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Evaluation of High Efficiency Multi-Chip System
by Combining Systolic Array and High-Speed
Links®

Jun Iwamoto

Abstract

Many systems have been reported for collecting and learning one-dimensional
data collected by a huge number of sensors in a cloud center for use in machine
learning. Low-cost, low-power, and high-efficiency computing platforms are re-
quired for edge devices. Therefore, systolic array architecture, in which arithmetic
units are arranged in a grid pattern, has been attracting attention. On the other
hands, scalability performance is required, but it is not easy to add an external
memory bus to reduce costs. In addition, long-distance wiring and wiring conges-
tion cause a decrease in operating frequency and area efficiency when implemented
with a lattice structure, which hinders pipeline execution. Furthermore, in the case
of operations with complex data reference patterns, external memory references
increase. The reuse efficiency of the local memory (LMM) deteriorates, and the
readout delay becomes dominant. Finally, there are many issues that need to be
solved, such as speeding up the innermost loop alone is not suitable for accelerating
matrix multiples and convolutional operations with short vector length.

In this research, this paper proposes In-Memory Accelerator eXtension (IMAX),
which is a systolic array that can be multi-chip without increasing the external
memory interface to improve the above problems. First, this paper proposes a
multi-chip cascade connection mechanism to improve power consumption due to
having multiple external memory buses and sophisticated DMA masters. Next,

this paper proposes column multi-threading to improve long-distance wiring and

*Master’s Thesis, Graduate School of Science and Technology, Nara Institute of Science and
Technology, March 13, 2020.
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wiring congestion by using a two-dimensional lattice structure, enable operations
with complicated data reference patterns, and parallelize buses in a chip to improve
readout delay. Finally, this paper proposes a multi-loop execution mechanism that
can provide sufficient performance for operations with short vector lengths. The
prototype system of this IMAX is mounted on an FPGA, and three types of multi-
chip configurations of star type, tree type, and daisy chain type are formed and
evaluated. The evaluation method is to evaluate with up to 4 chips by execut-
ing 10 kinds of evaluation applications consisting of matrix multiples, convolution
operation, Light-Field image processing, stencil operation and so on. In addition,
since only 5 chips or more on the prototype system can be connected in the daisy
chain type, evaluation is performed with a maximum of 8 chips. As a result of the
evaluation, it is clear that the 4 chip configuration of the star type, the tree type,
and the daisy-chain type can achieve 2.9 times, 2.69 times, and 2.54 times the
execution performance compared to the 1 chip configuration at the maximum per-
formance. In the evaluation of a daisy-chain type with a maximum of 8 chips, the
maximum performance is 2.9 times (with matrix multiples 7 chip configuration).
In addition, 5 chip configuration in the convolution operation, 2 chip configuration
in the light-field image processing, 5 chip configuration to the grapes used for at-
mospheric simulation in the stencil calculation, and 2 chip configuration were the
fastest in other stencil calculations. If there is a lot of shared data between chips
such as matrix multiplication and convolution operation, the effect of multichip
is large and stable performance can be obtained even in daisy-chain type. How-
ever, in operation by simple space division such as stencil operation, The effect of
multi-chip implementation is small, and the star type and tree type have smaller
overhead and are easier to achieve high performance. However, compared to Jet-
son TX2, which is a GPU for edge side, the daisy chain type can achieve up to
5.4 times the execution performance when executing stencil operation (resid), and
can achieve high execution performance in other applications. In conclusion, it is
clarified that sufficient performance can be obtained even in a daisy chain type
with a limited memory bandwidth, assuming the use of edge devices under power

constraints.

