦǼ ǆȂǼǼǐǆȝǐǌ

ΘǣǦǆǣ ǜȂȓǻȖ Ʒ ǆǶȠȖȝǐȓ ΘǦȝǣ ǻȠǶȝǦȏǶǐ ǆǐǶǶȖ ȠǼǌǐȓৄȖǐǝǻǐǼȝƷȝǦȂǼॽ /Ǽ ȝǣǐ ǌƷȝƷȖǐȝȖ ΘǦȝǣ ǶȂΘ [�Xॶ

ǆȂǼǼǐǆȝǐǌ ΗȂΝǐǶ ǆǶȠȖȝǐȓȖ ǻƷΞ ǅǐ ǌǐȝǐǆȝǐǌ ȝǣƷȝ ǌȂ ǼȂȝ ǆȂȓȓǐȖȏȂǼǌ ȝȂ ǆǐǶǶȖ Ʒȝ ƷǶǶ ǼȂǦȖǐॽ bȂ Ǧǻৄ

ȏȓȂΗǐ ȝǣǐ ƷǆǆȠȓƷǆΞ Ȃǜ ȖǦǼǝǶǐ ǆǐǶǶ ȖǐǝǻǐǼȝƷȝǦȂǼॶ ȏȂȖȝৄȏȓȂǆǐȖȖǦǼǝ ȂǼ ȠৄǼǐȝ ȓǐȖȠǶȝȖ ȠȖǦǼǝ ȓǐЖǼǐǌ

=�ȠȝȖ $Ǧǝॽ ंॽं ǦȖ ȏȓȂȏȂȖǐǌ ǦǼ ȝǣǐ ��Bं�ΘȂȓǴЙȂΘॽ

�qठϨȕȼǯȲȅțǼ ȼȡ ȲǯȚȡ͝ǯ țȡȅȵͤ ǥȕȿȼȼǯȲ࣏ CȂǦȖΞ ǆǶȠȝȝǐȓ ǦȖ ǦǌǐǼȝǦЖǐǌ ǅΞ ǐΗƷǶȠƷȝǦǼǝ ȝǣǐ ǆȂǐАǆǦǐǼȝ Ȃǜ

ΗƷȓǦƷȝǦȂǼऀंअॶऀऀं ǜȂȓ ǐƷǆǣ ǆȂǼǼǐǆȝǐǌ ΗȂΝǐǶ ǆǶȠȖȝǐȓ ȅ $Ǧǝॽ ंॽं�ॵ

�qȅ =
ܿȅ
ܸȅ

ंॽऀ

Θǣǐȓǐ ܿȅ ƷǼǌ ܸȅ ǌǐǼȂȝǐ ȝǣǐ ȖȝƷǼǌƷȓǌ ǌǐΗǦƷȝǦȂǼ ƷǼǌ ȝǣǐ ǻǐƷǼ Ȃǜ ȝǣǐ ǦǼȝǐǼȖǦȝΞ ȝƷǴǐǼ ȂΗǐȓ ƷǶǶ ΗȂΝৄ

ǐǶȖ ǆȂǼȝƷǦǼǐǌ ǦǼ ǆȂǼǼǐǆȝǐǌ ΗȂΝǐǶ ǆǶȠȖȝǐȓ ȅॽ /ǜ ȝǣǐ ǆȂǐАǆǦǐǼȝ Ȃǜ ΗƷȓǦƷȝǦȂǼ ǦȖ ǶƷȓǝǐȓ ȝǣƷǼ ܰॶ ȝǣǐǼ ȝǣǐ

ǆȠȓȓǐǼȝ ȂǅǱǐǆȝ ΘǦǶǶ ǅǐ ǆǶƷȖȖǦЖǐǌ ƷȖ Ʒ ǼȂǦȖΞ ǆǶȠȝȝǐȓ ƷǼǌ ȓǐǻȂΗǐǌ ǜȓȂǻ ȝǣǐ ȏȓǐȏȓȂǆǐȖȖǐǌ ȓǐȖȠǶȝॽ bǣǐ

ΗƷǶȠǐ Ȃǜ ܰ ǦȖ ȖǐǶǐǆȝǐǌ ǅƷȖǐǌ ȂǼ ȝǣǐ ǆȂǐАǆǦǐǼȝ Ȃǜ ΗƷȓǦƷȝǦȂǼ Ȃǜ ȝǣǐ ǅƷǆǴǝȓȂȠǼǌॽ $Ȃȓ ȝǣǐ ǌƷȝƷ ȏȓǐৄ

ȖǐǼȝǐǌ ǣǐȓǐॶ Θǐ ȠȖǐǌ ܰ ऀॽऀॽ �ǜȝǐȓ �qৄЖǶȝǐȓǦǼǝॶ ȂǅǱǐǆȝȖ ȖǻƷǶǶǐȓ ȝǣƷǼ ࣣࣦ% Ȃǜ ȝǣǐ ǐΝȏǐǆȝǐǌ ǅƷǆȝǐৄ

ȓǦƷǶ ǆǐǶǶ ȖǦΣǐ Ʒȓǐ ƷǶȖȂ ȓǐǻȂΗǐǌ ǅΞ ȖǐȝȝǦǼǝ ȝǣǐǦȓ ΗȂΝǐǶȖ ȝȂ ΣǐȓȂॽ

ं৷ं৷ऀ XӏәӢӹӏӋ =�ԞԚԓ әԀԏ ԌԀԓԚ৳ԌԏԀӅӏԓԓӢӹӚ

XǐЖǼǐǌ =�ȠȝȖ ȏȓǐȖǐȓΗǐȖ ȝǣǐ ȂȓǦǝǦǼƷǶ ǜȓƷǻǐΘȂȓǴ Ȃǜ ǶǦǼǐƷȓ ǆǶȠȖȝǐȓǦǼǝ ƷǶǝȂȓǦȝǣǻ ƷȖ ǌǐȖǆȓǦǅǐǌ ǦǼ

�ǣƷȏȝǐȓ ँ ΘǦȝǣ ȖȂǻǐ ǻȂǌǦЖǆƷȝǦȂǼȖ ƷǌǌȓǐȖȖǐǌ ƷȖ ǜȂǶǶȂΘȖॵ

Bǯǫȅǖȕ ǖͣȅȵ ǯͣȼȲǖǥȼȅȡț࣏ bȂ ȏȓǐȏƷȓǐ ȠǼǌǐȓৄȖǐǝǻǐǼȝǐǌ ǆǶȠȖȝǐȓȖ ǜȂȓ ȓǐЖǼǐǌ =�ȠȝȖ ȝȂ ǜȠȓȝǣǐȓ

ǦǌǐǼȝǦǜΞ ƷǼǌ ǌǐǶǦǼǐƷȝǐ ǦǼǌǦΗǦǌȠƷǶ ǆǐǶǶȖ $Ǧǝॽ ंॽं �ॶ ȝǣǐ ǦǌǐƷ Ȃǜ ǻǐǌǦƷǶ ƷΝǦȖ ǐΝȝȓƷǆȝǦȂǼ ȠȖǦǼǝ ȝǣǐ

ǻǐȝǣȂǌ Ȃǜ ǦǼȖǆȓǦǅǐǌ ȖȏǣǐȓǐȖ ǦȖ ǐΝȏǶȂǦȝǐǌऀईॽ � ǼȂΗǐǶ ǻȂǌǦЖǆƷȝǦȂǼ ǦȖ Ʒ ȓǐȖȝȓǦǆȝǦȂǼ ȂǼ ȝǣǐ ȓƷǌǦǦ

Ȃǜ ȝǣǐ ǦǼȖǆȓǦǅǐǌ Ȗȏǣǐȓǐ ȝǣƷȝ ǌȂǐȖ ǼȂȝ ǐΝǆǐǐǌ ȝǣǐ ǻƷΝǦǻȠǻ ǌǦƷǻǐȝǐȓ Ȃǜ Ʒ ȖǦǼǝǶǐ ǅƷǆȝǐȓǦƷǶ ǆǐǶǶ

ǫ = ࣡.ࣩµǻ $Ǧǝॽ ंॽं �ॽ bǣǐ Ȗǐȝ Ȃǜ C ǦǼȖǆȓǦǅǐǌ ȖȏǣǐȓǐȖ Ʒȓǐ ǆȂǼȖȝȓƷǦǼǐǌ ȝȂ ǅǐ ȝƷǼǝǐǼȝ ȝȂ

ȝǣǐ ȂǅǱǐǆȝȖ ȖȠȓǜƷǆǐ ƷǼǌ ȏƷȓƷǻǐȝǐȓǦΣǐǌ ǅΞ (ͣȅ, ͤȅ, ͩȅ; Ȳȅ ≤ ǫ) ǜȂȓ ȅ = , ,Cॽ �ǐȝǐȓǻǦǼƷȝǦȂǼ Ȃǜ

ȝǣǐ (ͣȅ, ͤȅ, ͩȅ; Ȳȅ) ǆȂȂȓǌǦǼƷȝǐȖ ǦȖ ƷǆǣǦǐΗǐǌ ȠȖǦǼǝ ȝǣǐ �ȠǆǶǦǌǐƷǼ ǌǦȖȝƷǼǆǐ ȝȓƷǼȖǜȂȓǻ Ȃǜ ȝǣǐ ȂǅǱǐǆȝȖ
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ǅȂȠǼǌƷȓΞॶ ƷȖ ǌǐȖǆȓǦǅǐǌ ǦǼऀंंॶ ȖȂ ȝǣƷȝ ȝǣǐ ȏȂǦǼȝȖ ΘǦȝǣ ǆȂȂȓǌǦǼƷȝǐȖ (ͣȅ, ͤȅ, ͩȅ) ȓǐǶǦƷǅǶΞ ȝȓƷǆǐ ȂȠȝ ȝǣǐ

ǆǐǼȝȓƷǶ ǆǐǶǶ ƷΝǐȖ Ȃǜ ǦǼǌǦΗǦǌȠƷǶ ǅƷǆȝǐȓǦƷǶ ǆǐǶǶȖॽ

bǣǐ ǜȠǼǌƷǻǐǼȝƷǶ ǐǶǐǻǐǼȝȖ Ȃǜ Ʒ ΘǐǦǝǣȝǐǌ ǻƷȝǣǐǻƷȝǦǆƷǶ ǝȓƷȏǣ Ʒȓǐ ǼȂǌǐȖॶ ǐǌǝǐȖॶ ƷǼǌ ǐǌǝǐ

ΘǐǦǝǣȝȖॽ ,ǐȓǐॶ ȝǣǐ ȏȂǦǼȝȖ ΘǦȝǣ ǆȂȂȓǌǦǼƷȝǐȖ (ͣȅ, ͤȅ, ͩȅ) ȓǐȏȓǐȖǐǼȝ ȝǣǐ ǝȓƷȏǣȖ ǼȂǌǐȖॽ �ǌǝǐȖ Ʒȓǐ ȝǣǐ

ǆȂǼǼǐǆȝǦȂǼȖ ƷǻȂǼǝ ǼȂǌǐȖॽ �ǌǝǐȖ Ʒȓǐ ƷȖȖǦǝǼǐǌ ΘǐǦǝǣȝȖॶ ǜȂȓ ǐΝƷǻȏǶǐॶ ȝȂ ȓǐЙǐǆȝ ȝǣǐ ǆȂǼЖǌǐǼǆǐ ȝǣƷȝ

ȝΘȂ ǼȂǌǐȖ ǅǐǶȂǼǝ ȝȂ ȝǣǐ ȖƷǻǐ ǝȓȂȠȏॽ =�ȠȝȖ ΘȂȓǴȖ ǅΞ ƷȖȖǦǝǼǦǼǝ ΘǐǦǝǣȝȖ ȝȂ ǐǌǝǐȖ ǦǼ ȝǣǐ ǜȠǶǶΞৄ

ǆȂǼǼǐǆȝǐǌ ǝȓƷȏǣ ȝȂ ȓǐЙǐǆȝ ȝǣǐ ȖǦǻǦǶƷȓǦȝΞ ǅǐȝΘǐǐǼ ȝΘȂ ǼȂǌǐȖॽ

Cȡǫǯ ǻǯǖȼȿȲǯȵ࣏ bǣǐ ǜǐƷȝȠȓǐȖ Ȃǜ ǐƷǆǣ ǼȂǌǐ ǦǼǆǶȠǌǐ ǦȝȖ ǶȂǆƷȝǦȂǼ ƷǼǌ ȂȓǦǐǼȝƷȝǦȂǼ $Ǧǝॽ ंॽं �ॽ

bǣǐ ǶȂǆƷȝǦȂǼ ǦȖ ǐƷǆǣ ǼȂǌǐȖ �ƷȓȝǐȖǦƷǼ ǆȂȂȓǌǦǼƷȝǐȖॽ bǣǐ ȂȓǦǐǼȝƷȝǦȂǼ Ȃǜ ǐƷǆǣ ǼȂǌǐ ǦȖ ǜȂȠǼǌ ƷȖ ǦǶǶȠȖৄ

ȝȓƷȝǐǌ ǦǼ $Ǧǝॽ ंॽःॽ

Figure 3.4: Illustration of finding each node’s orientation in an outlier‐removed neighborhood. a: A neighborhood of
the target node is a sub‐graph, where all adjacent nodes are connected via edges to the target node. Here, if the
distance of two nodes is less than a chosen value (indicated by the dashed circle), these nodes are adjacent to each
other. b: A 5‐hop neighborhood of the target node is built. c: The directional vectors are found from the target node
to the other nodes in the neighborhood (dashed lines). The nodes are evaluated as outliers if they have larger net
relative angles compared to all the other directional vectors (red dashed lines). d: Finally, the node’s orientation is
evaluated as the major direction of the outlier removed neighborhood using principle component analysis.

[ȼȡȮȮȅțǼ ǥȲȅȼǯȲȅǖ࣏ =�ȠȝȖ ǆȂǼȝǦǼȠǐȖ ȝȂ ȖǐȏƷȓƷȝǐ ǝȓȂȠȏȖ Ȃǜ ǼȂǌǐȖ ȠǼȝǦǶ ǐƷǆǣ ǝȓȂȠȏ ȖƷȝǦȖЖǐȖ ȝǣǐ

ȖȝȂȏȏǦǼǝ ǆȓǦȝǐȓǦƷॽ bǣǐ ȖȝȂȏȏǦǼǝ ǆȓǦȝǐȓǦƷ Ʒȓǐ ǅƷȖǐǌ ȂǼ ȝǣǐ ǐΝȏǐǆȝǐǌ ǶǐǼǝȝǣ Ȃǜ Ʒ ȖǦǼǝǶǐ ǆǐǶǶ ƷǼǌ Ʒ

ǝȓȂȠȏȖ ǶǦǼǐƷȓǦȝΞ Ʒǜȝǐȓ ǐƷǆǣ ȓǐǆȠȓȖǦȂǼॽ bǣǐ ǝȓȂȠȏ ǶǦǼǐƷȓǦȝΞ ƷǆǆȂȠǼȝȖ ǜȂȓ ǼȂǌǐ ΗƷȓǦƷȝǦȂǼȖ ǆȂǻȏƷȓǐǌ

ȝȂ ȝǣǐ ǻƷǱȂȓ ǌǦȓǐǆȝǦȂǼ Ȃǜ ȝǣǐ ǼȂǌǐȖॽ /Ǽ ƷǌǌǦȝǦȂǼॶ Ǧǜ ȝΘȂ ǆǐǶǶȖ Ʒȓǐ ǶǦǼǐƷȓǶΞ ƷǶǦǝǼǐǌॶ Ʒ ǝƷȏ ǌǐȝǐǆȝǦȂǼ

ΘǦǶǶ ǌǦȖȝǦǼǝȠǦȖǣ ǶȂǼǝ ǆǐǶǶȖ ƷǼǌ ǆǐǶǶȖ ƷǶǦǝǼǐǌ ǦǼ Ʒ ȓȂΘॽ ,ǐȓǐॶ Ʒ ǝƷȏ ǦȖ ǌǐȝǐǆȝǐǌ Ǧǜ ȝǣǐ ǼǐǦǝǣǅȂȓǦǼǝ

ǼȂǌǐȖ ǣƷΗǐ Ʒ ǌǦȖȝƷǼǆǐ ǶƷȓǝǐȓ ȝǣƷǼ ȝǣǐ ƷΗǐȓƷǝǐ ȏȂǦǼȝৄȝȂৄȏȂǦǼȝ ǌǦȖȝƷǼǆǐॽ

ंई



Figure 3.5: Evaluation of segmentation performance after post‐processing using the workflow of refined LCuts137. (a‐
c): Performance of images labeled with cytosolic fluorophores; (d‐f): Performance of images labeled with membrane‐
localized fluorophores. (c) and (f) show the improvement of cell counting accuracy after post‐processing.

Bȡǫǯȕ ϨȼȼȅțǼ࣏ bǣǐ ЖǼƷǶ ȂȠȝȏȠȝ Ȃǜ ǶǦǼǐƷȓ ǆǶȠȖȝǐȓǦǼǝ ǆƷǼ ȏȓȂΗǦǌǐ ǶǐǼǝȝǣॶ ǶȂǆƷȝǦȂǼॶ ƷǼǌ ȂȓǦǐǼৄ

ȝƷȝǦȂǼ Ȃǜ ǐƷǆǣ ǆǐǶǶॽ �ƷȖǐǌ ȂǼ ȝǣǐȖǐ ǶǦǼǐƷȓ ǆǶȠȖȝǐȓȖॶ ȝǣǐ ǆǐǶǶȠǶƷȓ ƷȓǆǣǦȝǐǆȝȠȓǐ Ȃǜ ȝǣǐ ǅǦȂЖǶǻȖ ǆƷǼ ǅǐ

ȓǐǆȂǼȖȝȓȠǆȝǐǌ ǅΞ ȏǶƷǆǦǼǝ ǝǐȂǻǐȝȓǦǆƷǶ ǻȂǌǐǶȖ Ȃǜ ǆǐǶǶȖ ǦǼ ȝǣǐ ȖȏƷǆǐ ƷȖ ȖǣȂΘǼ ǦǼ $Ǧǝॽ ंॽइ$ॽ BȂȓǐ

ǌǐȝƷǦǶȖ ƷǅȂȠȝ ǅǦȂЖǶǻ ȓǐǆȂǼȖȝȓȠǆȝǦȂǼ ΘǦǶǶ ǅǐ ǌǦȖǆȠȖȖǐǌ ǦǼ [ǐǆȝǦȂǼ ऄॽंॽ �Ȗ ǅǐǜȂȓǐॶ ΘǣǐǼ ȝǣǐ ǶǐǼǝȝǣ

Ȃǜ ȝǣǐ ǶǦǼǐƷȓ ǆǶȠȖȝǐȓȖ ǦȖ ȖǣȂȓȝǐȓ ȝǣƷǼ ࣣࣦ% Ȃǜ ȝǣǐ ǐΝȏǐǆȝǐǌ ǆǐǶǶ ǶǐǼǝȝǣॶ ȝǣǐ ȖǐǝǻǐǼȝ ΘǦǶǶ ǅǐ ǌǐǶǐȝǐǌॽ

,ǐȓǐॶ Θǐ ǆǣȂȖǐ Ʒ ȖȏǣǐȓȂǆΞǶǦǼǌǐȓ ǜȂȓ ȝǣǐ ǝǐȂǻǐȝȓǦǆƷǶ ǻȂǌǐǶ ΘǦȝǣ ȝǣǐ ȓƷǌǦȠȖ ǌǐȝǐȓǻǦǼǐǌ ǅƷȖǐǌ ȂǼ

ǴǼȂΘǼ ȖǦΣǐȖ Ȃǜ ǅƷǆȝǐȓǦƷǶ ǆǐǶǶȖॽ

ं৷ं৷ँ �ԪҷӲԞҷԚӢԀӹ Ԁә ԌԀԓԚ৳ԌԏԀӅӏԓԓӢӹӚ ԌӏԏәԀԏӸҷӹӅӏ

bǣǐ ȖƷǻǐ ǐΗƷǶȠƷȝǦȂǼ ǻǐȝȓǦǆȖ Ʒȓǐ ǌǦȖȏǶƷΞǐǌ ǜȂȓ ȝǣǐ ȏǐȓǜȂȓǻƷǼǆǐ Ȃǜ ȏȂȖȝৄȏȓȂǆǐȖȖǐǌ ȓǐȖȠǶȝȖ $Ǧǝॽ

ंॽऄॽ bǣǐ :ƷǆǆƷȓǌ ǦǼǌǐΝॶ ΘǣǦǆǣ ȖǣȂΘȖ ȝǣǐ ȖǐǝǻǐǼȝƷȝǦȂǼ ƷǆǆȠȓƷǆΞॶ ǆƷǼǼȂȝ ȓǐΗǐƷǶ ǜȠȓȝǣǐȓ ȖȏǶǦȝȝǦǼǝ

ȏǐȓǜȂȓǻƷǼǆǐॽ bǣǦȖ ǦȖ ǅǐǆƷȠȖǐ ǜȠȓȝǣǐȓ ȖȏǶǦȝȝǦǼǝ Ȃǜ ȝǣǐ ǆǐǶǶȖ ǻƷΞ ǐȓȂǌǐ ȝȓȠǐ ȏȂȖǦȝǦΗǐ ȏǦΝǐǶȖ ǆȂǻৄ

ःࣿ



Figure 3.6: Comparison of refined LCuts post‐processed results with other segmentation methods in the biofilm
community137, in terms of cell counting accuracy with variant IoU values. (a‐c): Performance of cytosolic‐labeled
data without post‐processing with refined LCuts; (d‐f): Post‐processing performance with refined LCuts.

ȏƷȓǐǌ ȝȂ ȝǣǐ ǝȓȂȠǼǌ ȝȓȠȝǣॽ �ȝ ȝǣǐ ȖƷǻǐ ȝǦǻǐॶ ЖȝȝǦǼǝ Ȃǜ Ʒ ȖȏǣǐȓȂǆΞǶǦǼǌǐȓ ǻȂǌǐǶ ƷǌǌȖ ǜƷǶȖǐ ȏȂȖǦȝǦΗǐ

ȏǦΝǐǶȖॽ bǣȠȖॶ ȝǣǐ ǦǻȏȓȂΗǐǻǐǼȝȖ ȂǼ :ƷǆǆƷȓǌ ǦǼǌǐΝ Ʒȓǐ ǼȂȝ ȓǐȏȓǐȖǐǼȝƷȝǦΗǐ < ࣦ%ॽ /ǼȖȝǐƷǌॶ Ǧȝ ǦȖ

ΘȂȓȝǣ ǻǐǼȝǦȂǼǦǼǝ ȝǣƷȝ ȏȂȖȝৄȏȓȂǆǐȖȖǦǼǝ ȠȖǦǼǝ ȝǣǐ ȏȓȂȏȂȖǐǌ ΘȂȓǴЙȂΘ ǆƷǼ ǅȂȂȖȝ ǆǐǶǶ ǆȂȠǼȝǦǼǝ Ʒǆৄ

ǆȠȓƷǆΞ ǅΞ ȂΗǐȓ ࣡% ǜȂȓ ǅȂȝǣ ǌƷȝƷȖǐȝȖ $Ǧǝॽ ंॽऄ ǆǜ ॽ bǣǦȖ ǦȖ ǐȖȏǐǆǦƷǶǶΞ ȝȓȠǐ ǜȂȓ ǻǐǻǅȓƷǼǐৄȖȝƷǦǼǐǌ

ǌƷȝƷȖǐȝȖॶ ΘǣǦǆǣ Θǐȓǐ Ʒ ǆǣƷǶǶǐǼǝǐ ǜȂȓ ȠৄǼǐȝॽ � ǻƷΝǦǻȠǻ ǦǻȏȓȂΗǐǻǐǼȝ Ȃǜ ࣤࣧ.ࣧ% ǦȖ ȂǅȖǐȓΗǐǌॽ

�ǶȝǣȂȠǝǣ ȝǣǐ ȖǆȂȓǐ ǜȂȓ ƷΗǐȓƷǝǐǌ ǆǐǶǶ ǆȂȠǼȝǦǼǝ ƷǆǆȠȓƷǆΞ ȓǐǻƷǦǼȖ ǶȂΘ ǜȂȓ ǶȂΘ [�X ȝΞȏǦǆƷǶǶΞ ǜȂȓ

ǻǐǻǅȓƷǼǐৄȖȝƷǦǼǐǌ ǌƷȝƷȖǐȝॶ Ǧȝ ǆȂǻǐȖ ǜȓȂǻ ȝǣǐ ΘǐƷǴ ȏǐȓǜȂȓǻƷǼǆǐ Ȃǜ ȠৄǼǐȝॽ

BȂȓǐ ǐΝȏǐȓǦǻǐǼȝȖ ȂǼ ȝǣǐ Ȃȝǣǐȓ ǌƷȝƷȖǐȝȖ ǣƷΗǐ ǅǐǐǼ ȏǐȓǜȂȓǻǐǌॽ ࣡࣡ ǦǻƷǝǐȖ ΘǦȝǣ ǻǦΝǐǌ ǶƷǅǐǶǦǼǝ

ȠȖǦǼǝ ǅȂȝǣ ǆΞȝȂȖȂǶǦǆ ƷǼǌ ǻǐǻǅȓƷǼǐৄǶȂǆƷǶǦΣǐǌ ЙȠȂȓȂȏǣȂȓǐȖ Ʒȓǐ ȝǐȖȝǐǌ ΘǦȝǣ ΗƷȓǦƷǼȝ ȏǐȓǆǐǼȝƷǝǐ Ȃǜ

ǻǦΝȝȠȓǐ Ȃǜ ǶƷǅǐǶǦǼǝॶ ǐॽǝॽॶ ǦǼ ƷǼ ǦǻƷǝǐॶ ȂǼǐ ȝǣǦȓǌ Ȃǜ ȝǣǐ ǆǐǶǶȖ Ʒȓǐ ǆΞȝȂȖȂǶǦǆৄǶƷǅǐǶǐǌ ΘǣǦǶǐ ȝǣǐ ȂȝǣǐȓȖ

Ʒȓǐ ǻǐǻǅȓƷǼǐৄǶƷǅǐǶǐǌॽ ȂΗǐȓƷǶǶॶ ȝǣǐ ȏȓȂȏȂȖǐǌ ȏȂȖȝৄȏȓȂǆǐȖȖǦǼǝ ȏǦȏǐǶǦǼǐ ǦǻȏȓȂΗǐȖ ȠৄǼǐȝ ȓǐȖȠǶȝȖ ǅΞ
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ࣦ − ࣦ%ॽ �ǼȂȝǣǐȓ ǌƷȝƷȖǐȝ ΘǦȝǣ ऀࣿࣿ ǦǻƷǝǐȖ ȝǣƷȝ ǦǼǆǶȠǌǐȖ ǻǦΝǐǌ ǆǐǶǶ ȝΞȏǐȖ ȖȏǣǐȓȂǆΞǶǦǼǌǐȓ ǆǐǶǶ

ƷǼǌ ǜȓȠǦȝΞ ǅȂǌΞ ǆǐǶǶ ǦȖ ƷǶȖȂ ǦǻȏȓȂΗǐǌ ǅΞ Ʒ ȓƷǼǝǐ ǜȓȂǻ ࣣ࣡% ȝȂ ࣦࣤ% Ʒǜȝǐȓ ȏȂȖȝৄȏȓȂǆǐȖȖǦǼǝॽ BȂȓǐ

ǌǐȝƷǦǶȖ ǆƷǼ ǅǐ ǜȂȠǼǌ ǦǼ ȂȠȓ ��Bं� ȏƷȏǐȓऀंआॽ

�ȂǻȏƷȓǦȖȂǼ ȝȂ Ȃȝǣǐȓ ǅǦȂЖǶǻ ȖǐǝǻǐǼȝƷȝǦȂǼ ǻǐȝǣȂǌȖॵ sǐ ƷǶȖȂ ǆȂǻȏƷȓǐǌ ȂȠȓ ǻǐȝǣȂǌॶ ȏȂȖȝৄ

ȏȓȂǆǐȖȖǦǼǝ ΘǦȝǣ ȓǐЖǼǐǌ =�ȠȝȖॶ ΘǦȝǣ Ȃȝǣǐȓ ǆǐǶǶ ȖǐǝǻǐǼȝƷȝǦȂǼ ǻǐȝǣȂǌȖ ǦǼ ȝǣǐ ǅǦȂЖǶǻ ǆȂǻǻȠৄ

ǼǦȝΞऀंआॽ bǣȓǐǐ ȖǐǶǐǆȝǐǌ [�X ƷǼǌ �ǐǼȖǦȝΞ ǆȂǼǌǦȝǦȂǼȖ Ʒȓǐ ȖǐǶǐǆȝǐǌ ǜȂȓ ȒȠƷǼȝǦȝƷȝǦΗǐ ǆȂǻȏƷȓǦȖȂǼ

ƷȖ ȖǣȂΘǼ ǦǼ $Ǧǝॽ ंॽअॽ bǣǐ ǆȂǻȏƷȓǦȖȂǼ ǻǐȝǣȂǌȖ Ʒȓǐ ,ƷȓȝǻƷǼǼ ǐȝ ƷǶॽःईॶ [ǐǝं�इइॶ yƷǼ ǐȝ ƷǶॽऀंँ

ƷǼǌ �ǐǶǶȏȂȖǐऀऀࣿॽ ,ƷȓȝǻƷǼǼ ǐȝ ƷǶॽ ƷǼǌ yƷǼ ǐȝ ƷǶॽ Ʒȓǐ ΘƷȝǐȓȖǣǐǌৄǅƷȖǐǌ ǆǐǶǶ ȖǐǝǻǐǼȝƷȝǦȂǼ ǻǐȝǣȂǌȖॽ

,ƷȓȝǻƷǼǼ ǐȝ ƷǶॽ ƷǶȖȂ ǦǼǆǶȠǌǐȖ ȏȂȖȝৄȏȓȂǆǐȖȖǦǼǝ Ȃǜ ȠǼǌǐȓৄ ƷǼǌ ȂΗǐȓৄȖǐǝǻǐǼȝǐǌ ǐȓȓȂȓȖ ȠȖǦǼǝ %ƷȠȖৄ

ȖǦƷǼBǦΝȝȠȓǐ BȂǌǐǶȖ ƷǼǌ XǐǝǦȂǼ ǻǐȓǝǦǼǝॽ bǣǐ ǐΝȏǐȓǦǻǐǼȝȖ ȠȖǦǼǝ ȝǣǐ ȝǣǐȖǐ ǻǐȝǣȂǌȖ Θǐȓǐ ǆȂǼৄ

ǌȠǆȝǐǌ ǅΞ ȝǣǐ �ȓǐȖǆǣǐȓ ǶƷǅॽ [ǐǝं� ȠȖǐȖ Ʒ ȖǶǦǆǐৄǅΞৄȖǶǦǆǐ ȝǣȓǐȖǣȂǶǌǦǼǝ ǻǐȝǣȂǌ ǜȂǶǶȂΘǐǌ ǅΞ ȏȂȖȝৄ

ȏȓȂǆǐȖȖǦǼǝ ȠȖǦǼǝ ǐǶǶǦȏȖȂǦǌ ЖȝȝǦǼǝॽ �ǐǶǶȏȂȖǐ ǦȖ Ʒ �CCৄǅƷȖǐǌ ǆǐǶǶ ȖǐǝǻǐǼȝƷȝǦȂǼ ǻȂǌǐǶॶ ΘǣǦǆǣ ΘƷȖ

ȏȓǐৄȝȓƷǦǼǐǌ ΘǦȝǣ Ʒ ΗƷȓǦǐȝΞ Ȃǜ ǦǻƷǝǐȖॶ ǦǼǆǶȠǌǦǼǝ ǐȠǴƷȓΞȂȝǦǆ ǆǐǶǶȖॽ

�ǆǆȂȓǌǦǼǝ ȝȂ $Ǧǝॽ ंॽअॶ ��Bं� �CC ȂǼǶΞॶ ΘǣǦǆǣ ǻǐƷǼȖ ȂǼǶΞ ȝȓƷǦǼǐǌ ȠৄǼǐȝ ΘǦȝǣ ȖǦǻȠǶƷȝǐǌ

ǌƷȝƷȖǐȝ ȝȂ ȖǐǝǻǐǼȝ ȝǣǐ ǦǻƷǝǐȖॶ ƷǶȓǐƷǌΞ ƷǆǣǦǐΗǐȖ ȝǣǐ ǅǐȖȝ ȏǐȓǜȂȓǻƷǼǆǐ ȂΗǐȓƷǶǶ ΘǦȝǣ ΗƷȓǦƷǼȝ /Ȃe

ȝǣȓǐȖǣȂǶǌǦǼǝ ΗƷǶȠǐȖॽ ,ȂΘǐΗǐȓॶ ȝǣǐ ȏǐȓǜȂȓǻƷǼǆǐ ǌǐǝȓƷǌǐȖ Ʒȝ [�X= .࣪ ƷȖ ȝǣǐ ǆȂǻǅǦǼƷȝǦȂǼ Ȃǜ

ǶȂΘ ǆȂǼȝȓƷȖȝ ƷǼǌ ǣǦǝǣ ǌǐǼȖǦȝΞ ǦǼǆȓǐƷȖǐȖ ȝǣǐ ǌǦАǆȠǶȝΞ ǦǼ ȖǦǼǝǶǐৄǆǐǶǶ ȖǐǝǻǐǼȝƷȝǦȂǼॽ sǦȝǣ ȓǐЖǼǐǌ

=�ȠȝȖ ƷȖ Ʒ ȏȂȖȝৄȏȓȂǆǐȖȖǦǼǝ Ȗȝǐȏॶ Θǐ Ʒȓǐ ƷǅǶǐ ȝȂ ǅȓǦǼǝ ǅƷǆǴ ȝǣǐ ǆǐǶǶ ǆȂȠǼȝǦǼǝ ƷǆǆȠȓƷǆΞ ȝȂ ȝǣǐ ǶǐΗǐǶ

ƷȓȂȠǼǌ ࣩ࣡% ǜȂȓ /Ȃe ΗƷǶȠǐȖ ǶǐȖȖ ȝǣƷǼ ࣡.ࣦॽ

ं৷ं৷ं �ԭԌӏԏӢӸӏӹԚԓ Ԁӹ ԏӏҷӲ ӋҷԚҷԓӏԚԓ ҷӹӋ ӸԀԚӢԪҷԚӢԀӹ әԀԏ Ӹ৳=�ԞԚԓ

bǣǐ ȒȠƷǼȝǦȝƷȝǦΗǐ ƷǼǌ ȒȠƷǶǦȝƷȝǦΗǐ ǆȂǻȏƷȓǦȖȂǼ Ȃǜ ǐΝȏǐȓǦǻǐǼȝȖ ȂǼ ȓǐƷǶ ǌƷȝƷȖǐȝȖ Ʒȓǐ ȖǣȂΘǼ ǦǼ $Ǧǝॽ

ंॽआॶ ΘǣǦǆǣ ǦȖ ƷǶȖȂ ȓǐȏȂȓȝǐǌ ǦǼ ȂȠȓ ��Bं� ȏƷȏǐȓऀंआॽ �Ƞǐ ȝȂ ȝǣǐ ǌǦАǆȠǶȝΞ ǦǼ ǻƷǼȠƷǶ ƷǼǼȂȝƷȝǦȂǼ

Ȃǜ ं� ǝȓȂȠǼǌ ȝȓȠȝǣ Ȃǜ ǦǼǌǦΗǦǌȠƷǶ ǆǐǶǶȖॶ ȂǼǶΞ ȖǐΗǐȓƷǶ ँ� ȖǶǦǆǐȖ ǦǼ ȝǣǐ ं� ȓƷΘ ǦǻƷǝǐ Ʒȓǐ ƷΗƷǦǶƷǅǶǐॽ

bǣǐȓǐǜȂȓǐॶ ȝǣǐ ȓǐȖȠǶȝȖ ȖǣȂΘǼ ǦǼ Ʒ ȝȂ ǆ ǦǼ $Ǧǝॽ ंॽआ Ʒȓǐ ȏǐȓǜȂȓǻƷǼǆǐ ƷΗǐȓƷǝǐǌ ȂΗǐȓ ȝǣǐȖǐ ȖǐǶǐǆȝǐǌ

ँ� ȖǶǦǆǐȖॽ � ΗǦȖȠƷǶ ँ� ȒȠƷǶǦȝƷȝǦΗǐ ǆȂǻȏƷȓǦȖȂǼ ǦȖ ƷǶȖȂ ȏȓǐȖǐǼȝǐǌ ǦǼ $Ǧǝॽ ंॽआ ǌॽ /ȝ ǆƷǼ ǅǐ ȂǅȖǐȓΗǐǌ

ःँ



ȝǣƷȝॶ ΘǦȝǣ ȓǐЖǼǐǌ =�ȠȝȖॶ ȝǣǐ ȓǐǝǦȂǼȖ ȝǣƷȝ Ʒȓǐ ȖȝǦǶǶ ǆȂǼǼǐǆȝǐǌ Ʒǜȝǐȓ ȠৄǼǐȝ ȝȓƷǦǼǐǌ ΘǦȝǣ Ʒ ȖǦǻȠǶƷȝǐǌ

ǌƷȝƷȖǐȝ ��Bं� �CC ȂǼǶΞ ǆƷǼ ǅǐ ǜȠȓȝǣǐȓ ȖȏǶǦȝ ƷǼǌ ЖǶǶǐǌ ΘǦȝǣ ǐȖȝǦǻƷȝǐǌ ǆǐǶǶ ǻȂǌǐǶȖॶ ƷǼǌ

ȝǣȠȖ ǦǻȏȓȂΗǐȖ ȝǣǐ ǆǐǶǶ ǆȂȠǼȝǦǼǝ ƷǆǆȠȓƷǆΞॽ

BȂȝǦΗƷȝǦȂǼ ǜȂȓ ǻৄ=�ȠȝȖॵ bǣǐ ȓǐЖǼǐǌ ΗǐȓȖǦȂǼ Ȃǜ =�ȠȝȖ ǦǻȏȓȂΗǐȖ ȝǣǐ ȠৄǼǐȝ ȂȠȝȏȠȝȖ ǅΞ ЖǶȝǐȓৄ

ǦǼǝ ȂȠȝ ȝǣǐ ǼȂǦȖΞ ǆǐǶǶ ȓǐǝǦȂǼȖ ƷǼǌ ȖȏǶǦȝȝǦǼǝ ȠǼǌǐȓৄȖǐǝǻǐǼȝǐǌ ǆǶȠȖȝǐȓȖ ǦǼȝȂ ǌǦЍǐȓǐǼȝ ǆǐǶǶȖ ǻƷȓǴǐǌ

ΘǦȝǣ ΘǣǦȝǐ ǆǦȓǆǶǐ ǦǼ $Ǧǝॽ ंॽआ ǐॽ ,ȂΘǐΗǐȓॶ ȝǣǐȓǐ Ʒȓǐ ȖȝǦǶǶ Ǧǻȏǐȓǜǐǆȝ ȓǐǝǦȂǼȖ ȝǣƷȝ Ʒȓǐ ǼȂȝ Ξǐȝ ЖΝǐǌ

ǅΞ ȓǐЖǼǐǌ =�ȠȝȖ ǻƷȓǴǐǌ ΘǦȝǣ ȓǐǌ ǆǦȓǆǶǐȖ ǦǼ $Ǧǝॽ ंॽआ ǐॽ bǣǐȖǐ ǦǻȏǐȓǜǐǆȝǦȂǼȖ ǻƷΞ ǅǐ ǆƷȠȖǐǌ ǅΞ

ȝǣǐ ǅǐǼǌǦǼǝ ǆǐǶǶ ȖǣƷȏǐ ǦǼ ȝǣǐ ȓǐƷǶ ǦǻƷǝǐȖ Ȃȓ ȓȂȠǝǣ ȖǐǝǻǐǼȝƷȝǦȂǼ ǅȂȠǼǌƷȓǦǐȖ ǦǼ ȏȓǐৄȖǐǝǻǐǼȝǐǌ

ȂȠȝȏȠȝȖॶ ΘǣǦǆǣ ǻƷΞ ǜȠȓȝǣǐȓ ǆƷȠȖǐ ȂΗǐȓৄȖǐǝǻǐǼȝƷȝǦȂǼ ǐȓȓȂȓȖ ƷȖ Ʒ ȖǦǼǝǶǐ ǆǐǶǶ ǦȖ ȖǐȏƷȓƷȝǐǌ ǦǼȝȂ ȏƷȓȝȖॽ

bǣǐȓǐǜȂȓǐॶ Θǐ ȏȓȂȏȂȖǐ ǻƷȖǴǐǌ =�ȠȝȖ ǻৄ=�ȠȝȖ ǦǼ ȝǣǐ ȏȠȓȏȂȖǐ Ȃǜ ǝǐǼǐȓƷǶǦΣǦǼǝ ȝǣǐ ȖǐǝǻǐǼȝƷৄ

ȝǦȂǼ ǻǐȝǣȂǌॽ

ं৷ः %ӏӹӏԏҷӲӢԲӏӋ ԓԀӲԞԚӢԀӹ әԀԏ ԌԀԓԚ৳ԌԏԀӅӏԓԓӢӹӚԫӢԚӟ Ӹ৳=�ԞԚԓ

$ȓǐȒȠǐǼȝ ǆƷȖǐȖ Ȃǜ ȠǼǌǐȓৄ ƷǼǌ ȂΗǐȓৄȖǐǝǻǐǼȝƷȝǦȂǼ Ʒȓǐ ȂǜȝǐǼ ȂǅȖǐȓΗǐǌ ΘǣǐǼ ȖǐǝǻǐǼȝǦǼǝ ǌǐǼȖǐ

ǅǦȂЖǶǻ ǦǻƷǝǐȖ ȠȖǦǼǝ ǆȠȓȓǐǼȝǶΞ ƷΗƷǦǶƷǅǶǐ ǆǐǶǶ ȖǐǝǻǐǼȝƷȝǦȂǼ ȝȂȂǶȖःईॶऀंँॶऀࣿअॶईऀॶँऀॶआआॶंंॶऀँँॽ �ǌǌǦȝǦȂǼƷǶ

ȏȂȖȝৄȏȓȂǆǐȖȖǦǼǝ ȏȓȂǆǐǌȠȓǐȖ Ʒȓǐ ȝǣȠȖ ȓǐȒȠǦȓǐǌ ȝȂ ȓǐЖǼǐ ȝǣǐ ȖǐǝǻǐǼȝƷȝǦȂǼ ȓǐȖȠǶȝȖॶ ΘǦȝǣ ǐǦȝǣǐȓ

ȠǼǌǐȓৄ Ȃȓ ȂΗǐȓৄȖǐǝǻǐǼȝƷȝǦȂǼ ǐȓȓȂȓȖॽ bǣǐ ȏȓȂȏȂȖǐǌ ǻƷȖǴǐǌ ǆȂǶǶǦǼǐƷȓ ǆȠȝȖ Țठ=�ȿȼȵ ǆƷǼ ȏȂȖȝৄ

ȏȓȂǆǐȖȖ ȝǣǐ ȠǼȓǐȖȂǶΗǐǌ ǆǶȠȖȝǐȓȖ ǅΞ ƷȠȝȂǻƷȝǦǆƷǶǶΞ ǌǦΗǦǌǦǼǝ ȝǣǐǻ ǦǼȝȂ ǌǦЍǐȓǐǼȝ ǆȂǻȏȂǼǐǼȝȖ Ȃȓ

ǅΞ ǆȂǼǼǐǆȝǦǼǝ ȂΗǐȓȖǐǝǻǐǼȝǐǌ ȂǅǱǐǆȝȖ ǦǼȝȂ ǶƷȓǝǐȓ ǝȓȂȠȏȖॽ bǣǐ ȠȖǐȓ ǌȂǐȖ ǼȂȝ Ǽǐǐǌ ȝȂ ȖȏǐǆǦǜΞ ȝǣǐ

ǼȠǻǅǐȓ Ȃǜ ǆǐǶǶȖ ǦǼ ƷǌΗƷǼǆǐॽ bǣǐ ȂΗǐȓƷǶǶ ΘȂȓǴЙȂΘ ƷǼǌ ȏȖǐȠǌȂǆȂǌǐ ȂǜȚठ=�ȿȼȵ Ʒȓǐ ȖǣȂΘǼ ǦǼ $Ǧǝॽ

ंॽइ ƷǼǌ�ǶǝȂȓǦȝǣǻ ऀॽ �ǐȝƷǦǶȖ Ȃǜ ǐƷǆǣ Ȗȝǐȏ Ʒȓǐ ǐΝȏǶƷǦǼǐǌ ǦǼ ȝǣǐ ǜȂǶǶȂΘǦǼǝ ȖȠǅȖǐǆȝǦȂǼȖॶ ǦǼǆǶȠǌǦǼǝ

ǦǼȝȓȂǌȠǆǦǼǝ�ǶǝȂȓǦȝǣǻ ँ ƷǼǌ�ǶǝȂȓǦȝǣǻ ंॽ �ȠȓȓǐǼȝǶΞॶ ȝǣǐȚȡǫǯ ǦǼ ȝǣǐ ƷǶǝȂȓǦȝǣǻ ǦȖ Ʒ ȠȖǐȓ Ȗǐৄ

Ƕǐǆȝǐǌ ǦǼȏȠȝॶ ǅȠȝ ȝǣǦȖ ǦǼȏȠȝ ǆƷǼ ƷǶȖȂ ǅǐ ǌǐȝǐȓǻǦǼǐǌ ƷȠȝȂǻƷȝǦǆƷǶǶΞ ǜȂȓ ǌǦЍǐȓǐǼȝ ƷȏȏǶǦǆƷȝǦȂǼȖॶ ǐॽǝॽॶ

ǅΞ ǆǣǐǆǴǦǼǝ ǆǶȠȖȝǐȓ ȖǦΣǐ ƷǼǌ ǆȂǼΗǐΝǦȝΞ ǜȂȓ ȝǣǐ ǅƷǆȝǐȓǦƷǶ ǅǦȂЖǶǻ ǦǻƷǝǦǼǝॽ bǣǐ ЖǼƷǶ ȓǐȖȠǶȝȖ ǆƷǼ ȏȓȂৄ

ΗǦǌǐ ǆǐǶǶ ǶȂǆƷȝǦȂǼॶ ȂȓǦǐǼȝƷȝǦȂǼ ƷǼǌ ǆǐǶǶ ǶǐǼǝȝǣॶ ƷǼǌ ȝǣȠȖ ƷȖȖǦȖȝ ǦǼ ǅǦȂЖǶǻ ȓǐǆȂǼȖȝȓȠǆȝǦȂǼॽ

ःं



Figure 3.7: Experiments on real experimental image and motivation for m‐LCuts. (a‐c) Experiments on real exper‐
imental image and comparison to the other cell segmentation methods at three biofilm growing time points, 300
mins, 360 mins, and 600 mins137. The SBR and Density conditions for these time points are 2.2 and 54.8%, 1.8 and
59.0%, and 1.3 and 64.6%, respectively. (d) The performance of BCM3D without/with refined LCuts on a 2D slice in
the raw biofilm 3D image at time = 600 mins. Red and blue boxed areas are enlarged regions for visual performance
comparison. (e) Post‐processing on real dataset shows that the current pipeline is capable of fixing undersegmented
clusters after u‐net in most of the cases (success example circled in white). However, when cells are bending or the
output from u‐net has a rough boundary, imperfect post‐processing, such as over‐segmentation errors, may occur.

ःः



Figure 3.8:Workflow of m‐LCuts with the application to the post‐processing of unsolved cases in biofilm segmenta‐
tion.

ं৷ः৷ऀ �ӢәәӏԏӏӹӅӏԓ Ԁә ԚԫԀӸԀӋӏԓ

bǣǐ ȝǣǐȂȓΞ ǜȂȓ ȏȂȖȝৄȏȓȂǆǐȖȖǦǼǝ ƷǼ ȠǼǌǐȓৄ Ȃȓ ȂΗǐȓৄȖǐǝǻǐǼȝǐǌ ǻƷȖǴ ȓǐǻƷǦǼȖ ȝǣǐ ȖƷǻǐॶ ǅȠȝ ȝǣǐ

ƷǶǝȂȓǦȝǣǻ ȓȠǼȖ ǦǼ ȝΘȂ ǻȂǌǐȖ ΘǦȝǣ ȖǶǦǝǣȝǶΞ ǌǦЍǐȓǐǼȝ ȖȏǐǆǦЖǆƷȝǦȂǼȖ ȝȂ ƷǌǌȓǐȖȖ ȝǣǐȖǐ ǌǦЍǐȓǐǼȝ

ǐȓȓȂȓȖॽ bǣǐ ǻƷǱȂȓ ǌǦЍǐȓǐǼǆǐȖ ǦǼ ȝǣǐ ȓȠǼǼǦǼǝ ǻȂǌǐȖ Ʒȓǐ ǣȂΘ ǴǐΞ ȏȂǦǼȝ ǆǶȂȠǌ ǌƷȝƷ ǦȖ ǐΝȝȓƷǆȝǐǌ

�ǶǝȂȓǦȝǣǻ ऀ ǶǦǼǐȖ ँৄईॶ ǣȂΘ ȝǣǐ ǻƷǱȂȓ ǌǦȓǐǆȝǦȂǼ ǜǐƷȝȠȓǐ Ȃǜ Ʒ ǝȓƷȏǣ ǼȂǌǐ ǦȖ ǌǐЖǼǐǌ �ǶǝȂȓǦȝǣǻ

ँ ǶǦǼǐȖ ंৄऀࣿॶ ƷǼǌ ǣȂΘ ȝǣǐ ȖȝȂȏȏǦǼǝ ǆȓǦȝǐȓǦȂǼ ǦȖ ȓǐƷǆǣǐǌ $Ǧǝॽ ंॽऀँॽ

ं৷ः৷ँ �ӢәәӏԏӏӹӅӏԓ ӅԀӸԌҷԏӏӋ ԚԀ ԌԏӏԪӢԀԞԓ ԫԀԏӯ

/Ǽ ǆȂǼȝȓƷȖȝ ȝȂ ȂȠȓ ȏȓǐΗǦȂȠȖǶΞ ȏȠǅǶǦȖǣǐǌ ΘȂȓǴ =�ȿȼȵऀँࣿ ƷǼǌ ȓǐЖǼǐǌ ΗǐȓȖǦȂǼ Ȃǜ =�ȿȼȵ ȠȖǐǌ

ǦǼऀंआॶ ȝǣǦȖ ȏƷȏǐȓ ȓǐȏȂȓȝȖ Ʒ ǝǐǼǐȓƷǶǦΣǐǌ ƷǼǌ ȠǼǦЖǐǌ ǌƷȝƷ ǆǶȠȖȝǐȓǦǼǝ ȖȂǶȠȝǦȂǼ ΘǦȝǣ ǦǼȏȠȝ ǌƷȝƷ ǐǦȝǣǐȓ

ǅǐǦǼǝ ȏȂǦǼȝ Ȃȓ ȖǐǝǻǐǼȝ ȝȂ ƷǌǌȓǐȖȖ ǌǦЍǐȓǐǼȝ ȏȂȖȝৄȏȓȂǆǐȖȖǦǼǝ ǆȂǼǆǐȓǼȖॽ bǣǐ ǻƷǦǼ ǆǶȠȖȝǐȓǦǼǝ ƷǶৄ

ःऄ



ǝȂȓǦȝǣǻǻƷǱȂȓǶΞ ǌǦЍǐȓȖ ǜȓȂǻ ȝǣǐ Ȃȝǣǐȓ ȝΘȂ ǦǼ ȝǣǐ ǐΝȝǐǼȖǦȂǼ ȝȂ ȝǣǐ ǻȂǌǐ ΘǦȝǣ ȂΗǐȓৄȖǐǝǻǐǼȝǐǌ

ǻƷȖǴॽ $ȠȓȝǣǐȓǻȂȓǐॶ ȝǣǐȓǐ Ʒȓǐ ƷǶȖȂ ǆǣƷǼǝǐȖ ǦǼ ǌǐȝƷǦǶȖ Ȃǜ ȝǣǐ ƷǶǝȂȓǦȝǣǻȖ ǜȂȓ ǝǐǼǐȓƷǶǦΣƷȝǦȂǼॵ Ǧ

ǝȓƷȏǣ ǆȂǼȖȝȓȠǆȝǦȂǼ ǼȂΘ ǆȂǼȝƷǦǼȖ ǻǐǌǦƷǶ ƷΝǦȖ ǐΝȝȓƷǆȝǦȂǼ ƷǼǌ ȖȠȏǐȓǼȂǌǐ ǝǐǼǐȓƷȝǦȂǼঃ ǦǦ ǜǐƷȝȠȓǐ

ǐΝȝȓƷǆȝǦȂǼ ǦȖ ǻȂǌǦЖǐǌ ΘǦȝǣ ȝǣǐ ǼǐΘ�ǶǝȂȓǦȝǣǻ ँঃ ǦǦǦ ȝǣǐ ȖǦǻǦǶƷȓǦȝΞ ǻǐƷȖȠȓǐ ǌǐЖǼǐȖ ǼǐΘ ǻǐƷৄ

ȖȠȓǐȖ ǦǼ ǌǦȖȝƷǼǆǐ �Ȓॽ ंॽः ƷǼǌ ǌǦȓǐǆȝǦȂǼ �Ȓॽ अৄइঃ ƷǼǌ ǦΗ ȝǣǐ ȖȝȂȏȏǦǼǝ ǆȓǦȝǐȓǦȂǼ ƷǌǌȖ ƷȠȝȂৄ

ǻƷȝǦǆ ǝƷȏ ǌǐȝǐǆȝǦȂǼ ƷǼǌ ǆȂǼǆƷΗǦȝΞ ǆǣǐǆǴ $Ǧǝॽ ंॽऀँॽ �ȂǻȏƷȓǐǌ ȝȂ ȝǣǐ ǦǼǦȝǦƷǶ ΘȂȓǴ =�ȿȼȵॶ ȝǣǐ

ǼȂǌǐৄǅƷȖǐǌ ǝȓƷȏǣ ǦȖ ǆȂǼȖȝȓȠǆȝǐǌ ǌǦЍǐȓǐǼȝǶΞ ǦǼȚठ=�ȿȼȵΘǦȝǣ ǅǦǼƷȓǦΣǐǌ ǻƷȖǴȖ ƷȖ ǦǼȏȠȝ ǦǼȖȝǐƷǌ Ȃǜ

ǦǼȝǐǼȖǦȝΞ ǦǻƷǝǐȖॽ bǣǐ ǆȂǶǶǦǼǐƷȓ ǜǐƷȝȠȓǐ ǐΝȝȓƷǆȝǦȂǼ ǦǼȚठ=�ȿȼȵ ȓǐȏǶƷǆǐȖ ȝǣǐ ǻƷǱȂȓǦȝΞ ΗȂȝǦǼǝ ȏȓȂǆǐȖȖ

ǦǼ =�ȿȼȵ ǅΞ ƷȠȝȂǻƷȝǦǆ ȂȠȝǶǦǐȓ ȓǐǻȂΗƷǶ ƷǼǌ ȏȓǦǼǆǦȏƷǶ ǌǦȓǐǆȝǦȂǼ ǆȂǻȏȠȝƷȝǦȂǼॽ

�ǶǝȂȓǦȝǣǻ ऀ UȓȂǆǐǌȠȓǐ ȂǜȚठ=�ȿȼȵ ȂǼ ȏȂȖȝৄȏȓȂǆǐȖȖǦǼǝ
/ǼȏȠȝbǣǐBǖȵȓ Ȃǜ ȓǐǝǦȂǼ Ȃǜ ǦǼȝǐȓǐȖȝঃȚȡǫǯ ȝȂ ǅǐ ȏȓȂǆǐȖȖǐǌॽ
HȠȝȏȠȝbǣǐ ЖǼƷǶ ǆǶȠȖȝǐȓǐǌ ǼȲȡȿȮȵঃ

HȏȝǦȂǼƷǶ ȓǐǆȂǼȖȝȓȠǆȝǐǌ ΗȂǶȠǻǐ Ȯȡȵȼqॽ
UƷȓƷǻǐȝǐȓȖ ȵȅͩǯ=ȅȚȅȼॶ ǫȅȵȼ=ȅȚȅȼॶ ܿ�ॶ ܿb
ऀॵ ȏȓȂǆǐǌȠȓǐӸ=�ԞԚԓBǖȵȓॶȚȡǫǯ
ँॵ $ǦǼǌ ǼȂǌǐȖ ΘǦȝǣ ǜǐƷȝȠȓǐȖॵ
ंॵ Ǧǜ ǻȂǌǐॵ ȠǼǌǐȓৄȖǐǝǻǐǼȝǐǌ ǻƷȖǴ ȝǣǐǼ
ःॵ țȡǫǯ=ȡǥ← ǐΝȝȓƷǆȝ ǻǐǌǦƷǶ ƷΝǦȖ ȏȂǦǼȝ ǆǶȂȠǌ ǌƷȝƷঃ
ऄॵ țȡǫǯ�ȅȲ← ȠȖǐ�ǶǝȂȓǦȝǣǻ ँ ǜȂȓ ƷǶǶ ȝǣǐ ǼȂǌǐȖॽ
अॵ ǐǶȖǐ Ǧǜ ǻȂǌǐॵ ȂΗǐȓৄȖǐǝǻǐǼȝǐǌ ǻƷȖǴ ȝǣǐǼ
आॵ țȡǫǯ=ȡǥ← ǝǐǼǐȓƷȝǐ ȖȠȏǐȓǼȂǌǐ ΘǦȝǣ ȖǐǝǻǐǼȝȖঃ
इॵ țȡǫǯ�ȅȲ← ȠȖǐ�ǶǝȂȓǦȝǣǻ ँ ǜȂȓ ƷǶǶ ȖȠȏǐȓǼȂǌǐȖॽ
ईॵ ǐǼǌ Ǧǜ
ऀࣿॵ �ȂǼȖȝȓȠǆȝ ȝǣǐ ǝȓƷȏǣ ƷǼǌ ǆȂǻȏȠȝǐ �Ȓॽ ंॽँ ȝȂ ЖǼǌsॽ
ऀऀॵ �ȂǻȏȠȝǐ ȓǐǆȠȓȖǦΗǐ ǝȓƷȏǣ ǆȠȝȖ ȖȂǶȠȝǦȂǼȖ ȠȖǦǼǝ�ǶǝȂȓǦȝǣǻ ं ȝȂ ǌǐȝǐǆȝ ǆȂǶǶǦǼǐƷȓ

ǼȲȡȿȮȵ ǦǼ ȝǣǐ ǝȓƷȏǣॽ
ऀँॵ HȏȝǦȂǼƷǶॵ ȓǐǆȂǼȖȝȓȠǆȝ ȝǣǐ ΗȂǶȠǻǐॶ Ȯȡȵȼqॶ ǅΞ ЖȝȝǦǼǝ ǝǐȂǻǐȝȓǦǆƷǶ ǻȂǌǐǶȖ ȝȂ ǼȲȡȿȮȵॽ
ऀंॵ ȓǐȝȠȓǼ
ऀःॵ ǐǼǌ ȏȓȂǆǐǌȠȓǐ
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ं৷ः৷ं $ԏԀӸӸҷԓӯ ԚԀ ӚԏҷԌӟ

�ǻƷȖǴॶ ǦǼ ǝǐǼǐȓƷǶॶ ǦȖ Ʒ ǅǦǼƷȓǦΣǐǌ ǦǻƷǝǐ ȏȓȂΗǦǌǐǌ ǅΞ ȝǣǐ ȏȓǐȏȓȂǆǐȖȖǦǼǝ ǻǐȝǣȂǌȖॽ bǣǐ ȝƷȓǝǐȝ

ȂǅǱǐǆȝ Ȃǜ ǦǼȝǐȓǐȖȝ ǆƷǼ ǅǐ ǐΝȝȓƷǆȝǐǌ ǅΞ ǻƷȖǴǦǼǝ ƷǼ ǦǻƷǝǐ Θǣǐȓǐ ȝǣǐ ȠǼȖǐǶǐǆȝǐǌ ȓǐǝǦȂǼȖ Ʒȓǐ Ȗǐȝ ȝȂ

ΣǐȓȂॽ �ƷȖǐǌ ȂǼ ȝǣǐ ȖǦΣǐ Ȃǜ Ʒ ǅƷǆȝǐȓǦƷǶ ǆǐǶǶ ǦǼ ȝǣǐ ƷȏȏǶǦǆƷȝǦȂǼॶ Ʒ ǻƷȖǴ ǆƷǼ ǅǐ ǆǶƷȖȖǦЖǐǌ ǦǼȝȂ ȝΘȂ ǆƷȝৄ

ǐǝȂȓǦǐȖॵ ƷǼ ȠǼǌǐȓৄȖǐǝǻǐǼȝǐǌ ǻƷȖǴ ǆȂǼȝƷǦǼȖ ǆȂǼǼǐǆȝǐǌ ǆǐǶǶȖॶ ΘǣǦǶǐ ƷǼ ȂΗǐȓৄȖǐǝǻǐǼȝǐǌ ǻƷȖǴ ǐǼৄ

ǆǶȂȖǐȖ ǆǐǶǶȖ ȝǣƷȝ Ʒȓǐ ǐȓȓȂǼǐȂȠȖǶΞ ǌǦΗǦǌǐǌ ǦǼȝȂ ǌǦЍǐȓǐǼȝ ȏƷȓȝȖ $Ǧǝॽ ंॽइ�ॽ

bǣǐ ȖǐǝǻǐǼȝƷȝǦȂǼ ȏȓȂǅǶǐǻ ǦȖ ȝȓƷǼȖǜȂȓǻǐǌ ǦǼȝȂ Ʒ ǌƷȝƷ ǆǶȠȖȝǐȓǦǼǝ ȏȓȂǅǶǐǻ ǅΞ ǆȂǼȖȝȓȠǆȝǦǼǝ Ʒ

ǝȓƷȏǣ ǜȓȂǻ ȝǣǐ ǅǦǼƷȓΞ ǻƷȖǴॽ �ƷȖǐǌ ȂǼ ǝȓƷȏǣ ȝǣǐȂȓΞॶ ȝǣǐ ȏȓȂȏȂȖǐǌ ǝȓƷȏǣ ǣƷȖ ȝΘȂ ǻƷǱȂȓ ǆȂǻȏȂৄ

ǼǐǼȝȖॵ ǼȂǌǐȖ ƷǼǌ ΘǐǦǝǣȝǐǌ ǐǌǝǐȖॽ bǣǐ ǼȂǌǐȖ ȓǐȏȓǐȖǐǼȝ ȝǣǐ ǴǐΞ ȏȂǦǼȝȖ ǦǼ ȖȏƷǆǐ ǐΝȝȓƷǆȝǐǌ ǜȓȂǻ ȝǣǐ

ǻƷȖǴॽ bǣǐȓǐ Ʒȓǐ ȝΘȂ ǜǐƷȝȠȓǐȖ ȂǼ ȝǣǐ ǼȂǌǐȖॶ ǼȂǌǐ �ƷȓȝǐȖǦƷǼ ǆȂȂȓǌǦǼƷȝǐȖ țȡǫǯ=ȡǥ ƷǼǌ ǼȂǌǐ ǻƷৄ

ǱȂȓ ǌǦȓǐǆȝǦȂǼ țȡǫǯ�ȅȲॽ bǣǐ ǆȂǼǼǐǆȝǦȂǼȖ ǅǐȝΘǐǐǼ ǐƷǆǣ ȏƷǦȓ Ȃǜ ȝǣǐ ǼȂǌǐȖ Ʒȓǐ ǆƷǶǶǐǌ ǐǌǝǐȖॽ bǣǐ

ΘǐǦǝǣȝȖ ȂǼ ȝǣǐȖǐ ǐǌǝǐȖ ȓǐЙǐǆȝ ȝǣǐ ȖǦǻǦǶƷȓǦȝΞ Ȃǜ ȝǣǐ ǆȂǼǼǐǆȝǐǌ ǼȂǌǐȖॽ

ं৷ः৷ः CԀӋӏԓ

$Ȃȓ ȠǼǌǐȓৄȖǐǝǻǐǼȝǐǌ ǻƷȖǴȖॶ ȝǣǐ ǼȂǌǐȖ ǶǦǐ ƷǶȂǼǝ ȝǣǐ ǻǐǌǦƷǶ ƷΝǐȖ Ȃǜ ȝǣǐ ǅǦǼƷȓΞ ǦǻƷǝǐ $Ǧǝॽ ंॽइ�

Ƕǐǜȝॽ � ȓƷǌǦȠȖৄǆȂǼȖȝȓƷǦǼǐǌ ǻǐǌǦƷǶ ƷΝǦȖ ǐΝȝȓƷǆȝǦȂǼ ǻǐȝǣȂǌ ǦȖ ȏȓǐȖǐǼȝǐǌॶ ΘǣǦǆǣ ǐΝȏǶȂǦȝȖ ȝǣǐ ǦǌǐƷ

Ȃǜ ǦǼȖǆȓǦǅǐǌ ȖȏǣǐȓǐȖऀंआॽ /ǼȖǆȓǦǅǐǌ ȖȏǣǐȓǐȖ Ʒȓǐ ȝǣǐ ǶƷȓǝǐȖȝ ȖȏǣǐȓǐȖ ΘǦȝǣ Ʒȝ ǶǐƷȖȝ ȝΘȂ ȝƷǼǝǐǼȝ ȏȂǦǼȝȖ

ȝȂ ȝǣǐ ȂǅǱǐǆȝȖ ǦǼǼǐȓ ȖȠȓǜƷǆǐॽ bǣǐ ǆǐǼȝǐȓȖ Ȃǜ ȝǣǐ ȖȏǣǐȓǐȖ Ʒȓǐ ǐΝȝȓƷǆȝǐǌ ƷȖ ȝǣǐ ȂǅǱǐǆȝȖ ǻǐǌǦƷǶ ƷΝǦȖॶ

ǴǼȂΘǼ ƷȖ ȝǣǐ ǻǐǌǦƷǶ ƷΝǦȖ ȝȓƷǼȖǜȂȓǻ B�bऀईॽ ,ȂΘǐΗǐȓॶ ƷǆǆȠȓƷȝǐ ǦǻȏǶǐǻǐǼȝƷȝǦȂǼ Ȃǜ B�b ǦȖ

ǆȂǻȏȠȝƷȝǦȂǼƷǶǶΞ ǐΝȏǐǼȖǦΗǐ ƷǼǌ ǣƷȓǌ ȝȂ ȏȓȂǆǐȖȖ ǐȖȏǐǆǦƷǶǶΞ ǦǼ ं�ँऄॽ sǐ ƷǌȂȏȝ ȝǣǐ ǦǌǐƷ Ȃǜ ƷȏȏȓȂΝৄ

ǦǻƷȝǐ B�b ȖǴǐǶǐȝȂǼǦΣƷȝǦȂǼ ȠȖǦǼǝ ȝǣǐ �ȠǆǶǦǌǐƷǼ ǌǦȖȝƷǼǆǐ ȝȓƷǼȖǜȂȓǻऀࣿࣿॶ ƷǌǌǦǼǝ ȝǣǐ ǆȂǼȖȝȓƷǦǼȝȖ

ȂǼ ȝǣǐ ǌǦȖȝƷǼǆǐ ȓƷǼǝǐȖ ȝȂ ȂǅȝƷǦǼ ȝǣǐ ǻȂǌǦЖǐǌ ǅǦǼƷȓΞ ǜȂȓǐǝȓȂȠǼǌ ǜȂȓ ǆǐǼȝǐȓǶǦǼǐ ǐΝȝȓƷǆȝǦȂǼॽ bǣǐ

ǻȂȝǦΗƷȝǦȂǼ Ȃǜ ȠȖǦǼǝ ȝǣǐ B�bΘǦȝǣ ȓƷǌǦȠȖ ǆȂǼȖȝȓƷǦǼȝȖ Ȳ ǦȖ ǐΝȏǶƷǦǼǐǌ ǦǼ $Ǧǝॽ ंॽईॽ bǣǐ ȏȓȂȏȂȖǐǌ

ƷǶǝȂȓǦȝǣǻ ǆƷǼ ƷΗȂǦǌ ȝǣǐ ǻǐȓǝǦǼǝ Ȃǜ ǻǐǌǦƷǶ ƷΝǐȖ Ȃǜ ȝȂȠǆǣǦǼǝ ǆǐǶǶȖॶ ƷȖ ΘǐǶǶ ƷȖ ǆƷǼ ǻƷǦǼȝƷǦǼ ȝǣǐ ǆȂǼৄ

ȝǦǼȠǦȝΞ Ȃǜ ȝǣǐ ǐΝȝȓƷǆȝǐǌ ǻǐǌǦƷǶ ƷΝǐȖॽ �ǶȝǣȂȠǝǣ ȝǣǐȓǐ Ʒȓǐ ȖȝǦǶǶ ǆȂǼǼǐǆȝǦȂǼȖ ǅǐȝΘǐǐǼ ȏƷȓƷǶǶǐǶ ǆǐǶǶȖ
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Figure 3.9: Procedure of medial axis extraction with example on a 2D image. Step 1: Compute the Euclidean dis‐
tance transform (b) on the perimeter of foreground (a). Step 2: Binarize the distance transform map (b) with/without
a constraint on distance ranges, which is the so‐called radius constraint, to further extract the centerline/skeleton
(c/d). c: If there is no radius constraint, the skeleton of neighboring cells are still connected to each other, as indi‐
cated by the blue arrows. The ones that are connecting in a line (marked with yellow arrow) are harder to distin‐
guish. d: If a radius constraint is added, the medial axes more closely match the central cell axes.

