Datapath interconnections

« Multiplexer-oriented datapath

Ouiput
interconnection
network

Input
intstconnection
network

Registar 4 fie

* Bus-oriented datapath

-k -

Input
interconnection
network

E—— OutBus
’ ¥
Registary file OutBus2
LE | -F -------------- - -1 - -
B SR I |
L b fy 3 Ts
inBus1
| )
inBus?2
| ¥
InBus3
inBusd
Y
ALUI1

1¥) SungKyunKwan Univ.

VADA Lab.
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Sequential Execution

« Example of three micro-operations in the same clock period

Read 1, l Read ) l InBus1
%'dezl _____ . H_Bﬂd‘rﬁl' T T 71T T 7| nBus2
Read Nl I 1 ] mmBus3
Read r)_ _ ~ T 7] |~ _ Jread sl — ~ ~ "1 T | inBuss4
— | _Executse | | __ | Ewcwe [I_ _ _| AU
i Cwmeme ;1 _ L Emcue 1_ _ | A2
ol e ol M L — — _ 1 Wig 7y | OutSust
[ Iw“m r1 | |Wr“9 ra 0.'18”52
[t et et >
je——— cyce 1 |- Cycle2 —————»]
{©) SungKyunKwan Uniyv. VADA Lab.




Insertion of Latch (out)

» Insertion of latches at the output ports of the functional units

* * OutBus1
* * OutBus?2
1 =l
_'i,_l = O 5 O
InBusi
L y InBus2
+ Y v InBus3
InBusd

ALU1¥ ALLI2

SungKyunKwan Univ. VADA Lab. °




Insertion of Latch (in/out)

» Insertion of latches at both the input and output ports of the functional

units

nnn
|

ALU1

InBus1
InBus2
InBus3OutBus 1
InBus4/OutBus2

() SungKyunKwan Univ.

VADA Lab.



Overlapping Data Transfer(in)

* Opverlapping read and write data transfers

Read f,! Read 5 ' | J InBus 1
Read LI~ ~ ~ [Read &1 _ _ | _ _ = 7 7| nBus2
Read il ~  [Read T ~ — |~ — i~~~ | mBuss
Read Bl _ _ _JRead 5! _ _ | | _ _ _ | wBuse

. |_Executs — — U Execute | I _ _|ALU

- | E:ecum- | Execute _ I o ALU2
T T T T T Wiite _r,_,: : ~ :wﬁa' = OutBus1
T T T T T Wie Wite g | QutBus2

la— Cycle 1 —|-4—— Cycle 2 —|-4— Cycles —=|

{©) SungKyunKwan Univ. VADA Lab. °




Overlapping of Data Transfer (in/out)

» Opverlapping data transfer with functional-unit execution

InBus1

InBus2

InBus3/
OutBus 1

inBus4/
OutBus?2

ALU1
ALU2

|a— Cycle 1—s-}t— Cycle 2t }o— Cyclo 3—|e— Cyclo 4—-]

SungKyunKwan Univ. VADA Lab. °




Register Allocation Using Clique Partitioning

* Scheduled DFG « Lifetime intervals of variable

% % Y% %Y WM o% Yy YWy

 (Cliqgue-partitioning solution

Cligues:
i = 1%, vgl
b = 5.V Vg
s = .V vyl
s = 1.Vl
s = (vl

{©) SungKyunKwan Univ. VADA Lab. '




Left-Edge Algorithm

» Register allocation using Left-Edge Algorithm

forallve L do MAP[v] =0; endfor
SORT(L);

reg.index = 0;

while L # ¢ do
reg-index = reg_indez + 1;
curr_var = FIRST(L);

last = 0; temp_var = curr.var;
_ currvar = NEXT(L, curr_var);
Wh.lle curr_var 75 null do DELETE(L,temp_UGT);
if Start(curr_var) > last then else
M APlcurr_var| = Treg_indes; curr_var = NEXT(L, curr.var);
last = End(curr.var); endif
endwhile
endwhile

SungKyunKwan Univ. VADA Lab.




