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HEVC Transiorm, Scaling, Quantization

HEVC

EQUATIONS

Forward HEVC Transform and Scaling: U = residual image with B + 1 bits.
v' 1%t Transform: D x U

v 1%t Scaling: Z = (D x U) x ST;. Bits per pixel of Z: 16 bits.

v 2" Transform: Z x DT

v 2 Scaling: Y = (Z x DT) X ST,. Bits per pixel of Y: 16 bits.

Quantization: Quant = Q(Y)
Inverse Quantization: Yq = Dequant = Q~1(Q(Y))

Inverse HEVC Transform and Scaling:

v 15t Transform: DT x Yq

v 1%t Scaling: Z = (DT x Yq) x SIT,. Bits per pixel of Z: 16 bits.

v 2™ Transform: W x D

v/ 2M Scaling: Uq = (W x D) x SIT,. Bits per pixel of Y: B + 1 bits.
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IMPLEMENTATION USING RECURSIVE EVEN-ODD DECOMPOSITION

Forward Transform (1D row and column transforms): We first partition D(N) into D(N/2) and M(N/2). Then, we partition

D(N/2) into D(N/4) and'M(N/4). And so on. Note that the matrices M(N/2¢) cannot be decomposed.

Inverse transform (both 1D row and column transforms): We first partition DT (N) into DT(N/2) and MT(N/2). Then, we

partition'DT (N /2) into DT (N/4) and MT(N/4). And so on.

We can also apply the symmetry/anti-symmetry property of D(N) for efficient inner product implementation. This is

functionally the same as non-recursive even-odd decomposition (even hardware resources are the same as we will also be

using an add/sub structure but inside the inner products), though the coefficients are different. However, recursive even-

odd decomposition is more efficient as we can keep decomposing the matrices, therefore requiring fewer resources.

HEVC: We apply it to N = 8,16,32. The case N = 4 is not decomposed.

Based on the reference algorithm:

v" The 1D Forward column and row Transforms require proper permutation of the input and output sequences as well as
N pre-additions/pre-subtractions.

v The 1D Inverse column and row Transforms require proper permutation of the input and output sequences as well as N
post-additions/post-subtractions.
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HEVC TRANSFORM AND SCALING

1D HEVC TRANSFORM - HARDWARE

This architecture (fully parallel, iterative) receives the input block column-wise and generates one output column at a time.

FULLY PARALLEL IMPLEMENTATION

= The following figure shows the implementation of an inner product of N inputs
by N coefficients (no symmetry or even-odd decomposition). This works for
row and column transforms (or both Forward/Inverse Transform).

= In this case, the number of output bits is given by (NH=8 in HEVC):
NY = NH + Bl + [log,(N + 1)] -1

E —E '—\
= Residual image bitwidth: BI = B + 1. B: Input image bitwidth. BI

This is true for the 1%t Transform. For the 2" transform BI =
NO = 16. uro] -
= We can feed a new column every cycle. The I/0 delay is:
[log, BI1 + [log, N/L] + 1

= The following figure shows the implementation of a N x N U] =2
transform (no symmetry or even-odd decomposition). For
HEVC, with B=8, BI=9 for column Transform, BI=16 for row
Transform.

=  We can feed a new column every cycle. The I/O delay is: UIN-2] 2
[log, BI1 + [log, N/L] + 2

UIN-1] —2

Recursive even-odd decomposition - Architecture:
Forward Transform

BL,
—>] Inner Product (DA)

! | Ninputs x N coefficients %Z[i]
BI:E row i to D(N)

E—

—> V

2| Inner Product (DA)
2| winputs x v coefficients 4> 7707
Bl > row 0 to D(N)

BL . |

5| Inner Product (DA)
+ | Ninputs x N coefficients L2 Z[1]
Bl/y row 1 to D(N)

5| Inner Product (DA)
i | Ninputs x N coefficients [Ny 5 Z[N-2]
Bly row N-1 to D(N)
Bl |

3] Inner Product (DA)
;’ N inputs x N coefficients %Z[N-l]
Bl row N-1 to D(N)

[log2 (BN + [log,(N/L)] + 1

= Signal E: It arrives at the same time data arrives at the input. In/our figures, it is implied (not shown) that E is delayed the
same amount as the input data to correctly arrive at the inner products. An alternative implementation (also called non-
recursive even-odd decomposition) uses. symmetry of D(N).to decompose an N x N unit into two N/2 x N/2 units. This
works fine up to 8x8; after that; we better use recursive e€ven-odd decomposition.

1D(4)

= 4x4: smallest case, no decomposition. The enable.into U[O]—BLE|—> e[ 1niner Product (DA) , row 0 Y% 7[0]
umihg—) | lInner Product (DA) , row 1 1% 7[1]
U[z]—BLg—> | IInner Product (DA) , row 2 -4 7[2]
U[3]—BLE|—> | TN e 4% 7131

the inner products includes one delay unit (not shown).

= 8x8: It is made of two 4x4 units. Top
half: 4x4 unit (for D(4)). Note that both ~ U[0]
4x4 units receive input data of BI +1
bits. Note that due to the adder/subs, we
include “an. extra register level (two
delays for the enable input).

U[1]
u[2]

U[3]

ur4]
U[s]
ue]

u[7]

[logz(BN)] + [log,(N/L)] + 1

|D(4)

—)' Inner Product (DA) , row 0 % Z[0]
|

—)l Inner Product (DA) , row 1 IM/—) Z[2]
|

—)l Inner Product (DA) , row 2 I—N;L) Z[4]
|

—)' Inner Product (DA) , row 3 I—N;L) Z[6]

1M(4)

—)l Inner Product (DA) , row 0 IJN;L) Z[1]
|

—)l Inner Product (DA) , row 1 I—% Z[3
l

—)l Inner Product (DA) , row 2 I—N;(L) Z[5]
72

—)l Inner Product (DA) , row 3 I—N;L) Z[7]
[logz(BI + 1)] + [loga((N/2) /L)1 + 1
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= 16x16: Here, the even-odd decomposition pays off (it is better than taking advantage of the symmetry of D(16)). Top Half:
8x8 unit for D(8). Bottom Half: 8x8 unit for M(8) (cannot be decomposed further). The enable for the inner products of
D(4) and M(4) has 3 delay units; the enable for M(8) units has 2 delay units.

u[o]
Ul1]
u[2]

U[3]

ur4]
u[s]
ule]

ul7]

u[8]

u[9]
U[10]
U[11]
U[12]
U[13]
U[14]

U[15]

BY ]

> + BI+
BY a\ P)BLE
Byl 1 + BI+
BY _|_ BI+
Bl + BI+
2! 1+ BI+
2! _|_ BI+
8 + BI+
B —\BI+1
Bl —\BI+1
8 —\BI+1
B \BI+1
o \BI+1
o —\Bl+1
B, \BI+1
=
B \BI+1
16x16

8x8

BI+2

BI+

BI+

BI+

P ) )

BI+
BI+
BI+2

BI+

1 M(8)

|D(4)

4x4

row 0 H4> 7[0]

—)' Inner Product (DA) ,
]

row 1 % Z[2]

—)I Inner Product (DA) ,
I

row 2 IM‘) Z[4]

_)| Inner Product (DA) ,
]

—)l Inner Product (DA),

row 3 I—N;‘-) Z[6]

|M(4)

row 0 %2[8]

= Inner Product (DA)
1

row 1 I—N;(L) Z[10]

—)' Inner Product (DA) ,
I

—)l Inner Product (DA) ,

row 2 % Z[12]

7
—)I Inner Product (DA) ,

row 3 F4> 7714]

[logx(BI + 2)] + [log,((N/4)/L)] + 1

Inner Product (DA) , row 0 I

N > 711

—)I Inner Product (DA) ,row 1 |

NY, o

| Inner Product (DA), row2 |

—7> 7[3]

N 5 7[5

—)l Inner Product (DA) , row 3 |

o

#I Inner Product (DA) , row 4 |

N > 7171

N 5 719]

-)I Inner Product (DA) , row 5 |

NY,

#' Inner Product (DA) , row 6 |

> 7[11]

N 5 7113

v

—)l Inner Product (DA) ,row 7 |

[log>(BI + 1)] + [log,((N/2)/L)] + 1

N 5> 7115
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= 32x32: Top half: 16x16 unit for D(16). Bottom half: 16x16 unit for M(16) (we cannot decompose it further). The enable for
D(4) and M(4) has 4 delay units; the enable for M(8) units has 3 delay units; the enable for M(16) has 2 delay units.

upo] X

U] BI
U2] BI

UE3] BI

UE4] BL
U[s] BL
U6] BL

U7l BL

uis] BL

upo)
U[10]=
U112
u[12]-2
U[13]==
U[14] =

u[15]-=

u[16]—
u[7]
u[18]—*
U[19]
ur20]2
U[21]>
U22]=>
U23]—
U241~
UL25]—
UL26]—
U271
U282

u[29]

