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FPGA
Field Programmable Gate Array

(Fine Grained Reconfigurable Array)
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Stereo matching 5
Search location where sm_all window has minimum difference
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How to measure difference

"SAD (Sum of Absolute Differencé) *A
» around 21x21 pixels in 320x240 image
» Each pixel has RGBO0 (word-aligned 8bits*4)

L1 L Lfi+1]
L |R[G[B]0[R[G[B]0]R]G[B]0

- Rl R[] | R[i+]]
R RIGIBIOIR|IGIBIOIR|GIB|0
32bit

DIFF; = |L[ilg — R[i|r| + |L[ilc — R[i]c| + |L[i] 5 — Rli] 5|
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Windows with edges are important
Calculate distance from far-side to near-side

Focus on far-side Focus on mid-side Focus on near-side
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Windows with edges are important 3

L Pixel . . . .
Edge_info
e HANNNEEEEEE N

Edge_info

Each window has edge and minimum SAD
= distance found !
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Calculation by FPGA 202504919

Static allocation of pixels and huge number of ALUs
- Shift left every cycle

Pixel AEEEEEEEENENNN
Edge_info
RPMI HBEEEEEEEEEEEN
Edge_info [
mm» Shift right every cycle

SAD of 4bit-red and 4bit-green requires
(2-subtractor + 2-xor + 1-adder) x 320sets

,.IHHHH
I IR RE
HH v ++¥ ¥+ 4% ¥+ ¥+¥ ¥y yv yv
2 2 2 2 2 2 2 <
4\(4 4 4 4
N\
8| s 8

161161161 161 16) 16] 16] 16

(SAD of 16pixels) x 8sets requires 34-adders
x 38sets to cover horizontal 320pixels
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Calculation by FPGA 20250419
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Hardware for simultaneous processing of 16lines

Results from previous page |16] 16| 16! 16/ 161161 161161 161 161 16| 16 161 16
x 16lines

|16 16116 16] 16]16] 16] 16]J16] 16] 16] 16] 16} 16

640-subtractor + 640-xor + 320 adder

X 16lines
Total: -T— - . .
8bit-register 11520 I 16] 16J 16]1 16] 16] 16] 16| 16] 16] 16} 16] 16] 16 |{]16
Subtractor 10240 16x16 SADs I |
Xor 10240 | | [ ] | | I |
Adder 5120

/\ /\ Compare with saved minimum SAD

Edge_info

Depth_info of one line is
updated every cycle

v v Depth_info = latest shift amount
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Estimation of Performance

Let’s assume SSE2 can calculate SAD instruction in 1 cycle.

> 8,000,000,000pixels/second (2GHz)

FPGA can calculate 81920 (320x16x16) SAD in 1 cycle.
> 2,700,000,000,000pixels/second (33MHz)
»> 320times faster than SSE2 with 1/60 frequency

Performance of FPGA: 600frame/seconds

wyNAIST
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High-end FPGAs have PCl-e interface 202501‘%9
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How to access memories on FPGA board 14

mmap() system call maps on-board memory to user memory space
if (wait_previous) {
do { soft 1Zct[BAR3 L2CT 0000] = hard lZctr (BAR3 L2CT 0000); /* & SOFT<HARDX */
} while (soft_l2ct[BAR3_L2CT 0000].12ct 0000.v != 3 || soft l2ct[BAR3 L2CT 0000].12ct 0000.stat != 1);
} wait _prnv.i.aus = 1;
/* Getresult DI,Dr from on-board memory */
for (i=0; i<HT; i++) {
for (j=0; j<WD/L2LINE; j++) { /* ¥ v i 25 »=64byte WD=320byte DF Y WD1IiTH=F v v 2554 7 */
hard 121ir{0x03000+i* (WD/L2LINE)+j, &D1[i][j*L2LINE]); /* *SOFT—HARDX */
hard 121ir{0x03800+i* (WD/L2LINE)+j, &Dr[i][j*L2LINE]); /* *SOFT—HARDX */
}

}
/* Write BI, Br, El, Er to on-board memory *J

for (i=0; i<HT; i++) {
for (3=0; j<WD/(L2LINE/2); j++) { /* ¥ vi 254 »=32short WD=320short DF Y WDIFTH=Fvr v 21054 4% */
hard 121iw(0x00000+1%* (WD/ (L2ZLINE/2) )+j, &Bl[i*WD+3*L2LINE/2]); [* % SOFT—HARD®* */
hard 121iw(0x01000+4i%* (WD/ (LZLINE/2) ) +3, &Br[i*WD+j*L2LINE/2]); /* * SOFT—HARD ®& */
hard 121isync (Ox00000+1* (WD/ (LZLINE/Z2) ) +3) ; hard 121lisync (Ox01000+1i* (WD/ (LZLINE/Z2) ) +7) ;

