×10^6

×10^{− 6}) × (0.13 ×10^{− 6} ×10^{− 12} ×10^{− 6}) × (0.026 ×10^{− 6} 0.0010 ×10^{− 12} t

order.

r N

distribution.

r =

r p Σp = N Σ = 1.

k r +k N+kS N S k = r.

r >k (specifically, k = = r

N = ×10^7

V

V e(p(x p(x x V

N_r r N_r r {N_0 , N_1 , N_2 , r = (r + N_{r +1 r} N_r {S(N_r a N_r r, N_r N_r N_r

r (=MLE) N_r (=BGT)

r

r. r = N_0 V

V^2 ∼ ×10^{11}. N_0 V^2

r >0

Σ N_r N_0 ∼V^2 since N_0 = V^2 −_{r >0}Σ N_r and_{r >0}Σ N_r <N<<V^2.

N_r Categorize each bigram, b r_1 (b N_r =_{br 1 (b)=r}Σ 1. Calibrate

C_r ≡_{br 1 (b)=r}Σ r_2 (b r_2 (b b =C_{r r}

C_r C_{r r}.

________________________________________________________________________________ r C_r Σr_2 variance ________________________________________________________________________________

r_2 (b br_1 (b)=r estimate

enhanced differentiate

is

Enhancement

Let = Ne(p(x e(p(y x and y e(p(x e(p(y p(x as

N_0 r

r and r.

N N r_1 ,r_2 =r_1 r_2 . >

Let N r in bin j N for r .

N r bin j r log_{10} ( ).

N_{j0} N r

N r = N_{j0} log( r > log(N r).

N r for j = N r N N non-zero N by r q, r t N by N t − q N density of N r r, r

N r > 0 ∼ r N N r r large r

N_r or S(N_r r N_r r N_{r +1 r}

r r N_{j(r +} r.

r = 1.

estimator,

r = r = r. when r r = r = r

v^{CC}, = r and = j is

v^{CC} = N Σr_2 (b) −^2

b r_1 (b) = r and = j v^{GT}

v^{GT} = + (r +^* − )

p Np − p) ∼ Np = E(r E(r for r = 1.

r = 1 log( )

;

. closely.

t = ( − r^S )/ v^{GT} j r t estimate, r^S v^{GT}

each

1.41.

frequency, r = for r = 15

r r

≤40

r

2

4 ≤ r ≤ 10 r. 1

frequencies, r

frequency, r r = 0

r = 0).

__________________

estimates. f̂ bin = j = r f̂ − f̂_{( j− r} v̂ +v̂_{( j− r ( j− r} where N for = j = r v̂

( f̂ − f̂_{( j− r} ) / v̂ +v̂_{( j− r ( j− r}

r = r = 0

± bins.

r =

log_{10} observed r r r ∼ 40

r increases, r ≤ r r observed r S SDS S V_{r r} where V_r BCC calibration. BGT tCC (BCC − S) . tGT BGT − S) . r ≤ table.

r = r SDS N_r

• jii enhanced •

•

r and jii = r = r ≤ r ≥

jii r jii r jii Moreover, jii

References

Biometrika

problems,’’ Mind

system,’’

Let s_ν , ,S types tokens B(N; p_1 , . p_S) s_ν probability p_ν N_r r r_ν ν

Theorem: B_1 (N; p_1 , . p_S B_2 (N; p_1 , . p_S B_2 r B_1 is = 1 + 1

(r + E(N_rB(N; p_1 , . p_S

E(N_{r +1}B(N+ p_1 , . p_S

∼ (r + E(N_rB(N

E(N_{r +1}B(N

E(N_rB(N E(N_{r +1}B(N values, S(N_r S(N_{r +1} ∼ (r + S(N_r )

S(N_{r +1} )

N∼10^7

S types, 2 B_1 (N; p_1 , . p_S B_2 (N; p_1 , . p_S

Let μ̃ R̃_{μ̃1} and R̃_{μ̃2} be B_1 and B_2 respectively.

