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Algorithm E1: Modified TTPe Encoder of Ne

Input: Ne, N̂e,∆e = (δ1, δ2);
1 if Ne > 0 then
2 Encode en = 0 using DTeb0; Update DTeb0;
3 ϵe = Ne − N̂e; ∆e = δ1 + δ2;
4 if |ϵe| < δ1 then // R1 Range
5 Encode en = 0 using DTeb1; Update DTeb1;
6 Encode en = |ϵe| using Eeδ1ℓ; Update Eeδ1ℓ;
7 else
8 Encode en = 1 using DTeb1; Update DTeb1;
9 if |ϵ| < ∆e − 1 then // R2 Range

10 Encode |ϵe| − δ1 using Eeδ2ℓ; Update Eeδ2ℓ;
11 else // R6 Range
12 Encode δ2 − 1 using Eeδ2ℓ; Update Eeδ2ℓ;
13 Encode xγ = |ϵe| −∆e − 2 using Alg. E2;
14 Encode en = sgn(|ϵ|) using DTebs; Update DTebs;
15 else
16 Encode en = 1 using DTeb0; Update DTeb0;

Algorithm E2: Modified EGC Encoder of xγ

Input: xγ

1 if xγ = 1 then
2 Encode xn = 1 using BR4; Update BR4 using (1);
3 else
4 N = ⌊log2(xγ)⌋ ; // (xγ)(10) = 1bN−1 . . . b1b0(2)
5 for i = 1, 2, . . . , N do // Unary rep. of N
6 Encode xn = 0 using BR4; Update BR4;

7 Encode xn = 1 using BR4; Update BR4;
8 Binarize (xγ)(10) as 1bN−1 . . . b1b0(2);
9 for i = N − 1, N − 2, . . . , 0 do // Last N digits

10 Encode xn = bi using BR5; Update BR5;

Algorithm E3: Modified TTPy Encoder of y
Input: y, ŷ, [1, W ],∆ = (δ1, δ2, δ3);

1 ϵy = y − ŷ; ∆y = δ1 + δ2 + δ3;
2 if |ϵy | < ∆y then
3 Encode yn = 0 using DTyb0; Update DTyb0;
4 if |ϵy | < δ1 then // R1 Range
5 Encode yn = 0 using DTyb1; Update DTyb1;
6 Encode yn = |ϵy | using Eyδ1ℓ; Update Eyδ1ℓ;
7 else
8 Encode yn = 1 using DTyb1; Update DTyb1;
9 if |ϵy | < δ1 + δ2 then // R2 Range

10 Encode yn = 0 using DTyb2; Update DTyb2;
11 Encode |ϵy | − δ1 using Eyδ2ℓ; Update Eyδ2ℓ;
12 else // R3 Range
13 Encode yn = 1 using DTyb2; Update DTyb2;
14 Encode |ϵy |-δ1-δ2 using Eyδ3ℓ; Update Eyδ3ℓ;
15 else // R5 Range
16 Encode yn = 1 using DTyb0; Update DTyb0;
17 y2 = ŷ +∆y ;n2 = ⌈log2 (W − y2 + 1)⌉;
18 Binarize (W − y)(10) as bn2−1 . . . b1b0(2);
19 for i = 0, 1, . . . , n2 − 2 do
20 Encode yn+i = bi using ByL; Update ByL;

21 if bn2−1 . . . b1b0 ≤W − y2 + 1− 2n2−1 then
22 Encode xn = bn2−1 using BR5; Update BR5;
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Algorithm E4: Modified TTPx Encoder of x
Input: x, x̂, cx (to signal sorted x), [1, H],∆ = (δ1, δ2, δ3);

1 ϵx = x− x̂; ∆x = δ1 + δ2 + δ3;
2 if |ϵx| < ∆x then
3 Encode xn = 0 using DTxb0; Update DTxb0;
4 if |ϵx| < δ1 then // R1 Range
5 Encode xn = 0 using DTxb1; Update DTxb1;
6 Encode xn = |ϵx| using Exδ1ℓ; Update Exδ1ℓ;
7 else
8 Encode xn = 1 using DTxb1; Update DTxb1;
9 if |ϵx| < δ1 + δ2 then // R2 Range