$Ǧǝॽ ंॽईǌ ΘǦȝǣ ȝǣǐ ǆȠȓȓǐǼȝ ǆǣȂǦǆǐ Ȃǜ ǆȂǼȖȝȓƷǦǼȝ Ȳ ∈ [, ࣨ] ȏǦΝǐǶȖॶȚठ=�ȿȼȵ ǦȖ ȖȝǦǶǶ ǆƷȏƷǅǶǐ Ȃǜ

ȖȏǶǦȝȝǦǼǝ ȝǣǐǻॶ ǅǐǆƷȠȖǐ ȝǣǐΞ ȏȓǐȖǐǼȝ ǌǦЍǐȓǐǼȝ ǆȂǶǶǦǼǐƷȓǦȝΞॽ bǣǐ ǶǐǼǝȝǣȖ Ȃǜ ǆǐǶǶȖ Ʒȓǐ ȖǣȂȓȝǐǼǐǌ ǌȠǐ

ȝȂ ǆǣȂǦǆǐ Ȃǜ ǶȂΘǐȓ ǶǦǻǦȝ Ȃǜ ȓƷǌǦȠȖ ǆȂǼȖȝȓƷǦǼȝॶ ǅȠȝ ȝǣǐ ǶȂȖȖ Ȃǜ ǶǐǼǝȝǣ ǦȖ Ʒǌǌǐǌ ǅƷǆǴ ǌȠȓǦǼǝ ЖǼƷǶ ǆǐǶǶ

ȓǐǆȂǼȖȝȓȠǆȝǦȂǼॽ

$Ȃȓ ȂΗǐȓৄȖǐǝǻǐǼȝǐǌ ǻƷȖǴȖॶ ȝǣǐ ǼȂǌǐȖ Ʒȓǐ ȖȠȏǐȓǼȂǌǐȖ ȓǐȏȓǐȖǐǼȝǦǼǝ ǐƷǆǣ ǆȂǼǼǐǆȝǐǌ ǆȂǻȏȂৄ

ǼǐǼȝॶ ȓǐǜǐȓȓǐǌ ȝȂ ƷȖ Ʒ ȖǐǝǻǐǼȝॶ ǦǼ ȝǣǐ ǻƷȖǴ $Ǧǝॽ ंॽइ� ȓǦǝǣȝॽ bǣǐ ǶȂǆƷȝǦȂǼ ǜǐƷȝȠȓǐ țȡǫǯ=ȡǥ Ȃǜ Ʒ

ȖȠȏǐȓǼȂǌǐ ǆȂǼȝƷǦǼȖ ȝǣǐ ǆȂȂȓǌǦǼƷȝǐȖ Ȃǜ ƷǶǶ ȝǣǐ ΗȂΝǐǶȖ ǦǼ ȝǣǐ ȖǐǝǻǐǼȝॶ ΘǣǦǆǣ ǆƷǼ ǅǐ ȓȂȠǝǣǶΞ ȓǐȏȓǐৄ

ȖǐǼȝǐǌ ǅΞ ȝǣǐ ǆǐǼȝȓȂǦǌ Ȃǜ ȝǣǐ ǆȠȓȓǐǼȝ ȖǐǝǻǐǼȝ ǜȂȓ ǦǼǌǐΝǦǼǝ ƷǼǌ ΗǦȖȠƷǶ ǌǦȖȏǶƷΞ $Ǧǝॽ ंॽइ�ॽ

ं৷ः৷ऄ BҷӭԀԏ ӋӢԏӏӅԚӢԀӹ Ԁӹ ӹԀӋӏԓ

$Ȃȓ ǅȂȝǣ ǆƷȖǐȖॶ ȝǣǐ ǻƷǱȂȓ ǌǦȓǐǆȝǦȂǼ Ȃǜ Ʒ ǼȂǌǐ ǦȖ ǆƷǶǆȠǶƷȝǐǌ ǜȓȂǻ ǦȝȖ ȂȠȝǶǦǐȓৄȓǐǻȂΗǐǌ ǻȠǶȝǦৄ

ǣȂȏ ǼǐǦǝǣǅȂȓǣȂȂǌ ȠȖǦǼǝ ȏȓǦǼǆǦȏǶǐ ǆȂǻȏȂǼǐǼȝ ƷǼƷǶΞȖǦȖ U��ॽ �Ǽ ǐΝƷǻȏǶǐ Ȃǜ ǆȂǼȖȝȓȠǆȝǦǼǝ Ʒ
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Figure 3.10: Construction of a 3‐hop outlier‐removed neighborhood for node ȅ. %: a fully connected graph. %ț: a
subgraph where all the neighboring nodes are connected to each other. %țȅ: an example of 3‐hop neighborhood for
node ȅ, where numbered nodes are hop neighbors enclosed in this neighborhood. %ț−ȅ : outlier nodes are removed
in the outlier‐removed neighborhood in order to find the node major direction.
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Figure 3.11: Illustration of measuring similarity in distance and relative angle. (a): Euclidean distance, ǫȅȐ, is calcu‐
lated based on the node Cartesian locations. (b): Relative angle, ܴȅȐ, weighs the difference in node major direction
difference. (c): Penalty on direction displacements, ǫȅ→Ȑ and ǫȐ→ȅ.
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||țȡǫǯ�ȅȲȅ||ࣣ

ंॽआ

bǣǐǼ ȝǣǐ ȏǐǼƷǶȝΞ ǆƷǼ ǅǐ ǜȂȓǻȠǶƷȝǐǌ ƷȖॵ

ܰȅȐ =






ǯ−(ǻƷΝ(ǫȅ→Ȑ,ǫȐ→ȅ))ࣣ/Ȳࣣ , Ǧǜ ǫȅȐ ≤ ǫȅȵȼ=ȅȚȅȼ

࣡ , ȂȝǣǐȓΘǦȖǐ
ंॽइ

,ǐȓǐॶ Ȳ ǦȖ Ʒ ΗƷǶȠǐ ȓǐȝȓǦǐΗǐǌ ǜȓȂǻ ȝǣǐ ǐȖȝǦǻƷȝǐǌ ǻƷΝǦǻȠǻ ȓƷǌǦȠȖ Ȃǜ ȝǣǐ ǅƷǆȝǐȓǦƷǶ ǆǐǶǶȖ ȠǼǌǐȓ ǦǼΗǐȖৄ

ȝǦǝƷȝǦȂǼॽ /Ǽ ȝǣǦȖ ǆƷȖǐॶ ȏƷȓƷǶǶǐǶ ǌǦȖȏǶƷǆǐǻǐǼȝ ǻȂȓǐ ȝǣƷǼ Ʒ ǆǐǶǶ ȓƷǌǦȠȖ ǦȖ ǻȂȓǐ ȏǐǼƷǶǦΣǐǌ ȂǼ ǌǦȖȖǦǻǦৄ

ǶƷȓǦȝΞॽ bǣǐ ȠȏǌƷȝǐǌ ȖǦǻǦǶƷȓǦȝΞ ǻǐƷȖȠȓǐ ȂǼ ǼȂǌǐ ǌǦȓǐǆȝǦȂǼ ǜǐƷȝȠȓǐ ǦȖ ȝǣǐǼ

͞b(ܴȅȐ, ܿb) = ܰȅȐ ॳ ǯ−(ǆȂȖ(ܴȅȐ)−)ࣣ/ࣣܿb ंॽई

ं৷ः৷आ XӏӅԞԏԓӢԪӏ ӚԏҷԌӟ ӅԞԚԓ

bǣǐ ǆǶȠȖȝǐȓǦǼǝ Ȃǜ ǌǦЍǐȓǐǼȝ ǆȂǶǶǦǼǐƷȓǶΞ ȖȝȓȠǆȝȠȓǐǌ ǝȓȂȠȏȖ ǜȂǶǶȂΘȖ ȝǣǐ ȝǣǐȂȓΞ Ȃǜ ȓǐǆȠȓȖǦΗǐ ǝȓƷȏǣ

ǆȠȝȖ ǦǼ =�ȠȝȖॶ ΘǣǦǶǐ ǻȂȓǐ ǌǐȝƷǦǶȖ ƷǼǌ ȏȖǐȠǌȂǆȂǌǐ�ǶǝȂȓǦȝǣǻ ं Ʒȓǐ Ʒǌǌǐǌ ǦǼ ȝǣǦȖ ǆǣƷȏȝǐȓॽ $Ȃȓ

ǅƷǆȝǐȓǦƷǶ ǅǦȂЖǶǻ ȖǐǝǻǐǼȝƷȝǦȂǼॶ ȝǣǐ ΗƷȓǦƷǅǶǐȖ ȵȅͩǯ=ȅȚȅȼॶ ǫȅȵȼ=ȅȚȅȼॶ ܿ� ƷǼǌ ܿb Ʒȓǐ ǆǣȂȖǐǼ ǅƷȖǐǌ

ȂǼ ȏȓǦȂȓ ǅǦȂǶȂǝǦǆƷǶ ǴǼȂΘǶǐǌǝǐ Ȗǐǐ ƷǼƷǶΞȖǦȖ ǦǼ [ǐǆॽ ंॽऄॽ ǫȅȵȼ=ȅȚȅȼ ǦȖ ȝǣǐ ǌǦȖȝƷǼǆǐ ǶǦǻǦȝ ǅǐȝΘǐǐǼ

ȝΘȂ ǼȂǌǐȖ ǦǼ ȝǣǐ ȖƷǻǐ ǝȓȂȠȏॶ ƷǼǌ ȵȅͩǯ=ȅȚȅȼ ǦȖ ȝǣǐ ǶǦǻǦȝ Ȃǜ ǼȠǻǅǐȓ Ȃǜ ǼȂǌǐȖ ǦǼ ǐƷǆǣ ǝȓȂȠȏॽ ܿ�

ƷǼǌ ܿb Ʒȓǐ ȖǐǻǦৄƷȠȝȂǻƷȝǐǌ ȏƷȓƷǻǐȝǐȓȖ ȝǣƷȝ ǆƷǼ ǅǐ ǆǣȂȖǐǼ ǅƷȖǐǌ ȂǼ ȝǣǐ ǜȂȓǻǐȓ ȝΘȂ ȏƷȓƷǻǐȝǐȓ Ȗǐৄ

ऄँ



ǶǐǆȝǦȂǼȖॽ bǣǐ ΘǣȂǶǐ ƷǶǝȂȓǦȝǣǻ ǆƷǼ ǅǐ ȏȓǦǻƷȓǦǶΞ ǌǦΗǦǌǐǌ ǦǼȝȂ ȝǣȓǐǐ ȏƷȓȝȖॵ ȠȏǌƷȝǐ ȝǣǐ ǝȓƷȏǣॶ ǆȂǻৄ

ȏȠȝǐ ȝǣǐ ǅǦৄȏƷȓȝǦȝǦȂǼ ȖȂǶȠȝǦȂǼॶ ƷǼǌ ȓǐǆȠȓȖǦΗǐǶΞ ȓǐৄȏƷȓȝǦȝǦȂǼ ȠǼȝǦǶ ȓǐƷǆǣǦǼǝ ȝǣǐ ȖȝȂȏȏǦǼǝ ǆȓǦȝǐȓǦȂǼॽ

bǣǐ ǅǦৄȏƷȓȝǦȝǦȂǼ ȖȂǶȠȝǦȂǼ ǦȖ ǝǦΗǐǼ ǅΞ ǐΝȏǶȂǦȝǦǼǝ ȝǣǐ ǦǌǐƷ Ȃǜ ǼȂȓǻƷǶǦΣǐǌ ǝȓƷȏǣ ǆȠȝ ǦǼईईॶ ΘǣǦǆǣ

ȠȝǦǶǦΣǐȖ ȝǣǐ ȝȂȝƷǶ ǝǶȂǅƷǶ ȖǦǻǦǶƷȓǦȝΞ ƷȖ ΘǐǶǶ ƷȖ ǌǦȖȖǦǻǦǶƷȓǦȝΞ ǅǐȝΘǐǐǼ ȝǣǐ ǌǦЍǐȓǐǼȝ ǝȓȂȠȏȖ ǦǼ ȝǣǐ Ǧǻৄ

Ʒǝǐॽ %ǦΗǐǼ Ʒ ΘǐǦǝǣȝǐǌॶ ȠǼǌǦȓǐǆȝǐǌ ǝȓƷȏǣॶ% = (C,�,s)ॶ ΘǣǐȓǐC ǆȂǼȝƷǦǼȖ ǼȂǌǐȖॶ � ǌǐǼȂȝǐȖ

ǐǌǝǐȖ ƷǼǌs ǦȖ ȝǣǐ ƷǌǱƷǆǐǼǆΞ ǻƷȝȓǦΝ ȝǣƷȝ ȓǐȏȓǐȖǐǼȝȖ ȝǣǐ ΘǐǦǝǣȝǦǼǝȖ ȂǼ ȝǣǐ ǐǌǝǐȖॽ [ȠȏȏȂȖǐ = ƷǼǌ

X Ʒȓǐ ȝΘȂ ǌǦȖǱȂǦǼȝ ǝȓȂȠȏȖ ƷǼǌC = = ∪ Xॽ bǣǐ ǝȂƷǶ Ȃǜ Ʒ ǝȓƷȏǣ ǆȠȝॶ Ʒȝ ǐƷǆǣ ǝȓƷȏǣ ǆȠȝ ǶǐΗǐǶ ǦǼ

ȝǣǐ ȓǐǆȠȓȖǦȂǼॶ ǦȖ ȝȂ ǌǦȖǆȂǼǼǐǆȝ ȝǣǐ ǐǌǝǐȖ ǅǐȝΘǐǐǼ ȝǣǐȖǐ ȝΘȂ ǝȓȂȠȏȖ Θǣǐȓǐ ȝǣǐ Ǽǐȝ ΘǐǦǝǣȝǦǼǝॶ ȅࣗǯࣗॶ

ȖǦǻǦǶƷȓǦȝǦǐȖ Ȃǜ ǼȂǌǐ ǜǐƷȝȠȓǐȖॶ ǦȖ ǻǦǼǦǻǦΣǐǌॽ bǣǐ ǌǦȖǆȂǼǼǐǆȝǦȂǼ ǦȖ ǜȂȠǼǌ ǅΞ ǻǦǼǦǻǦΣǦǼǝCǥȿȼ ǦǼईईॶ

ΘǣǦǆǣ ȓǐǻȂΗǐȖ ȝǣǐ ǐǌǝǐȖ ǅǐȝΘǐǐǼ ȅ ∈ = ƷǼǌ Ȑ ∈ X ǦǼ ȂȠȓ ǆƷȖǐ $Ǧǝॽ ंॽइ�ॵ

ǻǦǼCǥȿȼ(=,X)

=

∑
ȅ∈=,Ȑ∈Xs(ȅ, Ȑ)

∑
ȅ∈=,ț∈Cs(ȅ, ț) +

∑
Ȑ∈X,ȅ∈= s(Ȑ, ȅ)

∑
Ȑ∈X,ț∈Cs(Ȑ, ț)

ंॽऀࣿ

,ǐȓǐॶ ȝǣǐ ǼȠǻǐȓƷȝȂȓȖ ȝƷǴǐ ǦǼȝȂ ƷǆǆȂȠǼȝ ȝǣǐ ǆȓȂȖȖৄǝȓȂȠȏ ΘǐǦǝǣȝǦǼǝȖॽ bǣǐ ǌǐǼȂǻǦǼƷȝȂȓȖ ǆƷǶǆȠǶƷȝǐ

ȝǣǐ ǆȂǼǼǐǆȝǦǼǝ ΘǐǦǝǣȝǐǌ ǐǌǝǐȖ ǅǐȝΘǐǐǼ ǼȂǌǐȖ ǦǼ ǐǦȝǣǐȓ = ȂȓX ȝȂ ƷǶǶ ȝǣǐ Ȃȝǣǐȓ ǼȂǌǐȖ ǦǼCॶ ΘǣǦǆǣ

ǐȖȝƷǅǶǦȖǣ ȝǣǐ ȠǼǅǦƷȖǐǌ ǼȂȓǻƷǶǦΣǐǌ ƷȖȖȂǆǦƷȝǦȂǼ ǅǐȝΘǐǐǼ ǐƷǆǣ ǝȓȂȠȏ ƷǼǌ ȝǣǐ ΘǣȂǶǐ ǝȓƷȏǣॽ

�Ξ ƷǌǌǦǼǝ ƷǼ ǦǼǌǦǆƷȝȂȓ ΗǐǆȝȂȓ Νॶ Θǣǐȓǐ ǫȅȚ(Ν) = ǫȅȚ(C)ॶ ǌǐЖǼǐ ͣȅ =  ǜȂȓ ȅ ∈ = ƷǼǌ

ͣȐ = − ǜȂȓ Ȑ ∈ Xॽ �ǶȖȂॶ Ƕǐȝ ǌॶ ǫȅȚ(ǌ) = ǫȅȚ(C) ǅǐ ȝǣǐ ȝȂȝƷǶ ǆȂǼǼǐǆȝǦȂǼ ǻƷȝȓǦΝ ǅǐȝΘǐǐǼ ȂǼǐ

ǼȂǌǐॶ ȅ Ȃȓ Ȑॶ ȝȂ ƷǶǶ ȝǣǐ Ȃȝǣǐȓ ǼȂǌǐȖ ț ∈ Cॽ bǣǐǼॶ ǐȒॽ ंॽऀࣿ ǆƷǼ ǅǐ ȓǐΘȓǦȝȝǐǼ ƷȖॵ

ǻǦǼ
Ν

Cǥȿȼ(Ν) =
∑

(Ν>࣡) ͞ȅȐͣȅ∑
(Ν>࣡) ǫȅ

+

∑
(Ν<࣡)−͞ȐȅͣȐ∑

(Ν<࣡) ǫȐ
ंॽऀऀ

=ǐȝ� ǅǐ ȝǣǐ ǌǦƷǝȂǼƷǶ ǻƷȝȓǦΝ Θǣǐȓǐ ǐƷǆǣ ǌǦƷǝȂǼƷǶ ǦȖ ȝǣǐ ȝȂȝƷǶ ǆȂǼǼǐǆȝǦȂǼ ǌ ǜȓȂǻ ȂǼǐ ǼȂǌǐ ȝȂ

ƷǶǶ ȝǣǐ ǼȂǌǐȖ ǦǼ ȝǣǐ ǝȓƷȏǣॶ ƷǼǌs ǅǐ ȝǣǐ ƷǌǱƷǆǐǼȝ ǻƷȝȓǦΝ ȝǣƷȝ ȖȝȂȓǐȖ ͞ȅȐ ǦǼ ǐƷǆǣ ǆǐǶǶॽ BǐƷǼΘǣǦǶǐॶ

ऄं



�ǶǝȂȓǦȝǣǻ ं UȖǐȠǌȂǆȂǌǐ ǜȂȓ ȓǐǆȠȓȖǦΗǐ ǆȂǶǶǦǼǐƷȓ ǝȓƷȏǣ ǆȠȝȖ ȠȖǦǼǝ ƷǌΗƷǼǆǐǌ =�ȠȝȖ ȂǼ Ʒ ȖǦǼǝǶǐ
ǆȂǻȏȂǼǐǼȝॽ
/ǼȏȠȝbǣǐ ǆȠȓȓǐǼȝ ǼȂǌǐȖ ȵȅț�ȡȚȮ ƷǼǌ ǼȂǌǐ ǜǐƷȝȠȓǐȖ țȡǫǯ=ȡǥ ƷǼǌ țȡǫǯ�ȅȲঃ

bǣǐ ǆȠȓȓǐǼȝ ƷǌǱƷǆǐǼǆΞ ǻƷȝȓǦΝ ǖǫȐ Ȃǜ ȵȅț�ȡȚȮঃ
bǣǐ ȵȼǖȼȿȵ Ȃǜ ȓǐǆȠȓȖǦȂǼঃ bǣǐ ǆȠȓȓǐǼȝ ǼȲȡȿȮȵ ƷǼǌ ȝǣǐ ǼȠǻǅǐȓ Ȃǜ ǝȓȂȠȏȖ ț ǦǼ ȝǣǐ ǌƷȝƷॽ

HȠȝȏȠȝbǣǐ ȠȏǌƷȝǐǌ ǼȲȡȿȮȵ ǦǼ ȝǣǐ ǌƷȝƷঃ bǣǐ ȠȏǌƷȝǐǌ ǼȠǻǅǐȓ ț Ȃǜ ǝȓȂȠȏȖॽ
UƷȓƷǻǐȝǐȓȖ ȵȅͩǯ=ȅȚȅȼॶ ǫȅȵȼ=ȅȚȅȼॶ ܿ�ॶ ܿbॶȚȡǫǯ
/ǼǦȝǦƷǶǦΣǐ ț← ॶ ȵȼǖȼȿȵ← ࣡ॶ ǼȲȡȿȮȵ{ț}← ࣡ॶ ǖǫȐ←sॶ ȵȅț�ȡȚȮ← C
ऀॵ ȏȓȂǆǐǌȠȓǐ =�ԞԚԓȅțȮȿȼȵॶ ȮǖȲǖȚǯȼǯȲȵ
ँॵ ȵȅț�ȡȚȮ← ǆȠȓȓǐǼȝ ȖǦǼǝǶǐ ǆȂǻȏȂǼǐǼȝ ǜȂȓ =�ȠȝȖঃ $eȏǌƷȝǐ ȝǣǐ ǝȓƷȏǣ
ंॵ ȕȅțǯǖȲȅȼͤ← ࣡ঃ
ःॵ Ǧǜ Țȡǫǯॵ ȿțǫǯȲȵǯǼȚǯțȼ ȝǣǐǼ
ऄॵ ǥȿȲ[ȅͩǯ← ǼȠǻǅǐȓ Ȃǜ ǼȂǌǐȖ ǦǼ ȵȅț�ȡȚȮঃ
अॵ ǐǶȖǐ Ǧǜ Țȡǫǯॵ ȡ͝ǯȲȵǯǼȚǯțȼ ȝǣǐǼ
आॵ ǥȿȲ[ȅͩǯ← ǼȠǻǅǐȓ Ȃǜ ƷǶǶ ȏȂǦǼȝȖ ǦǼ ȖȠȏǐȓǼȂǌǐȖঃ
इॵ ǐǼǌ Ǧǜ $�ǣǐǆǴ ȓǐǆȠȓȖǦȂǼ ȖȝȂȏȏǦǼǝ ǆȓǦȝǐȓǦȂǼ
ईॵ Ǧǜ ȵȅͩǯ=ȅȚȅȼ() < ǥȿȲ[ȅͩǯ ≤ ȵȅͩǯ=ȅȚȅȼ(ࣣ) ȝǣǐǼ
ऀࣿॵ ȕȅțǯǖȲȅȼͤ← ǆǣǐǆǴ ǆȂǶǶǦǼǐƷȓǦȝΞ Ȃǜ ȵȅț�ȡȚȮঃ
ऀऀॵ ǐǶȖǐ Ǧǜ ǥȿȲ[ȅͩǯ ≤ ȵȅͩǯ=ȅȚȅȼ() ȝǣǐǼ
ऀँॵ ȵȼǖȼȿȵ← ঃ
ऀंॵ ǐǼǌ Ǧǜ
ऀःॵ Ǧǜ ȵȼǖȼȿȵ =  Ȃȓ ȕȅțǯǖȲȅȼͤ =  ȝǣǐǼ
ऀऄॵ ǼȲȡȿȮȵ{ț}← ȖƷΗǐ ȵȅț�ȡȚȮ ǦǼ ȝǣǐ ȓǐȖȠǶȝঃ ț← ț+ ঃ
ऀअॵ ǐǶȖǐ $ �ǦৄȏƷȓȝǦȝǦȂǼ ȵȅț�ȡȚȮ
ऀआॵ ǖǫȐ← eȏǌƷȝǐ ǆȠȓȓǐǼȝ ƷǌǱƷǆǐǼǆΞ ǻƷȝȓǦΝঃ
ऀइॵ �ȡȚȮȵ← �ȂǻȏȠȝǐ ǅǦৄȏƷȓȝǦȝǦȂǼ ȖȂǶȠȝǦȂǼঃ
ऀईॵ Ǧǜ �ȡȚȮȵ ǱȠȖȝ ǣƷȖ ȂǼǐ ǝȓȂȠȏ ȝǣǐǼ
ँࣿॵ ȵȼǖȼȿȵ← ঃ ȵȅț�ȡȚȮ← �ȡȚȮȵঃ $ ǆȂǻȏǶǐȝǐ ȏƷȓȝǦȝǦȂǼ
ँऀॵ ǐǶȖǐ
ँँॵ ȵȼǖȼȿȵ← ࣡ঃ $ ǼȂȝ ǆȂǻȏǶǐȝǐ
ँंॵ ȵȅț�ȡȚȮ← �ȡȚȮȵ=ঃ
ँःॵ ȓǐȝȠȓǼ Ӳ�ԞԚԓȅțȮȿȼȵॶ ȮǖȲǖȚǯȼǯȲȵঃ
ँऄॵ ȵȅț�ȡȚȮ← �ȡȚȮȵXঃ
ँअॵ ȓǐȝȠȓǼ Ӳ�ԞԚԓȅțȮȿȼȵॶ ȮǖȲǖȚǯȼǯȲȵঃ
ँआॵ ǐǼǌ Ǧǜ
ँइॵ ǐǼǌ Ǧǜ
ँईॵ ȓǐȝȠȓǼ
ंࣿॵ ǐǼǌ ȏȓȂǆǐǌȠȓǐ
Ȗǐȝ Ξ ƷȖ Ʒ ǌǐǜȂȓǻǐǌ ǦǼǌǦǆƷȝȂȓ ΗǐǆȝȂȓ ȓǐǶƷΝǐǌ ȝȂ ȝƷǴǐ ȓǐƷǶ ΗƷǶȠǐȖॵ

Ξ = (+ Ν)−
∑

(Ν>࣡) ǫȅ∑
(Ν<࣡) ǫȐ

(− Ν) ंॽऀँ

ऄः



bǣǐǼ ȝǣǐ ǼȂȓǻƷǶǦΣǐǌ ǅǦৄȏƷȓȝǦȝǦȂǼ ȏȓȂǅǶǐǻ ǦǼ ǐȒॽ ंॽऀऀ ΞǦǐǶǌȖ Ʒ ǝǐǼǐȓƷǶǦΣǐǌ XƷΞǶǐǦǝǣ ȒȠȂȝǦǐǼȝॵ

ǻǦǼ
Ξ

Ξb(�−s)Ξ
Ξb�Ξ ंॽऀं

Θǣǐȓǐ Ʒ ȂȏȝǦǻƷǶ ǆǶȂȖǐǌৄǜȂȓǻ ȖȂǶȠȝǦȂǼ Ȃǜ ȝǣǐ ƷǅȂΗǐ ȏȓȂǅǶǐǻ ǦȖ ǝǦΗǐǼ ǅΞ ȖȂǶΗǦǼǝ (�−s)Ξ =

ܷ�Ξॽ bǣǐ ǐǦǝǐǼΗǐǆȝȂȓ ΘǦȝǣ ȝǣǐ ȖǐǆȂǼǌ ȖǻƷǶǶǐȖȝ ǐǦǝǐǼΗƷǶȠǐ ȝǣǐǼ ǦǼǌǦǆƷȝǐȖ ȝǣǐ ȂȏȝǦǻƷǶ ǅǦৄȏƷȓȝǦȝǦȂǼ

Ȃǜ ȝǣǐ ǆȠȓȓǐǼȝ ǝȓƷȏǣईईॽ

bȂ ƷȠȝȂǻƷȝǦǆƷǶǶΞ ǌǐȝǐȓǻǦǼǐ ȝǣǐ ǆȂǼȝǦǼȠǦȝΞ Ȃȓ ȝǐȓǻǦǼƷȝǦȂǼ Ȃǜ ǐƷǆǣ ȓǐǆȠȓȖǦȂǼॶ ȝǣǐ ȖȝȂȏȏǦǼǝ

ǆȓǦȝǐȓǦȂǼ ǦȖ ǆǣǐǆǴǐǌॶ ΘǣǦǆǣ ǆȂǼȖǦǌǐȓȖ ȝǣǐ ȖǦΣǐ ƷǼǌ ǆȂǶǶǦǼǐƷȓǦȝΞ �ǶǝȂȓǦȝǣǻ ं ǶǦǼǐȖ ईৄऀःॽ � ǆȠȝ

ǆȂǻȏȂǼǐǼȝ ȝǣƷȝ ǦȖ ȖǻƷǶǶǐȓ ȝǣƷǼ ȵȅͩǯ=ȅȚȅȼ ȓǐȏȓǐȖǐǼȝȖ Ʒ ЖǼƷǶ ǝȓȂȠȏ Ȃǜ ǼȂǌǐȖ Ǧǜ ȝǣƷȝ ǝȓȂȠȏ ƷǶȖȂ

ȖƷȝǦȖЖǐȖ ȝǣǐ ǆȂǶǶǦǼǐƷȓǦȝΞ ǆȓǦȝǐȓǦȂǼॽ bǣǐ ǆǣǐǆǴ ǜȂȓ ǆȂǶǶǦǼǐƷȓǦȝΞ ǦȖ ǻƷǦǼǶΞ ǆȂǻȏȂȖǐǌ Ȃǜ ȝΘȂ ȏƷȓȝȖ

$Ǧǝॽ ंॽऀँƷ ƷǼǌ ǅ ΘǦȝǣ ƷǼ ƷǌǌǦȝǦȂǼƷǶ ȏƷȓȝ $Ǧǝॽ ंॽऀँǆ ǜȂȓ ȖȠȏǐȓǼȂǌǐ ǻȂǌǐॽ

Figure 3.12: Stopping criterion for collinearity check of a cut component. (a) Deviation detection: check if there are
points apart from principal fitted line of the component that is larger than a cell radius. (b) Gap detection: check if
the distance between a pair of neighboring points is larger than node distance limit. (c) Concavity check: compare
ratio of the volume of the convex hull and the total number of points in all the supernodes (yielding the approximate
volume of current cell.)
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ǅǐǆƷȠȖǐ Ȃǜ ȝǣǐ ǶǦǻǦȝǐǌ ƷǻȂȠǼȝ Ȃǜ ǐΝȏǐȓǦǻǐǼȝƷǶ ǌƷȝƷ ƷǼǌ ȝǣǐ ǶƷǆǴ Ȃǜ ǝȓȂȠǼǌ ȝȓȠȝǣॽ BƷǼȠƷǶ ƷǼǼȂৄ
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Figure 3.13: Max intensity projection along z‐axis of (a) an example input image, (b) over‐segmented segmentation
results, and (c) under‐segmented results. Different colors denote different connected components.

ȝƷȝǦȂǼ Ȃǜ ǐΝȏǐȓǦǻǐǼȝƷǶ ǌƷȝƷ ǦȖ ȝǦǻǐ ǆȂǼȖȠǻǦǼǝ ƷǼǌ ȠǼȓǐǶǦƷǅǶǐऀंआॽ bǣȠȖॶ Θǐ ȠȖǐǌ ȖǦǻȠǶƷȝǐǌ ं�

ǅǦȂЖǶǻȖ ΘǦȝǣ ǝȓȂȠǼǌ ȝȓȠȝǣ ȝȂ ǝǐǼǐȓƷȝǐ ȝǣǐ ȓǐǝǦȂǼȖ Ȃǜ ǦǼȝǐȓǐȖȝ XH/ॽ bǣǐ ȏȓȂǆǐȖȖ Ȃǜ ǌƷȝƷ ȖǦǻȠৄ

ǶƷȝǦȂǼ ǦȖ ǌǐȖǆȓǦǅǐǌ ǦǼऀंआॶ Θǣǐȓǐ ȝǣǐ ǌƷȝƷ ǻǦǻǦǆ ȝǣǐ ƷǆȝȠƷǶ ǻǦǆȓȂȖǆȂȏǦǆ ǦǻƷǝǐȖ ǆȂǶǶǐǆȝǐǌ ǅΞ ǶƷȝȝǦǆǐ

ǶǦǝǣȝ Ȗǣǐǐȝ ǻǦǆȓȂȖǆȂȏΞ ==[Bॽ bǣǐ ǻǐƷǼ ȖǦǝǼƷǶৄȝȂৄǅƷǆǴǝȓȂȠǼǌ ȓƷȝǦȂ ƷǼǌ ǆǐǶǶ ǌǐǼȖǦȝΞ Ȃǜ ȝǣǐ ȖǦǻৄ

ȠǶƷȝǐǌ ǦǻƷǝǐ ǌƷȝƷȖǐȝ ǦǼ ȝǣǦȖ ȏƷȏǐȓ Ʒȓǐ ँॽँ ƷǼǌ अࣿॽ bǣǐ ǅƷǆǴǝȓȂȠǼǌ ǦǼȝǐǼȖǦȝΞ ƷǼǌ ȓǐƷǌ ǼȂǦȖǐ Ȃǜ

ȝǣǐ ǻǦǆȓȂȖǆȂȏǐ Ʒȓǐ ȖǦǻȠǶƷȝǐǌ ǅΞ UȂǦȖȖȂǼ ǼȂǦȖǐ ܷ = ࣪࣪.ࣨࣤ ƷǼǌ %ƷȠȖȖǦƷǼ ǼȂǦȖǐ ܿ = ࣤ.࣡ࣥॽ bǣǐ

ΗȂΝǐǶ ȖǦΣǐ Ȃǜ ǐƷǆǣ ǦǻƷǝǐ ǦȖ ࣡࣡Ǽǻ×࣡࣡Ǽǻ×࣡࣡Ǽǻॽ

bǣǐ ǦǼȏȠȝ ǦǻƷǝǐȖ $Ǧǝॽ ंॽऀं ǜȂȓ ǦǻƷǝǐ ƷǼƷǶΞȖǦȖ Ʒȓǐ ȏȓǐȏȓȂǆǐȖȖǐǌ ΘǦȝǣ ǅƷȖǦǆ ǌǐǆȂǼΗȂǶȠȝǦȂǼ

ƷǼǌ ǅƷǆǴǝȓȂȠǼǌ ȖȠǅȝȓƷǆȝǦȂǼऀंआॽ bǣǐǼॶ ǻƷȖǴǐǌ XH/ ΘǦȝǣ ȠǼǌǐȓৄȖǐǝǻǐǼȝƷȝǦȂǼ ƷǼǌ ȂΗǐȓৄȖǐǝǻǐǼȝƷȝǦȂǼ

ǐȓȓȂȓȖ Ʒȓǐ ȠȖǐǌ ǜȂȓ ȒȠƷǼȝǦȝƷȝǦΗǐ ƷǼǌ ȒȠƷǶǦȝƷȝǦΗǐ ȏǐȓǜȂȓǻƷǼǆǐ ǐΗƷǶȠƷȝǦȂǼ ǜȂȓ ȝǣǐ ȏȓȂȏȂȖǐǌ ǻǐȝǣȂǌॽ

�ǶȝǣȂȠǝǣ ȝǣǐ ȒȠƷǶǦȝΞ Ȃǜ ȝǣǐ ǻƷȖǴȖ Ʒǜȝǐȓ ǦǼǦȝǦƷǶ ȖǐǝǻǐǼȝƷȝǦȂǼ ǦȖ ǼȂȝ ȝǣǐ ǐǻȏǣƷȖǦȖ ǜȂȓ ƷȖȖǐȖȖǦǼǝ

Țठ=�ȿȼȵॶ ȝǣǐ �ǖȵǯȕȅțǯ ȏǐȓǜȂȓǻƷǼǆǐȖ Ʒȓǐ ȖȝǦǶǶ ȓǐȏȂȓȝǐǌ ǦǼbƷǅǶǐȖ ंॽऀॶ ंॽँ ƷǼǌ $ǦǝȖॽ ंॽऀऄॶ ंॽऀआ

ȝȂ ǌǐǻȂǼȖȝȓƷȝǐ ȝǣǐ ǐЍǐǆȝǦΗǐǼǐȖȖ Ȃǜ ȏȂȖȝৄȏȓȂǆǐȖȖǦǼǝॽ �ǖȵǯȕȅțǯ ǆȂǻȏƷȓǐȖ ȝǣǐ ǦǼǦȝǦƷǶ ȖǐǝǻǐǼȝƷȝǦȂǼ

ȓǐȖȠǶȝȖ ǦǼ Ʒ ǻƷȖǴ ȝȂ ǝȓȂȠǼǌ ȝȓȠȝǣ ǜȂȓ ȝǣǐ XH/ॽ

ं৷ऄ৷ँ �ԪҷӲԞҷԚӢԀӹ ӸӏԚԏӢӅԓ

bǣǐ ǌƷȝƷ ǆǶȠȖȝǐȓǦǼǝ ȏǐȓǜȂȓǻƷǼǆǐ ȂǜȚठ=�ȿȼȵ ǦȖ ǐΗƷǶȠƷȝǐǌ ȠȖǦǼǝ ȝǣȓǐǐ ǻǐƷȖȠȓǐȖॵ ǆǐǶǶ ǆȂȠǼȝǦǼǝ

ƷǆǆȠȓƷǆΞ ��ॶ ȖǦǼǝǶǐৄǆǐǶǶ ǝȓȂȠȏǦǼǝ ƷǆǆȠȓƷǆΞ [%� ƷǼǌ ȖǦǼǝǶǐৄǆǐǶǶ ǅȂȠǼǌƷȓΞ $ऀ ȖǆȂȓǐ [�$ऀॽ
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bǣǐ ǆƷǶǆȠǶƷȝǦȂǼ Ȃǜ ǐƷǆǣ ȖǆȂȓǐ ǦȖ ǌǐȖǆȓǦǅǐǌ ǅǐǶȂΘॽ

bǣǐ ǆǐǶǶ ǆȂȠǼȝǦǼǝ ƷǆǆȠȓƷǆΞ ƷǆǆȂȠǼȝȖ ǜȂȓ ǣȂΘǻƷǼΞ ǆǐǶǶȖ Ʒȓǐ ǆȂȓȓǐǆȝǶΞ ǦǌǐǼȝǦЖǐǌ ƷȖ ȝȓȠǐ ȏȂȖǦৄ

ȝǦΗǐȖ bUȵ ǦǼ ȝǣǐ ȏȂȖȝৄȏȓȂǆǐȖȖǐǌ ȓǐȖȠǶȝ Ȯȡȵȼq  ΘǣǐǼ ǆȂǻȏƷȓǐǌ ȝȂ ȝǣǐ ǝȓȂȠǼǌ ȝȓȠȝǣ %b ॽ $ƷǶȖǐ

ȏȂȖǦȝǦΗǐȖ $Uȵ Ʒȓǐ ȝǣǐ ǌǐȝǐǆȝǐǌ ǆǐǶǶȖ ȝǣƷȝ ǌȂ ǼȂȝ ǐΝǦȖȝ ǦǼ%b ǅȠȝ Ʒȓǐ ǦǌǐǼȝǦЖǐǌ ǦǼ Ȯȡȵȼqॽ $ƷǶȖǐ ǼǐǝƷৄ

ȝǦΗǐ $C  ǆȂȠǼȝȖ ȝǣǐ ǼȠǻǅǐȓ Ȃǜ ǆǐǶǶȖ ȝǣƷȝ Ʒȓǐ ǻǦȖȖǦǼǝ ǦǼ Ȯȡȵȼqॽ

�� = ࣣ ॳCbU/(CȮȡȵȼq +C%b)

,ǐȓǐॶCȮȡȵȼq ƷǼǌC%b Ʒȓǐ ȝǣǐ ǼȠǻǅǐȓ Ȃǜ ǝȓȂȠȏȖ Ȃȓ ȖǐǝǻǐǼȝȖ ǦǼ Ȯȡȵȼq ƷǼǌ%b ȓǐȖȏǐǆȝǦΗǐǶΞॽ [Ƞǆৄ

ǆǐȖȖǜȠǶ ǆȂȠǼȝǦǼǝ CbU Ȃǜ ǆǐǶǶȖ ȂǆǆȠȓȖ ΘǣǐǼ ȝǣǐ ǼȠǻǅǐȓ Ȃǜ ȂΗǐȓǶƷȏȏǐǌ ΗȂΝǐǶȖǼȂǌǐȖॶ ||%b ∩

Ȯȡȵȼq||࣡ॶ ǦȖ ǶƷȓǝǐȓ ȝǣƷǼ ȝǣǐ /Ȃe ΗƷǶȠǐॽ /Ȃe ΗƷǶȠǐ ȖȝƷǼǌȖ ǜȂȓ /ǼȝǐȓȖǐǆȝǦȂǼৄȂΗǐȓৄeǼǦȂǼॶ ΘǣǦǆǣ ǦǼǌǦৄ

ǆƷȝǐȖ ȝǣǐ ǜȓƷǆȝǦȂǼ Ȃǜ ǦǼȝǐȓȖǐǆȝǦǼǝ ƷȓǐƷ Ȃǜ ȝΘȂ ǆȂǻȏȂǼǐǼȝȖ ȂΗǐȓ ȝǣǐǦȓ ȠǼǦȂǼॽ

bǣǐ ȖǦǼǝǶǐৄǆǐǶǶ ǝȓȂȠȏǦǼǝ ƷǆǆȠȓƷǆΞ ǐΗƷǶȠƷȝǐȖ ǣȂΘǻƷǼΞ ǼȂǌǐȖΗȂΝǐǶȖ Ʒȓǐ ǆȂȓȓǐǆȝǶΞ ǆǶƷȖȖǦЖǐǌǝȓȂȠȏǐǌ

ǦǼ Ʒ ǆǐǶǶ ȓǐǝǦȂǼॽ /ȝ ȝƷǴǐȖ ȝǣǐ ǻǐƷǼ ΗƷǶȠǐ ȂΗǐȓ ǻƷȝǆǣǐǌ ȖǐǝǻǐǼȝȖ ȅ ȝǣƷȝ ǣƷΗǐ ǆȂȓȓǐȖȏȂǼǌǦǼǝ ȏƷǦȓȖ Ȃǜ

Ȯȡȵȼqȅ ƷǼǌ%bȅॽ
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ࣣ ॳ ||%bȅ ∩ Ȯȡȵȼqȅ||࣡
||%bȅ||࣡ + ||Ȯȡȵȼqȅ||࣡

bǣǐ ǼȠǻǅǐȓ Ȃǜ ǻƷȝǆǣǦǼǝ ȖǐǝǻǐǼȝȖ ǦȖCȚǖȼǥȂॽ bǣǐ ȏǐȓǆǐǼȝƷǝǐ Ȃǜ ȂΗǐȓǶƷȏȏǐǌ ǼȂǌǐȖΗȂΝǐǶȖ ȂΗǐȓ

ȝǣǐ ȝȂȝƷǶ ǼȠǻǅǐȓ Ȃǜ ǼȂǌǐȖΗȂΝǐǶȖ ǦȖ ȠȖǐǌ ȝȂ ǐΗƷǶȠƷȝǐ [%� ǜȂȓ ǐƷǆǣ ȖǐǝǻǐǼȝॽ

bǣǐ ȖǦǼǝǶǐৄǆǐǶǶ ǅȂȠǼǌƷȓΞ $ऀ ȖǆȂȓǐ ƷΗǐȓƷǝǐȖ ȝǣǐ ȖǆȂȓǐȖ ȂǼ ǣȂΘǻƷǼΞ ȏȂǦǼȝȖ ȂǼ ȝǣǐ ǅȂȠǼǌƷȓΞ

Ȃǜ ȝǣǐ ȖǐǝǻǐǼȝ ǆƷǼ ǻƷȝǆǣ ΘǦȝǣ ȝǣǐ ǆȂǼȝȂȠȓ Ȃǜ ǆȂȓȓǐȖȏȂǼǌǦǼǝ%b Ʒȝ ȖǦǼǝǶǐৄǆǐǶǶ ǶǐΗǐǶॽ �ȂȠǼǌƷȓΞ

$ऀ ȖǆȂȓǐॶ Ȃȓ ǆȂǼȝȂȠȓ ǻƷȝǆǣǦǼǝ ȖǆȂȓǐॶ ǜȂȓ ȖǐǻƷǼȝǦǆ ǦǻƷǝǐ ȖǐǝǻǐǼȝƷȝǦȂǼ ΘƷȖ ȏȓȂȏȂȖǐǌ ǦǼँःॽ �ǆৄ

ǆȂȓǌǦǼǝ ȝȂ ǦȝȖ ǌǐЖǼǦȝǦȂǼॶ ȮȲǯǥȅȵȅȡțȅ ǦȖ ȝǣǐ ȓƷȝǦȂ Ȃǜ ǻƷȝǆǣǦǼǝ ǅȂȠǼǌƷȓΞ ȏȂǦǼȝȖ ǦǼ Ȯȡȵȼqȅ ƷǼǌ%bȅॶ

ȝǣƷȝ Ʒȓǐ ΘǦȝǣǦǼ Ʒ ǌǦȖȝƷǼǆǐ ȝǣȓǐȖǣȂǶǌॶ ȝȂ ȝǣǐ ȝȂȝƷǶ ǶǐǼǝȝǣ Ȃǜ Ȯȡȵȼqȅ ǅȂȠǼǌƷȓΞॽ [ǦǻǦǶƷȓǶΞॶ Ȳǯǥǖȕȕȅ ǦȖ
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ࣣ ॳ ȮȲǯǥȅȵȅȡțȅ ॳ Ȳǯǥǖȕȕȅ
ȮȲǯǥȅȵȅȡțȅ + Ȳǯǥǖȕȕȅ

sǣǦǶǐ [�$ऀ ǻǐƷȖȠȓǐȖ ǅȂȠǼǌƷȓΞ ЖǌǐǶǦȝΞॶ [%�ǻǐƷȖȠȓǐȖ ȏǦΝǐǶৄΘǦȖǐ ΗȂǶȠǻǐȝȓǦǆ ȂΗǐȓǶƷȏॽ
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bǣǐ ȠǼǌǐȓৄȖǐǝǻǐǼȝǐǌ ǌƷȝƷৄȖǐȝ ǦȖ ȏȓȂǌȠǆǐǌ ǅΞ ȠȖǦǼǝ ȝǣǐ ȂȠȝȏȠȝ ǆȂǼЖǌǐǼǆǐ ǻƷȏ Ȃǜ ǆǐǶǶ ǦǼȝǐȓǦȂȓ

ȝȓƷǦǼǐǌ ΘǦȝǣ Ʒ ं� ȠৄǼǐȝ ƷȖ ǌǐȖǆȓǦǅǐǌ ǦǼऀंआॽ bǣǐ ǆȂǼЖǌǐǼǆǐ ǻƷȏ ǜȂȓ Ʒ ǆǶƷȖȖ ǦǼǌǦǆƷȝǐȖ ȝǣǐ ȏȓȂǅƷৄ

ǅǦǶǦȝǦǐȖ ȝǣƷȝ Ʒ ǝǦΗǐǼ ΗȂΝǐǶ ǅǐǶȂǼǝȖ ȝȂ Ʒ ǝǦΗǐǼ ǆǶƷȖȖॽ bȂ ǝǐǼǐȓƷȝǐ ȠǼǌǐȓৄȖǐǝǻǐǼȝǐǌ ǻƷȖǴȖॶ ȝǣǐ ǆȂǼЖৄ

ǌǐǼǆǐ ǻƷȏ ǦȖ ȝǣȓǐȖǣȂǶǌǐǌ ΘǦȝǣ Ʒ ΗƷǶȠǐ Ȃǜ ࣿॽऄॽ �ǶȠȖȝǐȓȖ ȝǣƷȝ Ʒȓǐ ǶƷȓǝǐȓ ȝǣƷǼ Ʒ ȖǦǼǝǶǐ ǆǐǶǶ ΗȂǶȠǻǐ Ʒȓǐ

ȝǣǐǼ ƷȠȝȂǻƷȝǦǆƷǶǶΞ ȖǐǶǐǆȝǐǌॽ bǣǐ ǼȠǻǅǐȓ Ȃǜ ǆǐǶǶȖ ǦǼ ǐƷǆǣ ȠǼǌǐȓৄȖǐǝǻǐǼȝƷȝǦȂǼ ǻƷȖǴ ǦȖ ǅǐȝΘǐǐǼ

ऀ ȝȂ ँईॶ ΘǣǦǆǣ ȖȠǻȖ Ƞȏ ȝȂ ँऀऀ ǌǦЍǐȓǐǼȝ ȠǼǌǐȓৄȖǐǝǻǐǼȝǐǌ ǆǐǶǶ ǆǶȠȖȝǐȓȖॽ bǣǐ ǌƷȝƷȖǐȝ ǆȂǼȝƷǦǼȖ Ʒ

ǜǐΘ ǆǶȠȖȝǐȓȖ ΘǦȝǣ ȂǼǶΞ ȂǼǐ ǆǐǶǶॶ ǅǐǆƷȠȖǐ ȝǣǐǦȓ ȖǦΣǐ ǦȖ ǶƷȓǝǐȓ ȝǣƷǼ Ʒ ǼȂȓǻƷǶ ǐȖȝǦǻƷȝǐǌ ǅƷǆȝǐȓǦƷǶ ȖǦΣǐॽ

,ȂΘǐΗǐȓॶ ȝǣǐ ƷǶǝȂȓǦȝǣǻ ǆƷǼ ǌǐǆǦǌǐ ǦȝȖǐǶǜ Θǣǐȝǣǐȓ ȝȂ ȏȂȖȝৄȏȓȂǆǐȖȖ ǜȠȓȝǣǐȓॽ

bǣǐ ǐΝȏǐȓǦǻǐǼȝȖ ƷǼǌ ȒȠƷǶǦȝƷȝǦΗǐ ȏǐȓǜȂȓǻƷǼǆǐ ȂǜȚठ=�ȿȼȵॶ ǆȂǻȏƷȓǐǌ ȝȂ Ȃȝǣǐȓ ΘȂȓǴȖ ΘǦȝǣ

ȠǼǌǐȓৄȖǐǝǻǐǼȝǐǌ ǻƷȖǴȖॶ Ʒȓǐ ȖǣȂΘǼ ǦǼ $Ǧǝॽ ंॽऀःॽ /Ǽ ȝǣǦȖ ǻȂǌǐॶȚठ=�ȿȼȵ ƷǦǻȖ ȝȂ ƷȠȝȂǻƷȝǦǆƷǶǶΞ

ЖǼǌ ǆȂǶǶǦǼǐƷȓǶΞৄǜǐƷȝȠȓǐǌ ȖȝȓȠǆȝȠȓǐȖ ǦǼ ȝǣǐ ȏȂǦǼȝ ǆǶȂȠǌ ǌƷȝƷ Ʒǜȝǐȓ ǻǐǌǦƷǶ ƷΝǦȖ ǐΝȝȓƷǆȝǦȂǼॶ ΘǦȝǣ ȝǣǐ

ȏȠȓȏȂȖǐ Ȃǜ ǐǼǣƷǼǆǦǼǝ ǆǐǶǶ ǆȂȠǼȝǦǼǝ ƷǆǆȠȓƷǆΞॽ bǣǐ ȂȠȝȏȠȝ Ȃǜ ȝǣǐ ƷǶǝȂȓǦȝǣǻ ǦȖ ǆȂǻȏȓǦȖǐǌ ǅΞ ȝǣǐ

ǌǦЍǐȓǐǼȝ ǆǶȠȖȝǐȓȖ Ȃǜ ǆǐǼȝȓƷǶ ǆǐǶǶ ƷΝǐȖ ȝǣƷȝ ȓǐȏȓǐȖǐǼȝ ǦǼǌǦΗǦǌȠƷǶ ǆǐǶǶȖॶ ȖȂ ȂǼǶΞ �� ƷǼǌ [%� Ʒȓǐ ƷΗƷǦǶৄ

ƷǅǶǐ ǜȂȓ ǐΗƷǶȠƷȝǦȂǼ ƷȖ ȖǣȂΘǼ ǦǼbƷǅǶǐ ंॽऀॽ �ǶȠȖȝǐȓǐǌ ȖǐǝǻǐǼȝȖ ȝǣƷȝ Ʒȓǐ ǶǐȖȖ ȝǣƷǼ ȝǣǐ ǻǦǼǦǻȠǻ

ǆǐǶǶ ǶǐǼǝȝǣ Ʒȓǐ ǐǶǦǻǦǼƷȝǐǌॶ ǅǐǆƷȠȖǐ ȖȠǆǣ ȖǐǝǻǐǼȝȖॶ ǐȖȏǐǆǦƷǶǶΞ ȝǣȂȖǐ ǐΝȝȓƷǆȝǐǌ ǜȓȂǻ ȝǣǐ ǆȂǼǼǐǆৄ

ȝǦȂǼ Ȃǜ ȝȂȠǆǣǦǼǝ ǆǐǶǶȖॶ ǌȂ ǼȂȝ ȓǐȏȓǐȖǐǼȝ Ʒ ǆǐǶǶ $Ǧǝॽ ंॽईॽ � ȓǐǆȂǼȖȝȓȠǆȝǦȂǼ Ȃǜ ȝǣǐ ǅǦȂЖǶǻ ǦȖ ƷǶȖȂ

ȏȓȂΗǦǌǐǌ ǅΞȚठ=�ȿȼȵॶ ΘǣǦǆǣ ȖȠǅȖȝǦȝȠȝǐȖ ǐƷǆǣ ǼȂǌǐ ǆǶȠȖȝǐȓ ΘǦȝǣ ȖȏǣǐȓȂৄǆΞǶǦǼǌǐȓ ǻȂǌǐǶȖॽ
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$Ȃȓ ȝǣǐ ȏȂȖȝৄȏȓȂǆǐȖȖǦǼǝ ǻǐȝǣȂǌȖ ǆȂǻȏƷȓǐǌ ǦǼ ȝǣǦȖ ȖǐǆȝǦȂǼॶ ȝǣǐ ЖǼƷǶ ǆǶȠȖȝǐȓȖ Ʒȓǐ ǌǦȖȏǶƷΞǐǌ ǅΞ

ȏȖǐȠǌȂǆȂǶȂȓǦǼǝ ȝǣǐ ǻǐǌǦƷǶ ƷΝǐȖ Ȃǜ ȝǣǐ ǆǶȠȖȝǐȓȖ $Ǧǝॽ ंॽऀःॽ $Ȃȓ Ʒ ǝǦΗǐǼ ǌƷȝƷ ǆǶȠȖȝǐȓǦǼǝ ǻǐȝǣȂǌ

ǐॽǝॽॶ �ǐǼȖǦȝΞ�ǶȠȖȝॶ ȝǣǐ ȓǐȖȠǶȝȖ Ʒȓǐ ȂǅȝƷǦǼǐǌ ǅΞ ǌǦȓǐǆȝǶΞ ȝǐȖȝǦǼǝ ȂǼ ȝǣǐ ǻǐǌǦƷǶ ƷΝǐȖ ȏȂǦǼȝ ǆǶȂȠǌ

ǌƷȝƷॽ �ǐȝƷǦǶȖ Ȃǜ ȝǣǐ ǆȂǻȏƷȓǐǌ ǻǐȝǣȂǌȖ ƷǼǌ ȂǅȖǐȓΗǐǌ ǶǦǻǦȝƷȝǦȂǼȖ Ʒȓǐ ǶǦȖȝǐǌ ǅǐǶȂΘॽ UƷȓƷǻǐȝǐȓȖ

Θǐȓǐ ǆǣȂȖǐǼ ȝȂ ƷǆǣǦǐΗǐ ȓǐǶƷȝǦΗǐ ȂȏȝǦǻƷǶ ȏǐȓǜȂȓǻƷǼǆǐॽ

sǖȼǯȲȵȂǯǫ࣏ bǣǐ ǅƷȖǦǆ ΘƷȝǐȓȖǣǐǌ ǦȖ ȠȝǦǶǦΣǐǌ ǦǼ �ǐǶǶUȓȂЖǶǐȓआआ ȝȂ ǜȠȓȝǣǐȓ ȖȏǶǦȝ ȠǼǌǐȓৄȖǐǝǻǐǼȝǐǌ

ǆǐǶǶȠǶƷȓ ȓǐǝǦȂǼȖॽ bǣǐ ȖȂǜȝΘƷȓǐ ȂΗǐȓৄȖǐǝǻǐǼȝȖ ȝǣǐ ǌƷȝƷ ǌȠǐ ȝȂ ȝǣǐ ȓȂȠǝǣ ȖȠȓǜƷǆǐ Ȃǜ ȝǣǐ ǼȂǼৄȖȏǣǐȓǦǆƷǶ

ǅǦǼƷȓΞ ǻƷȖǴॽ sǐ ȠȖǐǌ ͞ǖȼǯȲȵȂǯǫ ǜȠǼǆȝǦȂǼ ǦǼB�b=�� ȝȂ ȝǐȖȝ ȝǣǦȖ ǻǐȝǣȂǌॽ /ȝ ƷȏȏǐƷȓȖ ȝǣƷȝ Ǧȝ

ȂΗǐȓৄȖǐǝǻǐǼȝȖ ȝǣǐ ǌƷȝƷ ǌȠǐ ȝȂ ȝǣǐ ȓȂȠǝǣ ȖȠȓǜƷǆǐ Ȃǜ ȝǣǐ ǼȂǼৄȖȏǣǐȓǦǆƷǶ ǅǦǼƷȓΞ ǻƷȖǴॽ

,ȚȅțȅȚǖ࣏ yƷǼ ǐȝ ƷǶॽऀंँ ƷȏȏǶǦǐȖ ,ৄǻǦǼǦǻƷ ȝȓƷǼȖǜȂȓǻऀࣿं ȝȂ ǻƷȓǴ ȝǣǐ ǣǦǝǣ ǦǼȝǐǼȖǦȝΞ ȓǐǝǦȂǼȖ Ȃǜ Ʒ

ǆǐǶǶॶ ǜȂǶǶȂΘǐǌ ǅΞ ΘƷȝǐȓȖǣǐǌॽ bǣǐ ȝȠǼǦǼǝ ȏƷȓƷǻǐȝǐȓॶ ǣৄǻǦǼǦǻƷ ǣǐǦǝǣȝॶ ΘƷȖ ǆǣȂȖǐǼ ȝȂ ǅǐ ࣿॽं ȝǦǻǐȖ

ȝǣǐ ǻƷΝǦǻȠǻ ǦǼȝǐǼȖǦȝΞ Ȃǜ ȝǣǐ ǦǻƷǝǐ ǦǼ ȝǣǐ ǆȂǌǐऀंँॽ �ǶȝǣȂȠǝǣ ȝǣǦȖ ǻǐȝǣȂǌ ȖǣȂΘȖ ƷȏȏƷȓǐǼȝ Ǧǻৄ

ȏȓȂΗǐǻǐǼȝȖ ǦǼ ȖǦǼǝǶǐ ǆǐǶǶ ǦǌǐǼȝǦЖǆƷȝǦȂǼ ǆȂǻȏƷȓǐǌ ȝȂ ǅƷȖǦǆ ΘƷȝǐȓȖǣǐǌॶ Ʒ ǆǐǶǶ ǆƷǼ ȖȝǦǶǶ ǅǐ ǻǦȖȝƷǴǐǼǶΞ

ǶƷǅǐǶǐǌ ΘǦȝǣ ǻȠǶȝǦȏǶǐ ǻƷȓǴǐȓȖ ǆƷȠȖǐǌ ǅΞ ǦǼǣȂǻȂǝǐǼǐȂȠȖ ǦǻƷǝǐ ǦǼȝǐǼȖǦȝΞॽ

XǯǥȿȲȲǯțȼ �b࣏XȂȖΣǴȂΘǦƷǴ ǐȝ ƷǶॽईँƷǌǌǐǌ ȓǐǆȠȓȓǐǼȝ ǌǦȖȝƷǼǆǐ ȝȓƷǼȖǜȂȓǻ ȝȂ ǆȂǼȖǦǌǐȓ ȝǣǐ ǻȂȓৄ

ȏǣȂǶȂǝΞ Ȃǜ ȝǣǐ ȖǐǝǻǐǼȝ ǜȂȓ ǻƷȓǴǐȓৄǆȂǼȝȓȂǶǶǐǌ ΘƷȝǐȓȖǣǐǌॽ bǣǐ ȂȏȝǦǻƷǶ ȝǣȓǐȖǣȂǶǌ ȝȂ ЖǼǌ ȝǣǐ

ǜȂȓǐǝȓȂȠǼǌ ǻƷȓǴǐȓ ǦȖ ȓǐǆȠȓȓǐǼȝǶΞ ȖǐƷȓǆǣǐǌ ȠǼȝǦǶ ȓǐƷǆǣǦǼǝ Ʒ țȡ ȵȮȕȅȼ ǆȓǦȝǐȓǦȂǼॽ sǐ ǌǐЖǼǐ ȝǣǦȖ ǆȓǦৄ

ȝǐȓǦȂǼ ƷȖ ȖǐǝǻǐǼȝȖ Ʒȓǐ ȖȠǆǆǐȖȖǜȠǶǶΞ ȖǐȏƷȓƷȝǐǌ ǦǼȝȂ ǌǦЍǐȓǐǼȝ ǝȓȂȠȏȖ ȝȂ ǦǌǐǼȝǦǜΞ ǦǼǌǦΗǦǌȠƷǶ ǅƷǆȝǐȓǦƷॽ

bΘȂ ǶǦǻǦȝƷȝǦȂǼȖ Ʒȓǐ ȂǅȖǐȓΗǐǌॵ ȂǼǐ ǦȖ ȝǣƷȝ Ǧȝ ǦȖ ȖǐǼȖǦȝǦΗǐ ȝȂ ȝǣǐ ȏȓǐৄȖǐǝǻǐǼȝǐǌ ǻȂȓȏǣȂǶȂǝΞॶ Θǣǐȓǐ

Ʒ ȓȂȠǝǣ ƷǼǌ ȝǣǦǼ ȂǅǱǐǆȝ ǻƷΞ ǶǐƷǌ ȝȂ ȂΗǐȓৄȖǐǝǻǐǼȝƷȝǦȂǼঃ ȝǣǐ Ȃȝǣǐȓ ȂǼǐ ǦȖ ȝǣƷȝ Ǧȝ ǜƷǦǶȖ ȝȂ ȖȏǶǦȝ ǆȂǼৄ

ǼǐǆȝǦǼǝ ǆȂǻȏȂǼǐǼȝȖ ΘǣǐǼ ȝǣǐ ǌǦƷǻǐȝǐȓ Ȃǜ ȝǣǐǦȓ ǆȂǼǼǐǆȝǦȂǼ ǦȖ ȖǦǻǦǶƷȓ ȝȂ ȝǣǐ ǆǐǶǶ ǅȂǌΞॽ

%BBȵ࣏ %ƷȠȖȖǦƷǼ ǻǦΝȝȠȓǐ ǻȂǌǐǶȖ Ʒȓǐ Жȝȝǐǌ ȝȂ ǆǶȠǻȏǐǌ ǆǶȠȖȝǐȓȖ ȝȂ ǦǌǐǼȝǦǜΞ ȖǦǼǝǶǐ ǆǐǶǶȖ ƷȖ ȠȖǐǌ

ǦǼःईॽ /ȝ ǼǐǐǌȖ ǻƷǼȠƷǶ ǦǼȏȠȝ ȂǼ ȝǣǐ ǼȠǻǅǐȓ Ȃǜ ǆǶȠȖȝǐȓȖॶ ȓॶ ǦǼ ȝǣǐ ǌƷȝƷॽ sǐ ƷȠȝȂǻƷȝǦǆƷǶǶΞ ǐȖȝǦǻƷȝǐǌ

ȝǣǐ ΗƷǶȠǐ ǅƷȖǐǌ ȂǼ ȝǣǐ ƷȏȏȓȂΝǦǻƷȝǐ ȓǐǝȠǶƷȓ ȖǦΣǐ Ȃǜ Ʒ ǆǐǶǶ ः µǻ ǦǼ ǶǐǼǝȝǣ ƷǼǌ ࣿॽः µǻ ǦǼ ȓƷǌǦȠȖॽ
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Figure 3.15: Comparison on cell counting accuracy of under‐segmented masks averaged over 211 experiments with
variant IoU values.

bǣǐ ΗƷǶȠǐ Ȃǜ ȓΘƷȖ ǜȂȠǼǌ ȝȂ ǅǐ ǼȂȓǻƷǶǶΞ ǐȒȠƷǶ ȝȂ Ȃȓ ǶǐȖȖ ȝǣƷǼ ȝǣǐ ƷǆȝȠƷǶ ǝȓȂȠȏ ǼȠǻǅǐȓȖॽ /ȝ ǦȖ

ǆǣƷǶǶǐǼǝǦǼǝ ȝȂ ǌǐȝǐȓǻǦǼǐ Ʒ ȏȓȂȏǐȓ ǆǶƷȖȖ ǼȠǻǅǐȓ ΘǣǐǼ ǌǦЍǐȓǐǼȝ ȖǦǼǝǶǐ ǌƷȝƷ ȖǦΣǐȖ Ʒȓǐ ȏȓǐȖǐǼȝ ǦǼ ȝǣǐ

ǝȓȂȠȏॽ �ǌǌǦȝǦȂǼƷǶǶΞॶ ȝǣǐ Жȝȝǐǌ %ƷȠȖȖǦƷǼ ǻȂǌǐǶȖ ΗƷȓΞ ǜȓȂǻ ȝǦǻǐ ȝȂ ȝǦǻǐঃ ǐΗǐǼ ȖȂǻǐȝǦǻǐȖ ȝǣǐΞ Ʒȓǐ

ȠǼƷǅǶǐ ȝȂ ǆȂǼΗǐȓǝǐॽ /ȝȖ ȏǐȓǜȂȓǻƷǼǆǐ ǌǐǝȓƷǌǐȖ ΘǣǐǼ ǆǐǶǶȖ Ʒȓǐ ǌǐǼȖǐǶΞ ȏƷǆǴǐǌॽ

�ǯțȵȅȼͤ�ȕȿȵȼ࣏ �ǐǼȖǦȝΞ�ǶȠȖȝइई ЖǼǌȖ ȝǣǐ ǆǶȠȖȝǐȓ ǆǐǼȝǐȓȖ ǅƷȖǐǌ ȂǼ ǶȂǆƷǶ ǌǐǼȖǦȝΞ ƷǼǌ ǝǶȂǅƷǶ ǼǐǦǝǣৄ

ǅȂȓǦǼǝ ǌǦȖȝƷǼǆǐॽ bǣǦȖ ǻǐȝǣȂǌ ΘƷȖ ȝǐȖȝǐǌ ΘǦȝǣ ȝǣǐ ǆȂǌǐ ȏȓȂΗǦǌǐǌ ǦǼंँॽ sǐ ǆǣƷǼǝǐǌ ȝǣǐ ǻƷǼৄ

ȠƷǶ ȖǐǶǐǆȝǦȂǼ Ȃǜ ǆǶȠȖȝǐȓ ǆǐǼȝǐȓȖ ȝȂ ƷȠȝȂǻƷȝǦǆƷǶǶΞ ȖǐǶǐǆȝ ȝǣǐ ȝȂȏ țȿȚ�ȕȿȵȼ ǣǦǝǣ ǌǐǼȖǦȝǦǐȖॽ ,ǐȓǐॶ

țȿȚ�ȕȿȵȼ ǦȖ ƷǶȖȂ ǐȖȝǦǻƷȝǐǌ ǜȓȂǻ ȝǣǐ ȖǦǼǝǶǐ ǆǐǶǶ ȖǦΣǐॽ bǣǦȖ ǻǐȝǣȂǌ ȝǣȠȖ ƷǶȖȂ ȓǐȒȠǦȓǐȖ ȝǣǐ ǼȠǻǅǐȓ

Ȃǜ ǆǶȠȖȝǐȓȖ ȝȂ ǅǐ ȖȏǐǆǦЖǐǌ ƷȖ ǦǼȏȠȝ ƷǼǌ ǦȖ ȏȓȂǼǐ ȝȂ ǆǶȠȖȝǐȓǦǼǝ ǐȓȓȂȓȖॽ

=�ȿȼȵ  ȲǯϨțǯǫ =�ȿȼȵ࣏ HȠȓ ȏȓǦȂȓ ΘȂȓǴ ȓǐȏȂȓȝǐǌ ǦǼऀँँ ƷǼǌऀंआॽ Țठ=�ȿȼȵ ǦȖ ƷǼ ƷǌΗƷǼǆǐǌ ΗǐȓȖǦȂǼ

Ȃǜ ȝǣǐ ǐƷȓǶǦǐȓ ƷȏȏȓȂƷǆǣǐȖ ΘǦȝǣ ǅǐȝȝǐȓ ȏǐȓǜȂȓǻƷǼǆǐ ǦǼ Ʒ ȠǼǌǐȓৄȖǐǝǻǐǼȝƷȝǦȂǼ ǻȂǌǐॶ ƷǼǌ ΘǦȝǣ Ʒ ǻƷৄ

ǱȂȓ ƷǌΗƷǼǆǐ ǦǼ ǅǐǦǼǝ ƷǅǶǐ ȝȂ ƷǆǆȂǻǻȂǌƷȝǐ ƷǼ ȂΗǐȓৄȖǐǝǻǐǼȝǐǌ ǻƷȖǴॽ bǣǐ ǌǐȝƷǦǶȖ Ȃǜ ȝǣǐ ǌǦЍǐȓǐǼǆǐȖ

Ʒȓǐ ǌǐȖǆȓǦǅǐǌ ǦǼ [ǐǆॽ ंॽःॽँॽ

�ǌΗƷǼȝƷǝǐȖ ƷǼǌ ǶǦǻǦȝƷȝǦȂǼȖॵ HΗǐȓƷǶǶॶȚठ=�ȿȼȵ ȂȠȝȏǐȓǜȂȓǻȖ ȝǣǐ ƷǜȂȓǐǻǐǼȝǦȂǼǐǌ ǻǐȝǣȂǌȖ

ǅȂȝǣ ȒȠƷǶǦȝƷȝǦΗǐǶΞ $Ǧǝॽ ंॽऀः ƷǼǌ ȒȠƷǼȝǦȝƷȝǦΗǐǶΞ $Ǧǝॽ ंॽऀऄ ƷǼǌbƷǅǶǐ ंॽऀॽ �ǶȝǣȂȠǝǣ ȝǣǐ ȏǐȓৄ

ǜȂȓǻƷǼǆǐ Ȃǜ ȓǐЖǼǐǌ =�ȠȝȖ ǦȖ ǆȂǻȏƷȓƷǅǶǐ ȝȂ ȝǣǐ ǆȠȓȓǐǼȝ ǻৄ=�ȠȝȖ ΗǐȓȖǦȂǼ ƷǆǆȂȓǌǦǼǝ ȝȂ $Ǧǝॽ ंॽऀऄॶ

ȝǣǐ ȓǐЖǼǐǌ =�ȠȝȖ ǆƷǼǼȂȝ ǜȠǶЖǶǶ ȝǣǐ Ǽǐǐǌ ǜȂȓ ȏȂȖȝৄȏȓȂǆǐȖȖǦǼǝ ȂΗǐȓৄȖǐǝǻǐǼȝƷȝǦȂǼ ǆȂǼǌǦȝǦȂǼȖॽ Xǯठ

अऀ



�� [%�
sǖȼǯȲȵȂǯǫआआ ࣿॽࣿअऄ± ࣿॽऀँँ ࣿॽःइं± ࣿॽऀऄं
,ȚȅțȅȚǖऀंँ ࣿॽःआं± ࣿॽँऀࣿ ࣿॽइंऄ± ࣿॽऀअइ

XǯǥȿȲȲǯțȼ �b ईँ ࣿॽईःँ± ࣿॽऀःआ ࣿॽईआऀ± ࣿॽࣿआअ
%BBȵःई ࣿॽईࣿः± ࣿॽऀइअ ࣿॽईऀई± ࣿॽऀंः

�ǯțȵȅȼͤ�ȕȿȵȼ इई ࣿॽइःँ± ࣿॽऀईऀ ࣿॽइंँ± ࣿॽऀःं
=�ȿȼȵऀँࣿ ࣿॽइँअ± ࣿॽऀऀअ ࣿॽइऄऄ± ࣿॽऀःआ

ȲǯϨțǯǫ =�ȿȼȵऀंआ ࣿॽईआँ± ࣿॽࣿईँ ࣿॽईइः± ࣿॽࣿऄऀ
Țठ=�ȿȼȵ ࣿॽईइँ± ࣿॽࣿऄई ࣿॽईइअ± ࣿॽࣿःई
�ǖȵǯȕȅțǯ ࣿॽࣿःअ± ࣿॽࣿंइ ࣿॽऄअࣿ± ࣿॽऀअअ

Table 3.1: Quantitative comparison of cell counting and point grouping/classification performance on further splitting
under‐segmented cells. All the scores include the mean value over all the experiments plus the standard deviation.
Here, IoU threshold for CA is 0.4. Baseline compares the initial segmentation results in a mask to ground truth for
the ROI.

ǥȿȲȲǯțȼ �b ƷǶȖȂ ǐΝǣǦǅǦȝȖ ȖȝƷǅǶǐ ǆǐǶǶ ǆȂȠǼȝǦǼǝ ƷǆǆȠȓƷǆΞ ΘǦȝǣ ΗƷȓǦƷǼȝ /Ȃe ΗƷǶȠǐȖॽ qǦȖȠƷǶ ǦǼȖȏǐǆৄ

ȝǦȂǼ Ȃǜ ȝǣǐ ȓǐȖȠǶȝȖ ȖǣȂΘȖ ȝǣƷȝXǯǥȿȲȲǯțȼ �b ǜƷǦǶȖ ǦǼ ȝǣǐ ǆƷȖǐȖ Ȃǜ ǆǶȂȖǐǶΞ ǐǼǌৄȝȂৄǐǼǌ ǆȂǼǼǐǆȝǐǌ

ǆǶȠȖȝǐȓȖ ƷǼǌ ǼȂǼৄȖǻȂȂȝǣ ȖǐǝǻǐǼȝȖ ΘǦȝǣ ΗƷȓǦƷǼȝ ǆǣƷǼǝǐȖ ǦǼ ǌǦƷǻǐȝǐȓ ǐॽǝॽॶ $Ǧǝॽ ंॽऀःॶ ंȓǌ ȓȂΘॽ

bǣǐ ǻƷȓǝǦǼ ǅǐȝΘǐǐǼ ȝǣǐ ȝΘȂॶ ȝǣȂȠǝǣॶ ǦȖ ǼȂȝ ǶƷȓǝǐȓ ȝǣƷǼ ȝǣǐ Ȃȝǣǐȓ ǻǐȝǣȂǌȖॶ ΘǣǦǆǣ ǦȖ ǅǐǆƷȠȖǐ ȝǣǐ

ȠǼǌǐȓৄȖǐǝǻǐǼȝǐǌ ǻƷȖǴ ǌƷȝƷȖǐȝ ǌȂǐȖ ǼȂȝ ǣƷΗǐ ǻƷǼΞ Ȃǜ ȝǣȂȖǐ ǆǣƷǶǶǐǼǝǦǼǝ ǆƷȖǐȖॽ Țठ=�ȿȼȵ ȏȓǐȖǐǼȝȖ

ȝǣǐ ǅǐȖȝ ȏǐȓǜȂȓǻƷǼǆǐ ǦǼ ǅȂȝǣ ƷΗǐȓƷǝǐǌ �� ƷǼǌ [%� ȖǆȂȓǐȖ ΘǦȝǣ ȝǣǐ ȖǻƷǶǶǐȖȝ ȖȝƷǼǌƷȓǌ ǌǐΗǦƷȝǦȂǼ

bƷǅǶǐ ंॽऀॽ

bǣǐ ǻƷǱȂȓ ƷǌΗƷǼȝƷǝǐȖ ȂǜȚठ=�ȿȼȵ ǦǼǆǶȠǌǐ ȝǣǐ ǶƷǆǴ Ȃǜ ȓǐȒȠǦȓǐǻǐǼȝ ȝȂ ȖȏǐǆǦǜΞ ȝǣǐ ǼȠǻǅǐȓ Ȃǜ

ǆǶȠȖȝǐȓȖॶ ȝǣǐ ȖȝƷǅǦǶǦȝΞ ǦǼ ΗƷȓΞǦǼǝ ǦǼȝǐȓৄ ƷǼǌ ǦǼȝȓƷৄǆǐǶǶȠǶƷȓ ǦǼȝǐǼȖǦȝΞ ǐǼΗǦȓȂǼǻǐǼȝȖॶ ƷǼǌ ȝǣǐ ǦǼȖǐǼȖǦৄ

ȝǦΗǦȝΞ ȝȂ ȝǣǐ ȖǻȂȂȝǣǼǐȖȖ Ȃǜ ȝǣǐ ǻƷȖǴॽ ,ȂΘǐΗǐȓॶ ǻƷȖǴ ǻȂȓȏǣȂǶȂǝΞ ǦȖ ȖȝǦǶǶ ǦǻȏȂȓȝƷǼȝ ǜȂȓȚठ=�ȿȼȵ

ǦǼ ȝǐȓǻȖ Ȃǜ ǻƷȖǴ ǌǦƷǻǐȝǐȓ ƷǼǌ ǦǼǦȝǦƷǶ ȖǐǝǻǐǼȝƷȝǦȂǼ ǐȓȓȂȓॽ /ǜ ȝǣǐ ƷȖȖȂǆǦƷȝǐǌ ǦǼȖǆȓǦǅǐǌ Ȗȏǣǐȓǐ ǌǦৄ

ƷǻǐȝǐȓȖ [ǐǆȝǦȂǼ ///ৄ� ƷǶȂǼǝ ȝǣǐ ǻǐǌǦƷǶ ƷΝǐȖ Ȃǜ Ʒ ǻƷȖǴ Ʒȓǐ ǻȠǆǣ ǶǐȖȖ ȝǣƷǼ ƷǼ ǐΝȏǐǆȝǐǌ ǻǦǼǦǻȠǻ

ǆǐǶǶ ȓƷǌǦȠȖॶ ȝǣǐ ǆȠȓȓǐǼȝ ǻǐǌǦƷǶ ƷΝǦȖ ǐΝȝȓƷǆȝǦȂǼ ǻǐȝǣȂǌ ǻǦǝǣȝ ǆȓǐƷȝǐ Ʒ ȖȠȏǐȓ ȖȏƷȓȖǐ ȏȂǦǼȝ ǆǶȂȠǌ

ǌƷȝƷ ΘǦȝǣ ǼȂ ǆȂǶǶǦǼǐƷȓǦȝΞ ǜǐƷȝȠȓǐ ȏȓǐȖǐǼȝǐǌॽ /Ǽ ȝǣǦȖ ǆƷȖǐॶ ȝǣǐ ǶȂΘǐȓ ǶǦǻǦȝ Ȃǜ ȝǣǐ ȓƷǌǦȠȖ ǦǼ ǻǐǌǦƷǶ

ƷΝǐȖ ǐΝȝȓƷǆȝǦȂǼ ǆƷǼ ǅǐ Ȗǐȝ ȝȂ ΣǐȓȂ ȝȂ ǆȂǼȖǦǌǐȓ ȝǣǐȖǐ ΘǐƷǴ ǆȂǼǼǐǆȝǦȂǼȖॽ �Ȗ Ʒ ǆȂǼȖǐȒȠǐǼǆǐॶ ǆȂǼǼǐǆৄ

अँ



ȝǦȂǼȖ ǅǐȝΘǐǐǼ ǆȂǶǶǦǼǐƷȓǶΞ ǆȂǼǼǐǆȝǐǌ ǆǐǶǶȖ ΘǦǶǶ ƷǶȖȂ ǅǐ ǦǼǆǶȠǌǐǌ ǦǼ ȝǣǐ ȏȂǦǼȝ ǆǶȂȠǌ ǌƷȝƷ ǶǦǴǐ ȝǣǐ

ǆȂǼǌǦȝǦȂǼ ǦǼ $Ǧǝॽ ंॽऀःॶ ःȝǣ ȓȂΘॶ ǅȠȝȚठ=�ȿȼȵ ǦȖ ƷǅǶǐ ȝȂ ǌǐȝǐȓǻǦǼǐ ȝǣǐ ǆȂǼȝǦǼȠǦȝΞ Ȃǜ ȓǐǆȠȓȖǦΗǐ

ǝȓƷȏǣ ǆȠȝȖ ǅƷȖǐǌ ȂǼ ȝǣǐ ǆǐǶǶ ǶǐǼǝȝǣ ǶǦǻǦȝॽ �ǼȂȝǣǐȓ ǜƷǆȝȂȓ ǦȖ ȝǣǐ ǜƷǶȖǐǶΞ ǌǐȝǐǆȝǐǌ Ȃȓ ǻǦȖȖǦǼǝ ǆǐǶǶ ȓǐৄ

ǝǦȂǼȖ ǦǼ ȝǣǐ ǦǼǦȝǦƷǶ ǻƷȖǴॶ ΘǣǦǆǣ ƷЍǐǆȝȖ ȝǣǐ ǆȂǶǶǦǼǐƷȓǦȝΞ ǜǐƷȝȠȓǐ ǦǼ ȝǣǐ ǌƷȝƷॽ bǣǦȖ ǶǦǻǦȝƷȝǦȂǼ ǦȖ ǝȂǦǼǝ

ȝȂ ǅǐ ǌǦȖǆȠȖȖǐǌ ǶƷȝǐȓॽ

ं৷ऄ৷ऄ HԪӏԏ৳ԓӏӚӸӏӹԚӏӋ Ӹҷԓӯ ӸԀӋӏ

bǣǐ ȂΗǐȓৄȖǐǝǻǐǼȝǐǌ ȓǐȖȠǶȝȖ Ʒȓǐ ǝǐǼǐȓƷȝǐǌ ǅΞ ,ৄǻǦǼǦǻƷ ȝȓƷǼȖǜȂȓǻ ǅƷȖǐǌ ǻƷȓǴǐȓৄǆȂǼȝȓȂǶǶǐǌ

ΘƷȝǐȓȖǣǐǌ ǻǐȝǣȂǌ ƷȖ ȠȖǐǌ ǦǼऄअॶऀंँॽ �ǶǶ ǻǦǼǦǻȠǻ ǦǼΗǐȓȖǐ ǦǼȝǐǼȖǦȝǦǐȖ ǶǐȖȖ ȝǣƷǼ ȝǣǐ ǣǐǦǝǣȝ, Ʒȓǐ

ȠȖǐǌ ƷȖ ǻƷȓǴǐȓȖॽ bǣǐ ΗƷǶȠǐ Ȃǜ, ǆȂǼȝȓȂǶȖ ȝǣǐ ȂΗǐȓৄ ƷǼǌ ȠǼǌǐȓৄȖǐǝǻǐǼȝƷȝǦȂǼ ȓƷȝǐ ǦǼ ȝǣǐ ȓǐȖȠǶȝॶ

ƷǼǌ ǦȖ ǆǣȂȖǐǼ ƷȖ ƷȓȂȠǼǌ ࣥ% Ȃǜ ȝǣǐ ǻƷΝǦǻȠǻ ǦǻƷǝǐ ǦǼȝǐǼȖǦȝΞ ǦǼ ȝǣǦȖ ȏƷȏǐȓ ȝȂ ǆȓǐƷȝǐ ǻȂȓǐ ȓǐǝǦȂǼȖ

Ȃǜ ǦǼȝǐȓǐȖȝ ΘǦȝǣ ȂΗǐȓৄȖǐǝǻǐǼȝƷȝǦȂǼॽ bǣǐǼॶ ȝǣǐ ȂΗǐȓৄȖǐǝǻǐǼȝǐǌ ȓǐǝǦȂǼȖ Ȃǜ ǦǼȝǐȓǐȖȝ XH/Ȗ Ʒȓǐ ȓƷǼৄ

ǌȂǻǶΞ ǆǣȂȖǐǼ ǜȓȂǻ ȝǣǐ ȂΗǐȓৄȖǐǝǻǐǼȝƷȝǦȂǼ ȓǐȖȠǶȝȖॶ ΘǣǦǆǣ ǜȠȓȝǣǐȓ ǝǐǼǐȓƷȝǐ ȝǣǐ ǻƷȖǴǐǌ ǌƷȝƷȖǐȝ

BƷȖǴॽ �ǣƷǶǶǐǼǝǦǼǝ ǆȂǼǌǦȝǦȂǼȖॶ ȖȠǆǣ ƷȖ ȏƷȓƷǶǶǐǶॶ bৄॶ ƷǼǌ =ৄȖǣƷȏǐǌ ǆǐǶǶ ƷȓȓƷǼǝǐǻǐǼȝȖॶ Θǐȓǐ ǝǦΗǐǼ

ȏƷȓȝǦǆȠǶƷȓ ȖǆȓȠȝǦǼΞ $Ǧǝॽ ंॽऀअॽ

ं৷ऄ৷अ �ԀӸԌҷԏӢԓԀӹ әԀԏ ԀԪӏԏ৳ԓӏӚӸӏӹԚӏӋ ӸԀӋӏ

[ǦǻǦǶƷȓǶΞॶ ǐΝȏǐȓǦǻǐǼȝȖ ȂǼ ȏȂȖȝৄȏȓȂǆǐȖȖǦǼǝ ȂΗǐȓৄȖǐǝǻǐǼȝǐǌ ǻƷȖǴȖ ȖȝƷȓȝ ǜȓȂǻ ǝȓƷȏǣ ǆȂǼȖȝȓȠǆৄ

ȝǦȂǼॶ Θǣǐȓǐ ǐƷǆǣ ȖǐǝǻǐǼȝ Ʒȓǐ ȝȓǐƷȝǐǌ ƷȖ Ʒ ȖȠȏǐȓǼȂǌǐॽ bǣǐ ȒȠƷǶǦȝƷȝǦΗǐ ȏǐȓǜȂȓǻƷǼǆǐ ȂǜȚठ=�ȿȼȵ

ǻƷȖǴǐǌ ΘǦȝǣ ȂΗǐȓৄȖǐǝǻǐǼȝƷȝǦȂǼ ȓǐȖȠǶȝȖ ǦȖ ȖǣȂΘǼ ǦǼ $Ǧǝॽ ंॽऀअॽ �ǦЍǐȓǐǼȝ ȖǐǝǻǐǼȝȖ ȝǣƷȝ ǅǐǶȂǼǝ ȝȂ

ȝǣǐ ȖƷǻǐ ǆǐǶǶ ȖȝȓȠǆȝȠȓǐ Ʒȓǐ ǻǐȓǝǐǌ ǦǼȝȂ ȝǣǐ ȖƷǻǐ ǆǶȠȖȝǐȓ ȓǐȏȓǐȖǐǼȝǐǌ ΘǦȝǣ ȝǣǐ ȖƷǻǐ ǆȂǶȂȓॽ

bǣǐ ǦǼȏȠȝȖ Ȃǜ ƷǶǶ ȝǣǐ ǻǐȝǣȂǌȖ ǦǼ ȝǣǦȖ ȖǐǆȝǦȂǼ ǦǼǆǶȠǌǐ ƷǶǶ ȝǣǐ ȓǐǝǦȂǼȖȏȂǦǼȝȖ ǦǼ ȝǣǐ ǻƷȖǴȖॽ bǣǐ

ȏƷȓƷǻǐȝǐȓȖ Ʒȓǐ ȖǐǶǐǆȝǐǌ ǐǻȏǦȓǦǆƷǶǶΞ Ȃȓ ǅƷȖǐǌ ȂǼ ȏȓǦȂȓ ǦǼǜȂȓǻƷȝǦȂǼ ƷǅȂȠȝ ȝǣǐ ǅƷǆȝǐȓǦƷǶ ǅǦȂЖǶǻॽ

XǯǼȅȡțBǯȲǼȅțǼ࣏ XǐǝǦȂǼ ǻǐȓǝǦǼǝ ǅΞ ǆȂǼǼǐǆȝǦǼǝ ǻƷΝǦǻȠǻ ǆȂǼȝƷǆȝ ƷȓǐƷȖ ǦȖ ȠȖǐǌ ȝȂ ЖΝ ȂΗǐȓৄ

ȖǐǝǻǐǼȝƷȝǦȂǼ ȏȓȂǅǶǐǻȖ ǦǼःईॽ ,ǐȓǐॶ ȓǐǝǦȂǼȖ Ʒȓǐ ȓǐǆȠȓȖǦΗǐǶΞ ǻǐȓǝǐǌ ǅΞ ȝǣǐǦȓ ǻƷΝǦǻȠǻ ǆȂǼȝƷǆȝ

ƷȓǐƷ ȠǼȝǦǶ ƷǶǶ ȝǣǐ ȖǐǝǻǐǼȝȖ Θǐȓǐ ȝȓƷΗǐȓȖǐǌॽ bǣǦȖ ǻǐȝǣȂǌ ǆƷǼ ǆȂȓȓǐǆȝǶΞ ǻǐȓǝǐ ȝǣǐ ǆȂǻȏȂǼǐǼȝȖ Ǧǜ
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Figure 3.17: Quantitative comparison on cell counting accuracy of over‐segmented masks. The scores are averaged
over 125 over‐segmented data.

ȂǼǐ ǆǐǶǶ ǦȖ ǱȠȖȝ ȂΗǐȓৄȖǐǝǻǐǼȝǐǌ ǦǼȝȂ ȝΘȂ Ȃȓ ȝǣȓǐǐ ȖǐǝǻǐǼȝȖ ƷǼǌ ȝǣǐǦȓ ǻƷΝǦǻȠǻ ǆȂǼȝƷǆȝǦǼǝ ȖǦǌǐȖ

Ʒȓǐ ǌǦЍǐȓǐǼȝ ȂǼ ǐƷǆǣ ȖǦǌǐ Ȃǜ ȝǣǐ ȖǐǝǻǐǼȝॽ /ȝ ǦȖ ȠǼƷǅǶǐ ȝȂ ȓǐȖȂǶΗǐ ȝǣǐ ǆƷȖǐȖ ΘǣǐǼ ǆǐǶǶȖ Ʒȓǐ ȏƷǆǴǐǌ ǦǼ

ǌǐǼȖǐ ȖǦǌǐৄǅΞৄȖǦǌǐ ǆȂǼЖǝȠȓƷȝǦȂǼ Ȃȓ Ʒȓǐ ǐΝȝȓǐǻǐǶΞ ȂΗǐȓৄȖǐǝǻǐǼȝǐǌॽ

%BBȵ ƷǼǌ�ǯțȵȅȼͤ�ȕȿȵȼ࣏ bǣǐ ȖƷǻǐ ƷǶǝȂȓǦȝǣǻȖ ƷȖ Θǐ ǦǼȝȓȂǌȠǆǐǌ ǐƷȓǶǦǐȓ Ʒȓǐ ȝǐȖȝǐǌ ǣǐȓǐॽ bǣǐ

ǆǶȠȖȝǐȓ ǼȠǻǅǐȓȖ Ʒȓǐ ǆǣȂȖǐǼ ΘǦȝǣ ȓǐȖȏǐǆȝ ȝȂ ǆǐǶǶ ȖǦΣǐॽ [ǦǻǦǶƷȓ ȝȂ ȂȠȓ ȏȓǐΗǦȂȠȖ ȂǅȖǐȓΗƷȝǦȂǼॶ ǅȂȝǣ

ǻǐȝǣȂǌȖ Ʒȓǐ ǼȂȝ ȂǼǶΞ ȖǐǼȖǦȝǦΗǐ ȝȂ ȝǣǐ ǆǣȂǦǆǐ Ȃǜ ǆǶȠȖȝǐȓ ǼȠǻǅǐȓॶ ǅȠȝ ƷǶȖȂ ȠǼƷǅǶǐ ȝȂ ȖǐȏƷȓƷȝǐ ǆǶȂȖǐǶΞ

ȏƷǆǴǐǌ ǆǐǶǶȖॽ

��[��C࣏ ��[��C ईआ ǦȖ Ʒ ǶǐƷǌǦǼǝ ǌƷȝƷ ǆǶȠȖȝǐȓǦǼǝ ǻǐȝǣȂǌ ǅƷȖǐǌ ȂǼ ǌƷȝƷ ǶȂǆƷǶ ǌǐǼȖǦȝΞॽ [ǦǻǦǶƷȓ

ȝȂ�ǯțȵȅȼͤ�ȕȿȵȼ ƷǼǌ%BBȵॶ��[��C ȓǐȒȠǦȓǐȖ ƷǼ ǦǼǦȝǦƷǶ ǐȖȝǦǻƷȝǐ Ȃǜ ǆǶȠȖȝǐȓ ǆƷȓǌǦǼƷǶǦȝΞॽ ,ǐȓǐॶ

Θǐ ǐȖȝǦǻƷȝǐǌ ȝǣǦȖ ǼȠǻǅǐȓ ǅƷȖǐǌ ȂǼ ȖǦǼǝǶǐ ǆǐǶǶ ȖǦΣǐ ƷǼǌ ȝǐȖȝǐǌ ΘǦȝǣ ȝǣǐ ǜȠǼǆȝǦȂǼ ǫǤȵǥǖț ǦǼ B�bৄ

=��ॽ bǣǐ ȓǐȖȠǶȝȖ ȖǣȂΘ ȝǣƷȝ Ǧȝ ǦȖ ǆǣƷǶǶǐǼǝǦǼǝ ǜȂȓ��[��C ȝȂ ǆȂȓȓǐǆȝǶΞ ǦǌǐǼȝǦǜΞ ǌǦЍǐȓǐǼȝ ǆǐǶǶȖ ǦǼ

ǌǐǼȖǐǶΞ ȏƷǆǴǐǌ ǅǦȂЖǶǻ ǦǻƷǝǐȖॽ

XǯǥȿȲȵȅ͝ǯ Cǥȿȼ࣏ XǐǆȠȓȖǦΗǐ CǆȠȝ ǦȖ ȖǦǻǦǶƷȓ ȝȂ ȝǣǐȚठ=�ȿȼȵΘȂȓǴЙȂΘॶ ǅȠȝ ǣǐȓǐ ȂǼǶΞ ȝǣǐ ȖǦǻǦǶƷȓৄ

ǦȝΞ ȂǼ ȖȏƷȝǦƷǶ ǶȂǆƷȝǦȂǼ ǦȖ ǆȂǼȖǦǌǐȓǐǌ ǦǼ ǆƷǶǆȠǶƷȝǦǼǝ ȝǣǐ ƷǌǱƷǆǐǼǆΞ ǻƷȝȓǦΝॶ ȅࣗǯࣗॶ ȂǼǶΞ �Ȓॽ ंॽं ǦȖ Ǵǐȏȝॽ

�ǶǶ ȝǣǐ ȏƷȓƷǻǐȝǐȓ ȖǐȝȝǦǼǝȖ ƷǼǌ ȖȝȂȏȏǦǼǝ ǆȓǦȝǐȓǦȂǼ ȓǐǻƷǦǼ ȠǼǆǣƷǼǝǐǌॽ bǣǐ ȝǐȖȝ Ȃǜ ȓǐǆȠȓȖǦΗǐ CǆȠȝ

ǦǼǌǦǆƷȝǐȖ ȝǣǐ ǼǐǆǐȖȖǦȝΞ Ȃǜ ƷǌǌǦǼǝ ǆȂǶǶǦǼǐƷȓǦȝΞ ǜǐƷȝȠȓǐ ǜȂȓ ǆǶƷȖȖǦǜΞǦǼǝ ǆȂǶǶǦǼǐƷȓǶΞ ȖȝȓȠǆȝȠȓǐǌ ǌƷȝƷॽ

�ǌΗƷǼȝƷǝǐȖ ƷǼǌ ǶǦǻǦȝƷȝǦȂǼȖॵ Țठ=�ȿȼȵ ǐΝǣǦǅǦȝȖ ȖȠȏǐȓǦȂȓ ȏǐȓǜȂȓǻƷǼǆǐ ȂΗǐȓ ƷǶǶ Ȃȝǣǐȓ ǻǐȝǣȂǌȖ
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�� [%� [�$ऀ
XǯǼȅȡț ȚǯȲǼȅțǼ ःई ࣿॽआँऀ± ࣿॽँँँ ࣿॽइःआ± ࣿॽࣿआं ࣿॽइअअ± ࣿॽࣿअः

%BBȵऀं ࣿॽआअࣿ± ࣿॽऀइं ࣿॽइऀऄ± ࣿॽऀࣿइ ࣿॽइंः± ࣿॽࣿईआ
��[��C ईआ ࣿॽऄआऀ± ࣿॽँँँ ࣿॽआअअ± ࣿॽऀऀं ࣿॽआइअ± ࣿॽऀࣿई
�ǯțȵȅȼͤ�ȕȿȵȼ इई ࣿॽअऀऄ± ࣿॽँंआ ࣿॽआऀइ± ࣿॽࣿईऄ ࣿॽआंई± ࣿॽࣿइई
XǯǥȿȲȵȅ͝ǯ Cǥȿȼ ईई ࣿॽअँऄ± ࣿॽऀआआ ࣿॽआअँ± ࣿॽࣿइआ ࣿॽआइई± ࣿॽࣿआआ

Țठ=�ȿȼȵ ࣿॽइऀँ± ࣿॽऀःऄ ࣿॽइइइ± ࣿॽࣿइँ ࣿॽईࣿࣿ± ࣿॽࣿआः
�ǖȵǯȕȅțǯ ࣿॽःࣿं± ࣿॽऀऄई ࣿॽअआअ± ࣿॽࣿआऄ ࣿॽआऀः± ࣿॽࣿआं

Table 3.2: Quantitative comparison of performance on combining components in 125 over‐segmented masks, where
the IoU threshold for CA is 0.4. Baseline compares the initial segmentation results in a mask to ground truth for the
ROI.