U[30]—2*
E jBI: l‘

4x4

> BI+1,[ ] > B+
}\/ g@ i) | Inner Product (DA) , row 0 HY4> 7[0]
F BI+1 [ | BLt
+ P 1BL:3s J| Tnner Product (DA) , row 1 B> 7[2]
g Bl+1 [ | e
] i + il == Inner Product (DA) , row 2 HJ%> 7[4]
+
BI+
+ -+ T BI+3 —)l Inner Product (DA) , row 3 HL)NY Z[6]
BLt BI+3
+ g BL+ = »l Inner Product (DA) , row 0 IJN;L) Z[8]
BLt+ BI+3
+ g BL+ = —)l Inner Product (DA) , row 1 IJN;L)Z[IO]
BI+ BI+3
+ 4 BLt - —)l Inner Product (DA) , row 2 IM‘-) Z[12]
BI+ BI+3
+ o BL+ - —)l Inner Product (DA) , row 3 I-M‘) Z[14]
o Mog,(BI + 31 + log,(N/8)/L)] + 1
\BI+2 7M1
gn BL+1 —)' Inner Product (DA) , row 0 |L[ ] L1729 Z[16]
“\BI+2 Z[3
+ BLtl —)' Inner Product (DA) , row 1 I B3I L1728 Z[18]
BI+2 Z[5
s = =3 Inner Product (DA), row2 | L] 25 71207
BI+2 Z[7
—+ BES — —)' Inner Product (DA) , row 3 : 7] LIS Z[22]
BI+2 Z[9
i = | Inner Product (DA) , row 4 | [ 25 7124]
BI+2
— Z[11
-+ BI+£,L| —)' Inner Product (DA) , row 5 : [11] N,Y/> Z[26]
—\BI+2 Z[13
—+ BLtl —)' Inner Product (DA), row 6 : [13] N5, Z[28]
—\BI+2 Z[15
-+ BL+l —)' Inner Product (DA) , row 7 I Ll LI72% Z[30]
16x16 [loga(BI + 2)] + [log,((N/4)/L)] + 1
I+1
— —-LEI—) —)l Inner Product (DA), row 0 I Ny Z[1]
BI+
= —)' Inner Product (DA) , row 1 = NY s Z[3]
BI
—== —)l Inner Product (DA) , row 2 I Ny Z[5]
Gyt —)l Inner Product (DA) , row 3 I Ny Z[7
; I > Z[7]
BI+
~ —)l Inner Product (DA) , row 4 I Ny Z[9]
BI+
- —)l Inner Product (DA) , row 5 I Ny Z[11]
BI+
= | Inner Product (DA) , row6 | N5 7713]
L —)l Inner Product (DA), row 7 | NY5. Z[15
’ | © [ ]
1+1
- ﬁ‘D—) —)l Inner Product (DA) , row 8 I LI/28 Z[17]
- LH,AD_) —)l Inner Product (DA), row 9 I Ny Z[19]
= %—) —)l Inner Product (DA) , row 10 I Ny Z[21]
I+1
— #D—) —)l Inner Product (DA) , row 11 I Ny s Z[23]
— E‘D—) —)l Inner Product (DA) , row 12 = Ny Z[25]
BI+1
- —AE'—) —)l Inner Product (DA) , row 13 : NS Z[27]
I1+1
- —AD—) —)l Inner Product (DA) , row 14 : NS Z[29]
BI+1
},—\—z‘g—>gﬂ Inner Product (DA) , row 15 |— N> 731]

>

llog,(BI + )] + [log,(N/2)/L)] + 1
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I/0 delay: (between an input column and its corresponding output column)

= No even-odd decomposition nor symmetry: [log,(BI)] + [log,(N/L)] + 2 cycles. Measured between input data ready (E =
1) and output data ready (v = 1). In practice, we use recursive even-odd decomposition.

= Recursive even-odd decomposition: The previous formula still applies to the non-decomposed portions. Note that the register
the lower portions (that do M(N/2)) have more delay, this makes sure that all output data Z(0) to Z(N — 1) (with valid v
signals) appear at the same time. For example (L=4):

N—aq | dxdunit (D(4)): [log, (BN + [log, (N/L)1 + 1
Total time (1 register level) [log,(BD)] + [log, (N/L)] + 2
Bottom unit (M(4), not decomposed): [log,(BI + 1)] + [log, ((N/2)/L)[ + 1
N =8 | Top 4x4 unit (D(4)): [log,(BI + 1)1+ Mog, (N/2)/L)]1+1
Total time (2 extra register level): [log,(BI + 1)] + [logs((V/2)/L)] + 3
Bottom unit (M(8), not decomposed): [log, (BI + 1)] + [log, ((N/2)/L)[ + 1
_ . Bottom unit (M(4), not decomposed): [log, (BI + 2)] 4 [log, ((N/4)/L)] + 1
N'=16 | Top 88 unit (D®)) 755 unit (4x4, D(4)): llog, (BT + 2)] £ llog, (N/4)/D)] + 1
Total time (2 extra register levels): [log,(BI + 1)] + [log, ((N/2)/L)] + 3
Bottom unit (M(16), not decomposed): [log, (B + )] +[loga((N/2)/L)] + 1
Top 16x16 unit Bottom unit (M(8), not decomposed): [loga(BI + 2)] + [log, (N/4)/D)] + 1
N =32 (D?m)) Top 8x8 Bottom 4x4 unit (M(4): [logp(BI + 3)1 + [loga((N/8)/L)] + 1
unit (D(8)) | Top 4x4 unit (D(4)): [log,(BI + 3)] + [log,(N/8)/L)] + 1
Total time (2 extra register levels): [log, (BI + 1)] + [loga((N/2)/L)1 + 3

The balance between the inner products and the register levels works as long as [log,(BI + 1)] = [log,(BI +2)] =
[log,(BI + 3)]. This is true for BI = 9,16.
In general, the formula (for N power of 2, L=4, using the smallest unit and then adding the register levels) is:

[logz(BI + [log,(N/4)D1 + og(N/(N/4))/L)1+ 1+ 1+ [log,(N/4)] = [loga(BL+ [log, (N/4)D1 + 2 + [log, (N /4)]

v" How fast can we feed a new column? Every clock cycle.
Maximum number of output bits:

= This is what a generic hardware would give us. We willfind out that.for HEVC, this is too many bits, and we will chop off
accordingly (but this is later, this is not Scaling):

N=4 | D(4): NH + BI + [log,(N +1)] — 1
N=8 Top 4x4 unit (D(4)): NH + Bl +1+[log,(N/2+1)] -1
Bottom 4x4 unit (M(4)): NH + Bl +1 + [log,(N/2+1)] -1
. Top unit: D(4 NH + Bl + 2 + [log,(N/4+ 1)] — 1
W= 16 | Top 88 unit @(@) ok T 34(4) NH + BI +2 + [log,(N/4 + D] — 1
Bottom unit: M(8) NH + Bl + 1+ [log,(N/2+1)] -1
Top 16x16/unit Bottom unit: M(8): NH + Bl + 2 + [log,(N/4+ 1)] — 1
N =32 | (D(16)) Top 8x8 Top 4x4 unit (D(4): NH + BI + 3 + [log,(N/8+ 1)] — 1
unit (D(8)) | Bottom 4x4 unit (M(4)): NH + Bl + 3 + [log,(N/8+ 1)] — 1
Bottom unit: M(16): NH + Bl +1 + [log,(N/2+1)] -1

= All these formulas are the same, as: 1 + [log,(N/2 + 1)] = [log, (N + 1)] for N=4, 8, 16, 32.
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ITERATIVE IMPLEMENTATION
= The following figure shows the implementation of a N x N transform (no symmetry or even-odd decomposition):

resetn=0
D(N) s1 |
BI NN N
u[0] —“> 4%, I g ﬁL)I IInnler |Product (DA) Iterative , row 0 IMQZ[O]
BL S E addsub
UL =5 § It 8 Inrler Product (DA) Iterati 1 5o
. @ e |N > nner Product (DA) Iterative , row Z[1]
g : S| E| |addsub
o N - I .
BI S g .
UIN-11=9 & [N P 8 N -
. BL inputs | —'L)| Inner Product (DA) Iterative , row N-1 I'% Z[N-1]
£ v s | - E addsub
ED
FSM - ddsub B
S | ’
BI + [log,(N/L)] + 2

= Maximum number of output bits: NY = LDCT = NH + BI + [log,(N + 1)] — 1. This is what
is required by simple analysis. However, we will find that when doing specialized analysis, we actually.require fewer bits. So,
we will chop off bits from the MSB. Moreover, there is a step called scaling (getting rid of LSBs to get 16 output bits).
= Each column in a block can be entered every BI cycles (if BI=1, we input a new column every cycle).
= DA rearrangement: example with BI=9, N=4, L=4. With N=8, EIS-I=4' what we have is 2 groups of U8-U0 (see FIR DA Report).
o

U[0]07D:§001111101
U[1] 080: 0i1/ 0900 040 00
U[2] 07E: 10i0/1 1 1.1 1 110
U[3] 079: 040! Lol 10 011

Ug U7 Uo

Vector Shift Register
= This circuit receives N BI-bits inputs and then shifts out each N-bit group using s_| and E. When s_I=E=1, we load parallel
data. When s_I=0, E=1, we shift to the left.
UBI-1 UBI-Z Ul UO UBI-I UBI-Z UZ Ul UO

Ayt - ol

N . . N 0 I o 0 0 0

(,L> vector shift register |54 —Q— —Q—

S_E|_I LEFT S—E * * * *

Inner Product
= Input Parameters:N, L, NH, BI, NO, and the LUT file. We use op=2 (largest output format)

= Examples: N=4, L=4. N=8, L=4
add: i#BI-1
Add 0 sub: i=BI-1
er

—|
—
—
—

add: i#BI-1 f >
0 sub: i=BI-1 Uiy — Qe 0 1
U;; — 2-word LO, o +
0 —1 U, — LUT > ~H JHeSs 2
+ U,; — |
\—EI-‘ML)Z 4| LO+logy(N/L) [ ] LOCT, o
U U LI >
i0 T | i4 T Y >
U, — 2tword [ LO LDCT, o Uis — 2tword | LO, |
U, — LUT *‘g Y[ L U, — LT > - g
Up; — Uy, — /I/
E —{ 1 E
addsub —E 4 addsub —E
[log,(N/L)] +2 [logz(N/L)] + 2

6 Daniel Llamocca



ELECTRICAL AND COMPUTER ENGINEERING DEPARTMENT, OAKLAND UNIVERSITY
Digital Library: HEVC RECRLAB@OU

Recursive even-odd decomposition - Architecture: Forward Transform

Signal 'E’ (enable to the FSM): It has to arrive at the same time data arrives on the vector shift register. Note that for 16x16
and 32x32, we need to include register levels; this increases the execution time and the time between assertions of input
enable 'E’ (as compared to the non-recursive even-odd decomposition).

4x4: smallest case, no decomposition. Note that the input data (BI bits per group) to the DA rearrangement block does not
require input registers (because the DA rearrangement block is only signal rearrangement).