}
}

for (i=0; i<HT; i++) {
for (3=0; j<WD; j+=8) { /* T ¥ wi 154 »=512bit WD=320bit DF U WD1TH=Frvi 2554 4% */
el[i][j/8] = (BLl[i][3+7]70x80:0) | (BL[i][j+6]20x40:0) ) (BL[i][j+5]20%20:0) ) (EL[i] [j+4]?0x10:0)
| (EL[i] [§+3]?0x08:0) | (EL[i] [j+2]?0x04:0) | (EL[i] [j+1]?0x02:0) | (EL[i][j ]17?0x01:0);
er[i][j/8] = (Er[i][3+7170x80:0) | (Ex[i][j+6]120x40:0) | (Ex[i][3+5]20x20:0) ) (Ex[i] [3+4]7?0x10:0)
| {Ex[i] [§+3]120x08:0) | (Exr[i] [j+2]20x04:0) | (Ex[i] [§+1]?0x02:0) | (Ex[i][j ]1°20x01:0);
}
}
for (i=0; i<HT*WD/(LZLINE*8); i++) {
hard 121iw(0x02000+i, &el[0][0]+i*L2LINE); /* % SOFT—HARD K& */
hard 121iw (0x02800+1i, &er[0][0]+i*L2LINE) J* 4 SOFT—HARD X */
hard 121isync (0x02000+1) ; hard 12lisync(0x02800+1) ;

3;1: Start FPGA */

soft_12ct[BAR3_L2CT 0000].12ct _0000.stat = 3;

hard 12ctw(BAR3 L2CT 0000, soft 12ct[BAR3 L2CT 0000]); /* % HARDSOFTHk */
hard 1l2ctsync(); f* WHARD-—SOFTH */

WyNAIST.
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Hard-soft interface from CPU

/* I/0ZEFIRE~SE +/, mmap() system call maps on-board memory to user memory space
int gp600m_open ()
{ if ((fd=open(GP600M DEVNAME,O0 RDWR)) == -1) {

printf ("gp600m.c: ERROR can not open gp600m\n”) ;

return (-1);

if[[hard_12ct=
Iunian 12ct*lmma2“caddr tlﬂiﬂxiﬂﬂﬂﬂﬂﬂiPROT RE&D!PRDT WRITEiMAP SHABEDifdiIaff tIDII==MAP FAILEDI {
printf ("gp600m.c: ERROR MAP FAILED on gp600m\n”);
return (-1);

}
hard 121i = (struet 121i* char*)hard 12ct + 0x1000000) ;
return H

1
/% =|fgzepy «, Control registers for FPGA

void hard 1l2etw(i, d) Uint i; union 1l2ct d;
{ *(hard_l2ct+i) = d:}
union 1l2ct hard l2etr(i) Uint i;
{ return *{hard l2ct+i);}
void hard 12ctsync() Sync
{ msyne(hard 12ct, BAR3_LZCT_REGNUM*4, MS_SYNC) ;}
J* E{RIORE «/ Plxel memory for FPGA
wvoid hard_lzllw[x d) Uint i; struct 121i *d;
{ Ull *src, *dst;
src = d->d;
dst = (hard_121i+i)->d;
dst[0] = sre[0]; dst[l] sre[l]; dst[2] sre[2]; dst[3] sre[3];

dst|4| = srclil; dstlﬁl = rc|5| dstlﬁl = rclﬁl; dstl?l = srcl?l;
}

void hard 121ir(i, d) Uint i; struct 121i *d;
{ Ull *src, *dst;

src = (hard 121i+i)->d;

det = d->d;

dst[0] = sre[0]; dst[l] = rc[l] dst[2] = rc[2] dst[3] sre[3];

dst|4| = srclili dst|5| r.'|5|i dst'GI c|6|i dstl?l rcITI'
}
void hard 12lisync(i) }!
{ msync(hard 121i+i, LZLINE, MS_SYNC) ;}

(R
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Burst data transmission for high-performance
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Hard-soft interface from FPGA 20250415

reg [15:0] B10[319:0],...B1£[319:0]; f* 16bit X 3205k X 165TH DAY T 7 * 17
reg [15:0] Br0[319:0],...Brf[319:0]; /* 16bit x320EFKE X 16T D/ v T 7 *,f
reg [319:0] El,Er; /* 1bit x 320BIF *x 179D/ \v T 7 */
reg [7:0] D1[319:0], Dr[319:0]; /* 8bit x320EFx 1T9DN\vTF */