Ʒȝ ǻȂȖȝ /Ȃe ΗƷǶȠǐȖ $Ǧǝॽ ंॽऀअॽ bǣǐ ȂǼǶΞ ǐΝǆǐȏȝǦȂǼ ǦȖ ȝǣǐ ƷΗǐȓƷǝǐ ȏǐȓǜȂȓǻƷǼǆǐ Ȃǜ%BBȵΘǣǐǼ

/Ȃe≤ ࣡.ࣤॶ ΘǣǦǆǣ ǦȖ ȖǶǦǝǣȝǶΞ ǅǐȝȝǐȓ ȝǣƷǼȚठ=�ȿȼȵॽ bǣǦȖ ǦȖ ǌȠǐ ȝȂ ȝǣǐ ǜƷǆȝ ȝǣƷȝ%BBȵΘǦǶǶ ǼȂȝ

ȏȓȂǌȠǆǐ ǜƷǶȖǐ ȏȂȖǦȝǦΗǐȖ ƷȖ ȓ ǦȖ ƷǶΘƷΞȖ ǶǐȖȖ Ȃȓ ǐȒȠƷǶ ȝȂ ȝǣǐ ǼȠǻǅǐȓ Ȃǜ ǆǐǶǶȖॽ /ȝ ǦȖ ΘȂȓȝǣ ǻǐǼȝǦȂǼǦǼǝ

ȝǣƷȝ ȂǼǶΞȚठ=�ȿȼȵ ƷǼǌ%BBȵǻǐǐȝ Ʒ ȓǐƷȖȂǼƷǅǶǐ ǶǐΗǐǶ Ȃǜ ȏȓǐǆǦȖǦȂǼॶ ȖƷΞ ࣿॽआॶ ǜȂȓ ǆǐǶǶ ǆȂȠǼȝǦǼǝ ȏȠȓৄ

ȏȂȖǐȖॽ �ȝ /Ȃe≥ ࣡.ࣥॶȚठ=�ȿȼȵ ǅǐƷȝȖ%BBȵ ƷǼǌ ƷǶǶ Ȃȝǣǐȓ ǻǐȝǣȂǌȖ ǅΞ ࣣ࣡% ǦǼ ȖǐǼȖǦȝǦΗǦȝΞॽ /Ǽ Ʒǌৄ

ǌǦȝǦȂǼॶȚठ=�ȿȼȵ ǆƷǼ ǅǐȝȝǐȓ ȏȓǐȖǐȓΗǐ ȝǣǐ ǌǐȖǦȓǐǌ ǆǐǶǶ ȖǣƷȏǐ ΘǦȝǣ ȓǐȖȏǐǆȝ ȝȂ [%� ƷǼǌ [�$ऀ bƷǅǐǶ

ंॽँॽ sǣǐǼ ǆȂǼȖǦǌǐȓǦǼǝ ǅȂȝǣ ǝǶȂǅƷǶ ȏǐȓǜȂȓǻƷǼǆǐ ǆǐǶǶ ǆȂȠǼȝǦǼǝ ƷǆǆȠȓƷǆΞ ƷǼǌ ǶȂǆƷǶ ЖǌǐǶǦȝΞ ǻȂȓৄ

ȏǣȂǶȂǝΞ Ȃǜ ȝǣǐ ǆǶƷȖȖǦЖǐǌ ǆǶȠȖȝǐȓॶȚठ=�ȿȼȵ ǦȖ ȖȠȏǐȓǦȂȓ ȝȂ ƷǶǶ ȝǣǐ Ȃȝǣǐȓ ǻǐȝǣȂǌȖॽ �ȠȓǦǼǝ ȝǣǐ ǐΝৄ

ȏǐȓǦǻǐǼȝॶ Θǐ ǼȂȝǦǆǐǌ ȝǣƷȝ ȝǣǐ ǦǼǦȝǦƷǶ ȖǐǝǻǐǼȝƷȝǦȂǼ ȓǐȖȠǶȝ ΘǦǶǶ ƷЍǐǆȝ ȝǣǐ ЖǼƷǶ ȏǐȓǜȂȓǻƷǼǆǐॽ bǣǦȖ ǦȖ

ǅǐǆƷȠȖǐ ǜƷǶȖǐ ǌǐȝǐǆȝǐǌ Ȃȓ ǻǦȖȖǦǼǝ ǆǐǶǶ ȓǐǝǦȂǼȖ ǦǼ ȝǣǐ ǦǼǦȝǦƷǶ ǻƷȖǴȖ ǆƷǼ ǆǣƷǼǝǐ ȝǣǐ ǆȂǶǶǦǼǐƷȓǦȝΞ ǜǐƷৄ

ȝȠȓǐȖ ǐǻǅǐǌǌǐǌ ǦǼ ȝǣǐ ȖȠȏǐȓǼȂǌǐȖॽ [Ȃǻǐ Ȃǜ ȝǣǐȖǐ ǆƷȖǐȖ Ʒȓǐ ǐΗǦǌǐǼȝ ǦǼ $Ǧǝॽ ंॽऀअॽ �Ǽ ƷǼƷǶΞȖǦȖ Ȃǜ

ȝǣǐȖǐ ǆƷȖǐȖ ΘǦǶǶ ǅǐ ǌǦȖǆȠȖȖǐǌ ǦǼ ȝǣǐ ǜȂǶǶȂΘǦǼǝ ȖǐǆȝǦȂǼॽ

ं৷ऄ৷आ �ԭԌӏԏӢӸӏӹԚԓ Ԁӹ ԏӏҷӲ ӋҷԚҷԓӏԚԓ

/Ǽ ȝǣǐ ǶƷȖȝ ȝΘȂ ǐΝȏǐȓǦǻǐǼȝȖॶ Θǐ ȝǐȖȝǐǌ ȝǣǐ ȏǐȓǜȂȓǻƷǼǆǐ ȂǜȚठ=�ȿȼȵ ǜȂȓ ǆȂǶǶǦǼǐƷȓ ǌƷȝƷ ǆǶȠȖȝǐȓৄ

ǦǼǝ ΘǦȝǣ ǌǦЍǐȓǐǼȝ ȝΞȏǐȖ Ȃǜ ǦǼȏȠȝ ǌƷȝƷॶ ǦǼǆǶȠǌǦǼǝ ȏȂǦǼȝৄǅƷȖǐǌ ƷǼǌ ȖǐǝǻǐǼȝৄǅƷȖǐǌ ǌƷȝƷॶ ΘǦȝǣ ȝǣǐ

ǝȂƷǶ Ȃǜ ƷǌǌȓǐȖȖǦǼǝ ǌǦЍǐȓǐǼȝ ȏȂȖȝৄȏȓȂǆǐȖȖǦǼǝ ǼǐǐǌȖॽ ,ǐȓǐॶ Θǐ ǐΝȏǶȂȓǐ ǣȂΘȚठ=�ȿȼȵ ǜȠǼǆȝǦȂǼȖ
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ΘǣǐǼ ƷȏȏǶǦǐǌ ȝȂ Ʒ ȓǐƷǶ ǌƷȝƷȖǐȝ ΘǦȝǣ ȠǼǆƷȝǐǝȂȓǦΣǐǌ ȏȂȖȝৄȏȓȂǆǐȖȖǦǼǝ ǼǐǐǌȖॽ ,ȂΘǐΗǐȓॶ Ʒ ȏȓȂǅǶǐǻ ǜȂȓ

ǆȂǼǌȠǆȝǦǼǝ ȖΞȖȝǐǻƷȝǦǆ ǐΗƷǶȠƷȝǦȂǼ Ȃǜ ȖȠǆǣ ǐΝȏǐȓǦǻǐǼȝȖ ƷȓǦȖǐȖ ǜȓȂǻ ȝǣǐ ǶƷǆǴ Ȃǜ ं� ǝȓȂȠǼǌ ȝȓȠȝǣॽ

BƷǼȠƷǶ ƷǼǼȂȝƷȝǦȂǼ ǦȖ ȝǣǐ ǆȠȓȓǐǼȝ ƷȏȏȓȂƷǆǣ ȝȂ ǝǐǼǐȓƷȝǦǼǝ ǝȓȂȠǼǌ ȝȓȠȝǣॶ ǅȠȝ ȖȠǆǣ Ʒ ȏȓȂǆǐȖȖ ǦȖ

ΗǐȓΞ ǌǦАǆȠǶȝ ȝȂ ȏǐȓǜȂȓǻ ǦǼ ं�ॽ /Ǽ ȝǣǦȖ ȖǐǼȖǐॶ ȂǼǶΞ ँ�ǻƷǼȠƷǶ ƷǼǼȂȝƷȝǦȂǼȖ Θǐȓǐ ƷΗƷǦǶƷǅǶǐ ǦǼऀंआॽ

bǣǐȖǐ ǻƷǼȠƷǶ ƷǼǼȂȝƷȝǦȂǼȖ Ʒȓǐ ƷǶȖȂ ǐȓȓȂȓৄȏȓȂǼǐ ƷǼǌ ǦǼǆȂǼȖǦȖȝǐǼȝ ǅǐȝΘǐǐǼ ǌǦЍǐȓǐǼȝ ƷǼǼȂȝƷȝȂȓȖ ƷȖ

ǻƷΞ ǅǐ ȂǅȖǐȓΗǐǌ ǦǼ ȝǣǐ ȓȂȠǝǣ ȂǅǱǐǆȝ ǅȂȠǼǌƷȓǦǐȖ ƷȖ ȖǣȂΘǼ ǦǼ $Ǧǝॽ ंॽऀइ ȖǐǆȂǼǌ ǆȂǶȠǻǼॽ /Ǽ Ȃȓǌǐȓ

ȝȂ ǌǐǻȂǼȖȝȓƷȝǐ ȝǣǐ ƷǅǦǶǦȝΞ ȂǜȚठ=�ȿȼȵ ǦǼ ǌǐƷǶǦǼǝ ΘǦȝǣ ȓǐƷǶ ǆƷȖǐȖॶ Θǐ ΘǦǶǶ ΗƷǶǦǌƷȝǐ ȝǣǐ ǻǐȝǣȂǌ ȠȖৄ

ǦǼǝ ǆȓȂȏȏǐǌ ΗǦǐΘȖ Ȃǜ ȝǣǐ ȂȓǦǝǦǼƷǶ ȓǐƷǶ ǦǻƷǝǐ ƷǼǌ ǆȂǻȏƷȓǐ ȝȂ ǻƷǼȠƷǶ ƷǼǼȂȝƷȝǦȂǼ ȓǐȖȠǶȝȖ ǅΞ ǜȂȠȓ

ǌǦЍǐȓǐǼȝ ƷǼǼȂȝƷȝȂȓȖ ǜȂȓ ȓǐǜǐȓǐǼǆǐॽ Hǜ ǆȂȠȓȖǐॶ ȝǣǐ ȏǐȓǜȂȓǻƷǼǆǐ ȂǜȚठ=�ȿȼȵ ǦȖ ǼȂȝ ǼǐǆǐȖȖƷȓǦǶΞ ǌǐৄ

ȝǐȓǻǦǼǐǌ ǅΞ ȝǣǐ ȂȓǦǝǦǼƷǶ ǌƷȝƷȖǐȝȖ ǅȠȝ ǅΞ ȝǣǐ ǦǼǦȝǦƷǶ ȖǐǝǻǐǼȝƷȝǦȂǼ ȂȠȝȏȠȝȖ ǻƷȖǴȖॽ �Ǽ ƷǌǌǦȝǦȂǼƷǶ

ǐΝȏǐȓǦǻǐǼȝ ǦȖ ǌǦȖǆȠȖȖǐǌ ǦǼ [ǐǆॽ ंॽअॽऀॽ

�ȠȝȂǻƷȝǦǆ ǻȂǌǐ ǌǐȝǐǆȝǦȂǼॵ bȂ ǌǐȝǐȓǻǦǼǐ ȝǣǐ ǻȂǌǐ ǜȂȓ ȏȂȖȝৄȏȓȂǆǐȖȖǦǼǝ ȝǣǐ ǆȠȓȓǐǼȝ ǻƷȖǴॶ

ΗȂǶȠǻǐ ǆǣǐǆǴȖ ƷǼǌ ǆȂǼǆƷΗǦȝΞ ǆǣǐǆǴȖ Ʒȓǐ ǐǻȏǶȂΞǐǌॶ ΘǣǦǆǣ Ʒȓǐ ǅƷȖǐǌ ȂǼ ȝǣǐ ǐȖȝǦǻƷȝǐǌ ȖǦΣǐ ƷǼǌ

ȖǣƷȏǐ Ȃǜ ȝǣǐ ǆǐǶǶȖॽ $Ȃȓ ȝǣǐ ΗȂǶȠǻǐ ǆǣǐǆǴॶ Ǧǜ ȝǣǐ ΗȂǶȠǻǐ Ȃǜ Ʒ ǆȂǼǼǐǆȝǐǌ ǆȂǻȏȂǼǐǼȝ ǦǼ Ʒ ǻƷȖǴ ǦȖ

ǶƷȓǝǐȓ ȝǣƷǼ ȝǣǐ Ƞȏȏǐȓ ǶǦǻǦȝ Ȃǜ Ʒ ȓǐǝȠǶƷȓ ǅƷǆȝǐȓǦƷǶ ȖǦΣǐॶ Ǧȝ ǦȖ ǶǦǴǐǶΞ ȝǣƷȝ ȝǣǐ ǆǐǶǶ ȓǐȒȠǦȓǐȖ ƷǌǌǦȝǦȂǼƷǶ

ǥȿȼȵ ǦǼ ȿțǫǯȲठȵǯǼȚǯțȼǯǫ Țȡǫǯঃ ȂȝǣǐȓΘǦȖǐॶ Ǧǜ ȝǣǐ ȖǦΣǐ ǦȖ ǶȂΘǐȓ ȝǣƷǼ ȝǣǐ ǶȂΘǐȓ ǶǦǻǦȝ ǜȂȓ Ʒ ȝΞȏǦǆƷǶ ǆǐǶǶ

ȖǦΣǐॶ Ǧȝ ΘǦǶǶ ǅǐ ȝȓǐƷȝǐǌ ΘǦȝǣ ȝǣǐ ȡ͝ǯȲठȵǯǼȚǯțȼǯǫ Țȡǫǯॽ bǣǐ ǆȂǼǆƷΗǦȝΞ ǆǣǐǆǴ ǦȖ ȝǣǐ ȖƷǻǐ ƷȖ ǌǐȖǆȓǦǅǐǌ

ǦǼ $Ǧǝॽ ंॽऀँ ǆॶ ΘǦȝǣ ƷǼ ƷǌǌǦȝǦȂǼƷǶ ǝȠƷȓƷǼȝǐǐ ȝȂ ǦǼǆǶȠǌǐ ȝǣǐ ǆȂǻȏȂǼǐǼȝȖ ȝǣƷȝ Ʒȓǐ ΘǦȝǣǦǼ ȝǣǐ ȓǐǝৄ

ȠǶƷȓ ǆǐǶǶ ȖǦΣǐॽ

BǦΝȝȠȓǐ Ȃǜ ȝΘȂ ǌǦЍǐȓǐǼȝ ǆƷȖǐȖ ǦǼ ȂǼǐ ǻƷȖǴॵ /Ǽ ǻƷǼΞ ȓǐƷǶ ǦǻƷǝǐ ȖǆǐǼƷȓǦȂȖॶ ȝǣǐ ȖȂȠȓǆǐȖ Ȃǜ

ȏȓȂǅǶǐǻȖ ǦǼ ȝǣǐ ǦǼǦȝǦƷǶ ȖǐǝǻǐǼȝƷȝǦȂǼ ȓǐȖȠǶȝȖ ǻǦǝǣȝ ǅǐ ȠǼǴǼȂΘǼॽ bΘȂ ǌǦЍǐȓǐǼȝ ȖǦȝȠƷȝǦȂǼȖॶ ȠǼǌǐȓৄ

Ȃȓ ȂΗǐȓৄȖǐǝǻǐǼȝƷȝǦȂǼॶ ǻƷΞ ǐΝǦȖȝ ǦǼ ȝǣǐ ȖƷǻǐ ǻƷȖǴॽ ,ǐȓǐॶ Θǐ ǌǐǻȂǼȖȝȓƷȝǐ Ʒ ȏȂȖȖǦǅǶǐ ȖȂǶȠȝǦȂǼॽ

�Ʒǆǣ ǆƷȖǐॶ ȝǣǐ ȠǼǌǐȓৄ Ȃȓ ȂΗǐȓৄȖǐǝǻǐǼȝǐǌ ǆƷȖǐȖॶ ǦȖ ȖȝǦǶǶ ȝȓǐƷȝǐǌ ȖǐȏƷȓƷȝǐǶΞ ΗǦƷȚठ=�ȿȼȵॶ ǅȠȝ ǦǼ Ʒ Ȗǐৄ

ȒȠǐǼȝǦƷǶ ǻƷǼǼǐȓॽ %ǦΗǐǼ ƷǼ ǦǼǦȝǦƷǶ ȖǐǝǻǐǼȝǐǌ ȓǐȖȠǶȝॶ ȝǣǐ ΗȂǶȠǻǐ ƷǼǌ ǆȂǼǆƷΗǦȝΞ ǆǣǐǆǴȖ Ʒȓǐ ЖȓȖȝ

ȏǐȓǜȂȓǻǐǌ ȝȂ ЖǼǌ ƷǶǶ ȠǼǌǐȓৄȖǐǝǻǐǼȝǐǌ ǆȂǻȏȂǼǐǼȝȖॽ /ǜ ȖȠǆǣ ǆƷȖǐȖ ǐΝǦȖȝॶȚठ=�ȿȼȵΘǦǶǶ ȓȠǼ ǦǼ ȝǣǐ

ȠǼǌǐȓৄȖǐǝǻǐǼȝ ǻȂǌǐॽ CǐΝȝॶ ȝǣǐ ΗȂǶȠǻǐ ƷǼǌ ǆȂǼǆƷΗǦȝΞ ȝǐȖȝȖ Ʒȓǐ ǆȂǻȏȠȝǐǌ ƷǝƷǦǼ ȝȂ ЖǼǌ ȝǣǐ ȂΗǐȓৄ

अआ



Figure 3.18: Evaluation using real data. Maximum intensity projection (MIP) along the z‐axis of 3D real biofilm im‐
ages are shown in the first column. The experimental signal‐to‐background ratio of the two images are 2.2 and 1.8
referring to137. The other images are 3D annotated/segmented volumes with a top view of z‐axis. Yellow and blue
arrows in the first column are examples that are highlighted for comparison in the other columns. The masks are pro‐
vided by CNN only results from137. Then, we run the two modes of m‐LCuts sequentially to post‐process the initial
segmentation results. Quantitatively, the counting accuracy (CA) scores of columns three to five, compared with
manual annotations, are 0.34, 0.49, 0.50 for the first row, and 0.52, 0.61, 0.68 for the second row.

ȖǐǝǻǐǼȝǐǌ ȂǼǐȖ ǜȂȓ ȓǐǆȂǻǅǦǼƷȝǦȂǼ ȠȖǦǼǝȚठ=�ȿȼȵ ǦǼ ȝǣǐ ȂΗǐȓৄȖǐǝǻǐǼȝ ǻȂǌǐॽ /Ǽ ȝǣǦȖ ǻȂǌǐॶ ȝǣǐ

ǼǐǦǝǣǅȂȓǦǼǝ ȖǐǝǻǐǼȝȖ Ȃǜ ȝǣǐ ȂΗǐȓৄȖǐǝǻǐǼȝǐǌ ǜȓƷǝǻǐǼȝȖ ΘǦǶǶ ƷǶȖȂ ǅǐ ǦǼǆǶȠǌǐǌ ǦǼ ȝǣǐ ǝȓƷȏǣ ǜȂȓ ȝǣǐ

ǆȂǼȖǦǌǐȓƷȝǦȂǼ Ȃǜ ȓǐǆȂǻǅǦǼƷȝǦȂǼॶ ǐΗǐǼ Ǧǜ ȝǣǐΞ ȏƷȖȖ ȝǣǐ ǻȂǌǐ ǆǣǐǆǴȖॽ

�ΗƷǶȠƷȝǦȂǼ ȂǼ ȓǐƷǶ ǅǦȂЖǶǻ ǌƷȝƷȖǐȝॵ �ΝȏǐȓǦǻǐǼȝȖ ȂǼ ȓǐƷǶ ǌƷȝƷȖǐȝ Ʒȓǐ ȏȓǐȖǐǼȝǐǌ ǦǼ $Ǧǝॽ ंॽऀइ

ΘǦȝǣ ȒȠƷǼȝǦȝƷȝǦΗǐ ǐΗƷǶȠƷȝǦȂǼ ȂǼ ǆȂȠǼȝǦǼǝ ƷǆǆȠȓƷǆΞॽ bǣǐ ǐΝȏǐȓǦǻǐǼȝȖ Θǐȓǐ ǆȂǼǌȠǆȝǐǌ ƷȠȝȂǻƷȝৄ

ǦǆƷǶǶΞ ΘǦȝǣ ȝǣǐ ǻȂǌǐ ǌǐȝǐǆȝǦȂǼ ǻǐǼȝǦȂǼǐǌ ǐƷȓǶǦǐȓ ȠǼǌǐȓ ȝǣǐ ǣΞȏȂȝǣǐȖǦȖ ȝǣƷȝ ȝǣǐȓǐ ǦȖ ǻǦΝȝȠȓǐ Ȃǜ

ǆƷȖǐȖ ǦǼ ȝǣǐ ǦǼǦȝǦƷǶ ȖǐǝǻǐǼȝƷȝǦȂǼ ȓǐȖȠǶȝȖॽ sǐ ȓƷǼ ȠǼǌǐȓৄ ƷǼǌ ȂΗǐȓৄ ȖǐǝǻǐǼȝǐǌ ǻȂǌǐȖ ȖǐȒȠǐǼȝǦƷǶǶΞ

ƷȖ ȖǣȂΘǼ ǦǼ ȝǣǐ ǜȂȠȓȝǣ ƷǼǌ Жǜȝǣ ǆȂǶȠǻǼȖ ǦǼ $Ǧǝॽ ंॽऀइॽ �ǶȝǣȂȠǝǣ ȝǣǐȓǐ Ʒȓǐ ǼȂȝ ǻƷǼΞ ǻǦΝǐǌ ǆƷȖǐȖ

ǦǼ ȝǣǐ ǆȓȂȏȏǐǌ ΗǦǐΘȖ Ȃǜ �CC ȂǼǶΞ ȠৄǼǐȝ ǅƷȖǐǌ ǦǼǦȝǦƷǶ ȖǐǝǻǐǼȝƷȝǦȂǼ ȓǐȖȠǶȝȖ ǜȓȂǻऀंआॶ ȝǣǐ ƷǅǦǶৄ

ǦȝΞ ȂǜȚठ=�ȿȼȵ ȝȂ ȓǐǆȂǼǼǐǆȝ ȝǣǐ ȓǐǻƷǦǼǦǼǝ ȂΗǐȓৄȖǐǝǻǐǼȝǐǌ ǆȂǻȏȂǼǐǼȝȖ Ʒǜȝǐȓ ȖȏǶǦȝȝǦǼǝ ȠǼǌǐȓৄ

ȖǐǝǻǐǼȝǐǌ ǆǶȠȖȝǐȓȖ ǆƷǼ ȖȝǦǶǶ ǅǐ ȂǅȖǐȓΗǐǌ ǦǼ $Ǧǝॽ ंॽऀइॽ $ǦǼƷǶ ǦǼǌǦΗǦǌȠƷǶ ȖǐǝǻǐǼȝȖ ȝǣƷȝ Ʒȓǐ ȖȝǦǶǶ ǶǐȖȖ

ȝǣƷǼ ȝǣǐ ǻǦǼǦǻȠǻ ǆǐǶǶ ȖǦΣǐ Ʒȓǐ ǐǶǦǻǦǼƷȝǐǌ ǌȠȓǦǼǝ ΗȂǶȠǻǐ ȓǐǆȂǼȖȝȓȠǆȝǦȂǼ ǦǼ ȝǣǐ ȖǐǆȂǼǌ ǻȂǌǐॶ

ǅǐǆƷȠȖǐ ȖȠǆǣ ȖǐǝǻǐǼȝȖ Ʒȓǐ ȠȖȠƷǶǶΞ ǦǼǦȝǦƷǶ ȖǐǝǻǐǼȝƷȝǦȂǼ ǐȓȓȂȓȖ Ȃȓ ǜȓȂǻ ȝǣǐ ȝȂȠǆǣǦǼǝ ǆǐǶǶ ǆȂǼৄ

ǼǐǆȝǦȂǼȖॽ �ȝ ǶǐƷȖȝ ऀअ ǦǻȏȓȂΗǐǻǐǼȝ ǦǼ ǆȂȠǼȝǦǼǝ ƷǆǆȠȓƷǆΞ �� ΘƷȖ ƷǆǣǦǐΗǐǌ Ʒǜȝǐȓ ȝǣǐ ȝΘȂৄȖȝǐȏ

अइ



ȏȂȖȝৄȏȓȂǆǐȖȖǦǼǝॶ Ʒȝ ƷǼ /Ȃe ȝǣȓǐȖǣȂǶǌǦǼǝ ΗƷǶȠǐ Ȃǜ ࣿॽःॽ

bǣǐ ȏȓǐΗǦȂȠȖ ǻǐȝǣȂǌȖ ǜȂȓ ȒȠƷǼȝǦȝƷȝǦΗǐ ȏǐȓǜȂȓǻƷǼǆǐ ǆȂǻȏƷȓǦȖȂǼ Ʒȓǐ ȓǐǆȠȓȓǐǼȝ �bॶ %BBȖॶ

ƷǼǌ ȓǐǝǦȂǼ ǻǐȓǝǦǼǝॶ ƷȖ ȝǣǐΞ Ʒȓǐ ȝǣǐ ȖȠǅৄȂȏȝǦǻƷǶ ȠǼǌǐȓৄ Ȃȓ ȂΗǐȓৄȖǐǝǻǐǼȝƷȝǦȂǼ ȏȂȖȝৄȏȓȂǆǐȖȖǦǼǝ

ǻǐȝǣȂǌȖ ǦǼ ȖǐǆȝǦȂǼȖ ंॽऄॽः ƷǼǌ ंॽऄॽअॽ bǣǐ ǆǶȠȖȝǐȓȖ Ȃǜ ǦǼȝǐȓǐȖȝ Ʒȓǐ ǜȂȠǼǌ ǅΞ ΗȂǶȠǻǐ ǆǣǐǆǴॽ bǣǐ

ȏȂȖȝৄȏȓȂǆǐȖȖǐǌ �� ΗƷǶȠǐȖ ΘǦȝǣ ȓǐǆȠȓȓǐǼȝ �b ȝȂ ЖΝ ȠǼǌǐȓৄȖǐǝǻǐǼȝƷȝǦȂǼ ǐȓȓȂȓȖ Ʒȓǐ ࣿॽऄं ƷǼǌ ࣿॽऄइ

ǜȂȓ ȝǣǐ ȝΘȂ ȓǐƷǶ ǌƷȝƷ ƷȖ ȖǣȂΘǼ ǦǼ $Ǧǝॽ ंॽऀइॽ sǐ ǐΝǐǆȠȝǐǌ ȝǣǐ %BBȖ ƷǼǌ ȓǐǝǦȂǼ ǻǐȓǝǦǼǝ ȖǐȒȠǐǼৄ

ȝǦƷǶǶΞ ȝȂ ȖȂǶΗǐ ȠǼǌǐȓৄ ƷǼǌ ȂΗǐȓৄȖǐǝǻǐǼȝƷȝǦȂǼ ȏȓȂǅǶǐǻȖ ƷȖ ȝǣǦȖ ȏȂȖȝৄȏȓȂǆǐȖȖǦǼǝ ǆȂǻǅǦǼƷȝǦȂǼ ΘƷȖ

ƷȏȏǶǦǐǌ ǦǼःईॽ bǣǐ ȠȏǌƷȝǐǌ �� ΗƷǶȠǐȖ ȓǐȖȏǐǆȝǦΗǐǶΞ Ʒǜȝǐȓ ȝǣǐ ȝΘȂ ƷǶǝȂȓǦȝǣǻȖ Ʒȓǐ ࣿॽऄࣿॶ ࣿॽःआ ǜȂȓ ȝǣǐ

ЖȓȖȝ ǌƷȝƷȖǐȝॶ ƷǼǌ ࣿॽअंॶ ࣿॽअऄ ǜȂȓ ȝǣǐ ȖǐǆȂǼǌ ǌƷȝƷȖǐȝॽ sǐ ƷǶȖȂ Ʒȝȝǐǻȏȝǐǌ ȝȂ ȝǐȖȝ ȂΗǐȓৄȖǐǝǻǐǼȝǐǌ

ǻȂǌǐ ȏǐȓǜȂȓǻƷǼǆǐ ǦǼǌǦΗǦǌȠƷǶǶΞ ΘǦȝǣ ƷǶǶ ȝǣǐ ǻǐȝǣȂǌȖॶ ǅȠȝ ȝǣǐȓǐ ǦȖ ǼȂ ǦǻȏȓȂΗǐǻǐǼȝ ƷȖ ȝǣǐ ȠǼǌǐȓৄ

ȖǐǝǻǐǼȝǐǌ ǐȓȓȂȓ ǦȖ ȝǣǐ ǌȂǻǦǼƷǼȝ ȏȓȂǅǶǐǻ ǦǼ ȝǣǐ ȝǐȖȝǦǼǝ ΘǦȝǣ ȓǐƷǶ ǌƷȝƷॽ HǼ ȝǣǐ ΘǣȂǶǐॶ ȝǣǐ ЖǼƷǶ

Țठ=�ȿȼȵ ȂȠȝȏȠȝȖ ȖǣȂΘǐǌ ȒȠƷǼȝǦȝƷȝǦΗǐ ǦǻȏȓȂΗǐǻǐǼȝȖ ȂΗǐȓ ȝǣǐ Ȃȝǣǐȓ ǻǐȝǣȂǌȖॽ �ǶȝǣȂȠǝǣ ȖȂǻǐৄ

ȝǦǻǐȖ ȝǣǐ �� ΗƷǶȠǐȖ Ʒǜȝǐȓ ȓǐǆȠȓȓǐǼȝ �b ƷǼǌ %BBȖ Ʒȓǐ ȖǶǦǝǣȝǶΞ ǣǦǝǣǐȓॶ ȝǣǐΞ ȠȖȠƷǶǶΞ ǌǐȝǐǆȝ ǶǐȖȖ

ȝȓȠǐ ȏȂȖǦȝǦΗǐ ǆǐǶǶȖ ȝǣƷǼȚठ=�ȿȼȵ ǌȂǐȖॽ BȂȓǐȂΗǐȓॶ ǻƷǼȠƷǶ ƷǼǼȂȝƷȝǦȂǼ ǦȖ ǌǦАǆȠǶȝ ƷǼǌ ǐȓȓȂȓৄȏȓȂǼǐ

ǜȂȓ ȝǣǐ ं� ǌƷȝƷॶ ǜȂȓ ǐΝƷǻȏǶǐॶ Ǧȝ ǦȖ ǌǦАǆȠǶȝ ȝȂ ǦǌǐǼȝǦǜΞ ȖǦǼǝǶǐ ǅƷǆȝǐȓǦȠǻ ǅΞ ǣȠǻƷǼ ǐΞǐȖ ǦǼ ȝǣǐ ȓǐৄ

ǝǦȂǼȖ ǣǦǝǣǶǦǝǣȝǐǌ ΘǦȝǣ ȂȓƷǼǝǐ ƷǼǌ ǅǶȠǐ ƷȓȓȂΘȖ ǦǼ $Ǧǝॽ ंॽऀइॽ

qƷǶǦǌƷȝǦȂǼ Ȃǜ ȖǐȒȠǐǼȝǦƷǶ ΘȂȓǴЙȂΘ ȂǼ ȖǦǻȠǶƷȝǐǌ ǌƷȝƷȖǐȝॵ bǣǐ ȏǐȓǜȂȓǻƷǼǆǐ ȂǜȚठ=�ȿȼȵ ǦȖ

ǼȂȝ ȓǐǶƷȝǐǌ ȝȂ ȝǣǐ ȂȓǦǝǦǼƷǶ ǦǻƷǝǐ ȝΞȏǐॶ Ǧॽǐॽॶ ȖǦǻȠǶƷȝǐǌ Ȃȓ ȓǐƷǶॶ ƷȖ ȝǣǐ ǦǼȏȠȝȖ ȂǜȚठ=�ȿȼȵ Ʒȓǐ ǅǦǼƷȓΞ

ǦǻƷǝǐȖ ǻƷȖǴȖॽ HΘǦǼǝ ȝȂ ȝǣǐ ǶǦǻǦȝǐǌ ƷǻȂȠǼȝ Ȃǜ ǝȓȂȠǼǌ ȝȓȠȝǣ ǜȂȓ ȓǐƷǶ ं� ǌƷȝƷॶ ȝǣǐ ȏȓȂȏȂȖǐǌ

ȖǐȒȠǐǼȝǦƷǶ ΘȂȓǴЙȂΘ ǦȖ ƷǌǌǦȝǦȂǼƷǶǶΞ ΗǐȓǦЖǐǌ ȂǼ ȝǐǼ ȖǦǻȠǶƷȝǐǌ ǦǻƷǝǐȖ ȏȓǐৄȏȓȂǆǐȖȖǐǌ ΘǦȝǣ ȠৄǼǐȝ

ƷǼǌ ΘƷȝǐȓȖǣǐǌ ǻǐȝǣȂǌȖॽ ,ƷǶǜ Ȃǜ ȝǣǐȖǐ ǐΝƷǻȏǶǐȖ Ʒȓǐ ǌȂǻǦǼƷȝǐǌ ǅΞ ȠǼǌǐȓৄȖǐǝǻǐǼȝƷȝǦȂǼ ǐȓȓȂȓȖॶ

ΘǣǦǶǐ ȝǣǐ Ȃȝǣǐȓ ǣƷǶǜ Ʒȓǐ ǌȂǻǦǼƷȝǐǌ ΘǦȝǣ ȂΗǐȓৄȖǐǝǻǐǼȝƷȝǦȂǼ ǐȓȓȂȓȖॽ bǣǐȓǐ Ʒȓǐ ƷȏȏȓȂΝǦǻƷȝǐǶΞ ࣡࣡

ȝȂ ࣣ࣡࣡ ǝȓȂȠǼǌ ȝȓȠȝǣ ǆǐǶǶȖ ǦǼ ǐƷǆǣ ǌƷȝƷȖǐȝॽ bǣǐ ȒȠƷǼȝǦȝƷȝǦΗǐ ǆǐǶǶ ǆȂȠǼȝǦǼǝ ȏǐȓǜȂȓǻƷǼǆǐȖ Ȃǜ ȝǣǐ

ǆȠȓȓǐǼȝ ȖǐȒȠǐǼȝǦƷǶȚठ=�ȿȼȵ ƷǼǌ ȝǣǐ ǆȂǻǅǦǼǐǌ ȏȂȖȝৄȏȓȂǆǐȖȖǦǼǝ ǻǐȝǣȂǌ ǦǼःई Ʒȓǐ ǶǦȖȝǐǌ ǦǼb��=�

ंॽंॽ [ǦǻǦǶƷȓ ȝȂ ȝǣǐ ƷǅȂΗǐ ȂǅȖǐȓΗƷȝǦȂǼȖ ǜȂȓ ȓǐƷǶ ǌƷȝƷॶȚठ=�ȿȼȵ ȏȓǐȖǐǼȝȖ ȝǣǐ ȂȏȝǦǻƷǶ ȏǐȓǜȂȓǻƷǼǆǐ

ǦǼ ȝǣǐ ǻƷǱȂȓǦȝΞ Ȃǜ ǆƷȖǐȖॽ �ǜȝǐȓ [ȝǐȏ ऀॶȚठ=�ȿȼȵ ȖȂǻǐȝǦǻǐȖ ǆƷǼǼȂȝ ǐΝǆǐǐǌ ȝǣǐ ȏǐȓǜȂȓǻƷǼǆǐ Ȃǜ

अई



�ƷȝƷ /ǼǦȝǦƷǶ ऀৄ %BBȖ ँৄ XǐǝǦȂǼ ǻǐȓǝǦǼǝ ऀৄ ǻৄ=�ȠȝȖ ँৄ ǻৄ=�ȠȝȖ
eBऀ ࣿॽअआ ࣿॽआअ ࣿॽआँ ࣿॽआं ࣿॽआः
eBँ ࣿॽःं ࣿॽअं ࣿॽअँ ࣿॽअई ࣿॽआࣿ
eBं ࣿॽऄं ࣿॽअऄ ࣿॽअः ࣿॽआं ࣿॽआऄ
eBः ࣿॽऄआ ࣿॽआࣿ ࣿॽअइ ࣿॽआआ ࣿॽआआ
eBऄ ࣿॽऄअ ࣿॽआः ࣿॽआँ ࣿॽआई ࣿॽआइ
HBऀ ࣿॽअआ ࣿॽआऀ ࣿॽआऀ ࣿॽआऀ ࣿॽआँ
HBँ ࣿॽअं ࣿॽअः ࣿॽअअ ࣿॽअऄ ࣿॽअआ
HBं ࣿॽअऄ ࣿॽअइ ࣿॽअआ ࣿॽअई ࣿॽअऄ
HBः ࣿॽअइ ࣿॽअइ ࣿॽअइ ࣿॽआࣿ ࣿॽआं
HBऄ ࣿॽइं ࣿॽइः ࣿॽइँ ࣿॽइं ࣿॽइऄ

Table 3.3: Comparison of the sequential workflow on simulated dataset. The simulated image dataset is described in section
3.5.1. UM denotes under‐segmentation error dominated data and OM stands for over‐segmentation error dominated data. The
combination of GMMs and region merging is the two‐step post‐processing workflow used in49. The best final (after two steps)
outputs are marked in bold and the best first step outputs are underlined.

%BBȖ ƷȖȚठ=�ȿȼȵǻƷΞ ǌǐȝǐǆȝ ǐΝȝȓƷ ǶǦǼǐ ȖǐǝǻǐǼȝȖ Ʒȝ ȝǣǐ ǆȂǼǼǐǆȝǦȂǼȖ Ȃǜ ǆǐǶǶȖॶ ǅȠȝ ȝǣǐȖǐ ǐȓȓȂȓȖ

ǆƷǼ ǅǐ ЖǶȝǐȓǐǌ ȂȠȝ ǦǼ [ȝǐȏ ँॽ

bȂ ȖȠǻ Ƞȏॶ ȝǣǐ ƷǅȂΗǐ ΗƷǶǦǌƷȝǦȂǼȖ ȂǼ ǅȂȝǣ ȓǐƷǶ ǌƷȝƷȖǐȝ ƷǼǌ ȖǦǻȠǶƷȝǐǌ ǌƷȝƷȖǐȝ ǌǐǻȂǼȖȝȓƷȝǐ ȝǣǐ

ǐЍǐǆȝǦΗǐǼǐȖȖ ƷǼǌ ǝǐǼǐȓƷǶǦȝΞ ȂǜȚठ=�ȿȼȵॽ

ं৷अ $ҷӅԚԀԏ ҷӹҷӲԮԓӢԓ Ԁә Ӹ৳=�ԞԚԓ

/Ǽ ȝǣǦȖ ȖǐǆȝǦȂǼॶ Θǐ ǆȂǼǌȠǆȝǐǌ ǐΝȏǐȓǦǻǐǼȝȖ ȝȂ ƷǼƷǶΞΣǐ ȝǣǐ ǜƷǆȝȂȓȖ ȝǣƷȝ ǆƷǼ ƷЍǐǆȝ ȝǣǐ ȏǐȓǜȂȓৄ

ǻƷǼǆǐ ȂǜȚठ=�ȿȼȵॽ /Ǽ ǝǐǼǐȓƷǶॶ ȂȠȓ ƷǼƷǶΞȖǐȖ ȖǣȂΘ ȝǣƷȝ ǻƷǱȂȓǶΞ ȝǣǐ ǆǐǶǶ ǆȂȠǼȝǦǼǝ ƷǆǆȠȓƷǆΞ ǦȖ ȓǐৄ

ǶƷȝǐǌ ȝȂ ȝǣǐ ǦǼǦȝǦƷǶ ȖǐǝǻǐǼȝƷȝǦȂǼ ǐȓȓȂȓॽ /ǼǦȝǦƷǶ ȖǐǝǻǐǼȝƷȝǦȂǼ ǐȓȓȂȓȖ Ʒȓǐ ȏƷȓȝǦǆȠǶƷȓǶΞ ȏȓȂǅǶǐǻƷȝǦǆॶ

ΘǣǐǼ ȝǣǐ ǻƷȖǴȖ ǌȂ ǼȂȝ ȏȂȖȖǐȖȖ ǆǶǐƷȓ ǆȂǶǶǦǼǐƷȓǦȝΞॶ ƷȖ ǦȖ ȝǣǐ ǆƷȖǐ ǜȂȓ ǣǐƷΗǦǶΞ ȂΗǐȓৄȖǐǝǻǐǼȝǐǌ Ȃȓ ǼȂǦȖΞ

ǻƷȖǴȖॽ bǣǐȓǐǜȂȓǐॶ ǐΝȝǐǼȖǦΗǐ ǐΝȏǐȓǦǻǐǼȝȖ Θǐȓǐ ǆƷȓȓǦǐǌ ȂȠȝ ȝȂ ƷȖȖǐȖȖ ȝǣǦȖ ǦǼȏȠȝৄȂȠȝȏȠȝ ȓǐǶƷȝǦȂǼȖǣǦȏॽ

bǣǐ ȓǐȖȠǶȝȖ Ʒȓǐ ǌǦȖǆȠȖȖǐǌ ǅǐǶȂΘ ȝȂǝǐȝǣǐȓ ΘǦȝǣ Ʒ ΗƷǶǦǌƷȝǦȂǼ Ȃǜ ȝǣǐ ȖǐǶǐǆȝǐǌ ȏƷȓƷǻǐȝǐȓȖॽ

ं৷अ৷ऀ /ӹәӲԞӏӹӅӏ Ԁә ӢӹӢԚӢҷӲ ԓӏӚӸӏӹԚҷԚӢԀӹ ԏӏԓԞӲԚ

bȂ ȏȓȂǌȠǆǐ ȠǼǌǐȓৄ ƷǼǌ ȂΗǐȓৄȖǐǝǻǐǼȝǐǌ ǻƷȖǴȖॶ eৄCǐȝ ƷǼǌ Ȗǐǐǌǐǌ ΘƷȝǐȓȖǣǐǌ Θǐȓǐ ȠȝǦǶǦΣǐǌ ȝȂ

ȂǅȝƷǦǼ ȝǣǐ ǅǦǼƷȓǦΣǐǌ ǦǼǦȝǦƷǶ ȖǐǝǻǐǼȝƷȝǦȂǼ ȓǐȖȠǶȝॽ bǣǐ ǦǼЙȠǐǼǆǐ Ȃǜ ǦǼǦȝǦƷǶ ȖǐǝǻǐǼȝƷȝǦȂǼ ȓǐȖȠǶȝ ǦȖ

आࣿ



ƷǼƷǶΞΣǐǌ ǦǼ ȝǐȓǻȖ Ȃǜ ǦǼǦȝǦƷǶ ȖǐǝǻǐǼȝƷȝǦȂǼ ǐȓȓȂȓ ǜȂȓ ǐƷǆǣ XH/ॽ $Ȃȓ ȂΗǐȓৄȖǐǝǻǐǼȝǐǌ ǻƷȖǴȖॶ ȝǣǦȖ

ǐȓȓȂȓ ǦȖ ƷΗǐȓƷǝǐǌ ȂΗǐȓ ƷǶǶ ȝǣǐ ǆǐǶǶȖ ǦǼ ȝǣǐ XH/ ǅΞ ǆȂǻȏƷȓǦǼǝ ȂȓǦǝǦǼƷǶ ǝȓȂȠǼǌ ȝȓȠȝǣ %bȡ Ȃǜ ǶƷΞȂȠȝȖ

ΘǦȝǣ ǆȂȓȓǐȖȏȂǼǌǦǼǝ ǻƷȖǴǐǌ ǝȓȂȠǼǌ ȝȓȠȝǣ %bXH/ॽ bǣǐ ǦǼǦȝǦƷǶ ȖǐǝǻǐǼȝƷȝǦȂǼ ǐȓȓȂȓ ȏǐȓ ǆǐǶǶॶ �ȲȲǥॶ

ǦȖ ǆƷǶǆȠǶƷȝǐǌ ƷȖ  ǻǦǼȠȖ ΗȂΝǐǶৄǶǐΗǐǶ ȏȓǐǆǦȖǦȂǼॶ ΘǣǦǆǣ ǦȖॵ

�ȲȲǥ = − ||%bȡ
ǥ ∩ %bXH/

ǥ ||࣡
||%bXH/

ǥ ||࣡

bǣǦȖ ǦȖ ȝȂ ƷǼƷǶΞΣǐ ǣȂΘǻƷǼΞ ΗȂΝǐǶȖ ǦǼ ȝǣǐ ȖǐǝǻǐǼȝǐǌ ȓǐǝǦȂǼȖ ǻƷȖǴ Ʒȓǐ ǼȂȝ ǅǐǶȂǼǝǦǼǝ ȝȂ ȝǣǐ

ȂȓǦǝǦǼƷǶ ǝȓȂȠǼǌ ȝȓȠȝǣॽ

/Ǽ $Ǧǝॽ ंॽऀईॶ Ʒ ǶǦǼǐƷȓ ȓǐǝȓǐȖȖǦȂǼ ǆƷǼ ǅǐ ǐȖȝǦǻƷȝǐǌ ǅǐȝΘǐǐǼȚठ=�ȿȼȵ ȏǐȓǜȂȓǻƷǼǆǐ ƷǼǌ ǦǼǦৄ

ȝǦƷǶ ȖǐǝǻǐǼȝƷȝǦȂǼ ǐȓȓȂȓॽ sǣǐǼ ȝǣǐ ǻƷȖǴǐǌ ƷȓǐƷ ǦǼǆǶȠǌǐȖ ǐΝȝȓƷ ǶƷȓǝǐ ȖǐǝǻǐǼȝȖ ǼȂǦȖΞ ǆǶȠȝȝǐȓ ǦǼ

ǻȠǶȝǦȏǶǐ ǆǐǶǶ ȓǐǝǦȂǼȖॶ ȝǣǐ ǆȂȓȓǐȖȏȂǼǌǦǼǝȚठ=�ȿȼȵ ȏǐȓǜȂȓǻƷǼǆǐ ǌǐǝȓƷǌǐǌ ǅǐǆƷȠȖǐ Ȃǜ ȝǣǐ ǻǦȖȖǦǼǝ

ǆȂǶǶǦǼǐƷȓǦȝΞ ǜǐƷȝȠȓǐॽ [ǦǻǦǶƷȓ ǐΗƷǶȠƷȝǦȂǼ ΘƷȖ ƷǶȖȂ ȓǐȏǐƷȝǐǌ ȂǼ ȝǣǐ ȓƷȝǦȂ Ȃǜ ǻǦȖȖǦǼǝ%bȡ ΗȂΝǐǶȖ ǦǼ ȝǣǐ

ȖǐǝǻǐǼȝǐǌ ȓǐȖȠǶȝ ǅΞ ǆǣƷǼǝǦǼǝ ΗȂΝǐǶৄǶǐΗǐǶ ȏȓǐǆǦȖǦȂǼ ȝȂ ȓǐǆƷǶǶॽ CȂ ȖȠǅȖȝƷǼȝǦƷǶ ǶǦǼǐƷȓ ȓǐǶƷȝǦȂǼȖǣǦȏ

ΘƷȖ ȂǅȖǐȓΗǐǌ ΘǦȝǣ ȝǣǦȖ ƷǼƷǶΞȖǦȖॶ ǅǐǆƷȠȖǐ ȝǣǐȓǐ Ʒȓǐ ǼȂȝ ǻƷǼΞ ǻǦȖȖǦǼǝ ǆȂǻȏȂǼǐǼȝ ȖǦȝȠƷȝǦȂǼȖ ǦǼ ȝǣǐ

ǌƷȝƷॽ ,ȂΘǐΗǐȓॶ Θǐ ȖȝǦǶǶ ǼȂȝǦǆǐǌ ȝǣƷȝ ǻǦȖȖǦǼǝ ǆȂǻȏȂǼǐǼȝȖ ǆƷǼ ȖȏǶǦȝ ȝǣǐ ǆǐǶǶ ȓǐǝǦȂǼȖ ΘǦȝǣ ǅǦǝ ǝƷȏȖॶ

ǦǼ ΘǣǦǆǣ ǆƷȖǐॶȚठ=�ȿȼȵΘȂȠǶǌ ǼȂȝ ǆȂǼǼǐǆȝ ȝǣǐǻॽ

$Ȃȓ ȠǼǌǐȓৄȖǐǝǻǐǼȝǐǌ ǻƷȖǴȖॶ ƷǅȂΗǐ ǐΗƷǶȠƷȝǦȂǼȖ ȏǐȓ XH/ Θǐȓǐ ȏǐȓǜȂȓǻǐǌ ǅΞ ǆȂǻȏƷȓǦǼǝ ȝǣǐ

ΘǣȂǶǐ XH/ %b ȓǐǝǦȂǼȖ ΘǦȝǣ ȠǼǌǐȓৄȖǐǝǻǐǼȝƷȝǦȂǼ ȓǐȖȠǶȝॽ [ǦǼǆǐ ȓƷȓǐ ǆƷȖǐȖ Ȃǜ ǻǦȖȖǦǼǝ ǆȂǻȏȂǼǐǼȝȖ

Ȃȓ ǐΝȝȓƷ ǼȂǦȖΞ ǆǶȠȝȝǐȓ Θǐȓǐ ǜȂȠǼǌ ǅΞ ȝǣȓǐȖǣȂǶǌǦǼǝ ȝǣǐ ȠৄǼǐȝ ȓǐȖȠǶȝ ΘǦȝǣ Ʒ ǆȂǼЖǌǐǼǆǐ Ȃǜ ࣿॽऄॶ ȝǣǐ

ȠǼǌǐȓৄȖǐǝǻǐǼȝǐǌ ǻƷȖǴȖ ǆƷǼ ȖȝǦǶǶ ǻƷǦǼȝƷǦǼ ȝǣǐ ǆȂǶǶǦǼǐƷȓ ȖȝȓȠǆȝȠȓǐ Ʒǜȝǐȓ ǻǐǌǦƷǶ ƷΝǦȖ ǐΝȝȓƷǆȝǦȂǼॽ

bǣȠȖॶ ƷΗǐȓƷǝǐǌ ǆǐǶǶ ǆȂȠǼȝǦǼǝ ƷǆǆȠȓƷǆΞ ƷǅȂΗǐ ࣿॽईऄ ΘƷȖ ƷǆǣǦǐΗǐǌ ΘǦȝǣ /ȡe < ࣡.ࣩ $Ǧǝॽ ंॽऀऄॽ

/ȝ ǦȖ ǼȂȝƷǅǶǐ ȝǣƷȝ ȝǣǐ ȓƷǌǦȠȖৄǆȂǼȖȝȓƷǦǼǐǌ ǻǐǌǦƷǶ ƷΝǦȖ ǐΝȝȓƷǆȝǦȂǼ ǻǐȝǣȂǌ ȏȓȂȏȂȖǐǌ ƷǶȂǼǝ ΘǦȝǣȚठ

=�ȿȼȵ ǆƷǼ ȝƷǴǐ ǦǼȝȂ ƷǆǆȂȠǼȝ ȓƷǌǦȠȖ Ȃǜ ƷǼ ǦǼǦȝǦƷǶ ȖǐǝǻǐǼȝ ƷȖ ȖǻƷǶǶ ƷȖ ȲȚȅț = ॽ bǣǦȖ ƷǆȝǦȂǼ ȏȓǐΗǐǼȝȖ

ȏȂǦǼȝ ǆǶȂȠǌ ǌƷȝƷ ǜȓȂǻ ǅȓǐƷǴǦǼǝ ǦǼ ȝǣǐ ǻǦǌǌǶǐ Ȃǜ Ʒ ǆǐǶǶ ȓǐǝǦȂǼॽ �ǌǌǦȝǦȂǼƷǶǶΞॶ Ǧȝ ǦȖ ǅǐǼǐЖǆǦƷǶ ǜȂȓ

ǦǌǐǼȝǦǜΞǦǼǝ ǆǐǼȝȓƷǶ ƷΝǐȖ Ȃǜ ȏƷȓƷǶǶǐǶ ǆǐǶǶȖ ǅΞ ȖǐȝȝǦǼǝ ȝǣǐ Ƞȏȏǐȓ ǶǦǻǦȝ Ȃǜ ǦǼȖǆȓǦǅǐǌ ȓƷǌǦȠȖ ȲȚǖͣॽ
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Figure 3.19: Analysis on the effect of initial segmentation results. Scatter plots of single‐cell node grouping accuracy
(SGA) and cell counting accuracy (CA) versus initial segmentation error are shown on the left panel. A linear relation‐
ship between m‐LCuts performance and initial segmentation error is estimated. On the right panel, three masks are
shown. The noisy clutter and missing components on these masks affect the collinearity of segments compared to
the original ground truth of the layout. Hence, cell counting performance is affected, especially when multiple cell
regions were affected by the errors.

ं৷अ৷ँ UҷԏҷӸӏԚӏԏ ԪҷӲӢӋҷԚӢԀӹ

bΘǐǼȝΞ ȓƷǼǌȂǻǶΞ ȖǐǶǐǆȝǐǌ ȠǼǌǐȓৄ Ȃȓ ȂΗǐȓৄȖǐǝǻǐǼȝǐǌ ǆǶȠȖȝǐȓȖ ȏƷȓȝǦǆǦȏƷȝǐ ǦǼ ΗƷǶǦǌƷȝǦȂǼ ǜȂȓ ǐƷǆǣ

ǆƷȖǐॽ %ȓǦǌ ȖǐƷȓǆǣ ǦȖ ǆȂǼǌȠǆȝǐǌ ȂǼ ȝǣǐ ǻƷǱȂȓ ȝΘȂ ƷǌǱȠȖȝƷǅǶǐ ǣΞȏǐȓৄȏƷȓƷǻǐȝǐȓȖॶ ȵȅͩǯ=ȅȚȅȼ ƷǼǌ

ǫȅȵȼ=ȅȚȅȼॶ ΘǣǦǶǐ ȝǣǐ Ȃȝǣǐȓ ȏƷȓƷǻǐȝǐȓ ܿ� ǆƷǼ ǅǐ ǐȖȝǦǻƷȝǐǌ ǜȓȂǻ ȝǣǐȖǐ ȝΘȂ ΗƷǶȠǐȖ ǦǼ ȝǣǐ ƷǶǝȂȓǦȝǣǻ

Ȗǐǐ�ǶǝȂȓǦȝǣǻ ऀॽ ܿb ǦȖ ȓǐǶƷȝǐǌ ȝȂ ȝǣǐ ȠȖǐȓ ǌǐЖǼǦȝǦȂǼ ǜȂȓ ǆȂǶǶǦǼǐƷȓǦȝΞॽ /Ǽ ȂȠȓ ǆƷȖǐॶ ܿb ǐȒȠƷǶȖ ȝȂ

࣡.ࣣ ΘǣǦǶǐ ȝǣǐ ȓǐǶƷȝǦΗǐ ƷǼǝǶǐ ܴȅȐ ǅǐȝΘǐǐǼ ȝΘȂ ΗǐǆȝȂȓȖ ǦȖ ƷȓȂȠǼǌ ंअ ǌǐǝȓǐǐȖॽ bǣǐȓǐ Ʒȓǐ ƷǶȖȂ ȖȂǻǐ

Ȃȝǣǐȓ ȏƷȓƷǻǐȝǐȓȖ ǦǼȖǦǌǐ Ȃǜ ȝǣǐ ƷǶǝȂȓǦȝǣǻॶ ȖȠǆǣ ƷȖ ȝǣǐ ǻƷΝǦǻȠǻ ǣȂȏৄǶǐΗǐǶ ǼȠǻǅǐȓॶ ǻǦǼǦǻȠǻ

ǼǐǦǝǣǅȂȓǦǼǝ ȖǐǝǻǐǼȝ ǆȂǼȝƷǆȝǦǼǝ ƷȓǐƷॶ ƷǼǌ ȝǣǐ ǆǐǶǶ ǆȂǼǆƷΗǦȝΞ ȓƷȝǦȂ ǶǦǻǦȝ ǦǼ ȖȝȂȏȏǦǼǝ ǆȓǦȝǐȓǦȂǼॽ bǣǐ

ΗƷǶȠǐȖ Ȃǜ ȝǣǐ ǜȂȓǻǐȓ ȝǣȓǐǐ ȏƷȓƷǻǐȝǐȓȖ ǆƷǼ ǅǐ ǐȖȝǦǻƷȝǐǌ ǅΞ ǌǦЍǐȓǐǼȝ ƷȏȏǶǦǆƷȝǦȂǼȖॶ ǐॽǝॽॶ ǆǣȂȖǐǼ ƷȖ ࣦॶ

ܼࣤ ƷǼǌ .ࣩ ȓǐȖȏǐǆȝǦΗǐǶΞ ǅƷȖǐǌ ȂǼ ǅƷǆȝǐȓǦƷǶ ǆǐǶǶ ǻȂȓȏǣȂǶȂǝΞॽ

/Ǽ ȝǣǐ ȖǆǐǼƷȓǦȂ Ȃǜ ǅƷǆȝǐȓǦƷǶ ǆǐǶǶȖ ǦǼ ȝǣǦȖ ȏƷȏǐȓॶ ȵȅͩǯ=ȅȚȅȼॶ ǌǐȝǐȓǻǦǼǐǌ ǅΞ Ȳॶ ǦȖ ȖǐǶǐǆȝǐǌ ǅƷȖǐǌ ȂǼ

ǆǐǶǶ ȖǦΣǐ ǦǼǜȂȓǻƷȝǦȂǼॶ Θǣǐȓǐ Ʒ ȝΞȏǦǆƷǶ ǆǐǶǶ ǦǼ ȂȠȓ ǐΝȏǐȓǦǻǐǼȝ ǣƷȖ Ʒ ȓƷǌǦȠȖ ǅǐȝΘǐǐǼ ࣤ − ࣦ ȏǦΝǐǶȖ

ƷǼǌ ǶǐǼǝȝǣ ǅǐȝΘǐǐǼ ࣩ − ࣧ࣡ ȏǦΝǐǶȖॽ bǣǐ ǫȅȵȼ=ȅȚȅȼ ǦȖ ǆǣȂȖǐǼ ǅƷȖǐǌ ȂǼ ǅȂȝǣ ǆǐǶǶ ȖǦΣǐ ƷǼǌ ǻƷȖǴ
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Figure 3.20: Parameter validation via grid search. Counting accuracies (CA) are averaged over 20 randomly selected
data experiments. For both masks, radius Ȳ ∈ [, ࣨ] pixels with a step size of 1 pixel. ǫȅȵȼ=ȅȚȅȼ ∈ [, ࣥ࣡] with a
step size of 1 pixel for under‐segmented mask and ǫȅȵȼ=ȅȚȅȼ ∈ [࣡, ࣨ࣡] with a step size of 5 pixels for the other
mask. Red markers are the positions of selected parameters in our experiment.

ǆȂǼǌǦȝǦȂǼȖॽ /ȝ ȓǐЙǐǆȝȖ ƷǼ ƷǶǶȂΘƷǼǆǐ Ȃǜ ǌǦȖȝƷǼǆǐ ǅǐȝΘǐǐǼ ǼǐǦǝǣǅȂȓǦǼǝ ǼȂǌǐȖ ǦǼ ȝǣǐ ȖƷǻǐ ǝȓȂȠȏॽ

$Ȃȓ ȠǼǌǐȓৄȖǐǝǻǐǼȝǐǌ ǻƷȖǴȖॶ ǼȂǌǐȖ ȝǣƷȝ Ʒȓǐ ΘǦȝǣǦǼ ȝǣǐ ȓƷǌǦȠȖ Ȃǜ Ʒ ǆǐǶǶ ǫȅȵȼ=ȅȚȅȼ = Ȳ Ʒȓǐ

ǻȂȓǐ ǶǦǴǐǶΞ ȝȂ ǅǐ ǦǼ ȝǣǐ ȖƷǻǐ ǝȓȂȠȏঃ ΘǣǦǶǐ ǜȂȓ ȝǣǐ Ȃȝǣǐȓ ǆƷȖǐॶ ǫȅȵȼ=ȅȚȅȼΘƷȖ ȖǐǶǐǆȝǐǌ ǅΞ ǐΗƷǶȠƷȝৄ

ǦǼǝ ȝǣǐ ȖȠȏǐȓǼȂǌǐৄȝȂৄȖȠȏǐȓǼȂǌǐ ǌǦȖȝƷǼǆǐ ǦǼ ȝǣǐ ǌƷȝƷॽ �Ξ ǦǼΗǐȖȝǦǝƷȝǦȂǼॶ ȝǣǐ ǻǐƷǼ ȖȠȏǐȓǼȂǌǐৄȝȂৄ

ȖȠȏǐȓǼȂǌǐ ǌǦȖȝƷǼǆǐ ǶǦǐȖ ǦǼ ȝǣǐ ȓƷǼǝǐ Ȃǜ ँࣿ ȝȂ ःࣿ ȏǦΝǐǶȖ ǜȂȓ ƷǶǶ ȝǣǐ ǌƷȝƷȖǐȝȖॽ [ǻƷǶǶ ΗƷȓǦƷȝǦȂǼȖ Ȃǜ ��

ΘǦȝǣ ȏȓǐΗǦȂȠȖǶΞ ǻǐǼȝǦȂǼǐǌ ȏƷȓƷǻǐȝǐȓ ȓƷǼǝǐȖ Ʒȓǐ ȂǅȖǐȓΗǐǌ ǦǼ $Ǧǝॽ ंॽँࣿ ǜȂȓ ǅȂȝǣ ǻƷȖǴȖॽ

ं৷अ৷ं XԞӹԚӢӸӏ

bǣǐ ȝǦǻǐ ǆȂǻȏǶǐΝǦȝΞ Ȃǜ ȝǣǐ ǆȂȓǐ ȖǐǆȝǦȂǼ ǦǼȚठ=�ȿȼȵ ǆƷǼ ǅǐ ǐȖȝǦǻƷȝǐǌ ƷȖO(țࣥ)ॶ Θǣǐȓǐ ț ǦȖ

ȝǣǐ ǼȠǻǅǐȓ Ȃǜ ǼȂǌǐȖȖȠȏǐȓǼȂǌǐȖॽ ,ǐȓǐॶ ȝǣǐ ΘȂȓȖȝ ǆƷȖǐ Ȃǜ ȓǐǆȠȓȖǦȂǼ ǌǐȏȝǣ ǦȖ ț ǜȂȓ ǅǦৄȏƷȓȝǦȝǦȂǼ

ȏȓȂǅǶǐǻȖॽ ,ȂΘǐΗǐȓॶȚठ=�ȿȼȵΘǦǶǶ ƷǆȝȠƷǶǶΞ ǼǐΗǐȓ ȓǐƷǆǣ ȝǣǦȖ ΘȂȓȖȝ ǆƷȖǐ ǐȖȏǐǆǦƷǶǶΞ ǜȂȓ ȝǣǐ ȠǼǌǐȓৄ

ȖǐǝǻǐǼȝǐǌ ǌƷȝƷȖǐȝॶ ǅǐǆƷȠȖǐ ȝǣǐ ȖȝȂȏȏǦǼǝ ǆȓǦȝǐȓǦȂǼ ȓǐǌȠǆǐȖ ȝǣǐ ȓǐǆȠȓȖǦȂǼ ǌǐȏȝǣ ǅΞ ǆǣǐǆǴǦǼǝ ȝǣǐ

ȖǦΣǐॶ ǆȂǶǶǦǼǐƷȓǦȝΞ ƷǼǌ ǆȂǼǆƷΗǦȝΞ ǆȂǼǌǦȝǦȂǼȖ Ʒȝ ǐƷǆǣ ǅȓƷǼǆǣॽ �ǌǌǦȝǦȂǼƷǶǶΞॶ ȝǣǐ ǦǻȏǶǐǻǐǼȝƷȝǦȂǼ Ȃǜ

ǝȓƷȏǣ ǆȠȝ Ʒȝ ǐƷǆǣ ǶǐΗǐǶ ǦǼΗȂǶΗǐȖ ȖȂǶΗǦǼǝ ȝǣǐ ǐǦǝǐǼΗƷǶȠǐ ȏȓȂǅǶǐǻॶ ΘǣǦǆǣ ǣƷȖ Ʒ ǆȂǻȏǶǐΝǦȝΞ ȂǜO(țࣤ)ॽ

Țठ=�ȿȼȵ ȝƷǴǐȖ ȝǣǐ ƷǌΗƷǼȝƷǝǐ Ȃǜ ǆȂǼȖȝȓȠǆȝǦǼǝ Ʒ ȖȏƷȓȖǐ ǝȓƷȏǣ ΘǦȝǣ ǴǐΞ ȏȂǦǼȝȖॶ ȅࣗǯࣗॶ ǻǐǌǦƷǶ ƷΝǐȖ ǜȂȓ

ȠǼǌǐȓৄȖǐǝǻǐǼȝǐǌ ǻƷȖǴ ƷǼǌ ȖǐǝǻǐǼȝ ǆǐǼȝǐȓȖ ǜȂȓ ȂΗǐȓৄȖǐǝǻǐǼȝǐǌ ǻƷȖǴॽ bǣȠȖॶ Ǧȝ ǆƷǼ ǐЍǐǆȝǦΗǐǶΞ
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ȓǐǌȠǆǐ ȝǣǐ ǆȂǻȏȠȝƷȝǦȂǼƷǶ ǐΝȏǐǼȖǐॽ

bǣǐ ǐΝȏǐȓǦǻǐǼȝȖ Θǐȓǐ ȝǐȖȝǐǌ ȂǼ ȝΘȂ ǶƷȏȝȂȏȖॵ ऀ sǦǼǌȂΘȖ इॽऀ ȏȓȂॶ /ǼȝǐǶX �ȂȓǐbB Ǧआৄ

ःआआࣿ �Ue૪ ंॽःࣿ%,Σॶ X�B ऀअ%�ॶ ƷǼǌ ँ ǻƷǆH[ �Ǧǝ [Ƞȓॶ ंॽऀ %,Σ �ȠƷǶৄ�Ȃȓǐ /ǼȝǐǶ �Ȃȓǐ

Ǧऄॶ X�B ऀअ%�ॽ bǣǐ ȓǐǜǐȓǐǼǆǐ ȓȠǼǼǦǼǝ ȝǦǻǐ ȂǼsǦǼǌȂΘȖ इॽऀ ȏȓȂ ǜȂȓ ǆȂȓȓǐǆȝǦǼǝ ȂΗǐȓৄȖǐǝǻǐǼȝǐǌ

ǻƷȖǴȖ ǦǼ $Ǧǝॽ ंॽऀअ ЖȓȖȝ ƷǼǌ ǶƷȖȝ ȓȂΘ Ʒȓǐ ऀइॽः ȖǐǆȂǼǌȖ ƷǼǌ ईऄॽइ ȖǐǆȂǼǌȖॶ ȓǐȖȏǐǆȝǦΗǐǶΞॽ $Ȃȓ ǜȠȓȝǣǐȓ

ȖȏǶǦȝȝǦǼǝ ȠǼǌǐȓৄȖǐǝǻǐǼȝǐǌ ǻƷȖǴȖॶ ȖȠǆǣ ƷȖ ȝǣǐ ǻƷȖǴ ǦǼ ȝǣǐ ǶƷȖȝ ȓȂΘ Ȃǜ $Ǧǝॽ ंॽऀःॶ ȝǣǐ ȓȠǼȝǦǻǐ ǦȖ

आॽआ ȖǐǆȂǼǌȖॽ bǣǐȓǐ Ʒȓǐ ȖȝǦǶǶ ȖǐΗǐȓƷǶ ΘƷΞȖ ȝȂ ȂȏȝǦǻǦΣǐ ȝǣǐ ȏȓȂȏȂȖǐǌ ȓȠǼȝǦǻǐ ǦǼ ȝǣǐ ǜȠȝȠȓǐॶ ȖȠǆǣ

ƷȖ ǻȂǌǦǜΞǦǼǝ ȝǣǐ ǅǦৄȏƷȓȝǦȝǦȂǼ ΘȂȓǴЙȂΘ ȝȂ Ʒ ǴৄǆǶƷȖȖ ǆǶƷȖȖǦЖǆƷȝǦȂǼ ȏȓȂǅǶǐǻॶ Ȃȓ ǦǼǆȓǐƷȖǦǼǝ ȝǣǐ ǐАৄ

ǆǦǐǼǆΞ Ȃǜ ǝȓƷȏǣ ǆȠȝ ǅΞ ȖȠǅȖȝǦȝȠȝǦǼǝ ȝǣǐ ǆȂǻȏȠȝƷȝǦȂǼ Ȃǜ ǐǦǝǐǼΗƷǶȠǐȖ ǦǼ ȝǣǐ ȖȂǶȠȝǦȂǼ Ȃǜ ȂȏȝǦǻǦΣǐǌ

ǝȓƷȏǣ ǆȠȝॽ /ȝ ǦȖ ΘȂȓȝǣ ǻǐǼȝǦȂǼǦǼǝ ȝǣƷȝ ȝǣǐ ǴৄǆǶƷȖȖ ȖȝȓƷȝǐǝΞ ǻƷΞ Ǽǐǐǌ ƷǼ ǐȖȝǦǻƷȝǐǌ ǼȠǻǅǐȓ Ȃǜ

ǝȓȂȠȏȖॶ ȓॶ ΘǣǦǶǐ ȝǣǐ ȓǐǆȠȓȖǦΗǐ ǅǦৄȏƷȓȝǦȝǦȂǼ ȖȝȓƷȝǐǝΞ ǦǼ ȝǣǐ ǆȠȓȓǐǼȝȚठ=�ȿȼȵ ǌȂǐȖ ǼȂȝ ȓǐȒȠǦȓǐ ȝǣǦȖ

ȏƷȓƷǻǐȝǐȓ ǅǐǜȂȓǐǣƷǼǌॽ
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� ǆȂǻȏǶǐȝǐ ǶǦȖȝ Ȃǜ ȝǣǐ ǜƷǆȝȂȓȖ ȝǣƷȝ Θǐȓǐ ȝǐȖȝǐǌ ǦȖ ȖǣȂΘǼ ǦǼbƷǅǶǐ ंॽःॶ ȝΞȏǦǆƷǶǶΞ ǜȂȓ ȝǣǐ ȂΗǐȓৄ

ȖǐǝǻǐǼȝǐǌ ǻƷȖǴ ǻȂǌǐॽ bǣȓǐǐ ǻƷǱȂȓ ƷȖȏǐǆȝȖ Ʒȓǐ ǆȂǼȖǦǌǐȓǐǌ ǜȂȓ ǜƷǆȝȂȓ ƷǼƷǶΞȖǦȖॵ ȏƷȓƷǻǐȝǐȓȖॶ Ǧǻৄ

Ʒǝǐ ǐǼΗǦȓȂǼǻǐǼȝॶ ƷǼǌ ǆȂǼǼǐǆȝǦΗǦȝΞǶƷΞȂȠȝȖ Ȃǜ ȝǣǐ ȖǐǝǻǐǼȝǐǌ ǆȂǼǼǐǆȝǐǌ ǆȂǻȏȂǼǐǼȝȖॽ /Ǽ ǦǻƷǝǐ

ǐǼΗǦȓȂǼǻǐǼȝॶ [�X ȖȝƷǼǌȖ ǜȂȓ ȖǦǝǼƷǶৄȝȂৄǅƷǆǴǝȓȂȠǼǌ ȓƷȝǦȂॶ ΘǣǦǆǣ ƷǆǆȂȠǼȝȖ ǜȂȓ ȝǣǐ ǆȂǼȝȓƷȖȝ Ȃǜ

ǦǼȝǐǼȖǦȝΞ ǦǼ ȝǣǐ ǦǻƷǝǐॽ [CX ȖȝƷǼǌȖ ǜȂȓ ȖǦǝǼƷǶৄȝȂৄǼȂǦȖǐ ȓƷȝǦȂॶ ΘǣǦǆǣ ǆƷǼ ƷǶȖȂ ǅǐ ƷǶȝǐȓǼƷȝǦΗǐǶΞ ȓǐȏৄ

ȓǐȖǐǼȝǐǌ ǅΞ ȝǣǐ ǆȂǐАǆǦǐǼȝ Ȃǜ ΗƷȓǦƷȝǦȂǼॽ /ǼǦȝǦƷǶ ȖǐǝǻǐǼȝƷȝǦȂǼ ǐȓȓȂȓ ǣƷȖ ǅǐǐǼ ǐΝȏǶƷǦǼǐǌ ƷǅȂΗǐॽ $Ȃȓ

ǆȂǼǼǐǆȝǦΗǦȝΞǶƷΞȂȠȝ Ȃǜ ȖǐǝǻǐǼȝȖॶ ȝǣǐ ǼȠǻǅǐȓ Ȃǜ ǆǐǶǶȖ ǦȖ ǱȠȖȝ ȝǣǐ ǝȓȂȠǼǌ ȝȓȠȝǣ ǆǐǶǶ ǼȠǻǅǐȓ ǦǼ ȝǣǐ

ǻƷȖǴǐǌ ǆǶȠȖȝǐȓॽ �ǐǶǶ ǌǐǼȖǦȝΞ ǦȖ ǆƷǶǆȠǶƷȝǐǌ ǅΞ ǌǦΗǦǌǦǼǝ ȝǣǐ ΗȂǶȠǻǐ Ȃǜ ǆǐǶǶ ȓǐǝǦȂǼȖ ǅΞ ȝǣǐ ΘǣȂǶǐ

ǆǶȠȖȝǐȓǻƷȖǴ ΗȂǶȠǻǐॽ �ΗǐȓƷǝǐ ǼȂǌǐৄȝȂৄǼȂǌǐ ǌǦȖȝƷǼǆǐ ǐΗƷǶȠƷȝǐȖ ȝǣǐ ƷΗǐȓƷǝǐ ǌǦȖȝƷǼǆǐ ǜȓȂǻ ȝǣǐ

ǆǐǼȝȓȂǦǌȖ Ȃǜ ȂΗǐȓৄȖǐǝǻǐǼȝǐǌ ȖȠȏǐȓǼȂǌǐȖ ȝȂ ǐƷǆǣ Ȃȝǣǐȓঃ ΘǣǦǶǐ ȝǣǐ ƷΗǐȓƷǝǐ ǆǐǶǶৄȝȂৄǆǐǶǶ ǌǦȖȝƷǼǆǐ ǦȖ

ȝǣǐ ƷΗǐȓƷǝǐ ǌǦȖȝƷǼǆǐ ǅǐȝΘǐǐǼ ȝǣǐ ǆǐǼȝȓȂǦǌȖ Ȃǜ ǐƷǆǣ ȝΘȂ ǝȓȂȠǼǌ ȝȓȠȝǣ ǆǐǶǶ ȓǐǝǦȂǼȖॽ bǣǐ ǶƷȖȝ ȂǼǐॶ

ǆȂǼȝƷǆȝ ȖȠȓǜƷǆǐ ȓƷȝǦȂॶ ǆȂǼȖǦǌǐȓȖ ǣȂΘǻƷǼΞ ƷȓǐƷ ȂǼ ȝǣǐ ȖȠȓǜƷǆǐ Ȃǜ ǐƷǆǣ ǆǐǶǶ ǦȖ ǆȂǼȝƷǆȝǦǼǝ ΘǦȝǣ Ʒ
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ǼǐǦǝǣǅȂȓǦǼǝ ǆǐǶǶॽ

UƷȓƷǻǐȝǐȓȖ /ǻƷǝǐ ǐǼΗǦȓȂǼǻǐǼȝ �ȂǼǼǐǆȝǦΗǦȝΞǶƷΞȂȠȝ Ȃǜ ȖǐǝǻǐǼȝȖ
�ǶǝȂȓǦȝǣǻ ǦǼȏȠȝ ȏƷȓƷǻǐȝǐȓȖ [�XǆȂǼȝȓƷȖȝ CȠǻǅǐȓ Ȃǜ ǆǐǶǶȖ

[CX ǆȂǐАǆǦǐǼȝ Ȃǜ ΗƷȓǦƷȝǦȂǼ �ǐǶǶ ǌǐǼȖǦȝΞ
/ǼǦȝǦƷǶ ȖǐǝǻǐǼȝƷȝǦȂǼ ǐȓȓȂȓ �ΗǐȓƷǝǐ ǼȂǌǐৄȝȂৄǼȂǌǐ ǌǦȖȝƷǼǆǐ

�ΗǐȓƷǝǐ ǆǐǶǶৄȝȂৄǆǐǶǶ ǌǦȖȝƷǼǆǐ
�ȂǼȝƷǆȝ ȖȠȓǜƷǆǐ ȓƷȝǦȂ

Table 3.4: A complete list of factors that were analyzed to test the performance of m‐LCuts, typically for the mode
with over‐segmented masks. Based on our analyses, the cell counting accuracy is mainly affected by the initial seg‐
mentation error, underlined in the table.

bǣǐȓǐ Θǐȓǐ ǼȂ ȝΞȏǦǆƷǶ ȓǐǶƷȝǦȂǼȖǣǦȏ ǅǐȝΘǐǐǼ ȝǣǐ ȏǐȓǜȂȓǻƷǼǆǐ ȂǜȚठ=�ȿȼȵ ƷǼǌ Ȃȝǣǐȓ ǜƷǆȝȂȓȖ Ʒȝ

ȝǣǐ ǆȠȓȓǐǼȝ ǐΝȏǐȓǦǻǐǼȝƷǶ ȖǐȝৄȠȏ ƷȖ ǌǐȖǆȓǦǅǐǌ ǦǼ ȖǐǆȝǦȂǼ ंॽऄॽऀॶ ǐΝǆǐȏȝ ǜȂȓ ȝǣǐ ȝΘȂ ǌǦȖǆȠȖȖǐǌ ǦǼ ȝǣǐ

ƷǅȂΗǐ ȖǐǆȝǦȂǼॶ ȅࣗǯ࣐ࣗ ǦǼǦȝǦƷǶ ȖǐǝǻǐǼȝƷȝǦȂǼ ǐȓȓȂȓ ƷǼǌ ȏƷȓƷǻǐȝǐȓ ΗƷǶǦǌƷȝǦȂǼॽ bȂ ƷǼƷǶΞΣǐ ȝǣǐȖǐ ǜƷǆȝȂȓȖॶ

Θǐ ȏǶȂȝ ȝǣǐ ȏǐȓǜȂȓǻƷǼǆǐ �� ƷǼǌ [%� ȖǆȂȓǐ ƷȖ ͤ ƷǼǌ ȝǣǐ ǜƷǆȝȂȓȖ ǦǼbƷǅǶǐ ंॽः ƷȖ ͣॽ [Ȃǻǐ ǐΝƷǻৄ

ȏǶǐ ȏǶȂȝȖ Ʒȓǐ ȖǣȂΘǼ ǦǼ $Ǧǝॽ ंॽँऀॽ bǣǐȓǐ ǦȖ Ʒ ǶǦǼǐƷȓ ǌȓȂȏ Ȃǜ ƷǆǆȠȓƷǆΞ ΘǣǐǼ [�X≤ .ࣩࣨॶ ǅȠȝ ȝǣƷȝ ǦȖ

ǅǐΞȂǼǌ ȝǣǐ ǆȠȓȓǐǼȝ ǌƷȝƷȖǐȝ [�Xँॽँ ǦǼ ȝǣǐ ǐΝȏǐȓǦǻǐǼȝ ȖǐǆȝǦȂǼ Ȃǜ ǻৄ=�ȠȝȖॽ

Figure 3.22: Applications of m‐LCuts to find collinearly featured clusters on masked datasets. In this paper, the theory
of m‐LCuts and its application in clustering (a) points and (b) over‐segmented components are presented. It also has
the flexibility to be extended to other scenarios, such as shape classification in an elastic shape space (a preliminary
result is shown in c.)
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Figure 3.21: Example plots for m‐LCuts factor analysis. The x axes for each plot are the factors denoted in the titles,
while the y axes are accuracy in terms of single‐cell segmentation/grouping accuracy and cell counting accuracy. The
data for the scattor plots contain the results with all six image SBR conditions. The accuracy at each SBR level in the
SBR plot is averaged over 125 regions of interest experiments as the ROI also used in the experimental part for the
m‐LCuts.