Register Allocation: Left-Edge Algorithm

* Sorted variable lifetime intervals * Five-register allocation result
Vi Vig Ve Yo %2 Va V5 Vr M Vo Yy vy % L. &I O 1y
LR} anew AR RS LAaX D} 'I% re
® Vi Vo] Ya| Ve '
5, + TV
LA l.lI.l.{.ll..l!'l‘ll‘ 'l.’:'sl v? HEE
sa = . = = ——— = .
84 hy T =

SungKyunKwan Univ. VADA Lab.




Register Allocation

Allocation : bind registers and functional modules to
variables and operations in the COFG and specity
the interconnection among modules and registers
in terms of MUX or BUS.

Reduce capacitance during allocation by minimizing
the number of functional modules, registers, and
multiplexers.

Register allocation and variable assignment can
have a profound impact on spurious switching
activity in a circuit

Judicious variable assignment is a key factor in the
elimination of spurious operations

i SungKyunKwan Uniyv. VADA Lab.
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Effect of Register Sharing

Fig. 2. A scheduled DFG to illustrate execution of spurious operations.

11
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Two Variable Assignments

TwoO VARIABLE ASSIGNMENTS FOR THE SCHEDULED DFG StHown N FIG. 2

TABLE 1

“Register

Assignment 1

Assignment 2

Ri
R2
R3
Ry
R5
R6
R7
R8
RY

vl, v7, v11, v13
v2, v8, v10, v14
vd, v5, v8
v4, v6
w12
vl15

vi, v18
v2
v4, v8, vil
v3, ¥, v
v12
3
v6, vi1l
v14
vl3

(&) SungKyunKwan Univ.

VADA Lab.
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Spurious Computing

oy — — — p—

-'u-l.u-pu-p——l-

ZE10

wivid

el —— — — T

ey e — — — ]

v2

vg Vb

vi1

e — p— — —

vid {2

L
i :'hi'.'j':':_'i'ﬁ'“k
:'f.%"i‘” i i
ey o
sl N A

i e

ekl — kg T—

MUL1

SUB1

Fig. 3. Switching activity in the functional units of Design I.

VADA Lab.
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Minimizing Spurious Computing

sl v

52__

— —

s4 vi3 [0

55

— p— — — —

— — — — —H]

Flanend R

CR LT B S e
R WP
o — p—
b — — p—
b — — —

o — — —

MUL2

Fig. 4. Switching activity in the functional units of Design 2.

(&) SungKyunKwan Univ.
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Effect of Register Sharing on FU

* For a small increase in the number of registers, it
1s possible to significantly reduce or eliminate
spurious operations

* For Design 1, synthesized from Assignment 1, the
power consumption was 30.71mW

* For Design 2, synthesized from Assignment 2, the
power consumption was 18.96mW  @1.2-Om
standard-cell library

i SungKyunKwan Univ. VADA Lab. °




Operand sharing

* To schedule and bind operations to functional units in
such a way that the activity of the input operands is
reduced.

« QOperations sharing the same operand are bound to
the same functional unit and scheduled in such a way
that the function unit can reuse that operand.

« we will call operand reutilization (OPR) the fact that
an operand is reused by two operations
consecutively executed in the same functional unit.

16
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Two scheduling and bindings

I.h_;,:I?II;II:II:II:II___I I:II?IFII:ILJ__II:I;II:ILI__I
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[T

I_il"a
__f.ﬁ‘if
[ HY

ST
D8
L [
( '—:'
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—
]
=)
i
E
—
= —

g
)
(b)

eyeie B B3 5 51 01 00 CE () £ Gl G e B
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Power Saving by OPR

Thus. the estimaled power consumption of ene iteration in schedule (h) Is:

Fy (8) =12 Fgga + 16 Pz = Doz I:]-{-j + 12 .j} :

and the estimated power consumption of one iteration in schedule () 1s:

Fe (toma .-"-'F] =12 Fogaz +12 Pz 14 Pt = Ptz (12 +4 vy +12 .-'j: I
The estimated power-consumption reduction is;

L —
fﬁ Ul 'jl /

T 1138

achieving an 8.5% reduction,

18

SungKyunKwan Univ. VADA Lab.



