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Development and Evaluation of a Liner Array

R

Accelerator with Multithreading

Yuma Kikutani

Abstract

In recent years when the word big data and IoT are prevalent, systems for collect-
ing primary data collected by an enormous number of sensors in the cloud center
and learning and inferencing are launching one after another. It is mainstream
to mount low-cost embedded microprocessor on the edge, GPU and large-scale
Field Programmable Gate Array (FPGA) in the cloud center. However, in such
a centralized system, the reduction in responsiveness and availability resulting
from increasing in the load on the network and the cloud center poses a problem.
Therefore, it is necessary for edges to play a part of learning and inference and
to reduce their load. Thus, low cost, low power, high efficiency computing infras-
tructure adapting to the edge is being demanded and studied vigorously, and a lot
of implementation methods by dedicated hardware (Domain Specific Accelerator:
DSA) and FPGA have been proposed. However, the former lacks general versatil-
ity and cost reduction due to mass production cannot be expected, and the latter
has a structural problem that the operating frequency is one digit lower. Coarse
Grain Reconfigurable Architecture (CGRA) has attracted attention as an archi-
tecture that can solve the above problem. However, in the conventional CGRA,
wiring congestion tends to occur because the two-dimensional structure is basic

and it is difficult to reduce the size. Further, in order to improve the performance

*Master’s Thesis, Graduate School of Information Science, Nara Institute of Science and
Technology, March 14, 2019.
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scalability according to the required performance, it is necessary to provide an
external memory interface of a sufficient bandwidth corresponding to increasing in
the number of chips, as with the GPU and other DMA master accelerators. It is
difficult to fabricate it.

In this research, we introduce CGRA operation unit into time division quadru-
ple execution and introduce a floating-point operation pipeline to introduce one-
dimensional structuring (the number of computing units is reduced to 1/4) while
suppressing performance degradation. Further, increasing the number of external
memory interfaces we propose a linear array accelerator In-Memory Accelerator
eXtension (IMAX) that can be multi-chipping. First, we developed a prototype
system on the FPGA and confirmed that the operating frequency improved to
150 MHz compared with 50 MHz of the equivalent function CGRA (EMAXYV)
with two-dimensional structure. We evaluated the performance of real applica-
tions (matrix multiplication, convolution operation, light-field image processing)
using the prototype. As a result, it became clear that IMAX has execution per-
formance of 4.1, 7.3 and 3.7 times EMAXV. Furthermore, when the bottleneck of
board-to-board communication in the prototype is solved, an estimate of 6.3, 9.2
and 6.6 times execution performance was obtained for EMAXV. In estimating the
4-chip configuration, it demonstrated that the scale-out of up to 3.3 times in the
prototype case and 3.1 times in the case of eliminating the bottleneck is possible
for one chip configuration. Finally, we estimate the circuit area by logic synthesis
using 28 nm technology and found that it implemented with 8.40 mm? for EMAXV
area of 27.40 mm?. Assuming that ASIC also has the same frequency ratio, the

peak performance per area was 2.44 times compared to EMAXV.

Keywords:

CGRA, Systolic Ring, Accelerator, Multithreading, Edge Computing, Stencil Cal-

culation
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gboooobogobobogboooboobobooloboooboobbod
gobobobobobboougoooobbbobboooooooobboboobood
OO0D00O0O0OO0OOIMAXO DMA SlaveDOOOODOO0DODOOODOOODOODOO
gboboobooboboobboobobboboobobboboobon
OoooOobooOoobooo0oobooboooOooboooooobMAODDOD
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/* BR: Boundary Register, AR: ALU output Register, W=4, M=480, RMGRP=8 */
/* LOOPO: loop counter for loopO, LOOP1: loop counter for loopl */

/* stage#0 mapped to FOR() on BR[63][1][0] */
loopl: for (INIT1=1,LO0P1=RMGRP,rofs=0-M*4; LOOP1--; INIT1=0) {
/* stage#0 mapped to FOR() on BR[63][0][0] */
loop0: for (INITO=1,LO0P0=M/W,cofs=(0-Wx4)&0x00000000ffffffffLL; LOOPO--; INITO=0) {
/* calculation of address offsets */

exe(OP_ADD, &cofs, INITO?cofs:cofs, ..., Wx4, ... ); /* stage#0 */
exe(OP_ADD, &rofs, rofs, ..., INITO?M*4:0, ... ); /* stage#0 */
exe(OP_ADD, &oofs, rofs, ..., cofs, ... ); /* stage#l */

/* stage#l ~ stage#62: FMA */
/* load A and B */

mop (OP_LDUWR, 1, &BR[1][0][1], (U11)b000, (Ull)cofs, ... ); /* stage#l */
mop (OP_LDUWR, 1, &BR[1][0][0], (U11)b001, (Ull)cofs, ... ); /* stage#l */
mop(OP_LDUWR, 1, &BR[1]1[1]1[1], (Ul11)b002, (Ull)cofs, ... ); /* stage#l */
mop(OP_LDUWR, 1, &BR[1]1[1]1[0], (Ul1)b003, (Ull)cofs, ... ); /* stage#l */
mop(OP_LDUWR, 1, &BR[1]1[2]([1], (Ul1)a00, (Ull)rofs, ... ); /* stage#l */
/* floating-point multiplication of A and B */

exe(OP_FML, &AR[2]1[0], BR[1]1[01[1], ..., BR[11[2]1[1], ... ); /* stage#2 */
exe(OP_FML, &AR[2]1[1], BR[1]1[0][0], ..., BR[11[2]1[1], ... ); /* stage#2 */
exe(OP_FML, &AR[2][2], BR[11[11[1], ..., BR[11[2]1[1], ... ); /* stage#2 x/