~ D(4)
By - — 4 - NY
u[o] 48, ey % ﬁ‘ﬂ I|I1ner Product (DA) Iterative , row 0 HQZ[O]
BL = i)
—> 3 4
U[1] qéu u g 4 —'L)| Inner Product (DA) Iterative , row 1 I'%Z[l]
By O : = > |
uR] —= t & 4
2] - @ | [4 :é _’4)| Inner Product (DA) Iterative , row 2 %Z[Z]
Z ) ()
Vil g U 4' > = —4'L)| I:ner Product (DA) Iterative , row 3 %2[3]
BI+ BI inputs Z
E
FSM L]
addsub
b | v

4x4 BI + [log,(N/L)| + 2

8x8: It is made of two 4x4 units. Top half: 4x4 unit for D(4) with its own FSM (not shown in the figure). A simpler circuit
would have been to have only one FSM to control both units (and using D(8) with symmetry), but we keep it this way for
consistency with the even-odd decomposition. Note that both 4x4 units receive input data of BI + 1 bits.

Note that due to the adder/subs, we register the inputs, adding a-delay. element to the input enable of the FSM shown.

D(4)
Bl N4 5] = 4 i
BI+1 2 g I ‘ Inner Product (DA) Iterative , row 0 Ny 7
e {3l ot v
e 4
Bl+ly ) % HEEIIQ g 4 \‘—'L)| Irlmer Product (DA) Iterative , row 1 %2[2]
o : = 1 4
£ : % YN - NY
BI+1, >l § 4+, | 5 | I:ner Product (DA) Iterative , row 2 HZ[4]
™1 Lo O 4
BI+1 3 14/ 0P B4 —'L)| Inner Product (DA) Iterative , row 3 I_% Z[6]
W& Br+1 Jnputs M(4)
KN 4 H
£ | & —“>| Inner Product (DA) Iterative , row 0 43 771]
e [ = 4 111
‘é’, SRL PN E Inner Product (DA) Iterative , row 1 %2[3]
® £ | 4z 4 L1
g | 4 . g ,._,4>| Innler II’roduct (DA) Iterative , row 2 %Z[S]
> 4
3 HREYN qL)I Inner Product (DA) Iterative , row 3 I—%Z[ﬂ
BI+1 inputs |
FSM L}
b | v
8x8 BI + 1+ [log,(N/2L)| +2 = BI +3
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= 16x16: Here, the even-odd decomposition pays off (it is better than taking advantage of the symmetry of D(16)). The top
half is a 8x8 unit, while the bottom is not decomposed at all (it uses M(8)).
v' Because of the two levels of adder/subs to get to feed data to the top 4x4 unit, we need two register levels for the
inputs, thereby requiring two delay elements to the input enable of the FSM shown.
v" Note that if we had used non-recursive even odd decomposition (i.e., just symmetry), we could have saved one register
level (and it would have run a bit faster). However, this circuit is more efficient in terms of resources.

v

o

u[o]

U[1]

Note that all the Iterative Inner Products take the same time, even when the input bits are different. This is because
this balances out with the number of inputs to the vector shift registers. Note that the number of cycles that the vectors
shift register and their inner products take is given by BI +log, N/L + 2, where N is the number of inputs of the DA
rearrangement unit, L=4 and BI the number of input bits to the DA rearrangement units. For example:

Vector shift register and inner products processing 8 bits: BI + 1 input bits to the DA rearrangement unit, N = 8.
Then, BI + 1 +log, 8/4 + 2 = BI + 4 cycles.
Vector shift register and inner products processing 4 bits: BI + 2 input bits to the DA rearrangement unit, N = 4.
Then, Bl + 2 +log,4/4 + 2 = BI + 4 cycles.

Bl

BL

! BI+ ! a B+

B

U[2]

U[3]

ur4]
U[s5]
ure]

U[7]

u[8]
ur9]
U[10]
ur11]

U[12]

BL

BL

BL

BL

BL

Bl

BL

BL

BL

BL

ﬁ\\ *‘;mi\\'ﬁ n
N
’-\\\\l//l.“”f/ﬂ\‘{, -

et
1/t

DA rearrangement

Y VY VY

vectot shift register

l

4L)I Inner Product (DA) Iterative, row 0 I'N;L) Z[0]
1

_4,L)I Inner Product (DA) Iterative, row 1 I-I\%(L) Z[2]

Y

H
X
S

DA rearrangement

(]
+
N
5
o
Y VYVYEV Y

vectot shift register

]
—44)| Inner Product (DA) Iterative, row 2 IJN;A) Z[4]
7
—44)| Inner Product (DA) Iterative , row 3 % Z[6]

{M(4)
94)| Inner Product (DA) Iterative , row 0 I+ Z[8]

—,L)I Inner Product (DA) Iterative, row 1 % Z[10]

Y

Y

Y

A 4

Y

A\ 4

u13]
ur14]

U[15]

Y

Y

16x16

Y

DA rearrangement

Y VY

U P>

vectot shift register

—»4)| Inner Product (DA) Iterative, row 2 IML) Z[12]
4 Y NY
—L)l Inner Product (DA) Iterative, row 3 H—) Z[14]

M(8
WSL)l IIm:el)- Product (DA) Iterative , row 0 IML) Z[1]
~84>| IInInerI Product (DA) Iterative , row 1 54> 7[3]
—8»4)| IInlnerI Product (DA) Iterative , row 2 |M‘-) Z[5]
—8»L>| IIn:1erI Product (DA) Iterative , row 3 % Z[7]

BI+1 inputs

] |
{B45[ 1nner Product (DA) Iterative , row 4 P94 7[9]

—B;L)l Inner Product (DA) Iterative, row 5 % Z[11]
[ 1

8
—:L)l Inner Product (DA) Iterative , row 6 IML) Z[13]
v [ 1
L8245 1nner Product (DA) Iterative , row 7 94> 7[15]

—

|

*1 | s FSM

]
| v

Bl +1+[log,(N/2L)| +2 =Bl + 4
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ufo-EX

VL] BI
UE2] BI

UE3] BI

U[4] Bl

U[s] BI

U] BI

U] BI

BI
u[s]

uo]E:
U[10]-2%
U[11]=%
uri2]-&
U[13]%
U[14]-%

U[15] 2%

U[16]—%
u[17]-%
U[18] =
U19]>
U[20]-2
U[21]-2+
2]
U23]=
U241
U[25]2*
U261
U271
u[28]-2
U291
U30]

U3t

ELECTRICAL AND COMPUTER ENGINEERING DEPARTMENT, OAKLAND UNIVERSITY
Digital Library: HEVC

RECRLAB@OU

32x32: The top half is a 16x16 unit, while the bottom is not decomposed at all (it uses M(16)).
Because of the three levels of adder/subs to get to feed data to the top 4x4 unit, we need three register levels for the inputs,
thereby requiring three delay elements to the input enable of the FSM shown.

;+BI+1 1 > BI+2, "
+ g BI+3 2 [ e g _4,4)I Inner Product (DA) Iterative, row 0 |—N;4>Z[0]
BI+ o | RG]
BI+ £ | 8
+ -+ g BI+3 :;'-’, | E . jL)I Inner Product (DA) Iterative, row 1 %2[2]
BI+ © : <
+ -+ B+ n BI+3 5 4 42 ié)l Inner Product (DA) Iterative, row 2 %2[4]
BI+ = | B
BL+ < 3
=t T N RN IEIN ¢ L325] 1nner Product (DA) Iterative , row 3 %2[6]
4x4 __ BI+3 inputs
BL+ —\ BI+3 Na o o 4 - NY,
+ ] T BIL+ *qc-; n > .% w‘)' Inner Product (DA) Iterative , row 0 H’—) Z[8]
& BI+3 £ I
+ BI+ W o414 2 4 Inner Product (DA) Iterative, row 1 [HY4>» 7[10
&£ |4
c
BI+ BI+3 e : s > 4
+ BL+ — © . 2 —<>| Inner Product (DA) Iterative, row 2 Z[12
o 4 s]
BL+ B3, | < [ S 4
ar + BL+ - a - 4, p< w‘)' Inner Product (DA) Iterative, row 3 I-N%Z[M]
8x8 BI+3 inputs
BI+2,[ | BI+2, 1 N8
+ BL+1 w b | 5 i WBL)l Inner Product (DA) Iterative , row 0 % Z[16]
BI+2 BIL+2 Iirse 8
@nisl = — qé)l Inner Product (DA) Iterative , row 1 % Z[18]
BI+2,[ | Bl+2, [ « 5
@il | = b > 5 & —8»4)| Inner Product (DA) Iterative , row 2 % Z[20]
£ o
BI+2,[] Bl+2, [ © 0
@D BL+1 = b | > g < g —8rL)| Inner Product (DA) Iterative , row 3 % Z[22]
BL+2 BI+2 = G
@i = g ] —84)| Inner Product (DA) Iterative , row 4 % Z[24]
BI+2, BI+2, | & 54
-+ BES — ~ > —84)| Inner Product (DA) Iterative, row 5 % Z[26]
BI+2 BI+2 8
—+ BL+1 — M "L)l Inner Product (DA) Iterative , row 6 % Z[28]
BI+1 \BI+2 BI+2 U g > 8 NY,
-+ 212 qé)l Inner Product (DA) Iterative , row 7 HL) Z[30]
inputs
16x16
BI+1 BI+1 BI+1 ﬁ
A= é g > u 1vsé)l Inner Product (DA) Iterative, row 0 |—N){4> Z[1]
- [ 1
BI+ BI+ BI+1, | 1
\}3 7 2 ’Iﬁ:f 2 > | l)l Inner Product (DA) Iterative , row 1 % Z[3]
[ 1
BI+ BI+ BI+
— X ¥ > &)l Inner Product (DA) Iterative, row 2 |—NvYL> Z[5]
1 [ 1
BI+ BI+ BI+1, |
Y 5:“ !Ed 2 > &)l Inner Product (DA) Iterative, row 3 |—N)(L) Z[7]
[ 1
BI+ BI+ BI+
12 2 2 > %l Inner Product (DA) Iterative, row 4 % Z[9]
BI+1/|%':L BI+Y ||E':I| BI+l | L
5:‘1 > i}l Inner Product (DA) Iterative, row 5 |—N)(4) Z[11]
BI+1, BI+1, E:i BI+1, _ a ||
= 5:“ > ‘%’ kol —(Z)l Inner Product (DA) Iterative, row 6 |—N)(4) Z[13]
(7]
Bl+1 BI+1 ylEE‘\ BI+y, | £ =) | |
— ﬁ ] uéw E 16 i(l)l InTerlProduct (DA) Iterative, row 7 H‘)NY Z[15]
S =
BI+1 BI+1 BI+1, | & < 1 3
- ’lﬁ:: > 5 G H¥> [ Inner Product (DA) Tterative, row 8 154> 7[17]
o S
= 16 [ |
< 8]
)BL+L 5::7 BI+1 :5:: el > O 4 “L)l Inner Product (DA) Iterative , row 9 |—N)(4> Z[19]
[ |
1
_\BL+L BI+1 Be > i)l Inner Product (DA) Iterative, row 10 % Z[21]
[ |
BI+1 ﬁ BI+1 y%[: BI+1 16
= ﬁ:“ ’%[: > I Inner Product (DA) Iterative, row 11 H—)NY Z[23]
[ |
1
\BL+L BI+1 Bl - —2>| Inner Product (DA) Iterative, row 12 % Z[25]
BI+1 ﬁ BI+1 ,%[: BI+1 1 —
— ﬁ:“ ’%[: > l)l Inn‘er rroduct (DA) Iterative, row 13 |—;L>NY Z[27]
BI+1 BI+1 BI+1 1
— > . i’l Inner Product (DA) Iterative, row 14 % Z[29]
BI+1 ﬁ:: BI+1 5:: BI+1, | >
= N g 195 [ tnner Product (DA) Iterative, row 15 HY4> 7(31]
. — BI+1 inputs |
v v —
> b FSM b