Results obtained by applying the operand-
sharing technique

Benchmark +/ i ['ower red,
theorder Elliplee filler (DDNE) 26/8 1@ [2cyeles) 2 P (1 cyele) 12%
Ti.'Fl vrdle E"rnuru':!'ttvﬁﬂfﬂ [FT1 Dﬁ 1212 L (2 eyedes) L (L cydde] 2%
SUARE [LHILEY W2 1 Gp (3 cyees),d @ (1 cyee) 107
1 Setnput Lee DOT [RY 90/ 29/13 2@ (2 cyudes) 2 B (1 oyl 07
1D danput Chen DOT JRYO 26716 20 [ eveles) 4 & (L cycle) 147
& x4 malri mullipler 4/8 205 (2 cyeles), L (1 cycle) 26%

SungKyunKwan Univ. VADA Lab. "




Loop unrolling

* The technique of loop unrolling replicates the body of
a loop some number of times (unrolling factor u) and
then iterates by step u instead of step 1. This
transformation reduces the loop overhead, increases
the instruction parallelism and improves register, data
cache or TLB locality.

for i=2to N =2step 2

Alt) = Afg)+ Afe = L) Afa+ 1]
A1) = A0+ 1+ Ab) Al + 2)

[IELJ' (b)

fori=2toN=1
Air) = A0+ A= 1AL+ L)

20
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Loop Unrolling Effects

 Loop overhead is cut in half because two iterations
are performed in each iteration.

 If array elements are assigned to registers, register
locality is improved because A(i) and A(i +1) are
used twice in the loop body.

* Instruction parallelism is increased because the
second assignment can be performed while the
results of the first are being stored and the loop
variables are being updated.

21
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Loop Unrolling (lIR filter example)

loop unrolling : localize the data to reduce the activity of the inputs of the functional units or
two output samples are computed in parallel based on two input samples.

Y, =X, +AXX1—2
Y =X +AxY =X +Ax(X ,+AxY ,)

Neither the capacitance switched nor the voltage is altered. However, loop unrolling
enables several other transformations (distributivity, constant propagation, and
pipelining). After distributivity and constant propagation,

Xq—l = Xn—l +A4x Yn—z
Y, =X, +AxY,, + £xY,,

The transformation yields critical path of 3, thus voltage can be dropped.

SungKyunKwan Univ. VADA Lab. *




Loop Unrolling for Low Power

X
Xoy=—{:) Yy,
4
Loop Unrollin
3D F g
A )
Figure 35a AN
e Figure 35h Copp = |
Voltage = 5 Voltage = 5
Throughput = 1 Throughput = 1
Power = 25 Power = 23

SungKyunKwan Univ. VADA Lab. =




Loop Unrolling for Low Power

Algebraic Translormations,

&

Constant Propagation

Figure 35d
C,_-." = I.E
Voltage = 2.0
Throughput =1
Power = 12.5 (x2 reduction)

Kn + AN
2D
A
A2
A
}':a__ 1 - .n"l"x,.
Figure 35¢
{-:'I"I! [ = I .5

Voltage = 3.7
Throughput = 1
Power = 20 (207 reduction)

SungKyunKwan Univ.

VADA Lab.
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Loop Unrolling for Low Power

.':'E} T T T T T
21 —
FOWER (Fixed Throwghpatp
17 ’/ .
13 .
g | . . A &
SrFEEDUF
VDL TAGE (Fixed Throughput)
5 ’// CAPACITANCE
’ n ) o -
3 & Fi

LINROLLING FACTOR

SungKyunKwan Univ. VADA Lab.