exe(OP_FML, &AR[2]1[3], BR[1]1[11[0], ..., BR[11[2]1[1], ... ); /* stage#2 */

/* update partial sum of C with read-modify-write */

mop(OP_LDUWR, 1, &BR[62][0][1], (Ull)c00, (Ull)oofs, ... ); /* stage#62 */
mop(OP_LDUWR, 1, &BR[62][1][1], (Ull)cO01l, (Ull)oofs, ... ); /* stage#62 */
mop(OP_LDUWR, 1, &BR[62][2]1[1], (U11)c02, (Ull)oofs, ... ); /* stage#62 */
mop (OP_LDUWR, 1, &BR[62][3][1], (U11)c03, (Ull)oofs, ... ); /* stage#62 */
exe(OP_FAD, &AR[62][0], AR[61]1[0], ..., BR[62][0][1], ... ); /* stage#62 */
exe(OP_FAD, &AR[62][1], AR[61]1[1], ..., BR[62][1]1[1], ... ); /* stage#62 */
exe(OP_FAD, &AR[62]1[2], AR[61]1[2], ..., BR[621[21[11, ... ); /* stage#62 */
exe(OP_FAD, &AR[62]1[3], AR[611[3], ..., BR[62][3]1[1], ... ); /* stage#62 */
mop(OP_STWR, 1, &AR[62][0], (Ull)oofs, (Ull)c00, ... ); /* stage#62 */
mop(OP_STWR, 1, &AR[62][1], (Ull)oofs, (Ull)cOl, ... ); /* stage#62 */
mop(OP_STWR, 1, &AR[62][2], (Ull)oofs, (Ull)c02, ... ); /* stage#62 */
mop (OP_STWR, 1, &AR[62]1[3], (Ull)oofs, (Ul1)c03, ... ); /* stage#62 */

0 14: IMAXO 2000000000 (ODODO)
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O0O00000000DO0O00O000n Coc, CO8, Co4, Co0ODOODODO AOOx
B0cO A01 x B18, A02 x B24, A03x B30O OOOOOODOOODOOO Coo, CO4,
Co08, COc, ..., CO(M-4) 000000000 OOOO LMMOOOOOODODODOO
Ixwiobooooboobooooobooobowooboooobooobooo
M/HOODOOOOOOoOOoooooo coo, Cot, ..., COM-1) 000000 O
Oo0Ooo0ooOAONODOOODOOOODOOOOOOOLMMOOOD ADLID
OMOOOxGRPOOOOODO BO 1O0OMODODOOOOOOOOOODOODOO
OO00OO0OO00s000000 IMAXODODOO1OOOOoOoOoOOoOoDOUOOchipoOd
OO000000000o0o0ooU0ooOoooooobD ADGRPODODOO BODO
O0ooobooboooboboobpkbod M-1OO0DOOODDOODOO
O0O000 LMMOOO AOGRPOOOODOODOO LMMO Cx0, Cx1, ...,
Cx(M-1)O0 GRPOODODODOOOCOOOOOOODOO BOOBKOOOOOOO
oo HOODODOoODOOobOoOoOobDooboobooboobooobooboo
OO000obOoboooooIMAXODODOODODOOH+1OOOOooooo LMMO
0000000000 M3/(HxWxN)OOODODOOOLMMO AODBOCOOOO

H.blk#0 blk#4 W.col#0 col#4 M W.col#0 col#4

row#0 JAOO|A01(A02|A03| ... o| |B00|B01{B02{B03|B04|B05|B06{B07|B08|B09|B0a}BOb; ... C00JC01{C02C03]C04C05(C06|CO7|COg] ...
S

row#l |A10|A11|A12|A13 % BlOlBll B12 BlSlBl4|BlS B16{B17]|B18|B19|B1a|B1lb
T

row#2 |A20|A21|A22|A23 * BZOlBZl B22iB23|B24|B25]|B26{B27{B28|B29|B2a|B2b -p

row#3 |A30|A31|A32|A33 B30|B31{B32|B33}{B34|B35|B36|B37|B38|B39|B3a|B3b
<
1
o

(a) Data structure of matrix multiplication (C=A*B)
for (row=0; row<M; row++) {

AQO LNMM for (col=0; col<M; col++) {
‘ @ ‘ o for (n=0; n<M; n++) {
@ if (n==0) C[row][col] = A[row][n] * B[n][col];
unitfo][2] else Clrow][col] += A[row][n] * B[n][col];}}}
Agi (b) C code of basic matrix multiplication
‘ < for (top=0; top<M/N; top+=GRP) { P
or (blk=0; blk<M: blk+=H) {
[— I A02 for (chip=0; chip<N; chip++) {
| 1826 1B27—|B28:2b for (row=0; row<GRP; row++) {
M NS for (col=0; col<M; col+=W) {
A03 for (w=0; w<W; w++) { /* horizontal (parallel) execution */
[ B32} [ B3 for (h=0; h<H; h++) { /* vertical (pipelined) execution */
if (blk == 0 && h ==0)

Cl[chip*M/N+top+row][col+w] = A[chip*M/N+top+row][blk+h]*B[blk+h][col+w];

N/
C04-07 else
ib’—k/7 w Sv_k/7 C00-03 C[chip*M/N-+top+row][col+w] += Alchip*M/N+top+row][blk+h]*B[blk+h][col+w];
co1 Y

throughput = HXWxN FMAs/cycle (in the case FMA is not pipelined)

(c) Temporal snapshot of matrix multiplication ) I
on 5x4 IMAX (d) C code for matrix multiplication on (H+1)xWxN IMAX

O 15: 0000 IMAXOOOO
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0000000000 DDR-LMMODOOOO MX3000000000 LMMO
AD COMxGRPOBO MxHODOODOODOOOOODOOODOOADO COOOM?0

BO M*M/GRPOM=GRPOOO M*0000NOOOOOOOOOOOOOO
gboobooogn

5.1.2 JO00OO00O0O

0 m(a)00CNNOOOOOO0OM OO0 witd000000 10000 (K21)xW
000 IMAXOOOOM>K,OC>WOODODOO(h)ODOD0D0000000000
0000000000000000000000000000000000000
0000Mmc)00000000000000000000000CNNODODOO
in0000KxKOO kernelJKxKO OO OOOOO0O0000000000000
owt000000000000000 MXICOkernel J0000000K2000
D00000ICO0000000000CO00000 KXICx0COOO000000

- .