BI + 1+ [log,(N/2L)| +2=BI+5
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Digital Library: HEVC

RECRLAB@OU

I/0 delay: (between an input column and its corresponding output column)
= No even-odd decomposition nor symmetry: BI + [log,(N/L)] + 2 cycles. We load BI N-bit inputs, and shift them all out to

the inner product. Measured between input data ready (E = 1) at the DA rearrangement block and output data ready (v =

1). In practice, we use recursive even-odd decomposition. To be fair, no eo decomposition is faster, but more resources!

= Recursive even-odd decomposition: The formula applies only to the data coming into a DA rearrangement block (N': number

of inputs, BI': number of input bits). Note that the register levels introduced into the lower portions (that do M(N/2)) make
sure that all output data Z(0) to Z(N — 1) (with valid v signals) appear at the same time. For example (L=4):

N =4 | Total time: BI + [log,(N/L)|+2=BI +2

Bottom unit (M(4), not decomposed): BI + 1+ [log,((N/2)/L)]+2=BI +3

N =28 | Top 4x4 unit (D(4)): BI + 1+ [log,((N/2)/L)]+2=BI+3
Total time (1 extra register level): BI+3+1=BlL+4

Bottom unit (M(8), not decomposed): BI + 1+ [log,((N/2)/L)]+2 =Bl + 4

_ . Bottom unit (M(4), not decomposed): BI + 2 + [log,((N/4)/L)]| +2= Bl + 4

N'=16 | Top 88 unit (D®)) 00" it (ax4, D(4)): BI + 2 + [log,((N/4)/L)| + 2 = BI + 4
Total time (2 extra register levels): Bl+44+2=BI+6

Bottom unit (M(16), not decomposed): BI + 1.4 [log,((N./2)/L)] + 2 = Bl + 5

Top 16x16 unit Bottom unit (M(8), not decomposed): BI +/2 + [log,((N/4)/L)] +2.= Bl + 5

N =32 (D(16)) Top 8x8 Bottom 4x4 unit (M(4): BI +3 + [log,((N/8)/L)]+2 =Bl +5

unit (D(8)) | Top 4x4 unit (D(4)): BI + 3 + [log,((N/8)/L)|+2=BI+5
Total time (3 extra register levels): BI+5+3=BI+8

In general, the formula (for N power of 2) is: BI + 2 X [log,(N/L)] + 2.

v" How fast can we feed a new column? The vector shift register has to shift out as many inputs as it gets:

Input bits Time between assertions of ‘E’
N =4 | Entire unit: BI BI cycles
Entire unit: BI
N =8 | Bottom unit (not decomposed): BI + 1 BI + 1 cycles
Top unit (4x4): Bl +1
Entire unit BI
N =16 Bottom unit (not decomposed? Bl +1 BI +2 cycles
Top half (8x8) Bottom half: BI + 2
Top half (4x4): Bl +2
Entire unit: BI
Bottom unit (not decomposed): BI +1
N =32 Bottom half: BI + 2 BI + 3 cycles
Top 16x16 unit Bottom half: BI + 3
Top half (8x8) Top half (4x4): BI +3

In general, the formula (for N'power of 2) is: BI +[log,(N/L)].

= Timing diagram (BI=9, N=4,L=4): 'E’ waits B! cycles to be asserted again.

Bl + 2% [log,(N/L)|+2=9+2=11
1 BI|+HOg2N/L] :|9 1

1
1
1
clock 1
| | 1 1 1 1 1 1 | ! | | | | | | 1
1 0 1 1 T T T T 1 1 T 1 1 1 T I
resetn ! , 1 1 I 1 1 1 1 1 ! \ 1 H \ h h h
i ' | | | | | | | ! ' | | | | | |
|
E 1 1 1 1 I I 1 I 1 ! I : I 1 1 I I
| : L L : L : . | i L L L |
T 1
= T A N O R
1 1
| | i | ! i | | i | | |
1 1 1 1 I ! I 1 1 1 1
+———— et e + ——————: ————— e e T--==-= F——==- = — === F———— I
U U U i Up 1Ug Uy v U Us Uyt Us
[l iy Ayl WAt R ':___________l__________J.__________ sl 1ty
SL. SL_ 52 .82 1852 , 82,52 . .82, 82, 82 | 81| S2 1 82 ; Sz S2, 82 ) 82,
e S SEERR RS IEEIIIEIIIIATIIIIAIIIIIIIIIIIIIIIIIIICIY
1 4 1 5 1 6 1 l 0 1 1 I 2 1 2 1 3 1 4 1 5 1
. P . v — LTI C . . |
: L : i { - : : : :
1 1 1 1 1 ! 1 1 1 1
: : ! : i : | : : : : :
N Fmmmmdm e i SR v R S o HE— I
LY 1 Ys Yy o Yy : Ys 1 Y7 1 Y Ys 1 Y4 |
T ITTTITIEZCCCOCZCCCCICCCCTCCCCC :',::::::::::q:::::_::::::::::::::::I:::: !
i 1 1
oL b5l B TR SR W 2 I SR
1

i - |

| ! 1

T T [

B s e
1
1
1
1
1
----1--1
1
1
1
1
1

|
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Timing diagram (BI=9, N=8,L=4, even-odd decomposition): Here, the FSM signals correspond to the FSM of the bottom 4x4
unit (operating on M(4)): Note how we ‘E" waits BI+1 cycles to be asserted again.
Bl + 2 X [log,(N/L)|+2 =Bl +4 =13

BI + [log, N/L] = 10

clock
1 ! 1 ! : ! ! 1 ! 1 |
1 | 1 | T T 1 1 1 1
resetn 1 , H 1 . \ ! ! 1 1 1 1
1 I \ I H 1 I 1 1
1 T 1 H | ’ H 1 1 1 1
E : ! : ! ! i i : : : ;
1 T 1 1
! 1 I | 1 H H 1 1 1 1
1 | H | i 1 1 1 1
Eg : : : 1 : 1 I : : : :
! : : E : ] : : : : :
N L el
1
: ; : : ! ! : : : :
] T T T T 1
EDg -] R U e
T T T T e S e PR ST
ui 10 U Y U Y Us i Us ey Vs
1o __ e Oy S A O Lo . N 5 S e N !
1 I i ) 1 T ]
state 1Sl ! 182 182 Uasl 1 os2 N\s2 ! s2 ! os2 !
1= e e i ntadeinted sintededats Redutedednt dde il el hiuiuiiale L----ag=s-- T----- == intataiatad ettt |
Sy B e N VY /thmalaas
1 T
L0l iz iaialls e i1 7 N N R
I |,—]
addzu}i ! _l'l: E : i i E E E E
- T WY I e
addsubqg 1 ! i | : : ! ! ! !
. T : T | T T
e v B R T e T
0 JIYZ Y ! Yo H Yo + Yg 1+ Yy 1 Y 1
___I-1TTCTTr TN N Y O . R
0_| Z 3 7, % Zy Iy | Zg
e T=-====rr~=775 ] -ttty T T T
1 1 T 1
1 1 I 1
1 1
1 ] H

[ [P B

1

1

1

1

1

I

1

1

1

1

1
----4 45

1

1

1

1

1
=== 9

1

1

1

1

Computing HEVC Transform of different sizes

Changing the size of the Transform would require run-time alteration of the architecture to achieve the desired size.
However, in HEVC, the block sizes inside a CTB vary continuously. So, the overhead of run-time alteration would offset any
benefit it might have had.

A better approach is to control the synchronous clear (an(2..0)) where we feed zeros to guarantee proper results when we
require smaller transform than N.