ं৷आ �ԭԚӏӹԓӢԀӹ Ԁӹ ԓӟҷԌӏ ӅӲҷԓԓӢәӢӅҷԚӢԀӹ

bǣǐ ȏȓȂȏȂȖǐǌ ǻǐȝǣȂǌॶȚठ=�ȿȼȵॶ ǦȖ ǆƷȏƷǅǶǐ Ȃǜ ǌǐȝǐǆȝǦǼǝ ƷǼǌ ȖǐȏƷȓƷȝǦǼǝ ǆȂǶǶǦǼǐƷȓǶΞৄǜǐƷȝȠȓǐǌ

ȂǅǱǐǆȝȖ ǦǼ ं� ȖǐǝǻǐǼȝƷȝǦȂǼ ǻƷȖǴȖॶ ƷȖ ǌǐǻȂǼȖȝȓƷȝǐǌ ǦǼ ȝǣǐ ȏȓǐΗǦȂȠȖ ȖǐǆȝǦȂǼȖॽ �ȂǻȏƷȓǐǌ ȝȂ ȝǣǐ

ȖȝƷȝǐ Ȃǜ ȝǣǐ ƷȓȝॶȚठ=�ȿȼȵ ƷǆǣǦǐΗǐȖ ȝǣǐ ǅǐȖȝ ȏǐȓǜȂȓǻƷǼǆǐ ƷǼǌ ǌȂǐȖ ǼȂȝ ȓǐȒȠǦȓǐ ǻƷǼȠƷǶ ȖȏǐǆǦЖǆƷৄ

ȝǦȂǼ Ȃǜ ȝǣǐ ǼȠǻǅǐȓ Ȃǜ ǌǦЍǐȓǐǼȝ ȂǅǱǐǆȝȖ ǦǼ ȝǣǐ ǌƷȝƷॽ Țठ=�ȿȼȵ ǦȖ ǼȂȝ ȂǼǶΞ Ʒ ȏȂȖȝৄȏȓȂǆǐȖȖǦǼǝ ȖȂǶȠৄ

ȝǦȂǼ ǜȂȓ ǅǦȂЖǶǻ ȖǐǝǻǐǼȝƷȝǦȂǼॶ ǅȠȝ ƷǶȖȂ Ʒ ǝǐǼǐȓƷǶ ǆȂǶǶǦǼǐƷȓ ǌƷȝƷ ǆǶȠȖȝǐȓǦǼǝ ƷȏȏȓȂƷǆǣॽ /ȝ ƷǆǆǐȏȝȖ

ǌǦЍǐȓǐǼȝ ȝΞȏǐȖ Ȃǜ ǦǼȏȠȝॶ ȖȠǆǣ ƷȖ ȏȂǦǼȝȖ ƷǼǌ ȖǐǝǻǐǼȝȖॽ Țठ=�ȿȼȵ ǆƷǼ ƷǶȖȂ ǅǐ ǐΝȝǐǼǌǐǌ ȝȂ Ȃȝǣǐȓ

ƷȏȏǶǦǆƷȝǦȂǼȖ Θǣǐȓǐ ǆȂǶǶǦǼǐƷȓǶΞৄǜǐƷȝȠȓǐǌ ǌƷȝƷ Ʒȓǐ ȏȓǐȖǐǼȝǐǌॽ � ȏȓǐǶǦǻǦǼƷȓΞ ǐΝȏǐȓǦǻǐǼȝ ȂǼ ȖǣƷȏǐ

ǆǶƷȖȖǦЖǆƷȝǦȂǼ ΘƷȖ ȏǐȓǜȂȓǻǐǌ $Ǧǝॽ ंॽँँǆॽ

� ǆȠȓȓǐǼȝ ΘȂȓǴЙȂΘ ȂǜȚठ=�ȿȼȵ ǜȂȓ ȖǣƷȏǐ ǆǶƷȖȖǦЖǆƷȝǦȂǼ ǦȖ ȖǣȂΘǼ ǦǼ $Ǧǝॽ ंॽँंॽ bǣǐ ǻƷȖǴ ǦȖ ȝǣǐ
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Figure 3.23: Preliminary Procedure of applying m‐LCuts for shape classification.

ǆȂǼȝȂȠȓ Ȃǜ ǅǦǼƷȓǦΣǐǌ ȂǅǱǐǆȝȖ ǦǼ ȝǣǐ ǦǻƷǝǐ Θǐ ȠȖǐǌ ȝǣǐ BU�%आ ��ৄ[ǣƷȏǐৄऀ UƷȓȝ � ǌƷȝƷȖǐȝँअॽ

bǣǐǼॶ ǐƷǆǣ ǆȂǼȝȂȠȓ ǦȖ Ʒ ȖȠȏǐȓǼȂǌǐ ǦǼȚठ=�ȿȼȵΘǣǐȓǐ ȝǣǐ ǼȂǌǐ ǆȂǶǶǦǼǐƷȓǦȝΞ ǜǐƷȝȠȓǐ ǦȖ ȝǣǐ Ʒȓǆ

ǶǐǼǝȝǣ ǅǐȝΘǐǐǼ ȝΘȂ ȖǣƷȏǐȖॶ ǌǐЖǼǐǌ ƷȖ ǝǐȂǌǐȖǦǆ ǌǦȖȝƷǼǆǐॶ ǦǼ ȝǣǐ ȖȒȠƷȓǐৄȓȂȂȝ ΗǐǶȂǆǦȝΞ ȝȓƷǼȖǜȂȓǻǐǌ

ǐǶƷȖȝǦǆ ȖǣƷȏǐ ȖȏƷǆǐऀࣿईॽ �ǐȝƷǦǶȖ ƷǅȂȠȝ ǣȂΘ Θǐ ƷȏȏǶΞ ȝǣǐ ȖǣƷȏǐ ȖȏƷǆǐ ǦǼ ȂȠȓ ǅƷǆȝǐȓǦƷǶ ȏȓȂǅǶǐǻ ΘǦǶǶ

ǅǐ ǌǦȖǆȠȖȖǐǌ ǦǼ ǌǐȝƷǦǶ ǦǼ �ǣƷȏȝǐȓ ऄॽ sǐ ƷǶȖȂ ǦǼΗǐȖȝǦǝƷȝǐǌ ǜǐƷȝȠȓǐȖ ȖȠǆǣ ƷȖ ȝǣǐ ȓǐǶƷȝǦΗǐ ƷǼǝǶǐ ǅǐৄ

ȝΘǐǐǼ ȝǣǐ ǝǐȂǌǐȖǦǆ ȖǣȂȂȝǦǼǝ ΗǐǶȂǆǦȝΞ ǜȓȂǻ ȂǼǐ ȖǣƷȏǐ ȝȂ ȝǣǐ Ȃȝǣǐȓ ȖǣƷȏǐॽ bǣǐ ǆǶƷȖȖǦЖǆƷȝǦȂǼ ȓǐৄ

ȖȠǶȝ ΘƷȖ ǼȂȝ ƷЍǐǆȝǐǌ ȖǦǝǼǦЖǆƷǼȝǶΞ ȠǼǌǐȓ ȝǣǐ ǆȠȓȓǐǼȝ ȖǣƷȏǐ ǆǶȠȖȝǐȓǦǼǝ ȓǐȒȠǦȓǐǻǐǼȝॽ �ȠȓȓǐǼȝǶΞॶ

ȝǣǐ ȖȝȂȏȏǦǼǝ ǆȓǦȝǐȓǦȂǼ ǦȖ ȝǣǐ ǼȠǻǅǐȓ Ȃǜ ȖǣƷȏǐȖ ǦǼ ȝǣǐ ǝȓȂȠȏॽ bǣǦȖ ǆȓǦȝǐȓǦȂǼ ǆƷǼ ǅǐ ǜȠȓȝǣǐȓ ǦǼৄ

ΗǐȖȝǦǝƷȝǐǌ ǅΞ ǐΗƷǶȠƷȝǦǼǝ ȝǣǐ ǶǦǼǐƷȓǦȝΞ ΗƷȓǦƷǼǆǐ Ȃǜ ǼȂǌǐȖ ƷȖ ȏȓǐȖǐǼȝǐǌ ǦǼȚठ=�ȿȼȵॶ ǅȠȝ ǦǼ ȝǐȓǻȖ Ȃǜ

ȖǣƷȏǐॽ

ं৷इ [ԞӸӸҷԏԮ

/Ǽ ȝǣǦȖ ǆǣƷȏȝǐȓॶ Θǐ ȏȓǐȖǐǼȝǐǌ ȝǣǐ ǐΝȝǐǼȖǦȂǼ Ȃǜ =�ȿȼȵ ȝȂȚठ=�ȿȼȵॽ /Ǽ ǝǐǼǐȓƷǶॶȚठ=�ȿȼȵ ΞǦǐǶǌȖ Ʒ

ǝǐǼǐȓƷǶǦΣǐǌ ƷǼǌ ȠǼǦЖǐǌ ǌƷȝƷ ǆǶȠȖȝǐȓǦǼǝ ȖȂǶȠȝǦȂǼ ΘǦȝǣ ǦǼȏȠȝ ǌƷȝƷ ǐǦȝǣǐȓ ǅǐǦǼǝ ȏȂǦǼȝȖ Ȃȓ ȖǐǝǻǐǼȝȖ

ȝȂ ƷǌǌȓǐȖȖ ǌǦЍǐȓǐǼȝ ȏȂȖȝৄȏȓȂǆǐȖȖǦǼǝ ǆȂǼǆǐȓǼȖॽ ǻৄ=�ȠȝȖ ȓǐΗǐƷǶȖ ȖȝȓǐǼǝȝǣȖ ǦǼ ȏȂȖȝৄȏȓȂǆǐȖȖǦǼǝ ȠǼৄ

ȖȂǶΗǐǌ ǆƷȖǐȖ ǦǼ ǅǦȂЖǶǻ ȖǐǝǻǐǼȝƷȝǦȂǼॶ ƷȖ ǐΗǦǌǐǼǆǐǌ ǅΞ ǅȂȝǣ ǣǦǝǣǐȓ ǆǐǶǶ ǆȂȠǼȝǦǼǝ ƷǼǌ ǣǦǝǣǐȓ ȖǦǼǝǶǐৄ

ǆǐǶǶ ȖǐǝǻǐǼȝƷȝǦȂǼ ƷǆǆȠȓƷǆǦǐȖ ǆȂǻȏƷȓǐǌ ȝȂ ȝǣǐ ǆȠȓȓǐǼȝ ȖȝƷȝǐ Ȃǜ ȝǣǐ Ʒȓȝ ƷǼǌ ȝǣǐ ȏȓǐΗǦȂȠȖ ΗǐȓȖǦȂǼȖ Ȃǜ

=�ȠȝȖॽ bǣǐ ƷǌΗƷǼǆǐȖ Ȃǜ ǻৄ=�ȠȝȖ ǦǼǆǶȠǌǐ ȝǣǐ ǜȂǶǶȂΘǦǼǝ ƷȖȏǐǆȝȖॵ
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ॴ %ǐǼǐȓƷǶǦΣƷȝǦȂǼॵ bǣǐ ΘǣȂǶǐ ƷǶǝȂȓǦȝǣǻ ǦȖ ƷǌƷȏȝƷǅǶǐ ȝȂ ǌǦЍǐȓǐǼȝ ǴǦǼǌȖ Ȃǜ ǦǼȏȠȝ ǌƷȝƷॶ ȖȠǆǣ ƷȖ

ȏȂǦǼȝȖॶ ȖǐǝǻǐǼȝȖॶ Ȃȓ ǐΗǐǼ ȖǣƷȏǐȖঃ

ॴ �ǶǐƷǼ ǴǐΞ ȏȂǦǼȝ ǐΝȝȓƷǆȝǦȂǼॵ ǻৄ=�ȠȝȖ ǆȂǼȖȝȓȠǆȝȖ ȝǣǐ ǝȓƷȏǣ ȠȖǦǼǝ ȓƷǌǦȠȖৄǆȂǼȖȝȓƷǦǼǐǌ

ǻǐǌǦƷǶ ƷΝǦȖ ǐΝȝȓƷǆȝǦȂǼ Ȃȓ ȖȠȏǐȓ ǼȂǌǐ ǝǐǼǐȓƷȝǦȂǼ ǜȓȂǻǻƷȖǴȖॶ ΘǣǦǆǣ ȏȓȂΗǦǌǐȖ ǆǶǐƷǼǐȓ ǴǐΞ

ȏȂǦǼȝȖ ȝǣƷȝ ǆƷǼ ȏȓǐȖǐȓΗǐ ȝǣǐ ǆȂǶǶǦǼǐƷȓǦȝΞ Ȃǜ ǌƷȝƷ ǦǼ ं�ॽ ,ǐȓǐॶ Ʒ ǥȕǯǖțǯȲ ȓǯͤ Ȯȡȅțȼ ǻǐƷǼȖ ȝǣƷȝ

ȝǣǐ ǆȂǶǶǦǼǐƷȓǦȝΞ ǜǐƷȝȠȓǐȖ Ʒȓǐ ǶǐȖȖ ƷЍǐǆȝǐǌ ǅΞ ȝǣǐ ǼȂǦȖΞ ǌƷȝƷ ȏȂǦǼȝȖ ȂȠȝȖǦǌǐ ȝǣǐ ǆǐǼȝȓƷǶ ƷΝǐȖ Ȃǜ

ǆǐǶǶȖঃ

ॴ [ȝƷǅǶǐ ǆȂǶǶǦǼǐƷȓǦȝΞ ǐΝȝȓƷǆȝǦȂǼ ǦǼ ं�ॵHȠȝǶǦǐȓৄȓǐǻȂΗǐǌ ǝȓƷȏǣȖ Ʒȓǐ ǆȂǼȖȝȓȠǆȝǐǌ ȝǣƷȝ ȓǐৄ

ȏǶƷǆǐǌ ȝǣǐ ȂȓǦǝǦǼƷǶ ǻƷǱȂȓǦȝΞ ΗȂȝǦǼǝ ȏȓȂǆǐȖȖ ȝȂ ǅǐȝȝǐȓ ǌǐȖǆȓǦǅǐ ǆȂǶǶǦǼǐƷȓǦȝΞ ǜǐƷȝȠȓǐȖ ǦǼ ं�ॶ

ΘǣǦǆǣ ǦȖ ȂǅȖǐȓΗǐǌ ǦǼ ǅȂȝǣ ΗǦȖȠƷǶ ƷǼǌ ȒȠƷǼȝǦȝƷȝǦΗǐ ǐΝȏǐȓǦǻǐǼȝȖঃ

ॴ eǼǦЖǐǌ ȓǐǆȠȓȖǦΗǐ ǆǶȠȖȝǐȓǦǼǝॵ bǣǐ ǼǐΘ ȖǦǻǦǶƷȓǦȝΞ ǻǐƷȖȠȓǐ ǦȖ ǌǐЖǼǐǌ ΘǦȝǣ ƷǌǌǦȝǦȂǼƷǶ ǶǦǼৄ

ǐƷȓǦȝΞ ȏǐǼƷǶȝΞ ƷǼǌ ǼǐΘ ȖȝȂȏȏǦǼǝ ǆȓǦȝǐȓǦȂǼ ΘǦȝǣ ǝƷȏ ǌǐȝǐǆȝǦȂǼ ȝȂ ȖǐȏƷȓƷȝǐ ǌǦЍǐȓǐǼȝ ǆǐǶǶȖ ǦǼ Ʒ

ǶǦǼǐॶ ΘǣǦǆǣ ǆƷǼ ǜȠǶЖǶǶ ȝǣǐ ǼǐǐǌȖ ǜȂȓ ƷǶǶ ȝǣǐ ǦǼȏȠȝȖ ȏȂǦǼȝȖ Ȃȓ ȖǐǝǻǐǼȝȖ ƷȖ Ʒ ȠǼǦЖǐǌ ȖȂǶȠȝǦȂǼॽ

ॴ /ǻȏȓȂΗǐǌ ȖǐǝǻǐǼȝƷȝǦȂǼ ȏǐȓǜȂȓǻƷǼǆǐ Ʒǜȝǐȓ ȏȂȖȝৄȏȓȂǆǐȖȖǦǼǝॵ /Ǽ ǅȂȝǣ ǐΝȏǐȓǦǻǐǼȝȖ ΘǦȝǣ

ǦǼǦȝǦƷǶ ȖǐǝǻǐǼȝƷȝǦȂǼ ǻǐȝǣȂǌȖ ȝǣƷȝ ǦǼǆȂȓȏȂȓƷȝǦǼǝ ǆȂǼΗȂǶȠȝǦȂǼƷǶ ǼǐȠȓƷǶ ǼǐȝΘȂȓǴȖ ƷǼǌ Ʒȏৄ

ȏǶΞǦǼǝ ǝǐǼǐȓƷǶ ΘƷȝǐȓȖǣǐǌৄǅƷȖǐǌ ȖǐǝǻǐǼȝƷȝǦȂǼ ǻǐȝǣȂǌȖॶ ǻৄ=�ȠȝȖ ǦȖ ȂǅȖǐȓΗǐǌ ȝȂ ǐЍǐǆȝǦΗǐǶΞ

ǦǻȏȓȂΗǐ ȝǣǐ ȏǐȓǜȂȓǻƷǼǆǐ ǅΞ Ʒȝ ǶǐƷȖȝ ࣧ% ǦǼ ǆǐǶǶ ǆȂȠǼȝǦǼǝ ƷǆǆȠȓƷǆΞ Ʒǜȝǐȓ ȏȂȖȝৄȏȓȂǆǐȖȖǦǼǝ ǦǼ

ȝǣǐ ȓǐƷǶ ǦǻƷǝǐ ǐΝȏǐȓǦǻǐǼȝȖॽ

आइ



Cǯ͝ǯȲ ȵȼȡȮ ǫȲǯǖȚȅțǼ࣐ țǯ͝ǯȲ ȵȼȡȮ Ǥǯȕȅǯ͝ȅțǼ࣐ țǯ͝ǯȲ Ǽȅ͝ǯ ȿȮ࣐

țǯ͝ǯȲ ȵȼȡȮ ȼȲͤȅțǼ࣐ ǖțǫ țǯ͝ǯȲ ȵȼȡȮ ȕǯǖȲțȅțǼࣗ

XȂΞ bॽ �ǐǼǼǐȝȝॶ bǣǐ =Ǧǝǣȝ ǦǼ ȝǣǐ ,ǐƷȓȝ

4
=ǐƷȓǼǦǼǝ ƷǼǌ ǐΗƷǶȠƷȝǦǼǝ ǅǦȂЖǶǻ ǦǻƷǝǐȖ

sǣǐǼ ǦǼǆȂȓȏȂȓƷȝǦǼǝ ȂȠȓ ȏȓȂȏȂȖǐǌ ȏȂȖȝৄȏȓȂǆǐȖȖǦǼǝ ǻǐȝǣȂǌȖ ΘǦȝǣ ǌƷȝƷৄǌȓǦΗǐǼ ǆǐǶǶ ȖǐǝǻǐǼৄ

ȝƷȝǦȂǼ ȖȝȓƷȝǐǝǦǐȖ ǯࣗǼ࣐ࣗǻƷǆǣǦǼǐ ǶǐƷȓǼǦǼǝৄǅƷȖǐǌ ƷȏȏȓȂƷǆǣǐȖॶ ȝǣǐ ȏǐȓǜȂȓǻƷǼǆǐ Ȃǜ ǐΝȏǐȓǦǻǐǼȝȖ ȂǼ

ȓǐƷǶ ==[B ǌƷȝƷȖǐȝȖ ǦȖ ȝΞȏǦǆƷǶǶΞ ǦǼǜǐȓǦȂȓ ȝȂ ȝǣǐ ȏǐȓǜȂȓǻƷǼǆǐ ȂǼ ȖǦǻȠǶƷȝǐǌ ǌƷȝƷȖǐȝȖॽ $ȠȓȝǣǐȓǻȂȓǐॶ

ȝǣǐ ȓǐƷǶ ǌƷȝƷ ǐΝȏǐȓǦǻǐǼȝȖ Ʒȓǐ ȂǜȝǐǼ ǌǦАǆȠǶȝ ȝȂ ǐΗƷǶȠƷȝǐॽ HǼǐ ȏȂȖȖǦǅǶǐ ȓǐƷȖȂǼ ǆȂǻǐȖ ǜȓȂǻ ȝǣǐ

ǶƷǆǴ Ȃǜ ǝȓȂȠǼǌ ȝȓȠȝǣ ƷǼǼȂȝƷȝǦȂǼȖ Ȃǜ ȝǣǐ ं� ǦǻƷǝǐȖ ƷȖ ǆǐǶǶȖ Ʒȓǐ ǌǐǼȖǐǶΞৄȏƷǆǴǐǌ ƷǼǌ ȓƷǼǌȂǻǶΞৄ

ȂȓǦǐǼȝǐǌ ǦǼ ȝǣǐ ं� ȖȏƷǆǐॽ BȂȓǐ ǆǣƷǶǶǐǼǝǐȖ ƷȓǦȖǐ ǅǐǆƷȠȖǐ Ȃǜ ȝǣǐ ǌǦАǆȠǶȝΞ ǦǼ ȓǐȏȓȂǌȠǆǦǼǝ ȝǣǐ ȓǐৄ

ƷǶǦȖȝǦǆ ǐΝȏǐȓǦǻǐǼȝƷǶ ǦǻƷǝǐ ǆȂǼǌǦȝǦȂǼȖ ǦǼ ȝǣǐ ȖǦǻȠǶƷȝǐǌ ǌƷȝƷȖǐȝ ǜȂȓ ȝȓƷǦǼǦǼǝ ȝǣȂȖǐ ǌǐǐȏ ǶǐƷȓǼǦǼǝৄ

ǌǐȓǦΗǐǌ ǻȂǌǐǶȖॽ �Ȗ Ʒ ǆȂǼȖǐȒȠǐǼǆǐॶ ǜȠȓȝǣǐȓ ǅǦȂǦǻǜȂȓǻƷȝǦǆ ƷǼƷǶΞȖǦȖ Ȃǜ ȝǣǐ ȓǐƷǶǦȖȝǦǆ ǅǦȂЖǶǻȖ ǆƷǼ

आई



ǅǐ ƷЍǐǆȝǐǌॽ bǣǐȓǐǜȂȓǐॶ Θǐ ǦǼΗǐȖȝǦǝƷȝǐ ǝǐǼǐȓƷȝǦΗǐ ƷǌΗǐȓȖƷȓǦƷǶ ǼǐȝΘȂȓǴȖ %�CȖ ȝȂ ȖΞǼȝǣǐȝǦǆƷǶǶΞ

ǝǐǼǐȓƷȝǐ ǌƷȝƷȖǐȝ ȝǣƷȝ ǆƷǼ ǻǦǻǦǆ ȝǣǐ ȓǐƷǶǦȖȝǦǆ ǆȂǼǌǦȝǦȂǼȖ ǦǼ ȝǣǐ ==[B ं� ǅǦȂЖǶǻ ǦǻƷǝǐȖऀँंॽ �Ξ

ȏȓȂȏȂȖǦǼǝ Ʒ ȖȝȂǆǣƷȖȝǦǆ ȖΞǼȝǣǐȝǦǆ ǌƷȝƷȖǐȝ ȒȠƷǶǦȝΞ ƷȖȖǐȖȖǻǐǼȝ [[W�ऀँंॶ Θǐ ΘǦǶǶ ǅǐ ƷǅǶǐ ȝȂ ǐΝȏƷǼǌ

ȝǣǐ ȝȓƷǦǼǦǼǝ ǌƷȝƷȖǐȝ ǜȂȓ ǅǦȂЖǶǻ ǦǻƷǝǐ ȖǐǝǻǐǼȝƷȝǦȂǼ ΘǦȝǣ ȓǐǶǦƷǅǶǐ ǦǻƷǝǐȖ ƷǼǌ ƷǼǼȂȝƷȝǦȂǼȖॽ

ः৷ऀ �ҷӅӯӚԏԀԞӹӋ Ԁӹ ӢӸҷӚӏ ԓԮӹԚӟӏԓӢԓ

bǣǐ ƷǌΗǐǼȝ Ȃǜ ǌǐǐȏ ǶǐƷȓǼǦǼǝ ǅȓǦǼǝȖ ȂȏȏȂȓȝȠǼǦȝǦǐȖ ȝȂ ȖȂǶΗǐ ǆǣƷǶǶǐǼǝǦǼǝ ȏȓȂǅǶǐǻȖ ǦǼ Ʒ ΗƷȓǦǐȝΞ

Ȃǜ ЖǐǶǌȖॶ ǦǼǆǶȠǌǦǼǝ ȖǦǼǝǶǐৄǆǐǶǶ ƷǼƷǶΞȖǦȖॽ ,ȂΘǐΗǐȓॶ ȖȠǆǣ ǌƷȝƷৄǌȓǦΗǐǼ ƷȏȏȓȂƷǆǣ ȓǐȒȠǦȓǐȖ Ʒ ǶƷȓǝǐ

ȒȠƷǼȝǦȝΞ Ȃǜ ǶƷǅǐǶǐǌ ȝȓƷǦǼǦǼǝ ǌƷȝƷ ȝȂ ƷǆǣǦǐΗǐ ȖȂǶǦǌ ȖȂǶȠȝǦȂǼȖऀࣿऀॽ bǣǐ ǆȠȓȓǐǼȝ ǝȂǶǌ ȖȝƷǼǌƷȓǌ ǜȂȓ

ǶƷǅǐǶǦǼǝ ǅǦȂǶȂǝǦǆƷǶ ǦǻƷǝǐȖ ȖȠǆǣ ƷȖ ȝǣȂȖǐ Ȃǜ ǅƷǆȝǐȓǦƷǶ ǅǦȂЖǶǻȖ ǦȖ ǻƷǼȠƷǶ ƷǼǼȂȝƷȝǦȂǼॶ ΘǣǦǆǣ ǆƷǼ

ǅǐ ǐΝȝȓǐǻǐǶΞ ȝǦǻǐৄǆȂǼȖȠǻǦǼǝॶ ǐȖȏǐǆǦƷǶǶΞ ǜȂȓ ं� ǌƷȝƷॶ ƷǼǌ ƷǶȖȂ ǦǼǆȂǼȖǦȖȝǐǼȝ ƷǻȂǼǝ ǌǦЍǐȓǐǼȝ ƷǼৄ

ǼȂȝƷȝȂȓȖॽ bǣǐ ȏȓȂǆǐȖȖ Ȃǜ ǻƷǼȠƷǶ ƷǼǼȂȝƷȝǦȂǼ ǦǼ ǻǦǆȓȂȖǆȂȏǦǆ ЙȠȂȓǐȖǆǐǼȝ ǦǻƷǝǐȖ ǦȖ ǣƷȓǌॶ ǅǐǆƷȠȖǐ

ЙȠȂȓǐȖǆǐǼǆǐ ǦǼȝǐǼȖǦȝΞ ǦȖ ȂǜȝǐǼ ǼȂȝ ȠǼǦǜȂȓǻ ǦǼ ǆǐǶǶȖॽ sǣǐǼ ǆǐǶǶȖ Ʒȓǐ ǆǶȂȖǐǶΞ ȝȂȠǆǣǦǼǝ ǐƷǆǣ Ȃȝǣǐȓॶ

ȝǣǐ ǝƷȏȖ ǅǐȝΘǐǐǼ ǼǐǦǝǣǅȂȓǦǼǝ ǆǐǶǶȖ Ʒȓǐ ȂǜȝǐǼ ȖǻƷǶǶǐȓ ȝǣƷǼ ȝǣǐ ǌǦЍȓƷǆȝǦȂǼৄǶǦǻǦȝǐǌ ȓǐȖȂǶȠȝǦȂǼ ँࣿࣿৄ

ंࣿࣿ Ǽǻ ƷǼǌ ȝǣǐȓǐǜȂȓǐ ǣƷȓǌ ȝȂ ǦǌǐǼȝǦǜΞॽ /ȝ ǦȖ ǐΗǐǼ ǻȂȓǐ ǌǦАǆȠǶȝॶ Ȃȓ ȖȂǻǐȝǦǻǐȖ ǼǐƷȓǶΞ ǦǻȏȂȖȖǦǅǶǐॶ

ȝȂ ƷǼǼȂȝƷȝǐ ǼȂǼৄȖȏǣǐȓǦǆƷǶ ǆǐǶǶȖ ǌǐǼȖǐǶΞ ȏƷǆǴǐǌ ǦǼ ं� $Ǧǝॽ ःॽं ЖȓȖȝ ǆȂǶȠǻǼॶ ǶǦǴǐ ǅƷǆȝǐȓǦƷǶ ǆǐǶǶȖॽ

�ΗǐǼ ΘǦȝǣ ǻƷǼȠƷǶ ƷǼǼȂȝƷȝǦȂǼॶ Ǧȝ ǦȖ ǌǦАǆȠǶȝ ȝȂ ǌǐǶǦǼǐƷȝǐ ȝȂȠǆǣǦǼǝ ǆǐǶǶȖ ƷǼǌ ȝȂ ȏȓȂΗǦǌǐ ǆȂȓȓǐȖȏȂǼৄ

ǌǐǼǆǐ ǅǐȝΘǐǐǼ ǌǦЍǐȓǐǼȝ ΣৄȖǶǦǆǐȖ Ȃǜ ȝǣǐ ȖƷǻǐ ǆǐǶǶॽ bǣǐȓǐǜȂȓǐॶ ƷǼ ƷȠȝȂǻƷȝǦǆ ǌƷȝƷ ƷȠǝǻǐǼȝƷȝǦȂǼ

ǻǐȝǣȂǌ ǦȖ ǦǻȏȂȓȝƷǼȝ ǜȂȓ ǌǐǐȏ ǶǐƷȓǼǦǼǝ ȝƷȖǴȖ ȝȂ ȂǅȝƷǦǼ ȖȠАǆǦǐǼȝ ȝȓƷǦǼǦǼǝ ǌƷȝƷȖǐȝ ΘǦȝǣ ȂǅǱǐǆȝǦΗǐ

ǝȓȂȠǼǌ ȝȓȠȝǣ ƷǼǼȂȝƷȝǦȂǼȖॽ

bǣǐȓǐ Ʒȓǐ ȝǣȓǐǐ ǻƷǱȂȓ ȖȝȓƷȝǐǝǦǐȖ ȝȂ ǐΝȏƷǼǌ ȝǣǐ ȖǦΣǐ Ȃǜ ȝǣǐ ȝȓƷǦǼǦǼǝ ǌƷȝƷȖǐȝ ǜȂȓ ƷȏȏǶΞǦǼǝ ǌǐǐȏ

ǶǐƷȓǼǦǼǝ ȂǼ ȝǣǐ ȖǦǼǝǶǐৄǆǐǶǶ ƷǼƷǶΞȖǦȖ ȝƷȖǴॵ ȏǐȓǜȂȓǻǦǼǝ ǆǶƷȖȖǦǆ ȝȓƷǼȖǜȂȓǻƷȝǦȂǼ ǐॽǝॽॶ ȖǆƷǶǦǼǝॶ ȝȓƷǼȖৄ

ǶƷȝǦȂǼॶ ȓȂȝƷȝǦȂǼॶ ǦǼȝǐȓȏȂǶƷȝǦȂǼऀॶईऀ ȂǼ ǶǦǻǦȝǐǌ ǻƷǼȠƷǶǶΞ ƷǼǼȂȝƷȝǐǌ ǌƷȝƷॶ ȖǦǻȠǶƷȝǦǼǝ ȝǣǐ ΗȂǶȠǻǐȖ

ȠȖǦǼǝ ȂȏȝǦǆƷǶ ƷǼǌ ǅǦȂǶȂǝǦǆƷǶ ǴǼȂΘǶǐǌǝǐऀंआॶअइॶऀऀँॶ ƷǼǌ ǝǐǼǐȓƷȝǦǼǝ ȖΞǼȝǣǐȝǦǆ ǌƷȝƷȖǐȝȖ ȠȖǦǼǝ ǝǐǼǐȓƷৄ

ȝǦΗǐ ƷǌΗǐȓȖƷȓǦƷǶ ǼǐȝΘȂȓǴȖ %�CȖंंॶंऄॽ bǣǐ ЖȓȖȝ ȖȝȓƷȝǐǝΞॶ ȠȖǦǼǝ ȝǣǐ ǶǦǻǦȝǐǌ ǻƷǼȠƷǶǶΞ ǶƷǅǐǶǐǌ ǌƷȝƷॶ

इࣿ



ǦȖ ΗǐȓΞ ǐȓȓȂȓৄȏȓȂǼǐ ƷǼǌ ȝǦǻǐৄǆȂǼȖȠǻǦǼǝॶ ǐȖȏǐǆǦƷǶǶΞ ǦǼ ȝǣǐ ȖǐȝȝǦǼǝ Ȃǜ ं� ǅǦȂЖǶǻȖ ƷȖ ǻǐǼȝǦȂǼǐǌ

ƷǅȂΗǐॽ bǣǐȓǐǜȂȓǐॶ ȝǣǐ ǦǌǐƷǶ ǝȂƷǶ ǦȖ ȝȂ ƷȠȝȂǻƷȝǦǆƷǶǶΞ ǐΝȏƷǼǌ ȝǣǐ ǌƷȝƷȖǐȝȖ ΘǦȝǣ ƷǆǆǐȖȖǦǅǶǐ ǝȓȂȠǼǌ

ȝȓȠȝǣ ǶƷǅǐǶȖ ȝǣƷȝ ǌȂ ǼȂȝ ǦǼǆȂȓȏȂȓƷȝǐ ǣȠǻƷǼ ȖȠǅǱǐǆȝǦΗǐ ȂȏǦǼǦȂǼȖॽ

bǣǐ ȖǐǆȂǼǌ ƷȏȏȓȂƷǆǣॶ ǌƷȝƷ ȖǦǻȠǶƷȝǦȂǼ ǅƷȖǐǌ ȂǼ ȂȏȝǦǆƷǶ ƷǼǌ ǅǦȂǶȂǝǦǆƷǶ ǴǼȂΘǶǐǌǝǐॶ ǦȖ Ʒ ǻȂǌǐǶৄ

ǅƷȖǐǌ ǌƷȝƷ ƷȠǝǻǐǼȝƷȝǦȂǼ ȖȝȓƷȝǐǝΞॽ bǣǐȓǐ Ʒȓǐ ȝǣȓǐǐ ǝǐǼǐȓƷǶ ȖȝǐȏȖ ǦǼ ȏȓȂȝȂȝΞȏǦǼǝ ǻǦǆȓȂȖǆȂȏǦǆ Ǧǻৄ

ƷǝǐȖऀंआॽ $ǦȓȖȝॶ ǻȂǌǐǶǦǼǝ ȝǣǐ ȖȏƷȝǦƷǶ ȖȝȓȠǆȝȠȓǐ Ȃǜ ȝǣǐ ȂǅǱǐǆȝȖ ǦǼ ȝǣǐ ǦǻƷǝǐॶ ǐॽǝॽ ȖȏǣǐȓȂǆΞǶǦǼǌȓǦǆƷǶ

ȓȂǌȖ ǜȂȓ ǅƷǆȝǐȓǦƷǶ ǆǐǶǶȖॽ /Ǽऀंआॶ Ʒ ǆȂǻȏȠȝƷȝǦȂǼƷǶ ǻȂǌǐǶǦǼǝ ȖȂǜȝΘƷȓǐॶ �ǐǶǶBȂǌǐǶǶǐȓईंॶ ǦȖ ȠȖǐǌ ȝȂ

ȖΞǼȝǣǐȖǦΣǐ ȝǣǐ ȏǣΞȖǦǆƷǶ ȖȏǶǦȝȝǦǼǝ ƷǼǌ ǝȓȂΘǦǼǝ ǼƷȝȠȓǐ Ȃǜ ǅǦȂЖǶǻȖ ǦǼ ं�ॶ ΘǣǦǆǣ ǝǐǼǐȓƷȝǐȖ ǅǦǼƷȓΞ

ǦǻƷǝǐȖ Θǣǐȓǐ ǅƷǆȝǐȓǦƷǶ ǆǐǶǶ ΗȂǶȠǻǐȖ Ʒȓǐ ǜȂȓǐǝȓȂȠǼǌ ȂǼ ƷǼ ȂȝǣǐȓΘǦȖǐ ǌƷȓǴ ǅƷǆǴǝȓȂȠǼǌॽ bǣǐǼॶ ΗǦȓৄ

ȝȠƷǶ ЙȠȂȓȂȏǣȂȓǐȖ Ʒȓǐ ȏǶƷǆǐǌ ǦǼ ȝǣǐ ǆǐǶǶ ΗȂǶȠǻǐȖ ȝȂ ȖǦǻȠǶƷȝǐ ȝǣǐ ЙȠȂȓǐȖǆǐǼǆǐ ǐǻǦȖȖǦȂǼअइॶ ȅࣗǯࣗॶ ȝǣǐ

ЙȠȂȓȂȏǣȂȓǐȖ ǝǦΗǐ ȓǦȖǐ ȝȂ ȂΗǐȓǶƷȏȏǦǼǝ ǜȂǆȠȖǐǌ ƷǼǌ ǌǐǜȂǆȠȖǐǌ ȏȂǦǼȝ ȖȏȓǐƷǌ ǜȠǼǆȝǦȂǼȖ ȂǼ ȝǣǐ ǌǐৄ

ȝǐǆȝȂȓॽ $ǦǼƷǶǶΞॶ ȓǐƷǌ ǼȂǦȖǐ ƷǼǌ ȏǣȂȝȂǼ ȖǣȂȝ ǼȂǦȖǐ Ȃǜ ȝǣǐ ȖȏǐǆǦЖǆ ǻǦǆȓȂȖǆȂȏǐ Ʒȓǐ ǆȂǼΗȂǶΗǐǌƷǌǌǐǌ

ȝȂ ǻǦǻǦǆ ȝǣǐ ȓǐƷǶ ǆȂǼǌǦȝǦȂǼȖ ǦǼ ȝǣǐ ǦǻƷǝǐȖॽ UȓȂǻǦȖǦǼǝ ǦǼȖȝƷǼǆǐ ȖǐǝǻǐǼȝƷȝǦȂǼ ȓǐȖȠǶȝȖ ǆƷȝǐǝȂȓǦΣৄ

ǦǼǝ ǐƷǆǣ ǆǐǶǶ ȓǐǝǦȂǼ ƷȖ ƷǼ ǦǼǌǦΗǦǌȠƷǶ ȖǐǝǻǐǼȝ Θǐȓǐ ƷǆǣǦǐΗǐǌ ΘǦȝǣ ȖǦǻȠǶƷȝǐǌ ǅƷǆȝǐȓǦƷǶ ǅǦȂЖǶǻ ǌƷȝƷ

ǦǼऀंआॶ ǅȠȝ ȂǅȖǐȓΗƷǅǶǐ ǌǦЍǐȓǐǼǆǐȖ ǅǐȝΘǐǐǼ ȖǦǻȠǶƷȝǐǌ ƷǼǌ ȓǐƷǶ ǌƷȝƷ ȖȝǦǶǶ ǐΝǦȖȝॶ ǅǐǆƷȠȖǐ ȝǣǐ ȖǦǻȠǶƷȝǐǌ

ǦǻƷǝǐȖ ǆƷǼǼȂȝ ȝƷǴǐ ǦǼȝȂ ƷǆǆȂȠǼȝ ȠǼǆƷǶǦǅȓƷȝǐǌ ǦǻƷǝǐ ƷǅǐȓȓƷȝǦȂǼȖ ƷǼǌ ǦǶǶȠǻǦǼƷȝǦȂǼǐǻǦȖȖǦȂǼ ǣǐȝৄ

ǐȓȂǝǐǼǐǦȝΞॽ UǐȓǣƷȏȖ ǻȂȓǐ ǦǻȏȂȓȝƷǼȝǶΞॶ �ǐǶǶBȂǌǐǶǶǐȓ ȂǼǶΞ ȖǦǻȠǶƷȝǐȖ ȖȏǣǐȓȂǆΞǶǦǼǌȓǦǆƷǶ ǆǐǶǶȖॶ ȖȠǆǣ

ȝǣƷȝ ǆȠȓΗǐǌ Ȃȓ ǅǐǼȝ ǅƷǆȝǐȓǦƷǶ ǆǐǶǶȖ Ʒȓǐ ǼǐΗǐȓ ǐǼǆȂȠǼȝǐȓǐǌ ǦǼ ȝǣǐ ȝȓƷǦǼǦǼǝ Ȗȝǐȏॽ bǣȠȖॶ ǌƷȝƷ ƷȠǝǻǐǼৄ

ȝƷȝǦȂǼ ǻǐȝǣȂǌ ȝǣƷȝ ǆƷǼ ǶǐƷȓǼ ȝǣǐ ȓǐƷǶǦȖȝǦǆ ǐΝȏǐȓǦǻǐǼȝƷǶ ǻǦǆȓȂȖǆȂȏǦǆ ǦǻƷǝǐ ǆȂǼǌǦȝǦȂǼȖ ǦȖ Ǽǐǐǌǐǌ

ǜȂȓ ǦǼৄǌǐȏȝǣ ƷǼƷǶΞȖǦȖ Ȃǜ ǅǦȂǶȂǝǦǆƷǶǻǐǌǦǆƷǶ ǦǻƷǝǐȖऀࣿऀॽ

bǣǐ ȝǣǦȓǌ ȖȝȓƷȝǐǝΞॶ ȠȖǦǼǝ ǝǐǼǐȓƷȝǦΗǐ ƷǌΗǐȓȖƷȓǦƷǶ ǼǐȝΘȂȓǴȖ %�CȖॶ ǦȖ Ʒ ȓǐǆǐǼȝ ǻȂȓǐ ȏȂȏȠǶƷȓ ȖȂৄ

ǶȠȝǦȂǼ ǅǐǆƷȠȖǐ Ǧȝ ǆƷǼ ǝǐǼǐȓƷȝǐ ǦǻƷǝǐȖ ȝǣƷȝ ȓǐȏȓȂǌȠǆǐ ȓǐƷǶǦȖȝǦǆ ȖǆǐǼƷȓǦȂȖ ǦǼ ǐΝȏǐȓǦǻǐǼȝƷǶ ǌƷȝƷȖǐȝȖॽ

%�CȖ Ʒȝȝǐǻȏȝ ȝȂ ǻƷΝǦǻǦΣǐ ȝǣǐ ȏȓȂǅƷǅǦǶǦȝΞ ǦǼ ǌǦȖǆȓǦǻǦǼƷȝǦǼǝ ǅǐȝΘǐǐǼ ȓǐƷǶ ƷǼǌ ǜƷǴǐ ǦǻƷǝǐȖॶ ƷȖ

ΘǐǶǶ ƷȖ ǻǦǼǦǻǦΣǐ ȝǣǐ ǌǦЍǐȓǐǼǆǐ ǅǐȝΘǐǐǼ ȓǐƷǶ ƷǼǌ ǝǐǼǐȓƷȝǐǌ ǦǻƷǝǐȖःःॽ bǣǐȓǐ Ʒȓǐ ǻƷǼΞ ǻȂǌƷǶǦȝǦǐȖ

ǦǼ ȝǣǐ ǶǦȝǐȓƷȝȠȓǐ ȝǣƷȝ ǶǐƷȓǼ ȝǣǐ ȝȓƷǼȖǶƷȝǦȂǼ ǅǐȝΘǐǐǼ ǦǻƷǝǐȖॶ ȖȠǆǣ ƷȖ Ȯȅ࡛ͣȮȅͣ ǜȂȓ ǶǐƷȓǼǦǼǝ ȏƷǦȓǐǌ ǼƷȝৄ

ȠȓƷǶ ǦǻƷǝǐȖऄःॶ �ͤǥȕǯ%�C ǜȂȓ ȠǼȏƷǦȓǐǌ ǦǻƷǝǐৄȝȂৄǦǻƷǝǐ ȖǆǐǼƷȓǦȂऀःࣿॶ��%�C ȂǼ �b ǦǻƷǝǐȖंइॶ

इऀ



ƷǼǌ /ȵȅțǼठ%�C ँई ȂǼ ǻǦǆȓȂȖǆȂȏǦǆ ǦǻƷǝǐȖॽ �ǻȂǼǝ ȝǣǐȖǐॶ �ͤǥȕǯ%�C ƷǼǌ ǦȝȖ ΗƷȓǦƷȝǦȂǼȖंईॶईऄॶऀंई ǌȂ

ǼȂȝ ȓǐȒȠǦȓǐ ȝǣǐ ǦǼȏȠȝ ƷǼǌ ȂȠȝȏȠȝ ǦǻƷǝǐȖ ȝȂ ǅǐ ǐΝƷǆȝǶΞ ȏƷǦȓǐǌॽ bǣǐ ȏƷǦȓǐǌ ǦǻƷǝǐৄȝȂৄǦǻƷǝǐ ȝȓƷǼȖৄ

ǶƷȝǦȂǼ ǻǐƷǼȖ ȝǣǐ ǦǼȏȠȝ ƷǼǌ ȂȠȝȏȠȝ ǌȂǻƷǦǼȖ Ʒȓǐ ƷǶǦǝǼǐǌ ȝȂ ǐƷǆǣ Ȃȝǣǐȓॶ ǜȂȓ ǐΝƷǻȏǶǐ ȝȓƷǼȖǶƷȝǦǼǝ Ʒ

ǅǦǼƷȓΞ ǦǻƷǝǐ ȝȂ ǦȝȖ ǆȂȓȓǐȖȏȂǼǌǦǼǝ ЙȠȂȓǐȖǆǐǼǆǐ ǦǻƷǝǐॽ /Ǽ ƷǼȂȝǣǐȓ ǆƷȖǐॶ ȝǣǐ ȠǼȏƷǦȓǐǌ ȝƷȖǴ ȝȓƷǼȖৄ

ǶƷȝǐȖ ȠǼȓǐǶƷȝǐǌ ǦǻƷǝǐȖ ǜȓȂǻ ǌǦЍǐȓǐǼȝ ǌȂǻƷǦǼȖ Θǣǐȓǐ ȝǣǐ ǝȓȂȠǼǌ ȝȓȠȝǣ ƷǼǼȂȝƷȝǦȂǼ ǦǼȏȠȝ ǦǻƷǝǐ

ǜȂȓ ȝǣǐ ǆȂȓȓǐȖȏȂǼǌǦǼǝ ȂȠȝȏȠȝ ǻǦǆȓȂȖǆȂȏǦǆ ǦǻƷǝǐȖ ǌȂǐȖ ǼȂȝ ǐΝǦȖȝॽ

�ΞǆǶǐ%�C ǝǐǼǐȓƷȝǐȖ ǦǻƷǝǐȖ ΗǦƷ ǻƷȏȏǦǼǝ ȝǣǐ ǌǦȖȝȓǦǅȠȝǦȂǼ ǦǼ ȝǣǐ ǦǼȏȠȝ ǦǻƷǝǐ ǌȂǻƷǦǼ ȝȂ ƷǼৄ

Ȃȝǣǐȓ ȠǼȏƷǦȓǐǌ ȂȠȝȏȠȝ ǦǻƷǝǐ ǌȂǻƷǦǼॽ BȂȖȝ ǦǻȏȂȓȝƷǼȝǶΞॶ ȖȠǆǣ Ʒ ǻȂǌǐǶ ǆƷǼ ǅȓǦǼǝ ǅƷǆǴ ȝǣǐ ǦǼȏȠȝ

ǦǻƷǝǐ ǜȓȂǻ ȝǣǐ ȓǐΗǐȓȖǐ ǌǦȓǐǆȝǦȂǼ ǦǼ ȝǣǐ ǼǐȝΘȂȓǴ ǅΞ Ʒ ǆΞǆǶǐ ǆȂǼȖǦȖȝǐǼǆΞ ǆȂǼȖȝȓƷǦǼȝऀःࣿॽ bǣǦȖ ȝǐǆǣৄ

ǼǦȒȠǐ ΘƷȖ ȝǐȖȝǐǌ ǜȂȓ Ʒ ǆǐǶǶ ǶƷǅǐǶৄȝȂৄǦǻƷǝǐ ȝȓƷǼȖǶƷȝǦȂǼ ȝƷȖǴ ǦǼंईॶ ǅȠȝ ȖȏƷȝǦƷǶ ǌȓǦǜȝǦǼǝ Ȃǜ ǆǐǶǶ ǶȂǆƷȝǦȂǼ

ΘƷȖ ȂǅȖǐȓΗǐǌ ΘǦȝǣǦǼ ȝǣǐ ǝǐǼǐȓƷȝǐǌ ǦǻƷǝǐȖॽ ,ǐȓǐॶ Ʒ ǶƷǅǐǶৄȝȂৄǦǻƷǝǐ ȝȓƷǼȖǶƷȝǦȂǼ ǦȖ ǌǐЖǼǐǌ ƷȖ ǻƷȏৄ

ȏǦǼǝ ȝǣǐ ǌǦȖȝȓǦǅȠȝǦȂǼ ǦǼ ȝǣǐ ǶƷǅǐǶȖ ȝȂ ƷǼȂȝǣǐȓ ǌǦȖȝȓǦǅȠȝǦȂǼ ǦǼ ȝǣǐ ǦǻƷǝǐॽ bǣǐ ƷȠȝǣȂȓȖ ǦǼंई Ʒǌǌǐǌ

ȖȏƷȝǦƷǶ ǆȂǼȖǦȖȝǐǼǆΞ ǶȂȖȖ ȝȂ ȓǐǌȠǆǐ ȝǣǐ ǌȓǦǜȝ Ȃǜ ǝǐǼǐȓƷȝǐǌ ǆǐǶǶȖ ǜȓȂǻ ȝǣǐǦȓ ǶƷǅǐǶȖॽ bǣǦȖ ΘȂȓǴ ȖȠǆǆǐȖȖৄ

ǜȠǶǶΞ ǝǐǼǐȓƷȝǐǌ ं� ȖΞǼȝǣǐȝǦǆ ǼȠǆǶǐǦ ǆǐǶǶȖ ǦǻƷǝǐȖ ǦǼ Ʒ ȓƷȝ ǴǦǌǼǐΞॶ ƷǼǌ ǻȂȝǦΗƷȝǐȖ ȝǣǐ ǶǐƷȓǼǦǼǝ ȝƷȖǴ ǦǼ

ȝǣǦȖ ȏƷȏǐȓॽ sǣǦǶǐ ΘȂȓǴȖ ǶǦǴǐंई ƷǼǌईऄ ȏǐȓǜȂȓǻ ȝȓƷǦǼǦǼǝ ȂǼ ँ� ȖǶǦǆǐȖ ǦǼ ȝǣǐ ं� ǦǻƷǝǐȖ ȝȂ ǝǐǼǐȓƷȝǐ

ȖΞǼȝǣǐȝǦǆ ं� ȖȝƷǆǴȖॶ ȝǣǐΞ ǆƷǼǼȂȝ ȏȓȂΗǦǌǐ ȖȠАǆǦǐǼȝ ƷΝǦƷǶ ƷǶȂǼǝ ͩठǖͣȅȵ ȖǦǝǼƷǶ ǆȂǼȝǦǼȠǦȝΞ ǦǼ ȝǣǐ

ǦǻƷǝǐȖ ǜȂȓ ȂȠȓ ǅƷǆȝǐȓǦƷǶ ǅǦȂЖǶǻ ǌƷȝƷॶ ǅǐǆƷȠȖǐ ȝǣǐȓǐ ǦȖ ǼȂȝ Ʒ ǶƷȓǝǐ ȖǦΣǐ Ȃǜ ͩ ȖȝƷǆǴ ǦǼ ȝǣǐ ǅǦȂЖǶǻȖ ȝȂ

ȝȓƷǦǼ ȝǣǐ ँ� ǼǐȝΘȂȓǴȖ ƷȖ ȝǣǐ ȂȝǣǐȓȖ ǌǦǌॽ bǣǐȓǐ Ʒȓǐ ƷǶȖȂ ΘȂȓǴȖ ǐΝȝǐǼǌǦǼǝ ँ�%�CȖ ȝȂ ं�ँॶऀंईॶ

ǅȠȝ ȝǣǐΞ ǌȂ ǼȂȝ ǣƷΗǐ ȝǣǐ ǶǐƷȓǼǦǼǝ ǼǐǐǌȖ ȝȂ ȝȓƷǼȖǜǐȓ ǅǐȝΘǐǐǼ ȠǼǻƷȝǆǣǐǌ ǶƷǅǐǶȖ ƷǼǌ ǦǻƷǝǐȖॽ �ǐৄ

ȖǦǌǐȖॶ ȂȠȓ ǅǦȂЖǶǻ ǌƷȝƷ ȏȓǐȖǐǼȝȖ ǌǦЍǐȓǐǼȝ ǆǣƷǶǶǐǼǝǐȖ ȝǣƷǼ ȝǣǐ ǌƷȝƷ ǦǼ ȝǣǐ ǶǦȝǐȓƷȝȠȓǐ ǦǼ ȝǣǐ ǌǦЍǐȓǦǼǝ

ǆǐǶǶ ȖǦΣǐॶ ƷǼǦȖȂȝȓȂȏǦǆ ǆǐǶǶ ȖǣƷȏǐॶ ƷǼǌ ǌǦЍǐȓǐǼȝ ǼȂǦȖǐ ǶǐΗǐǶȖॶ ȖȂ ƷǼ ƷǌƷȏȝǐǌ ǝǐǼǐȓƷȝǦȂǼ ΘȂȓǴЙȂΘ ǦȖ

ǌǐȖǦȓǐǌ ȝȂ ǜȠǶЖǶǶ ȝǣǐ ǼǐǐǌȖ ǜȂȓ ȝǣǐ ǅǦȂЖǶǻ ǶǐƷȓǼǦǼǝ ƷǼǌ ƷȠǝǻǐǼȝƷȝǦȂǼ ȝƷȖǴॽ

इँ



ः৷ँ /ӸҷӚӏ ԓԮӹԚӟӏԓӢԓ ӂԮ ӲӏҷԏӹӢӹӚ ==[B ӢӸҷӚӏԓ ԫӢԚӟ ं��ԮӅӲӢӅ %�C

bǣǐ ǦǻƷǝǐ ȖΞǼȝǣǐȖǦȖ ȏǦȏǐǶǦǼǐ ȏȓȂȏȂȖǐǌ ǦǼ ȝǣǦȖ ǌǦȖȖǐȓȝƷȝǦȂǼ ǐΝȏǶȂǦȝȖ ȝǣǐ ǦǌǐƷȖ Ȃǜ ȠǼȏƷǦȓǐǌ ǦǻƷǝǐ

ȝȓƷǼȖǶƷȝǦȂǼ ΘǦȝǣ ǆΞǆǶǐ ǆȂǼȖǦȖȝǐǼȝ %�CȖऀःࣿॶंईॶ ƷǼǌ ǐΝȝǐǼǌȖ ȝǣǐ ǼǐȝΘȂȓǴȖ ȝȂ ं� ǜȂȓ ǶǐƷȓǼǦǼǝ ȝǣǐ

ǻǦǆȓȂȖǆȂȏǦǆ ǅƷǆȝǐȓǦƷǶ ǅǦȂЖǶǻ ǌƷȝƷॽ �ǌǌǦȝǦȂǼƷǶǶΞॶ ǌǦЍǐȓǐǼȝ %�C ǶȂȖȖ ǜȠǼǆȝǦȂǼȖ Ʒȓǐ ǆȂǻȏƷȓǐǌ ȝȂ

ƷǆǣǦǐΗǐ ȂȏȝǦǻƷǶ ƷȠǝǻǐǼȝǐǌ ǅǦȂЖǶǻ ǌƷȝƷ ǦǼ ं� ΘǣǐǼ ǐΗƷǶȠƷȝǦǼǝ ǻȠǶȝǦȏǶǐ ǦǻƷǝǐ ȒȠƷǶǦȝΞ ƷȖȖǐȖȖৄ

ǻǐǼȝ ǻǐȝȓǦǆȖॽ [ǦǼǆǐ ȝǣǐ ǝȓȂȠǼǌ ȝȓȠȝǣ ƷǼǼȂȝƷȝǦȂǼ ǦȖ ǼȂȝ ƷΗƷǦǶƷǅǶǐ ǦǼ ǻȂȖȝ Ȃǜ ȝǣǐ ȠǼȏƷǦȓǐǌ ǦǻƷǝǐৄ

ȝȂৄǦǻƷǝǐ ȝȓƷǼȖǶƷȝǦȂǼ ȝƷȖǴȖॶ Ʒ ȖȝȂǆǣƷȖȝǦǆ ȖΞǼȝǣǐȝǦǆ ǌƷȝƷ ȒȠƷǶǦȝΞ ƷȖȖǐȖȖǻǐǼȝ Ȗǆǣǐǻǐ [[W� ǦȖ ƷǶȖȂ

ȏȓȂȏȂȖǐǌ ǦǼ ȝǣǐ ǼǐΝȝ ȖǐǆȝǦȂǼॽ HȠȓ ȖȂǶȠȝǦȂǼॶ � �ͤǥȕȅǥ %�C ऀँं ƷǶȂǼǝ ΘǦȝǣ [[W�ॶ ΘǦǶǶ ƷǼȖΘǐȓ ȝǣǐ

ǜȂǶǶȂΘǦǼǝ ȒȠǐȖȝǦȂǼȖॵ

ॴ ,ȂΘ ȝȂ ǶǐƷȓǼ ȝǣǐ ƷΝǦƷǶ ǆȂȓȓǐȖȏȂǼǌǐǼǆǐ ǦǼ ȝǐȓǻȖ Ȃǜ ǦǻƷǝǐ ȖǦǝǼƷǶ ǆȂǼȝǦǼȠǦȝΞ ƷǶȂǼǝ ȝǣǐ ͩ ǖͣȅȵ

ǜȂȓ ं� ǦǻƷǝǐȖ ǆȂǻȏƷȓǐǌ ȝȂ ȝǣȂȖǐ ǝǐǼǐȓƷȝǐǌ ǅΞ ȝǣǐ ँ� %�CȖॾ

ॴ sǣƷȝ ǦȖ ȝǣǐ ǻȂȖȝ ƷȏȏȓȂȏȓǦƷȝǐ ǶȂȖȖ ǜȠǼǆȝǦȂǼ ȝǣƷȝ ȏȓȂΗǦǌǐȖ ǅȂȝǣ ǜƷǦȝǣǜȠǶ ǌǦȖȝȓǦǅȠȝǦȂǼ ƷǼǌ

ȖȏƷȝǦƷǶ ǆȂǼȖǦȖȝǐǼǆΞ ǦǼ ȝǣǐ ं� ǅǦȂЖǶǻ ǦǻƷǝǐȖॾ

ॴ ,ȂΘ ȝȂ ǐΗƷǶȠƷȝǐ ȝǣǐ ȒȠƷǶǦȝΞ Ȃǜ ǝǐǼǐȓƷȝǐǌ ȖΞǼȝǣǐȝǦǆ ǌƷȝƷȖǐȝ ΘǦȝǣȂȠȝ ǆȂȓȓǐȖȏȂǼǌǦǼǝ ǝȓȂȠǼǌ

ȝȓȠȝǣॾ

�ȂȓȓǐȖȏȂǼǌǦǼǝǶΞॶ Ʒ ΘȂȓǴЙȂΘ ȝǣƷȝ ȖȠǻǻƷȓǦΣǐȖ ȝǣǐ ǶǐƷȓǼǦǼǝ ƷǼǌ ǐΗƷǶȠƷȝǦȂǼ ȏǦȏǐǶǦǼǐ ǦǼ ȝǣǦȖ ȏƷȏǐȓ

ǦȖ ȖǣȂΘǼ ǦǼ $Ǧǝॽ ःॽऀॽ

ः৷ँ৷ऀ �ҷԚҷԓӏԚ

bǣǐ ं� ǐΝȏǐȓǦǻǐǼȝƷǶ ǌƷȝƷȖǐȝ Ȃǜ ǅǦȂЖǶǻ ǦȖ ȂǅȝƷǦǼǐǌ ǅΞ ǶƷȝȝǦǆǐ ǶǦǝǣȝৄȖǣǐǐȝ ǻǦǆȓȂȖǆȂȏΞ ==[B

ǅȠǦǶȝ ǦǼ ȝǣǐ �ǐǶǶ /ǻƷǝǦǼǝ Ʒȝ CƷǼȂȖǆƷǶǐ ǶƷǅ Ʒȝ ȝǣǐ eǼǦΗǐȓȖǦȝΞ Ȃǜ qǦȓǝǦǼǦƷऀंआॽ ==[B ǦȖ ƷǅǶǐ ȝȂ ǶȂȂǴ

ǦǼȝȂ ȝǣǐ ǌǐǼȖǐ ƷǝǝȓǐǝƷȝǦȂǼȖ Ȃǜ ǆǐǶǶȖ ȅț ͝ȅ͝ȡ ǅǐǆƷȠȖǐ Ȃǜ ǦȝȖ ǶȂΘǐȓ ȏǣȂȝȂȝȂΝǦǆǦȝΞ ƷǼǌ ǣǦǝǣǐȓ ȖȏƷȝǦƷǶ

ƷǼǌ ƷΝǦƷǶ ȓǐȖȂǶȠȝǦȂǼ ǆȂǻȏƷȓǐǌ ȝȂ ȝǣƷȝ Ȃǜ ȝȓƷǌǦȝǦȂǼƷǶ ǆȂǼǜȂǆƷǶ ǻǦǆȓȂȖǆȂȏΞःࣿॽ �ࣗǥȡȕȅ ǅƷǆȝǐȓǦƷǶ ǆǐǶǶȖ

Ʒȓǐ ȠȖǐǌ ǦǼ ȝǣǦȖ ǐΝȏǐȓǦǻǐǼȝ ΘǦȝǣ ǆΞȝȂȖȂǶǦǆ ǐΝȏȓǐȖȖǦȂǼ Ȃǜ ǝȓǐǐǼ ЙȠȂȓǐȖǆǐǼȝ ȏȓȂȝǐǦǼॽ bǣǐȓǐ Ʒȓǐ ंࣿࣿ

इं



Figure 4.1: Pipeline for learning and evaluating the LLSM 3D bacterial biofilm images. All the images shown are 3D
rendered in ImageJ. Step 1: learning the translation from labels to real images using 3D cyclic GANs, which contains
two generators (%=X,%X=), and two discriminators (not shown in the figure). Step 2: the learned translation from
labels to real images is used to generate synthetic data. Step 3: evaluating the quality of synthetic data compared to
real images.

ं� ǦǻƷǝǐȖ ΘǦȝǣ ȖǦΣǐ ࣣࣩ × ࣣࣩ × ࣩ ΗȂΝǐǶȖ ǜȂȓ ȝȓƷǦǼǦǼǝॽ bǣǐȖǐ ȝȓƷǦǼǦǼǝ ǦǻƷǝǐȖ ǆȂǼȝƷǦǼ ȝǣȓǐǐ ȝǦǻǐ

ȏȂǦǼȝȖ ǦǼ ǅǦȂЖǶǻ ǌǐΗǐǶȂȏǻǐǼȝ $Ǧǝॽ ःॽं ЖȓȖȝ ǆȂǶȠǻǼॽ �Ʒǆǣ ǦǻƷǝǐ ǣƷȖ ΗȂΝǐǶ ȖǦΣǐ Ȃǜ ࣡࣡ Ǽǻ×࣡࣡

Ǽǻ×࣡࣡ Ǽǻॽ �ǶǶ ȝǣǐ ȓǐƷǶ ǦǻƷǝǐȖ Ʒȓǐ ȏȓǐৄȏȓȂǆǐȖȖǐǌ ΘǦȝǣ ǼȂȓǻƷǶǦΣƷȝǦȂǼ ƷǼǌ ǆȂǼȝȓƷȖȝ ǐǼǣƷǼǆǐৄ

ǻǐǼȝ ȝǣƷȝ ȖƷȝȠȓƷȝǐȖ ȝǣǐ ǅȂȝȝȂǻ ऀ ƷǼǌ ȝǣǐ ȝȂȏ ऀ Ȃǜ ƷǶǶ ΗȂΝǐǶ ΗƷǶȠǐȖॽ bǣǐ ǶƷǅǐǶ Ȗǐȝ ǦȖ ǝǐǼǐȓƷȝǐǌ

ǅΞ �ǐǶǶBȂǌǐǶǶǐȓईं ΘǦȝǣ ǶȂǆƷǶ ǌǐǼȖǦȝǦǐȖ ȝǣƷȝ ƷȏȏȓȂΝǦǻƷȝǐǶΞ ǻƷȝǆǣ ȝǣǐ ȓǐƷǶ ǦǻƷǝǐ ǆȂǼǌǦȝǦȂǼȖ $Ǧǝॽ

ःॽं ȖǐǆȂǼǌ ǆȂǶȠǻǼॽ bǣǐȖǐ ǦǻƷǝǐȖ ǦǼ ȝǣǐ ǶƷǅǐǶ Ȗǐȝ ΘǦǶǶ ǅǐ ȝȓǐƷȝǐǌ ƷȖ ȝǣǐ ǝȓȂȠǼǌ ȝȓȠȝǣ Ȃǜ ȖΞǼȝǣǐȝǦǆ

ǆǐǶǶ ǶȂǆƷȝǦȂǼॽ

ः৷ँ৷ँ ं� %�C ҷԏӅӟӢԚӏӅԚԞԏӏ

bǣǐ ǅƷȖǦǆ ǜȓƷǻǐΘȂȓǴ Ȃǜ ȝǣǐ ǶǐƷȓǼǦǼǝ ǻȂǌȠǶǐ ǦǼ ȝǣǦȖ ȏƷȏǐȓ ǜȂǶǶȂΘȖ ȝǣǐ ǆΞǆǶǦǆ ǝǐǼǐȓƷȝǦΗǐ ƷǌΗǐȓৄ

ȖƷȓǦƷǶ ǼǐȝΘȂȓǴȖ �ΞǆǶǐ%�Cऀःࣿॶ ΘǣǦǆǣ ǆȂǼȖǦȖȝȖ Ȃǜ ǜȂȠȓ ȏƷȓȝȖॵ ȝΘȂ ǝǐǼǐȓƷȝȂȓȖ ƷǼǌ ȝΘȂ ǌǦȖǆȓǦǻǦৄ
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Figure 4.2: Architectures of networks in the 3D cyclic GAN for learning biofilm images, which replace all the 2D
layers in140 and39 to 3D layers. The sizes of kernel, stride, and padding in the convolutional layers are cube‐shaped
with parameters indicated in the diagram.