—Kx M —K oc M

00 |i01 ] i02|i03] .. ko ki | k2 [Kko'[ke ke |kor [ |col &

i00 |i01 |i02]i = %
A [io] i1 |in2]is w| k3 |ka |5 ke | ke |5 |3 2 [o11]o12]013] ...

i20 | i21 | i22 |23 x k6 |k7 |Kk8 |k |k7 ke’ [ke"| =b-

i30 |31 |i32 | i33 kot | k1t [k2t|  kernel
= 3

Qe

(a) Data structure of convolutional neural network

DDR for (top=1; top<M-1; top+=GRP) {
for (iset=0; iset<IC; iset+=REP) { /* accumulate multiple sets of IC */

) [ [ [ i00 for (oc=0: 0c<OC/N; oc+=W) { /* set output channel */
kidx#0 ] kO’ ] k0" 1 k0" MM for (chip=0; chip<N; chip++) { /* output channels are parallelized by N-chip */
for (row=0; row<GRP; row++) { /* image loop (row) */
I unit[0][1] |unit[0][2] 01 02 for (col=1; col<M-1; col++) { /* image loop (col) */
Kidx#1 K1’ [ et [ k1' for (w=0; w<W,; w++) { /* set output channel */

k1
Ygi op = &out[(chip*OC/N+oc+w)*M*M+(top+row)*M+col]; /* top of output */
for (ic=0; ic<REP; ic++) { /* set offset of input channel */
i0

N

: i03 ip = &in[(iset+ic)*M*M]; /* top of input */
kidha#2 l‘ @ l‘ @ l‘ k2" - <:| kp = &ker[((chip*OC/N+oc+w)*IC+iset+ic)*K*K];
: Y N N kidx = 0;
i22 i23 for (y=-((K-1)/2); y<=(K-1)/2; y++) { /* kernel loop */
Kidx#8 l‘ g Tigt || kg' for (x=-((K-1)/2); x<=(K-1)/2; x++ kidx++) {

if (iset == 0 && ic == 0 && kidx == 0) {
*op = ip[(top+row+y)*M+col+x] * kp[kidx];

0l1*4 else {
3&7 3&7 JE *op += ip[(top+row-+y)*M-+col+x] * kp[kidx: 1}
011(oc#0) |011'(oc#1) |011"(oc#2) 011" (0c#3)

throughput = KxKxREPXWxN FMAs/cycle (in the case FMA is not pipelined)
(b) Data flow graph of convolutional neural network .
on 10x4 IMAX (not temporal snapshot) (c) C code for convolutional neural network on (KxKxREP+1)xWxN IMAX

O16: 0000000 IMAXOOOD
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O0000000000 REPOOODOOOOODOEkernelJ00OOD0OOOO0O
OOwWOOooOooooOoo GRPOODOOOOODOODOODOODODODODO oc
0000 OC/N-10000000000000000000 LMMO in0O GRPO
0000000000000 LMMO ocO00D0OD0OOO0ODODOOODODOODO
O000000000000000000IMAXOOOOOOOK:AREPOODO
00000 LMMOOODOOO0OO0O0D0O0OOOK?*x(M-2)%ICxOC/(K*xREPxWxN)
= (M-2)2xICxOC/(REPxWxN) 0 000000 LMM O in0 kerneld out 0 0 0 O
0000000000 DDR-LMM OO OO O M2IC + K2xICxOC + M2xOC [
O0000000 LMMO in 0 MxGRPO out 0 MxGRPxW0O kernel 0 0 0 0O O
O000000000000in0 kernel 0 O O0M2xICO K2xICxOCOoutO 1000
O00000 (MxGRPxW)x200 000000 (OC/N/W)x(IC/REP)x(M/GRP)
ONOOOODOODODODODODOODOODO0OD00000M2x2xOCxIC/REPO IC=REP O
ODowt0 0000000000000 OD0OODDROOODONO M2xOCONDODO
Oo0oOoooo

5.1.3 Light-field 00O 0O O

O a0 Light-field DO O OO0OLight-ield 00D OO00OO0O0ODOODOOOOOOO
gobobbobobbboudgoooobobbobbboouooooobobobood
gooboboobbbooogoooobbobobbboodoooooboobobood
gobobbbbbobbbbbbbdooooooooobobobbobbobooood
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gubobboboouobboudoooobbbooooobbuoooooobb
gubobbbooooobobbooooobobbuooooubbuooooon
ggd

0RODODMMOOODOO0OD0ODO0O0O00O0ODOODOOOLight-field00OO0O0OO
gooboobbobodooooooobbooboboooooooobobobboooa
00000000000 00O0bOO00ooO0boooOobO0obDOooDoOoboOo cPy
OGPUODDODODOODOOODOODODOODODO0ODDODOODOODOODbOOODOUODOO
0000000000000 DO00DO0D00000000D000IMAXODOODOOd
guodobbooooobobboooooobboooobobbuooooon
goboboooobobooon