I* Reset hardware */

I* Get command from CPU */

else if ((state==STATE_INIT) & (M _STAT[1:0]==2'bll)) begin
state <= STATE_ PFBL; /* start SSRAM -> intnrnal_pl */f
linel <= 0; /* 240Bh2 2k */
liner <= 0; /* 240B8h 22k */
xgnte <= 0;

end

I* Read BI, Br, El, Er */

else if ((state==STATE_PFBL) | (state==STATE_PFER) | (state==STATE RDBL) | (state==STATE_ RDER)) (HBE)

else if ((state==STATE_RDEL) | (state==STATE_RDER) ) l:"ﬁlﬂﬁ:l

I* SAD body */

else if (state==STATE EXEC) begin

o e g e e de ek refer next page kkkkkkkk )/

end

I* Write to DI Dr */
else if ((state==STATE WRDL) | (state==STATE WRDR) ) (&HB5)
I* Report to CPU */
else if (state==STATE_TERM) begin
if (M XREQ & xgntc==0) begin
M A[31:3] <= 29'b00000000_00000000_00000000_00000__ ;
M Dreg[63:0] <= €4 'h00000000_00000013; /* host_ request */

M_WEX <= 1'b0;

M_BSTMX <= 1'bl;

M XREQ <= 1'b0;
end

if (~M_XGNT) begin
xgnte <= xgntec + 1;
M XREQ <= 1'bl;
end
if (M WRDY) state <= STATE INIT;
end

@yNAIST.
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Kernel of SAD in FPGA

if (depth < DMAX*4) begin /* /"\—A FE— FOHIIDMAXDAESESTT 5 */
for (i=48; i<=352; i=i+l) begin /* shift L/R pixels */
[* Calculate DI */
if (~E1[i-40] & (D1l[i-40] < D1l[i-41])) begin
D1[i-40] <= D1[i-41]; [*if EI=0, copy neighbor DI */
end
/* EET16THIEHFPGANBFRFIRIC & YBRAEIL24T5 */
if (depth < DMAX && Sminl[i-40]>(saO[i]+sal[i])) begin
I* if current SAD is minimum */
if (~E1[i-40] | Er[i-40]) begin /[*if EI=0 or El and Er have edge, update minimum SAD */
Sminl[i-40] <=(sal[i]+sal[i]) ;
end
if ( BE1[i-40] & Br[i-40]) begin [*if El and Er have edge, store current “depth” to DI */
D1[i-40] <= depth;
end

end
[* Calculate Dr */
if (~Er[i-40] & (Dr[i-40] < Dr[i-39])) begin
Dr[i-40] <= Dr[i-39]; /*if Er=0, copy neighbor DI */
end
/* BEEL6THIEHLFPGADEFRFIR(Z & UET(T21TH */
if (depth < DMAX && Sminr[i-40]>(sal[i]+sal[i])) begin
I* if current SAD is minimum */
if (~Er[i-40] | El[i-40]) begin /[*if Er=0 or El and Er have edge, update minimum SAD */
Sminr[i-40] <=(sal[i]+sal[i]) ;
end
if ( Er[i-40] & El[i-40]) begin /[*if El and Er have edge, store current “depth” to Dr */
Dr[i-40] <= depth;
end

end
end

end
I* Finalize */
if (depth < DMAX*4) begin
depth <= depth+2;
for (i=0; i<319; i=i+l) El[i] <= El[i+1l]; E1[319] <= 1'b0;
for (i=0; i<319; i=i+l) Er[i+l] <= Er[i]; Er[0] <= 1'b0;
end
else if (depth == DMAX*4) state <= STATE WRDL;

WNAIST.
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RTL Simulation
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CGRA

Coarse Grained Reconfigurable Array
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'CGRA is similar to stream of water
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Coarse Grained Reconfigurable Array
Other name: Reconfigurable Data Path (RDP
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I\ Systolic type DSA(Domain Specific Architecture) is emerging 28
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LBasic Idea of CGRA
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Basic structure of CGRA
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Median filter with CGRA ]20250419
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— T

Red | Green| Blue — Load

:\— 4bytes = RO Rl R2 R3 R4 RS R6 R7 RS

¢ Sort
Input RO Rl R2 R3 :R4_ R5 R6 R7 RS / \
pixels i 4bytes
\J Red | Green | Blue —
Select center |
4 ™

1. unsigned int *in, xout;:

2. unsigned char R[9], G[9], B[9], t:

3. R[0] = *(in)>24: R[1] = *(in—1)>24; R[2] = =(in+1)>24; ...; R[8] = ...;
4. G[0] = *(in)>16; G[1] = *(in—1)>16; G[2] = *(in+1)>16; ...; G[8] = ...;
5. B[0] = *(in)> &; B[l] — k(in—l‘}>> 8 B[Q] = x(in+1)> 8; ...; B[8] = ...;
6. for (i=8;i=4;i——) Hi% 85 4 i“C ZALIE D #/

7. for (j=0; j<i; j++) { /*J Z O 5 -1 FTEAIEDS «/

8. if (R[j] > R[j+1])

{ t = R[j]; R[] = R[j+1]; R[j+1] = t;} j R[j] & R[j+1] %= 5 «/
9. if (G[j] > G[j+1]) {
) {

t

t Hil: Gl = Gi+1]; Glj+1] = t:} A G[j] & G[j+1] % 2541 «/
t = BJ[j]; B[jl = B[j+1]; B[j+1] = t;} A B[j] & B[j+1] %= 254 «/
£ % RGB 1D H358 1 k/

(G[4]<16) | (B[4]<8); /+ 1 WizE %= ] +/

|
Q

10. if (B[j] > B[j+1]
11. } N7 —
12. xout = (R[4]<24)

_J
18 wyNAIST.

—




Special instruction for median filter
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N EODONENEEEREE
(a) v-sort (b)y h-sort (¢c) v-sort (d) h-sort (e) v-sort (f) h-sort (g) v-sort
max3 (A,B,C) ,mid3 (A,B,C) ,min3 (A, B, C) Select max/mid/min value from three 8bits
max2 (A,B,C) ,min2 (A, B, C) Select max/min value from two 8bits
_\
1. unsigned int =in., =out;
2. unsigned int rO, r1. r2, r3, 1'4. r5, r6, r7v, r8;
3. 10 = x(in); rl = =x(in—1); r2 = =(in+1); ...; r8& =
4. t0 = max3(rb.rl1.r7); t1 = 1111(])(1 ».rl.r7); t2 = min3(rb5,rl.r7); r5=t0; rl=tl; r7=t2;
5. t0 = max3(r3,r0,rd); t1 = mid3(r3.7v0.rd); t2 = 111i11‘3(1“3 rO.rd); r3=t0; rO=t1; r4=t2;
G. t0 = max3(r6.r2.r8); t1 — mid3(r6.r2.r8): t2 — min3d(r6,r2.1r8); r6=t0: r2=—tl: r83=—t2;
7. t0 = min3(r5.r3,r6); t1 = mid3(r5.r3.r6):; r5=t0; r3=t1;
S, t0 = min3(r1.rO,r2); t1 = mid3(r1.rO0.r2): t2 = max3(rl1,rO0,r2); r1=t0; rO=tl; r2=t2;
9. t0 = Mid3(r7.vr4.1r8); t1 — max3(r7.v4.r8): r4—t0; r8=—t1;
10. t0 = max2(r5.rl): tl — min2(r5.,rl1); r5—t0; ri1=—t1;
11. t0 = max3(r3.r0,r4):; t1 = mid3(r3.10,r4); t2 = min3(r3,rO.rd4); r3=t0; rO=tl; rd=t2;
12, t0 = max2(r2.r8): tl = min2(r2,r8); r2—t0; r8=—tl;
13. t0 = min3(r5.r3.r2); t1l = mid3(r5.r3.r2); r5=t0; r3=tl;
14, t0 = mid3(rl1l.r4.r8); t1 — max3(rl.r4.r8);: r4—t0; r8=t1;
15. t0 = max2(r5.r4d): tl = min2(r5.r4d): r5—t0; rd—t1;
16. t0 = max3(r3.7v0.r&8); t1 = mid3(r3 1() r&8):; t2 = Mmin3d(r3,70.r8): r3=t0:; rO=t1; r8=t2;
17. r5 = min2(r5.,1r3); r& = max2(r4.r8);
18. *xout = mid3(r5.,r0,r8); A 1 H[3E & '|.JJ s/

WyNAI ST

[E1T)



'VLIW format instructions

]