≡ E_{012} (R̃_{μ̃2}R̃_{μ̃1} = r) = 1 + 1

(r + E(N_rB(N; p_1 , . p_S

E(N_{r +1}B(N+ p_1 , . p_S

__________________

A-2

E_{012} (R̃_{μ̃2}R̃_{μ̃1} = r) = NE_{01} (p_{μ̃}R̃_{μ̃1} = r)

E_{01} (s_ν = s_{μ̃}R̃_{μ̃1} = r) = 1 Σ^S p_λ^r − p_λ )^{N− r} p_ν^r − p_ν )^{N− r}

E_N(N_r ) = ( rN )_1Σ^S p_λ^r − p_λ )^{N− r}

where E_N B(N; p_1 , . p_S B_1 B_2

= E_{012} (R̃_{μ̃2}R̃_{μ̃1} = r)

= NE_{01} (p_{μ̃}R̃_{μ̃1} = r

= N_1Σ^S p_ν E_{01} (s_ν = s_{μ̃}R̃_{μ̃1} = r)

= N_1Σ^S p_ν 1 Σ^S p_λ^r − p_λ )^{N− r} p_ν^r − p_ν )^{N− r}

= N 1 Σ^S p_λ^r − p_λ )^{N− r} 1 Σ^S p_ν^{r +1} − p_ν )^{N− r}

= N E_N(N_r )/ ( rN )

E_{N+1} (N_{r +1} )/ ( r +1N+1 ) ____________________

= N ( r +1N+1 ) E_N(N_r )

( rN ) E_{N+1} (N_{r +1} )

= 1 + 1 r +1

E_N(N_r )

E_{N+1} (N_{r +1} )

For i = ,N { ,

A-3

x̃_{νi} = 0 1 otherwise ν

Then

R̃_{μ̃2} =_{i =1}Σ^N x̃_{μ̃i}

and E_{012} (R̃_{μ̃2}R̃_{μ̃1} = r) =_{i =1}Σ^N E_{012} (x̃_{μ̃i}R̃_{μ̃1} = r)

=_{i =1}Σ^N E_{012} (p_{μ̃}R̃_{μ̃1} = r)

= NE_{01} (p_{μ̃}R̃_{μ̃1} = r)

Let f(ν s_ν = s_{μ̃}; e(r s_{μ̃} occurs r e(ν,r s_ν = s_{μ̃} and s_ν occurs r (ν) (r)} = e(ν,r

1∪^{S e(λ ,r) = e(r)}

and (λ ,r)}_{,S}

E_{01} (s_ν = s_{μ̃}R̃_{μ̃1} = r) = P( ~R̃_{μ̃1} = r) = P( f(ν)e(r = P(e(r

P( f(ν) (r _____________ = P(e(r

P(e(ν,r

= λ Σ P(e(λ ,r

P(e(ν,r ___________

μ̃ and r_ν

P(e(ν,r = S 1 ( r N ) p_νr − p_ν )N− r

A-4

E_{01} (s_ν = s_{μ̃}R̃_{μ̃1} = r) = λ Σ S 1 ( r N ) p_λr − p_λ )N− r S 1 ( r N ) p_νr − p_ν )N− r

= λ Σ p_λ^r − p_λ )^{N− r} p_ν^r − p_ν )^{N− r}

N_r =_1Σ^S δ(r,r_ν )

where δ(r,f

δ(r,f) = 0 1 r≠ f r = f

Therefore

E(N_rB(N; p_1 , . p_S =_ν (r,r_ν )P(r_νB(N

=_νΣP(rB(N

=_νΣ ( rN ) p_ν^r − p_ν )^{N− r}

= ( rN )_νΣp_ν^r − p_ν )^{N− r}

N^2

E_{01} (p_{μ̃}^2 R̃_{μ̃1} = r) − E_{01}^2 (p_{μ̃}R̃_{μ̃1} = r)

r +^{* 2}

N^2 r +^{* 2} − ( )^2 ) = r +^* − ).

A-5

vu^{th} Np_ν − p_ν )∼Np_ν approximately S 1 1 Σ^S Np_ν = E_{01} (Np_νR̃_ν = r) =

r +^* − ) + = + (r +^* − ).

Nomenclature

• • = r • = • = C_{r r} • = C • = (r + S(N_r )

S(N_{r +1} )

• = SN SN_{+1}

N r

V S = V^2 N_r r r ΣN_r = V^2 N_0 =V^2 −_{r >0}Σ N_r p(x x e(p(x p(x)

= Ne(p(x e(p(y xy N N = r and bin = j C_r =r C = r and bin = j