O0M)00LFOO0O0O0O0O0O(b)O0O unit 0 Sum of absolute differencd] SADO
000010000 124000 IMAXOOOO(b) DD mOoDOoooooooo
Ooooooooogrnxmibidbboonbgoog 1ooxloooboooog
O0o0ogoo7ooxrs00000000n0000O00O0O0O0OODODOO0O0OO0
O0000000000D0003x30000007+ofs000000OODOODODOO
D000 SADODOODDOO0OOofs0D00OD0D0DoutDOO0DODODO0O0OODOO
gooodbpoUid x300000eddbbbbebbplOl 3x30 0000
6000000 SADODOODOO 36000 SADODO0OOODODOIMAXOODO
O0wit[0][*|000yA00 000000 3x30000000i#-100000000

O 17: Light-field 0 O 018 0o0ugan
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gb1ogoboobooboob LMMOD 600000 OO0DODpo0d p10O0O

000000000000000 200wit{l]000 300 wit)2]000000
v#-1000 y#10000pl00000000000000000000 p000

OOO0O0OIMAXD OOOOOOOOOOODO 2000000400 SADO 100
SADOOOO0OO0O00OO0OO0000DODofsODOD0DO0ObODOO0OsadOOODODO
O0O00D0OO0OOoSADODOO0O0ODO0O0DO00ODO0O0DO0d sadd outD

X#0

R+ofs (8~14) OM (1600), col
y#-1 16
2
o
sad =
(@]
[
sad] =
f y#0 IHt
: <sad? ==
sad
y#1

out [OMxOM]
x#1

(a) Data structure of lightfield depth extraction

#define ad(a,b) (((a)>(b))?(a)-(b):(b)-(a))

#define sad(a,b) (ad((((a)>>24)&255), (((b)>>24)&255))\
+ad((((a)>>16)&255), (((b)>>16)&255))\

+ad((((a)>> 8)&255), (((b)>> 8)&255)))

rx = (R+ofs); ry = (R+ofs)*IM; /* ofs: from 8 to 14 */
for (top=OM/N/REP; top>=0; top--) {

#define R 75

IM (7500) i
16 i}
z| O3 e=7T=T=T=
sad
P u|
© T | | e sad
— I
R (75) H
I | Ll
EB sad
L 11 1 y#-1
in [IMxIM]
X#-1
i1 j#1
0 e 10 e
IXHL iXHLE
7 |sa sa 7 |sa
Unito][L]  [umito][2] |umit[o][3]
Xt x#l x#1 H{p1 y#-1
i Ssa ii sal ii sa
b1 XL P
SN AN AN,
[ #0 | [0 |
IX#0 | {X#0 1 {x#0 p0
X1 x| Dt 1 Y70
S Mgy b
Xt x#l x#1 H{p1 y#-1
i\/

Ssaf
unit[s][0]
X#-

il y#l

saf
unit[8][0]
unit[9][1] £

unit[10][2]

for (chip=0; chip<N; chip++) {
for (col=0; col<OM; col++) {
for (oc=0; oc<REP; oc++) {
row = ((chip*REP+oc)*(OM/N/REP)+top);
¢ =(row>>4)*R + (((~row&15)*ofs)>>4))*IM
+ (col>>4)*R + (((~col&15)*ofs)>>4);
s=0;
for (y=-1; y<=1; y++) {
for (x=-1; x<=1; x++) {
if (x == 0) continue;
for (i=-1; i<=1; i++) {
for (j=-1; j<=1; j++) {
if (j == 0) continue;
p0 =in[c +(i*IM) +]; /* center */
pl = in[c+ry*y+(i*IM)+rx*x+j]; /* comparand */
s +=sad(p0, p1);
n

if (sad[row*OM+col]>TH && s<sad[row*OM+col]) {
**sad sad[row*OM+col] = s;
out[row*OM+col] = ofs;}}}}}
sad
out(ofs)

conditional store

(b) Data flow graph of lightfield depth extraction
on 12x4 IMAX (not temporal snapshot)

throughput = 6x6XREPXN SADs/cycle

(in the case SAD is not pipelined)

(c) C code for lightfield depth extraction on IMAX

0 19: Light-fieldDOOODOOOO00O IMAXOOOUO
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Oo0O0o0ooOogoooos3e0 00 SADOOOOOOOD nNoooooo400
40000000D00D000000C0C0OCOC0OCOC0O(OO000O0DOD 10000
12000c000000000000G60O0O0OODO0OOO BOOOOO(c)OOO
OO00O0O0NOOOODOODbOOobObOoboOoboboobooooo s36ebog SAD
OO0 REPOOODODOOOOOODOOOODOOOOOOODDsOODOOO
Oo00O0o0oDbO0oO0oDOOo0ooOobOoOobboOooboobOoobbOOobDIMAXOO
OO0DOOO0OREP>2000 M4xREP+30 0000000 LMMUODOOODOOO
O00OofsO000 40xOM?/(REPxN)0 00 0out0 1000000000 p0O
gebDUplOO360DOUOO0OODODUOOOpOT plOOODOOOODODOOO
0000000 DDR-LMM OO OO0 Oin:9xOM? + out:OM2 000 O

5.14 J00OO0ODLOOOOOLDOOOOOO

0pPO0O0000000000000000O00000000000000000
Ostage 00000000000 O0O0MMO 480x48000000000110M0O 0
Fused Multiply-Add (FMA)OOOOCNNOOOOOOOO (IC)18000000
00 (0C)160 00000 242x2420 0000000 3x300000000000
152M 00 FMA O O 0O OLF O 075007500 pixel 0 Light-field 0 0 0 O 1600x 1600
pixel 00 0000000000000000000093MO0 Sum of Absolute
Difference (SAD)0 000000000 0IMAX(DLE)O O RMGRP=80 000
OODLEDDODODOOOOOOOO00O0D 1/80000000EMAX/IMAX O
000000000000000000000000000000000000
Ostage000000000000000000000000000000000
00000000000000000000000000000000000 set
DO00064stages 000000 set0000000000ROO00000O0
0pO001000000000000000000000000000 unitO
000000(MMOOOOO00 wit000000000000000 96000
D0000000000040000334000000000000000 64unit
0000000 64x800000000 43520000000 BO DDR-LMM OO
OLOADO OO 36000 80 x80 0000000 8200000000 79680 blk
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000 100000000000000M/H=8000000000 AO LOAD
000 COLMM-DDROOODRAINDOOOOODO 647200000 PIOD OO
O0O000000OREGVOOOO LMMOOOOOOOOOORANGEOOOODO
O00O top OO0 100000000000 OO0DOOOODOOODOOON=1
O000OM/GRP=60000000MMOOOOOOOOOODO3.88MOO0O0O