ǼƷȝȂȓȖ $Ǧǝॽ ःॽँॽ bǣǐ ǝǐǼǐȓƷȝȂȓȖ %=Xॶ%X= Ʒȝȝǐǻȏȝ ȝȂ ǝǐǼǐȓƷȝǐ ȖΞǼȝǣǐȝǦǆ ==[B ǦǻƷǝǐȖ ǜȓȂǻ

Ʒ ǅǦǼƷȓΞ ǶƷǅǐǶ Ȗǐȝॶ ΘǣǦǶǐ ǌǦȖǆȓǦǻǦǼƷȝȂȓȖ �=ॶ�X ȝȓΞ ȝȂ ǌǦȖȝǦǼǝȠǦȖǣ ǝǐǼǐȓƷȝǐǌ ȖΞǼȝǣǐȝǦǆ ǌƷȝƷ ǜȓȂǻ

ȝǣǐ ȓǐƷǶ ǌƷȝƷॽ sǐ ƷǌȂȏȝ ȝǣǐ ƷȓǆǣǦȝǐǆȝȠȓǐȖ Ȃǜ ȝǣǐ ǌȂΘǼȖƷǻȏǶǦǼǝȠȏȖƷǻȏǶǦǼǝ ȖȝΞǶǐ ǝǐǼǐȓƷȝȂȓ ΘǦȝǣ

ȖǦΝ ȓǐȖǦǌȠƷǶ ǅǶȂǆǴȖऄࣿ Ʒȝ ȝǣǐ ǅȂȝȝǶǐǼǐǆǴ ƷǼǌ ȏƷȝǆǣ%�CȖ ǌǦȖǆȓǦǻǦǼƷȝȂȓ ΘǦȝǣ ȝǣȓǐǐ ǆȂǼΗȂǶȠȝǦȂǼƷǶ

ǶƷΞǐȓȖ ƷȖ ȠȖǐǌ ǦǼंईॶ ΘǣǦǆǣ ȏȓǐȖǐǼȝǐǌ ȏȓȂǻǦȖǦǼǝ ȓǐȖȠǶȝȖ ǦǼ ँ� ǆƷȖǐȖॽ /Ǽ ǅȂȝǣ ǼǐȝΘȂȓǴȖॶ Θǐ ǆǣƷǼǝǐ

ƷǶǶ ȝǣǐ ँ� ǶƷΞǐȓȖ ȝȂ ं� ȂǼǐȖॽ /Ǽ ƷǌǌǦȝǦȂǼॶ ȝǣǐ ȂȓǦǝǦǼƷǶ ࣨ࣡ × ࣨ࣡ ँ� ȏƷȝǆǣ%�CȖ ǌǦȖǆȓǦǻǦǼƷȝȂȓ ǦȖ

ǆǣƷǼǝǐǌ ȝȂ ȏƷȝǆǣ ȖǦΣǐ ࣩ×ࣦࣧ×ࣦࣧ ǌǐȏȝǣ× ǣǐǦǝǣȝ×ΘǦǌȝǣ ǜȂȓ ǦǼȏȠȝ Ȃǜ Ʒ ǅǦȂЖǶǻ ǦǻƷǝǐॽ XǐȏǶǦǆƷৄ

ȝǦȂǼ ȏƷǌǌǦǼǝॶ ǦǼȖȝƷǼǆǐ ǼȂȓǻƷǶǦΣƷȝǦȂǼ ƷǼǌ ȝǣǐ Xǐ=Ƞ ƷǆȝǦΗƷȝǦȂǼ ǜȠǼǆȝǦȂǼ Ʒȓǐ ȠȖǐǌ ǦǼ ȝǣǐ ǝǐǼǐȓƷȝȂȓ

ΘǦȝǣ ǐǻȏǶȂΞǻǐǼȝ Ȃǜ ȝǣǐ ǣΞȏǐȓǅȂǶǦǆ ȝƷǼǝǐǼȝ ǜȠǼǆȝǦȂǼ ǦǼ ȝǣǐ ǶƷȖȝ ǶƷΞǐȓॶ ΘǣǦǶǐ ȝǣǐ ǌǦȖǆȓǦǻǦǼƷȝȂȓ

ȠȖǐȖ =ǐƷǴΞXǐǶȠࣿॽँ ƷǼǌ ǅƷȝǆǣ ǼȂȓǻƷǶǦΣƷȝǦȂǼॽ �ǐȝƷǦǶȖ ƷǅȂȠȝ ȝǣǐ ǦǼȏȠȝ ƷǼǌ ȂȠȝȏȠȝ ȖǣƷȏǐȖ Ȃǜ

ǐƷǆǣ ǶƷΞǐȓ ǦǻȏǶǐǻǐǼȝǐǌ ΘǦȝǣ UΞbȂȓǆǣ Ʒȓǐ ȖǣȂΘǼ ǦǼ $Ǧǝॽ ःॽँॶ Θǣǐȓǐ ȝǣǐ ǼȠǻǅǐȓ Ȃǜ ǆǣƷǼǼǐǶȖॶ

ǦǻƷǝǐ ȝǐǼȖȂȓ ȖǦΣǐॶ ƷǼǌ Ȃȝǣǐȓ ǌǐȝƷǦǶȖ Ȃǜ ǐƷǆǣ ǆȂǼΗȂǶȠȝǦȂǼƷǶ ǶƷΞǐȓ Ʒȓǐ ǶƷǅǐǶǐǌ ǦǼ ȝǣǐ ǌǦƷǝȓƷǻॽ
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ः৷ँ৷ं =Ԁԓԓ әԞӹӅԚӢԀӹ

bȂ ǶǐƷȓǼ ȝǣǐ ǻƷȏȏǦǼǝ ǜȠǼǆȝǦȂǼȖ ǅǐȝΘǐǐǼ ǶƷǅǐǶȖ ȕȅ ∈ = ƷǼǌ ǻǦǆȓȂȖǆȂȏǦǆ ȓǐƷǶ ǦǻƷǝǐȖ Ȳȅ ∈ Xॶ

Θǣǐȓǐ ȅ ∈ [,b] ƷǼǌ b ǦȖ ȝǣǐ ǼȠǻǅǐȓ Ȃǜ ȝȓƷǦǼǦǼǝ ǌƷȝƷॶ ȝǣǐ ǶȂȖȖ ǜȠǼǆȝǦȂǼ ǦǼ ȝǣǐ ȂȓǦǝǦǼƷǶ �ͤǥȕǯ%�C

ǜȂȓǻƷȝǦȂǼ ƷǼǌ ȖǐΗǐȓƷǶ ΗƷȓǦƷȝǦȂǼȖ Ʒȓǐ ȝǐȖȝǐǌ ǜȂȓ ƷȏȏǶΞǦǼǝ ȂǼ ǅǦȂЖǶǻ ǌƷȝƷॽ %ǐǼǐȓƷǶǶΞॶ ȝǣǐ ȝȂȝƷǶ ǶȂȖȖ

ǜȠǼǆȝǦȂǼ L ǆȂǼȖǦȖȝȖ Ȃǜ ȝǣȓǐǐ ȏƷȓȝȖऀःࣿॵ

L(%=X,%X=,=,X) = L%�C(%=X,�X,=,X) +L%�C(%X=,�=,X,=) + ܷLǆΞǆ(%=X,%X=) ःॽऀ

Θǣǐȓǐ ܷ ǦȖ Ʒ ǆȂǼȝȓȂǶ ȏƷȓƷǻǐȝǐȓॶ ΘǣǦǆǣ ǦȖ Ȗǐȝ ȝȂ ऀࣿ ǦǼ ȝǣǐ ǐΝȏǐȓǦǻǐǼȝȖ ȖȠǆǣ ȝǣƷȝ ƷǶǶ ǶȂȖȖǐȖ Ʒȓǐ ȂǼ ȝǣǐ

ȖƷǻǐ ȖǆƷǶǐॽ

bǣǐ ЖȓȖȝ ȝΘȂ %�C ǶȂȖȖǐȖ ƷȖȖǐȖȖ ȝǣǐ ǻƷȏȏǦǼǝȖ =→ X ƷǼǌX→ =ॽ bǣǐȖǐ ǶȂȖȖǐȖ ȝȓΞ ȝȂ ǝǐǼǐȓƷȝǐ

ȝǣǐ ȖǦǻǦǶƷȓ ǦǻƷǝǐȖ ƷȖ ȝǣǐ ȝƷȓǝǐȝ ȂȠȝȏȠȝ ǦǻƷǝǐȖॶ ƷȖ ΘǐǶǶ ƷȖ ǻƷΝǦǻǦΣǐ ȝǣǐ ȏǐȓǜȂȓǻƷǼǆǐ Ȃǜ ǌǦȖȝǦǼৄ

ǝȠǦȖǣǦǼǝ ȝǣǐ ȝΘȂ ǆǶƷȖȖǐȖ ࣿ ǜȂȓ ǝǐǼǐȓƷȝǐǌॶ Ȃȓ ऀ ǜȂȓ ȂȓǦǝǦǼƷǶ ǅΞ ȠȖǦǼǝ�X Ȃȓ�=ॽ bǣǐ ǅƷȖǦǆ ƷǌΗǐȓৄ

ȖƷȓǦƷǶ ȂǅǱǐǆȝǦΗǐ ǜȠǼǆȝǦȂǼॶ ΘǣǦǆǣ ΘƷȖ ȂȓǦǝǦǼƷǶǶΞ ǌǐȓǦΗǐǌ ǜȓȂǻ ǶȂǝ ǶȂȖȖ Ȃȓ ǅǦǼƷȓΞ ǆȓȂȖȖৄǐǼȝȓȂȏΞ ǦǼऀःࣿॶ

ǦȖ Ʒ ǻǦǼৄǻƷΝ ȏȓȂǅǶǐǻॽ ,ȂΘǐΗǐȓॶ ƷȖ ȖȠǝǝǐȖȝǐǌ ǦǼआऄॶ ȖȠǆǣ Ʒ ȓǐǝȠǶƷȓ %�C ǶȂȖȖ ǜȠǼǆȝǦȂǼ ΘǦȝǣ Ʒ

ȖǦǝǻȂǦǌ ǜȠǼǆȝǦȂǼ ǦǼ ȝǣǐ ǶƷȖȝ ǶƷΞǐȓ Ȃǜ ȝǣǐ ǌǦȖǆȓǦǻǦǼƷȝȂȓȖ ǆƷǼ ǆƷȠȖǐ ȝǣǐ ΘǐǶǶৄǴǼȂΘǼ ΗƷǼǦȖǣǦǼǝ ǝȓƷǌǦৄ

ǐǼȝȖ ȏȓȂǅǶǐǻॽ eǼȖȝƷǅǶǐ ȓǐȖȠǶȝȖ Ʒȓǐ ȂǅȖǐȓΗǐǌ ǅȂȝǣ ǦǼ ȝǣǐ ǐΝȏǐȓǦǻǐǼȝ ǦǼऀःࣿ ƷǼǌ ǦǼ ȂȠȓ ं� ǅǦȂЖǶǻ

ȖǦȝȠƷȝǦȂǼॽ bǣȠȖॶ ǶǐƷȖȝৄȖȒȠƷȓǐȖ %�C ǶȂȖȖ ǜȠǼǆȝǦȂǼआऄॶ ΘǣǦǆǣ ǻǦǼǦǻǦΣǐȖ ǅȂȝǣ ǝǐǼǐȓƷȝȂȓ%=X ȂȓX=

ƷǼǌ ǌǦȖǆȓǦǻǦǼƷȝȂȓ�= ȂȓXॶ ǦȖ ǻȂȓǐ ȏȓƷǆȝǦǆƷǶǶΞ ȠȖǐǌॽ �ȂǼȖǐȒȠǐǼȝǶΞॶ ȝǣǐ ȂȏȝǦǻǦΣƷȝǦȂǼ Ȃǜ %�C ǶȂȖȖ

ΞǦǐǶǌȖॵ

ǻǦǼ
%=X

ǻǦǼ
�X

L%�C(%=X,�X,X,=) = ǻǦǼ
%=X


b

b∑

ȅ=

||�X(%=X(ȕȅ))− ||ࣣ

+ǻǦǼ
�X


b

b∑

ȅ=

(||�X(Ȳȅ)− ||ࣣ + ||�X(%=X(ȕȅ))− ࣡||ࣣ)
ःॽँ

bǣǐ ǶƷȖȝ ǆΞǆǶǐ ǆȂǼȖǦȖȝǐǼǆΞ ǶȂȖȖLǆΞǆ ȝȓǦǐȖ ȝȂ ǐǼȖȠȓǐ ȝǣƷȝ ȝǣǐ ǆΞǆǶǦǆ ȝȓƷǼȖǶƷȝǦȂǼ ȏȓȂǆǐȖȖ ǜȓȂǻ ȂǼǐ

इअ



ȖǦǌǐ ȝȂ ȝǣǐ Ȃȝǣǐȓ ǦȖ ƷǅǶǐ ȝȂ ǅȓǦǼǝ ǅƷǆǴ ȝǣǐ ȂȓǦǝǦǼƷǶ ǦǼȏȠȝ ǦǻƷǝǐॶ ȅࣗǯࣗॶ%X=(%=X(ȕȅ)) ≈ ȕȅॽ BƷȝǣৄ

ǐǻƷȝǦǆƷǶǶΞॶ ȝǣǐ ǆΞǆǶǐ ǆȂǼȖǦȖȝǐǼǆΞ ǶȂȖȖ ƷǦǻȖ ȝȂ ǻǦǼǦǻǦΣǐ ȝǣǐ ǻǐƷǼ ǐȓȓȂȓ ǅǐȝΘǐǐǼ ƷǼ ǦǼȏȠȝ ǦǻƷǝǐ

ƷǼǌ ȝǣǐ ǆΞǆǶǐǌ ǅƷǆǴ ǦǻƷǝǐऀःࣿॽ sǐ ǝǐǼǐȓƷǶǦΣǐ ƷǼǌ ǻȂǌǦǜΞ ȝǣǐ ȂȓǦǝǦǼƷǶ ǶȂȖȖ ǜȂȓǻȠǶƷ ƷȖॵ

LǆΞǆ(%=X,%X=) =

b

b∑

ȅ=

−X=(%=X(ȕȅ))%||ܭ) ȕȅ||Ȯ

+ −X(%X=(Ȳȅ))=%||ܮ Ȳȅ||Ȯࣣ)

ःॽं

Θǣǐȓǐ ܭ ƷǼǌ ܮ Ʒȓǐ ΘǐǦǝǣȝǦǼǝ ǜƷǆȝȂȓȖॽ !ৄǼȂȓǻॶ ƷȖ Ȯ = Ȯࣣ =  ǜȂȓ ǅȂȝǣ ǻƷȏȏǦǼǝ ǌǦȓǐǆȝǦȂǼȖॶ ǦȖ

ȠȖǐǌ ǦǼऀःࣿ ƷǼǌ ǻƷǼΞ Ȃȝǣǐȓ ȖǦǼǝǶǐ ǅǦȂǻǐǌǦǆƷǶ ȂǅǱǐǆȝ ȝȓƷǼȖǶƷȝǦȂǼ ƷȏȏǶǦǆƷȝǦȂǼȖ ǐॽǝॽ ǜȓȂǻ ǜBX/ ȝȂ

bऀ ǻƷȏȖँॽ ,ȂΘǐΗǐȓॶ ȝǣǐ ΘȂȓǴ ȂǼ ǝǐǼǐȓƷȝǦǼǝ ȖΞǼȝǣǐȝǦǆ ǆǐǶǶ ΗȂǶȠǻǐȖ ǜȓȂǻ ǅǦǼƷȓΞ ǆǐǶǶ ǶƷǅǐǶȖ ǦǼंई

ȖȠǝǝǐȖȝǐǌ ȝǣƷȝ ǌǦȖȏǶƷǆǐǻǐǼȝȖ ǦǼ ǆǐǶǶ ǶȂǆƷȝǦȂǼ ΘƷȖ ȂǅȖǐȓΗǐǌॽ �ǆǆȂȓǌǦǼǝǶΞॶ ȝǣǐ ƷȠȝǣȂȓȖ ǦǼंई Ʒǌǌǐǌ

Ʒ ȖȏƷȝǦƷǶ ǆȂǼȖǦȖȝǐǼǆΞ ǶȂȖȖॶ ΘǣǦǆǣ ǦȖ ƷǼ ƷǌǌǦȝǦȂǼƷǶ !ࣣৄǼȂȓǻ ȝǣƷȝ ǆȂǻȏȠȝǐȖ ȝǣǐ ȏǦΝǐǶৄΘǦȖǐ ǻǐƷǼৄ

ȖȒȠƷȓǐǌ ǐȓȓȂȓ ǅǐȝΘǐǐǼ ȕȅ ƷǼǌ,(%=X(ȕȅ))ॽ ,ǐȓǐॶ, ǦȖ ȝǣǐ ȖƷǻǐ ȖȝȓȠǆȝȠȓǐ ƷȖ%=Xॽ

�Ȗ ȝǣǐ ǶƷǆǴ Ȃǜ ȏƷǦȓǐǌ ǌƷȝƷ ǦȖ ȏƷȓȝǦǆȠǶƷȓǶΞ ǆǣƷǶǶǐǼǝǦǼǝ ǦǼ ȂȠȓ ǆƷȖǐॶ ƷǼǌ ȝǣǐ ǼȂǦȖǐ ǶǐΗǐǶȖ ƷǼǌ ǆǐǶǶ

ȖǦΣǐȖ ǌǦЍǐȓ ȖǦǝǼǦЖǆƷǼȝǶΞ ǜȓȂǻ ȝǣȂȖǐ Ȃǜ ȝǣǐ ȂȓǦǝǦǼƷǶ ǌƷȝƷ ȠȖǐǌ ǦǼंईॶ ȖǦǻȏǶΞ ȠȝǦǶǦΣǦǼǝ ȝǣǐ ǶȂȖȖ ǜȠǼǆৄ

ȝǦȂǼ ǌȂǐȖ ǼȂȝ ƷǆǆȂǻǻȂǌƷȝǐ ȂȠȓ ȏƷȓȝǦǆȠǶƷȓ ǌƷȝƷ ƷȠǝǻǐǼȝƷȝǦȂǼ ȏȓȂǅǶǐǻॽ sǐ ƷǦǻ ȝȂ ǦǼΗǐȖȝǦǝƷȝǐ

ǌǦЍǐȓǐǼȝ ǶȂȖȖ ǜȠǼǆȝǦȂǼȖ ȝȂ ǌǐȝǐȓǻǦǼǐ ΘǣǦǆǣ ǜȂȓǻ ȏȓȂΗǦǌǐȖ ǅȂȝǣ ȝǣǐ ǅǐȖȝ ǌǦȖȝȓǦǅȠȝǦȂǼ ƷǼǌ ȖȏƷȝǦƷǶ

ǆȂǼȖǦȖȝǐǼǆΞ ǜȂȓ ǅǦȂЖǶǻ ǌƷȝƷॽ bǣǐ ǌǐǆǦȖǦȂǼ ǅǐȝΘǐǐǼ ǆǣȂȂȖǦǼǝ !ৄǼȂȓǻ ƷǼǌ !ࣣৄǼȂȓǻ ǦǼ ǶȂȖȖ ǜȠǼǆৄ

ȝǦȂǼȖ ǦȖ ƷǶΘƷΞȖ Ȃǜ ǆȓǦȝǦǆƷǶ ǦǼȝǐȓǐȖȝॽ �ǶȝǣȂȠǝǣ !ৄǼȂȓǻ ǦȖ ȓȂǅȠȖȝ ǜȂȓ ǌƷȝƷ ΘǦȝǣ ȂȠȝǶǦǐȓȖॶ !ࣣৄǼȂȓǻ

ȏȓȂΗǦǌǐȖ ȠǼǦȒȠǐ ȖȂǶȠȝǦȂǼȖॽ bǣǐ ȂȠȝȏȠȝ ǆȂȓȓǐȖȏȂǼǌǐǼǆǐ ǅǐȝΘǐǐǼ ǶƷǅǐǶȖ ƷǼǌ ǦǻƷǝǐȖ ǦȖ ǦǻȏȂȓৄ

ȝƷǼȝ ǜȂȓ ȝǣǐ ǌƷȝƷ ƷȠǝǻǐǼȝƷȝǦȂǼ ȝƷȖǴ ǜȂȓ ǅǦȂЖǶǻȖॶ ƷȖ ǜȠȝȠȓǐ ȓǐȖǐƷȓǆǣǐȓȖ ΘȂȠǶǌ ǶǦǴǐ ȝȂ ȠȖǐ ȝǣǐ ƷȠǝৄ

ǻǐǼȝǐǌ ǌƷȝƷȖǐȝ ΘǦȝǣ ǆȂȓȓǐȖȏȂǼǌǦǼǝ ȓǐƷǶ ǝȓȂȠǼǌ ȝȓȠȝǣ ǶƷǅǐǶȖ ǜȂȓ ǦǻȏȓȂΗǦǼǝ ȖǐǝǻǐǼȝƷȝǦȂǼ ȝƷȖǴȖॽ

bǣȠȖॶ ǌǦЍǐȓǐǼȝ ǆȂǻǅǦǼƷȝǦȂǼȖ Ȃǜ Ȯ ƷǼǌ Ȯࣣ ΗƷǶȠǐȖॶ ǦǼǆǶȠǌǦǼǝ ȝǣǐ ȂȏȝǦȂǼȖ ǶǦȖȝǐǌ ƷǅȂΗǐॶ Ʒȓǐ ǆȂǻৄ

ȏƷȓǐǌ ǅǐǶȂΘॽ UƷȓȝǦǆȠǶƷȓǶΞॶ Θǐ ǣȂǶǌ Ʒ ǣΞȏȂȝǣǐȖǦȖॵ ǆǣƷǼǝǦǼǝ Ȯ = ࣣ ƷǼǌ ǦǼǆȓǐƷȖǦǼǝ ȝǣǐ ΘǐǦǝǣȝǦǼǝ Ȃǜ

ǆΞǆǶǐ ǻƷȏȏǦǼǝ ǌǦȓǐǆȝǦȂǼ = → X → = ǅΞ Ʒ ǜƷǆȝȂȓ Ȃǜ ܭ = ࣣ ǆƷǼ ƷǶȖȂ ȏȓȂΗǦǌǐ ȖȏƷȝǦƷǶ ǆȂǼȖǦȖȝǐǼǆΞॽ

/Ǽ ȝǣǦȖ ǆƷȖǐॶ ȝǣǐ Ǽǐǐǌ ǜȂȓ ȝȓƷǦǼǦǼǝ ƷǼȂȝǣǐȓ ǼǐȝΘȂȓǴ, ǦǼ ं� ΘǦǶǶ ǅǐ ȓǐǌȠǆǐǌॽ �ǐȝƷǦǶȖ ƷǅȂȠȝ ȝǣǐ

इआ



ǆȂǻȏƷȓǦȖȂǼ Ȃǜ ǌǦЍǐȓǐǼȝ ǶȂȖȖ ǜȠǼǆȝǦȂǼȖ Ʒȓǐ ǦǼǆǶȠǌǐǌ ǦǼ ȝǣǐ ǼǐΝȝ ȖǐǆȝǦȂǼॽ

ः৷ं �ԪҷӲԞҷԚӢӹӚ ԓԮӹԚӟӏԚӢӅ ӋҷԚҷԓӏԚ ԫӢԚӟ [[W�

bǣǐ ȝȓƷǦǼǦǼǝ Ȃǜ ं� ǆΞǆǶǦǆ %�CȖ ǜȂȓ ǝǐǼǐȓƷȝǦǼǝ ==[B ǅǦȂЖǶǻ ǦǻƷǝǐȖ ǜȂǶǶȂΘȖ ȝǣǐ ǅƷȖǦǆ ȖǐȝȠȏ

ǦǼऀःࣿॶ ΘǣǦǆǣ ȠȖǐȖ �ǌƷǻ ȂȏȝǦǻǦΣǐȓ ΘǦȝǣ ǅƷȝǆǣ ȖǦΣǐ Ȃǜ ऀ ƷǼǌ ǶǐƷȓǼǦǼǝ ȓƷȝǐ Ȃǜ ࣣǯ−ࣥॽ bǣǐ ǶǐƷȓǼǦǼǝ

ȓƷȝǐ ǌǐǆƷΞȖ ǶǦǼǐƷȓǶΞ Ʒǜȝǐȓ ǣƷǶǜ Ȃǜ ȝǣǐ ȝȂȝƷǶ ǐȏȂǆǣȖ Ʒȓǐ ǆȂǻȏǶǐȝǐǌॽ

$ȂȠȓ ǶȂȖȖ ǜȠǼǆȝǦȂǼȖ Ʒȓǐ ǆȂǻȏƷȓǐǌॵ ȝǣǐ ȂȓǦǝǦǼƷǶ [Ȯ�ͤǥȕǯ%�C ंई ॱॶ ȝǣǐ [Ȯ�ͤǥȕǯ%�C ǶȂȖȖ ǜȠǼǆৄ

ȝǦȂǼ ƷȏȏǶǦǐǌ ǦǼ ं�%�CȖॶ ȝǣǐ ȂȓǦǝǦǼƷǶ �ͤǥȕǯ%�C ǐΝȝǐǼǌǐǌ ȝȂ ं�ॶ ƷǼǌ ȝǣǐ ǻȂǌǦЖǐǌ ं� ǆΞǆǶǦǆ

%�CΘǦȝǣ ȠǼǅƷǶƷǼǆǐǌ ǆΞǆǶǐ ǆȂǼȖǦȖȝǐǼǆΞ ǶȂȖȖॶ ƷȖ ȖǣȂΘǼ ǦǼ $Ǧǝॽ ःॽंॽ Hȝǣǐȓ ǆȂǻǅǦǼƷȝǦȂǼȖ Ȃǜ Ȯ

ƷǼǌ Ȯࣣ ΗƷǶȠǐȖ Ʒȓǐ ƷǶȖȂ ȝǐȖȝǐǌॶ ǅȠȝ ȝǣǐΞ ǌǦǌ ǼȂȝ ȏȓȂΗǦǌǐ ȓǐƷȖȂǼƷǅǶǐ ȂȠȝȏȠȝȖॽ [Ȯ�ͤǥȕǯ%�C ΘƷȖ

ȝȓƷǦǼǐǌ ΘǦȝǣ ƷǶǶ ȝǣǐ ँ� ͩठȵȕȅǥǯǫ ǦǻƷǝǐȖ ǦǼ ȝǣǐ ं� ȖȝƷǆǴȖ ƷǼǌ ȝǣǐ Ȃȝǣǐȓ ǼǐȝΘȂȓǴȖ Ʒȓǐ ǌǦȓǐǆȝǶΞ ȝȓƷǦǼǐǌ

ȠȖǦǼǝ ं� ǆΞǆǶǦǆ %�CȖ ΘǦȝǣ ंࣿࣿ ȝȓƷǦǼǦǼǝ ǌƷȝƷॽ �Ʒǆǣ ǻȂǌǐǶ ǦȖ ȝȓƷǦǼǐǌ ȖǐȏƷȓƷȝǐǶΞ ΘǦȝǣ ȂǼǐ Cq/�/�

bǦȝƷǼ Η %Ueॶ ΘǣǦǆǣ ȝƷǴǐȖ ƷǅȂȠȝ Ʒ ǌƷΞ ǜȂȓ ȝȓƷǦǼǦǼǝ ƷǼǌ ǜǐΘ ǻǦǼȠȝǐȖ ǜȂȓ ȝǐȖȝǦǼǝॽ bǣǐ ȝȓƷǦǼǦǼǝ

ȝǦǻǐ ǐǶƷȏȖǐ ǜȂȓ ƷǶǶ ȝǣǐ ǼǐȝΘȂȓǴȖ ǜȂǶǶȂΘȖॵ [Ȯ�ͤǥȕǯ%�C < � �ͤǥȕȅǥ %�C ए!ࣣऐ< �ͤǥȕǯ%�C �

< [Ȯ�ͤǥȕǯ%�C �ॽ bǣǐ ȝǐȖȝǦǼǝॶ Ȃȓ ǦǻƷǝǐ ǝǐǼǐȓƷȝǦȂǼॶ ǦȖ ȏǐȓǜȂȓǻǐǌ ȂǼ ƷǼȂȝǣǐȓ ं� ǌƷȝƷȖǐȝ ǆȂǼৄ

ȝƷǦǼǦǼǝ ंࣿࣿ ǦǻƷǝǐȖ ȝǣƷȝ ǣƷΗǐ ǼǐΗǐȓ ƷȏȏǐƷȓǐǌ ǦǼ ȝǣǐ ȝȓƷǦǼǦǼǝ Ȗǐȝॽ �ǌǌǦȝǦȂǼƷǶǶΞॶ ǻȂǌǐǶৄǅƷȖǐǌ ȖǦǻȠৄ

ǶƷȝǐǌ ǌƷȝƷȖǐȝ ƷǼǌ ȓǐǜǐȓǐǼǆǐ ȓǐƷǶ ǦǻƷǝǐȖ Ʒȓǐ ƷǶȖȂ ǶǦȖȝǐǌ ǦǼ $Ǧǝॽ ःॽंॶ Θǣǐȓǐ ƷǶǶ ȝǣǐ ǦǻƷǝǐȖ Ʒȓǐ ȂǼǐ ȖǶǦǆǐ

ƷǶȂǼǝ ͩठǖͣȅȵ ǦǼ ȝǣǐ ं� ǦǻƷǝǐ ΗȂǶȠǻǐȖॽ

bǣǐ ǝȂƷǶ Ȃǜ ȝǣǦȖ ȖǐǆȝǦȂǼ ǦȖ ȝȂ ǐΗƷǶȠƷȝǐ ȝǣǐ %�C ȂȠȝȏȠȝȖॶ ЖǼǌ ȝǣǐ ǅǐȖȝ ǶȂȖȖ ǜȠǼǆȝǦȂǼ ǜȂȓ ȝǣǐ

ǅǦȂЖǶǻ ǶǐƷȓǼǦǼǝ ȝƷȖǴॶ ƷǼǌ ȏȂȝǐǼȝǦƷǶǶΞ ȂǅȝƷǦǼ ȝǣǐ ǅǐȖȝ ȖΞǼȝǣǐȝǦǆ ǅǦȂЖǶǻ ǌƷȝƷȖǐȝ ǜȂȓ ǜȠȝȠȓǐ ȓǐৄ

ȖǐƷȓǆǣॽ
ॱsǐ ȝǣƷǼǴ UȓȂǜॽ �ǌΘƷȓǌ :ॽ �ǐǶȏ ƷǼǌ ǣǦȖ ǶƷǅȂȓƷȝȂȓΞ Ʒȝ UȠȓǌȠǐ eǼǦΗǐȓȖǦȝΞ ǜȂȓ ȏȓȂΗǦǌǦǼǝ ȝǣǐ ǆȂǌǐ ǜȂȓ �ǐǐȏ[ΞǼȝǣ

[ȏ�ΞǆǶǐ%�C ǦǼ ȝǣǐ ΘȂȓǴ Ȃǜ ȝǣǦȖ ǆǣƷȏȝǐȓॽ

इइ



Figure 4.3: Examples for unpaired training dataset, and qualitative comparison of different augmented results. The
images in each column are one slice in ͩ‐axis in the 3D volume. Real: examples of real enhanced LLSM experimental
3D images, which contain three average biofilm local densities (�), 54.8%, 59.0%, and 64.6%, and three signal‐to‐
background ratios ([�X), 2.2, 1.8, and 1.3137. Label: example label images obtained by CellModeller with compa‐
rable local density conditions to the first column. The test label images for generating synthetic data do not exist
in the label set for training. Please note, the real and label images are unpaired, as they do not have location corre‐
spondence to each other. The synthetic outputs for comparison are from model‐based simulation137, original Sp‐
CycleGAN39, SpCycleGAN loss extended to 3D, CycleGAN loss140 used in 3D, and our modified 3D cyclic GAN with
(Ȯ, Ȯࣣ) = (ࣣ, ) and ,ܭ) (ܮ = (ࣣ, ) in Eq. (3).

इई



ः৷ं৷ऀ BԀԚӢԪҷԚӢԀӹ әԀԏ ԓԮӹԚӟӏԚӢӅ ӋҷԚҷԓӏԚ ԎԞҷӲӢԚԮ ҷԓԓӏԓԓӸӏӹԚ

�Ȗ ǻǐǼȝǦȂǼǐǌ ǐƷȓǶǦǐȓॶ Θǐ ƷǦǻ ȝȂ ȖȝȠǌΞ ǣȂΘ ΘǐǶǶ Ʒ %�C ǝǐǼǐȓƷȝǐǌ ȖΞǼȝǣǐȝǦǆ ǌƷȝƷȖǐȝ ǆȓǐƷȝǐȖ

Ʒ ȝȓƷǦǼǦǼǝ Ȗǐȝ ǦǼ ΘǣǦǆǣ ȝǣǐ ǦǻƷǝǐȖ Ʒȓǐ ȖǦǻǦǶƷȓ ȝȂ ȝǣǐ ȓǐƷǶ ǆȂǼǌǦȝǦȂǼȖ ΘǦȝǣ ǆȂȓȓǐȖȏȂǼǌǦǼǝ ǝȓȂȠǼǌ

ȝȓȠȝǣ ǶƷǅǐǶȖॶ ƷȖ Ǧȝ ǦȖ ǌǦАǆȠǶȝ ȝȂ ƷǼǼȂȝƷȝǐ ȖǦǼǝǶǐ ǆǐǶǶ ȓǐǝǦȂǼȖ ǦǼ ǐΝȏǐȓǦǻǐǼȝƷǶ ं� ǅǦȂЖǶǻ ǦǻƷǝǐȖ

Ȗǐǐ $Ǧǝॽ ःॽं ЖȓȖȝ ǆȂǶȠǻǼॽ bǣǐ ȒȠƷǼȝǦȝƷȝǦΗǐ ǐΗƷǶȠƷȝǦȂǼ Ȃǜ ȝǣǐ ȒȠƷǶǦȝΞ Ȃǜ Ʒ ं� ȖΞǼȝǣǐȝǦǆ ǌƷȝƷȖǐȝॶ

ΘǦȝǣȂȠȝ ǝȓȂȠǼǌ ȝȓȠȝǣ ǶƷǅǐǶȖॶ ǦȖ ǐΝȝȓǐǻǐǶΞ ǆǣƷǶǶǐǼǝǦǼǝॽ $Ȃȓ Ʒ ȏƷǦȓǐǌ ǦǻƷǝǐ ȝȓƷǼȖǶƷȝǦȂǼ ǌƷȝƷȖǐȝॶ

ȝǣǐ ǝȓȂȠǼǌ ȝȓȠȝǣ ǦǻƷǝǐȖ Ʒȓǐ ȠȖǐǌ ȝȂ ǆȂǻȏȠȝǐ ȖǆȂȓǐȖ ȖȠǆǣ ƷȖ ȏǦΝǐǶৄΘǦȖǐ ǻǐƷǼৄȖȒȠƷȓǐǌ ǐȓȓȂȓȖ Ȃȓ

ǆǶƷȖȖৄΘǦȖǐ �Ǧǆǐऀࣿआ ȖǆȂȓǐȖॽ �Ȗ Ʒ ȖǦǝǼǦЖǆƷǼȝ ǅȂǌΞ Ȃǜ ǝȓȂȠǼǌ ȝȓȠȝǣ ǦǻƷǝǐȖ ǌȂǐȖ ǼȂȝ ǐΝǦȖȝॶ ȝǣǐ ȒȠƷǼȝǦৄ

ȝƷȝǦΗǐ ȒȠƷǶǦȝΞ ǐΗƷǶȠƷȝǦȂǼ ǻǐȝȓǦǆȖ Ʒȓǐ ǶǦǻǦȝǐǌॶ ǅǐǆƷȠȖǐ ȝǣǐȓǐ Ʒȓǐ ǼȂȝ ǻƷǼΞ ȓǐǜǐȓǐǼǆǐǶǐȖȖ ǻǐȝȓǦǆȖ ǜȂȓ

ं� ǦǻƷǝǐȖॽ /Ǽऄःॶ �Bb ȏǐȓǆǐȏȝȠƷǶ ȖȝȠǌǦǐȖ Θǐȓǐ ǆƷȓȓǦǐǌ ȂȠȝ ȝȂ ǆȂǶǶǐǆȝ ȖȠǅǱǐǆȝǦΗǐ ǜǐǐǌǅƷǆǴ ǜȓȂǻ

ǣȠǻƷǼ ȏƷȓȝǦǆǦȏƷǼȝȖॶ ǅȠȝ Ǧȝ ǦȖ ǌǦАǆȠǶȝ ȝȂ ǝƷȝǣǐȓ ȖȠАǆǦǐǼȝ ǌƷȝƷ ǜȂȓ ȂȠȓ ȏƷȓȝǦǆȠǶƷȓ ǐΝȏǐȓǦǻǐǼȝॽ /Ǽ

Ȃȓǌǐȓ ȝȂ ƷȠȝȂǻƷȝǦǆƷǶǶΞ ƷȖȖǐȖȖ ƷǼǌ ǶǐƷȓǼ ȝǣǐ ǆȂǼǌǦȝǦȂǼȖ ǦǼ ं� %�C ȂȠȝȏȠȝȖॶ ȝǣǦȖ ȏƷȏǐȓ ȏȓǐȖǐǼȝȖ

Ʒ ǆȂǻȏƷȓǦȖȂǼৄǅƷȖǐǌ ȖȝȂǆǣƷȖȝǦǆ ȖΞǼȝǣǐȝǦǆ ǌƷȝƷȖǐȝ ȒȠƷǶǦȝΞ ƷȖȖǐȖȖǻǐǼȝ ǻǐƷȖȠȓǐ ȝǣƷȝ ǐΗƷǶȠƷȝǐȖ ȓǐǶৄ

ƷȝǦΗǐ ǦǼȝǐǼȖǦȝΞৄΘǦȖǐ ȒȠƷǶǦȝΞ Ȃǜ ँ�ं� ȖΞǼȝǣǐȝǦǆ ǌƷȝƷȖǐȝ ǆȂǻȏƷȓǐǌ ȝȂ ȓǐƷǶ ǌƷȝƷȖǐȝॽ bǣȓǐǐ Ȃȝǣǐȓ

ǻǐƷȖȠȓǐȖ ǦǼ ȝǣǐ ǶǦȝǐȓƷȝȠȓǐ Ʒȓǐ ƷǶȖȂ ǐΗƷǶȠƷȝǐǌ ǜȂȓ ǆȂǻȏƷȓǦȖȂǼॽ bǣǐȖǐ ǻǐƷȖȠȓǐȖ ȝƷǴǐ ǦǼȝȂ ƷǆǆȂȠǼȝ

ǌǦЍǐȓǐǼȝ ƷȖȏǐǆȝȖ Ȃǜ ǦǻƷǝǐȖॵ ǌǐǐȏ ǜǐƷȝȠȓǐৄǅƷȖǐǌ ǌƷȝƷȖǐȝ ȖǦǻǦǶƷȓǦȝΞ ƷǼƷǶΞȖǦȖ ΘǦȝǣ $/�ऄँॶ ǌǦȖȝȂȓȝǦȂǼৄ

ǅƷȖǐǌ ǦǻƷǝǐ ȒȠƷǶǦȝΞ ǐΗƷǶȠƷȝǦȂǼ ΘǦȝǣ �X/[We�आइॶ ƷǼǌ ǶȂǆƷȝǦȂǼ ǆȂȓȓǐȖȏȂǼǌǐǼǆǐ ǐΗƷǶȠƷȝǦȂǼ ΘǦȝǣ

ȖǦǝǼƷǶৄȝȂৄǅƷǆǴǝȓȂȠǼǌ ȓƷȝǦȂ [�X ƷǼƷǶΞȖǦȖॽ

ः৷ं৷ँ [[W�

bȂ ǐΗƷǶȠƷȝǐ ȝǣǐ ǦǼȝǐǼȖǦȝΞৄΘǦȖǐ ȖǦǻǦǶƷȓǦȝΞ ǅǐȝΘǐǐǼ Ʒ ǝǐǼǐȓƷȝǐǌ ȖΞǼȝǣǐȝǦǆ ǌƷȝƷȖǐȝ ƷǼǌ ȝǣǐ ȓǐƷǶ

==[B ǅǦȂЖǶǻ ǌƷȝƷȖǐȝॶ Ʒ [ȝȂǆǣƷȖȝǦǆ ȏƷȝǆǣৄǅƷȖǐǌ [ΞǼȝǣǐȝǦǆ ǌƷȝƷȖǐȝWȠƷǶǦȝΞ�ȖȖǐȖȖǻǐǼȝ [[W�

ǻǐȝǣȂǌ ǦȖ ȏȓȂȏȂȖǐǌॽ sǣǐǼ ȝǣǐ ȝΘȂ ǌƷȝƷȖǐȝȖ ǜȂȓ ǆȂǻȏƷȓǦȖȂǼ Ʒȓǐ ǼǐǦȝǣǐȓ ǦǌǐǼȝǦǆƷǶ ǦǻƷǝǐȖ ǼȂȓ ǆȂȓৄ

ȓǐȖȏȂǼǌǦǼǝ ΗȂǶȠǻǐȖ ΘǦȝǣ ǌǦЍǐȓǐǼȝ ǌǦȖȝȂȓȝǦȂǼȖॶ ȝǣǐ ȓǐǝȠǶƷȓ ǜȠǶǶΞৄȓǐǜǐȓǐǼǆǐǌ ǦǻƷǝǐ ȒȠƷǶǦȝΞ ƷȖȖǐȖȖৄ

ǻǐǼȝ ǐॽǝॽ [[/Bऀँअ Ȃȓ ǆȂǻȏƷȓǦȖȂǼৄǅƷȖǐǌ ǅǶǦǼǌ ȒȠƷǶǦȝΞ ƷȖȖǐȖȖǻǐǼȝ ǻǐȝǣȂǌȖ ǐॽǝॽ �ৄ/W�अआ ǆƷǼৄ

ईࣿ



ǼȂȝ ƷǆǆȂǻǻȂǌƷȝǐ ȂȠȓ ƷȏȏǶǦǆƷȝǦȂǼॶ ǅǐǆƷȠȖǐ ȝǣǐΞ ȓǐǶΞ ȂǼ ȝǣǐ ȖȝȓȠǆȝȠȓǐ ƷǼǌ ǌǦȖȝȂȓȝǦȂǼ ΘǦȝǣǦǼ ȝǣǐ

ΘǣȂǶǐ ǦǻƷǝǐॽ

Figure 4.4: Flowchart to compute and analyze SSQA.

bǣǐ ȏȓȂȏȂȖǐǌ [[W�ॶ ƷȖ ȖǣȂΘǼ ǦǼ $Ǧǝॽ ःॽःॶ ǦȖ Ʒ ȖȝȂǆǣƷȖȝǦǆ ƷȏȏȓȂƷǆǣ ȝǣƷȝ ȝƷǴǐȖ ȓƷǼǌȂǻ ȏƷȝǆǣǐȖ

ǜȓȂǻ ȓƷǼǌȂǻ ǦǻƷǝǐȖ ǜȂȓ ȒȠƷǶǦȝΞ ǐΗƷǶȠƷȝǦȂǼ ƷǼǌ ȖȝƷȝǦȖȝǦǆƷǶ ȂǅȖǐȓΗƷȝǦȂǼ ƷǼƷǶΞȖǦȖॽ [[W� ǆȂǼȝƷǦǼȖ

ǜȂȠȓ ȖȝƷǝǐȖॽ /Ǽ ȝǣǐ ЖȓȖȝ ȖȝƷǝǐॶ ȝǣȓǐǐ ǦǻƷǝǐȖ Ʒȓǐ ȓƷǼǌȂǻǶΞ ȏǦǆǴǐǌ ǜȓȂǻ ȝǣǐ ȏȂȂǶ Ȃǜ ȝΘȂ ȖǐȝȖॶ :࣡ ƷǼǌ

: ǜȓȂǻ ȝǣǐ ȓǐƷǶ ƷǼǌq ǜȓȂǻ ȝǣǐ ȖΞǼȝǣǐȝǦǆ ǌƷȝƷȖǐȝॽ bǣǦȖ ȖȝƷǝǐ ΘǦǶǶ ȓǐȏǐƷȝ< ȝǦǻǐȖ ƷǼǌ ƷǼ [[W�

ȖǆȂȓǐ ΘǦǶǶ ǅǐ ǆȂǻȏȠȝǐǌ Ʒȝ ǐƷǆǣ ȝǦǻǐॽ �ȝ ȝǣǐ ȖǐǆȂǼǌ ȖȝƷǝǐॶ ȝǣǐ ǆȂǻȏƷȓǦȖȂǼৄǅƷȖǐǌ ȒȠƷǶǦȝΞ ȖǦǻǦǶƷȓǦȝΞ

ǻǐƷȖȠȓǐ [(ȓ,ț)�ǖȼǖ ǦȖ ǆƷǶǆȠǶƷȝǐǌ ǅǐȝΘǐǐǼ ȝΘȂ ȓƷǼǌȂǻǶΞ ǆȓȂȏȏǐǌ ȏƷȝǆǣǐȖ ΘǦȝǣ ȖǦΣǐs ×s ×s

ǜȓȂǻ ȝΘȂ ȏƷǦȓȖ Ȃǜ ǦǻƷǝǐȖॵ :࣡ ↔ : ƷǼǌ : ↔ qॽ ,ǐȓǐॶ ȝǣǐ ȖǦǻǦǶƷȓǦȝΞ ȖǆȂȓǐ ȂǅȝƷǦǼǐǌ ǜȓȂǻ :࣡ ↔ :

ȏƷǦȓ ǦȖ ȝȓǐƷȝǐǌ ƷȖ Ʒ ȓǐǜǐȓǐǼǆǐ ǦǼȝȓƷৄǆǶƷȖȖ ȓǐƷǶ ǦǻƷǝǐ ǆȂǻȏƷȓǦȖȂǼॽ [(ȓ,ț)�ǖȼǖ ǌǐǼȂȝǐȖ ȝǣǐ ȖǦǻǦǶƷȓǦȝΞ ȖǆȂȓǐ

ǅǐȝΘǐǐǼ ȝǣǐ ǆȂǻȏƷȓǐǌ ǦǻƷǝǐȖ�ǖȼǖ = {:,q} ǦǼ ȝǣǐ ǌƷȝƷȖǐȝ ƷǼǌ ȝǣǐ ǦǻƷǝǐȖ : ǦǼ ȝǣǐ ȓǐƷǶ ǌƷȝƷȖǐȝ

Ʒȝ ȝǣǐ țȼȂ ȏƷȝǆǣ ȖǐǶǐǆȝǦȂǼ ƷǼǌ ȝǣǐ ȓȼȂ ǦǻƷǝǐ ǆȂǻȏƷȓǦȖȂǼॽ bǣǦȖ ȖǆȂȓǐ ǦȖ ǜȂȓǻȠǶƷȝǐǌ ǅƷȖǐǌ ȂǼ ȝǣǐ

ǶȠǻǦǼƷǼǆǐ ƷǼǌ ǆȂǼȝȓƷȖȝ ǦǼǌǦǆǐȖ ǜȓȂǻऀँअॵ

[(ȓ,ț)�ǖȼǖ =
ࣣܸǫǖȼǖ ॳ ܸȐ + �

ܸࣣǫǖȼǖ + ܸࣣȐ + �
ॳ
ࣣܿǫǖȼǖ ॳ ܿȐ + �ࣣ

ࣣܿǫǖȼǖ + ࣣܿȐ + �ࣣ
ःॽः
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Θǣǐȓǐ ܸǫǖȼǖ ƷǼǌ ܸȐॶ ƷǼǌ ܿǫǖȼǖ ƷǼǌ ܿȐ Ʒȓǐ ȝǣǐ ǻǐƷǼȖ ƷǼǌ ȖȝƷǼǌƷȓǌ ǌǐΗǦƷȝǦȂǼȖ ǐΝȝȓƷǆȝǐǌ ǜȓȂǻ ȏƷȝǆǣǐȖ

ǫǖȼǖ ƷǼǌ Ȑॶ ȓǐȖȏǐǆȝǦΗǐǶΞॽ UƷȝǆǣǐȖ ǫǖȼǖ ƷǼǌ Ȑ Ʒȓǐ ȓƷǼǌȂǻǶΞ ȏǦǆǴǐǌ ǜȓȂǻ�ǖȼǖ ƷǼǌ :ॽ � ƷǼǌ �ࣣ Ʒȓǐ

ǱȠȖȝ ǆȂǼȖȝƷǼȝ ΗƷǶȠǐȖ ȝȂ ƷΗȂǦǌ Ʒ ΣǐȓȂ ǌǐǼȂǻǦǼƷȝȂȓॽ �Ʒǆǣ ȏƷȝǆǣ ȖǦǻǦǶƷȓǦȝΞ ȖǆȂȓǐ ǦȖ ǅǐȝΘǐǐǼ ΣǐȓȂ ƷǼǌ

ȂǼǐॽ bǣǐ ΗƷǶȠǐ Ȃǜs ǆƷǼ ǆǣƷǼǝǐ ȝǣǐ ΗƷǶȠǐȖ Ȃǜ [[W�ॶ ƷȖ Ǧȝ ȓǐЙǐǆȝȖ ȝǣǐ ǶȂǆƷǶ ǜǐƷȝȠȓǐȖ ǦǼ ǦǼȝǐǼȖǦȝΞॽ

$Ȃȓ ȝǣǐ ǆǣȂǦǆǐ ǦǼ ȝǣǦȖ ȏƷȏǐȓॶ Θǐ Ʒȓǐ ȝȓΞǦǼǝ ȝȂ ǆȂǻȏƷȓǐ ȝǣǐ ȓƷǼǌȂǻ ȓǐǝǦȂǼȖ ȝǣƷȝ ǆƷǼ ǦǼǆǶȠǌǐ ȝǣǐ

ǦǼȝǐȓǦȂȓ ǦǼȝǐǼȖǦȝΞ Ȃǜ Ʒ ǆǐǶǶॶ ȖȂs = ࣥ ȏǦΝǐǶȖ ǦȖ ǆǣȂȖǐǼ ƷȖ ȝǣǐ ƷΗǐȓƷǝǐ ȓƷǌǦȠȖ ःࣿࣿ Ǽǻ Ȃǜ ǅƷǆȝǐȓǦƷǶ

ǆǐǶǶȖॽ /Ǽ ǜƷǆȝॶ ȝǣǐ ȏƷȝȝǐȓǼȖ Ȃǜ [[W� ǜȓǐȒǐǼǆǦǐȖ ǜȂȓ ǌǦЍǐȓǐǼȝ ΘǦǼǌȂΘ ȖǦΣǐȖsΘǐȓǐ ǜȂȠǼǌ ȝȂ ǅǐ

ȖǦǻǦǶƷȓ ȝȂ ǐƷǆǣ Ȃȝǣǐȓॽ

bǣǐ ȝǣǦȓǌ ȖȝƷǝǐ Ȃǜ [[W� ǦȖ ȝȂ ȓǐȏǐƷȝ ȝǣǐ ȖǐǆȂǼǌ ȖȝƷǝǐ ǜȂȓC ȝǦǻǐȖॶ ƷǼǌ ȝǣǐǼ ЖǼǌ ȝǣǐ ǌǦȖȝȓǦৄ

ǅȠȝǦȂǼ Ȃǜ ȖǦǻǦǶƷȓǦȝΞ [�ǖȼǖ Ʒȝ ȓȼȂ ǦǻƷǝǐ ǆȂǻȏƷȓǦȖȂǼॽ bǣǐ ǆȠȓȓǐǼȝ ৗȓǐƷǶ ΗȖ ȖΞǼȝǣǐȝǦǆ [[W�ȓ ȖǆȂȓǐ

ǜȓȂǻ ȓƷǼǌȂǻǶΞ ȏǦǆǴǐǌ ǦǻƷǝǐȖ ǦȖ ȝǣǐ �ǣƷȝȝƷǆǣƷȓΞΞƷ ǌǦȖȝƷǼǆǐ ǅǐȝΘǐǐǼ ȝΘȂ ǆȂǻȏƷȓǦȖȂǼৄǅƷȖǐǌ ȖǦǻǦৄ

ǶƷȓǦȝΞ ǌǦȖȝȓǦǅȠȝǦȂǼȖॶ [ȓ: ƷǼǌ [ȓqॽ bǣǐ [[W�ȓ ǦȖ ǌǐЖǼǐǌ ƷȖॵ

[[W�ȓ = −ȕț
( x∑

ͣ=

√
[ȓ: (ͣ) ॳ [ȓq(ͣ)

)
ःॽऄ

Θǣǐȓǐ ͣ ∈ [࣡,x] ǦȖ ȝǣǐ ǌȂǻƷǦǼ Ȃǜ ǌǦȖǆȓǐȝǐ ȏȓȂǅƷǅǦǶǦȝΞ ǌǦȖȝȓǦǅȠȝǦȂǼॽ �ǣƷȝȝƷǆǣƷȓΞΞƷ ǌǦȖȝƷǼǆǐऀँ

ǻǐƷȖȠȓǐȖ ȝǣǐ ȂΗǐȓǶƷȏȏǦǼǝ ƷǻȂȠǼȝ Ȃǜ ȝΘȂ ǌǦȖȝȓǦǅȠȝǦȂǼȖॽ /ȝ ǌȂǐȖ ǼȂȝ ȓǐȒȠǦȓǐ ƷǼ Ȃȓǌǐȓ Ȃǜ ǦǼȏȠȝ ǌǦȖৄ

ȝȓǦǅȠȝǦȂǼȖ ƷǼǌ ǆƷǼ ƷΗȂǦǌ Ʒ ΣǐȓȂ ǌǐǼȂǻǦǼƷȝȂȓ ΘǣǐǼ ǆȂǻȏƷȓǐǌ ȝȂ <=ৄǌǦΗǐȓǝǐǼǆǐॽ /ȝȖ ΗƷǶȠǐ ȓƷǼǝǐȖ

ǜȓȂǻ ΣǐȓȂ ȝȂ ǦǼЖǼǦȝΞॶ Θǣǐȓǐ Ʒ ΣǐȓȂ ΗƷǶȠǐ ǻǐƷǼȖ ȝǣƷȝ ȝǣǐ ȝΘȂ ǌǦȖȝȓǦǅȠȝǦȂǼȖ Ʒȓǐ ǦǌǐǼȝǦǆƷǶॽ bǣǐ ǌǦȖৄ

ȝȓǦǅȠȝǦȂǼ Ȃǜ ȏƷȝǆǣ ȖǦǻǦǶƷȓǦȝΞ ǦȖ ǌǦȖǆȓǐȝǦΣǐǌ ΘǦȝǣ ऀࣿࣿ ȒȠƷǼȝǦΣƷȝǦȂǼ ǶǐΗǐǶȖॶ ΘǣǦǆǣ ȓǐȖȠǶȝȖ ǦǼ [[W�

ǅǐǦǼǝ ȖǻƷǶǶ ∼ ࣡−ࣣ ƷȖ ȖǣȂΘǼ ǦǼ $Ǧǝॽ ःॽआॽ

$ǦǼƷǶǶΞॶ ȝǣǐ ȏǐȓǜȂȓǻƷǼǆǐȖ Ȃǜ< ǆȓȂȖȖৄǌƷȝƷȖǐȝ ȓǐƷǶ ΗȖ ȖΞǼȝǣǐȝǦǆ [[W� ȖǆȂȓǐȖ Ʒȓǐ ǆȂǻȏƷȓǐǌ

ǝȓƷȏǣǦǆƷǶǶΞ ΘǦȝǣ ǌǦЍǐȓǐǼȝ ǌƷȝƷ ǝǐǼǐȓƷȝǦȂǼ ǻǐȝǣȂǌȖ ƷȖ ȖǣȂΘǼ ǦǼ $Ǧǝॽ ःॽआॽ bȂ ƷǆǣǦǐΗǐ ȖȝƷȝǦȖȝǦǆƷǶǶΞ

ǻǐƷǼǦǼǝǜȠǶ [[W� ǆȂǻȏƷȓǦȖȂǼȖॶ< = ࣧ࣡࣡ ƷǼǌC = ࣡࣡࣡࣡ Ʒȓǐ ǆǣȂȖǐǼ ǦǼ ǐƷǆǣ ǐΗƷǶȠƷȝǦȂǼॽ [ȝƷৄ

ȝǦȖȝǦǆƷǶ ȂǅȖǐȓΗƷȝǦȂǼȖ ǐॽǝॽ ǻǐƷǼॶ ȖȝƷǼǌƷȓǌ ǌǐΗǦƷȝǦȂǼ ƷǼǌ ǦǼȝǐȓȖǐǆȝǦȂǼৄȂΗǐȓৄȠǼǦȂǼ /Ȃe Ȃǜ ȝΘȂ

[[W� ǣǦȖȝȂǝȓƷǻȖ Ʒȓǐ ƷǼƷǶΞΣǐǌ ƷȖ ǶǦȖȝǐǌ ǦǼb��=� ःॽंॽ /Ǽ ȝǐȓǻȖ Ȃǜ Ʒ ȖǦǼǝǶǐ [[W�ॶ Ʒ ΗƷǶȠǐ ǆǶȂȖǐȓ
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ȝȂ ΣǐȓȂ ǻǐƷǼȖ ǅǐȝȝǐȓ ǦǻƷǝǐ ȓǐǶƷȝǦΗǐ ȒȠƷǶǦȝΞॽ sǣǐǼ Θǐ ǐΗƷǶȠƷȝǐ Ʒ ȠǼȏƷǦȓǐǌ ǌƷȝƷȖǐȝ ǆȂǼȝƷǦǼǦǼǝ ǻȠǶৄ

ȝǦȏǶǐ ǦǻƷǝǐ ǆȂǼǌǦȝǦȂǼȖॶ ȝǣǐ ǆȂǻȏƷȓǦȖȂǼ ǅǐȝΘǐǐǼ ǦǼȝȓƷৄǌƷȝƷȖǐȝ ȓǐƷǶ ΗȖ ȓǐƷǶ ƷǼǌ ǆȓȂȖȖৄǌƷȝƷȖǐȝ ȓǐƷǶ

ΗȖ ȝƷȓǝǐȝ [[W�ǻǐƷȖȠȓǐȖ ǦȖ Ǽǐǐǌǐǌॽ /Ǽ ȝǣǦȖ ǆƷȖǐॶ Ʒ ȖǻƷǶǶǐȓ ǌǦЍǐȓǐǼǆǐ ǅǐȝΘǐǐǼ ȝǣǐ ȖȝƷȝǦȖȝǦǆƷǶ Ȃǅৄ

ȖǐȓΗƷȝǦȂǼȖ ǆȂǻȏƷȓǐǌ ȝȂ ȝǣǐ ȓǐǜǐȓǐǼǆǐ ǦǼȝȓƷ ȓǐƷǶ ǌƷȝƷȖǐȝ [[W�࣡ ǌǐǼȂȝǐȖ ǻȂȓǐ ȖǦǻǦǶƷȓ ǌƷȝƷȖǐȝ ǆȂǼৄ

ǌǦȝǦȂǼȖॽ bǣǐ ǻǐƷǼ ΗƷǶȠǐȖ Ȃǜ [[W�ॶ ƷǶȂǼǝ ΘǦȝǣ ȖȝƷǼǌƷȓǌ ǌǐΗǦƷȝǦȂǼȖ Ȗȝǌॶ Ʒȓǐ ȖǣȂΘǼ ǦǼb��=�

ःॽंॽ bǣǐ /Ȃe ΗƷǶȠǐȖ Ȃǜ [[W�Ȗ ǐΝǣǦǅǦȝ ȒȠƷǼȝǦȝƷȝǦΗǐ ǆȂǻȏƷȓǦȖȂǼ Ȃǜ ǌǦЍǐȓǐǼȝ ȖΞǼȝǣǐȝǦǆ ǌƷȝƷȖǐȝȖॶ

Θǣǐȓǐ Ʒ ΗƷǶȠǐ ǆǶȂȖǐȓ ȝȂ ऀ ǻǐƷǼȖ ȝǣǐ ǌǦȖȝȓǦǅȠȝǦȂǼȖ Ȃǜ ǦǻƷǝǐ ǦǼȝǐǼȖǦȝΞৄΘǦȖǐ ȒȠƷǶǦȝǦǐȖ ǦǼ ȝǣǐ ȝΘȂ

ǌƷȝƷȖǐȝȖ Ʒȓǐ ǻȂȓǐ ȖǦǻǦǶƷȓॽ

ः৷ं৷ं �ӸԌӢԏӢӅҷӲ ҷӹҷӲԮԓӢԓ Ԁә [[W�

/Ǽ ǝǐǼǐȓƷǶॶ [[W� ȝƷǴǐȖ ȓƷǼǌȂǻ ȏƷȝǆǣǐȖ ǜȓȂǻ ȓƷǼǌȂǻ ǦǻƷǝǐȖ ƷǼǌ ƷǼƷǶΞΣǐȖ ȝǣǐ ǦǼȝǐȓৄ ƷǼǌ ǦǼȝȓƷৄ

ǌƷȝƷȖǐȝȖ ȖȝƷȝǦȖȝǦǆȖॽ bȂ ǐΝȝȓƷǆȝ ȝǣǐ ȖȝƷȝǦȖȝǦǆȖॶ [[W� ǐΗƷǶȠƷȝǐȖ ǻǐƷȖȠȓǐȖ ǐǻǅǐǌǌǐǌ ǦǼ ǦǼȝǐǼȖǦȝΞ ƷǼǌ

ǼȂǦȖΞ ǅƷǆǴǝȓȂȠǼǌ Ȃǜ ǐƷǆǣ ȏƷȝǆǣॶ ǦǼ ȝǐȓǻȖ Ȃǜ ǦǶǶȠǻǦǼƷǼǆǐ ƷǼǌ ǆȂǼȝȓƷȖȝॽ � ȒȠǐȖȝǦȂǼ ǻƷΞ ǅǐ ƷȖǴǐǌ

ȝǣƷȝ ৗǆƷǼ Θǐ ȖȠǅȖȝǦȝȠȝǐ ȝǣǐ ȖǦǻǦǶƷȓǦȝΞ ǻǐƷȖȠȓǐ ǅΞ Ȃȝǣǐȓ ǐΝǦȖȝǦǼǝ ȖǆȂȓǐȖॾ /Ǽ ȝǣǦȖ ȖǐǆȝǦȂǼॶ ǜȠȓȝǣǐȓ

ƷǼƷǶΞȖǦȖ ȂǼ [[W� ǦȖ ȏǐȓǜȂȓǻǐǌ ȝȂ ǌǦȖǆȠȖȖ ȝǣǐ ǆǣȂǦǆǐȖ ǜȂȓ ȏƷȓƷǻǐȝǐȓȖ ǐॽǝॽ ȏƷȝǆǣ ȖǦΣǐॶ ȖƷǻȏǶǐ ǼȠǻৄ

ǅǐȓȖॶ ƷǼǌ ȝȂ ǆȂǻȏƷȓǐ ǌǦЍǐȓǐǼȝ ȖǦǻǦǶƷȓǦȝΞ ǻǐƷȖȠȓǐ ǻǐȝȓǦǆȖॽ /ȝ ǦȖ ΘȂȓȝǣ ǻǐǼȝǦȂǼǦǼǝ ȝǣƷȝ [[W�

ȝƷǴǐȖ ƷǌΗƷǼȝƷǝǐ Ȃǜ ȝǣǐ ȖȝȂǆǣƷȖȝǦǆ ȖȝƷȝǦȖȝǦǆƷǶ ƷȏȏȓȂƷǆǣ ƷǼǌ ǌȂǐȖ ǼȂȝ Ǽǐǐǌ ȝǣǐ ȝΘȂ ǦǻƷǝǐȖ ȝȂ ǐΝƷǆȝǶΞ

ǻƷȝǆǣঃ ΘǣǦǶǐ ȝǣǐ Ȃȝǣǐȓ ǻǐȝǣȂǌȖ ǻƷΞ ȓǐȒȠǦȓǐ ǦǻƷǝǐ ȝȂ ǦǻƷǝǐ ȖȝȓȠǆȝȠȓǐ ǆȂȓȓǐȖȏȂǼǌǐǼǆǐॽ ,ȂΘৄ

ǐΗǐȓॶ ǅΞ ȝƷǴǦǼǝ ȝǣǐ ȏƷȝǆǣৄǅƷȖǐǌ [[W� Ȗǆǣǐǻǐॶ ȅࣗǯࣗॶ ǐǻǅǐǌǌǦǼǝ ǌǦЍǐȓǐǼȝ ȖǦǻǦǶƷȓǦȝΞ ǻǐƷȖȠȓǐȖ ǦǼ

ȂȠȓ ȏȓȂȏȂȖǐǌ [[W� ǜȓƷǻǐΘȂȓǴॶ ȝǣǐ ǶǦǻǦȝƷȝǦȂǼȖ ȂǼ ȖȝȓȠǆȝȠȓǐ ǆȂȓȓǐȖȏȂǼǌǐǼǆǐ ǆƷǼ ǅǐ ǌǦǻǦǼǦȖǣǐǌॽ

UƷȓƷǻǐȝǐȓ ƷǼƷǶΞȖǦȖॵ bǣǐȓǐ Ʒȓǐ ȝǣȓǐǐ ǻƷǱȂȓ ȏƷȓƷǻǐȝǐȓȖ ǦǼ [[W�ॵ ȏƷȝǆǣΘǦǼǌȂΘ ȖǦΣǐ sॶ ȝǣǐ

ǼȠǻǅǐȓ Ȃǜ ȓƷǼǌȂǻ ȏƷȝǆǣǐȖ Cॶ ƷǼǌ ȝǣǐ ǼȠǻǅǐȓ Ȃǜ ȓƷǼǌȂǻ ǦǻƷǝǐȖ <ॽ bƷǅǶǐ ःॽऀ ǌǐǻȂǼȖȝȓƷȝǐȖ

ȝǣǐ ǆȂǻȏƷȓǦȖȂǼ ΘǦȝǣ ǌǦЍǐȓǐǼȝ ȏƷȓƷǻǐȝǐȓ ȖǐȝȝǦǼǝȖ ƷǼǌ ȝǣǐ ǆȂȓȓǐȖȏȂǼǌǦǼǝ [[W� ȖǆȂȓǐȖॽ $Ȃȓ ΗƷȓΞৄ

ǦǼǝ ȏƷȝǆǣ ȖǦΣǐॶ ǦǻƷǝǐȖ Ʒȓǐ ЖΝǐǌ ƷȖ ȖǣȂΘǼ ǦǼ $Ǧǝॽ ःॽऄॽ $Ȃȓ ȝǣǐ Ȃȝǣǐȓ ȖȝȠǌǦǐȖॶ ȝǣǐȓǐ Ʒȓǐ ȝΘǐǼȝΞ ЖΗǐ

ं� ȖȝƷǆǴȖ ǜȓȂǻ ȝΘȂ [�X ǆȂǼǌǦȝǦȂǼȖ ǦǼ ȝǣǐ ǻȂǌǐǶৄǅƷȖǐǌ ȖǦǻȠǶƷȝǐǌ ǌƷȝƷȖǐȝȖॽ bǣǐǼॶ ँ� ǦǻƷǝǐȖ

Ʒȓǐ ȖǐǶǐǆȝǐǌ ǜȓȂǻ ȝǣǐ ȖƷǻǐ ȓƷǼǌȂǻ ǌǐȏȝǣ ǦǼ ȝǣǐ ं� ǌƷȝƷȖǐȝ ΘǦȝǣ ǌǦЍǐȓǐǼȝ [�X ǆȂǼǌǦȝǦȂǼȖॽ bǣǐ
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ΘǦǼǌȂΘ ȖǦΣǐ s ः इ ऀअ ंँ
ǦǼȝǐȓৄǌƷȝƷȖǐȝ [[W� ࣿॽऀंःइ ࣿॽࣿईंऀ ࣿॽࣿअइऄ ࣿॽࣿइऄऀ
ǦǼȝȓƷৄǌƷȝƷȖǐȝ [[W� ࣿॽࣿࣿँऄ ࣿॽࣿࣿँइ ࣿॽࣿࣿँअ ࣿॽࣿࣿँः
ǼȠǻॽ Ȃǜ ǦǻƷǝǐȖ < ऀࣿ ऄࣿ ऀࣿࣿ ँࣿࣿ

ǦǼȝǐȓৄǌƷȝƷȖǐȝ ǻǐƷǼ [[W� ࣿॽࣿइࣿई ࣿॽࣿईःऀ ࣿॽࣿइऀइ ࣿॽࣿइइँ
ǦǼȝȓƷৄǌƷȝƷȖǐȝ ǻǐƷǼ [[W� ࣿॽࣿࣿँऄ ࣿॽࣿࣿँऄ ࣿॽࣿࣿँऄ ࣿॽࣿࣿँऄ
ǼȠǻॽ Ȃǜ ȏƷȝǆǣǐȖ C ऄࣿ ऄࣿࣿ ऄࣿࣿࣿ ऀࣿࣿࣿࣿ

ǦǼȝǐȓৄǌƷȝƷȖǐȝ ǻǐƷǼ [[W� ࣿॽࣿईइं ࣿॽऀࣿइः ࣿॽࣿईࣿࣿ ࣿॽࣿइईऀ
ǦǼȝȓƷৄǌƷȝƷȖǐȝ ǻǐƷǼ [[W� ࣿॽࣿऄइऀ ࣿॽࣿँआई ࣿॽࣿࣿँअ ࣿॽࣿࣿँऄ

Table 4.1: Parameter analysis in SSQA.

ǼȠǻǅǐȓ Ȃǜ ȏƷȝǆǣǐȖ ƷǼǌ ȝǣǐ ǼȠǻǅǐȓ Ȃǜ ǦǻƷǝǐȖ Ʒȓǐ ࣡࣡࣡࣡ ƷǼǌ ॽ bǣǐ ЖΝǐǌ ΘǦǼǌȂΘ ȖǦΣǐ ƷǼǌ ȝǣǐ

ǼȠǻǅǐȓ Ȃǜ ȏƷȝǆǣǐȖ ǜȂȓ ƷǼƷǶΞΣǦǼǝ ΗƷȓΞǦǼǝ ǼȠǻǅǐȓ Ȃǜ ǦǻƷǝǐȖ Ʒȓǐ ࣩ ƷǼǌ ࣡࣡࣡࣡ॽ sǣǐǼ ȝǣǐȓǐ Ʒȓǐ ȖȠǜৄ

ЖǆǦǐǼȝ ǼȠǻǅǐȓȖ Ȃǜ ǦǻƷǝǐȖ ƷǼǌ ȏƷȝǆǣǐȖॶ ǅȂȝǣ ǦǼȝǐȓৄ ƷǼǌ ǦǼȝȓƷৄǌƷȝƷȖǐȝ [[W� ȖǆȂȓǐȖ ǻƷǦǼȝƷǦǼǐǌ

Ʒ ȖȝƷǅǶǐ ǶǐΗǐǶ Ȃǜ ǐΗƷǶȠƷȝǦȂǼॽ sǦǼǌȂΘ ȖǦΣǐ ΘǦǶǶ ƷЍǐǆȝ ȝǣǐ ΗƷǶȠǐ Ȃǜ [[W� ƷǆǆȂȓǌǦǼǝ ȝȂbƷǅǶǐ ःॽऀॽ

,ȂΘǐΗǐȓॶ ΘǣǐǼ Θǐ ȓǐȏǐƷȝ ȝǣǐ ΗƷǶǦǌƷȝǦȂǼ ȂǼ ǌǦЍǐȓǐǼȝ ȖǐȝȖ Ȃǜ ǦǻƷǝǐȖॶ ΘǦǼǌȂΘ ȖǦΣǐ ΘȂǼȝ ǌȓƷǻƷȝǦৄ

ǆƷǶǶΞ ǆǣƷǼǝǐ ȝǣǐ ȏȓȂǅƷǅǦǶǦȝΞ Ȃǜ [[W� ƷȖ ǶȂǼǝ ƷȖ Ǧȝ ǦȖ ȖȠАǆǦǐǼȝ ȝȂ ǌǐȖǆȓǦǅǐ ȝǣǐ ǶȂǆƷǶ ǆǣƷȓƷǆȝǐȓǦȖȝǦǆȖ

ǦǼ ȝǣǐ ǦǻƷǝǐ ǐॽǝॽ ƷȓȂȠǼǌ Ʒ ǅƷǆȝǐȓǦƷǶ ǌǦƷǻǐȝǐȓ ȖǦΣǐॽ

Figure 4.5: Images with different SBR conditions are used for the analysis of SSQA. For the validation of parameter setting with
varying window size, SBR 2 image was used as a reference real image for intra‐dataset comparison.

�ȂǻȏƷȓǦȖȂǼ ΘǦȝǣ ǌǦЍǐȓǐǼȝ ȖǦǻǦǶƷȓǦȝΞ ǻǐƷȖȠȓǐȖॵ bǣǦȖ ȖǐǆȝǦȂǼ ƷǼƷǶΞΣǐȖ ƷǼǌ ǆȂǻȏƷȓǐȖ ǌǦЍǐȓৄ

ǐǼȝ ȖǦǻǦǶƷȓǦȝΞ ǻǐƷȖȠȓǐȖ ȝȂ ǐΗƷǶȠƷȝǐ ȝǣǐ ǦǻƷǝǐ ȒȠƷǶǦȝΞ ǐǦȝǣǐȓ ǜȂȓ ȝǣǐ ǐǼȝǦȓǐ ǦǻƷǝǐ Ȃȓ ǜȂȓ ȏƷȝǆǣৄΘǦȖǐ

ईः



ȖǦǻǦǶƷȓǦȝΞ Ʒȝ ȝǣǐ ȖǐǆȂǼǌ ȖȝƷǝǐ ǦǼ [[W� Ȗǆǣǐǻǐॽ bǣǐ ȖǦǻǦǶƷȓǦȝΞ ȖǆȂȓǐȖ ǜȂȓ ǆȂǻȏƷȓǦȖȂǼ Ʒȓǐ ǼȂȓǻƷǶৄ

ǦΣǐǌ ȓȂȂȝ ǻǐƷǼৄȖȒȠƷȓǐǌ ǐȓȓȂȓ CXB[�ॶ ǼȂȓǻƷǶǦΣǐǌ ǆȓȂȖȖৄǆȂȓȓǐǶƷȝǦȂǼ ƷǼƷǶΞȖǦȖ ǅΞ ǐΗƷǶȠƷȝǦǼǝ ȝǣǐ

ǻƷΝǦǻȠǻ ΗƷǶȠǐ ǻƷΝC��ॶ ǻȠȝȠƷǶ ǦǼǜȂȓǻƷȝǦȂǼ ƷǼƷǶΞȖǦȖ B/ॶ ƷǼǌ [[/Bऀँअॽ $Ȃȓ CXB[�ॶ

ȝǣǐ ȓȂȂȝ Ȃǜ ǻǐƷǼৄȖȒȠƷȓǐǌ ǐȓȓȂȓ ǦȖ ǼȂȓǻƷǶǦΣǐǌ ǅΞ ȝǣǐ ǌǦЍǐȓǐǼǆǐ ǅǐȝΘǐǐǼ ȝǣǐ ǻƷΝǦǻȠǻ ƷǼǌ ǻǦǼৄ

ǦǻȠǻ ǦǼȝǐǼȖǦȝǦǐȖ ǦǼ ȝǣǐ ȝΘȂ ȏƷȝǆǣǐȖॽ bǣǐ ȏƷȓƷǻǐȝǐȓ ȖǐȝȝǦǼǝȖ ǜȂȓ ȝǣǐ ǆȂǻȏƷȓǦȖȂǼ Ʒȓǐ ΘǦǼǌȂΘ

ȏƷȝǆǣ ȖǦΣǐ Ȃǜ इॶ ƷǼǌ ȝǣǐ ǼȠǻǅǐȓ Ȃǜ ȏƷȝǆǣǐȖ Ȃǜ ऀࣿࣿࣿࣿॽ bǣǐ ȓǐȖȠǶȝȖ ȖǣȂΘǼ ǦǼb��=� ःॽँ Ʒȓǐ ǆȂǻৄ

ȏƷȓǦȖȂǼȖ ȠȖǦǼǝ ǌǦЍǐȓǐǼȝ ȒȠƷǶǦȝΞ ƷȖȖǐȖȖǻǐǼȝ ǻǐƷȖȠȓǐȖ ȝȂ ǐΗƷǶȠƷȝǐ ȒȠƷǶǦȝǦǐȖ Ȃǜ ȝǣǐ ǐǼȝǦȓǐ ǦǻƷǝǐȖ

ȝȂȏ ȝǣȓǐǐ ȓȂΘȖ ƷǼǌ ȝǣǐ ǻǐƷǼ ȒȠƷǶǦȝǦǐȖ Ȃǜ ȓƷǼǌȂǻ ȏƷȝǆǣǐȖ ǅȂȝȝȂǻ ȝǣȓǐǐ ȓȂΘȖॽ bǣǐ ǼȠǻǅǐȓ Ȃǜ

ǅǦǼȖ ǜȂȓ ǐΗƷǶȠƷȝǦǼǝ ȝǣǐ ȖǦǻǦǶƷȓǦȝΞ ǌǦȖȝȓǦǅȠȝǦȂǼ ǦȖ ऀࣿࣿॽ

HȠȓ ȂǅȖǐȓΗƷȝǦȂǼ ǦǼǌǦǆƷȝǐȖ ȝǣƷȝॶ ΘǣǐǼ ǅǦȂЖǶǻ ȖȝȓȠǆȝȠȓǐ ǌȂǐȖ ǼȂȝ ƷȏȏǐƷȓ ȝǣǐ ȖƷǻǐ ǦǼ ȝǣǐ ȝΘȂ

ǦǻƷǝǐȖ Ȗǐǐ $Ǧǝॽ ःॽअ ȖǐǆȂǼǌ ƷǼǌ ȝǣǦȓǌ ǆȂǶȠǻǼȖॶ C��ॶ [[/B ƷǼǌB/ ǜƷǦǶ ȝȂ ǐΝǣǦǅǦȝ ƷȏȏȓȂȏȓǦƷȝǐ

ǦǼȝȓƷৄǌƷȝƷȖǐȝ ȒȠƷǶǦȝǦǐȖॶ ΘǣǦǆǣ Ʒȓǐ ǐΝȏǐǆȝǐǌ ȝȂ ǅǐ ǶƷȓǝǐȓ ȝǣƷǼ ǦǼȝǐȓৄǌƷȝƷȖǐȝ ΗƷǶȠǐȖ ǦǼ ȝǣǐȖǐ ȖǆȂȓǐȖॽ

�Ȃȝǣ CXB[� ƷǼǌ [[W� ȏȓǐȖǐǼȝ ȓǐƷȖȂǼƷǅǶǐ ȝȓǐǼǌȖ ǦǼ ȝǣǐ ȝΘȂ ǆȂǻȏƷȓǦȖȂǼȖॶ ȅࣗǯ࣐ࣗ ǶƷȓǝǐȓ ΗƷǶȠǐȖ

ǜȂȓ ǦǼȝǐȓৄǌƷȝƷȖǐȝ ǐΗƷǶȠƷȝǦȂǼ ȝǣƷǼ ȝǣȂȖǐ ǜȂȓ ǦǼȝȓƷৄǌƷȝƷȖǐȝॽ sǣǦǶǐ ǜȂȓ [[W�ॶ ȝǣǐ ǦǼȝǐȓৄ ƷǼǌ ǦǼȝȓƷৄ

ǌƷȝƷȖǐȝ ȖǆȂȓǐȖ Ʒȓǐ ȂǅȖǐȓΗǐǌ ȝȂ ǅǐ ǻȂȓǐ ǌǦΗǐȓȖǐ ΘǦȝǣ Ʒ ȓǐǶƷȝǦΗǐ ȓƷȝǦȂ Ȃǜ ऀࣿࣿॶ ΘǣǦǆǣ ǦȖ ǶƷȓǝǐȓ ȝǣƷǼ ȝǣǐ

ȓƷȝǦȂ ∼ ࣣ ȝǦǻǐȖ ǐΗƷǶȠƷȝǐǌ ǅΞ CXB[�ॽ /Ǽ ȝǣǐ ǆƷȖǐȖ ΘǣǐǼ Θǐ ƷǼƷǶΞΣǐ ȖȝȂǆǣƷȖȝǦǆ ȏƷȝǆǣৄΘǦȖǐ ȖǦǻৄ

ǦǶƷȓǦȝǦǐȖॶ ȝǣǐ ǻǐƷǼ ȖǆȂȓǐ ǆǶȂȖǐȓ ȝȂ  ǜȂȓ ȝǣǐ [ ǦǼ [[W� ǌǐǼȂȝǐȖ ǻȂȓǐ ȖǦǻǦǶƷȓ ȒȠƷǶǦȝǦǐȖ Ȃǜ ȝǣǐ ȝΘȂ

ǦǻƷǝǐȖॽ �ǶȝǣȂȠǝǣ ȝǣǐ Ȃȝǣǐȓ ȖǆȂȓǐȖॶ ǐȖȏǐǆǦƷǶǶΞ [[/B ƷǼǌB/ॶ ǐΝǣǦǅǦȝ ǐǼǣƷǼǆǐǌ ȏƷȝȝǐȓǼȖ ȝǣƷȝ ǆȂǻৄ

ȏƷȓǐ ǦǼȝǐȓৄ ƷǼǌ ǦǼȝȓƷৄǌƷȝƷȖǐȝ ȒȠƷǶǦȝǦǐȖॶ ȝǣǐΞ Ʒȓǐ ȖȝǦǶǶ ǶƷǆǴǦǼǝ ǦǼ ǌǦΗǐȓȖǐ ȖǆȂȓǐȖ ǜȂȓ ǌǦЍǐȓǐǼȝ ǌƷȝƷȖǐȝȖॽ

$Ȃȓ ǅȂȝǣ ȖȝȠǌǦǐȖ ǦǼbƷǅǶǐ ःॽऀ ƷǼǌb��=� ःॽँॶ ȝǣǐ ȂȓǦǝǦǼƷǶ ȓǐǜǐȓǐǼǆǐ ǌƷȝƷȖǐȝ ȒȠƷǶǦȝΞ ƷЍǐǆȝȖ ȝǣǐ

ȓƷǼǝǐ ƷǼǌ ΗƷǶȠǐȖ Ȃǜ ȖǦǻǦǶƷȓǦȝΞ ȖǆȂȓǐȖॽ ,ȂΘǐΗǐȓॶ [[W� ǆƷǼ ȖȝǦǶǶ ȏȓǐȖǐǼȝ Ʒ ȓǐǶƷȝǦΗǐ ȓƷȝǦȂ Ȃǜ Ʒȝ ǶǐƷȖȝ

∼ ࣤ࣡ ǅǐȝΘǐǐǼ ǦǼȝǐȓৄ ƷǼǌ ǦǼȝȓƷৄǌƷȝƷȖǐȝ ȒȠƷǶǦȝΞ ǻǐƷȖȠȓǐȖॽ
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Figure 4.6: Images for the analysis and comparison of different similarity scores. In comparison 12, ”real” images are SBR 2
images which are served as reference dataset; while in comparison 21, the reference dataset contains SBR 1 images.

CXB[� ǻƷΝC�� [[/B B/ [[W�
ǦǼȝǐȓৄǌƷȝƷȖǐȝ ࣣ ࣿॽंःऀँ ࣿॽआࣿइअ ࣿॽऀःऄऀ ऀॽऀँइं ऀॽࣿऀआई
ǦǼȝȓƷৄǌƷȝƷȖǐȝ  ࣿॽऀअअऀ ࣿॽऄअࣿआ ࣿॽࣿँःँ ऀॽࣿईईई ࣿॽࣿࣿईई
ǦǼȝȓƷৄǌƷȝƷȖǐȝ ࣣࣣ ࣿॽऀःःइ ࣿॽंऀईआ ࣿॽࣿࣿऀँ ऀॽࣿऄࣿआ ࣿॽࣿࣿःः
ǦǼȝǐȓৄǌƷȝƷȖǐȝ ࣣ ǦǼ [[W� Ȗǆǣǐǻǐ ࣿॽऄआआࣿ ࣿॽऄअँइ ࣿॽࣿँईः ऀॽइࣿईअ ࣿॽंऀआइ
ǦǼȝȓƷৄǌƷȝƷȖǐȝ  ǦǼ [[W� Ȗǆǣǐǻǐ ࣿॽःअࣿआ ࣿॽऄऄअं ࣿॽࣿइࣿआ ऀॽइऀࣿऀ ࣿॽःआंइ
ǦǼȝȓƷৄǌƷȝƷȖǐȝ ࣣࣣ ǦǼ [[W� Ȗǆǣǐǻǐ ࣿॽंࣿःऀ ࣿॽंअइइ ࣿॽࣿईःऄ ऀॽइइइई ࣿॽईअऄऀ

Table 4.2: Comparison of different similarity scores to evaluate the quality of images or patches. The upper three rows compute
the quality assessment scores using different methods between two images. The lower three rows evaluate the mean patch‐
wise similarity of two images. The patch‐wise scores are averaged over ࣡࣡࣡࣡ comparisons. Inter‐dataset 21 denotes the
comparison between SBR 2 and SBR 1 conditions (Fig. 4.5). Intra‐dataset 11 evaluates intra SBR 1 dataset quality and intra‐
dataset 22 accounts for intra SBR 2 dataset comparison.

ः৷ं৷ः HԚӟӏԏ ӋҷԚҷԓӏԚ ԎԞҷӲӢԚԮ ҷԓԓӏԓԓӸӏӹԚ ӸӏԚԏӢӅԓ

$ȓǑǆǣǐȝ ǦǼǆǐȏȝǦȂǼ ǌǦȖȝƷǼǆǐ $/�ॵ $/� ȖǆȂȓǐ ǐΗƷǶȠƷȝǐȖ ȝǣǐ ȒȠƷǶǦȝΞ Ȃǜ %�C ȂȠȝȏȠȝȖ ǅƷȖǐǌ ȂǼ

ȝǣǐ ȖȝƷȝǦȖȝǦǆȖ ǜȓȂǻ ȝǣǐ ȂȓǦǝǦǼƷǶ ȓǐƷǶ ȝȓƷǦǼǦǼǝ ǌƷȝƷȖǐȝऄँ ƷȖ ΘǐǶǶ ƷȖ ȝǣǐ ȖȝƷȝǦȖȝǦǆȖ ǦǼ ȝǣǐ ȝƷȓǝǐȝ ȂȠȝȏȠȝȖॽ

/ȝ ȠȖǐȖ Ʒ ȏȓǐৄȝȓƷǦǼǐǌ ǦǼǆǐȏȝǦȂǼ Ηं ǻȂǌǐǶ ȝȂ ǐΝȝȓƷǆȝ ǌǐǐȏ ǜǐƷȝȠȓǐȖ ȝǣƷȝ ǌǦȖǆȓǦǻǦǼƷȝǐ ȓǐƷǶ ƷǼǌ ǝǐǼǐȓৄ
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Ʒȝǐǌ ǦǻƷǝǐȖ ǦǼ ȝǐȓǻȖ Ȃǜ ǻǐƷǼ ƷǼǌ ǆȂΗƷȓǦƷǼǆǐॽ bǣǐǼॶ $/� ǆƷǶǆȠǶƷȝǐȖ ȝǣǐ ǌǦЍǐȓǐǼǆǐ Ȃǜ ȝΘȂ ǜǐƷȝȠȓǐ

ǌǦȖȝȓǦǅȠȝǦȂǼȖ ȠȖǦǼǝ $ȓǑǆǣǐȝ ǌǦȖȝƷǼǆǐॽ bǣǐ ǶȂΘǐȓ ȝǣǐ $/�ॶ ȝǣǐ ǅǐȝȝǐȓ ȝǣǐ ǌƷȝƷȖǐȝ ȒȠƷǶǦȝΞॽ $/� ΘƷȖ

ǜȂȠǼǌ ȝȂ ǅǐ ΘǐǶǶৄǆȂȓȓǐǶƷȝǐǌ ΘǦȝǣ ǣȠǻƷǼ ǱȠǌǝǻǐǼȝॶ ǅȠȝ ȝǣǐ ǦǼǆǐȏȝǦȂǼ Ηं ǻȂǌǐǶ ΘƷȖ ȝȓƷǦǼǐǌ ȂǼ

/ǻƷǝǐCǐȝ ँ� ǦǻƷǝǐȖ ΘǦȝǣ ǼȂ ं� ǦǼȝǐȓǜƷǆǐ ƷȖ Ȃǜ Ξǐȝॽ bǣǐȓǐǜȂȓǐॶ ȂǼǶΞ ँ� ȖǶǦǆǐȖ ǦǼ ȝǣǐ ं� ȖȝƷǆǴȖ

Θǐȓǐ ǐΗƷǶȠƷȝǐǌ ƷȖ ȖǣȂΘǼ ǦǼb��=� ःॽंॽ

�ǶǦǼǌȓǐǜǐȓǐǼǆǐǶǐȖȖ ǦǻƷǝǐ ȖȏƷȝǦƷǶ ȒȠƷǶǦȝΞ ǐΗƷǶȠƷȝȂȓ �X/[We�ॵ �X/[We� ǦȖ ƷǼ ƷǶǝȂৄ

ȓǦȝǣǻ ȝǣƷȝ ǐΗƷǶȠƷȝǐȖ ȝǣǐ ǌǦȖȝȂȓȝǦȂǼȖ ǦǼ ǦǻƷǝǐȖ ΘǦȝǣȂȠȝ ȝǣǐ Ǽǐǐǌ ǜȂȓ ǆȂȓȓǐȖȏȂǼǌǦǼǝ ȓǐǜǐȓǐǼǆǐ Ǧǻৄ

ƷǝǐȖॽ /ȝ ǻǐƷȖȠȓǐȖ ȝǣǐ ǌǐΗǦƷȝǦȂǼ Ȃǜ ȝǣǐ ǌǦȖȝȓǦǅȠȝǦȂǼȖ ǦǼ ǼȂȓǻƷǶǦΣǐǌ ǌǦȖȝȂȓȝǐǌ ǦǻƷǝǐȖ ǜȓȂǻ ǼƷȝȠȓƷǶ

ȖǆǐǼǐ ǦǻƷǝǐȖ ΘǣǦǆǣ ǜȂǶǶȂΘ ȝǣǐ %ƷȠȖȖǦƷǼ ǌǦȖȝȓǦǅȠȝǦȂǼआइॽ $ǐƷȝȠȓǐȖ ǦǼ ǦǼȝǐǼȖǦȝΞ ƷǼǌ ȏǦΝǐǶ ǼǐǦǝǣǅȂȓȖ

Ʒȓǐ ǐΝȝȓƷǆȝǐǌ ƷǼǌ ǜȠȓȝǣǐȓ ƷǼƷǶΞΣǐǌ ȝȂ ǝǐȝ Ʒ ȒȠƷǶǦȝΞ ȖǆȂȓǐ ȠȖǦǼǝ Ʒ ȖȠȏȏȂȓȝ ΗǐǆȝȂȓ ȓǐǝȓǐȖȖȂȓॽ bǣǦȖ

ȏƷȏǐȓ ȠȖǐȖ ȝǣǐ ȂȓǦǝǦǼƷǶ ΗǐȓȖǦȂǼ Ȃǜ �X/[We�ॶ ΘǣǦǆǣ ȏȓǐǌǦǆȝȖ ȝǣǐ ǌǦȖȝȂȓȝǦȂǼȖ ǦǼ ँ� ǦǻƷǝǐȖॽ sǣǐǼ

ǦȝȖ ΗƷǶȠǐ ǦȖ ȖǻƷǶǶǐȓॶ ȝǣǐ ǦǻƷǝǐ ȒȠƷǶǦȝΞ ǦȖ ǅǐȝȝǐȓॽ $Ȃȓ ȝǣǐ ǆȂǻȏƷȓǦȖȂǼ Ȃǜ ǌƷȝƷȖǐȝ ȒȠƷǶǦȝΞॶ ȖǻƷǶǶǐȓ ǌǦǜৄ

ǜǐȓǐǼǆǐ Ȃǜ �X/[We� ΗƷǶȠǐ ǅǐȝΘǐǐǼ ȝǣǐ ȓǐǜǐȓǐǼǆǐ ƷǼǌ ȝƷȓǝǐȝ ȖΞǼȝǣǐȝǦǆ ǌƷȝƷȖǐȝ ǦȖ ǅǐȝȝǐȓॽ

=ȂǆƷȝǦȂǼ ǆȂȓȓǐȖȏȂǼǌǐǼǆǐ ΘǦȝǣ [�Xॵbǣǐ ǐΗƷǶȠƷȝǦȂǼ ȂǼ ǶȂǆƷȝǦȂǼ ǆȂȓȓǐȖȏȂǼǌǐǼǆǐ ǦȖ ȏǐȓৄ

ǜȂȓǻǐǌ ǅΞ ȂΗǐȓǶƷΞǦǼǝ ȝǣǐ ǝȓȂȠǼǌ ȝȓȠȝǣ ǶƷǅǐǶȖ ȂǼ ǝǐǼǐȓƷȝǐǌ ȖΞǼȝǣǐȝǦǆ ǌƷȝƷॽ bǣǐ ΗƷǶȠǐȖ Ȃǜ ǻǐƷǼ
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Figure 4.7: SSQA frequency comparison of different datasets. Histogram of SSQA for all the different outputs are
normalized by the total number of< image comparisons to get the frequency of SSQA score in each dataset. The
Reference plot indicates the stochastic comparison within the data pool of real images. The more similar the distribu‐
tion compared to the reference, the better relative image quality of synthetic dataset.