For example, a 32x32 core-can process any of 4x4, 8x8, 16x16, and 32x32 Transforms. We use the input size and a decoder
to get the signal an(2.:0) (we can omit the input size and just have an(2..0) as the input). The only drawback is that the
processing time of all transform sizes will be that of the 32x32 case (the circuitry is still the transform hardware for 32x32).

an(2..0) Transform size
111 4x4 00
011 8x8 01
001 16x16 10
000 32x32 11

Now, we present 32x32 hardware architectures that compute cores of different sizes via the input size of an(2..0).
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ELECTRICAL AND COMPUTER ENGINEERING DEPARTMENT, OAKLAND UNIVERSITY

Digital Library: HEVC RECRLAB@OU
= Forward Transform: 32x32, fully parallel.
BL - 4x4
EE(E;‘E . ZII:}/ -e ! BI+3 »I III:|(:e)r Prod (DA) , row 0 %Z[O]
I
o2 B ! -":;ﬂ%\\-ﬁ—\'a EI BL+3/, | IInner Prod (DA) , row 1 %Z[Z]
- \\-/,'> = \\ / \'!a ! BL+3/, | IInner Prod (DA) , row 2 %2[4]
UE3] !“-/ + BI+]/ \ / M! "/‘G EI BI+35% -)I Inner Prod (DA) , row 3 %2[6]
g !\\\-,/‘ —F //émx\ie; R
U[5] ¥ !\‘\ -//I’E?m!\\‘ ,}M‘“ ‘_ e 2N Hnner Prod (DA) , row 1 F¥%<> 7[10]
ulel ! -' ﬂ ! \ ‘ﬁ--'/.‘ BI+S, »l IInner Prod (DA) , row 2 NS> 7[12]
I I

Mg\ | e
u[10]-2 !\‘\\-///
U114, \\\Q\\\\=//’;;
Pt ¥ l///}gﬂ%ffﬂ
U413 !\\\\\' I///Ilﬁ’-.!/-

{177+ R | | Inner Product (DA)
i 2 !\Wmﬁ-’eﬂ“; '

E 116x16

e e

A\l
- &

@_! b=p| Inner Product (DA),
ﬁ |

.’é"! BI+3

| Inner Prod (DA),

row 3 I-N%‘)Z[14]

8x8
[M(8)
#' Inner Product (DA),
1

row 0

!

row 1

—)I Inner Product (DA) ,
I

| Inner Product (DA) ,
I

row 2

row 3

row 4

—)| Inner Product (DA) ,

T
r)| Inner Product (DA) ,
|

" s
\ L]

row 5

row 6

#I Inner Product (DA) , row 7
[logz (BI + 2)] + [log,((N/4)/L)] + 1

-

wog 7//75\\\\\§M’
BI /

ey A \\\vﬂl-,

U[19]

U[20] BI !I/

[log,(BI + 3)] + [log,((N/8)/L)] + 1

] Z[1] N5 7116]
| Z[3] N5 7118]
| Z[5] NY | 2[20]
| Z[7] NY, 222]
| Z[9] NY, | 7[24]
I Z[11] N 7[26]
| Z[13] NY/ 7[28]
| Z[15] NY, 2[30]

e/ 8
g 2

urzo]24, | -
up1-4, | (-2 |

M(16)
—)I Inner Product (DA) , row 0 : Ny Z[1]
—)I I Inner Product (DA), row 1 : '\g > Z[3]
—)I : Inner Product (DA) , row 2 : N > Z[5]
—)I I Inner Product (DA) , row 3 I LI/28 Z[7]
—)I I Inner Product (DA) , row 4 : N > Z[9]
> —)I I Inner Product (DA) , row 5 : /28 Z[11]
—)I I Inner Product (DA) , row 6 : Nl > 7[13]
q =N I Inner Product (DA) , row 7 f LI/28 Z[15]
—)I I Inner Product (DA) , row 8 : N, > Z[17]
»l I Inner Product (DA) , row 9 : - > Z[19]
—)I I Inner Product (DA) , row 10 : /28 Z[21]
| i Inner Product (DA) , row 11 | N Z[23]
—)I I Inner Product (DA) , row 12 : NY > Z[25]
—)I I Inner Product (DA) , row 13 : N, > Z[27]
—)I I Inner Product (DA) , row 14 : Ny Z[29]
—)I : Inner Product (DA) , row 15 I /28 Z[31]

[log,(BI + 1)] + [logo((N/2)/L)] + 1
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RECRLAB@OU

Forward Transform: 32x32, iterative.

iL)I Inner Prod (DA) Iter, row 0 IM‘)Z[O]
jL)l Inner Prod (DA) Iter, row 1 IJN;‘)Z[Z]
iL)l Inner Prod (DA) Iter, row 2 I-NvY‘)Z[4]
iL)l Inner Prod (DA) Iter , row 3 %2[6]

i‘)l Inner Prod (DA) Iter , row 0 I'NﬂY‘)Z[S]

iL)l Inner Prod (DA) Iter, row 1 IM‘)Z[lO]
jL)I Inner Prod (DA) Iter, row 2 IM‘) Z[12]
iL)l Inner Prod (DA) Iter, row 3 IJ%(‘) Z[14]

g‘)l Inner Prod (DA) Iter, row 0 IML) Z[16]

8
"L)I Inner Prod (DA) Iter, row 1 |—N¥4) Z[18]

g‘)l Inner Prod (DA) Iter, row 2 % Z[20]

24)' Inner Prod (DA) Iter, row 3 % Z[22]

EL)I Inner Prod (DA) Iter , row 4 % Z[24]
EL)I Inner Prod (DA) Iter, row 5 IML) Z[26]
%I Inner Prod (DA) Iter , row 6 % Z[28]

EL)I Inner Prod (DA) Iter, row 7 % Z[30]

%l Inner Prod (DA) Iter, row 0 |—N)(4) Z[1]
L(L)l Innler I'-'Irod (DA) Iter , row 1 IM‘)Z[II
—2)' Innler Ilrod (DA) Iter, row 2 % Z[5]
-2)' Inner Plrod (DA) Iter, row 3 IM‘) Z[7]
—%l Inner Prod (DA) Iter, row 4 Iﬁ‘) Z[9]
LN Inner Prod (DA) Tter, row 5 |F5% 7[11]
i)l Inner Prod (DA) Iter, row 6 % Z[13]

i)l Inner Prod (DA) Iter, row 7 I—M‘) Z[15]
T
W(Z)l Inner Prod (DA) Iter, row 8 IM‘) Z[17]

’L)l Inner Prod (DA) Iter, row 9 IM‘) Z[19]

l)llnner Prod (DA) Iter, row 10 |—N)(‘) Z[21]

1 1
i>| Inner Prod (DA) Iter, row 11 -9 7[23]

I

li)l Inner Prod (DA) Iter, row 12 IM‘) Z[25]
1

lz)l Inner Prod (DA) Iter, row 13 IM‘) Z[27]

1 I
'%l Inner Prod (DA) Iter, row 14% Z[29]

U[0] BL ! ,+BI+1 1 BI+ ! - ? 4 ;E
uL2] = ﬂ_\\-aﬁ!\\'a g i; %44»
U1 “‘ /M!; B+, é :/fé
UL %mA\\ (Dye3 %ﬂﬂ%
sy 2 ﬂ-\\\l/h.@-m‘ w51 B
ure]= ﬂ-\\"llﬂ—’/. BI+3, § - %.‘}4)
U712 M',% ] Bl § %3
U[8] BI // ‘\‘ BI+;,E BI+§,: —Blglﬁ
U[9] . /~, [ //A}ge ! BI+2 8:/;
B BI+2 = E,
e N 15 i@.rm /i
uri1]- I\ —824, | 2l 8 |e
s 2 -\\\\\\I % ,@-r//.\\‘ oy w) E 2 5],
vl > [} ~N |
P 1 AT e S
b | 77 O g
-\\\\ll///.‘ﬂ.r =
U[14] ‘\\ ///’ = ! > 8/>
B +
ur15]-E s,/‘ 16x16 (8L | L340
‘\ BI+1 BI+1, BI+1, oI 16 > ]
U6 IV/‘ \\\ BI+]/EE£ BI+],/5:£ BI+1, 12 >
U[17] W I \\‘ BI+ = BI+]/EE£ Bl+1 o7
Uiier /// B |\ N oy
uusiy !-r// B EE =
20154 JI[ . \\‘) BI+1 BI+1,;|5:£ BLtY
ol B e yE—E
= B A o mey | 5| 4 | €
231> =J/// e =
s B = I it
U[25] >J//:-:\\‘ BI+1 = BI+1 ]EE“ BI+1 >
vi26] !J//-\“ BI+1 ]IE:“ BI+1 ]EE“ BI+1 >
vzl !J/-l‘ BI+1 ]IE:‘\ BI+1 ]%E\‘ BI+1,
e I =
ur2914, | - ;5:1‘ ’Eﬁt ’
B | _\BL+1 Bl+1/ BL+l/ |
u30—4, | e 2 e " (Ls
UL BI ! ;%_\BI+1 %_l BI+1 BI+1 ;_ 16 b
E ]

V]

=

FSM

1
&)l Inner Prod (DA) Iter, row 15 I—N)(‘-) Z[31]

—

|

el

BI+ 1+ [log,(N/2L)|+2=BI+5 |
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= Inverse Transform: 32x32, fully parallel. Note how the adder and subtractors operate on the output of the inner products.

|D(4) 4x4 8x8
X[0] BI I Inner Pd (DA), row 0 !
x[2] 2L IIInner Pd (DA) , row 1 ‘g‘i\-s}‘—\
X[4] BL I lInner Pd (DA) , row 2 'v'[ -ée‘!\\
X[6] BL I IInner Pd (DA) , row 3 "é‘ﬁ\\'l
s B M) N "'—\\\\'Iﬂe
I IInner Pd (DA), row 0 ‘v‘_\\\\‘V,IIé
X[10] & [1nner pd (DA) , row 1 ‘ | WV
X[12] 2 | IInner Pd (DA) , row 2 A‘ \\".’Ié
X[14] 2 I IInner Pd (DA) , row 3
an(2) [log; BI + [log, ((N/8)/L)] + 1
X[16] Bl - Inner Product (DA) , row 0
r Produ , row
X[18] Inner Product (DA), row 1 "““A‘
X[20] g Inner Product (DA) , row 2
X[22] £l Inner Product (DA) , row 3

x[24] Bk
X[26] ‘EL

*-C—\\\"MM* /1,

\u‘:’:’:’:&‘t\\\\\\\'//

Inner Product (DA)

Inner Product (DA) ,

row 5

16x16

]
m\\-l»" in

\\\-IIﬁP
\\\-lll
W7

W *C-\\\\\\\‘.‘."/ III»"

S
IIA\\?*'l-\\\\\‘ .’.‘o’o‘o’lll»

=\ .awwllﬁb
-swli\\\"w.' Wi

". "”" ”HV
Q !\ '."':"‘ ‘;‘V‘V.V:Y:V:V.’V

ik
“w,o -

muu

MY

I”l nw.‘m\\

l I ' A’A‘A‘A‘l‘ﬂ’l“\ \

10 ).\\\\

lllllm.‘.\\\\\

1 A\\\\\\

llIlIIA\\\\\\\‘g
MIIITAN

RNS

IIII.\\\\

III-\\\

II-\\‘

I-\

-‘e

' SE

X[28] Z Inner Product (DA), row 6
X[30] % Inner Product (DA) , row 7
an(1) [log, BI] + [log,((N/4)/L)] + 1
- LM(16)
X[1] Inner Product (DA) , row 0
X[3] o I Inner Product (DA) , row 1
X[5] 2 I Inner Product (DA) , row 2
X[7] Inner Product (DA) , row 3
X[9] 2 I Inner Product (DA) , row 4
X[11] B I Inner Product (DA) , row 5
X[13] B I Inner Product (DA) , row 6
X[15] = l Inner Product (DA) , row 7
X[17] 7 | Inner Product (DA) , row 8
X[19] 2 | Inner Product (DA) , row 9
X[21] Bl I Inner Product (DA) , row 10
X[23] l Inner Product (DA) , row 11
X[25] Bl I Inner Product (DA) , row 12
X[27] I Inner Product (DA) , row 13
X[29] £L l Inner Product (DA) , row 14
X[31] : Inner Product (DA) , row 15
an(0) [loga BI1 + [loga((N/2)/L)] + 1

e

!