(h)CNNOODOODOOD witD 000000000000 O000 1920000000
gobboobo4bobo0bvesobbOobOooboobooboDe4x800nnogn
0081920000000 owt00 OO OO LOAD+DRAINOO O 968+16+968+16
0000 101600 ocOOO 100000000000 O0DOOOC/W=40OOOOO
D000 in0d LOADODOODDO 420920 REGV4+RANGED OODODO iset 0 OO
1000000000000 00iset00000000O0O0O0OODO(M-2)/GRP=30
000 IC/REP=300000O0CNNOOOOOOOOOOO39MO0O0O0

(oLFODODODOODC0Owmit0O0O000000000 1600000000000000O
gboogd40000be40000D0000000O000006x80000O00O00OO0O
69120000000 sad,out 00 00O OO LOAD+DRAINDO O O 4004400416 O
ind0 LOADODO 33750+16 0000 414940 top 00O 1000000000 0O
000000000000000OM/REP=400000000LFO0D0O0OOOO
ooobleeMUODOO

U2000000000b0b004ao

MM CNN LF

00O M3[K2M?2 xIC x OC|40x (OM-PAD)?
—110M(FMA)| =152M(FMA)|  =93M(SAD)

stages / set H+1=61/0 0 :K*+1=10 00:18
gd:9 gg:14

sets / 64stages 1 6 4
0O stage [ 60 55 60

+MM: H=60, M=480
+ONN: K=3, M=242, IC=18, OC=16
+LF: IM=7500, OM=1600, PAD=32
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Read A:MxGRP/8=480cycles
Read B:M/8xH=3600cycles
M/WxGRPx4=3840cycles Write C:MxGRP/8=480cycles
8x2 i {64x8=512 | 8x2
<« > < > > < > < > AN i
fv: - \ time
=] Ve, .
A AT @ f‘% ® j‘% o
“
s | B2ke\ g % 9% %% % 0% |
g t‘J‘—"\‘% 7\’% %&%o T\’%\ ?;%‘\O \%\
9 ‘@,%‘ N N %, % vz %, % Y, 2
D @ 0 ‘é ‘é A % > 8
o ;] < % %
9w : g Y % Y 2 \V
53 A\
blk iter.: 3600+16+4352=7968cycles
top iter.: 480+7968x8+480+16=64720cycles
(a) MM
Read in:MxGRP/8xREP=1452cycles
Read out:MxGRP/8x4=968cycles Write out:MxGRP/8x4=968cycles
(M—2) xGRPx4=7680cycles
8x2 | {64x8=512 8x2
4P 4= 4> < >« > ==
.3"‘ %, % N\ time
= Q (o} Q
] ? g © 1%9 = [ {;,
“ 2} o D, .,.4)@, (3 o o D, .54)@
3 2\e 8\g B ") oY o P
FA L Q30 AR N
H \ %‘ 4 7\’ % W, O v ".z‘ 7\’ % R, S
3 gk \ X © : %, %
1 0 m% % A o, % Y
8 -« : : ')\Y‘ Q‘:‘
- ‘ ‘ j
oc iter.: 968+16+8192+968+16=10160cycles
iset iter.: 1452+10160x4=42092cycles
(b) CNN
Read sad, out:0M/8x2=400cycles
Read in:IM/8x9xREP=33750cycles Write sad, out:0M/8x2=400cycles
OM=1600x4=6400cycles
8x2 | 164%8=512 8x2
<> < > =< > > =P <>
N s p s\ s cime
g o e yo_,. t““ o v
B\ O -] Q o [+ k-]
m\e w ¥ {‘QA ¢
w : e 9
5 \ea\"g\ gy 0% ) % "8\ 8%
o vix\o B Y % ) g B )
N <] \ ¥, © Y
A A M '%%e‘ = » \
B EG\E % A ! \ %
3 ® B\ a3 b |
o3 Eé 2 E%
- e )

top iter.: 400+33750+16+6912+400+16=414%4cycles
(c) LF

020 0000000000000000O000DO0O0ODOODODO

5.2 FPGAODOUOOUOOOOO

EMAXV /IMAXO RTLOOOOOOOOOOOOOFPGA SoCODO O Xilinx
Zynq UltraScale+ ZU9EG O O OO0 Z2CU1020 0000 FPGAO O O Virtex Ul-
tra Scale XCVU440 0 0O 0 O O S2C Single VU440 Prodigy Logic Module (VU440)
O000 ARMvS+IMAXOOOODOOODOODOODODOO0ODOOOFPGA SoCO0O