�ƷȝƷȖǐȝ $/� �X/[We� ǻǐƷǼ±Ȗȝǌ [�X [[W� ǻǐƷǼ±Ȗȝǌ /Ȃe[[W�ॶ [[W�࣡
XǐǜǐȓǐǼǆǐ ऀॽऀआࣿǐৄऀࣿ ंअॽँऄँ± ऄॽईईआ ऀॽआअआ ࣿॽࣿँअ± ࣿॽࣿँई ऀ
[ǦǻȠǶƷȝǦȂǼ ऀँँॽऀःआ ःऀॽࣿईअ± ंॽँअई ऀॽऄअआ ࣿॽࣿऀई± ࣿॽࣿँं ࣿॽःअआࣿ
[ȏ�ΞǆǶǐ%�C ःऄॽऀइइ ±࡛࡚ࣗ अॽआईअ ࣿॽईँअ ±࡙࡙࡙ࣗ ࣿॽࣿँआ ࡠ࡚࡙ࣗ
[ȏ�ΞǆǶǐ%�C ं� ऀࣿंॽࣿआः ंइॽःआइ± ँॽऀइआ ऀॽँंः ࣿॽࣿऀइ± ࣿॽࣿऀइ ࣿॽंअऄँ
�ΞǆǶǐ%�C ं� ऀࣿअॽईंइ ंइॽࣿईँ± ऄॽःंई ऀॽंअः ࣿॽࣿँऀ± ࣿॽࣿँऄ ࣿॽःंआऀ
ं� �ΞǆǶǦǆ %�C !ࣣ ࡡࡢࡠ࡙ࣗࡡ ंःॽँंइ± ऄॽऀऄऄ ࡡ࡚࡚ࣗ ࣿॽࣿँइ± ࣿॽࣿँई ࣿॽअऄआऄ

Table 4.3: Dataset quality assessment measures and their comparisons. Columns are quality assessment scores
of different datasets. Fréchet inception distance (FID)52 and blind/referenceless image spatial quality evaluator
(BRISQUE) are performed on 2D slices in 3D stacks, while the others directly evaluate 3D images. Rows are differ‐
ent scores foreach dataset. The scores shown in BRISQUE and SSQA are mean and standard deviation (std) values.
The SBR scores are also averaged over all the test images in the dataset. Reference denotes the intra real image data
pool quality comparison or statistics. The closer to the Reference scores the better relative dataset image quality.
The values highlighted in bold are best result and the underlined ones in italics are second best.
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ऀࣿࣿ



Figure 4.8: A comparison of GAN outputs, which shows the preservation of axial (along z‐axis) signal continuity with
3D GANs, as well as problems in location drift and missing cells associated with SpCycleGAN39, SpCycleGAN loss
extended to 3D, CycleGAN loss140 used in 3D, and the proposed 3D cyclic GAN (!ࣣ). The ground truth label volume
and model‐based simulation result137 are shown for reference. All the images shown are 3D rendered in ImageJ.
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ȏȠȝȖ ǦǼ ǅȂȝǣ ΗǦȖȠƷǶ ǆȂǻȏƷȓǦȖȂǼ ƷǼǌ ǶȂǆƷȝǦȂǼ ǆȂȓȓǐȖȏȂǼǌǐǼǆǐ ǐΗƷǶȠƷȝǦȂǼ ΘǦȝǣ ȓǐȖȏǐǆȝ ȝȂ
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ǌƷȝƷȖǐȝ ǦȖ ȏȓȂǌȠǆǐǌ ǅΞ ं� ǆΞǆǶǦǆ %�CΘǦȝǣ ȠǼǅƷǶƷǼǆǐǌ ǆΞǆǶǐ ǆȂǼȖǦȖȝǐǼǆΞ ǶȂȖȖ !ࣣॶ ΘǣǦǆǣ
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[[W�ॶ ȏȓȂΗǦǌǐȖ Ʒ ȒȠƷǼȝǦȝƷȝǦΗǐ ȂȏȝǦȂǼ ǜȂȓ ǆȂǻȏƷȓǦȖȂǼৄǅƷȖǐǌ ं�%�C ȂȠȝȏȠȝ ǐΗƷǶȠƷȝǦȂǼ
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ΘǣǐǼ ȝǣǐ ǆȂȓȓǐȖȏȂǼǌǦǼǝ ǝȓȂȠǼǌ ȝȓȠȝǣ ǦǻƷǝǐȖ Ʒȓǐ ǼȂȝ ƷΗƷǦǶƷǅǶǐॽ sǦȝǣ ƷǌǐȒȠƷȝǐ ǆȂǻȏƷȓৄ

ǦȖȂǼȖ ǦǼ ȝǐȓǻȖ Ȃǜ ǼȠǻǅǐȓ Ȃǜ ȏƷȝǆǣǐȖ ƷǼǌ ǦǻƷǝǐȖ ǐॽǝॽ ࣡࣡࣡࣡ × ࣧ࣡࣡ ǦǼ ȝǣǦȖ ȏƷȏǐȓॶ [[W�

ȓǐΗǐƷǶȖ ȖȝƷȝǦȖȝǦǆƷǶǶΞ ǻǐƷǼǦǼǝǜȠǶ ȝȓǐǼǌȖ Ȃǜ ǦǼȝǐǼȖǦȝΞৄΘǦȖǐ ǆȓȂȖȖৄǌƷȝƷȖǐȝ ȒȠƷǶǦȝΞॽ

bǣǐ ȂΗǐȓƷǶǶ ǶǐƷȓǼǦǼǝ ƷǼǌ ǐΗƷǶȠƷȝǦǼǝ ȏǦȏǐǶǦǼǐ ȏȓǐȖǐǼȝǐǌ ǦǼ ȝǣǐ ǆǣƷȏȝǐȓ ΘǦǶǶ ǅǐ ƷǅǶǐ ȝȂ ƷȖȖǦȖȝ ǦǼ

ǝǐǼǐȓƷȝǦǼǝ ǻȂȓǐ ȓǐƷǶǦȖȝǦǆ ǦǻƷǝǐȖ ǜȂȓ ǜȠȝȠȓǐ ΘȂȓǴ ȂǼ ǦǻȏȓȂΗǦǼǝ ȝǣǐ ȖǦǼǝǶǐৄǆǐǶǶ ȖǐǝǻǐǼȝƷȝǦȂǼ ΘȂȓǴॽ
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/ȚǖǼȅțǖȼȅȡț ȅȵ ȚȡȲǯ ȅȚȮȡȲȼǖțȼ ȼȂǖț ȓțȡ͞ȕǯǫǼǯࣗ <țȡ͞ȕठ

ǯǫǼǯ ȅȵ ȕȅȚȅȼǯǫࣗ /ȚǖǼȅțǖȼȅȡț ǯțǥȅȲǥȕǯȵ ȼȂǯ ͞ȡȲȕǫࣗ

�Ƕǅǐȓȝ �ǦǼȖȝǐǦǼ

5
�ǼƷǶΞȖǦȖ Ȃǜ ǅƷǆȝǐȓǦƷǶ ǅǦȂЖǶǻȖ

�ȂǻȏȠȝƷȝǦȂǼ Ȃǜ ǅǦȂৄǦǼǜȂȓǻƷȝǦǆ ǻǐƷȖȠȓǐȖ ǜȓȂǻ ǦǻƷǝǐȖ Ȃǜ ǅƷǆȝǐȓǦƷǶ ǅǦȂЖǶǻȖ ǆƷǼ ȏȓȂΗǦǌǐ ǆǐǶǶ

ǅǦȂǶȂǝǦȖȝȖ ȖǦǝǼǦЖǆƷǼȝ ǦǼȖǦǝǣȝȖ ȝȂ ȠǼǌǐȓȖȝƷǼǌ ƷǼǌ ǆȂǼȝȓȂǶ ȝǣǐ ǝȓȂΘȝǣ Ȃǜ ǅǦȂЖǶǻȖॽ sǦȝǣ ȝǣǐ ȂȠȝৄ

ȏȠȝ Ȃǜ ƷȠȝȂǻƷȝǦǆƷǶǶΞ ǦǌǐǼȝǦЖǐǌ ǆǐǶǶȖ ǜȓȂǻ ȝǣǐ ȏȓǐΗǦȂȠȖ ǆǣƷȏȝǐȓȖ ΘǦȝǣ =�ȿȼȵ ƷǼǌȚठ=�ȿȼȵॶ Θǐ Ʒȓǐ

ƷǅǶǐ ȝȂ ǐΝȝȓƷǆȝ ȖȂǻǐ ǅƷȖǦǆ ǅǦȂৄǦǼǜȂǻƷȝǦǆȖ ȓǐǝƷȓǌǦǼǝ ǆǐǶǶȠǶƷȓ ȏȂȖǦȝǦȂǼॶ ǆǐǶǶ ǶǐǼǝȝǣॶ ȂȓǦǐǼȝƷȝǦȂǼॶ ƷǼǌ

ǌǐǼȖǦȝΞॽ /Ǽ ȝǣǦȖ ǆǣƷȏȝǐȓॶ Θǐ ΘǦǶǶ ǌǐȖǆȓǦǅǐ ǦǼ ǌǐȝƷǦǶ ǣȂΘ Θǐ ȓǐǆȂǼȖȝȓȠǆȝ ȝǣǐ ǅǦȂЖǶǻǻȂǌǐǶȖ ǅΞ ǝǐৄ

ȂǻǐȝȓǦǆƷǶ ǻȂǌǐǶȖ ƷǼǌ ȓǐЖǼǐ ȝǣǐ ȓǐǆȂǼȖȝȓȠǆȝǦȂǼȖ ȠȖǦǼǝ ǌǐǜȂȓǻƷǅǶǐ ƷǆȝǦΗǐ ǻȂǌǐǶȖॽ UȓǐǶǦǻǦǼƷȓΞ

ȖǣƷȏǐৄǅƷȖǐǌ ƷǶȝǐȓǼƷȝǦΗǐȖॶ ǯࣗǼࣗॶ ȝǣǐ ǐΝȝǐǼȖǦȂǼ Ȃǜ ȂȠȓ ΘȂȓǴ ȵȂǖȮǯ ϨȕȼǯȲ ऀँऀ ȝȂ ǅǦȂЖǶǻ ȖǆǐǼƷȓǦȂॶ ȝȂ ƷǼৄ

ƷǶΞΣǐॶ ΗǦȖȠƷǶǦΣǐॶ ƷǼǌ ǆȂǻȏƷȓǐ ǅƷǆȝǐȓǦƷǶ ǆǐǶǶȖ Ʒȓǐ ƷǶȖȂ ȏȓǐȖǐǼȝǐǌ ǦǼ ȝǣǦȖ ǆǣƷȏȝǐȓॶ ƷȖ Ʒ ǝƷȝǐΘƷΞ ȝȂ ȝǣǐ
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ǜȠȝȠȓǐ ΘȂȓǴ ȂǼ ȖȝƷȝǦȖȝǦǆ ƷǼƷǶΞȖǦȖ Ȃǜ ǅǦȂЖǶǻ ȖǣƷȏǐȖ ǦǼ ं�ॽ

ऄ৷ऀ �ӢԀәӢӲӸ ԏӏӅԀӹԓԚԏԞӅԚӢԀӹ

�ǦȂЖǶǻ ȓǐǆȂǼȖȝȓȠǆȝǦȂǼ ǦȖ ƷǼ ǦǻȏȂȓȝƷǼȝ Ȗȝǐȏ ǜȂȓ =�ȠȝȖ ƷǼǌ ǻৄ=�ȠȝȖॶ ǐȖȏǐǆǦƷǶǶΞ ǦǼ ȝǣǐ ǻȂǌǐ

Ȃǜ ǻǐǌǦƷǶ ƷΝǦȖ ȏȂǦǼȝ ǆǶȂȠǌ ǌƷȝƷॶ ȝȂ ȓǐǆȂΗǐȓ ȝǣǐ ȖǣƷȏǐ Ȃǜ ǅƷǆȝǐȓǦƷ ǆǐǶǶȖॽ � ȏǦȏǐǶǦǼǐ Ȃǜ ȝǣǐ ǆȠȓȓǐǼȝ

ƷȏȏȓȂƷǆǣ ǦǼ ȝǣǦȖ ȓǐȖǐƷȓǆǣ ǦȖ ȖǣȂΘǼ ǦǼ $Ǧǝॽ ऄॽऀॽ

Figure 5.1: Pipeline of biofilm reconstruction. Panel 1: Result after LCuts and m‐LCuts (under‐segmented mask mode)
is a point cloud data with different groups in different colors. Panel 2: Model fitting with spherocylinders, where cell
length, position, and orientation are from the previous result. Panel 3: Further reconstruction can be realized by an
active surface model to get the actual shape of bacterial cell in the intensity image.

ऄ৷ऀ৷ऀ BԀӋӏӲ әӢԚԚӢӹӚ

� ǆȂǻȏȠȝƷȝǦȂǼƷǶ ǐАǆǦǐǼȝ ȖȂǶȠȝǦȂǼ ǦȖ ȏȓȂΗǦǌǐǌ ǅΞ ЖȝȝǦǼǝ Ʒ ǝǐȂǻǐȝȓǦǆƷǶ ǻȂǌǐǶॶ ȅࣗǯ࣐ࣗ Ʒ ȖȏǣǐȓȂৄ

ǆΞǶǦǼǌǐȓॶ ȝȂ ȝǣǐ ƷǆȝȠƷǶ ȏȂȖǦȝǦȂǼ ƷǼǌ ȂȓǦǐǼȝƷȝǦȂǼ Ȃǜ Ʒ ǻǐǌǦƷǶ ƷΝǦȖॽ � ȖǣǐȓȂǆΞǶǦǼǌǐȓ ǆȂǼȖǦȖȝȖ Ȃǜ Ʒ

ǆΞǶǦǼǌǐȓ ǦǼ ȝǣǐ ǻǦǌǌǶǐ ƷǼǌ ȝΘȂ ǣƷǶǜ Ȗȏǣǐȓǐ ȂǼ ǐƷǆǣ ȖǦǌǐ Ȃǜ ȝǣǐ ǆΞǶǦǼǌǐȓॽ sǐ ЖȓȖȝ ǆȂǻȏȠȝǐ ȝǣǐ ǆǐǼৄ

ȝȓȂǦǌॶ ȂȓǦǐǼȝƷȝǦȂǼ ƷǼǌ ǶǐǼǝȝǣ Ȃǜ Ʒ ǆǐǶǶ ȖǐǝǻǐǼȝ ǜȓȂǻ =�ȠȝȖ ƷǼǌ ǻৄ=�ȠȝȖ ȂȠȝȏȠȝȖॽ bǣǐǼॶ Ʒ ȏȂǦǼȝ

ǆǶȂȠǌ ǌƷȝƷ Ȃǜ ȖȏǣǐȓȂǆΞǶǦǼǌǐȓ ǻȂǌǐǶ ǦȖ ǦǼǦȝǦƷǶǦΣǐǌ Ʒȝ ȝǣǐ ȂȓǦǝǦǼॶ ΘǣǦǆǣ ǦȖ ΗǐȓȝǦǆƷǶ ȝȂ ȝǣǐ ͣͤৄȏǶƷǼǐॽ

�Ξ ȖǣǦǜȝǦǼǝ ƷǼǌ ȓȂȝƷȝǦǼǝॶ ȝǣǐ ЖǼƷǶ ǶȂǆƷȝǦȂǼ Ȃǜ Ʒ ǐȖȝǦǻƷȝǐǌ ǅƷǆȝǐȓǦƷǶ ΗȂǶȠǻǐ ǆƷǼ ǅǐ ǌǐȝǐȓǻǦǼǐǌॶ ƷȖ

ȖǣȂΘǼ ǦǼ ȝǣǐ ǶƷȖȝ ȓȂΘ ǦǼ $Ǧǝॽ ऄॽँॽ
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Figure 5.2: Examples of geometrical model fitting. GT is the ground truth layout of the cells during simulation. Mask
is provided by initial segmentation method using u‐net. m‐LCuts outputs identify each cell as a central axis of a cell
and reconstruct the volumes by fitting geometrical models to replace each medial axis data.

�ΗƷǶȠƷȝǦȂǼ Ȃǜ ȝǣǐ ȏǐȓǜȂȓǻƷǼǆǐ ȂǼ ǝǐȂǻǐȝȓǦǆ ǻȂǌǐǶ ЖȝȝǦǼǝ ȠȖǐȖ ȝΘȂ ȖǆȂȓǐȖॵ ȖǦǼǝǶǐৄǆǐǶǶ ǝȓȂȠȏৄ

ǦǼǝȖǐǝǻǐǼȝƷȝǦȂǼ ƷǆǆȠȓƷǆΞ [%� ƷǼǌ ȖǦǼǝǶǐৄǆǐǶǶ ǅȂȠǼǌƷȓΞ $ऀ ȖǆȂȓǐ [�$ऀ ǜȓȂǻ �ǣƷȏȝǐȓ ंॽ

sǐ ȓƷǼǌȂǻǶΞ ȖǐǶǐǆȝǐǌ ȖȂǻǐ ǐΝƷǻȏǶǐȖ ƷȖ ȖǣȂΘǼ ǦǼ $Ǧǝॽ ऄॽँ ȝȂ ǌǐǻȂǼȖȝȓƷȝǐ ȝǣǐ ȓǐǆȂǼȖȝȓȠǆȝǦȂǼ

ǆȂǻȏƷȓǦȖȂǼॽ [%� ƷǼǌ [�$ऀ ǆȂǻȏƷȓǐȖ ǐƷǆǣ ǆǐǶǶ ǦǼ %b ȝȂ Ʒ ǆȂȓȓǐȖȏȂǼǌǦǼǝ ǆǐǶǶ ǦǼ ȓǐǆȂǼȖȝȓȠǆȝǦȂǼॶ

ΘǣǦǶǐ ȝǣǐ ǜȂȓǻǐȓ ǆȂǻȏƷȓǐȖ ȝǣǐ ΗȂΝǐǶৄǶǐΗǐǶ ƷǆǆȠȓƷǆΞ Ȃǜ ȝǣǐ ΘǣȂǶǐ ΗȂǶȠǻǐ ƷǼǌ ȝǣǐ ǶƷȝǐȓ ǆȂǻȏƷȓǐȖ

ȝǣǐ ǅȂȠǼǌƷȓΞ ƷǆǆȠȓƷǆΞ Ȃǜ ǐƷǆǣ ǆǐǶǶ ȖǐǝǻǐǼȝॽ bǣǐ ȖǆȂȓǐȖ Ʒȓǐ ȖǣȂΘǼ ǦǼbƷǅǶǐ ऄॽऀॽ �ǶȝǣȂȠǝǣ ȝǣǐ

ǝǐȂǻǐȝȓǦǆ ǻȂǌǐǶ Жȝȝǐǌ ΗȂǶȠǻǐȖ ǆƷǼǼȂȝ ȏǐȓǜǐǆȝǶΞ ƷǶǦǝǼ ΘǦȝǣ ȝǣǐ ǝȓȂȠǼǌ ȝȓȠȝǣ ǆǐǶǶ ǶƷΞȂȠȝȖ ǐॽǝॽ

[%�  ࣡࣡%ॶ ȝǣǐ ǆȠȓȓǐǼȝ ȏǐȓǜȂȓǻƷǼǆǐ ΘǦȝǣ [%�∼ ࣡.ࣨ ƷǼǌ [�$ऀ∼ ࣡.࣪ ǦȖ ȖȠАǆǦǐǼȝ ȝȂ ǦǌǐǼৄ

ȝǦǜΞ ȝǣǐ ȏȂȏȠǶƷȝǦȂǼ Ȃǜ ǆǐǶǶȖ ǜȂȓ ǆǐǶǶ ǆȂȠǼȝǦǼǝ ȏȠȓȏȂȖǐ ƷǼǌ ȝȂ ǐȖȝǦǻƷȝǐ ȝǣǐ ǌǐǼȖǦȝΞ Ȃǜ ȝǣǐ ǆǐǶǶȖ ǦǼ

ȝǣǐ ǅǦȂЖǶǻॽ

XH/ CȂॽ ऀ ँ ं ः ऄ अ आ
[%� ࣿॽआऄअ ࣿॽइँऄ ࣿॽअःई ࣿॽआईई ࣿॽआईࣿ ࣿॽआࣿआ ࣿॽआऄँ
[�$ऀ ࣿॽईऀइ ࣿॽईंं ࣿॽइइइ ࣿॽईऀअ ࣿॽईँई ࣿॽईऀइ ࣿॽईऀअ

Table 5.1: Examples of evaluation on geometrical model fitting. SGA and SBF1 are defined in Chapter 3.
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�Ǽ ƷǌΗƷǼǆǐǌ ǅǦȂЖǶǻ ȓǐǆȂǼȖȝȓȠǆȝǦȂǼ ǦȖ ǐΝȏǶȂȓǐǌ ǅΞ ǐǻȏǶȂΞǦǼǝ ȏƷȓƷǻǐȝȓǦǆ ƷǆȝǦΗǐ ǆȂǼȝȂȠȓȖȠȓǜƷǆǐ

ǌȓǦΗǐǼ ǅΞ ΗǐǆȝȂȓ ЖǐǶǌ ǆȂǼΗȂǶȠȝǦȂǼ q$�अऄॽ �ǦЍǐȓǐǼȝ ǜȓȂǻ ȝǣǐ ǝǐȂǻǐȝȓǦǆ ƷǆȝǦΗǐ ǆȂǼȝȂȠȓ ǻȂǌǐǶ

ƷȖ ǌǦȖǆȠȖȖǐǌ ǦǼ �ǣƷȏȝǐȓ ँॶ Ʒ ȏƷȓƷǻǐȝȓǦǆ ƷǆȝǦΗǐ ǆȂǼȝȂȠȓ ǻȂǌǐǶ ǆƷǼǼȂȝ ƷǌƷȏȝ ȝȂ ȝȂȏȂǶȂǝǦǆƷǶ ǆǣƷǼǝǐȖॶ

ǅȠȝ Ǧȝ ǆƷǼ ƷΗȂǦǌ ǻǐȓǝǦǼǝ Ȃǜ ȝΘȂ ǆȂǼȝȂȠȓȖ ǜȓȂǻ ǌǦЍǐȓǐǼȝ ǦǌǐǼȝǦЖǐǌ ǆǐǶǶ ȖǐǝǻǐǼȝȖॽ

� ȏƷȓƷǻǐȝȓǦǆ ƷǆȝǦΗǐ ǆȂǼȝȂȠȓ ǦȖ ȠȖȠƷǶǶΞ ǦǼǦȝǦƷǶǦΣǐǌ ΘǦȝǣ ǶƷǼǌǻƷȓǴȖॶ ǜȂȓ ǐΝƷǻȏǶǐॶ ȖȂǻǐ ȏȂǦǼȝȖ

ȖƷǻȏǶǐǌ ƷǶȂǼǝ ȝǣǐ ǅȂȠǼǌƷȓΞ Ȃǜ Ʒ ǆǦȓǆǶǐ Ȃȓ Ʒ ȖȠȓǜƷǆǐॽ �Ǽ ǦǶǶȠȖȝȓƷȝǦȂǼ ǦȖ ȖǣȂΘǼ ǦǼ $Ǧǝॽ ऄॽंॽ bǣǐǼॶ

ȝǣǐȖǐ ǶƷǼǌǻƷȓǴȖ ΘǦǶǶ ǅǐ ƷȝȝȓƷǆȝǐǌ ȝȂ ȝǣǐ ƷǆȝȠƷǶ ȂǅǱǐǆȝ ǅȂȠǼǌƷȓΞ ǦǼ Ʒ ǜȂȓǆǐ ЖǐǶǌॽ /Ǽ Ʒ ǆǶȂȖǐǌ ǆȠȓΗǐȖȠȓǜƷǆǐ

ȖǦȝȠƷȝǦȂǼॶ ȝǣǐ ȂȓǌǐȓǦǼǝ Ȃǜ ȝǣǐȖǐ ǶƷǼǌǻƷȓǴȖ ǦȖ ǦǻȏȂȓȝƷǼȝ ƷȖ ȝǣǐ ƷǆȝǦΗǐ ǻȂǌǐǶ ΘǦǶǶ ƷǶȖȂ ȝȓΞ ȝȂ Ǵǐǐȏ

ȝǣǐ ȖǻȂȂȝǣǼǐȖȖ Ȃǜ ȝǣǐ ǆȂǼȝȂȠȓȖȠȓǜƷǆǐ ȝǣƷȝ ǆȂǼǼǐǆȝȖ ƷǶǶ ȝǣǐ ǶƷǼǌǻƷȓǴȖॽ

Figure 5.3: An illustration of a parametric active contour. The red dots are landmarks on the initialized active contour.
The parametric active contour tries to approach the object boundary driven by a force field.

bǣǐ ǜȂȓǆǐ ЖǐǶǌ ǦȖ ǌǐЖǼǐǌ ǅΞ ȠȝǦǶǦΣǦǼǝ ΗǐǆȝȂȓ ЖǐǶǌ ǆȂǼΗȂǶȠȝǦȂǼ q$�अऄॱॽ �Ǽ ǦǶǶȠȖȝȓƷȝǦȂǼ ȝǣƷȝ

ȖǣȂΘȖ ǣȂΘ Θǐ ǝǐǼǐȓƷȝǐ ȝǣǐ ǜȂȓǆǐ ЖǐǶǌ ǦǼ ȝǣǐ ǅǦȂЖǶǻ ƷȏȏǶǦǆƷȝǦȂǼ ǦȖ ȖǣȂΘǼ ǦǼ $Ǧǝॽ ऄॽःॽ /Ǽ ȝǣǐ ǆȠȓৄ

ȓǐǼȝ ȏȓǐǶǦǻǦǼƷȓΞ ΘȂȓǴॶ ȝǣǐ ǐǌǝǐ ǻƷȏ Ȃǜ Ʒ ==[B ǅǦȂЖǶǻ ǦǻƷǝǐ ǦȖ ǝǐǼǐȓƷȝǐǌ ǅΞ ȖȂǅǐǶ ǐǌǝǐ ǌǐȝǐǆৄ

ȝǦȂǼॽ /ȝ ΘǦǶǶ ȝǣǐǼ ǅǐ ǆȂǼΗȂǶΗǐǌ ΘǦȝǣ ȝǣǐ ΗǐǆȝȂȓ ЖǐǶǌ ǴǐȓǼǐǶ q$< ǌǐЖǼǐǌ ǦǼअऄ ȝȂ ǝǐǼǐȓƷȝǐ ȝǣǐ

ǜȂȓǆǐ ЖǐǶǌॶ ǦǼ ΘǣǦǆǣ ȝǣǐ ЙȂΘ Ȃǜ ǜȂȓǆǐ ȏȂǦǼȝȖ ȝȂΘƷȓǌȖ ȝǣǐ ǌǐȝǐǆȝǐǌ ǐǌǝǐȖॶ ǜȂȓ ȂȠȓ ǅƷǆȝǐȓǦƷǶ ǅǦȂЖǶǻ

ǦǻƷǝǐȖॽ BƷȝǣǐǻƷȝǦǆƷǶǶΞॶ Ʒ q$< ǦȖ ǌǐЖǼǐǌ ƷȖ Ǵ(ͣ, ͤ, ͩ) = Ț(ͣ, ͤ, ͩ)Ǽ(ͣ, ͤ, ͩ)ॶ ΘǣǐȓǐȚ ǦȖ ȝǣǐ

ǻƷǝǼǦȝȠǌǐ Ȃǜ ȝǣǐ ΗǐǆȝȂȓȖ ǦǼ ȝǣǐ ǴǐȓǼǐǶ ƷǼǌ Ǽ ǦȖ ȝǣǐ ǼȂȓǻƷǶ ΗǐǆȝȂȓ ȏȂǦǼȝǦǼǝ ȝȂ ȝǣǐ ǴǐȓǼǐǶ ȂȓǦǝǦǼॽ

ॱ�ǼȂȝǣǐȓ ȖȠǆǆǐȖȖǜȠǶ ƷȏȏǶǦǆƷȝǦȂǼ Ȃǜ q$� ǆƷǼ ǅǐ ǜȂȠǼǌ ǦǼ Ʒ ǆȂǶǶƷǅȂȓƷȝǦȂǼ ǻƷǼȠȖǆȓǦȏȝॶ ǼƷǻǐǌ �ंq$�ॶ ΘǦȝǣ bॽ
=Ξॶ ǐȝ ƷǶॽ
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Figure 5.4: An illustration of the force field for model refinement using VFC65. The images from left to right are edge
map of a biofilm image in a 2D view, the 2D view of a vector field kernel (VFK) with a radius of 10 as defined in65,
and the resultant velocity field (blue arrows) aligned with the orignal 2D view of the intensity image.

Figure 5.5: An illustration of the evolution of the active surface from geometrical model fitted shape to the actual
bacterial shape in the image, driven by the force field. The dashed contours represent the parametric active surface
in a 2D slice.

sǣǐǼ ȝǣǐ q$�ৄǌȓǦΗǐǼ ƷǆȝǦΗǐ ȖȠȓǜƷǆǐ ǦȖ ƷȏȏǶǦǐǌ ȝȂ ȓǐЖǼǐ ȝǣǐ ǻȂǌǐǶ Ʒȝ ǐƷǆǣ ǆǐǶǶ ǶȂǆƷȝǦȂǼॶ ƷǼ

ǦǶǶȠȖȝȓƷȝǦȂǼ Ȃǜ ȝǣǐ ǐΗȂǶȠȝǦȂǼ ȏȓȂǆǐȖȖ ǦȖ ȖǣȂΘǼ ǦǼ $Ǧǝॽ ऄॽऄॽ bǣǐ ǐΝȏǐǆȝǐǌ ȓǐȖȠǶȝ ǦȖ ƷǼ ȠȏǌƷȝǐǌ Ʒǆৄ

ȝǦΗǐ ȖȠȓǜƷǆǐ ǐΗȂǶΗǐǌ ǜȓȂǻ ȝǣǐ ǦǼǦȝǦƷǶǦΣǐǌ ǶȂǆƷȝǦȂǼ ΘǦȝǣ ǝǐȂǻǐȝȓǦǆƷǶ ǻȂǌǐǶ Жȝȝǐǌ ȖǣƷȏǐॽ �ȝ ȝǣǐ ǦǼǦৄ

ȝǦƷǶǦΣƷȝǦȂǼ Ȗȝǐȏ Ȃǜ ȝǣǐ ं� ƷǆȝǦΗǐ ȖȠȓǜƷǆǐॶ ǐƷǆǣ ǅƷǆȝǐȓǦƷǶ ȖǣƷȏǐ ǦǼ ं� ǦȖ ȏƷȓƷǻǐȝǐȓǦΣǐǌ ǅΞ Ʒ Ȗǐȝ Ȃǜ

ȏȂǦǼȝȖ ƷǼǌ ȝȓǦƷǼǝȠǶƷȓ ǆȂǼǼǐǆȝǦȂǼȖ ȂǼ ȝǣǐ ȖȠȓǜƷǆǐॽ BƷȝǣǐǻƷȝǦǆƷǶǶΞॶ ȝǣǐ ǐΗȂǶȠȝǦȂǼ Ȃǜ ƷǆȝǦΗǐ ȖȠȓǜƷǆǐ

ǦȖ ƷǆǣǦǐΗǐǌ ǅΞ ǻǦǼǦǻǦΣǦǼǝ ƷǼ ǐǼǐȓǝΞ ǜȠǼǆȝǦȂǼƷǶॶ ΘǣǦǆǣ ǣƷȖ ȝΘȂ ȏƷȓȝȖॵ �ȼȡȼǖȕ = �ȅțȼǯȲțǖȕ(x,y) +

�ǯͣȼǯȲțǖȕ(x,y)ॽ bǣǐ ǦǼȝǐȓǼƷǶ ǐǼǐȓǝΞ ǻǦǼǦǻǦΣƷȝǦȂǼ ΘǦǶǶ ΞǦǐǶǌ Ʒ ȖǻȂȂȝǣ ǆȂǼȝȂȠȓ ΘǦȝǣ Ʒ ȏȓǐǜǐȓȓǐǌ

ȖǣƷȏǐ ƷǼǌ ȖǦΣǐॶ ΘǣǦǶǐ ȝǣǐ ǐΝȝǐȓǼƷǶ ǐǼǐȓǝΞ ǻǦǼǦǻǦΣƷȝǦȂǼ ΘǦǶǶ ΞǦǐǶǌ ƷǝȓǐǐǻǐǼȝ ΘǦȝǣ ȝǣǐ ƷǆȝȠƷǶ ǅȂȠǼǌৄ

ƷȓΞ Ȃǜ ǆǐǶǶȖ ǦǼ ȝǣǐ ǦǻƷǝǐॶ Θǣǐȓǐ ȝǣǐ Ǽǐȝ ǜȂȓǆǐ Ʒȝ ȝǣǐȖǐ ǶȂǆƷȝǦȂǼȖ Ʒȓǐ ǻǦǼǦǻƷǶॽ
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Figure 5.6: An example of biofilm reconstruction and the bio‐informatics behind it. (i) The maximum intensity pro‐
jection along z‐axis of the deconvolved 3D Shewanella image. (ii) The central axes manually labeled along x‐, y‐, and
z‐axes. (iii) Model fitted with spherocylinder models. (iv) Model refined with VFC driven active surface. (v) Biofilm
reconstructed by fitting a bounding surface that can enclose all the cells (with the boundary function in MATLAB).
(vi) Bio‐informatics that are interesting to domain area experts. The hitogram diagrams in (vi) are provided by M.
Zhang. The cell volume diagram compares the distribution of cell volumes in geometrical model fitted biofilm and
VFC surface refined model. The elevation angle diagram demonstrates the histogram of orientations of cells in the
biofilm. The nearest‐neighbor distance diagram computes the histogram on cell‐to‐cell distance in the biofilm.

UȓǐǶǦǻǦǼƷȓΞ ȓǐȖȠǶȝȖॵ � ȏȓǐǶǦǻǦǼƷȓΞ ȓǐȖȠǶȝ ȝǣƷȝ ƷȏȏǶǦǐȖ q$�ৄǌȓǦΗǐǼ ƷǆȝǦΗǐ ȖȠȓǜƷǆǐ ȝȂ ȓǐЖǼǐ ǝǐৄ

ȂǻǐȝȓǦǆƷǶ ǻȂǌǐǶȖ Ȃǜ ǆǐǶǶȖ ǦȖ ȏȓǐȖǐǼȝǐǌ ǦǼ $Ǧǝॽ ऄॽअॽ /Ǽ ȝǣǦȖ ǐΝȏǐȓǦǻǐǼȝॶ ȂǼǐ ǻȂǌǐǶ ΘƷȖ ǐΗȂǶΗǐǌ Ʒȝ

ǐƷǆǣ ȝǦǻǐ ǦǼ ȝǣǐ q$� ЖǐǶǌॶ ƷǼǌ ȝǣǐ ǜȂȓǆǐ Ʒȝ ȝǣǐ ƷȓǐƷ ȝǣƷȝ ΘƷȖ ƷǶȓǐƷǌΞ ȂǆǆȠȏǦǐǌ ǅΞ ȝǣǦȖ ǻȂǌǐǶ ΘƷȖ

Ȗǐȝ ȝȂ ΣǐȓȂ ȝȂ ƷΗȂǦǌ ȂΗǐȓǶƷȏȏǦǼǝ ΘǦȝǣ Ȃȝǣǐȓ ǆǐǶǶȖॽ �Ȗ ȖǣȂΘǼ ǦǼ $Ǧǝॽ ऄॽअ ΗǦॶ ȝǣǐ ΗȂǶȠǻǐȖॶ ǐǶǐΗƷȝǦȂǼ

ƷǼǝǶǐȖॶ ƷǼǌ ǆǐǶǶৄȝȂৄǆǐǶǶ ǌǦȖȝƷǼǆǐȖ ǦǼ ȝǣǐ ǅǦȂЖǶǻ Ʒȓǐ ǦǼȝǐȓǐȖȝǦǼǝ ǅǦȂৄǦǼǜȂȓǻƷȝǦǆȖ ǜȂȓ ȝǣǐ ǐΝȏǐȓȝȖ ǦǼ

ǆǐǶǶ ǅǦȂǶȂǝΞॽ bǣǐ ȓǐЖǼǐǌ ǻȂǌǐǶȖ ȓǐΗǐƷǶ Ʒ ȖǣǦǜȝǦǼǝ ǦǼ ȝǣǐ ǣǦȝȂǝȓƷǻ Ȃǜ ǆǐǶǶ ΗȂǶȠǻǐ ǆȂǻȏƷȓǐǌ ȝȂ ȝǣǐ

ȂȓǦǝǦǼƷǶ ǝǐȂǻǐȝȓǦǆƷǶ ǻȂǌǐǶ Жȝȝǐǌ ǅǦȂЖǶǻॶ ΘǣǦǆǣ ǻƷΞ ǅǐ ǆƷȠȖǐǌ ǅΞ ȝǣǐ ǶƷǆǴ Ȃǜ ǻǦǼǦǻǦΣǐǌ ǜȂȓǆǐ

Ʒȝ ȝǣǐ ΘǐƷǴ ǐǌǝǐȖ ȖȂ ȝǣƷȝ ȝǣǐ ƷǆȝǦΗǐ ȖȠȓǜƷǆǐ Ǵǐȏȝ ǝȓȂΘǦǼǝ ȝȂ Ʒ ǶƷȓǝǐȓ ȖǦΣǐॽ �Ǽ ǦǻȏȓȂΗǐǻǐǼȝ ȂǼ

ȝǣǐ ǜȂȓǆǐ ЖǐǶǌ ȝȂ ȖȝȂȏ ȝǣǐ ǐΗȂǶȠȝǦȂǼ Ȃǜ ȝǣǐ ƷǆȝǦΗǐ ȖȠȓǜƷǆǐॶ ǐΗǐǼ ΘǣǐǼ ȝǣǐ ǐǌǝǐȖ Θǐȓǐ ǼȂȝ ǆǶǐƷȓǶΞ
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ȏȓǐȖǐǼȝǐǌ ǦǼ ȝǣǐ ǦǻƷǝǐॶ ǆƷǼ ǅǐ Ʒ ǜȠȝȠȓǐ ΘȂȓǴ ȝȂ ǐΝȏǶȂȓǐॽ bǣǐ ǆȠȓȓǐǼȝ ȓǐȖȠǶȝȖ ȖȝǦǶǶ ǐΝǣǦǅǦȝ ǻǐƷǼৄ

ǦǼǝǜȠǶ ȓǐЖǼǐǻǐǼȝ ȂǼ ȝǣǐ ȖǣƷȏǐȖ Ȃǜ ǅƷǆȝǐȓǦƷǶ ǆǐǶǶȖॶ ƷȖ ȝǣǐ ǅǐǼǌǦǼǝ ǻȂȓȏǣȂǻǐȝȓΞ Ȃǜ ȖȂǻǐ ǆǐǶǶȖ Ʒȓǐ

ȓǐȖȝȂȓǐǌॽ

ऄ৷ँ [ӟҷԌӏ әӢӲԚӏԏ

sǦȝǣ ȝǣǐ ȏȓȂȏȂȖǐǌ ǻǐȝǣȂǌȖ ǦǼ ȝǣǦȖ ǌǦȖȖǐȓȝƷȝǦȂǼॶ ǅǦȂЖǶǻ ȖǐǝǻǐǼȝƷȝǦȂǼ Ʒȓǐ ǦǻȏȓȂΗǐǌ ƷǼǌ ȓǐৄ

ЖǼǐǌ ȝȂ ȓǐǆȂǼȖȝȓȠǆȝ ȝǣǐ ƷǆȝȠƷǶ ǆǐǶǶ ǻȂȓȏǣȂǶȂǝΞॽ CǐΝȝॶ Θǐ ǆƷǼ ƷǼƷǶΞΣǐ ȝǣǐ ȖȝƷȝǦȖȝǦǆȖ ȂǼ ȝǣǐ ǆǐǶǶ

ǻȂȓȏǣȂǶȂǝΞ ǅΞ ȖǣƷȏǐ ƷǼƷǶΞȖǦȖॽ � ȖǣƷȏǐ ǦȖ ȠȖȠƷǶǶΞ Ʒ ȓǐȏȓǐȖǐǼȝƷȝǦȂǼ Ȃǜ ƷǼ ȂǅǱǐǆȝ ǅȂȠǼǌƷȓΞॶ ȓǐৄ

ǝƷȓǌǶǐȖȖ Ȃǜ ȝǣǐ ȝǐΝȝȠȓǐॶ ǆȂǶȂȓॶ ƷǼǌ ȖǆƷǶǦǼǝ ǦǼǜȂȓǻƷȝǦȂǼॽ bǣǐ ȖȝƷȝǦȖȝǦǆ ǦǼ ȖǣƷȏǐ ǆƷǼ ȏȓȂΗǦǌǐ Ʒ ǼȂΗǐǶ

ƷȖȏǐǆȝ ȝȂ ƷǼƷǶΞΣǐ ȝǣǐ ǌǐǜȂȓǻƷȝǦȂǼ Ȃǜ ǅƷǆȝǐȓǦƷǶ ǆǐǶǶȖ ƷǶȂǼǝ ȝǦǻǐ ƷǼǌ ȒȠƷǼȝǦȝƷȝǦΗǐǶΞ ǆȂǻȏƷȓǐ ȝǣǐ

ȖǣƷȏǐȖ Ȃǜ ǌǦЍǐȓǐǼȝ ǅƷǆȝǐȓǦƷǶ ȖȏǐǆǦǐȖॽ

/Ǽ ȝǣǦȖ ȖǐǆȝǦȂǼॶ Θǐ ǦǼȝȓȂǌȠǆǐ ƷǼ ƷȏȏǶǦǆƷȝǦȂǼ Ȃǜ ȂȠȓ ΘȂȓǴ ȂǼ ȖǣƷȏǐॶ ǼƷǻǐǌ ȵȂǖȮǯ ϨȕȼǯȲ ऀँऀॽ /ȝ

ΘƷȖ ȏȓȂȏȂȖǐǌ ȝȂ ȓǐȏƷǦȓ ȖǐǝǻǐǼȝƷȝǦȂǼ ȓǐȖȠǶȝȖ ȂǅȝƷǦǼǐǌ ǦǼ ǆƷǶǆǦȠǻ ǦǻƷǝǦǼǝ Ȃǜ ǼǐȠȓȂǼȖ ȅț ͝ȅ͝ȡॽ

sǐ ǐΝȝȓƷǆȝ ȝǣǐ ǆȂǼȝȂȠȓ ǜȓȂǻ ƷǼ ǦǼǦȝǦƷǶǶΞ ȖǐǝǻǐǼȝǐǌ ǆǐǶǶ ǦǼ ȝǣǐ ȝǦǻǐ ȖǐȓǦǐȖ ǦǻƷǝǐȖ ƷǼǌ ǐΝȏǶȂǦȝ

ȖȒȠƷȓǐৄȓȂȂȝ ΗǐǶȂǆǦȝΞ [Xq ȝȓƷǼȖǜȂȓǻऀࣿई ȝȂ ȓǐȏȓǐȖǐǼȝ ȝǣǐ ǆǐǶǶȖ ǦǼ ȖǣƷȏǐ ȖȏƷǆǐॽ bǣǐ ǝȂƷǶ Ȃǜ ȵȂǖȮǯ

ϨȕȼǯȲ ǦȖ ȝȂ ǝǐǼǐȓƷȝǐ Ʒ ȖǻȂȂȝǣ ȏƷȝǣ ȂǼ ȝǣǐ ȖǣƷȏǐ ȖȏƷǆǐ ȝȂ ȓǐȏȓǐȖǐǼȝ ȝǣǐ ǐΗȂǶȠȝǦȂǼ Ȃǜ Ʒ ǆǐǶǶ ȖǐǝǻǐǼȝ

ȝǣȓȂȠǝǣ ȝǦǻǐ ΘǦȝǣȂȠȝ ƷǼΞ ȏȓǦȂȓ ǴǼȂΘǶǐǌǝǐॽ [ȂǖȮǯ ϨȕȼǯȲ ǆƷǼ ƷǶȖȂ ƷȠȝȂǻƷȝǦǆƷǶǶΞ ЖǶȝǐȓ ȂȠȝ ȂȠȝǶǦǐȓ

ȖǐǝǻǐǼȝƷȝǦȂǼ ȓǐȖȠǶȝȖॶ ǦǼ ΘǣǦǆǣ ǆƷȖǐ ȖǐΗǐȓƷǶ ǆǐǶǶȖ ǻƷΞǅǐ ǆȂǼǼǐǆȝǐǌ ƷȖ ȂǼǐ ǆȂǻȏȂǼǐǼȝॽ

eǼǌǐȓ ȝǣǐ [Xq ȓǐȏȓǐȖǐǼȝƷȝǦȂǼॶ ǐƷǆǣ ȖǣƷȏǐ ǦȖ ǌǐЖǼǐǌ ȂǼ Ʒ XǦǐǻƷǼǼǦƷǼ ǻƷǼǦǜȂǶǌMΘǦȝǣ ǶȂৄ

ǆƷǶǶΞ ƷȖȖǐǻǅǶǐǌ [Xq �ȠǆǶǦǌǐƷǼ ǆȂȂȓǌǦǼƷȝǐȖ ȱॶ ǌǐЖǼǐǌ ƷȖ ǜȂǶǶȂΘȖॵ

ȱ(ȵ) =
√(ȵ)ܮ˙

|| ||(ȵ)ܮ˙
ऄॽऀ

Θǣǐȓǐ (ȵ)ܮ ȓǐȏȓǐȖǐǼȝȖ ȝǣǐ ȖǣƷȏǐॶ ΘǣǦǆǣ ǦȖ Ʒ ǆǶȂȖǐǌ ǆȠȓΗǐ ȏƷȓƷǻǐȝǐȓǦΣǐǌ ǅΞ ǐȒȠƷǶ ǌǦȖȝƷǼȝ Ʒȓǆ ǶǐǼǝȝǣ

ȵ ∈ [࣡, ࣣܼ]ॽ (ȵ)ܮ˙ ȖǣȂΘȖ ȝǣǐ ǝȓƷǌǦǐǼȝ Ȃǜ ȝǣǦȖ ǆȠȓΗǐ ƷǼǌ || ॳ || ǌǐǼȂȝǐȖ ȝǣǐ �ȠǆǶǦǌǐƷǼ ǼȂȓǻॽ [ȠȏȏȂȖǐ

ऀऀࣿ



ܭ ǦȖ ȝǣǐ ǝǐȂǌǐȖǦǆ ȏƷȝǣ ǅǐȝΘǐǐǼ ȝΘȂ ƷȓǅǦȝȓƷȓΞ ȖǣƷȏǐȖ ȂǼ ȝǣǐ ǌǐЖǼǐǌ ǻƷǼǦǜȂǶǌॽ bǣǐǼॶ ȝǣǐ ǌǦЍǐȓৄ

ǐǼǆǐ ǅǐȝΘǐǐǼ ȝΘȂ ȖǣƷȏǐȖ ǆƷǼ ǅǐ ǐΗƷǶȠƷȝǐǌ ȠȖǦǼǝ ȝǣǐ ǝǐȂǌǐȖǦǆ ǌǦȖȝƷǼǆǐ ǅǐȝΘǐǐǼ ȝǣǐ ȝΘȂ [Xqৄ

ȝȓƷǼȖǜȂȓǻǐǌ ȖǣƷȏǐȖॵ

ǫǼ =
∫ 

࣡

√
< ,(ȼ)ܭ˙ (ȼ)ܭ˙ >ǫȼ ऄॽँ

Θǣǐȓǐ (࣡)ܭ ƷǼǌ ()ܭ ȓǐȏȓǐȖǐǼȝ ȝǣǐ ǦǼǦȝǦƷǶ ƷǼǌ ЖǼƷǶ ȏȂȖǦȝǦȂǼȖ Ȃǜ ȝǣǐ ȏƷȝǣॶ ȓǐȖȏǐǆȝǦΗǐǶΞॽ (ȼ)ܭ˙ ȖǣȂΘȖ

ȝǣǐ ǝȓƷǌǦǐǼȝ Ȃǜ ȝǣǦȖ ǝǐȂǌǐȖǦǆ ȏƷȝǣॽ sǣǐǼ ǫȼ ǦȖ ǦǼЖǼǦȝǐȖǦǻƷǶǶΞ ȖǻƷǶǶॶ ȝǣǐ ǝǐȂǌǐȖǦǆ ǌǦȖȝƷǼǆǐ ǦȖ Ʒȏৄ

ȏȓȂΝǦǻƷȝǐǶΞ ȝǣǐ ǦǼȝǐǝȓƷǶ ǶǐǼǝȝǣ Ȃǜ ǐƷǆǣ ǝȓƷǌǦǐǼȝ ǻƷǝǼǦȝȠǌǐॽ

�ǜȝǐȓ ȝȓƷǼȖǜȂȓǻǦǼǝ ȝǣǐ ȖǣƷȏǐ ǌƷȝƷ ǦǼȝȂ ȝǣǐ [Xq ȓǐȏȓǐȖǐǼȝƷȝǦȂǼॶ ƷǼ ȂȏȝǦǻǦΣƷȝǦȂǼ ȏȓȂǅǶǐǻ ǦȖ

ȖȂǶΗǐǌ ȝȂ ЖǶȝǐȓ ȂȠȝ ȝǣǐ ǐΝȝȓƷ ǆȂǻȏȂǼǐǼȝȖ ȡȿȼȕȅǯȲȵ ǦǼ ȝǣǐ ȏȓǐǶǦǻǦǼƷȓΞ ȓǐȖȠǶȝ ǅΞ ǦǼȝǐȓȏȂǶƷȝǦǼǝ ȝǣǐ

ǻȂȖȝ ȏȂȖȖǦǅǶǐ ȖǣƷȏǐȖ ƷǶȂǼǝ ȝǣǐ ȝǦǻǐৄǦǼǌǐΝǐǌ ǆƷǶǆǦȠǻ ЖȓǦǼǝ ȏƷȝǣॽ

sǐ ȠȖǐ ݂ ȝȂ ǌǐǼȂȝǐ ȝǣǐ ȂȓǦǝǦǼƷǶ ǐΗȂǶȠȝǦȂǼ ȏƷȝǣ ƷǼǌ ܯ ȝȂ ȓǐȏȓǐȖǐǼȝ ȝǣǐ ЖǶȝǐȓǐǌ ǼǐΘ ȏƷȝǣ ȂǼ

ȝǣǐ ǻƷǼǦǜȂǶǌॽ �Ȃȝǣ Ȃǜ ȝǣǐȖǐ ȝΘȂ ȏƷȝǣȖ Ʒȓǐ ƷȏȏȓȂΝǦǻƷȝǐǶΞ ǌǦЍǐȓǐǼȝǦƷǅǶǐ ƷǼǌ ǣƷΗǐ ȝǣǐ ǝǐȂǌǐȖǦǆ

ǌǦȖȝƷǼǆǐ ǌǐЖǼǐǌ ƷȖ ƷǜȂȓǐǻǐǼȝǦȂǼǐǌॽ bǣǐǼॶ ܯ ǦȖ ǐȖȝǦǻƷȝǐǌ ǅΞ ȂȏȝǦǻǦΣǦǼǝ ȝǣǐ ǜȂǶǶȂΘǦǼǝ ȓǐǝȓǐȖȖǦȂǼ

ȏȓȂǅǶǐǻॶ ΘǣǦǆǣ ǦȖ ǻȂǌǦЖǐǌ ǜȓȂǻ�ǐ �ȂȂȓȖ ƷȏȏȓȂƷǆǣँआॵ

ǻǦǼ
ܯ

ܽ
ǯțǫ∑

ȼ=ȵȼǖȲȼ
͞(ȼ)|݂(ȼ)− ࣣ|(ȼ)ܯ

︸ ︷︷ ︸
ǫǖȼǖ ȼǯȲȚ

+(− ܽ)
∫

|(ȼ)ܯࣣ�|
︸ ︷︷ ︸
ȵȚȡȡȼȂțǯȵȵ ȼǯȲȚ

ऄॽं

bǣǦȖ ǻȂǌǦЖǐǌ ȖǣƷȏǐ ȓǐǝȓǐȖȖǦȂǼ ǻȂǌǐǶ ƷǦǻȖ ȝȂ ЖǼǌ Ʒ ǌǐȖǦȓǐǌ ǻǦǼǦǻǦΣǐȓ ܯ ȝǣƷȝ ǅƷǶƷǼǆǐȖ ȝǣǐ

ȝȓƷǌǐৄȂЍ ǅǐȝΘǐǐǼ ƷȏȏȓȂƷǆǣǦǼǝ ȝǣǐ ȂȓǦǝǦǼƷǶ ǌƷȝƷ ƷǼǌ ȖǻȂȂȝǣǦǼǝ ȝǣǐ ЖǶȝǐȓǐǌ ȏƷȝǣॽ /Ǽ ǐȒȠƷȝǦȂǼ

ऄॽंॶ ȼ ǦȖ ȝǦǻǐ ǦǼǌǐΝ ǜȂȓ ǐƷǆǣ ȖǣƷȏǐॶ ΘǣǦǆǣ ǦȖ ƷǶȖȂ ȠȖǐǌ ǦǼ ȝǣǐ ǜȂǶǶȂΘǦǼǝ ȖǐǆȝǦȂǼȖ ǦǼ ȝǣǦȖ ȏƷȏǐȓॽ (ȼ)ܯࣣ�

ǦȖ ȝǣǐ ȖǐǆȂǼǌ ǌǐȓǦΗƷȝǦΗǐ Ȃǜ ȏƷȝǣ ॶܯ ΘǣǦǆǣ ǆǣƷȓƷǆȝǐȓǦΣǐȖ ȝǣǐ ǆǣƷǼǝǐȖ Ȃǜ ȖǣƷȏǐȖ ƷǶȂǼǝ ȝǣǐ Жȝȝǐǌ ȏƷȝǣॽ

ܽ ∈ [࣡, ] ǦȖ ȝǣǐ ȖǻȂȂȝǣǦǼǝ ȏƷȓƷǻǐȝǐȓ ȝǣƷȝ ȓǐЙǐǆȝȖ ȝǣǐ ǐǻȏǣƷȖǦȖ ȂǼ ǌƷȝƷ Ȃȓ ȖǻȂȂȝǣǼǐȖȖॽ CȂȝǐ

ȝǣƷȝॶ ΘǣǐǼ ܽ ǦȖ ǆǶȂȖǐ ȝȂ ऀॶ ܯ ǅǐǆȂǻǐȖ ȝǣǐ ȖȏǶǦǼǐ Ȃǜ ȝǣǐ ǦǼȏȠȝ ǌƷȝƷ ݂ঃ ƷǼǌ ΘǣǐǼ ܽ ǦȖ ǝǐȝȝǦǼǝ ȖǻƷǶǶǐȓॶ

ܯ ΘǦǶǶ ǅǐ ȖǻȂȂȝǣǐȓ ΘǦȝǣ ǜǐΘǐȓ ȖǣƷȏǐ ǆǣƷǼǝǐȖ ƷǶȂǼǝ ȝǦǻǐ ǦǼ ȝǐȓǻȖ Ȃǜ [Xq ȝȓƷǼȖǜȂȓǻǐǌ ȖǣƷȏǐ ȓǐȏৄ

ऀऀऀ



Figure 5.7: Flow chart of shape filter applied to filter calcium imaging of neurons.
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ǜǐȓǐǼȝ ǅƷǆȝǐȓǦƷǶ ǆǐǶǶȖ ǦǼ ȝǣǐ ǦǻƷǝǐॽ /Ǽ ȝǣǦȖ ȖǐǆȝǦȂǼॶ ǐΝȏǐȓǦǻǐǼȝȖ ȂǼ ँ� ȖǣƷȏǐȖ ȠȖǦǼǝ ȵȂǖȮǯ ϨȕȼǯȲ ΘǦǶǶ

ǅǐ ȏȓǐȖǐǼȝǐǌॽ � ȏȂȝǐǼȝǦƷǶ ȖȂǶȠȝǦȂǼ ȝȂ ǐΝȝǐǼǌ ȵȂǖȮǯ ϨȕȼǯȲ ǦǼ ं� ǦȖ ƷǶȖȂ ǌǦȖǆȠȖȖǐǌॽ

ऀऀं



ऄ৷ं৷ऀ �ԭԌӏԏӢӸӏӹԚ Ԁӹ ँ� ԓӟҷԌӏԓ

bǣǐ ǐΝȏǐȓǦǻǐǼȝȖ ȂǼ ȝǣǐ ँ� ȖǣƷȏǐȖ Ȃǜ ǅƷǆȝǐȓǦƷǶ ǅǦȂЖǶǻ ǌƷȝƷ Ʒȓǐ ȏǐȓǜȂȓǻǐǌ ȂǼ ȝǣǐ ��Bं�

ȏȓȂǆǐȖȖǐǌ ==[B ȝǦǻǐ ǶƷȏȖǐ �ࣗǥȡȕȅ ǌƷȝƷȖǐȝऀंआॽ bǣǐ ǻƷΝǦǻȠǻ ȏȓȂǱǐǆȝǦȂǼ Ȃǜ ȝǣǐȖǐ ȖǐǝǻǐǼȝƷȝǦȂǼ

ȓǐȖȠǶȝȖ Ʒȓǐ ȖǣȂΘǼ ǦǼ $Ǧǝॽ ऄॽइॽ bǣǐ ǅǦȂЖǶǻ ǦǻƷǝǐȖ Θǐȓǐ ǆƷȏȝȠȓǐǌ ǐΗǐȓΞ ंࣿ ǻǦǼȠȝǐȖ ǦǼ ं� ǅΞ ȝǣǐ

CƷǼȂȖǆƷǶǐ =Ʒǅ Ʒȝ eq�ॽ bȂ ǌǐǻȂǼȖȝȓƷȝǐ ȝǣǐ ȖǣƷȏǐ ƷǼƷǶΞȖǦȖ ȠȖǦǼǝ ȵȂǖȮǯ ϨȕȼǯȲॶ Ʒ ȝƷȓǝǐȝ ǆǐǶǶ ȖǐǝǻǐǼȝ

ǦȖ ȖǐǶǐǆȝǐǌ ƷȖ ȖǣȂΘǼ ǦǼ ȝǣǐ ǅȂȝȝȂǻ ȏƷǼǐǶ Ȃǜ $Ǧǝॽ ऄॽइॽ /ȝ ǦȖ ǼȂȝƷǅǶǐ ȝȂ ǻǐǼȝǦȂǼ ȝǣƷȝ ȝǣǐȓǐ ǦȖ Ʒ Ȗǐǝৄ

ǻǐǼȝƷȝǦȂǼ ǐȓȓȂȓ Ʒȝ ࣦ࣡ ǻǦǼȖॶ Θǣǐȓǐ ȝΘȂ ǆǐǶǶȖ Ʒȓǐ ȠǼǌǐȓৄȖǐǝǻǐǼȝǐǌ ƷȖ ȂǼǐ ǆȂǼǼǐǆȝǐǌ ǆȂǻȏȂǼǐǼȝॽ

bǣǐ ǆȂȓȓǐȖȏȂǼǌǦǼǝ ǆǐǶǶ ȖǐǝǻǐǼȝȖ Ʒȓǐ ǻƷǼȠƷǶǶΞ ȝȓƷǆǐǌॽ bǣǐ ȖǣƷȏǐȖ Ȃǜ ȝǣǐ ȖǐǝǻǐǼȝȖ Ʒȓǐ ȏƷȓƷǻǐȝǐȓৄ

ǦΣǐǌ ΘǦȝǣ ࣡࣡ ȖƷǻȏǶǦǼǝ ǶƷǼǌǻƷȓǴȖ ƷǶȂǼǝ ȝǣǐǦȓ ǆȂǼȝȂȠȓȖॽ

Figure 5.8: Segmented dataset for shape analysis with shape filter. The images are all maximum projection along z‐axis
of the original 3D image. The segmentation results are provided using BCM3D137. The cell marked with the white
arrow is the target for shape analysis in this section. The target cell segment is also cropped out individually in the
bottom panel in the figure. The experimental time lapse images are imaged at an interval of 30 minutes.

�Ξ ȠȖǦǼǝ ȝǣǐ ȵȂǖȮǯ ϨȕȼǯȲॶ ȝǣǐ ȖǐǝǻǐǼȝƷȝǦȂǼ ǐȓȓȂȓ ǆƷǼ ǅǐ ЖǶȝǐȓǐǌ ȂȠȝ ƷȖ ȖǣȂΘǼ ǦǼ $Ǧǝॽ ऄॽईΘǦȝǣ

ǅȂȝǣ Ȃǜ ȝǣǐ ȏȓȂȏȂȖǐǌ ΘǐǦǝǣȝǦǼǝ ǜȠǼǆȝǦȂǼȖॽ �ǆǆȂȓǌǦǼǝ ȝȂ ȝǣǐ ȓǐȖȠǶȝǦǼǝ ȏƷȝǣȖॶ �Ǧं ǶȂǆƷǶ ȖǣƷȏǐ

ΘǐǦǝǣȝǦǼǝ �Ǧं ȏȓȂΗǦǌǐȖ Ʒ ȏƷȝǣ ȝǣƷȝ ǦȖ ǆǶȂȖǐȓ ȝȂ ȝǣǐ ȖǣƷȏǐȖ ǦǼ ȝǣǐ ȂȓǦǝǦǼƷǶ ȏƷȝǣॶ ǆȂǻȏƷȓǐǌ ȝȂ

ऀऀः



ȖǣƷȏǐ %ƷȠȖȖǦƷǼ ΘǐǦǝǣȝǦǼǝ Ȗ%ƷȠȖȖǦƷǼॽ CȂȝǐ ǣǐȓǐॶ ȝǣǐ ȖƷǻǐ ȏƷȓƷǻǐȝǐȓ ܽ = ࣡.࣪ ǦǼ ǐȒॽ ऄॽं ǦȖ

ȠȖǐǌॽ bǣǐ ǆȂȓȓǐȖȏȂǼǌǦǼǝ ǝǐȂǌǐȖǦǆ ȏƷȝǣȖ Ȃǜ ȝǣǐ ȝǣȓǐǐ ȖǣƷȏǐ ȏƷȝǣȖ ƷǶȂǼǝ ȝǦǻǐ Ʒȓǐ ȏȓȂǱǐǆȝǐǌ ȂǼ Ʒ ǌǦৄ

ǻǐǼȖǦȂǼ ȓǐǌȠǆȝǦȂǼ ȏǶƷǼǐॶ ȠȖǦǼǝ ȝǣǐ ǦȖȂǻƷȏ ǻǐȝǣȂǌऀऀऄॽ �Ȗ ƷǶǶ ȝǣǐ ȖǣƷȏǐȖ ƷǶȂǼǝ ȝǣǐ ȝǦǻǐ ȖǐȒȠǐǼǆǐ

Ʒȓǐ ƷǶȖȂ ǶƷǅǐǶǐǌ ΘǦȝǣ ȂȓǌǐȓȖ ǦǼ $Ǧǝॽ ऄॽईॶ Θǐ Ʒȓǐ ƷǶȖȂ ƷǅǶǐ ȝȂ ǌǐǻȂǼȖȝȓƷȝǐ ȝǣǐ ȓǐǶƷȝǦΗǐ ȒȠƷǼȝǦȝƷȝǦΗǐ

ǌǦЍǐȓǐǼǆǐ ǅǐȝΘǐǐǼ ȝΘȂ ǅƷǆȝǐȓǦƷǶ ȖǣƷȏǐȖॽ $Ǧǝॽ ऄॽई ƷǶȖȂ ǦǼǌǦǆƷȝǐȖ ȝǣƷȝ ȝǣǐ ȏƷȝǣȖ Ʒǜȝǐȓ ǼȂǼǶǦǼǐƷȓ ЖǶৄ

ȝǐȓǦǼǝ ΘǦȝǣ ȵȂǖȮǯ ϨȕȼǯȲ Ʒȓǐ ȖǻȂȂȝǣǐȓ ƷǼǌ ǌǐǼȖǐȓ ȝǣƷǼ ȝǣǐ ȂȓǦǝǦǼƷǶ ȏƷȝǣॶ ΘǣǦǶǐ �Ǧं ΘǐǦǝǣȝǦǼǝ ǆƷǼ

Ǵǐǐȏ ǻȂȓǐ ǦǼǜȂȓǻƷȝǦȂǼ ǜȓȂǻ ȝǣǐ ȂȓǦǝǦǼƷǶ ȏƷȝǣॽ

Figure 5.9: Filtered paths with shape filter and projection of the corresponding geodesic path on a dimension reduc‐
tion plane. The filtered paths are outputs using the proposed shape Gaussian weighting (sGaussian) and Bi3 local
shape weighting (Bi3). The geodesic path of each shape sequence is projected on a 2D plane using isomap dimen‐
sionality reduction115. Each circle markers on the isomap indicates the ordered shape in the time sequence. The x
and y are relative geodesic distance projected on the 2D plane.

bǣǐ ȵȂǖȮǯ ϨȕȼǯȲ ǆƷǼ ƷǶȖȂ ȏȓȂΗǦǌǐ ǐȖȝǦǻƷȝǦȂǼȖ Ȃǜ ȖǣƷȏǐȖȖǐǝǻǐǼȝȖ ȝǣƷȝ ǻƷΞ ǼȂȝ ǅǐ ȂȓǦǝǦǼƷǶǶΞ

ǦǻƷǝǐǌ Ʒȝ ȝǣǐ ǐΝȏǐȓǦǻǐǼȝƷǶ ǦǻƷǝǦǼǝ Ȗȝǐȏॶ ƷǼǌ ȏȂȝǐǼȝǦƷǶǶΞ ȏȓȂΗǦǌǐ ǦǼȖǦǝǣȝȖ ǜȂȓ ǅǦȂЖǶǻ ȖȝƷȝǦȖȝǦǆ

ƷǼƷǶΞȖǦȖॽ �Ǽ ǐΝȏǐȓǦǻǐǼȝ Ȃǜ ȖǣƷȏǐ ǦǼȝǐȓȏȂǶƷȝǦȂǼ ƷǼǌ ƷǼ ƷǼƷǶΞȖǦȖ ȂǼ ȝȓƷǆǴǦǼǝ ȝǣǐ ǆǣƷǼǝǐ Ȃǜ ΗȂǶȠǻǐ

ऀऀऄ



ƷǶȂǼǝ ȝǦǻǐ Ʒȓǐ ȖǣȂΘǼ ǦǼ $Ǧǝॽ ऄॽऀࣿॽ /ȝ ǦȖ ȂǅȖǐȓΗǐǌ ȝǣƷȝ ȵȂǖȮǯ ϨȕȼǯȲ ǆƷǼ ȏȓȂΗǦǌǐ ȓǐƷȖȂǼƷǅǶǐ ǐȖȝǦǻƷৄ

ȝǦȂǼ Ȃǜ ȖǣƷȏǐȖ ǐΗǐǼ ȝǣȂȠǝǣ ȝǣǐ ǦǻƷǝǐȖ Θǐȓǐ ǼȂȝ ȂǅȝƷǦǼǐǌ ǌȠȓǦǼǝ ȝǣǐ ǐΝȏǐȓǦǻǐǼȝƷǶ ǦǻƷǝǦǼǝ ȏȓȂৄ

ǆǐȖȖॽ %ǦΗǐǼ ȝǣǐ ǐȖȝǦǻƷȝǦȂǼȖॶ Ʒ ȏȂȝǐǼȝǦƷǶ ƷǼƷǶΞȖǦȖ ȝǣƷȝ ȵȂǖȮǯ ϨȕȼǯȲ ǆƷǼ ȏȓȂΗǦǌǐ ȝȂ ȝǣǐ ǆǐǶǶ ǅǦȂǶȂǝǦȖȝȖ

ǦȖ Ʒ ȝȓƷǆǴ Ȃǜ ΗȂǶȠǻǐ ΗƷȓǦƷȝǦȂǼȖ ƷǶȂǼǝ ȝǦǻǐॽ /ȝ ǦȖ ǦǼȝǐȓǐȖȝǦǼǝ ȝȂ ЖǼǌ Ʒ ȏǐȓǦȂǌǦǆ ǆǣƷǼǝǐ Ȃǜ ΗȂǶȠǻǐ Ȃǜ

ȝǣǐ ȝƷȓǝǐȝ ǆǐǶǶ ǦǼ $Ǧǝॽ ऄॽऀࣿॶ ƷȖ Ǧȝ ƷȏȏȓȂΝǦǻƷȝǐǶΞ ƷǝȓǐǐȖ ΘǦȝǣ ȝǣǐ ǆǐǶǶ ǌǦΗǦǌǦǼǝ ȖǦȝȠƷȝǦȂǼ ȂǅȖǐȓΗǐǌ ǦǼ

ȝǣǐ ȓǐƷǶ ȝǦǻǐ ǶƷȏȖǐ ǦǻƷǝǐȖॽ

Figure 5.10: Estimation of shapes and potential biofilm analysis on cell volume provided by shape filter. The top panel
demonstrates the path estimated in shape filter by interpolation. The shapes in blue are original shapes (after Bi3 fil‐
tering) in the experimental imaging sequence, and the ones in magenta are new estimation/interpolations of shapes.
The bottom diagram reveals the track of volume changes of the target cell along time (with interpolations). The
original data at original time scales are marked with blue asterisk.

ऄ৷ं৷ँ UԀԚӏӹԚӢҷӲԓ әԀԏ ं� ԓӟҷԌӏԓ

bǣǐ ँ� ǐΝȏǐȓǦǻǐǼȝȖ ǐΝǣǦǅǦȝ ǐǼǆȂȠȓƷǝǦǼǝ ЖǼǌǦǼǝȖ ƷȖ ǌǦȖǆȠȖȖǐǌ ǦǼ ȝǣǐ ǶƷȖȝ ȖǐǆȝǦȂǼॶ ΘǣǦǶǐ ȝǣǐ

ं� ȓǐȏȓǐȖǐǼȝƷȝǦȂǼ Ȃǜ ǆǐǶǶȖ ǆƷǼ ǌǐЖǼǦȝǐǶΞ ǅȓǦǼǝ ǻȂȓǐ ǦǼȖǦǝǣȝȖ ǜȂȓ ǅǦȂЖǶǻ ƷǼƷǶΞȖǦȖॽ � ǅƷȓȓǦǐȓ ǦǼ

ǆȂǼǌȠǆȝǦǼǝ ं� ȖǣƷȏǐ ǐΝȏǐȓǦǻǐǼȝȖॶ Ʒȝ ȝǣǐ ǆȠȓȓǐǼȝ ȖȝƷǝǐॶ ǦȖ ȝǣǐ ǶƷǆǴ Ȃǜ Ʒ ȖȠǦȝƷǅǶǐ ȏƷȓƷǻǐȝǐȓǦΣƷȝǦȂǼ

ǻǐȝǣȂǌ ǜȂȓ ं� ȖǣƷȏǐȖ ȝǣƷȝ ǆƷǼ ǅǐ ƷǼƷǶΞΣǐǌ ǦǼ XǦǐǻƷǼǼǦƷǼ ǻƷǼǦǜȂǶǌ ƷȖ ȵȂǖȮǯ ϨȕȼǯȲ ȠȝǦǶǦΣǐǌॽ /Ǽ

Ȃȓǌǐȓ ȝȂ ЖǼǌ ƷǼ ǐǶƷȖȝǦǆ ȖǣƷȏǐ ȓǐȏȓǐȖǐǼȝƷȝǦȂǼ ǦǼ XǦǐǻƷǼǼǦƷǼ ǻƷǼǦǜȂǶǌ ǜȂȓ ȝǣǐ ं� ǅƷǆȝǐȓǦƷǶ ȖǣƷȏǐȖॶ

ऀऀअ



Ʒ ȏȂȝǐǼȝǦƷǶ ȖȂǶȠȝǦȂǼ ǦȖ ǦǼ ȏȓȂǝȓǐȖȖॶ ǆȂǶǶƷǅȂȓƷȝǦǼǝ ΘǦȝǣ bॽ bȂǻƷ ǦǼ ȝǣǐ q/q� ǶƷǅ ƷǼǌ ȖǣƷȏǐ ǐΝȏǐȓৄ

ȝǦȖǐ ǜȓȂǻ ȝǣǐ $ǶȂȓǦǌƷ [ȝƷȝǐ eǼǦΗǐȓȖǦȝΞ $[eॶ �ॽ [ȓǦΗƷȖȝƷΗƷ ƷǼǌ ǣǦȖ ȖȝȠǌǐǼȝ yॽ sȠॽ /Ǽ ȝǣǐǦȓ ȓǐǆǐǼȝ

ȏƷȏǐȓॶ Ʒ ȖȒȠƷȓǐ ȓȂȂȝ ǼȂȓǻƷǶ ЖǐǶǌ [XC$ ǦȖ ȏȓǐȖǐǼȝǐǌ ƷȖ Ʒ ȖȂǶȠȝǦȂǼ ȝȂ ǌǐȖǆȓǦǅǐ ं� ȖǣƷȏǐȖॶ ƷǶȂǼǝ

ΘǦȝǣ ƷǶǶ ȝǣǐ ȏȂȝǐǼȝǦƷǶ ǐǶƷȖȝǦǆ ȖǣƷȏǐ ƷǼƷǶΞȖǦȖ ȖȝƷȝǦȖȝǦǆȖअँॶऄऄॽ

�ƷȖǐǌ ȂǼ ȝǣǐ ȝǣǐȂȓǐȝǦǆ ȏƷȏǐȓȖअँॶऄऄॶ ȝǣǐ ं� ȖȠȓǜƷǆǐ Ȃǜ ǐƷǆǣ ǅƷǆȝǐȓǦƷǶ ǆǐǶǶ ǦȖ Ʒ ǜȠǼǆȝǦȂǼ ǻ ǌǐЖǼǐǌ

ȂǼ ǌȂǻƷǦǼD → Rࣤॶ Θǣǐȓǐ ǐƷǆǣ ȏȂǦǼȝ ȵ ȂǼ ȝǣǐ ȖȠȓǜƷǆǐ ȵ ∈ D ǦȖ Ʒ ȏȂǦǼȝ ΘǦȝǣ ȝǣȓǐǐৄǌǦǻǐǼȖǦȂǼƷǶ

ǆȂȂȓǌǦǼƷȝǐȖॽ bǣǐǼॶ ȝǣǐ ȓǐȏȓǐȖǐǼȝƷȝǦȂǼ Ȃǜ Ʒ ं� ȖȠȓǜƷǆǐ ΘǦȝǣ [XC$ ǦȖॵ

ȱ(ȵ) = ț(ȵ)√
ț(ȵ)

ऄॽऀࣿ

Θǣǐȓǐ ț(ȵ) ǦȖ ȝǣǐ ǼȂȓǻƷǶ ΗǐǆȝȂȓ Ʒȝ ǐƷǆǣ ȏȂǦǼȝ ȵ ȂǼ ȝǣǐ ȖǣƷȏǐ ȖȠȓǜƷǆǐঃ ȱ(ȵ) ǦȖ ƷǼ LࣣৄǻǐȝȓǦǆ ȠǼৄ

ǌǐȓ ȝǣǐ [XC$ ȓǐȏȓǐȖǐǼȝƷȝǦȂǼॽ bǣȠȖॶ [XC$ ȝȓƷǼȖǜȂȓǻ ȏȓǐȖǐȓΗǐȖ ȝǣǐ ȏȓȂȏǐȓȝǦǐȖ ǦǼ ȝǣǐ ȂȓǦǝǦǼƷǶ

[Xq$ ǜȂȓ ǆȂǻȏƷȓǦǼǝ ȖǣƷȏǐ ǌǦЍǐȓǐǼǆǐ ǦǼ ȝǣǐ ǌǦЍǐȓǐǼȝǦƷǅǶǐ ȖǣƷȏǐ ȖȏƷǆǐॽ � ȏȓǐǶǦǻǦǼƷȓΞ [CX$ৄ

ȝȓƷǼȖǜȂȓǻǐǌ ǅƷǆȝǐȓǦƷǶ ȖǣƷȏǐॶ ȏȓȂΗǦǌǐǌ ǅΞ yॽ sȠॶ ǦȖ ȖǣȂΘǼ ǦǼ $Ǧǝॽ ऄॽऀऀॽ sǦȝǣ ȝǣǐ ȖȠȏȏȂȓȝǦǼǝ

ȖȝƷȝǦȖȝǦǆȖ ǜȓȂǻ [XC$ॶ Ʒ ǜȠȝȠȓǐ ΘȂȓǴ ǆƷǼ ȝƷȓǝǐȝ ȂǼ ǐΝȝǐǼǌǦǼǝ ȵȂǖȮǯ ϨȕȼǯȲ ȝȂ ȝǣǐ ं� ȖȏƷǆǐॽ bǣǐ

ǣǦǝǣǐȓ ǌǦǻǐǼȖǦȂǼƷǶ ȖǣƷȏǐ ǌƷȝƷ ȏȂǦǼȝȖ ȝǣƷȝ ȓǐȏȓǐȖǐǼȝ ं� ȖȠȓǜƷǆǐȖ ΘǦǶǶ ǅǐ ȏȂȝǐǼȝǦƷǶǶΞ Жȝȝǐǌ ǦǼ ȝǣǐ

ǌƷȝƷ ЖǶȝǐȓǦǼǝ Ȗǆǣǐǻǐ ǅΞ ƷǌǱȠȖȝǦǼǝ ȝǣǐ ΘǐǦǝǣȝǦǼǝ ǜȠǼǆȝǦȂǼȖ ȝȂ Ʒ ǣǦǝǣǐȓ ǌǦǻǐǼȖǦȂǼॽ

Figure 5.11: An example of 3D shape parameterized with square root normal field62.