Loop Unrolling for OPR

for i=0to M alalaZb0blbhZ2clcl c2

for j — 0 to ¥ Q
vl =
(Als=1]ls=1, {tal =
Ale=1][s ] {al s
Ali— 1]z +1] {¥ul=/
Als] g =1]4 Fa by S t&
out

Als] L f bl
AL+ 1) {# b2+
Al 1[p=1, f ey,

Als+ 1L fecls
Al L4149 frels

'-\._ '-\._ '-\._ S, '-\._ e i o

SungKyunKwan Univ. VADA Lab. *°




DFG after Loop Unrolling

alalaZza3iad bO0blb2b3ibd clclcZolicd

sYamLe:
134&. .i. J The estimated power-
4 @I \O bn consumption

reduction IS now:

| h
\Q)\Q e /” [t (0gg0) = EH. - ﬂ-_r..ff.fl]

9 obtaining a
reduction of 9.4%.

outl outl outld

SungKyunKwan Univ. VADA Lab. °’




Operand Retaining

* An idle functional unit may have input operand

changes because of the variation of the selection

signals of multiplexers.

* The operand-retaining technique attempts to
minimize the useless power consumption of the idle
functional units.

Denchmark +/+ & Idle Power
iime reduc,
(L) AR filler [Kund4/ 12/16 [ lp. @ (2c¢), Lo(lc) | 2T% 12%
(2) jtheorder Daubechics filter (2T V92 12/16 1@ (2c) 1q(1c) 37 9%
(3] I-L S-gnput Lee DOT JHY 90 28/13 4@ 2c), 3T (1) 40% 38
(4) 4 x 4 molriy mulliplicalion 4/8 Z@ize), 1l el 337 L3%
(2] unrodlsd low-pass amage fulter (J3.13) 241/0 44 (1 c) 23'7% 207
(€] LMe adaptive Rlter JTJLET /9 2®(2c) 1d(lc) 137 317
(V) pixel interpolation [BS95) 570 3& (1c) 117 31%
(&) Sth-order Elliptic filter [DDN8S] 26/8 I &i(2c) 1 T(lc) 33 21%
£ 1'* N . 2 8
) SungKyunKwan Univ. VADA Lab.




Spurious A &S X A5}

a b C d a b c d
ae b c f dg
J e b b C d g f
—
+1 +2 i +1 +2 *
n  Power:214mW(@25Mhz, 5V) Power : 149mW (@25MHz, 5V) h

SungKyunKwan Univ. VADA Lab. >




Minimize the useless power

« (a) with a proper register binding that minimizes the activity of
the functional units

« (b) by wisely defining the control signals of the multiplexors
during the idle cycles in such a way that the changes at the
inputs of the functional units are minimized (this may result in
defining some of the don't care values of the control signals)
[RJ94]

« (c) latching the operands of those units that will be often idle.

30
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(C) latching the operands

« |t consists of the insertion of latches at the inputs of the
functional units to store the operands only when the unit
requires them. Thus, in those cycles in which the unit is idle no
consumption in produced.

* The control unit has to be redesigned accordingly, in such a way
that input latches become transparent during those cycles in
which the corresponding functional unit must execute an
operation.

« Similar to putting the functional units to sleep when they are not
needed through gated-clocking strategies [CSB94,BSdM94,
AMD94].

31
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LMS filter Example

« The power consumption generated by the idle units (useless
consumption) is.

F'.':-Hfrﬂ' | Qg Qi'm{«"}.) =0 H‘-:-n'n'l o quil =0 Uy b F 1 Qg

* the power consumption because of the useful
calculations (useful consumption) is:

wa:j ul (.‘-'-mftfr RUITE ¥| =3 thfi + J F::m.:‘z =80 + )

The estimated reduction in power consumption is:

F]
-Fauﬁ-:-!ca,ﬁ

R (aadd, Cmud; I' - reduction of 34%
| o -Flt-&lfffﬂ-.‘?- T P:c-:fjt:f >

32
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d AAH S 2ot =X 2 FHIHAIE

= O

Y= (Cinput ) : V, AAEH F7& s UMESHA
=9 (output) : ¥2¥H VY d=

Cii=1, Bij=L

Cij=1, Bij=W N 2917 8 e s g

VoA e A5

VADA Lab.
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Zl A HlE S8 ¢ 12l S Minimum Cost Flows)
of S5t of KA

—/ O

Minimize Z= ZB--X
ZX ZX if j=s
ZX ijk: if j #s
k
Zxﬁ—ZXﬂ(:V if j =t
i k

0<X,=<C,

ij

s: =2 Al (source) t

i, i,k : =& (node) C.: K8t (capacity)
Vv

B, :HlE (cost) . S52] 2 (flow)

SungKyunKwan Univ. VADA Lab.



=z

>
.
0t
[ol
ol
[Ije
- |
u
0N

gdA 1: flow = 0;
GA 2 HEY T HAA SR8t 50 3l 2AHEH= HIHE ¥ 8 BrE v 2ol
A o] skt

B, =B, if 0<X,;<C;
BU.* = o if 0 X, =C, (flow saturation )
B, =-B, if X;>0

TA 3 @A 20 HYEH b o2 SN TR HAd AR dugE5S AL
3t e719] flowE 142 E £33l Blit)

e = min (g1, €2)

el = E AHSE o X1 9] min{Cij - Xij}
g2 = B 9r3aF o %] 9] min{Xij}
S e S7MA71a @A 22 Eolgk

GA 5 A B F ol VEH7HA] ¢ GAE WHEg
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1
(IO
[N
=

PATH 1: S-a-e-f-T REG1:a,e,f
PATH 2 : S-b-T REG2: Db
PATH 3 : S-c-g-T REG3:c,g
PATH4 :S -d-T REG4 : d

i SungKyunKwan Uniyv. VADA Lab.



4y 5He s o ol €
cstep 2
(a,e) +(b, b), . b 3 b
! ! ! !
+(b+
zxeze
A1 EH ADD1 ADD1
SungKyunKwan Univ. VADA Lab.




4ol N = HE|Zalgo| =I6 2HA
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claA oS- 2let IS X2 HIHAIE]

2

input ) : V, Network for resource sharing
output ) : ¥ ¥ V9 F=

N
R

W =1 M- Wai*N+ Wmux<K) ] ( edge weight )

Cii=1, Bi=L
Gii=1, Bi=W

Wmux : 92 T+ 715X
K : Aatststr] st

Wmux 0: B3 1, i7F 22 d A 2ol &35 1 BE59

SungKyunKwan Univ. VADA Lab.




PATH 1:

S-1-2-T (s)
adder1:+1, +2
PATH 2:
S-3-T
adder 2 : +3
OR
(+3)
(1)

N

© > SE = 22

) Y yEwa HA
\_/

LE Ed &2
HERRAIASH

1¥) SungKyunKwan Univ.
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Estimation / \
Assignment / Scheduling
Min Bounds On Hardware
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Shift * *
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_—e

Oﬂ

% j:” /\l_l- ( Hamming Distance ratio . Wsa)

B CDFG7[=H Al=2l0o|M

B 5 92 exclusive-OR

B bit-widthZ 8 =}

B =2 $=F0|L| 2|0|0}R $=F HC| = =X
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SIX0td 3|22 =S4

benchmark  mult(*) add(+) sub(-) critical path Resource allocation
cascade 7 7 : 6 +(2), *(2), reg(7)
fir 11 11 10 . 11 +(2), *(2), reg(7)
jir5 10 10 : 8 +(2), *(2), reg(7)
wave 7 8 3 8 +(2) *(2),sub(1), reg(7)