33



OO0 FPGAODOOO ARMvS+IMAX O OODOOODOODOOOOODOOOOOO
gbououdgboogbooboboobobobbotbepmbuoobb@bioibod en
000000000 MasterODODOO SlaveJO0O00O0OFPGA SoCODODO ZCU102
OOARMOOOOOO Processing System (PS) 0 OFPGA O O 0O Progmrammable
Logic (PL) DO O0O0DOOOOOOOOOODODO ZCU1020 ARMOOOOOODOO
vu4400 0000 IMAXOOOODOOOOOoooogooobooozculo2b PL
OO0000e6e40000 IMAXOOOODOUODOOODDODOOODO FPGADUOD
OO00D0oO0bOooozZeuloz-vu44o D O XilinkOOOOooooooooogd
OO000D00b0 GTHO sOO0oO0O0Oooooooboonoo

w0
ZCU102 2(vua40
(<]
PS PL -
DDR4 Memory ARMv8 Aurora A 3 Aurora
Controller Cortex-A53 64B/66B | 1.64B/66B
¥ axicc] | | 2 [AXrcac
FPD Inter £ |200MHz & |350MHz {108
DMA r Connect | |&£ |4-8GB/s 1128 | O |5.6GB/s y
= | [ AXIIC | AXI IC |
Core a A
Switch | [ o 4.8GBJs |
300MHz
4.8GB/s IMAX

O 21: ARMv8 + IMAX FPGADOOOOOOOOOODOOOODOO

ZCU102 vu440

0 22: ARMv8 + IMAX FPGADOODOODOODOOOO
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obguboobobogboIpObO0o0obOo0obOOobDbOOobLO0ba0DODO
O00IPO0O0OXilnxO0ODODOOOO0OO00OO0OXilinxOO FPGAODOOOODO

gboboboogooboboogoooboon

0 3: 000000000 Vivado Strategy

Intel Core-19 7980XE

goobooogn
DDR4-2400 128GB CentOS 7.6

FPGAOOOO Vivado System Edition 2018.3

Synthesis Strategy Flow_ PerfOptimized high (EMAX6, IMAX)
Flow__AlternateRoutability (EMAXV)

Implementation Strategy Performance ExplorePostPhysOpt

04 00000000001IPOO

IPOODO ooogo
Zynq UltraScale+ MPSoC 3.0
AXT Interconnect 2.1
AXT Chip2Chip Bridge 4.3
Aurora 64B66B 11.2

5.2.1 zZzCUl1020 0000 oogoo

Oo0Ozcule0 0 FPGAODOOOOOOODOOOODO
PSOOOFPDDMACO OO DMAOOOOOOODOOOODOODOOODDOOO
O0000b0o0o0ooboobo0ooooboboogozZculo2d PLO OAXI Interconnect

(AXTIC)ODDOODOOOOOOUoUooooooIPOOOOO AXI Chip2Chip (AXI
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C2C)0000064B/66BO00000000 GTHOODOO OO Aurora 64B/66B
000000000I000000000000000000000C2CO ZCU102
00 Master D D 0OAXIICO PSOOC2CO 00 128bit 000 O300MHz0 0 O
00000000000 48GB/s0000000000000000C2CO000
001000 5Ghbps 00000 GTHO 3000000000064B/66BO 000
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0000000000000000000000000000

5.2.2 vVU4400 0 IMAX OO

OO00OVU44000 FPGAODODOOOOODOODODOVU44000 zZCU102 0O
00000 Aurora 64B/66BO0 000 GTHO 30000000C2C00 AXIIC
D000 IMAXOODOOOODOOOOODOoOoDoooOoD 20 - AXTIC
00 128bit 00O 350MHz OO0 OO 5.6GB/s0O AXI IC - IMAX O O 256bit O O
150MHzO OO OO 48GB/s0 000

VU440 0 EMAXVOEMAX6O OO IMAXOODOOODOOODOOOOOODOOO
OBO0000OEMAXVOOOOODODOODOOODODOOOOODOoDOoOOobDoOOoOoo
000000000 N/ADDOOOOOOOOEMAXVOOOOOOOOOOOO
ODO000O0DbOobDOobooooobm2shit000n 3a2pit0000000ooonon

05 VU400 ODOO FPGADODOOODOO

EMAXYV | ENAXG6 IMAX | VU400 000000O
Fmax N/A(ODOOO) | 120 MHz | 150MHz N/A
LUT 2421366 | 1390086 | 1567474 2532960
LUTRAM 416 284 676 459360
F/F 298680 | 449309 | 457572 5065920
BRAM 2084 522 022 2520
DSP 2048 256 256 2880
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LFOO rPUDODODOOOOOVU4oDODOODOOODOODOOODOODOD
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OOLUTRAMOOODOOOOOOOOOOODOOOOOOODOOOOOOooD
O0O00oDOO0IMAXOODOOODOOO 150MHzOOOOEXEODDOOOD
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5.2.3 UU0OOOOOOOOODO

O000 FPGAOOODODODOODODODODOOODODOODODODODOODODOOO
gofdbobooboddoobbbodooooubobobobbbooe0goonbon
OosSOboOooooooooobooooooobooooooobooooooooo
00000000000 00000000OCMA(Continuous Memory Allocator)
guodooubbbtoooouobobboooobbbooooobbbooooooon
O0000O0CMAOOOOOO memset() 0000000 Segmentation Fault O
O0000000000000 memset()000000 gecOOODODOOODOO O3
OooooooooooooooooooboocpybObOOoOobDOOoOoOoDbOOOD
guooooooobooood

0Dx@oo000000ooooooooonD EMAX6OOODODDODODODOODOO OO0 g
00000 EMAX6OOOOOODODODODO0Oooooo (D0moooooooo