10 Encode xn = 0 using DTxb2; Update DTxb2;
11 Encode |ϵx| − δ1 using Exδ2ℓ; Update Exδ2ℓ;
12 else // R3 Range
13 Encode xn = 1 using DTxb2; Update DTxb2;
14 Encode |ϵx|-δ1-δ2 using Exδ3ℓ; Update Exδ3ℓ;
15 if cx then // Was x sorted?
16 Encode sgn(|ϵx|) using DTxbs; Update DTxbs;
17 else
18 Encode xn = 1 using DTxb0; Update DTxb0;
19 x1 = x̂−∆x;n1 = ⌈log2 x1⌉;
20 x2 = x̂+∆x;n2=⌈log2 (H − x2 + 1)⌉;
21 if x1 < 1 then // Deterministic case R5
22 Binarize (H − x)(10) as bn2−1 . . . b1b0(2);
23 for i = 0, 1, . . . , n2 − 2 do
24 Encode xn+i = bi using BxL; Update BxL;

25 if bn2−1 . . . b1b0 ≤ H − x2 + 1− 2n2−1 then
26 Encode xn = bn2−1 using BR5; Update BR5;
27 else if x2 > H then // Deterministic case R4
28 Binarize (x− 1)(10) as bn1−1 . . . b1b0(2);
29 for i = 0, 1, . . . , n1 − 2 do
30 Encode xn+i = bi using BxL; Update BxL;

31 if bn1−1 . . . b1b0 ≤ x1 − 2n1−1 then
32 Encode xn = bn1−1 using BR4; Update BR4;
33 else
34 if x ≤ x̂−∆x, then // R4 Range
35 Encode xn = 0 using DTxbd1; Update DTxbd1 ;
36 Binarize (x− 1)(10) as bn1−1 . . . b1b0(2);
37 for i = 0, 1, . . . , n1 − 2 do
38 Encode bi using BxL; Update BxL;

39 if bn1−1 . . . b1b0 ≤ x1 − 2n1−1 then
40 Encode bn1−1 using BR4; Update BR4;
41 else // R5 Range
42 Encode xn = 1 using DTxbd1; Update DTxbd1 ;
43 Binarize (H − x)(10) as bn2−1 . . . b1b0(2);
44 for i = 0, 1, . . . , n2 − 2 do
45 Encode bi using BxL; Update BxL;

46 if bn2−1 . . . b1b0 ≤ H − x2 + 1− 2n2−1 then
47 Encode bn2−1 using BR5; Update BR5;

Algorithm D1: Modified TTPx Decoder of x

Input: x̂, [1, H], cx,∆ = (δ1, δ2, δ3);
Output: x;

1 b0 ← Decode using DTxb0; Update DTxb0;
2 if b0 = 0 then
3 b1 ← Decode using DTxb1; Update DTxb1;
4 if b1 = 0 then x← Decode using Exδ1ℓ; Update Exδ1ℓ ;
5 else
6 b2 ← Decode using DTxb2; Update DTxb2;
7 if b2 = 0 then // R2 Range
8 x=δ1+ Decode using Exδ2ℓ; Update Exδ2ℓ;
9 else x=δ1+δ2+Decode using Exδ3ℓ; Update Exδ3ℓ;

10 bs = 1;
11 if cx then bs ← Decode using DTxbs; Update DTxbs ;
12 x← (bs = 0)?(x̂− x) : (x̂+ x);
13 else
14 x = 0; x1 = x̂− δ1 − δ2 − δ3; x2 = x̂+ δ1 + δ2 + δ3;
15 n1 = ⌈log2 x1⌉; n2 = ⌈log2 (H − x2 + 1)⌉;
16 if x1 < 1 then // Deterministic case R5
17 for i = 0, 1, . . . , n2 − 2 do
18 b← Decode using BxL; Update BxL;
19 if b = 1 then x = (1≪ i)|x;