32x32

z[0]
Z[1]
Z[2]

Z[3]

ﬂé Z[4]
5 715

>

!
!

>

N

NY,

NY,

NY,

NY,

NY,

NY,

NY,

NY,

NY,

Z[6]
Z[7]

Z[8]

Z[9]

Z[10]
Z[11]
Z[12]
Z[13]
Z[14]

Z[15]

N5 7[16]

> 7[17]

N> 7118]

NY/5 7719]

N5 71207

NS 7121

N> 7122]

Ny 7[23]

Sy 7124]

N5 7125]

"X 7[26]

NV 5 7271

"X 7[28]

4> 7[29]

N5 7130]

N5 7131]
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= Inverse Transform: 32x32, iterative.

PN .
X[0)F—— £ =73 &
aE) 4 > g
X[2]=%— & | _a,| ©
c &
xaF—> E| 1|5
BL, S| 408
X[6] S| 4, b2
4x4 BI iqputs_
X[8] B—— = [ &
el
x[1o]—3};> S |3 ﬁ
: —
x[12]—B,L)§ |G
BI £l=5 5
X[141=—> & | 4, b2
~ Blinputs
BL L. 8
X[16] =F—> i
X[18] B——> 8,
e
x[20] B—> ‘g, 2
[@)]
X[22] H—— & 2
s =
Cl o
x4 —>l 5| 2. | &
| £ o}
26 HF—>{&| B | 8
X[28] 2——> 8,
x30] —>| | 8,P |
BI —1 .16,
X[1] =“—> |16,
X[3] S—> |[l1&y
X[5] —<—>
X[7] —~—>]
X[9] —~—>
X[11]—~—>]
BI € 9]
X[13]—%—> S B
BL S 8 g
X[15] > 2| 2: | e
= c e
BI Al = 0
X[171——>{ 8| B |3
BIL 3 8
X[19] —%—>| >
X[21]H—>
X[23]4—>
X[25] 24—
X[27] 2H—>]
X291 =F%—> | 1
X[31]— |- 1&5p

By

f

4x4
4L)| Inner Prod (DA) Iter, row 0

,L)I Inner Prod (DA) Iter, row 1

-;L)I Inner Prod (DA) Iter, row 2 k V

I Inner Prod (DA) Iter, row 1

4
HL)I Inner Prod (DA) Iter, row 2

4
HL)I Inner Prod (DA) Iter, row 3

54)| Inner Prod (DA) Iter, row 0

8
"L)I Inner Prod (DA) Iter, row 1

8
"L)I Inner Prod (DA) Iter, row 2

8
—L)I Inner Prod (DA) Iter, row 3

g‘)l Inner Prod (DA) Iter , row 4

§L>| Inner Prod (DA) Iter, row 5

’L)I Inner Prod (DA) Iter, row 3 k y’y‘

v‘)l Inner Prod (DA) Iter , row 0 [=- ‘A'Q

N\
i A‘%ﬂ—\w.w

Iltm\\\\-///ﬁ |
m\\\\\-/mﬂ’ |

'-.-\\\'A"«‘%-Cﬂ\\\\\\'lllll'

,n 'I-\\\\\\\\Y//////

vl-\\\"" t’M’A‘ " 'll»

8
"L)I Inner Prod (DA) Iter , row 6 IF

'-C-\\\ (g

825 | 1nner Prod (DA) Iter, row 7 |

om IR
Imom‘ AW« 'S

1764)| Inner Prod (DA) Iter, row O |
I
|

=1

1
l)l Inner Prod (DA) Iter , row 1|

”I) | "A‘A’”A‘l | A\

&)I Inner Prod (DA) Iter, row 2 =
1

!”I/ W.W.‘A A\\\

&)I Inner Prod (DA) Iter, row 3 I
1
|

Illll"m’.\\\‘

l%l Inner Prod (DA) Iter, row 4 |
1
|

Illlllmu\\\\\‘

i)l Inner Prod (DA) Iter, row 5 |
1
|

Yl A\\\\\\

—%] Inner Prod (DA) Iter, row 6 |—
| |
1

’ III/IIIIA\\\\\\‘

l)l Inner Prod (DA) Iter, row 7 [—
1

: IIIII//A\\\\\\‘

%l Inner Prod (DA) Iter, row 8 |
-

: l/IIlll\\\\\b

"L)l Inner Prod (DA) Iter, row 9 |
1

: IIIIIl\\\\

J_L)llnner Prod (DA) Iter, row 10:
1

\\‘e

l)llnner Prod (DA) Iter, row 11 I—
1

%) .

—%llnner Prod (DA) Iter, row 12} I~
-

II-\"‘

25> [1nner Prod (DA) Tter, row 13]
| |

i’llnner Prod (DA) Iter, row 14|

<

FIFIFIFIFIFIr ] %] IﬁE il IF IFIIY] F1 U

Ej J;\_ EI NY,

i)llnner Prod (DA) Iter, row 15}

—

|

E l FSM |—d
Bl +1+[log,(N/2L)]+2=BI +5 |

> vv‘v"‘v‘;‘; ‘ w‘ .v‘v ve !

NY
NY,

NY,

NY,

NY

NY,

NY,

A\

NY,
NY,
NY,
NY,
NY,
NY,
NY,

NY,

NY,

! N

! N
N
NY,

NY,

NY,

N

N
>
! NY,
NY,

NY,

NY,
>

Z[0]
Z[1]
Z[2]

Z[3]

Z[4]
Z[5]
Z[6]
Z[7]

Z[8]
Z[9]

Z[10]
Z[11]
Z[12]
Z[13]
Z[14]
Z[15]

Z[16]
Z[17]
Z[18]
Z[19]
Z[20]
Z[21]
7[22]
Z[23]
Z[24]
Z[25]
Z[26]
Z[27]

—N> 7128]
—Ny 7129]

Z[30]
Z[31]
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2D HEVC TRANSFORM AND SCALING - HARDWARE

= X: Input image, B bits per pixel.

= U: Residual image, BI = B + 1 bits per pixel, U € [-28 + 1,28 — 1]. For 2" Transform, Bl = NO = 16.

= Implementation details. We use the HEVC Forward Transform here, but something similar applies to the Inverse Transform.

v' For clearness, we use the same signal name before and after any Scaling operation (since this is a trivial hardware
operation: bit pruning). For example, we use Z to name the signal before and after Sy, Scaling.

v" 1D transform architecture: It computes C x P, where the input block P (fed column-wise) is multiplied by a constant
matrix C. The output block is generated column-wise.

v" 1D Column Transform: It receives block U and computes Z = DU. This maps exactly to our 1D transform architecture
when U is provided column-wise; note that Z is generated column-wise.

o Srq.: HEVC requires each pixel of Z to be pruned to 16 bits. Thus, we have to scale the outputs of the first 1D
Transform so that they require at most 16 bits; —2B+M+6 x 2% = 215 Then Sy, = 2% = 2~ (B+M-9),

o Maximum output pixel value: —28 x N x 64 = —28+M+6 (we use —28 instead of —28 + 1 for a simpler analysis). Thus,
the output Z needs (B + M + 6) + 1 bits. M = log, N. 64: largest value of transform coefficients.

v 1D Row Transform: It computes Y = ZDT. To map this operation to our 1D transform. architecture, we compute Y7 =
DZT, where Z is fed row-wise and Y7 is generated column-wise (or Y row-wise). Soj; functionally, our.architecture maps
exactly to the 1D row transform: it computes Y = ZDT, where Z is fed row-wise and Y is generated row-wise.

s Maximum output pixel value: —2'% x N x 64 = —215*M+6_The input sample is 16 bits wide, thus ~215 is the maximum
absolute value. So, each pixel of the output Y requires (15 + M + 6) + 1 bits.

= Sy,: HEVC requires each the pixels of Y to be pruned to 16 bits. Thus;»we.have to scale the outputs of the second
1D Transform so that they require at most 16 bits: —215*M+6 x px.= _215 Then S, = 2% =2-(M+6),

v" As Z must be fed row-wise, we need a transposition stage between the column.and row transforms.

= This hardware core features the following parameters:
v' N: Size of transform (4, 8, 16, 32)
v’ B: Bits per pixel of the input image. The input to the HEVC Transform is the residual image U with B + 1 bits per pixel.
v' FWD/INV: It indicates whether we want to compute the Forward of the Inverse HEVC Transform.
v' IMP: Implementation type:
= Fully pipelined (2 transpose buffers): The 1D Transform Blocks are fully pipelined. Two transpose buffers (ping-pong
mode) are used. The user can send one column.per cycle within a block and between consecutive blocks.
= One transpose buffer: The 1D Transform Blocks are fully pipelined. Only one transpose buffer is used. We can input
one column per cycle within a block. However, to send the next block we have to wait N — 1 cycles.
= Iterative (one transpose buffer): The 1D Transform Blocks are Iterative. Only one transpose buffer is used. Between
columns, we have to wait certain number of cycles (as‘explained in a previous section). Between blocks, we also
have to wait a certain number-of cycles.