060000
OS Debian 9.1
oood 4.9.0-xilinx-v2017.2
gogoog gce version 6.3.0
CPU ARMyvS8 Cortex-A53 1.2GHz
gooood DDRA4-2133 single channel
cpUDODOO gecOODOODO -Ofast -mstrict-align
GPU NVIDIA Pascal 256 CUDA Cores (Jetson TX2)
GPUDOODOO nvee V8.0.72
OO0D0D0DO000O0Doono EMAXV: 50MHz (MM, CNN) / 30MHz (LF),
EMAX6: 120MHz, IMAX: 150MHz
doooooooo 64 stages
OO00O0000 LMMOO 32KB / unit
OO000DO0D0000 geceOOODOO | -O2 -mstrict-align
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OO000O0OO00OOOOoOooooooooDzeulzo pSOODOODOODOO ARMYS
Cortex-A530 00000 (ARMvS) OO OONVIDIADODOOODO GpPUOO
SoCO OO Jetson TX2O 0000 EMAXVO EMAX6OIMAXO 2000000
00 (Double Loop Execution: DLE) 00000000000 O0O00O (Adaptive
Instruction Shift: AIS) 00000 IMAXOOOOODLE/AISOOOO 4000
OO0 IMAXOOOOODOOOOO2000000000MMOOOCNNDOOD
gboboboobob Lroboboo40b0boobobuooboboobo
O00000Doo000ooOo0d0oo4000D0000O0DOOODMADODOOOODO
OrpPlOODO0O0OOO0OODOODOOOOODOODODOLOOODOODODOOOODO
000000000000 DO00ODO0O0OD0O0ODO0OD FPGA-FPGAODDO
gbbobooobbtooobobbooobbbooobobbooobbbuoodobo
FPGAOOUOOODOOOODOODOODODOODODOOO 1.8GB/s0 000000000
O000256bit AXI4OOOOODOOODOOO 1I5,0MHzOOOOO IMAXOODO
00 256bitx150MHz=38.4Gbps=4.8GB/s 000000000000 OODODOO
O0000O0000DbO000000bO00b00D0D0mboo0ono bMAODO

. ®ARM  mDRAIN

BECONF ®mREGV
ORANGE oLOAD

0.8
BEXEC
0.7
0.6
0.5
04
0.3
0.2
0.1 E

0

.
-

0.9

(DLE / AIS)

)
ip

Execution Time Normalized by IMAX

p

N
IMAX 4Chip -|

IMAX 4Chip

IMAX
(Double Loop Exec.
IMAX 4Ch

IMAX

(Adaptive Insn. Shift)
IMAX
(AIS+38.4Gbps)

IMAX
(Double Loop Exec.)
IMAX
(DLE+38.4Gbps)
IMAX 4Chip
(DLE+38.4Gbps)
IMAX
(DLE+38.4Gbps)
IMAX 4Ch
(DLE+38.4Gbps)
IMAX 4Chip
(AIS+38.4Gbps)

MM CNN LF

026 00000bbobooooboboood
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OO00000DD-IMAXOODODO 384GbpsDOOOOODOO DMAOOOODODO
O00000mODbMAODOOOODOOOOOODOOOODDOO IMAXOD
000000000 @moOoooooooooobMAODOOOODODOODOO
gog
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Or7nOd000000O0000O0O0ODMADOOOODOOODOOODOOOODOOO

000 38.4Gbps0 OO0

ooooo 00000 [ByteDMAOOOODMAOOOO [Byte]

00000000 [ns]

MM
A (LOAD) 15,360 60 921,600 192,000
B (LOAD) 100000 1,920 28,800 55,296,000 11,520,000
B (LOAD) 400000 1,920 7,200 13,824,000 2,880,000
Total LOAD 100000 28,860 56,217,600 11,712,000
Total LOAD 400000 7,260 14,745,600 3,072,000
C (DRAIN) 15,360 60 921,600 192,000
Total DRAIN 60 921,600 192,000
= CNN
ker (LOAD) 10,368 1 10,368 2,160
in (LOAD) 9,680 540 5,227,200 1,089,000
out (LOAD) 7,744 1,440 11,151,360 2,323,200
Total LOAD 1,981 16,388,928 3,414,360
out (DRAIN) 7,744 1,440 11,151,360 2,323,200
Total DRAIN 1,440 11,151,360 2,323,200
LF

sad (LOAD) 6,144 1,536 9,437,184 1,966,080
out (LOAD) 6,144 1,536 9,437,184 1,966,080
in (LOAD) 30,000 3,168 95,040,000 19,800,000
Total LOAD 6,240 113,914,368 23,732,160
out (DRAIN) 6,144 1,536 9,437,184 1,966,080
sad (DRAIN) 6,144 1,536 9,437,184 1,966,080
Total DRAIN 3,072 18,874,368 3,932,160




Des00O0O00ARMO CONFOOPIOOOOOOOO0OOOO ARMOO0O
000000000000000000000000000000000EMAX6
0 IMAXOOOOOOOOOOOODOO0O0O0000000 AXI-READ-IFOOO
D00O0O0O0ODRAINOOOOOOOOOOOOO0O0O0O0O0OOOIMAXO IMAX
(DLE/AIS)0000000MMOOO CNNODO200000000000000
0000000000 RANGE+REGVO DD OOODOO0OOOOODOOOOLF
0000000000000000000000LOADOOOONONOOOOOO
0000000300000000000000000002000000000
00000000000000000000000000038.4Gbps-AXIOO0O
00000000000000000000000000000000 LOADD
00000000000000 (Dem)00000

0 @O00FPGADOOODOO IMAX (DLE/AIS) OO ARMv8 0000 5.3,
19.5,14600GPUDDOODO 0.7, 26, L5 OOEMAXVODOODO 4.1, 7.3, 3.70 0
EMAX60000 4.2,64,2100000000000000000004000
00 (IMAX 4Chip) 0 100000 (IMAX (DLE/AIS) ) 0000 3.3, 1.5, 1.2
D0000000000000000000000000000 MMOOOOO
00BOOOOOOOOOOO0O0O0O0LOADOOONONOOOOOOOOOOOO
0000000000000000000000000000IMAXO AXIOQO
0000000000000000000000000O00IMAX (DLE/AIS +
38.4Gbps) D OARMv8 O OO0 81,245,261 00GPUODOOO 1.1,3.3,2.600
EMAXVOODODO 6.3,9.2,6600EMAX60000 6.4,81,3.90000000
00000000000000400000 (IMAX 4Chip (DLE/AIS+38.4Gbps))
0100000 (IMAX (DLE/AIS+38.4Gbps) ) 00003.1,1.7,1.300000
00000000000