ऀऀआ



ऄ৷ः [ԞӸӸҷԏԮ

/Ǽ ȝǣǦȖ ǆǣƷȏȝǐȓॶ ǅǦȂЖǶǻ ȓǐǆȂǼȖȝȓȠǆȝǦȂǼ ȠȖǦǼǝ ǝǐȂǻǐȝȓǦǆƷǶ ǻȂǌǐǶ ЖȝȝǦǼǝ ƷǼǌ ƷǆȝǦΗǐ ȖȠȓǜƷǆǐৄ

ǅƷȖǐǌ ǻȂǌǐǶ ȓǐЖǼǐǻǐǼȝ ΘƷȖ ЖȓȖȝǶΞ ȏȓǐȖǐǼȝǐǌॽ bǣǐȖǐ ǅǦȂЖǶǻ ȓǐǆȂǼȖȝȓȠǆȝǦȂǼ ǻǐȝǣȂǌȖ ǆƷǼ ȖǻȂȂȝǣǶΞ

ǶǦǼǴ Ƞȏ ȝǣǐ ǆǐǼȝȓƷǶ ƷΝǦȖ ȏȂǦǼȝ ǆǶȂȠǌ ȂȠȝȏȠȝȖ ǜȓȂǻ =�ȿȼȵ ƷǼǌȚठ=�ȿȼȵ ƷǼǌ ȝǣȠȖ ȏȓȂΗǦǌǐ ǅǦȂৄ

ǦǼǜȂȓǻƷȝǦǆȖ Ȃǜ ǆǐǶǶȖ ǦǼ ȝǣǐ ǅǦȂЖǶǻȖॶ ȖȠǆǣ ƷȖ ǆǐǶǶ ȏȂȖǦȝǦȂǼॶ ȂȓǦǐǼȝƷȝǦȂǼॶ ǅǦȂЖǶǻ ǌǐǼȖǦȝΞॶ ǯȼǥࣗ �Ξ

ǆȂǻǅǦǼǦǼǝ ȝǣǐ ƷǌΗƷǼǆǐȖ ǦǼ ǅǦȂЖǶǻ ǦǻƷǝǐ ƷǼƷǶΞȖǦȖ ƷǶǝȂȓǦȝǣǻȖ ȏȓǐȖǐǼȝǐǌ ǦǼ ȝǣǦȖ ǌǦȖȖǐȓȝƷȝǦȂǼॶ ȝǣǐ

ȖǦǼǝǶǐ ǆǐǶǶ ȖǐǝǻǐǼȝƷȝǦȂǼ ȓǐȖȠǶȝȖ ǆƷǼ ǅǐ ǦǻȏȓȂΗǐǌॶ ΘǣǦǆǣ ǜȠȓȝǣǐȓ ǐǼƷǅǶǐȖ ȖǣƷȏǐৄǅƷȖǐǌ ǅǦȂЖǶǻ ƷǼƷǶৄ

ΞȖǦȖ ȠȖǦǼǝ ȵȂǖȮǯ ϨȕȼǯȲॽ �ƷȖǐǌ ȂǼ ȝǣǐ ȏȓǐǶǦǻǦǼƷȓΞ ǐΝȏǐȓǦǻǐǼȝȖ ǦǼ ȝǣǦȖ ǆǣƷȏȝǐȓॶ ȵȂǖȮǯ ϨȕȼǯȲ ǦȖ ƷǅǶǐ ȝȂ

ЖΝ ȝǣǐ ȖǐǝǻǐǼȝƷȝǦȂǼ ǐȓȓȂȓȖ ƷǶȂǼǝ ȝǦǻǐॶ ΗǦȖȠƷǶǦΣǐ ƷǼǌ ǐȖȝǦǻƷȝǐ ȝǣǐ ǌǐǜȂȓǻƷȝǦȂǼ Ȃǜ ǆǐǶǶȖॶ ƷǼǌ ȒȠƷǼৄ

ȝǦǜΞ ȝǣǐ ǻȂȓȏǣȂǻǐȝȓΞ ǌǦЍǐȓǐǼǆǐ ǐॽǝॽ ΗȂǶȠǻǐॶ ȖǣƷȏǐ Ȃǜ ǌǦЍǐȓǐǼȝ ǅƷǆȝǐȓǦƷǶ ǆǐǶǶȖ ǦǼ ȝǣǐ ǦǻƷǝǐॽ �

ǜȠȝȠȓǐ ΘȂȓǴ ΘǦǶǶ ǅǐ ȂǼ ǐΝȝǐǼǌǦǼǝ ȝǣǐ ǆȠȓȓǐǼȝ ȖǣƷȏǐ ƷǼƷǶΞȖǦȖ ΘȂȓǴЙȂΘ ȝȂ ं� ȖǣƷȏǐ ȖȏƷǆǐॽ

ऀऀइ



CȡȼȂȅțǼ ȅȵ ȅȚȮȡȵȵȅǤȕǯࣗ bȂǯ ͞ȡȲǫ ȅȼȵǯȕǻ ȵǖͤȵ व/शȚ ȮȡȵȵȅǤȕǯ࣒श

�ȠǌȓǐΞ ,ǐȏǅȠȓǼ

6
�ȂǼǆǶȠȖǦȂǼȖ

अ৷ऀ �ԀӹԚԏӢӂԞԚӢԀӹԓ

bǣǦȖ ǌǦȖȖǐȓȝƷȝǦȂǼ ȏȓǐȖǐǼȝȖ ǜȂȠȓ ȝǣȓȠȖȝȖ ǜȓȂǻ �ǣƷȏȝǐȓȖ ँ ȝȂ ऄॽ [ǐΗǐȓƷǶ ƷȠȝȂǻƷȝǐǌ ƷǶǝȂȓǦȝǣǻȖ

Θǐȓǐ ȏȓȂȏȂȖǐǌ ǦǼ ǐƷǆǣ ȝǣȓȠȖȝॶ ΘǣǦǆǣ ǦǼǆǶȠǌǐ ȝǣǐ ǝȓƷȏǣৄǅƷȖǐǌ ȖǐǝǻǐǼȝƷȝǦȂǼ ΗƷȓǦƷȝǦȂǼȖॶ ǅǦȂЖǶǻ

ǦǻƷǝǐ ȖΞǼȝǣǐȖǦȖॶ ǐΗƷǶȠƷȝǦȂǼ ƷǼǌ ǅǦȂЖǶǻ ƷǼƷǶΞȖǦȖ ȖȂǶȠȝǦȂǼȖॽ bǣǦȖ ȓǐȖǐƷȓǆǣ ǅȓǐƷǴȖ ȝǣȓȂȠǝǣ ȝǣǐ ǦǼৄ

ƷǅǦǶǦȝΞ ǦǼ ȓǐȖȂǶΗǦǼǝ ƷǼǌ ƷǼƷǶΞΣǦǼǝ ǦǼǌǦΗǦǌȠƷǶ ǆǐǶǶȖ ǦǼ ǌǐǼȖǐǶΞৄȏƷǆǴǐǌ ǅǦȂЖǶǻॽ /ȝ ƷǶȖȂ ǐǼƷǅǶǐȖ ȖǦǼǝǶǐৄ

ǆǐǶǶ ƷǼǌ ȏȂȏȠǶƷȝǦȂǼৄǶǐΗǐǶ ȖȝȠǌǦǐȖ Ȃǜ ǅǦȂЖǶǻȖॶ ǦǼǆȂȓȏȂȓƷȝǦǼǝ ǅȂȝǣ ǆǶƷȖȖǦǆ ƷǼǌ ǻƷǆǣǦǼǐ ǶǐƷȓǼǦǼǝ

ǦǻƷǝǐ ƷǼƷǶΞȖǦȖ ȝǐǆǣǼǦȒȠǐȖॶ ƷȖ Ʒ ǝƷȝǐΘƷΞ ǜȂȓ ǜȠȝȠȓǐ ΘȂȓǴ ȂǼ ǅǦȂЖǶǻ ƷǼƷǶΞȖǦȖॽ bǣǐ ǻƷǱȂȓ ǆȂǼȝȓǦǅȠৄ

ऀऀई



ȝǦȂǼȖ Ʒȓǐ ǶǦȖȝǐǌ ǅǐǶȂΘॽ

�ȂǼȝȓǦǅȠȝǦȂǼ /ॵ %ȓƷȏǣৄȝǣǐȂȓǐȝǦǆ ƷȠȝȂǻƷȝǐǌ ǅƷǆȝǐȓǦƷǶ ǆǐǶǶ ȖǐǝǻǐǼȝƷȝǦȂǼ ΘǦȝǣ =ठ�ȿȼȵॽ

bǣǐ ЖȓȖȝ ȝǣȓȠȖȝ ǦȖ ǌǦȓǐǆȝǐǌ ȝȂΘƷȓǌ ȝǣǐ ȖǐǝǻǐǼȝƷȝǦȂǼ Ȃǜ ǦǼǌǦΗǦǌȠƷǶ ǅƷǆȝǐȓǦƷǶ ǆǐǶǶȖ ǦǼ ǌǐǼȖǐ ǅǦȂЖǶǻॽ

�ǖǥȼठ� ƷǼǌ =�ȿȼȵ Θǐȓǐ ȏȓǐȖǐǼȝǐǌ ǦǼ �ǣƷȏȝǐȓ ँ ƷȖ ȖǦǼǝǶǐৄǆǐǶǶ ȖǐǝǻǐǼȝƷȝǦȂǼ ȖȂǶȠȝǦȂǼȖॽ �ǖǥȼठ�

ǦȖ ȝǣǐ ЖȓȖȝ ǐЍȂȓȝ Ȃǜ ȝǣǦȖ ǅǦȂЖǶǻ ȓǐȖǐƷȓǆǣॶ ƷǼǌ ǝǦΗǐȖ ƷǼ ǐǌǝǐৄǅƷȖǐǌ ǶǐΗǐǶৄȖǐȝ ȖǐǝǻǐǼȝƷȝǦȂǼ ǻǐȝǣȂǌ

ΘǦȝǣ ǶȂǆƷǶ ΗǐǶȂǆǦȝΞ ǆȂǼȖȝȓƷǦǼȝȖ ȝȂ ȏȓǐΗǐǼȝ ȝǣǐ ǻǐȓǝǦǼǝ Ȃǜ ȝΘȂ ǆǐǶǶ ǆȂǼȝȂȠȓȖॽ �ǶȝǣȂȠǝǣ ȏȓȂǻǦȖৄ

ǦǼǝ ȓǐȖȠǶȝȖ ǜȂȓ ǻȠǶȝǦৄǶƷΞǐȓǐǌ ǅǦȂЖǶǻ ं� ǌƷȝƷ Θǐȓǐ ƷǆǣǦǐΗǐǌॶ ȝǣǐ ȏǐȓǜȂȓǻƷǼǆǐ ǌǐǝȓƷǌǐȖ ȂǼ ǻȂȓǐ

ǆȂǻȏǶǐΝ ǅǦȂЖǶǻ ǦǻƷǝǐȖ ƷȖ ȝǣǐ ǝƷȏȖ ǅǐȝΘǐǐǼ ǼǐǦǝǣǅȂȓǦǼǝ ǆǐǶǶȖ Ʒȓǐ ǣƷȓǌǐȓ ȝȂ ǦǌǐǼȝǦǜΞॽ bǣǐȓǐǜȂȓǐॶ

=�ȿȼȵΘƷȖ ȏȓǐȖǐǼȝǐǌ ȝȂ ǌǐȝǐǆȝ ǐƷǆǣ ǆǐǶǶ ǅΞ ƷǼƷǶΞΣǦǼǝ ǦȝȖ ǆǐǼȝȓƷǶ ƷΝǦȖॶ ǐΗǐǼ ΘǣǐǼ ȝǣǐ ǆǐǶǶ ǅȂȠǼǌƷȓΞ

ǦȖ ƷǻǅǦǝȠȂȠȖॽ

/Ǽ =�ȿȼȵॶ ȝǣǐ ȖǐǝǻǐǼȝƷȝǦȂǼ Ȃǜ ǅƷǆȝǐȓǦƷǶ ǆǐǶǶȖ ǦȖ ȝȓƷǼȖǜȂȓǻǐǌ ȝȂ Ʒ ǴǐΞ ȏȂǦǼȝ ǆǶȠȖȝǐȓǦǼǝ ȏȓȂǅǶǐǻ

ΗǦƷ ȓǐǆȠȓȖǦΗǐ ǝȓƷȏǣ ǆȠȝȖॽ /ȝ ǆȂǻȏȠȝǐȖ ȝǣǐ ǶȂǆƷǶ ǦǼȝǐǼȖǦȝΞ ǻƷΝǦǻƷ ȝȂ ǌǐǶǦǼǐƷȝǐ ȝǣǐ ǆǐǼȝȓƷǶ ƷΝǦȖ Ȃǜ

ǐƷǆǣ ǆǐǶǶঃ ȝǣǐǼ Ǧȝ ƷȠȝȂǻƷȝǦǆƷǶǶΞ ǌǦΗǦǌǐȖ ȝǣǐȖǐ ȏȂǦǼȝ ǆǶȂȠǌ ǌƷȝƷ ȝȂ ǌǦЍǐȓǐǼȝ ǆȂǶǶǦǼǐƷȓ ǝȓȂȠȏȖ ȝȂ ȓǐȏৄ

ȓǐȖǐǼȝ ǐƷǆǣ ȓȂǌৄȖǣƷȏǐǌ ǅƷǆȝǐȓǦƷǶ ǆǐǶǶॽ �ǦȖȝƷǼǆǐॶ ǶǦǼǐƷȓǦȝΞॶ ƷǼǌ ǦǼȝǐǼȖǦȝΞ ǆǣƷȓƷǆȝǐȓǦȖȝǦǆȖ Ȃǜ ȝǣǐ ȏȂǦǼȝ

ǆǶȂȠǌ ǌƷȝƷ Ʒȓǐ ȠȝǦǶǦΣǐǌ ȝȂ ǌǐЖǼǐ ȝǣǐ ǼǐΘ ǝȓƷȏǣ ǼȂǌǐ ȖǦǻǦǶƷȓǦȝΞ ǻǐƷȖȠȓǐॽ =�ȿȼȵ ȂȠȝȏǐȓǜȂȓǻȖ ȝǣǐ

ǐΝǦȖȝǦǼǝ ǻǐȝǣȂǌȖ ǦǼ ȝǣǐ ǻƷǱȂȓǦȝΞ ǆƷȖǐȖ ǦǼ ँ�ॽ �ΝȏǐȓǦǻǐǼȝȖ ǦǼ ं� ΘǦȝǣ =�ȿȼȵ ǦǼǌǦǆƷȝǐ ȝǣǐ ǼǐǆǐȖৄ

ȖǦȝΞ ȝȂ ǦǻȏȓȂΗǐ ȝǣǐ ƷȠȝȂǻƷȝǦǆ ȏȂǦǼȝ ǆǶȂȠǌ ǌƷȝƷ ǝǐǼǐȓƷȝǦȂǼ ȏȓȂǆǐȖȖ ȝǣƷȝ ǆƷǼ ȏȓȂΗǦǌǐ ǌƷȝƷ ȝǣƷȝ

ǐΝǣǦǅǦȝ ǐΝȏǶǦǆǦȝ ǆȂǶǶǦǼǐƷȓǦȝΞ ǜǐƷȝȠȓǐȖॶ ǜȂȓ ΘǣǦǆǣ ȝǣǐ ȖǐǆȂǼǌ ȏƷȓȝ Ȃǜ ȝǣǦȖ ȓǐȖǐƷȓǆǣ ΘƷȖ ǆƷȓȓǦǐǌ ȂȠȝॽ

�ȂǼȝȓǦǅȠȝǦȂǼ //ॵȚठ=�ȿȼȵ ǜȂȓ ǝǐǼǐȓƷǶǦΣǐǌ ǆȂǶǶǦǼǐƷȓ ǌƷȝƷ ǆǶȠȖȝǐȓǦǼǝ ΘǦȝǣ ƷȏȏǶǦǆƷȝǦȂǼ ȝȂ

ȏȂȖȝৄȏȓȂǆǐȖȖǦǼǝॽ /Ǽ ȝǣǐ ȖǐǆȂǼǌ ȝǣȓȠȖȝ �ǣƷȏȝǐȓ ंॶ ȝǣǐ ǐΝȝǐǼȖǦȂǼ ǜȓȂǻ =�ȿȼȵ ȝȂ ǻƷȖǴǐǌ =�ȿȼȵ

Țठ=�ȿȼȵ ΘƷȖ ȏȓǐȖǐǼȝǐǌ ȝȂ ǻƷΝǦǻǦΣǐ ȝǣǐ ȖǦǼǝǶǐ ǆǐǶǶ ǦǌǐǼȝǦЖǆƷȝǦȂǼ ȏǐȓǜȂȓǻƷǼǆǐ ƷǼǌ ȝȂ ǝǐǼǐȓƷǶǦΣǐ

ȝǣǐ ǻǐȝǣȂǌ ȝȂ ǅǐ ƷǅǶǐ ȝȂ ǆȂǻǅǦǼǐ ΘǦȝǣ ƷǼΞ Ȃȝǣǐȓ ȖǐǝǻǐǼȝƷȝǦȂǼ ȏǦȏǐǶǦǼǐȖॽ �Ξ ȠȝǦǶǦΣǦǼǝ ȏȓǐǶǦǻǦৄ

ǼƷȓǦǶΞ ȖǐǝǻǐǼȝǐǌ ȂȠȝȏȠȝȖ ǻƷȖǴȖ ǜȓȂǻ ȝǣǐ ǝǐǼǐȓƷǶ ȖǐǝǻǐǼȝƷȝǦȂǼ ƷȏȏȓȂƷǆǣǐȖॶ ȝǣǐ ȏȂǦǼȝ ǆǶȂȠǌ

ǌƷȝƷ ǜȂȓȚठ=�ȿȼȵ Ʒȓǐ ǐΝȝȓƷǆȝǐǌ ȠȖǦǼǝ ǐǦȝǣǐȓ ȓƷǌǦȠȖৄǆȂǼȖȝȓƷǦǼǐǌ ǻǐǌǦƷǶ ƷΝǦȖ ǐΝȝȓƷǆȝǦȂǼ ǻǐȝǣȂǌ ȂǼ

ऀँࣿ



ȠǼǌǐȓৄȖǐǝǻǐǼȝǐǌ ǻƷȖǴȖ Ȃȓ ȖȠȏǐȓǼȂǌǐ ǝǐǼǐȓƷȝǦȂǼ ΘȂȓǴЙȂΘ ǜȂȓ ȂΗǐȓৄȖǐǝǻǐǼȝǐǌ ǻƷȖǴȖॽ /Ǽ ȝǣǐȖǐ

ǆƷȖǐȖॶ ȝǣǐ ǆȂǶǶǦǼǐƷȓǦȝΞ ǦǼ ȝǣǐ ǌƷȝƷ ǆƷǼ ǅǐ ȏȓǐȖǐȓΗǐǌ ƷǼǌ ȠȝǦǶǦΣǐǌ ǜȂȓ ǜȠȓȝǣǐȓ ǌƷȝƷ ǆǶȠȖȝǐȓǦǼǝॽ �Ȃǻৄ

ȏƷȓǐǌ ȝȂ ȝǣǐ ǦǼǦȝǦƷǶ =�ȿȼȵॶȚठ=�ȿȼȖ ƷǶǝȂȓǦȝǣǻ ȓǐȏȂȓȝȖ ǼǐΘ ȖȠǅৄƷǶǝȂȓǦȝǣǻȖ ǦǼ ǝȓƷȏǣ ǆȂǼȖȝȓȠǆȝǦȂǼॶ

ǼȂǌǐ ǜǐƷȝȠȓǐ ǐΝȝȓƷǆȝǦȂǼॶ ǼȂǌǐ ȖǦǻǦǶƷȓǦȝΞ ǻǐƷȖȠȓǐॶ ƷǼǌ ȖȝȂȏȏǦǼǝ ǆȓǦȝǐȓǦȂǼ ǜȂȓ ȓǐǆȠȓȖǦȂǼॽ

bǣǐ ΗƷǶǦǌƷȝǦȂǼ ǐΝȏǐȓǦǻǐǼȝȖ Ʒȓǐ ȝΘȂǜȂǶǌॽ $ǦȓȖȝǶΞॶ ȝǣǐ ǦǼǆȂȓȏȂȓƷȝǦȂǼ Ȃǜ ȲǯϨțǯǫ =�ȿȼȵॶ ȝǣǐ ǦǼৄ

ȝǐȓǻǐǌǦƷȝǐ ΗǐȓȖǦȂǼॶ ΘǦȝǣ ǌǐǐȏ ǼǐȠȓƷǶ ǼǐȝΘȂȓǴȖ ΘƷȖ ǦǼΗǐȖȝǦǝƷȝǐǌ ǦǼ ��B�ॽXǯϨțǯǫ =�ȿȼȵ ǆƷǼ

ǜȠȓȝǣǐȓ ȖȏǶǦȝ ȝǣǐ ǆȂǼǼǐǆȝǐǌ ǆȂǻȏȂǼǐǼȝȖ Θǣǐȓǐ ǻȠǶȝǦȏǶǐ ǆǐǶǶȖ ǻǐȓǝǐ ǦǼȝȂ ȂǼǐ ǆǶȠȖȝǐȓ ǦǼ ȝǣǐ �CCৄ

ȝȓƷǦǼǐǌ ȖǐǝǻǐǼȝƷȝǦȂǼ ȂȠȝȏȠȝȖॽ [ǐǆȂǼǌǶΞॶ ǐΝȏǐȓǦǻǐǼȝȖ Θǐȓǐ ǆȂǼǌȠǆȝǐǌ ȝȂ ǝǐǼǐȓƷǶǦΣǐȚठ=�ȿȼȵ

ƷȖ Ǧȝ ǆƷǼ ȏȂȖȝৄȏȓȂǆǐȖȖ ȖǐǝǻǐǼȝȖ ΘǦȝǣ ǌǦЍǐȓǐǼȝ ȖǐǝǻǐǼȝƷȝǦȂǼ ǐȓȓȂȓȖ ΘǦȝǣ ȂǼǐ ȠǼǦЖǐǌ ȝǣǐȂȓΞॽ /Ǽ

ƷǌǌǦȝǦȂǼॶ ȝȂ ǌǐƷǶ ΘǦȝǣ ȝǣǐ ȠǼǌǐȓৄȖǐǝǻǐǼȝǐǌ ǆǶȠȖȝǐȓȖॶȚठ=�ȿȼȵ ǆƷǼ ƷǶȖȂ ȓǐǻǐǌΞ ȝǣǐ ȖǦȝȠƷȝǦȂǼ ǦǼ

ΘǣǦǆǣ Ʒ ȖǦǼǝǶǐ ǆǐǶǶ ǦȖ ȂΗǐȓৄȖǐǝǻǐǼȝǐǌ ǦǼȝȂ ȖǐΗǐȓƷǶ ȏƷȓȝȖॽ /Ǽ ȖȠǆǣ Ʒ ǆƷȖǐॶ ȝǣǐ ȖǐǝǻǐǼȝƷȝǦȂǼ ȂȠȝȏȠȝȖ

ǻƷȖǴȖ ǆƷǼ ǅǐ ȏȓȂΗǦǌǐǌ ΘǦȝǣ ƷǼΞ ȖǐǝǻǐǼȝƷȝǦȂǼ ƷȏȏȓȂƷǆǣǐȖॶ ǐॽǝॽ ǻƷǆǣǦǼǐ ǶǐƷȓǼǦǼǝৄǅƷȖǐǌ ǜƷǆǦǶǦȝǦǐȖ

Ȃȓ ȝȓƷǌǦȝǦȂǼƷǶ ǆȂǻȏȠȝƷȝǦȂǼƷǶ ǦǻƷǝǐ ȏȓȂǆǐȖȖǦǼǝ ȖȂǶȠȝǦȂǼȖॽ

$ȠȓȝǣǐȓǻȂȓǐॶȚठ=�ȿȼȵ ǦȖ Ʒ ǅȓȂƷǌǶΞ ƷȏȏǶǦǆƷǅǶǐ ǌƷȝƷ ǆǶȠȖȝǐȓǦǼǝ ǻǐȝǣȂǌॶ ȏȂȝǐǼȝǦƷǶǶΞ ǐΝȝǐǼǌƷǅǶǐ

ȝȂ ǻƷǼΞ Ȃȝǣǐȓ ȖǆǐǼƷȓǦȂȖॽ $Ȃȓ ǐΝƷǻȏǶǐॶ ǦǼ ȝǣǐ ǐΝȏǐȓǦǻǐǼȝȖ Ȃǜ ȖǣƷȏǐ ǆǶƷȖȖǦЖǆƷȝǦȂǼॶ ȝǣǐ ǻƷȖǴȖ Ʒȓǐ ǅǦৄ

ǼƷȓΞ ǦǻƷǝǐ Ȃǜ ȖǣƷȏǐȖ ƷǼǌȚठ=�ȿȼȵ ǆƷǼ ЖǼǌ ȝǣǐ ǆǶƷȖȖǐȖ Ȃǜ ȖǣƷȏǐȖ ȠȖǦǼǝ ȝǣǐǦȓ ǆȂǶǶǦǼǐƷȓǦȝΞ ǦǼ ȖǣƷȏǐ

ȖȏƷǆǐॽ sǦȝǣ ǐƷǆǣ Ȃǜ ȝǣǐ =�ȿȼȵ ΗƷȓǦƷȝǦȂǼॶ ȝǣǐȓǐ ǦȖ ǼȂ Ǽǐǐǌ ȝȂ ȖȏǐǆǦǜΞ ȝǣǐ ǼȠǻǅǐȓ Ȃǜ ǆǐǶǶȖ ȝȂ ǅǐ Ȗǐǝৄ

ǻǐǼȝǐǌॽ

�ȂǼȝȓǦǅȠȝǦȂǼ ///ॵ ं� %�C ǦǻƷǝǐ ȖΞǼȝǣǐȖǦȖ ƷǼǌ ǌƷȝƷȖǐȝ ȒȠƷǶǦȝΞ ƷȖȖǐȖȖǻǐǼȝ ΘǦȝǣ [[W�

ǜȂȓ ǅƷǆȝǐȓǦƷǶ ǅǦȂЖǶǻȖॽ bǣǐ ȝǣǦȓǌ ȝǣȓȠȖȝ Ȃǜ ȝǣǦȖ ǌǦȖȖǐȓȝƷȝǦȂǼ ǜȂǆȠȖǐȖ ȂǼ ȝǣǐ ǝǐǼǐȓƷȝǦȂǼ Ȃǜ ǅǦȂЖǶǻ

ǦǻƷǝǐȖ �ǣƷȏȝǐȓ ःॽ � ǻƷǆǣǦǼǐ ǶǐƷȓǼǦǼǝ ȖȂǶȠȝǦȂǼ ȠȖǦǼǝ ǝǐǼǐȓƷȝǦΗǐ ƷǌΗǐȓȖƷȓǦƷǶ ǼǐȝΘȂȓǴȖ %�CȖॶ

ǼƷǻǐǌ � �ͤǥȕȅǥ %�C ए!ࣣऐΘǦȝǣ ȠǼǅƷǶƷǼǆǐǌ ǶȂȖȖ ǜȠǼǆȝǦȂǼȖॶ ΘƷȖ ǌǐȖǦǝǼǐǌ ȝȂ ǝǐǼǐȓƷȝǐ ȖΞǼȝǣǐȝǦǆ

ं� ǦǻƷǝǐȖ ȝǣƷȝ ǻǦǻǦǆ ȝǣǐ ƷǆȝȠƷǶ ==[B ǅǦȂЖǶǻ ǦǻƷǝǐ ǆȂǼǌǦȝǦȂǼȖॽ bǣǐ ȏȓȂȏȂȖǐǌ ΘȂȓǴЙȂΘ ǦȖ

Ʒ ȖȂǶȠȝǦȂǼ ȝȂ ȏȂȝǐǼȝǦƷǶǶΞ ǦǼǆȓǐƷȖǐ ȝǣǐ ȖǐǝǻǐǼȝƷȝǦȂǼ ȏǐȓǜȂȓǻƷǼǆǐ ȂǼ ȓǐƷǶ ǐΝȏǐȓǦǻǐǼȝƷǶ ǅǦȂЖǶǻ

ǦǻƷǝǐȖॶ ƷǼǌ ȝȂ ȂΗǐȓǆȂǻǐ ȝǣǐ ǆȠȓȓǐǼȝ ǶǦǻǦȝƷȝǦȂǼ ǦǼ ǌƷȝƷৄǌȓǦΗǐǼ ȖǐǝǻǐǼȝƷȝǦȂǼ ȏǦȏǐǶǦǼǐȖ ȝǣƷȝ ȝǣǐ

ऀँऀ



ǻȂǌǐǶৄǅƷȖǐǌ ȖǦǻȠǶƷȝǐǌ ȝȓƷǦǼǦǼǝ ǌƷȝƷ ǻƷΞ ǼȂȝ ǜȠǶǶΞ ȓǐȏȓȂǌȠǆǐ ȝǣǐ ǆȂǻȏǶǦǆƷȝǐǌ ǦǻƷǝǐ ǆȂǼǌǦȝǦȂǼȖ

ǦǼ ȝǣǐ ǅǦȂЖǶǻ ǌƷȝƷȖǐȝॽ bǣǐ ȠǼǅƷǶƷǼǆǐǌ ǶȂȖȖ ǜȠǼǆȝǦȂǼ ȝǐȖȝǐǌ ǦǼ � �ͤǥȕȅǥ %�C ए!ࣣऐ ȏȓȂΗǦǌǐȖ ȝǣǐ

ǅǐȖȝ ȖΞǼȝǣǐȝǦǆ ǌƷȝƷ ȒȠƷǶǦȝΞ ǆȂǻȏƷȓǐǌ ȝȂ ǻȂǌǐǶৄǅƷȖǐǌ ǦǻƷǝǐ ǝǐǼǐȓƷȝǦȂǼ ƷǼǌ Ȃȝǣǐȓ %�C ǶȂȖȖ Ȃȏৄ

ȝǦȂǼȖॶ ǦǼ ȝǐȓǻȖ Ȃǜ ǦǼȝǐǼȖǦȝΞৄΘǦȖǐ ƷǼǌ ǌǦȖȝȂȓȝǦȂǼৄǅƷȖǐǌ ǦǻƷǝǐ ȒȠƷǶǦȝΞ ƷȖȖǐȖȖǻǐǼȝ ǻǐƷȖȠȓǐȖॽ

bȂ ЖǶǶ ǦǼ ȝǣǐ ǶƷǆǴ ǦǼ ƷȖȖǐȖȖǦǼǝ ं� ȖΞǼȝǣǐȝǦǆ ǌƷȝƷȖǐȝ ȒȠƷǶǦȝΞॶ Ʒ ȖȝȂǆǣƷȖȝǦǆ ȖΞǼȝǣǐȝǦǆ ǌƷȝƷȖǐȝ ȒȠƷǶৄ

ǦȝΞ ƷȖȖǐȖȖǻǐǼȝ Ȗǆǣǐǻǐ ΘƷȖ ȏȓȂȏȂȖǐǌॶ ƷǅǅȓǐΗǦƷȝǐǌ ƷȖ [[W�ॽ [[W� ǦȖ Ʒ ȖȝȂǆǣƷȖȝǦǆ ƷȏȏȓȂƷǆǣ ȝǣƷȝ

ȝƷǴǐȖ ȓƷǼǌȂǻ ȏƷȝǆǣǐȖ ǜȓȂǻ ȓƷǼǌȂǻ ǦǻƷǝǐȖ ǜȂȓ ȒȠƷǶǦȝΞ ǐΗƷǶȠƷȝǦȂǼ ƷǼǌ ȖȝƷȝǦȖȝǦǆƷǶ ȂǅȖǐȓΗƷȝǦȂǼ ƷǼƷǶৄ

ΞȖǦȖॽ /ȝ ȏȓȂΗǦǌǐȖ Ʒ ȒȠƷǼȝǦȝƷȝǦΗǐ ȂȏȝǦȂǼ ǜȂȓ ǆȂǻȏƷȓǦȖȂǼৄǅƷȖǐǌ ं�%�C ȂȠȝȏȠȝ ǐΗƷǶȠƷȝǦȂǼ ΘǣǐǼ

ȝǣǐ ǆȂȓȓǐȖȏȂǼǌǦǼǝ ǝȓȂȠǼǌ ȝȓȠȝǣ ǦǻƷǝǐȖ Ʒȓǐ ǼȂȝ ƷΗƷǦǶƷǅǶǐॽ sǦȝǣ ƷǌǐȒȠƷȝǐ ǆȂǻȏƷȓǦȖȂǼȖ ǦǼ ȝǐȓǻȖ Ȃǜ

ǼȠǻǅǐȓ Ȃǜ ȏƷȝǆǣǐȖ ƷǼǌ ǦǻƷǝǐȖ ǐॽǝॽ ࣡࣡࣡࣡×ࣧ࣡࣡ ǦǼ ȝǣǦȖ ȏƷȏǐȓॶ [[W� ȓǐΗǐƷǶǐǌ ȖȝƷȝǦȖȝǦǆƷǶǶΞ ǻǐƷǼৄ

ǦǼǝǜȠǶ ȝȓǐǼǌȖ Ȃǜ ǦǼȝǐǼȖǦȝΞৄΘǦȖǐ ǆȓȂȖȖৄǌƷȝƷȖǐȝ ȒȠƷǶǦȝΞॽ sǐ ǅǐǶǦǐΗǐ ȝǣƷȝ ȝǣǦȖ ƷȏȏȓȂƷǆǣ ǦȖ ƷȏȏǶǦǆƷǅǶǐ ȝȂ

Ȃȝǣǐȓ ǅǦȂǦǻƷǝǐ ǌƷȝƷ ǝǐǼǐȓƷȝǦȂǼ ȏȓȂǅǶǐǻȖ ǜȂȓ ΘǣǦǆǣ ǅǶǦǼǌ ȒȠƷǶǦȝΞ ƷȖȖǐȖȖǻǐǼȝ ǦȖ ȓǐȒȠǦȓǐǌॽ

�ȂǼȝȓǦǅȠȝǦȂǼ /qॵ [ǣƷȏǐৄǅƷȖǐǌ ǅǦȂЖǶǻ ȓǐǆȂǼȖȝȓȠǆȝǦȂǼ ƷǼǌ ƷǼƷǶΞȖǦȖॽ �Ξ ȏȓȂΗǦǌǦǼǝ ȝǣǐ Ǧǻৄ

Ʒǝǐ ƷǼƷǶΞȖǦȖ ƷǼǌ ǻƷǆǣǦǼǐ ǶǐƷȓǼǦǼǝ ƷǌΗƷǼǆǐȖ ȝȂ ǦǻȏȓȂΗǐ ȝǣǐ ȖǦǼǝǶǐৄǆǐǶǶ ȖǐǝǻǐǼȝƷȝǦȂǼ ȏǐȓǜȂȓǻƷǼǆǐ

ƷȖ ǻǐǼȝǦȂǼǐǌ ƷǅȂΗǐॶ ǅǦȂЖǶǻ ƷǼƷǶΞȖǦȖ ǦȖ ǐǼƷǅǶǐǌ ǜȂȓ ȓǐȖǐƷȓǆǣǐȓȖ ǦǼ ȝǣǐ ǅǦȂЖǶǻ ǆȂǻǻȠǼǦȝΞॽ �Ȗ

ǌǦȖǆȠȖȖǐǌ ǦǼ �ǣƷȏȝǐȓ ऄॶ ǅǦȂЖǶǻ ȓǐǆȂǼȖȝȓȠǆȝǦȂǼȖ ȠȖǦǼǝ ǼǯȡȚǯȼȲȅǥǖȕ Țȡǫǯȕ ϨȼȼȅțǼ ƷǼǌ ǖǥȼȅ͝ǯ

ȵȿȲǻǖǥǯठǤǖȵǯǫ Țȡǫǯȕ ȲǯϨțǯȚǯțȼ Ʒȓǐ ǅȂȝǣ ȏȓȂΗǦǌǐǌ ΘǦȝǣ ȏȓǐǶǦǻǦǼƷȓΞ ȓǐȖȠǶȝȖ ȝȂ ǌǐǻȂǼȖȝȓƷȝǐ

ȝǣǐ ǣƷǼǌǶǦǼǝ Ȃǜ =�ȿȼȵ ƷǼǌȚठ=�ȿȼȵ ȂȠȝȏȠȝȖॽ bǣǐΞ Ʒȓǐ ƷǅǶǐ ȝȂ ȏȓȂΗǦǌǐ ȖȝƷȝǦȖȝǦǆȖ ǦǼ ǆǐǶǶ ǶȂǆƷȝǦȂǼॶ

ȂȓǦǐǼȝƷȝǦȂǼॶ ȖǦΣǐॶ ǅǦȂЖǶǻ ǌǐǼȖǦȝΞॶ ƷǼǌ ǐΗǐǼ ȖǣƷȏǐȖ ǜȂȓ ǅǦȂЖǶǻ ǅǦȂǶȂǝǦȖȝȖ ȝȂ ȏǐȓǜȂȓǻ ƷǼƷǶΞȖǦȖॽ $Ƞȓৄ

ȝǣǐȓǻȂȓǐॶ ȵȂǖȮǯ ϨȕȼǯȲ ΘƷȖ ƷȏȏǶǦǐǌ ȝȂ ƷǼƷǶΞΣǐ ǅƷǆȝǐȓǦƷǶ ȖǣƷȏǐȖ ƷǶȂǼǝ ȝǦǻǐॽ �ΝȏǐȓǦǻǐǼȝȖ ǌǐǻȂǼৄ

ȖȝȓƷȝǐ ȝǣǐ ȏȂȝǐǼȝǦƷǶ ȝǣƷȝ ȝǣǐ ȵȂǖȮǯ ϨȕȼǯȲ ǅȓǦǼǝȖ ȝȂ ȝǣǐ ǅǦȂЖǶǻ ƷǼƷǶΞȖǦȖॽ $Ȃȓ ǐΝƷǻȏǶǐॶ ȝǣǐ ǻȂȓȏǣȂৄ

ǶȂǝǦǆƷǶ ȝȂȂǶȖ ƷǶǶȂΘ ȂǼǐ ȝȂ ΗǦȖȠƷǶǦΣǐ ȝǣǐ ȖǣƷȏǐ ǌǐǜȂȓǻƷȝǦȂǼ Ȃǜ ǆǐǶǶ ǝȓȂΘǦǼǝৄƷǼǌৄǌǦΗǦǌǦǼǝ ȏȓȂǆǐȖȖ

ƷǼǌ ȝȂ ȒȠƷǼȝǦǜΞ ȝǣǐ ǌǦЍǐȓǐǼǆǐ ǦǼ ǆǐǶǶ ǻȂȓȏǣȂǻǐȝȓΞ ȖȏƷȝǦƷǶǶΞ ƷǼǌ ȝǐǻȏȂȓƷǶǶΞॽ

ऀँँ



अ৷ँ $ԞԚԞԏӏ ԫԀԏӯ

HǼǐ Ȃǜ ȝǣǐ ǜȠȝȠȓǐ ǌǦȓǐǆȝǦȂǼȖ Ȃǜ ȝǣǦȖ ΘȂȓǴ ΘǦǶǶ ǜȂǆȠȖ ȂǼ ǅǦȂЖǶǻ ƷǼƷǶΞȖǦȖ ΘǦȝǣ ȝǣǐ ǐΝȝǐǼȖǦȂǼ

Ȃǜ Ʒ ȵȂǖȮǯ ϨȕȼǯȲ ǦǼ ं�ॽ �Ȗ ƷǶȖȂ ǻǐǼȝǦȂǼǐǌ ǦǼ �ǣƷȏȝǐȓ ऄॶ Ʒ ǆȂǶǶƷǅȂȓƷȝǦΗǐ ȏȓȂǱǐǆȝ ȂǼ ȝǣǦȖ ȝȂȏǦǆ ǦȖ

ƷǆȝȠƷǶǶΞ ǦǼ ȏȓȂǝȓǐȖȖॶ ȠȖǦǼǝ ƷǼ ǐǶƷȖȝǦǆ ȖǣƷȏǐ ȓǐȏȓǐȖǐǼȝƷȝǦȂǼ Ȃǜ ǅƷǆȝǐȓǦƷǶ ǆǐǶǶȖ ǦǼ ं�ॽ /Ǽ ƷǌǌǦȝǦȂǼॶ ǜȂȓ

ǅǦȂЖǶǻ ȓǐǆȂǼȖȝȓȠǆȝǦȂǼॶ ǜȠȓȝǣǐȓ ǦǻȏȓȂΗǐǻǐǼȝȖ ΘǦǶǶ ǅǐ ǐΝȏǶȂȓǐǌ ȂǼ ȝǣǐ ƷǆȝǦΗǐ ȖȠȓǜƷǆǐৄǅƷȖǐǌ ǻȂǌǐǶ

ȓǐЖǼǐǻǐǼȝॶ ȖȠǆǣ ƷȖ ƷǌǌǦǼǝ ȖǣƷȏǐ ȏȓǦȂȓ ȂǼ ǐƷǆǣ ƷǆȝǦΗǐ ȖȠȓǜƷǆǐ ǻȂǌǐǶॶ ΘǣǦǆǣ ǻƷΞ ƷǶȖȂ ǦǼǆǶȠǌǐ

ȖΞȖȝǐǻƷȝǦǆ ǐΝȏǐȓǦǻǐǼȝȖ ȂǼ ǐΗƷǶȠƷȝǦǼǝ ȝǣǐ ǆȂȓȓǐȖȏȂǼǌǦǼǝ ǅǦȂЖǶǻ ȓǐǆȂǼȖȝȓȠǆȝǦȂǼ ƷǆǆȠȓƷǆΞॽ

$Ȃȓ ǅǦȂЖǶǻ ǦǻƷǝǐ ǝǐǼǐȓƷȝǦȂǼॶ ǜȠȝȠȓǐ ΘȂȓǴ ǻƷΞ ǦǼΗȂǶΗǐ ȝǣǐ ǦǻȏȓȂΗǐǻǐǼȝ Ȃǜ %�C ȏǦȏǐǶǦǼǐ

ȝȂ ǌǐǆȓǐƷȖǐ ȝǣǐ ȏȓȂǅǶǐǻȖ ǦǼ ǶȂǆƷȝǦȂǼ ǌȓǦǜȝǦǼǝ Ȃǜ ǆǐǶǶȖ ǦǼ ȝǣǐ ǝǐǼǐȓƷȝǐǌ ǦǻƷǝǐȖ ǆȂǻȏƷȓǐǌ ȝȂ ǦǼৄ

ȏȠȝ ǅǦǼƷȓΞ ƷǼǼȂȝƷȝǦȂǼȖॽ HǼ ȝǣǐ Ȃȝǣǐȓ ǣƷǼǌॶ ǐΝȏǐȓǦǻǐǼȝȖ ΘǦǶǶ ǅǐ ȏǐȓǜȂȓǻǐǌ ȠȖǦǼǝ [[W� ƷǼǌ ȝǣǐ

ƷǌǱȠȖȝǐǌ [�X ȖǆȂȓǐ ǜȓȂǻ �ǣƷȏȝǐȓ ः ȝȂ ЖǶȝǐȓ ȂȠȝ ȝǣǐ ǦǻƷǝǐȖ ΘǦȝǣ ǶȂΘ ȒȠƷǶǦȝΞ ƷǼǌ ǶȂΘ ǶȂǆƷȝǦȂǼ

ǆȂȓȓǐȖȏȂǼǌǐǼǆǐॽ bǣǐǼॶ ȝǣǐ ȖǐǝǻǐǼȝƷȝǦȂǼ ȏǦȏǐǶǦǼǐȖ ǆƷǼ ǅǐ ȓǐЖǼǐǌ ȝȂ ǦǻȏȓȂΗǐ ȝǣǐ ȖǦǼǝǶǐৄǆǐǶǶ ǦǌǐǼৄ

ȝǦЖǆƷȝǦȂǼ ƷǆǆȠȓƷǆΞॽ bǣǐȖǐ ΘȂȓǴȖ ΘǦǶǶ ǜȠȓȝǣǐȓ ƷȖȖǦȖȝ ǦǼ ƷǆǆȠȓƷȝǐ ȖǦǼǝǶǐৄǆǐǶǶ ȝȓƷǆǴǦǼǝ ǦǼ ȝǣǐ ǅǦȂЖǶǻȖ

ƷǶȂǼǝ ȝǦǻǐॽ

�ǼȂȝǣǐȓ ǅȓƷǼǆǣ Ȃǜ ǜȠȝȠȓǐ ΘȂȓǴ ΘǦǶǶ ǅǐ ǌǐΗȂȝǐǌ ȝȂ ǅȓȂƷǌǐȓ ƷȏȏǶǦǆƷȝǦȂǼȖ Ȃǜ ȝǣǐ ȏȓȂȏȂȖǐǌ ǝȓƷȏǣৄ

ǅƷȖǐǌ ǆǶȠȖȝǐȓǦǼǝ ǻǐȝǣȂǌॶȚठ=�ȿȼȵॽ � ȏȓǐǶǦǻǦǼƷȓΞ ȓǐȖȠǶȝ ȂǼ ȖǣƷȏǐ ǆǶƷȖȖǦЖǆƷȝǦȂǼ ǦȖ ƷǶȓǐƷǌΞ ȖǣȂΘǼ

ǦǼ �ǣƷȏȝǐȓ ंॽ sȂȓǴȖ ΘǦǶǶ ǅǐ ǜȠȓȝǣǐȓ ǆƷȓȓǦǐǌ ȂȠȝ ȝȂ ǌǐЖǼǐ Ʒ ȖȝȂȏȏǦǼǝ ǆȓǦȝǐȓǦȂǼ ȝǣƷȝ ǆƷǼ ƷȠȝȂǻƷȝৄ

ǦǆƷǶǶΞ ȝǐȓǻǦǼƷȝǐ ǐƷǆǣ ȓǐǆȠȓȖǦȂǼॶ ǜȂȓ ȝǣǐ ǌǐȝǐǆȝǦȂǼ Ȃǜ ǌǦЍǐȓǐǼȝ ǆȂǶǶǦǼǐƷȓ ȖǣƷȏǐ ǝȓȂȠȏȖ ǦǼ ȖǣƷȏǐ

ȖȏƷǆǐॽ /Ǽ ƷǌǌǦȝǦȂǼॶ ȝǣǐ ǝȂƷǶ ȝȂ ǜȠȓȝǣǐȓ ǝǐǼǐȓƷǶǦΣǐȚठ=�ȿȼȵǻƷΞ ƷǶȖȂ ȓǐȒȠǦȓǐ ǜȠȝȠȓǐ ǻȂǌǦЖǆƷȝǦȂǼȖ

ǦǼ ȝǣǐ ƷǶǝȂȓǦȝǣǻ ƷǼǌ ȂȏȝǦǻǦΣƷȝǦȂǼ Ȃǜ ȝǣǐ ȓȠǼȝǦǻǐॽ bǣǐǼॶ ǻȂȓǐ ǐΝȏǐȓǦǻǐǼȝȖ ΘǦǶǶ ǅǐ ȏǐȓǜȂȓǻǐǌ ȝȂ

ΗƷǶǦǌƷȝǐ ȝǣǐ ȏǐȓǜȂȓǻƷǼǆǐ Ȃǜ ȝǣǐ ǌǐΗǐǶȂȏǻǐǼȝȖ ƷǼǌ ȝȂ ǆȂǻȏƷȓǐ ΘǦȝǣ ȝǣǐ ǆȠȓȓǐǼȝ ȖȝƷȝǐ Ȃǜ ȝǣǐ Ʒȓȝॽ

अ৷ं =ӢԓԚ Ԁә ԌԞӂӲӢӅҷԚӢԀӹԓ

�ऀ :ॽ sƷǼǝॶ Xॽ [ƷȓǴƷȓॶ �ॽ �ΣǦΣॶ �ॽ qƷǆǆƷȓǦॶ �ॽ %ƷǣǶǻƷǼǼॶ ƷǼǌ [ॽ bॽ �ǆȝȂǼॽ ৗ�Ʒǆȝৄं�ॵ � ǶǐΗǐǶ

Ȗǐȝ ȖǐǝǻǐǼȝƷȝǦȂǼ ƷȏȏȓȂƷǆǣ ǜȂȓ ǌǐǼȖǐ ǻȠǶȝǦৄǶƷΞǐȓǐǌ ं� ǅƷǆȝǐȓǦƷǶ ǅǦȂЖǶǻȖॽ /Ǽ ࡠ࡚࡙࡛ /���

ऀँं



/țȼǯȲțǖȼȅȡțǖȕ �ȡțǻǯȲǯțǥǯ ȡț /ȚǖǼǯ UȲȡǥǯȵȵȅțǼॶ ȏȏॽ ंंࣿৄंंःॽ ँࣿऀआ

�ँ :ॽ sƷǼǝॶ ~ॽ $Ƞॶ Cॽ [ƷǌǐǝǣΣƷǌǐǣΞƷΣǌǦॶ :ॽ <ǦȏǼǦȖॶ ƷǼǌ [ॽ bॽ �ǆȝȂǼॽ ৗCȂǼǶǦǼǐƷȓ [ǣƷȏǐ Xǐৄ

ǝȓǐȖȖǦȂǼ ǜȂȓ $ǦǶȝǐȓǦǼǝ [ǐǝǻǐǼȝƷȝǦȂǼ XǐȖȠǶȝȖ ǜȓȂǻ �ƷǶǆǦȠǻ /ǻƷǝǦǼǝॽ /Ǽ ࡡ࡚࡙࡛ ȼȂ࡞࡛ /���

/țȼǯȲțǖȼȅȡțǖȕ �ȡțǻǯȲǯțǥǯ ȡț /ȚǖǼǯ UȲȡǥǯȵȵȅțǼॶ ȏȏॽ आंइৄआःँॽ ँࣿऀइ

�ं :ॽ sƷǼǝॶ bॽ �ƷȝƷǅΞƷǶॶ Bॽ ~ǣƷǼǝॶ :ॽ ~ǣƷǼǝॶ �ॽ �ΣǦΣॶ �ॽ %ƷǣǶǻƷǼǼॶ ƷǼǌ [ॽ bॽ �ǆȝȂǼॽ ৗ=�ȠȝȖॵ

=ǦǼǐƷȓ �ǶȠȖȝǐȓǦǼǝ Ȃǜ �ƷǆȝǐȓǦƷ ȠȖǦǼǝ XǐǆȠȓȖǦΗǐ %ȓƷȏǣ �ȠȝȖॽ /Ǽ ࡢ࡚࡙࡛ /��� /țȼǯȲțǖȼȅȡțǖȕ

�ȡțǻǯȲǯțǥǯ ȡț /ȚǖǼǯ UȲȡǥǯȵȵȅțǼॶ ȏȏॽ ऀऄआऄৄऀऄआईॽ ँࣿऀई =ǦȖȝǐǌ ǦǼ ȝǣǐ bȂȏ ऀࣿ Ȃǜ ȏƷȏǐȓȖ

ǦǼ /�/U ँࣿऀईॽ

:ऀ Bॽ ~ǣƷǼǝ†ॶ :ॽ ~ǣƷǼǝ†ॶ yॽ sƷǼǝ†ॶ :ॽ sƷǼǝॶ �ॽ �ǆǣǦǻȂΗǦǆǣॶ [ॽ bॽ �ǆȝȂǼॶ ƷǼǌ �ǼǌȓǐƷȖ

%ƷǣǶǻƷǼǼॶ ৗCȂǼৄ/ǼΗƷȖǦΗǐ [ǦǼǝǶǐৄ�ǐǶǶ BȂȓȏǣȂǻǐȝȓΞ ƷǼǌ bȓƷǆǴǦǼǝ ǦǼ =ǦΗǦǼǝ �ƷǆȝǐȓǦƷǶ

�ǦȂЖǶǻȖॽ CǖȼȿȲǯ �ȡȚȚȿțȅǥǖȼȅȡțȵॶ ऀऀऀॶ ȏȏॽऀৄऀंॽ ँࣿँࣿ

:ँ Cॽ bƷǅƷȖȖȠǻॶ :ॽ sƷǼǝॶ Bॽ $ǐȓǝȠȖȂǼॶ :ॽ ,ǐȓΣॶ BॽǶ �ȂǼǝॶ �ॽ =ȂȠΗǐƷȠॶ :ॽ <ǦȏǼǦȖॶ ƷǼǌ [ॽ bॽ

�ǆȝȂǼॽ ৗ/ǻƷǝǐ [ǐǝǻǐǼȝƷȝǦȂǼ ǜȂȓ CǐȠȓȂȖǆǦǐǼǆǐॵ =ΞǻȏǣƷȝǦǆȖॽ :ȡȿȲțǖȕ ȡǻ UȂͤȵȅǥȵ࣏ UȂȡȼȡțठ

ȅǥȵॶ ंंॽ ँࣿँऀ

:ं :ॽ sƷǼǝॶ Bॽ ~ǣƷǼǝॶ :ॽ ~ǣƷǼǝॶ yॽ sƷǼǝॶ �ǼǌȓǐƷȖ %ƷǣǶǻƷǼǼॶ ƷǼǌ [ॽ bॽ �ǆȝȂǼॶ ৗ%ȓƷȏǣৄ

ȝǣǐȂȓǐȝǦǆ UȂȖȝৄȏȓȂǆǐȖȖǦǼǝ Ȃǜ [ǐǝǻǐǼȝƷȝǦȂǼ ΘǦȝǣ �ȏȏǶǦǆƷȝǦȂǼ ȝȂ �ǐǼȖǐ �ǦȂЖǶǻȖॽ /���

bȲǖțȵǖǥȼȅȡț ȡț /ȚǖǼǯ UȲȡǥǯȵȵȅțǼॽ ँࣿँऀ

:ः bॽ bॽ =Ξॶ :ॽ sƷǼǝॶ <ॽ �ǦȖǣȝॶ eॽ �ΞȂॶ ƷǼǌ [ॽ bॽ �ǆȝȂǼॽ ৗ�ंq$�ॵ �BǐȝǣȂǌ ǜȂȓ bȓƷǆǦǼǝ

ƷǼǌ WȠƷǼȝǦЖǆƷȝǦȂǼ Ȃǜ BǦǆȓȂǝǶǦƷ ǦǼ ं� bǐǻȏȂȓƷǶ /ǻƷǝǐȖॽ �ȮȮȕȅǯǫ [ǥȅǯțǥǯȵॶ ऀऀऀंॶ अࣿआइॽ

ँࣿँऀ

:ऄ :ॽ sƷǼǝॶ Cॽ bƷǅƷȖȖȠǻॶ bॽ bॽ bȂǻƷॶ yॽ sƷǼǝॶ �ॽ %ƷǣǶǻƷǼǼॶ ƷǼǌ [ॽ bॽ �ǆȝȂǼॽ ৗं� %�C

/ǻƷǝǐ [ΞǼȝǣǐȖǦȖ ƷǼǌ �ƷȝƷȖǐȝ WȠƷǶǦȝΞ �ȖȖǐȖȖǻǐǼȝ ǜȂȓ �ƷǆȝǐȓǦƷǶ �ǦȂЖǶǻॽ [ȿǤȚȅȼȼǯǫ ȼȡ b/Uॽ

ँࣿँऀ

ऀँः



:अ :ॽ sƷǼǝ†ॶ bॽ bॽ =Ξ†ॶ Cॽ bƷǅƷȖȖȠǻ†ॶ ƷǼǌ [ॽ bॽ �ǆȝȂǼॽ ৗXǐΗǦǐΘ ȂǼ =ǐΗǐǶ [ǐȝ BǐȝǣȂǌȖ ǦǼ

�ǦȂǶȂǝǦǆƷǶ /ǻƷǝǦǼǝॽ �ȅȡȕȡǼȅǥǖȕ /ȚǖǼȅțǼॽ ȅț ȮȲǯȮǖȲǖȼȅȡțॽ ँࣿँऀ

:आ bॽ bॽ bȂǻƷॶ yॽ sȠॶ :ॽ sƷǼǝॶ �ॽ [ȓǦΗƷȖȝƷΗƷॶ �ॽ %ƷǣǶǻƷǼǼॶ ƷǼǌ [ॽ bॽ �ǆȝȂǼॽ ৗXǐƷǶǦȖȝǦǆৄ

ȖǣƷȏǐ �ƷǆȝǐȓǦƷǶ �ǦȂЖǶǻ ȖǦǻȠǶƷȝȂȓ ǜȂȓ �ǐǐȏ =ǐƷȓǼǦǼǝৄǅƷȖǐǌ ं� [ǦǼǝǶǐৄ�ǐǶǶ [ǐǝǻǐǼȝƷȝǦȂǼॽ

ȖȠǅǻǦȝȝǐǌ ȝȂ /[�/ ࡛࡙࡛࡛ॽ ँࣿँँ

�ऀ Bॽ ~ǣƷǼǝॶ :ॽ ~ǣƷǼǝॶ :ॽ sƷǼǝॶ �ॽBॽ �ǆǣǦǻȂΗǦǆǣॶ �ॽ�ॽ �ΣǦΣॶ :ॽ �ȂȓǅǦȝȝॶ [ॽ bॽ �ǆȝȂǼ ƷǼǌ

�ॽ %ƷǣǶǻƷǼǼॽ ৗं� /ǻƷǝǦǼǝ Ȃǜ [ǦǼǝǶǐ �ǐǶǶȖ ǦǼ �ƷǆȝǐȓǦƷǶ �ǦȂЖǶǻȖ ȠȖǦǼǝ =ƷȝȝǦǆǐ =ǦǝǣȝৄȖǣǐǐȝ

BǦǆȓȂȖǆȂȏΞॽ �ȅȡȮȂͤȵȅǥǖȕ :ȡȿȲțǖȕॶ ऀऀअंॶ ȏॽँऄƷॽ ँࣿऀई

�ँ :ॽ ~ǣƷǼǝॶ Bॽ ~ǣƷǼǝॶ yॽ sƷǼǝॶ :ॽ sƷǼǝॶ [ॽ bॽ �ǆȝȂǼॶ �ǼǌȓǐƷȖ %ƷǣǶǻƷǼǼॶ ৗCȂǼৄ/ǼΗƷȖǦΗǐ

[ǦǼǝǶǐৄ�ǐǶǶ BȂȓȏǣȂǻǐȝȓΞ ƷǼǌ bȓƷǆǴǦǼǝ ǦǼ =ǦΗǦǼǝ �ƷǆȝǐȓǦƷǶ �ǦȂЖǶǻȖॽ �ȅȡȮȂͤȵȅǥǖȕ :ȡȿȲțǖȕॶ

ऀँࣿ ंॶ ंऄइƷॽ ँࣿँࣿ

ॱ 

ॱ�ॵ �ȂǼǜǐȓǐǼǆǐॶ :ॵ :ȂȠȓǼƷǶॶ �ॵ �ǅȖȝȓƷǆȝ
bǣǐ ƷȠȝǣȂȓȖ ǣƷΗǐ ǐȒȠƷǶ ǆȂǼȝȓǦǅȠȝǦȂǼॽ

ऀँऄ



XǐǜǐȓǐǼǆǐȖ

ফऀব �ǅǌȂǶǶƷǣǦॶ �ॽॶ bȂǻǦȝƷॶ Cॽॶ ૫,ƷȖȖƷǼȏȂȠȓॶ [ॽ ँࣿँࣿॽ �ƷȝƷ ƷȠǝǻǐǼȝƷȝǦȂǼ ǦǼ ȝȓƷǦǼǦǼǝ
ǌǐǐȏ ǶǐƷȓǼǦǼǝ ǻȂǌǐǶȖ ǜȂȓ ǻǐǌǦǆƷǶ ǦǻƷǝǐ ƷǼƷǶΞȖǦȖॽ /Ǽ�ǯǯȮ =ǯǖȲțǯȲȵ ǖțǫ �ǯǯȮ =ǯǖȲțǯȲ
�ǯȵǥȲȅȮȼȡȲȵ ǻȡȲBǯǫȅǥǖȕ �ȮȮȕȅǥǖȼȅȡțȵ ȏȏॽ ऀअआূऀइࣿॽ

ফँব �ǅȓƷǻǦƷǼॶ �ॽ ૫ �ǴǶȠǼǌॶ �ॽ ँࣿऀईॽ %ǐǼǐȓƷȝǦǼǝ ǜǻȓǦ ΗȂǶȠǻǐȖ ǜȓȂǻ ȝऀৄΘǐǦǝǣȝǐǌ ΗȂǶȠǻǐȖ
ȠȖǦǼǝ ंǌ ǆΞǆǶǐǝƷǼॽ ǖȲxȅ͝ ȮȲǯȮȲȅțȼ ǖȲxȅ͝࡞ࡡ࡙ࣗࡠ࡙ࡢ࡚࣏ॽ

ফंব �ǆǴǐȓǻƷǼǼॶ Bॽ ँࣿऀऄॽ � ǜȠǼǆȝǦȂǼƷǶ ȏǐȓȖȏǐǆȝǦΗǐ ȂǼ ȏǣǐǼȂȝΞȏǦǆ ǣǐȝǐȓȂǝǐǼǐǦȝΞ ǦǼ ǻǦৄ
ǆȓȂȂȓǝƷǼǦȖǻȖॽ CǖȼȿȲǯ Xǯ͝ȅǯ͞ȵBȅǥȲȡǤȅȡȕȡǼͤॶ ऀंइॶ ःईआূऄࣿइॽ

ফःব �ǆȝȂǼॶ [ॽ bॽ ૫ XƷΞॶ Cॽ ँࣿࣿईॽ �ǦȂǻǐǌǦǆƷǶ ǦǻƷǝǐ ƷǼƷǶΞȖǦȖॵ [ǐǝǻǐǼȝƷȝǦȂǼॽ [ͤțȼȂǯȵȅȵ =ǯǥठ
ȼȿȲǯȵ ȡț /ȚǖǼǯ࣐ qȅǫǯȡ࣐ ǖțǫBȿȕȼȅȚǯǫȅǖ UȲȡǥǯȵȵȅțǼॶ ःऀॶ ऀূऀࣿइॽ

ফऄব �ǴȓƷǻॶ [ॽ eॽॶ <ƷǼǼƷǶƷॶ :ॽॶ �ǴǶȠǼǌॶ =ॽॶ ૫,ǐǦǴǴǦǶƻॶ :ॽ ँࣿऀअॽ �ǐǶǶ ȏȓȂȏȂȖƷǶ ǼǐȝΘȂȓǴ ǜȂȓ
ǻǦǆȓȂȖǆȂȏΞ ǦǻƷǝǐ ƷǼƷǶΞȖǦȖॽ /Ǽ ࡚࡙࡛ /��� /țȼǯȲțǖȼȅȡțǖȕ �ȡțǻǯȲǯțǥǯ ȡț /ȚǖǼǯ UȲȡǥǯȵȵȅțǼ
ȏȏॽ ंऀईईূंँࣿंॽ

ফअব �ǶǦॶ [ॽ ૫BƷǌƷǅǣȠȖǣǦॶ �ॽ ँࣿऀँॽ �Ǽ ǦǼȝǐǝȓƷȝǐǌ ȓǐǝǦȂǼৄॶ ǅȂȠǼǌƷȓΞৄॶ ȖǣƷȏǐৄǅƷȖǐǌ ƷǆȝǦΗǐ
ǆȂǼȝȂȠȓ ǜȂȓ ǻȠǶȝǦȏǶǐ ȂǅǱǐǆȝ ȂΗǐȓǶƷȏ ȓǐȖȂǶȠȝǦȂǼ ǦǼ ǣǦȖȝȂǶȂǝǦǆƷǶ ǦǻƷǝǐȓΞॽ /��� bȲǖțȵǖǥȼȅȡțȵ
ȡțBǯǫȅǥǖȕ /ȚǖǼȅțǼॶ ंऀआॶ ऀःःइূऀःअࣿॽ

ফआব �ǶȝǻƷǼॶ Cॽ [ॽ ऀईईँॽ �Ǽ ǦǼȝȓȂǌȠǆȝǦȂǼ ȝȂ ǴǐȓǼǐǶ ƷǼǌ ǼǐƷȓǐȖȝৄǼǐǦǝǣǅȂȓ ǼȂǼȏƷȓƷǻǐȝȓǦǆ
ȓǐǝȓǐȖȖǦȂǼॽ bȂǯ �ȚǯȲȅǥǖț [ȼǖȼȅȵȼȅǥȅǖțॶ ःअंॶ ऀआऄূऀइऄॽ

ফइব �ȝȝƷৄ$ȂȖȠॶ bॽॶ %ȠȂॶ sॽॶ :ǐȝǐȓॶ �ॽॶ BǦΣȠȝƷǼǦॶ �ॽ Bॽॶ [ȝȂȏǆΣΞǼȖǴǦॶ Cॽॶ ૫ [ȂȠȖƷৄCǐΗǐȖॶ Xॽ
ँࣿऀअॽ ं� ǆǶȠǻȏǐǌ ǆǐǶǶ ȖǐǝǻǐǼȝƷȝǦȂǼ ȠȖǦǼǝ ǆȠȓΗƷȝȠȓǐ ǅƷȖǐǌ Ȗǐǐǌǐǌ ΘƷȝǐȓȖǣǐǌॽ :ȡȿȲțǖȕ ȡǻ
/ȚǖǼȅțǼॶ ँःॶ ंऀॽ

ফईব �ƷǼǼȂǼॶ �ॽॶ BȂǐǼॶ �ॽॶ �ȂȓǅƷॶ �ॽॶ ,Ȃॶ �ॽॶ �ƷǻȏǶǦȖȖȂǼॶ /ॽॶ �ǣƷǼǝॶ �ॽॶ HȖȝǐȓǻƷǼॶ �ॽॶ %ȓƷǜॶ
sॽॶ ૫ qƷǼ qƷǶǐǼॶ �ॽ ँࣿऀइॽ �ǐǐȏǆǐǶǶ ँॽࣿॵ �ȠȝȂǻƷȝǐǌ ǆǶȂȠǌ ǌǐȏǶȂΞǻǐǼȝ Ȃǜ ǌǐǐȏ ǶǐƷȓǼǦǼǝ
ǻȂǌǐǶȖ ǜȂȓ ǶƷȓǝǐৄȖǆƷǶǐ ǆǐǶǶȠǶƷȓ ǦǻƷǝǐ ƷǼƷǶΞȖǦȖॽ �ȅȡXͣȅ͝ॶ ȏȏॽ ऄࣿऄࣿंँॽ

ফऀࣿব �ǐȓǝॶ [ॽॶ <ȠȝȓƷॶ �ॽॶ <ȓȂǐǝǐȓॶ bॽॶ [ȝȓƷǐǣǶǐॶ �ॽ Cॽॶ <ƷȠȖǶǐȓॶ �ॽ xॽॶ ,ƷȠǅȂǶǌॶ �ॽॶ [ǆǣǦǐǝǝॶ Bॽॶ
�ǶǐȖॶ :ॽॶ �ǐǦǐȓॶ bॽॶ XȠǌΞॶ Bॽॶ ǐȝ ƷǶॽ ँࣿऀईॽ /ǶƷȖȝǦǴॵ ǦǼȝǐȓƷǆȝǦΗǐ ǻƷǆǣǦǼǐ ǶǐƷȓǼǦǼǝ ǜȂȓ ǅǦȂ
ǦǻƷǝǐ ƷǼƷǶΞȖǦȖॽ CǖȼȿȲǯBǯȼȂȡǫȵॶ ȏȏॽ ऀূआॽ

ऀँअ



ফऀऀব �ǐȠǆǣǐȓॶ [ॽ ǐȝ ƷǶॽ ऀईईँॽ bǣǐ ΘƷȝǐȓȖǣǐǌ ȝȓƷǼȖǜȂȓǻƷȝǦȂǼ ƷȏȏǶǦǐǌ ȝȂ ǦǻƷǝǐ ȖǐǝǻǐǼȝƷȝǦȂǼॽ
[ǥǖțțȅțǼBȅǥȲȡȵǥȡȮͤ [ȿȮȮȕǯȚǯțȼॶ ȏȏॽ ँईईূँईईॽ

ফऀँব �ǣƷȝȝƷǆǣƷȓΞΞƷॶ �ॽ ऀईःंॽ HǼ Ʒ ǻǐƷȖȠȓǐ Ȃǜ ǌǦΗǐȓǝǐǼǆǐ ǅǐȝΘǐǐǼ ȝΘȂ ȖȝƷȝǦȖȝǦǆƷǶ ȏȂȏȠǶƷȝǦȂǼȖ
ǌǐЖǼǐǌ ǅΞ ȝǣǐǦȓ ȏȓȂǅƷǅǦǶǦȝΞ ǌǦȖȝȓǦǅȠȝǦȂǼȖॽ �ȿȕȕࣗ �ǖȕǥȿȼȼǖBǖȼȂࣗ [ȡǥࣗॶ ंऄॶ ईईূऀࣿईॽ

ফऀंব �ȂȠǻƷǼॶ �ॽ �ॽॶ [ǣƷȏǦȓȂॶ Bॽॶ �ȂȂǴॶ %ॽॶ �ȝǴǦǼȖॶ �ॽ �ॽॶ ૫ �ǣǐǼǝॶ ,ॽ ऀईईआॽ �ǶȠȖȝǐȓॵ �Ǽ
ȠǼȖȠȏǐȓΗǦȖǐǌ ƷǶǝȂȓǦȝǣǻ ǜȂȓ ǻȂǌǐǶǦǼǝ ǝƷȠȖȖǦƷǼ ǻǦΝȝȠȓǐȖॽ

ফऀःব �ȂΞǴȂΗॶ yॽ ૫ $ȠǼǴƷৄ=ǐƷॶ %ॽ ँࣿࣿअॽ %ȓƷȏǣ ǆȠȝȖ ƷǼǌ ǐАǆǦǐǼȝ Ǽǌ ǦǻƷǝǐ ȖǐǝǻǐǼȝƷȝǦȂǼॽ
/țȼǯȲțǖȼȅȡțǖȕ :ȡȿȲțǖȕ ȡǻ �ȡȚȮȿȼǯȲ qȅȵȅȡțॶ आࣿँॶ ऀࣿईূऀंऀॽ

ফऀऄব �ȂΞǴȂΗॶ yॽ yॽ ૫ :ȂǶǶΞॶ BॽৄUॽ ँࣿࣿऀॽ /ǼȝǐȓƷǆȝǦΗǐ ǝȓƷȏǣ ǆȠȝȖ ǜȂȓ ȂȏȝǦǻƷǶ ǅȂȠǼǌƷȓΞ ૫ ȓǐǝǦȂǼ
ȖǐǝǻǐǼȝƷȝǦȂǼ Ȃǜ ȂǅǱǐǆȝȖ ǦǼ Ǽǌ ǦǻƷǝǐȖॽ /Ǽ UȲȡǥǯǯǫȅțǼȵ ࡛࡙࡙࡚ /��� /țȼǯȲțǖȼȅȡțǖȕ �ȡțǻǯȲǯțǥǯ
ȡț �ȡȚȮȿȼǯȲ qȅȵȅȡțॶ ΗȂǶȠǻǐ ऀ ȏȏॽ ऀࣿऄূऀऀँॽ

ফऀअব �ƷΗƷǶǦǐȓৄ[ǻǦȝǣॶ bॽ ँࣿࣿँॽ bǣǐ ǼǐȂǻȠȓƷǼ ȂȓǦǝǦǼ Ȃǜ ƷȓǆǣƷǐǅƷǆȝǐȓǦƷॶ ȝǣǐ ǼǐǝǦǅƷǆȝǐȓǦƷǶ ȓȂȂȝ
Ȃǜ ȝǣǐ ȠǼǦΗǐȓȖƷǶ ȝȓǐǐ ƷǼǌ ǅƷǆȝǐȓǦƷǶ ǻǐǝƷǆǶƷȖȖǦЖǆƷȝǦȂǼॽ /țȼǯȲțǖȼȅȡțǖȕ :ȡȿȲțǖȕ ȡǻ [ͤȵȼǯȚǖȼȅǥ
ǖțǫ �͝ȡȕȿȼȅȡțǖȲͤBȅǥȲȡǤȅȡȕȡǼͤॶ ऄँऀॶ आূआअॽ

ফऀआব �ǣƷǼॶ bॽ $ॽ ૫ qǐȖǐॶ =ॽ �ॽ ँࣿࣿऀॽ �ǆȝǦΗǐ ǆȂǼȝȂȠȓȖ ΘǦȝǣȂȠȝ ǐǌǝǐȖॽ /��� bȲǖțȵǖǥȼȅȡțȵ ȡț
/ȚǖǼǯ UȲȡǥǯȵȵȅțǼॶ ऀࣿँॶ ँअअূँआआॽ

ফऀइব �ǣǐǼॶ �ॽৄ�ॽॶ =ǐǝƷǼȝॶ sॽ Xॽॶ sƷǼǝॶ <ॽॶ [ǣƷȂॶ =ॽॶ BǦǶǴǦǐॶ �ॽ �ॽॶ �ƷΗǦǌȖȂǼॶ Bॽsॽॶ :ƷǼǐৄ
ȝȂȏȂȠǶȂȖॶ �ॽॶ sȠॶ xॽ [ॽॶ ,Ʒǻǻǐȓॶ :ॽ �ॽॶ =ǦȠॶ ~ॽॶ ǐȝ ƷǶॽ ँࣿऀःॽ =ƷȝȝǦǆǐ ǶǦǝǣȝৄȖǣǐǐȝ ǻǦৄ
ǆȓȂȖǆȂȏΞॵ ǦǻƷǝǦǼǝ ǻȂǶǐǆȠǶǐȖ ȝȂ ǐǻǅȓΞȂȖ Ʒȝ ǣǦǝǣ ȖȏƷȝǦȂȝǐǻȏȂȓƷǶ ȓǐȖȂǶȠȝǦȂǼॽ [ǥȅǯțǥǯॶ
ंःअअँࣿइॶ ऀँऄआईईइॽ

ফऀईব �ǣȂǦॶ ,ॽ /ॽॶ �ǣȂǦॶ [ॽ sॽॶ ૫BȂȂǼॶ ,ॽ Uॽ ऀईईआॽ BƷȝǣǐǻƷȝǦǆƷǶ ȝǣǐȂȓΞ Ȃǜ ǻǐǌǦƷǶ ƷΝǦȖ
ȝȓƷǼȖǜȂȓǻॽ UǖǥȅϨǥ :ȡȿȲțǖȕ ȡǻBǖȼȂǯȚǖȼȅǥȵॶ ऀइऀऀॶ ऄआূइइॽ

ফँࣿব �ǣȂȠǌǣȓΞॶ Uॽ ँࣿऀअॽ ,ǦǝǣৄȝǣȓȂȠǝǣȏȠȝ ǻǐȝǣȂǌ ǜȂȓ ƷȠȝȂǻƷȝǐǌ ǆȂǶȂǼΞ ƷǼǌ ǆǐǶǶ ǆȂȠǼȝǦǼǝ
ǅΞ ǌǦǝǦȝƷǶ ǦǻƷǝǐ ƷǼƷǶΞȖǦȖ ǅƷȖǐǌ ȂǼ ǐǌǝǐ ǌǐȝǐǆȝǦȂǼॽ Uȕȡ[ Hțǯॶ ऀऀँॶ ǐࣿऀःइःअईॽ

ফँऀব �ǦǉǐǴॶ Lॽॶ �ǅǌȠǶǴƷǌǦȓॶ �ॽॶ =ǦǐǼǴƷǻȏॶ [ॽ [ॽॶ �ȓȂΝॶ bॽॶ ૫ XȂǼǼǐǅǐȓǝǐȓॶ Hॽ ँࣿऀअॽ ंǌ
ȠৄǼǐȝॵ ǶǐƷȓǼǦǼǝ ǌǐǼȖǐ ΗȂǶȠǻǐȝȓǦǆ ȖǐǝǻǐǼȝƷȝǦȂǼ ǜȓȂǻ ȖȏƷȓȖǐ ƷǼǼȂȝƷȝǦȂǼॽ /Ǽ ࡚࡙࡛ /țȼǯȲțǖठ
ȼȅȡțǖȕ �ȡțǻǯȲǯțǥǯ ȡțBǯǫȅǥǖȕ /ȚǖǼǯ �ȡȚȮȿȼȅțǼ ǖțǫ �ȡȚȮȿȼǯȲठ�ȵȵȅȵȼǯǫ /țȼǯȲ͝ǯțȼȅȡț ȏȏॽ
ःँःূःंँॽ

ফँँব �ȂȖȝǐȓȝȂǼॶ :ॽ sॽॶ [ȝǐΘƷȓȝॶ Uॽ [ॽॶ ૫ %ȓǐǐǼǅǐȓǝॶ �ॽ Uॽ ऀईईईॽ �ƷǆȝǐȓǦƷǶ ǅǦȂЖǶǻȖॵ Ʒ ǆȂǻǻȂǼ
ǆƷȠȖǐ Ȃǜ ȏǐȓȖǦȖȝǐǼȝ ǦǼǜǐǆȝǦȂǼȖॽ [ǥȅǯțǥǯॶ ँइःऄःऀइॶ ऀंऀइূऀंँँॽ

ফँंব �ȓȂǜȝॶ Bॽ bॽॶ =ƷΘȓǐǼǆǐॶ �ॽ �ॽॶ XƷȠΝৄ�ǐǐȓΞॶ �ॽॶ sƷȓȓǐǼॶ Bॽ :ॽॶ ૫ [ǻǦȝǣॶ �ॽ %ॽ ँࣿࣿऄॽ
�ǶǝƷǐ ƷǆȒȠǦȓǐ ΗǦȝƷǻǦǼ ǅ ऀँ ȝǣȓȂȠǝǣ Ʒ ȖΞǻǅǦȂȝǦǆ ȓǐǶƷȝǦȂǼȖǣǦȏ ΘǦȝǣ ǅƷǆȝǐȓǦƷॽ CǖȼȿȲǯॶ
ःंइआࣿअःॶ ईࣿূईंॽ

ऀँआ



ফँःব �ȖȠȓǴƷॶ %ॽॶ =ƷȓǶȠȖॶ �ॽॶ UǐȓȓȂǼǼǦǼॶ $ॽॶ ૫BǐΞǶƷǼॶ $ॽ ँࣿऀंॽ sǣƷȝ ǦȖ Ʒ ǝȂȂǌ ǐΗƷǶȠƷȝǦȂǼ
ǻǐƷȖȠȓǐ ǜȂȓ ȖǐǻƷǼȝǦǆ ȖǐǝǻǐǼȝƷȝǦȂǼॾ �Bq�ॶ ँआँࣿऀंॽ

ফँऄব �ȠǶΗǐȓॶ bॽॶ <ǐΞȖǐȓॶ :ॽॶ ૫BƷǼȂǆǣƷॶ �ॽ ँࣿࣿःॽ �ΝƷǆȝ ǆȂǻȏȠȝƷȝǦȂǼ Ȃǜ ȝǣǐ ǻǐǌǦƷǶ ƷΝǦȖ Ȃǜ Ʒ
ȏȂǶΞǣǐǌȓȂǼॽ �ȡȚȮȿȼǯȲ �ȅǫǯǫ %ǯȡȚǯȼȲȅǥ �ǯȵȅǼțॶ ँऀऀॶ अऄূईइॽ

ফँअব �ƷȝƷȖǐȝ XǐȝȓǦǐΗǐǌ ँࣿँࣿॽ ǣȝȝȏॵΘΘΘॽǌƷǅǦॽȝǐǻȏǶǐॽǐǌȠȖ ǣƷȏǐǻȏǐǝआǌƷȝƷȖǐȝॽǣȝǻǶॽ
BU�%ठࡠ ��ठ[ȂǖȮǯठ࡚ ǫǖȼǖȵǯȼॽ

ফँआব �ǐ �ȂȂȓॶ �ॽ ँࣿࣿऀॽ � ȏȓƷǆȝǦǆƷǶ ǝȠǦǌǐ ȝȂ ȖȏǶǦǼǐȖॶ ȓǐΗǦȖǐǌ ǐǌǦȝǦȂǼॶ ΗȂǶॽ ँआ Ȃǜ ƷȏȏǶǦǐǌ ǻƷȝǣǐৄ
ǻƷȝǦǆƷǶ ȖǆǦǐǼǆǐȖॽ BǯǥȂǖțȅǥǖȕ [ǥȅǯțǥǯȵॽ

ফँइব �ǐǶȂȓǻǐॶ �ॽ ૫ UȂǶǱƷǴॶ [ॽ ऀईईंॽ =ƷȏǶƷǆǦƷǼ ǐǦǝǐǼΗƷǶȠǐȖ ƷǼǌ ȝǣǐ ǻƷΝǦǻȠǻ ǆȠȝ ȏȓȂǅǶǐǻॽ
BǖȼȂǯȚǖȼȅǥǖȕ UȲȡǼȲǖȚȚȅțǼॶ अँऀॶ ऄऄआূऄआःॽ

ফँईব �ǦǻǦȝȓƷǴȂȏȂȠǶȂȖॶ Uॽॶ [ЖǴƷȖॶ %ॽॶ ૫ CǦǴȂȠॶ �ॽ ँࣿँࣿॽ /ȖǦǼǝৄǝƷǼॵ �ǼǼȂȝƷȝǐǌ ǌƷȝƷ ƷȠǝৄ
ǻǐǼȝƷȝǦȂǼ ΘǦȝǣ Ʒ ȖȏƷȝǦƷǶǶΞ ǆȂǼȖȝȓƷǦǼǐǌ ǝǐǼǐȓƷȝǦΗǐ ƷǌΗǐȓȖƷȓǦƷǶ ǼǐȝΘȂȓǴॽ /Ǽ ࡛࡙࡛࡙ /��� ȼȂࡠ࡚
/țȼǯȲțǖȼȅȡțǖȕ [ͤȚȮȡȵȅȿȚ ȡț �ȅȡȚǯǫȅǥǖȕ /ȚǖǼȅțǼ ȏȏॽ ऀअࣿࣿূऀअࣿंॽ

ফंࣿব �Ȃǌǌॶ Bॽ [ॽॶ UƷȏǦǼǐƷȠॶ �ॽॶ %ȓǐǼǼǐॶ bॽॶ [ǶƷǆǴॶ :ॽ $ॽॶ XǦȝȝǼǐȓॶ Bॽॶ UǦȓƷǱǼȂॶ $ॽॶ HCǐǦǶॶ :ॽॶ ૫
=ǦȝȝǶǐॶ �ॽ bॽ ँࣿऀआॽ �ΗǦǌǐǼǆǐ ǜȂȓ ǐƷȓǶΞ ǶǦǜǐ ǦǼ ǐƷȓȝǣȖ ȂǶǌǐȖȝ ǣΞǌȓȂȝǣǐȓǻƷǶ ΗǐǼȝ ȏȓǐǆǦȏǦȝƷȝǐȖॽ
CǖȼȿȲǯॶ ऄःंआअःंॶ अࣿূअःॽ

ফंऀব �ȂǝȓƷॶ :ॽॶ :ƷǦǼॶ [ॽॶ ૫ [ȂȂǌॶ Bॽ ँࣿऀइॽ [ǐǝǻǐǼȝƷȝǦȂǼ Ȃǜ ǻȓ ǦǻƷǝǐȖ ȠȖǦǼǝ ǣΞǅȓǦǌ ǴǻǐƷǼৄ
ǝȓƷȏǣ ǆȠȝ ȝǐǆǣǼǦȒȠǐॽ UȲȡǥǯǫȅǖ �ȡȚȮȿȼǯȲ [ǥȅǯțǥǯॶ ऀंँॶ आआऄূआइःॽ

ফंँব �ȠƷǼॶ Wॽ XǐȝȓǦǐΗǐǌ ँࣿँࣿॽ �ǐǼȖǦȝΞǆǶȠȖȝ ǣȝȝȏȖॵΘΘΘॽǻƷȝǣΘȂȓǴȖॽǆȂǻǻƷȝǶƷǅǆǐǼȝȓƷǶ
ЖǶǐǐΝǆǣƷǼǝǐऄंईँँৄǌǐǼȖǦȝΞǆǶȠȖȝॽ B�b=�� �ǯțȼȲǖȕ $ȅȕǯ �ͣǥȂǖțǼǯॽ

ফंंব �ȠǼǼॶ <ॽ sॽॶ $Ƞॶ �ॽॶ ,Ȃॶ �ॽ :ॽॶ =ǐǐॶ [ॽॶ ,ƷǼॶ [ॽॶ [ƷǶƷǻƷॶ Uॽॶ ૫ �ǐǶȏॶ �ॽ :ॽ ँࣿऀईॽ �ǐǐȏৄ
ȖΞǼȝǣॵ bǣȓǐǐৄǌǦǻǐǼȖǦȂǼƷǶ ǼȠǆǶǐƷȓ ȖǐǝǻǐǼȝƷȝǦȂǼ Ȃǜ ǅǦȂǶȂǝǦǆƷǶ ǦǻƷǝǐȖ ȠȖǦǼǝ ǼǐȠȓƷǶ Ǽǐȝৄ
ΘȂȓǴȖ ȝȓƷǦǼǐǌ ΘǦȝǣ ȖΞǼȝǣǐȝǦǆ ǌƷȝƷॽ [ǥȅǯțȼȅϨǥ XǯȮȡȲȼȵॶ ईऀॶ ऀূऀऄॽ