.
Nl Bl ’Mpl FWD/lN\i lD(M " A HEVC FORWARD (INVERSE) TRANSFORM

size —> <
E— £ M= flog, N1 ';“ v
— T o« X
{0 5 ¢ A owsaze D0 S E | o o
NxN block  colsof U & : 2 cols of Z buffer cols of ZT = =row of Y NxN block
- + < & = ——
E iy e § z é I
=> . DU e I DzT” - —+-
X Y ¥ Bixg i‘? Lo przr | —
= = T S N rows
N columns 2 — | X _ l—l—EMT T col of Z x =
of X St o VISl Esm SM Eo N = of Y
=l B | 1
Yq =Y uq
727(3) Z7(2) Z7(1) Z7(0)
= Transpose buffer (or buffers): T T
2(0) —o) [0) [0) LE
I— 1) I— 1_ I— 1_ I— 1
w—g g e
SN
22) —s L 5 L & | 5 AEHJ»
SN
A g g -
sM | | |
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ELECTRICAL AND COMPUTER ENGINEERING DEPARTMENT, OAKLAND UNIVERSITY

Digital Library: HEVC
FULLY PIPELINED (TWO TRANSPOSE BUFFERS)

Here, we use the fully pipelined 1D Transforms and two transpose
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ITERATIVE

N=4, NOL=NO=16 .
1

Here, we use the iterative 1D Transforms and one transpose buffer. NO=16 for
HEVC (we use NO here for the # of output bits of each 1D Transform)

1%t Transform: We have to wait BIL = BI + [log,(N/L)] cycles between input
columns. The I/O delay is BI + 2 x [log,(N/L)] + 2.

2" Transform: We have to wait NOL = NO + [log,(N/L)] cycles between input
columns (NO is the input bit-width here). This is automatically controlled by the
FSM. The 1/O delay is NO + 2 x [log,(N/L)] + 2.

Between input blocks, we have to wait (NO + [log,(N/L)]) x (N — 1) + 1 cycles
before inputting a new column.

Execution time: For an N x N input block, this is given by: time between first
enable and last valid signal from 1%t Transform, an extra cycle for the transpose
buffer, and time between first enable and last valid signal from 2" Transform:
BIL(N — 1) + Bl + 2 x [log,(N/L)] + 2 +

NOL(N —1)+ 1+ NO +2 x[log,(N/L)|+2 =

Bl + NO + 4 x [log,(N/L)|+ 4 + (BIL + NOL)(N — 1) + 1

For P consecutive NxN blocks we have:

(BIL(N —1) + NOL(N — 1) + 1)(P — 1) + BIL(N — 1) + BI + 2 x [log,(N/L)]
+2+NOL(N—-1)+14+NO +2x[log,(N/L)]|+2=

(BIL(N —1) 4+ NOL(N — 1) + 1)P + BI + 2 x [log,(N/L)] + 2+ NO +

2 x [log,(N/L)] +2

Of course, this time is valid assuming that we feed N input columns separated

by BIL. If we do not do that and take longer, the execution time will change

(the first part: time between first enable and last valid signal).

NOL=NO =16 |
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[
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=
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AXI4-FULL INTERFACING

= This is very similar to the PLB interface to the 2D DCT. Since the I/O data is 32-bits wide, we require an output buffer to
hold data that usually appears at a faster rate that the oFIFO can retrieve.

= The HEVC transform specifies values for NO=16, and BI=B+1 (unlike the 2D DCT hardware). We use B=8.

= Direct Transform: B/ = B + 1 bits for input. NO = 16 bits per output. Formula works for B=8, NO=16, AXIW=32.

NWIC = —— NWOC = NWIC x [%2].
AXIW/B B
= Inverse Transform: Bl = NO = 16 bits per input. NO = B + 1 bits per output. Formula works for B=8, NO=16, AXIW=32
NWIC = ——, NwoC = [“XED
AXIW/NO AXIW
NWIC: # of 32-bit words per input column. NWOC: # of 32-bit words per output row.
B=8, NO=16, AXIW=32 N=4 N=8 N=16 N=32
Direct NWIC 1 2 4 8
NWOC 2 4 8 16
Inverse NWIC 2 4 8 16
NWOC 2 3 5 9

= There are two clock regions in the interface (for now we are setting S_AXI_ACLK=CLKFX), and one FSM.for each clock
region. The blue FSM is fixed and it manages the AXI interfacing. The red FSM manages the interface to the inner side of
the FIFOs as well as the HEVC hardware and Output buffer.

= We require an output buffer to hold data that appears at a faster rate than what oFIFO can retrieve (this is because NO=16
and we get more than 32 bits per cycle on the output).

S_AXI_AWID > AXI4-Full Peripheral - HEVC Direct (Inverse) Transform _l¢ S_AXI_ARID
S_AXI_AWADDR 6, _ 6, S_AXI_ARADDR
S_AXI_AWLEN _ g, 8 S_AXI_ARLEN
S_AXI_AWSIZE 3, 3 S_AXI_ARSIZE
S_AXI_AWBURST 2, 5 S_AXI_ARBURST
S AXI AWVALID N| BIRNRJY P | SRIR/INVE |7 S_AXI_ARVALID
S_AXI_AWREADY J— | S_AXI_ARREADY
iFIFO 512x32 3 HEVC _ Bufer g oFIFO 512x32 i
! &
S AXI WDATA 32, R DFIWFT mo:i)eo g TRANSFORM é : i 5 DI:WFT moIdDeo 32, S_AXI_RDATA_
7 7 =4 = >
S_AXLWSTRB 4/ | | >[wren rden é u v %L: 2 g wren  rden[< S_AXL_RID
» =3 1 ”
S_AXI_WLAST 2 st gle k... ) il -1 | [N V- 5 S_AXI_RRESP_
> =¢ rstsizeE v |5 N o =¢ >
S_AXI_WVALID > 35 < = > 35 < S_AXI_RLAST
«S_AXI_WREADY S_AXI_RVALID_
- | S_AXI_RREADY
< AXLBID ifull FSM
_S_AXI_BRESP 2 ~ —
< oempty
_S_AXI_BVALID FSM orden
S_AXI_BREADY N ’/ ¥
S_AXI_ACLK AXI signals/ - CLKFX=S_AXI_ACLK
INPUT/OUTPUT INTERFACE
N=4
8 fan
HEVC DIRECT TRANSFORM o la S e
= The figures below depict the different I/O interfaces. The iFIFO outputs 32 bit words oz, [7 T %
and the oFIFO gets 32'bit words. We have to wait NWIC cycles between input columns. 8/ () 8/
Thus, if we have input/output data larger than 32 bits, we need some extra logic in the 8/ M 8
input and/or output. -
= Note that bits per pixel is B bits. However we have BI=B+1 bits per pixels at the input 8-8-8 8
of the HEVC Direct Transform. This is because the other image is coming from another
hardware inside the FPGA (not from the processor). So we require N subtractors.
Output Buffer Eri Output Buffer 8
HEVC IP ~ o S HEVC IP o
a © 4x4 + T 5 <« ~ 8x8 @ ® [
Dlm ™, U v k,0/> k?/ : {f}‘., 6 N ‘*‘/’/ m':/ U v 7/; i A o
_$ ’ AN o TX >
3 5 | 6 by
P 2 e— - Z<—— %
Input: B+1 w 4 S Input: B+1 w 8
Output: NO Output: NO
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32

32
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ﬁ
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32

DI—A

Output Buffer
HEVC IP

16x16
U Y

L=l

M= [
N7 BN RN )
{128
=0
144
32 432 432432432 {32 {22
S

w
2

s

e
\4
7

Y

/> DO

128 =
3 <—>
L

>

Input: B+1
Output: NO

! 16

:i/
s
o
m,
0
o
. o,
Eri 1
S 6o )
D|ﬁ‘-’7‘) A>2
o
5l o AL
—.7L’> >
VA 4
4| o o
.
m Output Buffer 75
HEVC IP S
E NI - @ 32x32 ~ ~ 6| oy
™, Ln o9 — — of ™,
Y@ v o 5 7%00
Aoy | 256 L o & s
+ Ee—> [7
Input: B+1 w! 32 = 9
] 3 Output: NO 7
.> 7 S no
9 o &, 11
7>
oy (12
‘rv\"’/ o
7 3
7
o
oy 14
7
& 15
7
4/'/
S

HEVC INVERSE TRANSFORM

= The figures depict.the different I/O interfaces. The iFIFO outputs 32 bit works and the oFIFO gets 32 bit words. Thus,
whenever we have input/output data larger than 32 bits, we require some extra logic in the input and/or output.

= Qutput data arrangement: (for the input, it is just collection of 16-bit pixels, it is much easier). Here, we prefer to pack the
entire output in a (B +1) X N array. Then we pad the array so it can be transmitted in multiples of 32 bits.

B B+l o
s -=— bl N=4 N=8 N=16
= Y Y Y. Y1 Q
N=4 [ Yo [Y:|Y>|Y; Y, 3 Y, iy, Y, iy, Yi4
. 1y, Y, Yi
B+1 o
2 <> 9 Y, Y, Y, Vs Yis
L1y Y. Yio
N=8 |Yo|Yi|Ya|Ys|Ye|Ys|Ys|Y; ° ° Y
Y, Y, Y, 9
@ @ -1y, Ye Yis
2 LAy g v, Y, Y, Yio
NWOC=2 NWOC=3 NWOC=5
N=16 | Yo | Y1 | Yo | Ys|Ya|Ys|Ye|Ys|Ys| Yo |Yio|Yis|Yio|Yi3|Yia]|Y1s
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FSM @ S_AXI_ACLK (DOES NOT HANDLE PR_RESET DURING DPR) S_AXI_ARESETN=0 (C«0)

This blue FSM and the FIFOs (the green shaded circuit) do not change if we
are using an AXI4-Full Interface. The red FSM does change to accommodate
different circuits. Thus, we only need to interface to the FIFOs when dealing
with different circuits.

FIFOs have to be reset prior to usage for at least 3 read/write clock cycles. If
we use 16 cycles @ 100 MHz, then the minimum clkfx is 16x10ns/3 = 53.33
ns > 18.75 MHz.

The register to ‘fifo_fsm_rst’ is just to avoid glitches (not a big deal, it was
done to avoid simulation problem as a reset to a FIFO has to be clean).

This FSM does not change when the IP core inside the FIFOs change. This
FSM is exactly the same for any AXI4-Full peripheral.

The blue FSM changes depending on the type of interface (PLB, AXI). Once
the blue FSM is designed (like in the figure) for the AXI interface, we reuse
this circuit: now we only need to worry about designing a peripheral and an
FSM in the CLKFX clock region.