20 if x ≤ H − x2 + 1− 2n2−1 then
21 b← Decode using BR5; Update BR5;
22 if b = 1 then x = (1≪ (n2 − 1))|x ;
23 else if x2 > H then // Deterministic case R4
24 for i = 0, 1, . . . , n1 − 2 do
25 b← Decode using BxL; Update BxL;
26 if b = 1 then x = (1≪ i)|x ;

27 if x ≤ x1 − 2n1−1 then
28 b← Decode using BR4; Update BR4;
29 if b = 1 then x = (1≪ (n1 − 1))|x ;
30 else
31 bd1 ← Decode using DTxbd1; Update DTxbd1 ;
32 if bd1 = 0 then // R4 Range
33 for i = 0, 1, . . . , n1 − 2 do
34 b← Decode using BxL; Update BxL;
35 if b = 1 then x = (1≪ i)|x ;

36 if x ≤ x1 − 2n1−1 then
37 b← Decode using BR4; Update BR4;
38 if b = 1 then x = (1≪ (n1 − 1))|x ;
39 else // R5 Range
40 for i = 0, 1, . . . , n2 − 2 do
41 b← Decode using BxL; Update BxL;
42 if b = 1 then x = (1≪ i)|x ;

43 if x ≤ H − x2 + 1− 2n2−1 then
44 b← Decode using BR5; Update BR5;
45 if b = 1 then x = (1≪ (n2 − 1))|x ;

46 Return x;
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Algorithm D2: Modified TTPe Decoder of Ne

Input: N̂e,∆ = (δ1, δ2);
Output: Ne;

1 b0 ←Decode using DTeb0; Update DTeb0;
2 if b0 = 0 then
3 b1 ← Decode using DTeb1; Update DTeb1;
4 if b1 = 0 then e← Decode using Eeδ1ℓ; Update Eeδ1ℓ ;
5 else
6 e← Decode using DTeb2; Update DTeb2;
7 if e = δ2 − 1 then
8 e← δ1 + δ2 − 2+ Decode using Alg. 3;
9 else e← δ1 + e ;

10 bs ← Decode using DTebs; Update DTebs;
11 Return Ne = (bs = 0)?(N̂e − e) : (N̂e + e);
12 else
13 Return Ne = 0

Algorithm D3: Modified EGC Decoder of xγ

Output: xγ ;
1 xγ ←Decode using BR4; Update BR4;
2 if xγ = 0 then
3 N = 1; xγ ←Decode using BR4; Update BR4;
4 while x = 0 do
5 N = N + 1;xγ ←Decode using BR4; Update BR4;

6 for i = N − 1, N − 2, . . . , 0 do
7 xγ = (xγ ≪ 1)+Decode using BR5; Update BR5;

8 Return xγ ;

Algorithm D4: Modified TTPy Decoder of y

Input: ŷ, [1, W ],∆ = (δ1, δ2, δ3);
Output: y;

1 b0 ← Decode using DTyb0; Update DTyb0 using (1);
2 if b0 = 0 then
3 b1 ← Decode using DTyb1; Update DTyb1;
4 if b1 = 0 then // R1 Range
5 y = ŷ+ Decode using Eyδ1ℓ; Update Eyδ1ℓ;
6 else
7 b2 ← Decode using DTyb2; Update DTyb2;
8 y ← ŷ + δ1;
9 if b2 = 0 then // R2 Range

10 y=y+Decode using Eyδ2ℓ; Update Eyδ2ℓ;
11 else // R3 Range
12 y=y+δ2+Decode using Eyδ3ℓ; Update Eyδ3ℓ;
13 else // R5 Range
14 y = 0;n2 = ⌈log2 (W − ŷ − δ1 − δ2 − δ3 + 1)⌉;
15 for i = 0, 1, . . . , n2 − 2 do
16 b← Decode using ByL; Update ByL;
17 if b = 1 then y = (1≪ i)|y ;

18 if y ≤W − ŷ − δ1 − δ2 − δ3 + 1− 2n2−1 then
19 b← Decode using BR5; Update BR5;
20 if b = 1 then y = (1≪ (n2 − 1))|y ;
21 Return y;
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