ফंःব �ǶȝƷǼǅȂǶΞॶ �ॽॶ %ǣƷΣƷǶॶ Bॽॶ ,ƷǱǱǌǦƷǅॶ ,ॽॶ [ǣƷǶƷǅΞॶ �ॽॶ [ΘǦȝƷǶƷॶ �ॽॶ BƷǣǻȂȠǌॶ �ॽॶ [ƷǣȂȂॶ Uॽॶ
�Ƕৄ�ΣƷǅॶ Bॽॶ ૫ �Ƕৄ�ƷΣॶ �ॽ ँࣿऀईॽ =ǐΗǐǶ ȖǐȝȖৄǅƷȖǐǌ ǦǻƷǝǐ ȖǐǝǻǐǼȝƷȝǦȂǼ ƷȏȏȓȂƷǆǣ ȠȖǦǼǝ
ȖȝƷȝǦȖȝǦǆƷǶ ȖǣƷȏǐ ȏȓǦȂȓȖॽ �ȮȮȕȅǯǫBǖȼȂǯȚǖȼȅǥȵ ǖțǫ �ȡȚȮȿȼǖȼȅȡțॶ ंःࣿॶ ऀअःূऀआईॽ

ফंऄব �ȖǆǣΘǐǦǶǐȓॶ �ॽॶ <ǶȂȖǐॶ bॽॶ BȤǶǶǐȓৄ$ȂȠƷȓǝǐॶ $ॽ Cॽॶ <ȂȏƷǆΣǴƷॶ Bॽॶ ૫ [ȝǐǝǻƷǦǐȓॶ :ॽ ँࣿऀईƷॽ
bȂΘƷȓǌȖ ƷǼǼȂȝƷȝǦȂǼৄǜȓǐǐ ȖǐǝǻǐǼȝƷȝǦȂǼ Ȃǜ ЙȠȂȓǐȖǆǐǼȝǶΞ ǶƷǅǐǶǐǌ ǆǐǶǶ ǻǐǻǅȓƷǼǐȖ ǦǼ ǆȂǼǜȂৄ
ǆƷǶ ǻǦǆȓȂȖǆȂȏΞ ǦǻƷǝǐȖॽ /Ǽ /țȼǯȲțǖȼȅȡțǖȕsȡȲȓȵȂȡȮ ȡț [ȅȚȿȕǖȼȅȡț ǖțǫ [ͤțȼȂǯȵȅȵ ȅțBǯǫȅठ
ǥǖȕ /ȚǖǼȅțǼ ȏȏॽ इऀূइईॽ

ফंअব �ȖǆǣΘǐǦǶǐȓॶ �ॽॶ [ȏǦǼƷॶ bॽ qॽॶ �ǣȂȠǌǣȠȓΞॶ Xॽ �ॽॶ BǐΞǐȓȂΘǦȝΣॶ �ॽॶ �ȠǼǣƷॶ �ॽॶ ૫ [ȝǐǝǻƷǦǐȓॶ
:ॽ ँࣿऀईǅॽ �ǼǼৄǅƷȖǐǌ ȏȓǐȏȓȂǆǐȖȖǦǼǝ ȝȂ ȂȏȝǦǻǦΣǐ ΘƷȝǐȓȖǣǐǌৄǅƷȖǐǌ ǆǐǶǶ ȖǐǝǻǐǼȝƷȝǦȂǼ ǦǼ ंǌ
ǆȂǼǜȂǆƷǶ ǻǦǆȓȂȖǆȂȏΞ ǦǻƷǝǐȖॽ /Ǽ ࡢ࡚࡙࡛ /��� ȼȂ࡚ /țȼǯȲțǖȼȅȡțǖȕ [ͤȚȮȡȵȅȿȚ ȡț �ȅȡȚǯǫȅǥǖȕ
/ȚǖǼȅțǼ ȏȏॽ ँँंূँँआॽ

ऀँइ



ফंआব �Ȗȝǐȓॶ Bॽॶ <ȓǦǐǝǐǶॶ ,ॽৄUॽॶ [ƷǼǌǐȓॶ :ॽॶ xȠॶ xॽॶ ǐȝ ƷǶॽ ऀईईअॽ � ǌǐǼȖǦȝΞৄǅƷȖǐǌ ƷǶǝȂȓǦȝǣǻ ǜȂȓ
ǌǦȖǆȂΗǐȓǦǼǝ ǆǶȠȖȝǐȓȖ ǦǼ ǶƷȓǝǐ ȖȏƷȝǦƷǶ ǌƷȝƷǅƷȖǐȖ ΘǦȝǣ ǼȂǦȖǐॽ /Ǽ<ǫǫॶ ΗȂǶȠǻǐ ईअ ȏȏॽ ँँअূ
ँंऀॽ

ফंइব $ȓǦǌৄ�ǌƷȓॶ Bॽॶ �ǦƷǻƷǼȝॶ /ॽॶ <ǶƷǼǝॶ �ॽॶ �ǻǦȝƷǦॶ Bॽॶ %ȂǶǌǅǐȓǝǐȓॶ :ॽॶ ૫ %ȓǐǐǼȖȏƷǼॶ ,ॽ
ँࣿऀइॽ %ƷǼৄǅƷȖǐǌ ȖΞǼȝǣǐȝǦǆ ǻǐǌǦǆƷǶ ǦǻƷǝǐ ƷȠǝǻǐǼȝƷȝǦȂǼ ǜȂȓ ǦǼǆȓǐƷȖǐǌ ǆǼǼ ȏǐȓǜȂȓǻƷǼǆǐ
ǦǼ ǶǦΗǐȓ ǶǐȖǦȂǼ ǆǶƷȖȖǦЖǆƷȝǦȂǼॽ CǯȿȲȡǥȡȚȮȿȼȅțǼॶ ंँऀॶ ंँऀূंंऀॽ

ফंईব $Ƞॶ �ॽॶ =ǐǐॶ [ॽॶ :ȂȂǼ ,Ȃॶ �ॽॶ ,ƷǼॶ [ॽॶ [ƷǶƷǻƷॶ Uॽॶ �ȠǼǼॶ <ॽ sॽॶ ૫ �ǐǶȏॶ �ॽ :ॽ ँࣿऀइॽ bǣȓǐǐ
ǌǦǻǐǼȖǦȂǼƷǶ ЙȠȂȓǐȖǆǐǼǆǐ ǻǦǆȓȂȖǆȂȏΞ ǦǻƷǝǐ ȖΞǼȝǣǐȖǦȖ ƷǼǌ ȖǐǝǻǐǼȝƷȝǦȂǼॽ /Ǽ UȲȡǥǯǯǫȅțǼȵ ȡǻ
ȼȂǯ /��� �ȡțǻǯȲǯțǥǯ ȡț �ȡȚȮȿȼǯȲ qȅȵȅȡț ǖțǫ UǖȼȼǯȲț XǯǥȡǼțȅȼȅȡțsȡȲȓȵȂȡȮȵ ȏȏॽ ँँँऀূ
ँँँईॽ

ফःࣿব %ƷǣǶǻƷǼǼॶ �ॽ ૫BȂǐȓǼǐȓॶ sॽ ँࣿऀःॽ �ΝȏǶȂȓǦǼǝ ǅƷǆȝǐȓǦƷǶ ǆǐǶǶ ǅǦȂǶȂǝΞ ΘǦȝǣ ȖǦǼǝǶǐৄ
ǻȂǶǐǆȠǶǐ ȝȓƷǆǴǦǼǝ ƷǼǌ ȖȠȏǐȓৄȓǐȖȂǶȠȝǦȂǼ ǦǻƷǝǦǼǝॽ CǖȼȿȲǯ Xǯ͝ȅǯ͞ȵBȅǥȲȡǤȅȡȕȡǼͤॶ ऀँऀॶ
ईॽ

ফःऀব %ƷǻƷȓȓƷॶ Bॽॶ ~ȠȓǐǴॶ �ॽॶ �ȖǆƷǶƷǼȝǐॶ ,ॽ :ॽॶ ,ȠȓȝƷǌȂॶ =ॽॶ ૫ [ƷǼৄ:ȠƷǼৄqǐȓǝƷȓƷॶ ,ॽ ँࣿऀईॽ
[ȏǶǦȝ ƷǼǌ ǻǐȓǝǐ ΘƷȝǐȓȖǣǐǌॵ � ȝΘȂৄȖȝǐȏ ǻǐȝǣȂǌ ǜȂȓ ǆǐǶǶ ȖǐǝǻǐǼȝƷȝǦȂǼ ǦǼ ЙȠȂȓǐȖǆǐǼǆǐ ǻǦৄ
ǆȓȂȖǆȂȏΞ ǦǻƷǝǐȖॽ �ȅȡȚǯǫȅǥǖȕ [ȅǼțǖȕ UȲȡǥǯȵȵȅțǼ ǖțǫ �ȡțȼȲȡȕॶ ऄंॶ ऀࣿऀऄआऄॽ

ফःँব %ǦǅȖȂǼॶ �ॽॶ =Ǧॶ sॽॶ [Ƞǌȓǐॶ �ॽॶ $ǦǌȂǼॶ =ॽॶ [ǣƷǴǦȓॶ �ॽ /ॽॶ sƷǼǝॶ %ॽॶ �ƷȝȂǼৄXȂȖǐǼॶ ~ॽॶ %ȓƷΞॶ
Xॽॶ �ȂǐǶॶ bॽॶ ,Ƞॶ yॽॶ ǐȝ ƷǶॽ ँࣿऀइॽ CǦǜȝΞǼǐȝॵ Ʒ ǌǐǐȏৄǶǐƷȓǼǦǼǝ ȏǶƷȝǜȂȓǻ ǜȂȓ ǻǐǌǦǆƷǶ ǦǻƷǝǦǼǝॽ
�ȡȚȮȿȼǯȲBǯȼȂȡǫȵ ǖțǫ UȲȡǼȲǖȚȵ ȅț �ȅȡȚǯǫȅǥȅțǯॶ ऀऄइॶ ऀऀंূऀँँॽ

ফःंব %ǦȓȖǣǦǆǴॶ Xॽ ँࣿऀऄॽ $ƷȖȝ ȓৄǆǼǼॽ /Ǽ UȲȡǥǯǯǫȅțǼȵ ȡǻ ȼȂǯ /��� /țȼǯȲțǖȼȅȡțǖȕ �ȡțǻǯȲǯțǥǯ ȡț
�ȡȚȮȿȼǯȲ qȅȵȅȡț ȏȏॽ ऀःःࣿূऀःःइॽ

ফःःব %ȂȂǌǜǐǶǶȂΘॶ /ॽॶ UȂȠǝǐȝৄ�ǅƷǌǦǐॶ :ॽॶ BǦȓΣƷॶ Bॽॶ xȠॶ �ॽॶ sƷȓǌǐৄ$ƷȓǶǐΞॶ �ॽॶ HΣƷǦȓॶ [ॽॶ
�ȂȠȓΗǦǶǶǐॶ �ॽॶ ૫ �ǐǼǝǦȂॶ yॽ ँࣿँࣿॽ %ǐǼǐȓƷȝǦΗǐ ƷǌΗǐȓȖƷȓǦƷǶ ǼǐȝΘȂȓǴȖॽ �ȡȚȚȿțȅǥǖȼȅȡțȵ
ȡǻ ȼȂǯ ��Bॶ अंऀऀॶ ऀंईূऀःःॽ

ফःऄব %ȓǐǦǝॶ �ॽ Bॽॶ UȂȓȝǐȂȠȖॶ �ॽ bॽॶ ૫ [ǐǣǐȠǶȝॶ �ॽ ,ॽ ऀईइईॽ �ΝƷǆȝ ǻƷΝǦǻȠǻ Ʒ ȏȂȖȝǐȓǦȂȓǦ
ǐȖȝǦǻƷȝǦȂǼ ǜȂȓ ǅǦǼƷȓΞ ǦǻƷǝǐȖॽ :ȡȿȲțǖȕ ȡǻ ȼȂǯ Xȡͤǖȕ [ȼǖȼȅȵȼȅǥǖȕ [ȡǥȅǯȼ࣏ͤ [ǯȲȅǯȵ � एBǯȼȂȡǫȡȕȡǼठ
ȅǥǖȕऐॶ ऄऀँॶ ँआऀূँआईॽ

ফःअব ,ƷЖΣॶ �ॽ Bॽ ૫ �ǣƷȝॶ %ॽ Bॽ ँࣿँࣿॽ � ȖȠȓΗǐΞ ȂǼ ǦǼȖȝƷǼǆǐ ȖǐǝǻǐǼȝƷȝǦȂǼॵ ȖȝƷȝǐ Ȃǜ ȝǣǐ Ʒȓȝॽ
/țȼǯȲțǖȼȅȡțǖȕ :ȡȿȲțǖȕ ȡǻBȿȕȼȅȚǯǫȅǖ /țǻȡȲȚǖȼȅȡț XǯȼȲȅǯ͝ǖȕॶ ȏȏॽ ऀূऀईॽ

ফःआব ,ƷǶǶৄ[ȝȂȂǌǶǐΞॶ =ॽॶ �ȂȖȝǐȓȝȂǼॶ :ॽ sॽॶ ૫ [ȝȂȂǌǶǐΞॶ Uॽ ँࣿࣿःॽ �ƷǆȝǐȓǦƷǶ ǅǦȂЖǶǻȖॵ ǜȓȂǻ ȝǣǐ
ǼƷȝȠȓƷǶ ǐǼΗǦȓȂǼǻǐǼȝ ȝȂ ǦǼǜǐǆȝǦȂȠȖ ǌǦȖǐƷȖǐȖॽ CǖȼȿȲǯ Xǯ͝ȅǯ͞ȵBȅǥȲȡǤȅȡȕȡǼͤॶ ँँॶ ईऄূऀࣿइॽ

ফःइব ,ƷȓȝǻƷǼǼॶ Xॽॶ :ǐǆǴǐǶॶ ,ॽॶ :ǐǶǶǦॶ �ॽॶ [ǦǼǝǣॶ Uॽ <ॽॶ qƷǦǌΞƷॶ [ॽॶ �ƷΞǐȓॶ Bॽॶ qǦǌƷǴȂΗǦǆॶ =ॽॶ �ǨƷΣৄ
UƷȖǆȠƷǶॶ $ॽॶ $ȂǼǝॶ :ॽ �ॽॶ �ȓƷǝȂȖॶ �ॽॶ ǐȝ ƷǶॽ ँࣿऀईƷॽ �ǦȂЖǶǻȒॶ Ʒ ȖȂǜȝΘƷȓǐ ȝȂȂǶ ǜȂȓ ȒȠƷǼȝǦȝƷৄ
ȝǦΗǐ ǦǻƷǝǐ ƷǼƷǶΞȖǦȖ Ȃǜ ǻǦǆȓȂǅǦƷǶ ǅǦȂЖǶǻ ǆȂǻǻȠǼǦȝǦǐȖॽ �ȅȡXͣȅ͝ॶ ȏȏॽ आंऄःँंॽ

ऀँई



ফःईব ,ƷȓȝǻƷǼǼॶ Xॽॶ [ǦǼǝǣॶ Uॽ <ॽॶ UǐƷȓǆǐॶ Uॽॶ BȂǴॶ Xॽॶ [ȂǼǝॶ �ॽॶ �ǨƷΣৄUƷȖǆȠƷǶॶ $ॽॶ �ȠǼǴǐǶॶ :ॽॶ ૫
�ȓǐȖǆǣǐȓॶ <ॽ ँࣿऀईǅॽ �ǻǐȓǝǐǼǆǐ Ȃǜ ȝǣȓǐǐৄǌǦǻǐǼȖǦȂǼƷǶ Ȃȓǌǐȓ ƷǼǌ ȖȝȓȠǆȝȠȓǐ ǦǼ ǝȓȂΘǦǼǝ
ǅǦȂЖǶǻȖॽ CǖȼȿȲǯ UȂͤȵȅǥȵॶ ऀऄंॶ ँऄऀূँऄअॽ

ফऄࣿব ,ǐॶ <ॽॶ ~ǣƷǼǝॶ xॽॶ XǐǼॶ [ॽॶ ૫ [ȠǼॶ :ॽ ँࣿऀअॽ �ǐǐȏ ȓǐȖǦǌȠƷǶ ǶǐƷȓǼǦǼǝ ǜȂȓ ǦǻƷǝǐ ȓǐǆȂǝǼǦৄ
ȝǦȂǼॽ /Ǽ ࡚࡙࡛ /��� �ȡțǻǯȲǯțǥǯ ȡț �ȡȚȮȿȼǯȲ qȅȵȅȡț ǖțǫ UǖȼȼǯȲț XǯǥȡǼțȅȼȅȡț ȏȏॽ आआࣿূ
आआइॽ

ফऄऀব ,ǐॶ yॽॶ %ȂǼǝॶ ,ॽॶ xǦȂǼǝॶ �ॽॶ xȠॶ xॽॶ =Ǧॶ �ॽॶ :ǦƷǼǝॶ bॽॶ [ȠǼॶ Wॽॶ sƷǼǝॶ [ॽॶ =ȠȂॶ Wॽॶ ૫ �ǣǐǼॶ
[ॽ ँࣿऀऄॽ ǦǆȠȝॵ ƷǼ ǦǼȝǐǝȓƷȝǦΗǐ ǆȠȝ ƷǶǝȂȓǦȝǣǻ ǐǼƷǅǶǐȖ ƷǆǆȠȓƷȝǐ ȖǐǝǻǐǼȝƷȝǦȂǼ Ȃǜ ȝȂȠǆǣǦǼǝ
ǆǐǶǶȖॽ [ǥȅǯțȼȅϨǥ XǯȮȡȲȼȵॶ ऄऀॶ ऀূऀआॽ

ফऄँব ,ǐȠȖǐǶॶ Bॽॶ XƷǻȖƷȠǐȓॶ ,ॽॶ eǼȝǐȓȝǣǦǼǐȓॶ bॽॶ CǐȖȖǶǐȓॶ �ॽॶ ૫ ,ȂǆǣȓǐǦȝǐȓॶ [ॽ ँࣿऀआॽ %ƷǼȖ
ȝȓƷǦǼǐǌ ǅΞ Ʒ ȝΘȂ ȝǦǻǐৄȖǆƷǶǐ ȠȏǌƷȝǐ ȓȠǶǐ ǆȂǼΗǐȓǝǐ ȝȂ Ʒ ǶȂǆƷǶ ǼƷȖǣ ǐȒȠǦǶǦǅȓǦȠǻॽ �ǫ͝ǖțǥǯȵ ȅț
CǯȿȲǖȕ /țǻȡȲȚǖȼȅȡț UȲȡǥǯȵȵȅțǼ [ͤȵȼǯȚȵॶ ंࣿॽ

ফऄंব ,Ƞॶ Uॽॶ [ǣȠƷǦॶ �ॽॶ =ǦȠॶ :ॽॶ ૫sƷǼǝॶ %ॽ ँࣿऀआॽ �ǐǐȏ ǶǐΗǐǶ ȖǐȝȖ ǜȂȓ ȖƷǶǦǐǼȝ ȂǅǱǐǆȝ ǌǐȝǐǆȝǦȂǼॽ
UȲȡǥǯǯǫȅțǼȵ ȡǻ ȼȂǯ /��� �ȡțǻǯȲǯțǥǯ ȡț �ȡȚȮȿȼǯȲ qȅȵȅȡț ǖțǫ UǖȼȼǯȲț XǯǥȡǼțȅȼȅȡțॶ ȏȏॽ
ँंࣿࣿূँंࣿईॽ

ফऄःব /ȖȂǶƷॶ Uॽॶ ~ǣȠॶ :ॽৄyॽॶ ~ǣȂȠॶ bॽॶ ૫ �ǜȓȂȖॶ �ॽ �ॽ ँࣿऀआॽ /ǻƷǝǐৄȝȂৄǦǻƷǝǐ ȝȓƷǼȖǶƷȝǦȂǼ ΘǦȝǣ
ǆȂǼǌǦȝǦȂǼƷǶ ƷǌΗǐȓȖƷȓǦƷǶ ǼǐȝΘȂȓǴȖॽ UȲȡǥǯǯǫȅțǼȵ ȡǻ ȼȂǯ /��� ǥȡțǻǯȲǯțǥǯ ȡț ǥȡȚȮȿȼǯȲ ͝ȅȵȅȡț
ǖțǫ ȮǖȼȼǯȲț ȲǯǥȡǼțȅȼȅȡțॶ ȏȏॽ ऀऀँऄূऀऀंःॽ

ফऄऄব :ǐȓǻΞǼॶ /ॽ ,ॽॶ <ȠȓȝǐǴॶ [ॽॶ =ƷǝƷॶ ,ॽॶ ૫ [ȓǦΗƷȖȝƷΗƷॶ �ॽ ँࣿऀआॽ �ǶƷȖȝǦǆ ȖǣƷȏǐ ƷǼƷǶΞȖǦȖ Ȃǜ ȝǣȓǐǐৄ
ǌǦǻǐǼȖǦȂǼƷǶ ȂǅǱǐǆȝȖॽ [ͤțȼȂǯȵȅȵ =ǯǥȼȿȲǯȵ ȡț �ȡȚȮȿȼǯȲ qȅȵȅȡțॶ ऀँऀॶ ऀূऀइऄॽ

ফऄअব :ȠǼǝॶ �ॽ ૫ <Ǧǻॶ �ॽ ँࣿऀࣿॽ [ǐǝǻǐǼȝǦǼǝ ǆǶȠȖȝǐȓǐǌ ǼȠǆǶǐǦ ȠȖǦǼǝ ǣৄǻǦǼǦǻƷ ȝȓƷǼȖǜȂȓǻৄ
ǅƷȖǐǌ ǻƷȓǴǐȓ ǐΝȝȓƷǆȝǦȂǼ ƷǼǌ ǆȂǼȝȂȠȓ ȏƷȓƷǻǐȝǐȓǦΣƷȝǦȂǼॽ /��� bȲǖțȵǖǥȼȅȡțȵ ȡț �ȅȡȚǯǫȅǥǖȕ
�țǼȅțǯǯȲȅțǼॶ ऄआऀࣿॶ ँअࣿࣿূँअࣿःॽ

ফऄआব <Ǧǻॶ bॽॶ <Ǧǻॶ �ॽॶ ૫ =ǐǐॶ [ॽ ँࣿँࣿॽ �ǐǶǶ ǆȂȠǼȝǦǼǝ ƷǶǝȂȓǦȝǣǻ ȠȖǦǼǝ ȓƷǌǦȠȖ ΗƷȓǦƷȝǦȂǼॶ ΘƷȝǐȓৄ
Ȗǣǐǌ ƷǼǌ ǌǦȖȝƷǼǆǐ ȝȓƷǼȖǜȂȓǻॽ :ȡȿȲțǖȕ ȡǻ /țǻȡȲȚǖȼȅȡț UȲȡǥǯȵȵȅțǼ [ͤȵȼǯȚȵॶ ऀअऀॶ ऀऀंূऀऀईॽ

ফऄइব <ȂǼǝॶ ,ॽॶ %ȠȓǆƷǼॶ Bॽॶ ૫ �ǐǶǴƷǆǐǻৄ�ȂȠȖȖƷǦǌॶ <ॽ ँࣿऀऀॽ UƷȓȝǦȝǦȂǼǦǼǝ ǣǦȖȝȂȏƷȝǣȂǶȂǝǦৄ
ǆƷǶ ǦǻƷǝǐȖॵ ƷǼ ǦǼȝǐǝȓƷȝǐǌ ǜȓƷǻǐΘȂȓǴ ǜȂȓ ȖȠȏǐȓΗǦȖǐǌ ǆȂǶȂȓৄȝǐΝȝȠȓǐ ȖǐǝǻǐǼȝƷȝǦȂǼ ƷǼǌ ǆǐǶǶ
ȖȏǶǦȝȝǦǼǝॽ /��� bȲǖțȵǖǥȼȅȡțȵ ȡțBǯǫȅǥǖȕ /ȚǖǼȅțǼॶ ंࣿईॶ ऀअअऀূऀअआआॽ

ফऄईব <ȂȠΣȠǻƷॶ �ॽॶ <ƷȖƷǦॶ bॽॶ ,ǦȓȂȖǐॶ �ॽॶ ૫sƷȝƷǼƷǅǐॶ <ॽ ँࣿऀऄॽ �ƷȝƷǅȂǶǦǆ ƷǼǌ ȓǐǝȠǶƷȝȂȓΞ
ȖΞȖȝǐǻȖ ǦǼ ȖǣǐΘƷǼǐǶǶƷ ȂǼǐǦǌǐǼȖǦȖ ǻȓৄऀ ǦǼΗȂǶΗǐǌ ǦǼ ǐǶǐǆȝȓǦǆǦȝΞ ǝǐǼǐȓƷȝǦȂǼ ǦǼ ǻǦǆȓȂǅǦƷǶ ǜȠǐǶ
ǆǐǶǶȖॽ $ȲȡțȼȅǯȲȵ ȅțBȅǥȲȡǤȅȡȕȡǼͤॶ अॶ अࣿईॽ

ফअࣿব <ȂΘƷǶॶ Bॽॶ �ǐǱǻȂॶ Bॽॶ [ǴȂǅǐǶॶ Bॽॶ <ȂȓǅǦǆΣॶ :ॽॶ ૫BȂǼǆΣƷǴॶ Xॽ ँࣿँࣿॽ �ǐǶǶ ǼȠǆǶǐǦ Ȗǐǝৄ
ǻǐǼȝƷȝǦȂǼ ǦǼ ǆΞȝȂǶȂǝǦǆƷǶ ǦǻƷǝǐȖ ȠȖǦǼǝ ǆȂǼΗȂǶȠȝǦȂǼƷǶ ǼǐȠȓƷǶ ǼǐȝΘȂȓǴ ƷǼǌ Ȗǐǐǌǐǌ ΘƷȝǐȓȖǣǐǌ
ƷǶǝȂȓǦȝǣǻॽ :ȡȿȲțǖȕ ȡǻ �ȅǼȅȼǖȕ /ȚǖǼȅțǼॶ ंंऀॶ ँंऀূँःँॽ

ऀंࣿ



ফअऀব <ȠǣǼॶ ,ॽ sॽ ऀईऄऄॽ bǣǐ ǣȠǼǝƷȓǦƷǼ ǻǐȝǣȂǌ ǜȂȓ ȝǣǐ ƷȖȖǦǝǼǻǐǼȝ ȏȓȂǅǶǐǻॽ Cǖ͝ǖȕ ȲǯȵǯǖȲǥȂ
ȕȡǼȅȵȼȅǥȵ ȱȿǖȲȼǯȲȕͤॶ ँऀৄँॶ इंূईआॽ

ফअँব =ƷǝƷॶ ,ॽॶ xǦǐॶ Wॽॶ :ǐȓǻΞǼॶ /ॽ ,ॽॶ ૫ [ȓǦΗƷȖȝƷΗƷॶ �ॽ ँࣿऀआॽ CȠǻǐȓǦǆƷǶ ǦǼΗǐȓȖǦȂǼ Ȃǜ ȖȓǼǜ
ǻƷȏȖ ǜȂȓ ǐǶƷȖȝǦǆ ȖǣƷȏǐ ƷǼƷǶΞȖǦȖ Ȃǜ ǝǐǼȠȖৄΣǐȓȂ ȖȠȓǜƷǆǐȖॽ /��� bȲǖțȵǖǥȼȅȡțȵ ȡț UǖȼȼǯȲț �țǖȕठ
ͤȵȅȵ ǖțǫBǖǥȂȅțǯ /țȼǯȕȕȅǼǯțǥǯॶ ंईऀँॶ ँःऄऀূँःअःॽ

ফअंব =ǐǐॶ [ॽॶ [ƷǶƷǻƷॶ Uॽॶ �ȠǼǼॶ <ॽ sॽॶ ૫ �ǐǶȏॶ �ॽ :ॽ ँࣿऀआॽ [ǐǝǻǐǼȝƷȝǦȂǼ Ȃǜ ЙȠȂȓǐȖǆǐǼǆǐ ǻǦৄ
ǆȓȂȖǆȂȏΞ ǦǻƷǝǐȖ ȠȖǦǼǝ ȝǣȓǐǐ ǌǦǻǐǼȖǦȂǼƷǶ ƷǆȝǦΗǐ ǆȂǼȝȂȠȓȖ ΘǦȝǣ ǦǼǣȂǻȂǝǐǼǐǦȝΞ ǆȂȓȓǐǆȝǦȂǼॽ
/Ǽ /��� ȼȂ࡚ /țȼǯȲțǖȼȅȡțǖȕ [ͤȚȮȡȵȅȿȚ ȡț �ȅȡȚǯǫȅǥǖȕ /ȚǖǼȅțǼ ȏȏॽ आࣿईূआऀंॽॵ /���ॽ

ফअःব =ǐΗǦǼȖǣȝǐǦǼॶ �ॽॶ [ȝǐȓǐॶ �ॽॶ <ȠȝȠǶƷǴȂȖॶ <ॽ Cॽॶ $Ƕǐǐȝॶ �ॽ :ॽॶ �ǦǆǴǦǼȖȂǼॶ [ॽ :ॽॶ ૫ [ǦǌǌǦȒǦॶ <ॽ
ँࣿࣿईॽ bȠȓǅȂȏǦΝǐǶȖॵ $ƷȖȝ ȖȠȏǐȓȏǦΝǐǶȖ ȠȖǦǼǝ ǝǐȂǻǐȝȓǦǆ ЙȂΘȖॽ /��� bȲǖțȵǖǥȼȅȡțȵ ȡț Uǖȼठ
ȼǯȲț �țǖȕͤȵȅȵ ǖțǫBǖǥȂȅțǯ /țȼǯȕȕȅǼǯțǥǯॶ ंऀऀँॶ ँँईࣿূँँईआॽ

ফअऄব =Ǧॶ �ॽ ૫ �ǆȝȂǼॶ [ॽ bॽ ँࣿࣿआॽ �ǆȝǦΗǐ ǆȂǼȝȂȠȓ ǐΝȝǐȓǼƷǶ ǜȂȓǆǐ ȠȖǦǼǝ ΗǐǆȝȂȓ ЖǐǶǌ ǆȂǼΗȂǶȠȝǦȂǼ
ǜȂȓ ǦǻƷǝǐ ȖǐǝǻǐǼȝƷȝǦȂǼॽ /��� bȲǖțȵǖǥȼȅȡțȵ ȡț /ȚǖǼǯ UȲȡǥǯȵȵȅțǼॶ ऀअइॶ ँࣿईअূँऀࣿअॽ

ফअअব =Ǧॶ %ॽॶ =ǦȠॶ bॽॶ bƷȓȂǴǣॶ �ॽॶ CǦǐॶ :ॽॶ %ȠȂॶ =ॽॶ BƷȓƷॶ �ॽॶ ,ȂǶǶǐΞॶ [ॽॶ ૫sȂǼǝॶ [ॽ bॽ ँࣿࣿआॽ ंǌ
ǆǐǶǶ ǼȠǆǶǐǦ ȖǐǝǻǐǼȝƷȝǦȂǼ ǅƷȖǐǌ ȂǼ ǝȓƷǌǦǐǼȝ ЙȂΘ ȝȓƷǆǴǦǼǝॽ �B��ǯȕȕ �ȅȡȕȡǼͤॶ इऀॶ ःࣿॽ

ফअआব =ǦƷǼǝॶ ,ॽ ૫sǐǶǶǐȓॶ �ॽ [ॽ ँࣿऀअॽ �ȂǻȏƷȓǦȖȂǼৄǅƷȖǐǌ ǦǻƷǝǐ ȒȠƷǶǦȝΞ ƷȖȖǐȖȖǻǐǼȝ ǜȂȓ Ȗǐৄ
ǶǐǆȝǦǼǝ ǦǻƷǝǐ ȓǐȖȝȂȓƷȝǦȂǼ ȏƷȓƷǻǐȝǐȓȖॽ /��� bȲǖțȵǖǥȼȅȡțȵ ȡț /ȚǖǼǯ UȲȡǥǯȵȵȅțǼॶ ँऄऀऀॶ
ऄऀऀइূऄऀंࣿॽ

ফअइব =ǦǼǌǑǼॶ Bॽॶ �ȠȓǦǇॶ qॽॶ �ȂȠǆǣƷȓǦǼॶ �ॽॶ $ƷǼǝǐॶ �ॽॶ ૫ �Ƕǜॶ :ॽ ँࣿऀअॽ [ǦǻȠǶƷȝǐǌ ȖǦǼǝǶǐ
ǻȂǶǐǆȠǶǐ ǻǦǆȓȂȖǆȂȏΞ ΘǦȝǣ ȖǻǐƷǝȂǶॽ �ȅȡȅțǻȡȲȚǖȼȅǥȵॶ ंँऀऄॶ ँंईःূँंईऄॽ

ফअईব =ǦȠॶ �ॽॶ ~ǣƷǼǝॶ �ॽॶ [ȂǼǝॶ yॽॶ ,ȠƷǼǝॶ ,ॽॶ ૫ �ƷǦॶ sॽ ँࣿँࣿॽ �ǐǶǶ ȓৄǆǼǼ Ηंॵ � ǼȂΗǐǶ
ȏƷǼȂȏȝǦǆ ȏƷȓƷǌǦǝǻ ǜȂȓ ǦǼȖȝƷǼǆǐ ȖǐǝǻǐǼȝƷȝǦȂǼ ǦǼ ǅǦȂǻǐǌǦǆƷǶ ǦǻƷǝǐȖॽ ǖȲxȅ͝ ȮȲǯȮȲȅțȼ
ǖȲxȅ͝࡞࡙࡛࡙࡙࡛࣏ࣗॽ

ফआࣿব =ȂƷǌǐȓॶ �ॽ ँࣿࣿअॽ =ȡǥǖȕ ȲǯǼȲǯȵȵȅȡț ǖțǫ ȕȅȓǯȕȅȂȡȡǫॽ [ȏȓǦǼǝǐȓ [ǆǦǐǼǆǐ ૫ �ȠȖǦǼǐȖȖ BǐǌǦƷॽ

ফआऀব =ȂǝƷǼॶ �ॽ �ॽ ँࣿࣿईॽ �ΝȂǐǶǐǆȝȓȂǝǐǼǦǆ ǅƷǆȝǐȓǦƷ ȝǣƷȝ ȏȂΘǐȓ ǻǦǆȓȂǅǦƷǶ ǜȠǐǶ ǆǐǶǶȖॽ CǖȼȿȲǯ
Xǯ͝ȅǯ͞ȵBȅǥȲȡǤȅȡȕȡǼͤॶ आऄॶ ंआऄূंइऀॽ

ফआँব =Ƞॶ xॽॶ xǦǐॶ Wॽॶ ~ǣƷॶ yॽॶ ૫sƷǼǝॶ �ॽ ँࣿऀइॽ $ȠǶǶΞ ƷȠȝȂǻƷȝǦǆ ǶǦΗǐȓ ȖǐǝǻǐǼȝƷȝǦȂǼ ǆȂǻৄ
ǅǦǼǦǼǝ ǻȠǶȝǦৄǌǦǻǐǼȖǦȂǼƷǶ ǝȓƷȏǣ ǆȠȝ ΘǦȝǣ ȖǣƷȏǐ ǦǼǜȂȓǻƷȝǦȂǼ ǦǼ ंǌ ǆȝ ǦǻƷǝǐȖॽ [ǥȅǯțȼȅϨǥ
XǯȮȡȲȼȵॶ इऀॶ ऀূईॽ

ফआंব =Ξॶ bॽॶ bǣȂǻȏȖȂǼॶ :ॽॶ ,ƷȓȓǦȖॶ bॽॶ ૫ �ǆȝȂǼॶ [ॽ bॽ ँࣿऀइॽ bǣǐ ǆȂȠȏǶǐǌ ȝȠЍৄǅЍ ƷǶǝȂȓǦȝǣǻ
ǜȂȓ ƷȠȝȂǻƷȝǦǆ ंǌ ȖǐǝǻǐǼȝƷȝǦȂǼ Ȃǜ ǻǦǆȓȂǝǶǦƷॽ /Ǽ ࡡ࡚࡙࡛ ȼȂ࡞࡛ /��� /țȼǯȲțǖȼȅȡțǖȕ �ȡțǻǯȲǯțǥǯ
ȡț /ȚǖǼǯ UȲȡǥǯȵȵȅțǼ ȏȏॽ ऀँऀূऀँऄॽ

ऀंऀ



ফआःব BƷǆWȠǐǐǼॶ :ॽ ǐȝ ƷǶॽ ऀईअआॽ [Ȃǻǐ ǻǐȝǣȂǌȖ ǜȂȓ ǆǶƷȖȖǦЖǆƷȝǦȂǼ ƷǼǌ ƷǼƷǶΞȖǦȖ Ȃǜ ǻȠǶȝǦΗƷȓǦƷȝǐ
ȂǅȖǐȓΗƷȝǦȂǼȖॽ /Ǽ UȲȡǥǯǯǫȅțǼȵ ȡǻ ȼȂǯ ϨǻȼȂ �ǯȲȓǯȕǯͤ [ͤȚȮȡȵȅȿȚ ȡțBǖȼȂǯȚǖȼȅǥǖȕ [ȼǖȼȅȵȼȅǥȵ
ǖțǫ UȲȡǤǖǤȅȕȅȼͤॶ ΗȂǶȠǻǐ ऀ ȏȏॽ ँइऀূँईआॽ

ফआऄব BƷȂॶ xॽॶ =Ǧॶ Wॽॶ xǦǐॶ ,ॽॶ =ƷȠॶ Xॽ yॽॶ sƷǼǝॶ ~ॽॶ ૫ UƷȠǶ [ǻȂǶǶǐΞॶ [ॽ ँࣿऀआॽ =ǐƷȖȝ ȖȒȠƷȓǐȖ
ǝǐǼǐȓƷȝǦΗǐ ƷǌΗǐȓȖƷȓǦƷǶ ǼǐȝΘȂȓǴȖॽ /Ǽ UȲȡǥǯǯǫȅțǼȵ ȡǻ ȼȂǯ /��� /țȼǯȲțǖȼȅȡțǖȕ �ȡțǻǯȲǯțǥǯ ȡț
�ȡȚȮȿȼǯȲ qȅȵȅȡț ȏȏॽ ँआईःূँइࣿँॽ

ফआअব BƷȝȠǶƷॶ �ॽ sॽ ૫ [ǣƷǣȓȂǴǣǦॶ $ॽ ऀईईࣿॽ [ȏƷȓȖǐȖȝ ǆȠȝȖ ƷǼǌ ǅȂȝȝǶǐǼǐǆǴȖ ǦǼ ǝȓƷȏǣȖॽ �ȅȵǥȲǯȼǯ
�ȮȮȕȅǯǫBǖȼȂǯȚǖȼȅǥȵॶ ँआऀৄँॶ ऀऀंূऀँंॽ

ফआआব BǆWȠǦǼॶ �ॽॶ %ȂȂǌǻƷǼॶ �ॽॶ �ǣǐȓǼΞȖǣǐΗॶ qॽॶ <ƷǻǐǼȝȖǴΞॶ =ॽॶ �ǦǻǦǼǦॶ �ॽ �ॽॶ <ƷȓǣȂǣȖॶ
<ॽ sॽॶ �ȂƷǼॶ Bॽॶ �ǦǼǝॶ =ॽॶ XƷǜǐǶȖǴǦॶ [ॽ Bॽॶ bǣǦȓȖȝȓȠȏॶ �ॽॶ ǐȝ ƷǶॽ ँࣿऀइॽ �ǐǶǶȏȓȂЖǶǐȓ ंॽࣿॵ
CǐΝȝৄǝǐǼǐȓƷȝǦȂǼ ǦǻƷǝǐ ȏȓȂǆǐȖȖǦǼǝ ǜȂȓ ǅǦȂǶȂǝΞॽ U=ȡ[ �ȅȡȕȡǼͤॶ ऀअआॶ ǐँࣿࣿऄईआࣿॽ

ফआइব BǦȝȝƷǶॶ �ॽॶ BȂȂȓȝǣΞॶ �ॽ <ॽॶ ૫ �ȂΗǦǴॶ �ॽ �ॽ ँࣿऀँॽ CȂৄȓǐǜǐȓǐǼǆǐ ǦǻƷǝǐ ȒȠƷǶǦȝΞ ƷȖȖǐȖȖǻǐǼȝ
ǦǼ ȝǣǐ ȖȏƷȝǦƷǶ ǌȂǻƷǦǼॽ /��� bȲǖțȵǖǥȼȅȡțȵ ȡț /ȚǖǼǯ UȲȡǥǯȵȵȅțǼॶ ँऀऀँॶ ःअईऄূःआࣿइॽ

ফआईব BȂǶǼƷȓॶ �ॽॶ :ǐȓǻΞǼॶ /ॽ ,ॽॶ <ƷȝȂॶ ~ॽॶ XƷǣǴƷǻƷॶ qॽॶ LȖȝǶǦǼǝॶ Uॽॶ BǦǴǴȂǼǐǼॶ Uॽॶ UǦǐȝǦƻǦǼǐǼॶ
qॽॶ ૫,ȂȓΗƷȝǣॶ Uॽ ँࣿऀअॽ �ǆǆȠȓƷȝǐ ǻȂȓȏǣȂǶȂǝΞ ȏȓǐȖǐȓΗǦǼǝ ȖǐǝǻǐǼȝƷȝǦȂǼ Ȃǜ ȂΗǐȓǶƷȏȏǦǼǝ
ǆǐǶǶȖ ǅƷȖǐǌ ȂǼ ƷǆȝǦΗǐ ǆȂǼȝȂȠȓȖॽ [ǥȅǯțȼȅϨǥ XǯȮȡȲȼȵॶ अॶ ंँःऀँॽ

ফइࣿব BȠǴǣǐȓǱǐǐॶ [ॽ ૫ �ǆȝȂǼॶ [ॽ bॽ ँࣿऀऄॽ XǐǝǦȂǼ ǅƷȖǐǌ ȖǐǝǻǐǼȝƷȝǦȂǼ ǦǼ ȏȓǐȖǐǼǆǐ Ȃǜ ǦǼȝǐǼȖǦȝΞ
ǦǼǣȂǻȂǝǐǼǐǦȝΞ ȠȖǦǼǝ ǶǐǝǐǼǌȓǐ ȏȂǶΞǼȂǻǦƷǶȖॽ /��� [ȅǼțǖȕ UȲȡǥǯȵȵȅțǼ =ǯȼȼǯȲȵॶ ँँंॶ ँईइূ
ंࣿँॽ

ফइऀব BȠǴǣǐȓǱǐǐॶ [ॽॶ �ȂǼǌȓȂǼॶ �ॽॶ ૫ �ǆȝȂǼॶ [ॽ bॽ ँࣿऀःॽ bȠǅȠǶƷȓǦȝΞ ЙȂΘ ЖǐǶǌুƷ ȝǐǆǣǼǦȒȠǐ
ǜȂȓ ƷȠȝȂǻƷȝǦǆ ǼǐȠȓȂǼ ȖǐǝǻǐǼȝƷȝǦȂǼॽ /��� bȲǖțȵǖǥȼȅȡțȵ ȡț /ȚǖǼǯ UȲȡǥǯȵȵȅțǼॶ ँःऀॶ ंआःূ
ंइईॽ

ফइँব CƷǌǐǶǶॶ �ॽ �ॽॶ �ȓǐȖǆǣǐȓॶ <ॽॶ ૫ $ȂȖȝǐȓॶ <ॽ Xॽ ँࣿऀअॽ [ȏƷȝǦƷǶ ȖȝȓȠǆȝȠȓǐॶ ǆȂȂȏǐȓƷȝǦȂǼ ƷǼǌ
ǆȂǻȏǐȝǦȝǦȂǼ ǦǼ ǅǦȂЖǶǻȖॽ CǖȼȿȲǯ Xǯ͝ȅǯ͞ȵBȅǥȲȡǤȅȡȕȡǼͤॶ ऀःईॶ ऄइईॽ

ফइंব CǐȓȠȓǴƷȓॶ Uॽॶ [ǣǦȓǴǐॶ �ॽॶ �ǣƷǼǌƷǼǐॶ Bॽॶ ૫ �ǣǦȓȠǌॶ [ॽ ँࣿऀइॽ �ǻȏǦȓǦǆƷǶ ƷǼƷǶΞȖǦȖ Ȃǜ ǌƷȝƷ
ǆǶȠȖȝǐȓǦǼǝ ƷǶǝȂȓǦȝǣǻȖॽ UȲȡǥǯǫȅǖ �ȡȚȮȿȼǯȲ [ǥȅǯțǥǯॶ ऀँऄॶ आआࣿূआआईॽ

ফइःব HȖǣǐȓॶ [ॽ ૫ [ǐȝǣǦƷǼॶ :ॽ �ॽ ऀईइइॽ $ȓȂǼȝȖ ȏȓȂȏƷǝƷȝǦǼǝ ΘǦȝǣ ǆȠȓΗƷȝȠȓǐৄǌǐȏǐǼǌǐǼȝ Ȗȏǐǐǌॵ
�ǶǝȂȓǦȝǣǻȖ ǅƷȖǐǌ ȂǼ ǣƷǻǦǶȝȂǼৄǱƷǆȂǅǦ ǜȂȓǻȠǶƷȝǦȂǼȖॽ :ȡȿȲțǖȕ ȡǻ �ȡȚȮȿȼǖȼȅȡțǖȕ UȂͤȵȅǥȵॶ
आईऀॶ ऀँূःईॽ

ফइऄব HbȂȂǶǐॶ %ॽॶ <ƷȏǶƷǼॶ ,ॽ �ॽॶ ૫ <ȂǶȝǐȓॶ Xॽ ँࣿࣿࣿॽ �ǦȂЖǶǻ ǜȂȓǻƷȝǦȂǼ ƷȖ ǻǦǆȓȂǅǦƷǶ ǌǐΗǐǶȂȏৄ
ǻǐǼȝॽ �țțȿǖȕ Xǯ͝ȅǯ͞ȵ ȅțBȅǥȲȡǤȅȡȕȡǼͤॶ ऄःऀॶ ःईূआईॽ

ফइअব UǣȂȠǶƷǌΞॶ ,ॽ �ॽॶ %ȂǶǌǝȂǜॶ �ॽ �ॽॶ ,ƷǶǶॶ =ॽ Hॽॶ ૫BȂȠȝȂǼॶ Uॽ Xॽ ँࣿऀअॽ CȠǆǶǐȠȖ ȖǐǝǻǐǼৄ
ȝƷȝǦȂǼ ǦǼ ǣǦȖȝȂǶȂǝΞ ǦǻƷǝǐȖ ΘǦȝǣ ǣǦǐȓƷȓǆǣǦǆƷǶ ǻȠǶȝǦǶǐΗǐǶ ȝǣȓǐȖǣȂǶǌǦǼǝॽ Bǯǫȅǥǖȕ /ȚǖǼȅțǼ
࣏࡚࡙࡛ �ȅǼȅȼǖȕ UǖȼȂȡȕȡǼͤॶ ईआईऀईआईऀऀऀॽ

ऀंँ



ফइआব UȠǆǣǴȂΗॶ �ॽ ँࣿऀईॽ WȠƷǼȝǦȝƷȝǦΗǐ ǻǐȝǣȂǌȖ ǜȂȓ ȖǦǼǝǶǐৄǆǐǶǶ ƷǼƷǶΞȖǦȖ Ȃǜ ǻǦǆȓȂȂȓǝƷǼǦȖǻȖॽ
BȅǥȲȡǤȅȡȕȡǼͤॶ इइऀॶ ऀূऀःॽ

ফइइব XǐΞǐȓॶ Bॽ �ॽॶ Bǆ=ǐƷǼॶ �ॽ =ॽॶ �ǣǐǼǼƷǴǐȖƷΗƷǶȠॶ [ॽॶ ૫ $ǐǦॶ :ॽ ँࣿऀआॽ �Ǽ ƷȠȝȂǻƷȝǐǌ ǦǻƷǝǐ
ƷǼƷǶΞȖǦȖ ǻǐȝǣȂǌ ǜȂȓ ȖǐǝǻǐǼȝǦǼǝ ЙȠȂȓǐȖǆǐǼȝ ǅƷǆȝǐȓǦƷ ǦǼ ȝǣȓǐǐ ǌǦǻǐǼȖǦȂǼȖॽ �ȅȡǥȂǯȚȅȵȼȲͤॶ
ऄआँॶ ँࣿईূँऀऄॽ

ফइईব XȂǌȓǦǝȠǐΣॶ �ॽ ૫ =ƷǦȂॶ �ॽ ँࣿऀःॽ �ǶȠȖȝǐȓǦǼǝ ǅΞ ǜƷȖȝ ȖǐƷȓǆǣ ƷǼǌ ЖǼǌ Ȃǜ ǌǐǼȖǦȝΞ ȏǐƷǴȖॽ
[ǥȅǯțǥǯॶ ंःःअऀईऀॶ ऀःईँূऀःईअॽ

ফईࣿব XȂǱƷȖॶ �ॽॶ XȠǐǌƷॶ =ॽॶ CǝȂǻॶ �ॽॶ ,ȠȓȓȠȝǦƷॶ ,ॽॶ ૫ �ƷȓǆƷǻȂॶ %ॽ ँࣿऀऀॽ /ǻƷǝǐ ȖǐǝǻǐǼȝƷৄ
ȝǦȂǼ Ȃǜ ǅǦȂЖǶǻ ȖȝȓȠǆȝȠȓǐȖ ȠȖǦǼǝ ȂȏȝǦǻƷǶ ǻȠǶȝǦৄǶǐΗǐǶ ȝǣȓǐȖǣȂǶǌǦǼǝॽ /țȼǯȲțǖȼȅȡțǖȕ :ȡȿȲțǖȕ ȡǻ
�ǖȼǖBȅțȅțǼ ǖțǫ �ȅȡȅțǻȡȲȚǖȼȅǥȵॶ ऄंॶ ँअअূँइअॽ

ফईऀব XȂǼǼǐǅǐȓǝǐȓॶ Hॽॶ $ǦȖǆǣǐȓॶ Uॽॶ ૫ �ȓȂΝॶ bॽ ँࣿऀऄॽ eৄǼǐȝॵ �ȂǼΗȂǶȠȝǦȂǼƷǶ ǼǐȝΘȂȓǴȖ ǜȂȓ
ǅǦȂǻǐǌǦǆƷǶ ǦǻƷǝǐ ȖǐǝǻǐǼȝƷȝǦȂǼॽ /Ǽ /țȼǯȲțǖȼȅȡțǖȕ �ȡțǻǯȲǯțǥǯ ȡțBǯǫȅǥǖȕ /ȚǖǼǯ �ȡȚȮȿȼठ
ȅțǼ ǖțǫ �ȡȚȮȿȼǯȲठ�ȵȵȅȵȼǯǫ /țȼǯȲ͝ǯțȼȅȡț ȏȏॽ ँंःূँःऀॽ

ফईँব XȂȖΣǴȂΘǦƷǴॶ =ॽॶ <ȂȓΣΞǼȖǴƷॶ �ॽॶ UǦǱƷǼȂΘȖǴƷॶ �ॽॶ �ȂȖǆǣॶ Xॽॶ =ǐǱǐȠǼǐॶ Bॽॶ ૫ =ȂȏǐΣॶ �ॽ
ँࣿँࣿॽ �ǶȠȖȝǐȓǐǌ ǼȠǆǶǐǦ ȖȏǶǦȝȝǦǼǝ ǅƷȖǐǌ ȂǼ ȓǐǆȠȓȓǐǼȝ ǌǦȖȝƷǼǆǐ ȝȓƷǼȖǜȂȓǻ ǦǼ ǌǦǝǦȝƷǶ ȏƷȝǣȂǶৄ
ȂǝΞ ǦǻƷǝǐȖॽ �eX�[/U :ȡȿȲțǖȕ ȡț /ȚǖǼǯ ǖțǫ qȅǫǯȡ UȲȡǥǯȵȵȅțǼॶ ँࣿँࣿऀॶ ऀূऀअॽ

ফईंব XȠǌǝǐॶ bॽ :ॽॶ [ȝǐǦǼǐȓॶ Uॽ :ॽॶ UǣǦǶǶǦȏȖॶ �ॽॶ ૫,ƷȖǐǶȂЍॶ :ॽ ँࣿऀँॽ �ȂǻȏȠȝƷȝǦȂǼƷǶ ǻȂǌǐǶǦǼǝ Ȃǜ
ȖΞǼȝǣǐȝǦǆ ǻǦǆȓȂǅǦƷǶ ǅǦȂЖǶǻȖॽ ��[ [ͤțȼȂǯȼȅǥ �ȅȡȕȡǼͤॶ ऀइॶ ंःऄূंऄँॽ

ফईःব [ƷǌƷǼƷǼǌƷǼॶ [ॽ <ॽॶ �Hॽ �ƷǶȝǐǴǦǼॶ BƷǝǼȠȖȖȂǼॶ <ॽ �ॽ %ॽॶ ǐȝ ƷǶॽ ँࣿऀअॽ [ǐǝǻǐǼȝƷȝǦȂǼ ƷǼǌ
ȝȓƷǆǴৄƷǼƷǶΞȖǦȖ ǦǼ ȝǦǻǐৄǶƷȏȖǐ ǦǻƷǝǦǼǝ Ȃǜ ǅƷǆȝǐȓǦƷॽ /��� :ȡȿȲțǖȕ ȡǻ [ǯȕǯǥȼǯǫ bȡȮȅǥȵ ȅț [ȅǼțǖȕ
UȲȡǥǯȵȵȅțǼॶ ऀࣿऀॶ ऀआःূऀइःॽ

ফईऄব [ƷǼǌǜȂȓȝॶ qॽॶ yƷǼॶ <ॽॶ UǦǆǴǣƷȓǌȝॶ Uॽ :ॽॶ ૫ [ȠǻǻǐȓȖॶ Xॽ Bॽ ँࣿऀईॽ �ƷȝƷ ƷȠǝǻǐǼȝƷȝǦȂǼ
ȠȖǦǼǝ ǝǐǼǐȓƷȝǦΗǐ ƷǌΗǐȓȖƷȓǦƷǶ ǼǐȝΘȂȓǴȖ ǆΞǆǶǐǝƷǼ ȝȂ ǦǻȏȓȂΗǐ ǝǐǼǐȓƷǶǦΣƷǅǦǶǦȝΞ ǦǼ ǆȝ ȖǐǝǻǐǼৄ
ȝƷȝǦȂǼ ȝƷȖǴȖॽ [ǥȅǯțȼȅϨǥ XǯȮȡȲȼȵॶ ईऀॶ ऀূईॽ

ফईअব [ǆǣǻǦǌȝॶ eॽॶ sǐǦǝǐȓȝॶ Bॽॶ �ȓȂƷǌǌȠȖॶ �ॽॶ ૫BΞǐȓȖॶ %ॽ ँࣿऀइॽ �ǐǶǶ ǌǐȝǐǆȝǦȂǼ ΘǦȝǣ
ȖȝƷȓৄǆȂǼΗǐΝ ȏȂǶΞǝȂǼȖॽ /Ǽ /țȼǯȲțǖȼȅȡțǖȕ �ȡțǻǯȲǯțǥǯ ȡțBǯǫȅǥǖȕ /ȚǖǼǯ �ȡȚȮȿȼȅțǼ ǖțǫ
�ȡȚȮȿȼǯȲठ�ȵȵȅȵȼǯǫ /țȼǯȲ͝ǯțȼȅȡț ȏȏॽ ँअऄূँआंॽ

ফईआব [ǆǣȠǅǐȓȝॶ �ॽॶ [ƷǼǌǐȓॶ :ॽॶ �Ȗȝǐȓॶ Bॽॶ <ȓǦǐǝǐǶॶ ,ॽ Uॽॶ ૫ xȠॶ xॽ ँࣿऀआॽ �ǅȖǆƷǼ ȓǐΗǦȖǦȝǐǌॶ
ȓǐΗǦȖǦȝǐǌॵ ΘǣΞ ƷǼǌ ǣȂΘ ΞȂȠ ȖǣȂȠǶǌ ȖȝǦǶǶ ȠȖǐ ǌǅȖǆƷǼॽ ��BbȲǖțȵǖǥȼȅȡțȵ ȡț �ǖȼǖǤǖȵǯ
[ͤȵȼǯȚȵॶ ःँंॶ ऀূँऀॽ

ফईइব [ǣǐǼॶ [ॽ Uॽॶ bȖǐǼǝॶ ,ॽॶ ,ƷǼȖǐǼॶ <ॽ Xॽॶ sȠॶ Xॽॶ %ȓǦȝȝȂǼॶ ,ॽ :ॽॶ [Ǧॶ :ॽॶ ૫ ,ƷǼॶ xॽ ँࣿऀइॽ
�ȠȝȂǻƷȝǦǆ ǆǐǶǶ ȖǐǝǻǐǼȝƷȝǦȂǼ ǅΞ ƷǌƷȏȝǦΗǐ ȝǣȓǐȖǣȂǶǌǦǼǝ ƷǆȖƷȝ ǜȂȓ ǶƷȓǝǐৄȖǆƷǶǐ ǆƷǶǆǦȠǻ ǦǻƷǝৄ
ǦǼǝ ǌƷȝƷȖǐȝȖॽ �țǯȿȲȡॶ ऄऄॽ

ফईईব [ǣǦॶ :ॽ ૫BƷǶǦǴॶ :ॽ ँࣿࣿࣿॽ CȂȓǻƷǶǦΣǐǌ ǆȠȝȖ ƷǼǌ ǦǻƷǝǐ ȖǐǝǻǐǼȝƷȝǦȂǼॽ /��� bȲǖțȵǖǥȼȅȡțȵ
ȡț UǖȼȼǯȲț �țǖȕͤȵȅȵ ǖțǫBǖǥȂȅțǯ /țȼǯȕȕȅǼǯțǥǯॶ ँँइॶ इइइূईࣿऄॽ

ऀंं



ফऀࣿࣿব [ǣǦǣॶ $ॽ yॽ ૫ UȠॶ �ॽ �ॽ ऀईईऄॽ � ȖǴǐǶǐȝȂǼǦΣƷȝǦȂǼ ƷǶǝȂȓǦȝǣǻ ǅΞ ǻƷΝǦǻƷ ȝȓƷǆǴǦǼǝ ȂǼ ǐȠৄ
ǆǶǦǌǐƷǼ ǌǦȖȝƷǼǆǐ ȝȓƷǼȖǜȂȓǻॽ UǖȼȼǯȲț XǯǥȡǼțȅȼȅȡțॶ ँइंॶ ंंऀূंःऀॽ

ফऀࣿऀব [ǣȂȓȝǐǼॶ �ॽ ૫ <ǣȂȖǣǝȂǜȝƷƷȓॶ bॽ Bॽ ँࣿऀईॽ � ȖȠȓΗǐΞ ȂǼ ǦǻƷǝǐ ǌƷȝƷ ƷȠǝǻǐǼȝƷȝǦȂǼ ǜȂȓ
ǌǐǐȏ ǶǐƷȓǼǦǼǝॽ :ȡȿȲțǖȕ ȡǻ �ȅǼ �ǖȼǖॶ अऀॶ ऀূःइॽ

ফऀࣿँব [ǣȠΗƷǐΗॶ [ॽ �ॽॶ =ƷΣȠȝǴǦǼॶ �ॽ �ॽॶ <ǐǌȓȂΗॶ �ॽ qॽॶ �ǼȂǴǣǦǼॶ <ॽ qॽॶ �ǼǦǴȂǶȂȏȂΗॶ %ॽ Cॽॶ ૫
<ȂȠǶƷǴȂΗॶ �ॽ �ॽ ँࣿऀआॽ �ƷǶǻƷȝǦƷǼॵ ƷǼ ƷǶǝȂȓǦȝǣǻ ǜȂȓ ƷȠȝȂǻƷȝǦǆ ǆǐǶǶ ǌǐȝǐǆȝǦȂǼ ƷǼǌ ǆȂȠǼȝৄ
ǦǼǝ ǦǼ ंǌॽ $ȲȡțȼȅǯȲȵ ȅț CǯȿȲȡǖțǖȼȡȚͤॶ ऀऀॶ ऀऀआॽ

ফऀࣿंব [ȂǦǶǶǐॶ Uॽ ँࣿऀंॽ BȡȲȮȂȡȕȡǼȅǥǖȕ ȅȚǖǼǯ ǖțǖȕͤȵȅȵ࣏ ȮȲȅțǥȅȮȕǯȵ ǖțǫ ǖȮȮȕȅǥǖȼȅȡțȵॽ [ȏȓǦǼǝǐȓ
[ǆǦǐǼǆǐ ૫ �ȠȖǦǼǐȖȖ BǐǌǦƷॽ

ফऀࣿःব [ȂǶȂǻȂǼॶ �ॽ ૫ �ȓǐǆǴȂǼॶ bॽ ँࣿऀऀॽ $ȿțǫǖȚǯțȼǖȕȵ ȡǻ �ȅǼȅȼǖȕ /ȚǖǼǯ UȲȡǥǯȵȵȅțǼ࣏ � ȮȲǖǥȼȅठ
ǥǖȕ ǖȮȮȲȡǖǥȂ ͞ȅȼȂ ǯͣǖȚȮȕǯȵ ȅțBǖȼȕǖǤॽ :ȂǣǼsǦǶǐΞ ૫ [ȂǼȖॽ

ফऀࣿऄব [ȂǶȂȓΣƷǼȂॶ �ॽॶ BƷǶǶƷǌǦॶ Xॽॶ =ǐǶǦǐΗȓǐॶ [ॽॶ ૫ =ȂǆǴǐȝȝॶ [ॽ ँࣿࣿऀॽ [ǐǝǻǐǼȝƷȝǦȂǼ Ȃǜ ǼȠǆǶǐǦ ƷǼǌ
ǆǐǶǶȖ ȠȖǦǼǝ ǻǐǻǅȓƷǼǐ ȓǐǶƷȝǐǌ ȏȓȂȝǐǦǼ ǻƷȓǴǐȓȖॽ :ȡȿȲțǖȕ ȡǻBȅǥȲȡȵǥȡȮͤॶ ँࣿऀॶ ःࣿःূःऀऄॽ

ফऀࣿअব [ȂǼǝॶ yॽॶ ,ǐॶ =ॽॶ ~ǣȂȠॶ $ॽॶ �ǣǐǼॶ [ॽॶ CǦॶ �ॽॶ =ǐǦॶ �ॽॶ ૫sƷǼǝॶ bॽ ँࣿऀअॽ [ǐǝǻǐǼȝƷȝǦȂǼॶ
ȖȏǶǦȝȝǦǼǝॶ ƷǼǌ ǆǶƷȖȖǦЖǆƷȝǦȂǼ Ȃǜ ȂΗǐȓǶƷȏȏǦǼǝ ǅƷǆȝǐȓǦƷ ǦǼ ǻǦǆȓȂȖǆȂȏǐ ǦǻƷǝǐȖ ǜȂȓ ƷȠȝȂǻƷȝǦǆ
ǅƷǆȝǐȓǦƷǶ ΗƷǝǦǼȂȖǦȖ ǌǦƷǝǼȂȖǦȖॽ /��� :ȡȿȲțǖȕ ȡǻ �ȅȡȚǯǫȅǥǖȕ ǖțǫ ,ǯǖȕȼȂ /țǻȡȲȚǖȼȅǥȵॶ ँऀःॶ
ऀࣿईऄূऀऀࣿःॽ

ফऀࣿआব [ȋȓǐǼȖǐǼॶ bॽ ऀईःइॽ � ǻǐȝǣȂǌ Ȃǜ ǐȖȝƷǅǶǦȖǣǦǼǝ ǝȓȂȠȏȖ Ȃǜ ǐȒȠƷǶ ƷǻȏǶǦȝȠǌǐ ǦǼ ȏǶƷǼȝ ȖȂৄ
ǆǦȂǶȂǝΞ ǅƷȖǐǌ ȂǼ ȖǦǻǦǶƷȓǦȝΞ Ȃǜ ȖȏǐǆǦǐȖ ƷǼǌ ǦȝȖ ƷȏȏǶǦǆƷȝǦȂǼ ȝȂ ƷǼƷǶΞȖǐȖ Ȃǜ ȝǣǐ ΗǐǝǐȝƷȝǦȂǼ ȂǼ
ǌƷǼǦȖǣ ǆȂǻǻȂǼȖॽ �ȅȡȕࣗ [ȓȲࣗॶ ऄॶ ऀূंःॽ

ফऀࣿइব [ȏǦǶǝǐȓॶ Xॽॶ [ǆǣΘƷǆǴǐǼǣȂǜǐȓॶ bॽॶ <ƷȖȏƷȓॶ �ॽॶ �ǦȖǆǣȂǜȖॶ /ॽॶ ૫ XȂǣȓॶ <ॽ ँࣿँࣿॽ �ǐǐȏ Ȗǐǝৄ
ǻǐǼȝƷȝǦȂǼ Ȃǜ ǅƷǆȝǐȓǦƷ Ʒȝ ǌǦЍǐȓǐǼȝ ȖȝƷǝǐȖ Ȃǜ ȝǣǐ ǶǦǜǐ ǆΞǆǶǐॽ �ȅȕǫ͝ǯȲǖȲǤǯȅȼȿțǼ ǻɃȲ ǫȅǯBǯǫȅठ
ͩȅțॶ ȏȏॽ इূऀंॽ

ফऀࣿईব [ȓǦΗƷȖȝƷΗƷॶ �ॽॶ <ǶƷȖȖǐǼॶ �ॽॶ :ȂȖǣǦॶ [ॽ ,ॽॶ ૫ :ǐȓǻΞǼॶ /ॽ ,ॽ ँࣿऀࣿॽ [ǣƷȏǐ ƷǼƷǶΞȖǦȖ Ȃǜ ǐǶƷȖȝǦǆ
ǆȠȓΗǐȖ ǦǼ ǐȠǆǶǦǌǐƷǼ ȖȏƷǆǐȖॽ /��� bȲǖțȵǖǥȼȅȡțȵ ȡț UǖȼȼǯȲț �țǖȕͤȵȅȵ ǖțǫBǖǥȂȅțǯ /țȼǯȕȕȅठ
Ǽǯțǥǯॶ ंंआॶ ऀःऀऄূऀःँइॽ

ফऀऀࣿব [ȝȓǦǼǝǐȓॶ �ॽॶ sƷǼǝॶ bॽॶ BǦǆǣƷǐǶȂȖॶ Bॽॶ ૫ UƷǆǣǦȝƷȓǦȠॶ Bॽ ँࣿँऀॽ �ǐǶǶȏȂȖǐॵ Ʒ ǝǐǼǐȓƷǶǦȖȝ
ƷǶǝȂȓǦȝǣǻ ǜȂȓ ǆǐǶǶȠǶƷȓ ȖǐǝǻǐǼȝƷȝǦȂǼॽ CǖȼȿȲǯBǯȼȂȡǫȵॶ ऀइऀॶ ऀࣿࣿূऀࣿअॽ

ফऀऀऀব [ȝȠƷȓȝॶ bॽ ૫ [ƷȝǦǱƷॶ Xॽ ँࣿऀईॽ /ǼȝǐǝȓƷȝǦΗǐ ȖǦǼǝǶǐৄǆǐǶǶ ƷǼƷǶΞȖǦȖॽ CǖȼȿȲǯ Xǯ͝ȅǯ͞ȵ %ǯțǯȼȅǥȵॶ
ँࣿऄॶ ँऄआূँआँॽ

ফऀऀँব [ΗȂǅȂǌƷॶ �ॽ ૫ eǶǻƷǼॶ qॽ ँࣿऀअॽ BǦȝȂǝǐǼॵ Ʒ ǜȓƷǻǐΘȂȓǴ ǜȂȓ ǝǐǼǐȓƷȝǦǼǝ ंǌ ȖΞǼȝǣǐȝǦǆ
ȝǦǻǐৄǶƷȏȖǐ ȖǐȒȠǐǼǆǐȖ Ȃǜ ǆǐǶǶ ȏȂȏȠǶƷȝǦȂǼȖ ǦǼ ЙȠȂȓǐȖǆǐǼǆǐ ǻǦǆȓȂȖǆȂȏΞॽ /��� bȲǖțȵǖǥȼȅȡțȵ ȡț
Bǯǫȅǥǖȕ /ȚǖǼȅțǼॶ ंअऀॶ ंऀࣿূंँऀॽ

ऀंः



ফऀऀंব bƷǅƷȖȖȠǻॶ Cॽॶ qƷǆǆƷȓǦॶ �ॽॶ ૫ �ǆȝȂǼॶ [ॽ bॽ ँࣿऀऄॽ [ȏǐǆǴǶǐ ȓǐǻȂΗƷǶ ǅΞ ǌǦȖȝƷǼǆǐৄǌȓǦΗǐǼ
ƷǼǦȖȂȝȓȂȏǦǆ ǌǦЍȠȖǦȂǼ Ȃǜ ȖƷȓ ȝǐǻȏȂȓƷǶ ȖȝƷǆǴȖॽ /Ǽ ࡞࡚࡙࡛ ȼȂࡢ �ȵȅȕȡȚǖȲ �ȡțǻǯȲǯțǥǯ ȡț [ȅǼțǖȕȵ࣐
[ͤȵȼǯȚȵ ǖțǫ �ȡȚȮȿȼǯȲȵ ȏȏॽ ऀऄइःূऀऄइइॽ

ফऀऀःব bƷǅƷȖȖȠǻॶ Cॽॶ sƷǼǝॶ :ॽॶ $ǐȓǝȠȖȂǼॶ Bॽॶ ,ǐȓΣॶ :ॽॶ �ȂǼǝॶ Bॽॶ =ȂȠΗǐƷȠॶ �ॽॶ <ǦȏǼǦȖॶ :ॽॶ ૫
�ǆȝȂǼॶ [ॽ bॽ ँࣿँऀॽ /ǻƷǝǐ ȖǐǝǻǐǼȝƷȝǦȂǼ ǜȂȓ ǼǐȠȓȂȖǆǦǐǼǆǐॵ ǶΞǻȏǣƷȝǦǆȖॽ :UȂͤȵ UȂȡȼȡțȅǥȵॶ
ंंॽ

ফऀऀऄব bǐǼǐǼǅƷȠǻॶ :ॽ �ॽॶ �ǐ [ǦǶΗƷॶ qॽॶ ૫ =ƷǼǝǜȂȓǌॶ :ॽ �ॽ ँࣿࣿࣿॽ � ǝǶȂǅƷǶ ǝǐȂǻǐȝȓǦǆ ǜȓƷǻǐΘȂȓǴ
ǜȂȓ ǼȂǼǶǦǼǐƷȓ ǌǦǻǐǼȖǦȂǼƷǶǦȝΞ ȓǐǌȠǆȝǦȂǼॽ [ǥȅǯțǥǯॶ ँईࣿऄऄࣿࣿॶ ँंऀईূँंँंॽ

ফऀऀअব qƷǼ qƷǶǐǼॶ �ॽ �ॽॶ <ȠǌȂॶ bॽॶ =ƷǼǐॶ <ॽ Bॽॶ BƷǆǴǶǦǼॶ �ॽ Cॽॶ WȠƷǆǣॶ Cॽ bॽॶ �ǐ$ǐǶǦǆǐॶ Bॽ Bॽॶ
BƷƷΞƷǼॶ /ॽॶ bƷǼȂȠǆǣǦॶ yॽॶ �ȖǣǶǐΞॶ �ॽ �ॽॶ ૫ �ȂΗǐȓȝॶ Bॽ sॽ ँࣿऀअॽ �ǐǐȏ ǶǐƷȓǼǦǼǝ ƷȠȝȂৄ
ǻƷȝǐȖ ȝǣǐ ȒȠƷǼȝǦȝƷȝǦΗǐ ƷǼƷǶΞȖǦȖ Ȃǜ ǦǼǌǦΗǦǌȠƷǶ ǆǐǶǶȖ ǦǼ ǶǦΗǐৄǆǐǶǶ ǦǻƷǝǦǼǝ ǐΝȏǐȓǦǻǐǼȝȖॽ U=ȡ[
�ȡȚȮȿȼǖȼȅȡțǖȕ �ȅȡȕȡǼͤॶ ऀँऀऀॶ ǐऀࣿࣿऄऀआआॽ

ফऀऀआব qǦǼǆǐǼȝॶ =ॽ ૫ [ȂǦǶǶǐॶ Uॽ ऀईईऀॽ sƷȝǐȓȖǣǐǌȖ ǦǼ ǌǦǝǦȝƷǶ ȖȏƷǆǐȖॵ ƷǼ ǐАǆǦǐǼȝ ƷǶǝȂȓǦȝǣǻ ǅƷȖǐǌ
ȂǼ ǦǻǻǐȓȖǦȂǼ ȖǦǻȠǶƷȝǦȂǼȖॽ /��� bȲǖțȵǖǥȼȅȡțȵ ȡț UǖȼȼǯȲț �țǖȕͤȵȅȵ BǖǥȂȅțǯ /țȼǯȕȕȅठ
Ǽǯțǥǯॶ अॶ ऄइंূऄईइॽ

ফऀऀइব qȂǶǐȝǦॶ qॽॶ UƷȝǐǶॶ <ॽ �ॽॶ =Ǧॶ sॽॶ �ƷǻȏȂȖॶ �ॽ Uॽॶ �ǣƷȓƷǌΘƷǱॶ [ॽॶ yȠॶ ,ॽॶ $Ȃȓǌॶ �ॽॶ �ƷȖȏǐȓॶ
Bॽ :ॽॶ yƷǼॶ Xॽ sॽॶ =ǦƷǼǝॶ sॽॶ ǐȝ ƷǶॽ ँࣿऀईॽ XǐƷǶৄȝǦǻǐ ΗȂǶȠǻǐȝȓǦǆ ǻǦǆȓȂȖǆȂȏΞ Ȃǜ ǦǼ ΗǦΗȂ
ǌΞǼƷǻǦǆȖ ƷǼǌ ǶƷȓǝǐৄȖǆƷǶǐ ȖƷǻȏǶǐȖ ΘǦȝǣ ȖǆƷȏǐ ँॽࣿॽ CǖȼȿȲǯBǯȼȂȡǫȵॶ ऀअऀࣿॶ ऀࣿऄःূऀࣿअँॽ

ফऀऀईব sƷǼǝॶ �ॽॶ HǌƷॶ Bॽॶ ,ƷΞƷȖǣǦॶ yॽॶ yȂȖǣǦǼȂॶ yॽॶ yƷǻƷǻȂȝȂॶ bॽॶ $ȓƷǼǝǦॶ �ॽ $ॽॶ ૫BȂȓǦॶ <ॽ
ँࣿँࣿॽ bǐǼȖȂȓৄǆȠȝॵ � ȝǐǼȖȂȓৄǅƷȖǐǌ ǝȓƷȏǣৄǆȠȝ ǅǶȂȂǌ ΗǐȖȖǐǶ ȖǐǝǻǐǼȝƷȝǦȂǼ ǻǐȝǣȂǌ ƷǼǌ ǦȝȖ
ƷȏȏǶǦǆƷȝǦȂǼ ȝȂ ȓǐǼƷǶ ƷȓȝǐȓΞ ȖǐǝǻǐǼȝƷȝǦȂǼॽ Bǯǫȅǥǖȕ /ȚǖǼǯ �țǖȕͤȵȅȵॶ अࣿॶ ऀࣿऀअँंॽ

ফऀँࣿব sƷǼǝॶ :ॽॶ �ƷȝƷǅΞƷǶॶ bॽॶ ~ǣƷǼǝॶ Bॽॶ ~ǣƷǼǝॶ :ॽॶ �ΣǦΣॶ �ॽॶ %ƷǣǶǻƷǼǼॶ �ॽॶ ૫ �ǆȝȂǼॶ [ॽ bॽ
ँࣿऀईॽ =ǆȠȝȖॵ =ǦǼǐƷȓ ǆǶȠȖȝǐȓǦǼǝ Ȃǜ ǅƷǆȝǐȓǦƷ ȠȖǦǼǝ ȓǐǆȠȓȖǦΗǐ ǝȓƷȏǣ ǆȠȝȖॽ /Ǽ ࡢ࡚࡙࡛ /���
/țȼǯȲțǖȼȅȡțǖȕ �ȡțǻǯȲǯțǥǯ ȡț /ȚǖǼǯ UȲȡǥǯȵȵȅțǼ ȏȏॽ ऀऄआऄূऀऄआईॽ

ফऀँऀব sƷǼǝॶ :ॽॶ $Ƞॶ ~ॽॶ [ƷǌǐǝǣΣƷǌǐǣΞƷΣǌǦॶ Cॽॶ <ǦȏǼǦȖॶ :ॽॶ ૫ �ǆȝȂǼॶ [ॽ bॽ ँࣿऀइƷॽ CȂǼǶǦǼǐƷȓ
ȖǣƷȏǐ ȓǐǝȓǐȖȖǦȂǼ ǜȂȓ ЖǶȝǐȓǦǼǝ ȖǐǝǻǐǼȝƷȝǦȂǼ ȓǐȖȠǶȝȖ ǜȓȂǻ ǆƷǶǆǦȠǻ ǦǻƷǝǦǼǝॽ /Ǽ ࡡ࡚࡙࡛ ȼȂ࡞࡛
/��� /țȼǯȲțǖȼȅȡțǖȕ �ȡțǻǯȲǯțǥǯ ȡț /ȚǖǼǯ UȲȡǥǯȵȵȅțǼ ȏȏॽ आंइূआःँॽ

ফऀँँব sƷǼǝॶ :ॽॶ [ƷȓǴƷȓॶ Xॽॶ �ΣǦΣॶ �ॽॶ qƷǆǆƷȓǦॶ �ॽॶ %ƷǣǶǻƷǼǼॶ �ॽॶ ૫ �ǆȝȂǼॶ [ॽ bॽ ँࣿऀआॽ �Ʒǆȝৄ
ंǌॵ � ǶǐΗǐǶ Ȗǐȝ ȖǐǝǻǐǼȝƷȝǦȂǼ ƷȏȏȓȂƷǆǣ ǜȂȓ ǌǐǼȖǐ ǻȠǶȝǦৄǶƷΞǐȓǐǌ ंǌ ǅƷǆȝǐȓǦƷǶ ǅǦȂЖǶǻȖॽ ࡠ࡚࡙࡛
/��� /țȼǯȲțǖȼȅȡțǖȕ �ȡțǻǯȲǯțǥǯ ȡț /ȚǖǼǯ UȲȡǥǯȵȵȅțǼॶ ȏȏॽ ंंࣿূंंःॽ

ফऀँंব sƷǼǝॶ :ॽॶ bƷǅƷȖȖȠǻॶ Cॽॶ sƷǼǝॶ yॽॶ %ƷǣǶǻƷǼǼॶ �ॽॶ ૫ �ǆȝȂǼॶ [ॽ bॽ ँࣿँऀƷॽ ंǌ ǝƷǼ ǦǻƷǝǐ
ȖΞǼȝǣǐȖǦȖ ƷǼǌ ǌƷȝƷȖǐȝ ȒȠƷǶǦȝΞ ƷȖȖǐȖȖǻǐǼȝ ǜȂȓ ǅƷǆȝǐȓǦƷǶ ǅǦȂЖǶǻॽ एȵȿǤȚȅȼȼǯǫऐॽ

ফऀँःব sƷǼǝॶ :ॽॶ ~ǣƷǼǝॶ Bॽॶ ~ǣƷǼǝॶ :ॽॶ sƷǼǝॶ yॽॶ %ƷǣǶǻƷǼǼॶ �ॽॶ ૫ �ǆȝȂǼॶ [ॽ bॽ ँࣿँऀǅॽ %ȓƷȏǣৄ
ȝǣǐȂȓǐȝǦǆ ȏȂȖȝৄȏȓȂǆǐȖȖǦǼǝ Ȃǜ ȖǐǝǻǐǼȝƷȝǦȂǼ ΘǦȝǣ ƷȏȏǶǦǆƷȝǦȂǼ ȝȂ ǌǐǼȖǐ ǅǦȂЖǶǻȖॽ /���
bȲǖțȵǖǥȼȅȡț ȡț /ȚǖǼǯ UȲȡǥǯȵȵȅțǼ एȅț Ȳǯ͝ȅȵȅȡțऐॽ

ऀंऄ



ফऀँऄব sƷǼǝॶ xॽॶ �ǶǶǐǼॶ sॽ �ॽॶ sȓǦǝǣȝॶ Bॽ �ॽॶ [ΞǶΘǐȖȝȓƷǴॶ �ॽ =ॽॶ [ƷǻȠȖǦǴॶ Cॽॶ qǐȖȠǼƷॶ [ॽॶ �ΗƷǼȖॶ
<ॽॶ =ǦȠॶ �ॽॶ XƷǻƷǴȓǦȖǣǼƷǼॶ �ॽॶ =ǦȠॶ :ॽॶ ǐȝ ƷǶॽ ँࣿऀइǅॽ bǣȓǐǐৄǌǦǻǐǼȖǦȂǼƷǶ ǦǼȝƷǆȝৄȝǦȖȖȠǐ
ȖǐȒȠǐǼǆǦǼǝ Ȃǜ ȖǦǼǝǶǐৄǆǐǶǶ ȝȓƷǼȖǆȓǦȏȝǦȂǼƷǶ ȖȝƷȝǐȖॽ [ǥȅǯțǥǯॶ ंअऀअःࣿࣿॽ
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[ǦǼǆǐȓǐǶΞॶ
:Ǧǐ sƷǼǝ
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