FSM @ S_AXI_ACLK (IT HANDLES PR_RESET DURING DPR)

This blue FSM and the FIFOs (the green shaded circuit) do not change
when using an AXI4-Full Interface. The .red FSM does change to
accommodate different circuits. Thus, we only. need to interface to the
FIFOs when dealing with different circuits.

FIFOs have to be reset prior to‘usage for at least 3 read/write clock
cycles. If we use 16 cycles @ 100 MHz, then clkfxmin'= 16x10ns/3 =
53.33 ns — 18.75 MHz. Also-owren can only-be used 2 cycles after reset.
The register for fifo_fsm_rst’ is just to avoid glitches (not a big deal, it
was included to avoid simulation issues: a reset to a FIFO has to be
clean).

This FSM does not change when the IP.core inside the FIFOs change.
This FSM is exactly the same for any AXI4-Full peripheral.

The blue FSM changes depending-on the type of interface (PLB, AXI).
Once the blue FSM'is designed (as in the figure) for the AXI interface,
we reuse this circuit: now we only need to worry about designing a
peripheral and an FSM in the CLKFX clock region.

Note that we included a new input: PR_reset. This allows us to reset the
FIFO and the PR with a simple software command (we write onto
address 101100 the word 0xAA995577).

PR _reset: This is the output of a flip flop. This signal is a pulse of one
clock cycle. ‘Every time axi_awaddr (latched S_AXI_AWADDR) and
S_AXI_WDATA match what we want, we generate a pulse.

Notice that once S_AXI_WDATA is captured by AXI, the latched address
axi_awaddr increases its address by 4 (or changes). So we are sure that
because this happens, PR_reset is only one pulse (and not a sequence
of pulses created when axi_aw_addr keeps being the same)

0

AXI_ARESETN DO ’ rst

fifo_fsm_rst

FSM at S_AXI_ACLK

S_AXI_ARESETN=0 (C<-0)

C«C+1
fifo_fsm_rst <1

0

<>

1

AXI_ARESETN rst
_._)—
fifo_fsm_rst >

FSMat S_AXI_ACLK

axi_aw_addr (5..2)=1011 —|
S_AXI_WDATA = 0xAA995577 — PR_reset
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FSM @ CLKFX (HEVC DIRECT TRANSFORM)

= This consists of an input FSM and an output FSM. The generation of the signal Eri (depending on NWIC) remains the same

as in the case of the 2D DCT PLB Interface.

OUTPUT FSM

= The output FSM and output buffer is the same as the one used in the 2D DCT PLB interface. Here, output bits NO can be 16

(Direct Transform) or (B+1) (Inverse Transform).

DCT = 4x4, B=NO=8

NOXN

Y YO

Y, ﬁ;) owren
(@)

OUTPUT PIXELS ON A 32-BIT WORD:

MSB MSB
1| r
1| ¢
2l r
3 r
2| ¢
4 r
LSB LSB
NO=8, 4 output pixels NO=16, 2 output pixels
in 32-bit word in 32-bit word

OUTPUT PIXELS ON A NOxN ROW:

Example: Output row: NOxN=128
-> Eight output pixels, = four 32-bit words

word 3 word 2 word 1 word 0

When storing.on oFIFO,the order is :
word 3, word 2, word-1, word 0
Thus s = NWOC-1-CO

©

INPUT FSM
= There are three variations of the HEVC Transform core:

Other cases
Output Buffer

YELFU_)U_:U B%Yo
| [=] [

N,
>

NOxN

N registers

rst=1 (C,CO<«-0)

CO<«0, E_buf «1
es
e

FSM - DCT Peripheral (@ CLKFX)
(b)

C=N-1

v Fully Parallel (fullypip): 1D Transforms fully pipelined, two transpose memories.
v" One Transpose (onetras): 1D Transforms fully pipelined, one transpose memory.
v’ Iterative, one Transpose (onetrans_iter): 1D Transforms iterative, one transpose memory.

= HEVC Transform (Direct/Inverse): For the Direct case, the fullypip and onetrans case were updated (though the 2D DCT
designs also worked). But, we designed from scratch the onetrans_iter (iterative) case. The generation of Eri is taken care

of here. If NWIC=1, we do not need to generate Eri.
2NWIC—1—C

Eri=——
"= 2(drop LSB)

AND irden
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Fully Pipelined (fullypip):
= Due to the input interface, we have to wait NWIC cycles between input columns.
= Qutput FSM: Due to output interface, we must guarantee NWOC x N cycles between the last ‘v’ of a previous block and the
first 'v' of the next block. This the same as waiting NWOC x N + N = (NWOC + 1) x N cycles between the last E’s of two
consecutive blocks.
v NWOC = NWIC: We can wait NWOC + 1 cycles between input columns. This way there are (NWOC + 1) x N cycles
between the last columns of two consecutive blocks.
v NWOC < NWIC: As we have to wait NWIC cycles between columns anyway, we wait NWIC x N cycles between the
last columns of two consecutive blocks (this is more than NWOC x N).

(NWOC + 1) X N
N=4, NWOC > NWIC

| NWOC +1, .
e L e I ;
! 1 1 1 ! : : 1 1 1
! 1 1 1 ! 1 1
vlobb | ] | | L
! 1 [ [ 1 | | T T 1
NWIC! INWIC) i L | (NWOC + 1) %N :
: Lo I ' ! ' L _NWOGCXN: j
:NWOC + 1: ! : : f
NWOC<NWIC NWOC>=NWIC

rst=1

C<0,E<1

FSM @ CLKFX

FSM @ CLKFX

25 Daniel Llamocca



ELECTRICAL AND COMPUTER ENGINEERING DEPARTMENT, OAKLAND UNIVERSITY

Digital Library: HEVC

RECRLAB@OU

One Transpose (onetrans):
= Due to the input interface, we have to wait NWIC cycles between input columns. Also, we have to have N-1 cycles between

the last column of a previous block and the first column of the next block.
= The output FSM requires us to wait NWOC x N cycles between the last ‘v’ of a previous block and the first ‘v’ of the next

block. This the same as waiting (NWOC + 1) x N cycles between the last E’s of two consecutive blocks.

v NWOC = NWIC: We wait NWOC + 1 cycles between input columns. We must wait N — 1 cycles between the last column
of a block and the first column of next block (state SW: we wait N — 1 — (NWOC + 1) cycles). So, between the last
columns of two consecutive blocks, there are (NWOC +1)X (N —1)+N—-1=NWOC XN + N—NWOC — 2 cycles.
From S2 to S3, the FSM works for NWOC=NWIC, as we ask in S2 whether C=NWIC-1 but then ask in S3 if C=NWOC. If
N=4, we never reach SW (we do not need it).

v NWOC < NWIC: As we must wait NWIC cycles between columns anyway, there are NWIC x N cycles between the last
columns of two consecutive blocks (this is more than NWOC x N). Between the last column of a block and the first
column of next block we must wait N — 1 cycles (on state SW, we wait N — 1 — NWIC cycles). This way we wait NWIC x
(N — 1) + N — 1 cycles between the last columns of two consecutive blocks.

N=4, NWOC > NWIC

(NWOC +1) x (N=1)+ N =1

, . :

NWOC + 1. N—1 : :

| : | L | i

S I B I o n A

| ! ! | ! | | i

: 1 1 : ' ! T

: | NWIC! NwiC, | (NWOC+ 1) X (N =14 N —1

: | P ' L NWOEx N +N= NWOC — 2

' :NWOC +1 | !

NWOC<NWIC ' NWOC>=NWIC
rst=1 rst=1

FSM @ CLKFX

|

FSM @ CLKFX
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Iterative, One Transpose (onetrans_iter)
= Direct Transform:

v

v

We wait BIL cycles between input columns. And between blocks, we wait NOL x (N — 1) + 1 cycles. Here, BI, =B+ 1,
NOp, = 16. BIL = Bl +log, N/L, NOL = NOp, + log, N/L.

In the FSM, after waiting NWIC cycles to have an input column ready, we only wait BIL — NWIC cycles before feeding
the next column. Also, after waiting NWIC cycles for the last input column to be ready, then we only wait NOL x (N —
1) + 1 — NWIC cycles (the number of cycles is between the edges where 'E’ is asserted) before feeding the next block.
The output FSM requires us to wait NWOC x N cycles between the last ‘v’ of a previous output block and the first ‘v’ of
the new block (or NWOC x N + N between the last E signals of contiguous blocks). But for N=4,8,16,32, B=8, L=4, the
following holds: NWOC x N < NOL x (N — 1) + 1. So, it’s enough to wait NOL x (N — 1) + 1 cycles.

= Inverse Transform:

v

v

We wait BI, cycles between input columns. And between blocks, we wait NO, x (N — 1) + 1 cycles. Here, BI; = NOp =
16, NO, = BI,, = B + 1.

In the FSM, after waiting NWIC cycles to have an input column ready, we only wait BI, — NWIC. cycles before feeding
the next column. Also, after waiting NWIC cycles for the last input column to be ready, then we only wait NO; x (N —
1) + 1 — NWIC cycles (the number of cycles is between the edges where 'E’ is asserted) before feeding.the next block.

The output FSM requires us to wait NWOC x N cycles between the last ‘v’ of a previous output block and the first ‘v’ of
the new block (or NWOC x N + N between the last E signals of contiguous blocks). For N=4,8,16, the following holds:
NWOC x N < NO; x (N —1)+ 1. For N=32, this doesn't hold. So, for simplicity’s sake, we wait NO; x (N — 1)+ 1+
NWIC = NWOC x N cycles (N=4,8,16,32). After waiting NWIC cycles to’load the last column, we wait NO; x (N — 1) + 1
cycles. This is not the most efficient way (we are waiting extra cycles), but it'is the simplest.

DIRECT rst=1 INVERSE rst=1
S1 S1
Soneo

!
9

iempty=0 no iempty=0 no
& ofull=Q & ofull=Q

yes yes

i
i

irden < 1 irden <

C«C+1 CeCHl

v
0

yes Yes

COEBd C<0E«1

n

w
%]
w

KK+1 KeK+1

¥(
ul

yes

K<« 0

no
CN«CN+1 no
CN«-CN+1
yes

SW
es
K ¢ K+1 K < ol @ o (e ka1

FSM @ CLKFX

=
HE

yes

yes
K« 0

%

=
2
5

FSM @ CLKFX
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