SungKyunKwan Univ. VADA Lab.
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Cascade Filter

c0 4 c4 [“) c3
D g
Al C2 COfiI] C1 -
'A3 C5v D "
O an S

48
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Cascade Filter Scheduling

cl AO[i-1] c2 A0[i-2]

ol
1 c0 A0[i-2]
\ /
A2 Ad
2 T
A5 " oy
3 é @ @ 3 cofi-1
- \ /
¢

SungKyunKwan Univ. VADA Lab. *




Infinite Impulse Response Filter

c3 c2 c7 cori2) c6

A2 ct D c0 A1 c2 c5 D 4 c1 c9
<+ > A6< > AO[i-1g > A5 < +> G_ > CG< > ot c5 -'D
A4 D A3 c4 D c3 D2
IN= /_'_'\ AO[i] =/ +\ B @ CO[i] =/ +\ D + OUT
\_/ \_/ NN

SungKyunKwan Univ. VADA Lab. *’



[IR Filter Scheduling

AO[i-

e

C 0 i-Z]C

c2 A0[i-2] cO A0[i-1]
\ / \ _/

@ I @d cé c0[ 1]
@’ @ Bl
A 0f ]\C6/C0[i-2]

® | N|lo|lua|ks]| | N
o]
2
G@C
-2 0
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m AR E S&EASHE 2?6l 8l Y HEl(Hamming distance) & =& &=
B XM 7E 2 /et AHEE, 2l S
B T 15%2 M 4
m A BHEl AIZHA Ol | Ho| Fut wTalE M

(polynomial time and optimal solution algorithm)
B 7Ms X8 TOP-DOWN ¢ +=& A Ao

X & (DSP, Microcontroller, ASIC, etc)

SungKyunKwan Univ. VADA Lab.




Reducing of bus transitions with

bit-swappingforDSF

« Programmable DSPOIAl 8 AHIE ZAAII[I] 2
ot M2 & bit-swapping & 112|&= XMl 2tetL}.

—

« DSPZ2 WO[ZE4P E2 )iHE E2MAUA &

ALHO FHES HH0otle HS AR/UR HAOIE

o 5

.

E 25F0A HEH A M2 24 S olf OFStL.
« ALUS 2 SHANAME 8540 4 Z1el&= M
O}
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Motivation

« Bus switchings/transition2 bus-based system (| A
power dissipation2| =& == & & &tL}. off-chip +=
Hl M 2l power consumption2 & Xl chip power2| 70%

« CPUZ HIZ22INA 2l XIAE 2 ALUZ 2 Datapath At

Ol &sHA= ol= 2ol LIRHAE Latet
Ct. ALU 2 =22 2 HIS &= busOil A signal transition
= d2AJ= bustl A M8 &&= ZdA4AZ2 26

OtLIck ALUAIMI Sl 85 48| S £ AlI2IL0

i SungKyunKwan Univ. VADA Lab. *



Reducing Power Dissipation in

‘"N 2aonictar l I\ atanatih oo
J —JCALCANIC JU
mux—in reg—ini
\ databus—in1 \
) reg—in3
> ALU —
mux—in2 reg—in2
\ databus—in2 /
SungKyunKwan Univ. VADA Lab. >



Bitwise commutativity property

Y1 = 01000010 + 11001101 = A1 + B1
Y2 =10111001 + 01101010 = A2 + B2
C1=Y1(A2) EXOR Y2(B2

)
bit-wise swapping a bit inY2(A2) and a bit in
Y2(B2) when a bitin C1 is “17

z SungKyunKwan Univ. VADA Lab.
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Bit-wise Swapping Logic

mux—in1 reg—ini
| 1 :
W databus—in1 \ .
reg—in3
0
—/ /]
> ALU ——
mux—in2 reg—in2
W \1\ databus-in2 /
/ O
£ 1'* «‘ . 5 7
(&) SungKyunKwan Univ. VADA Lab.




Al s 2

[ - | —

. Algl: 29%

« register2 & bus0i| A1 2| signal transition 22~ JF ALU
Hl M2l power 25 A

=tel el2= Qlet MHl 2 =20 0|Xl= LHE =M &
s=Jd

oo |:

simulation| A 2| A== =0
testvector= test.

ol Mz2es gl M2}
|
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