00000000O0IMAXOOOOOOO CPUO GPUOODOOOO000OO
D000000000000000000000000000040000000
000030000000000000000000000000000000
00000000000000000000000000000
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5.3 UUonoooooon

IMAX O Verilog HDLO OO RTLOOOOODOODOO OO Synopsys Design
Compiler 00 OO0 0OD0ODOODOOOOOOOOODOROODDOODODOOOOOOO
0000000000000 0000 SRAMOODODOOOOO0O TSMC 28nm
OO0bO00O0o0o0O0oO0bOoo0ooOoboobO0obUobooooOobOobooooDOooDo
00000000000 bO0bO0DbOO0DOO0DO0DO0DO0obOO0oDOODODOOobOOoODO
OOD0OO0O0OEMAXV, EMAX6OOOOOOOOODOODODODOODOOODDODOO
O000000000000000000EMAXV O 300MHZOEMAXG6 / IMAX O
900MHzOOOOEMAXVDOOOODOOOOODO TSMC28nm 0000000000
OO00000000000O00000000o0o0o0oooooon 300MHzO00O
00 7.3mm?0 SKBLMMOO 24.9mm?0 32KBLMMO O 000000000000
000000000000 00000000000000 0EMAX O 300MHz O
FPGAOOOOOODO (3.00000090MHzOOOOODOODOOOODOOODOO
00064 stages0 000000000 O00OOO0OOOODNI16 stagesd 8 stages [
O0000064stages0 0 O000O0OOOO

0000000000000 DODO0ODOO0 CGRADDO EMAXVOOODOO
OO0 CGLAOODO EMAX6,IMAXOOODOODDODOODODOODODDODOODDOO
000000 Combinational 00000 OO0EMAXVOOOODOEMAX6ODOO
IMAXOOOOODODODODODODOOOoODOoooooooo400 100000
OO0000D0O00ooOooooooooodoo LMMOOOOODODOOoOOOOOd
OO000000bOO00 LMMODODOODOODODODODODOODOODOOOODOO
0000000000000 0D000O00O00bO0bOO0oDOO0oDOoDODOOoDOO
O00000000000000D000D00DO0O Noncombintional 0 0 00O O

U8 goboooogaon

ASICODODOOODOO | Design Compiler N-2017.9-SP1
ooooo TSMC 28nm
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OO0Combinational 0 0 000000000000 O0COOOO0OOOOOOOO
oooooooDoOoOOOoO0OoLMMOOOOOOOO0O0O0O0O0O0O000000O0
0000 1/40000000000000000000O0000O0LMMOOCOO
O00000000 CGRAOD CGLAOOODOOOOD stgaeOODODOOODO
ooo0oO

EMAX6D IMAXOODOOOOOOOODODOOOOOOOoOooooooooDo
000000000 Combinationald Noncombinational 0 O O O Buf/Inv 0 00O
oooooooOooOoOoOOOOOOOOOOODOODODO0O00O0OLMMOOOO
000000000000 0EXEQOOOoooooooooooooooogod
O00000000000oooooDooooooogoooooooooood
OD0D0O000000000000000000000IMAXO EMAXVOOOOO
O00003004way0 0000000000000 OOOO3/4/0.307=2.440
Oo0oo00ooooooOooooooOooooooOoooooOoboOooooood
oooooOoOooooo

0 9: EMAXV / EMAX6 / IMAX 64 stages 00000

EMAXV | EMAXG6 IMAX
Clock constraints [MHz] 300 900 900
Combinational [pm?] 4,074,459 | 1,647,054 | 1,705,263
Buf/Inv [pim?] 173,855 | 165,545 | 278,722
Noncombinational (registers) [um?] 773,047 | 1,016,211 826,694
Macro/Black Box (LMM) [um?] | 22,374,142 | 5,503,536 | 5,593,536
Total cell area [m?] 27,395,504 | 8,422,346 | 8,404,215
ratio (normalized by EMAXV) 1.00 0.307 0.307
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6. oo

OO00O0bOOCGRADODODDOOODODODOO40000000D0ODODOD
0000000000000 00000DO 100000000000 1/4000
EMAX6OOOOOOOOODOOOODOoOOOOOODOoOooOOoDboooOO
gobbbbbudoooooobbbbbouooooooobobbbood
00000000 (CGLA)ODOOoOoOoOoOo IMAXOOOOOO

FPGAOUO IMAX 64 stagesU D 0D OO0 ODOODOOODOODOODOOODOO
2000000000 CGRA (EMAXV) O 50MHzOOOO150MHzO0O0O0OO
0000000000000 0000000000O00000O0O0OD (boooo
O0000OOLight-field0000) 0000000000000 0OOOIMAXDO
EMAXVODOOO4.1,73,3.70000000000000DOO0O0OO0OOOO
OO00Ooobooboo0ooboooboobbooooooOo0obOOo0bOUEMAXY
gbobbed, 92, 660000000000000O00OOO0OOOOOO0O4000
gboboobolgbgoobobooboboboobobbob 33b0b0
gobooboboboboboboboo31gpoooooooboobobobo
gboboogdbboogbbooboodb2samgdoogoooooooobbod
O00000000000EMAXVOOO 27.40mm? 00 00 IMAX O 8.40mm?
OO00000O0DOO0bOOooOoooooASICOODOD FPGAOODOODODO
0000000000000 00O0DO0DODO0DO0bO0O0b0O0DbDO EMAXVDOO
0244000000
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