Keywords:
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Table 1: IMAXOOOOODOO OO0ODODO

ooooo goooo PIO/DMA
CONF gogooobod PIO
SCON CONFODOODOO PIO
REGV goboboood PIO
RANGE goboooodgobon PIO

DMA(DRAIN) | DMAOO (000O0000-000) | DMA

DMA(LOAD) | DMAOO (0O0O0-0000000) | DMA
EXEC 0000 PIO
IDLE 000000 PIO
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//EMAX5A begin x1 mapdist=0
/+3%/ for (cHIP=0; CHIP<NCHIP; CHIP++) {

/*2%/ for (INIT1=1,LOOP1=RMGRP,rofs=0-M*4; LOOP1-—; INIT1=0)

/*1x/ for (INITO=1,L00P0=M-2,cofs=(0-4)&0x00000000ffffffffLL; LOOPO——; INITO=0) {
exe (OP_ADD, &cofs, INITO?cofs:cofs, EXP_H3210, 4, ... );/* stage#0 */
exe (OP_ADD, &rofs, rofs, EXP_H3210, INITO?M*4:0, ... ); /* stage#0 */
exe(OP_ADD, &oofs, rofs, EXP_H3210, cofs, ... ); /* stage#l */
mop(oP_LDUwR, 1, &BR[2][0][1], (ui1)xpoo[cHIP], OLL, ... );/* stage#2 =/

, &Br[2][0] [0], (ui1)xpot[cuir], OLL,

mop (OP_LDUWR, 1 )

mop(op_Lpuwr, 1, &Br[2][1][1], (ui1)xpo2[curp], OLL, ... );
1 );
1

/

/* stage#2 x/

/% stage#2 */
, &Br[2][1][0], (u11)xpo3[cuir], OLL, /

) &er[2] [2] [1] N (Ull)ipOO, oofs, ... );

mop(DP_LDUWR, * stage#2 */

mop (OP_LDUWR,

Figure 11: For DO D0 DOO0OOOO0OO0O0OO0OO0O0OO0O0DOOO
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1. load (&00, op0, offset); ... load (&03, op3, offset);
2. add (&s0, 00, sumQ); ...add (&s3, 03, sum3);
3. store (&s0, op0, offset); ... store (&s3, op3, offset);

(a) *(op+offset) += sum for proposed systolic array

sumO
suml
sumZE Eoffset
sum3
1.0p0 3.0p0
l.opl 3.0pl
! ! 1.op3 Yy 3.0p3 Y
. ¢ E ' v
I\-/_ﬁ/ Ioad \\store

sumO 1.00
suml 1.01
sum?2 1.02
sum3 1.03

(b) Feedback for read-modify-write operation

Figure 12: Read-Modify-Write O O
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Figure 13: IMAXODODOOOOOO
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5. FPGAUUUOUOUOUODUODODODOOooooooooon
Ooon
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Figure 14: ARMv8 + IMAX FPGAOOOOOOOOOOOOODOOO

ZCU102 VU440
Figure 15: ARMv8 + IMAX FPGAOOODOOOOOOO
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Table 2: OO0 O0O0ODODODOO Vivado Strategy

Intel Core-i9 7980XE

DDR4-2400 128GB CentOS 7.6
FPGAOOOO Vivado System Edition 2018.3
Synthesis Strategy Flow_ PerfOptimized high

goooogogon

Implementation Strategy | Performance ExplorePostPhysOpt

Table 3: OODOOOODOODOOIPOO

IPOOO ogoogo
Zynq UltraScale+ MPSoC 3.0
AXT Interconnect 2.1
AXI Chip2Chip Bridge 4.3
Aurora 64B66B 11.2
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Table 4: VU4400 000 FPGAOOODOOOO

IMAX | vU44000000000
Fmax 150MHz N/A
LUT 1567474 2532960
LUTRAM 676 459360
F/F 457572 2065920
BRAM 522 2520
DSP 256 2880
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Figure 16: IMAXODODOODO VU4400000000O
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Table 5: OUOOOOOOOOOOOO

DDDDDDDD‘DD gooood
mm oono 480%480
cnn gooood 242x242,1C=18,0C=16
gather Light-FieldOODOOOOODOO 7500x 1600
gdepth Light-FieldOODOOOOODOO 7500% 1600
grapes 300 1900000000 (degree=1) 320x240x120
jacobi 300700000000 (degree=1) 320%x240x120
fd6 300 1900000000 (degree=3) 320%x240%x120
resid 3002700000000 (degree=1) 320x240x120
wave2d 200500000000 (degree=1) 320%240
tone curve gobogoobooon 320%240

0000000 IMAXOOOOOOoOooooooooosoooooooooo
O Deep Learning 0000000000000 (mm) 000000000000
000000000000 0000 (enn)D0O000OO0OOODOODOOOOOOO
Light-Field 0D 0000000 (gdepth) D000

5.4.1 U0D0OOOOOODOO

O0B000000001000000000000000000000000000
0000 Deep Learning 0000000000000 0000O00C0O0O Light-
FeldDOODOOOOOO0OOO0OO0O0OOOO0O0OO0O0OOO0OOOOOOOOO
000000000000000000000000000000000000
00000000mmO enn000000000000000000000000
00000000000000Light-Field O 0 00 (gather, gdepth) 000000
000000000000 000000000000000000000000
000000000000000000000000000 (grapes, jacobi, fd6,
resid, wave2d) 00000 0000000000000000000000000
000000000000 000000000000000000000000
00 (tone curve) 000 0000000000000000000000000O0
000000000000000000000000000000000000
0000000000000 000000000IMAXOOOOOOOOOOOO
000000000000 0000000000LUTO00000000000
00000000000 0000000
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5.4.2 0J0OO

000000000000000000000000000000000000
00000000000000000000000000OOO Deep Learning O
000000000000000
0mMa)0mmO00000000Mmb)0CO0000000000000 m(c)
D0wit0000000 10000 H+1 (00)x W (0)000 IMAXOOOO
00000000000000000M>H, M>WOOO00000O Clrow][col] O
0000 Afrow][*] x B[¥][col] 000000 HOOOOOOODO100 unit[*mod
H][colmod WO O OO0 O00000000000000HxWOOOOO0O0O000O
000000000000000000 Coc, CO8, Co4,CO0000000 A0 X
B0cO A01 x B18, A02 x B24, A03 x B300 000000000000 C00, CO4,
C08, COc, ..., CO(M-4)00000000000000000000000000
D0000HxWOOOOOOOOOO0OOO000000wWOO00000000
00000 M/HOOODOOOOOOOOOOO €00, CO1, ..., COM-1)0 000
D00Mmd)0000000AODNOOODOOOOOOOOOOOODDOOOO
000000 AD100MOOOx GRPOOOOOOBO 100MOOO00O00O

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

row#0 JAOO|A01|A02|AQ3| ... o| |B00|B01{B02{B03|B04]|B05|B06{B07|B08|B09|B0aiBOb; ... C00JC01{C02{C03JC04]C05|C06/CO7|CO8] ...
£

row#l |A10(A11|A12|A13 %_ BlOlBll B12 Bl3|Bl4|BJ.5 B16i{B17|B18|B19|B1lajBlb
T

row#2 |A20(A21|A22|A23 * BZOlBZl B22|B23|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
<
k3
Q

(a) Data structure of matrix multiplication (C=A*B)

for (row=0; row<M; row++) {

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

\Y/ N %
C04-07 else
3&7 3&7 C00-03 Clchip*M/N+top+row][col+w] += A[chip*M/N+top+row][blk+h]*B[blk+h][col+w];
co1 M ) ) .

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

e A0O LMM for (col=0; col<M; col++) {
[ Bod | [Boel | BO m for (n=0; n<M; n++) {

@ @ if (n==0) Clrow][col] = A[row][n] * B[n][col];
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Figure 19: 0000 IMAXDOOOO
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Normalized Execution Performance
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Execution time Normalized by 1chip
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