Unlike VLIW, all instructions are executed simultaneously

18

1. load (in),r0;  load (in-4),r1; load (in+4),r2
2. load (..),r3: load (....),r4d;  load (....),r5
3. load (..)r6; load (....),r7;  load (....),18
(a) 4. max3 rlr7r5; mid3 r7,05,rl; min3 r5,r1,r7
5. max3d r0.r4.r3; mid3 r4.r3.10; min3 r3.00.r4
6. max3 r2.r8,r6; mid3 r8.r6.r2; min3 r6,r2.r8
(b) 7. min3 r3.r6,r5; mid3 r6,05,r3; mid3 r8r7.rd; max3 r7.r4,r8
8. min3 r0r2,rl; mid3 r2.r1.r0; max3 rl,r0.r2
(c) 9. max2r5rlr5; min2 r5r1,rl; max2 r2,r812; min2 12,r8,18
10, max3 r0.r4,r3; mid3 r4.r3.00; min3 r3.r0.r4
(d) 11. min3d r3,r2,r5; mid3 r2,05,r3; mid3 r8,rl,r4; max3 rl,r4,r8
(e) 12. max2 r5,r4,r5; min2 r5,r4,r4
13, max3 r0.r8,r3; mid3 r8,r3.10; min3 r3.r0.r8
(f) 14. min2 r5.03,r5; max2 r4,18,r8
(g) 15. mid3 r8.r5,10
16. store (out),r()

@yNAIST.

20250419
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LConnecting operations to local memory

]

1. load (in),r0;  load (in-4),r1; load (in+4),r2 <
2. load (..)x3;  load (....)r4; load (....).r5 <
3. load (..).r6: load (....)r7: load (....).r8 <
4. max3 rlr7.r5 mid3 r7.05rl; min3 r5.rl1,r7
5. maxd r0r4dr3; mid3 rd.r3.10; min3 r3.00.r4
6. max3 r2.r8r6; mid3 r8,r6.r2; min3 r6.r2,18
7. mind r3.06,r5; mid3 r6.r5,r3; mid3 r8,r7.r4d;  max3 r7.r4.r8
8. min3 r0r2,rl; mid3 r2.r1.10; max3 rl,r0.r2
9. max2 r5.x1,r5 min2 r5.rlrl; max2 r2,81r2; min2 r2.18.1r8
10. max3 r0r4.r3; mid3 r4.r3.00; min3 r3.00.r4
11. min3 r3.02.r5; mid3 r2,05.r3; mid3 r8rl.r4; max3 rl,r4.r8
12. max2 r>.r4,r5 min2 rb.rd.r4
13. max3 r0r8,r3; mid3 r8.r3,r0; min3 r3,10.r8
14. min2 r5r3.r5; max2 r4.r8.18
15. mid3 r8.r5.r0
16. store (out),r0

20250419
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2008 LAPP: VLIW compatible (no compiler for CGRA) | 35
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Pipeline processing is performed like running water.

CGRA

SIMD/SIMT

PREFETCH

b

]
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Example: Typical Convolutional Neural Network 2025034;9

for (ic=0; ic<IC; ic++) { /* set input channel */
ip0 = &in[ic*M*M]; /* top of input */
for (row=1; row<M-1; row++) { /* image loop */
for (col=1; col<M-1; col++) {
for (oc=0; o0c<0C; oc++) { /* set output channel */
op = &outo@[oc*M*M+row*M+col]; /* top of output */
kp = &ker[(oc*IC+ic)*K*K];
kidx = 0;
for (y=-((K-1)/2); y<=(K-1)/2; y++) { /* kernel loop */
for (x=-((K-1)/2); x<=(K-1)/2; x++) {
if (ic == 9 && kidx == @)
*(float*)&*op = *(float*)&ipO[(row+y)*M+col+x] * *(float*)&kp[kidx];

else
*(float*)&*op += *(float*)&ipO[ (row+y)*M+col+x] * *(float*)&kp[kidx];
kidx++; fow
Yrrrld In-ch#0,1,2 — | [

In-ch#3,4,5 ——>

In-ch#6,7,8 —>

In-ch#9,A,.B —>

\ 4

Out-ch o



Convolution on CPU/GPU
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28

x100

row —p . m—p. . m— ——
Ich#0,1,2 =——>
Ich#3,4,5 ——> 1 —1 1—1 1
Ich#6,7,8 =———b e
vea EHLHELT EEEEEE
Ich#9,A,B—> | I I - 1
Store:1pix/cyc 7 vi/i ri’ﬁiii i L7 1 1
on i i ot o g o
- n n n n
GPU: unpack and matrix—multiplication (xX9 memory space)
L |l ] Bl ] I R L |l ]l ]
00 | 0.1 0.25
01|02 0.26 M&A
02 |03 0.27
10 [ 1.1 125]25.0(25.1| - [25.25
0.27 1112 126]25.1[252| - [25.26
127 1213 127]25.2|253| - |25.27
2.27 UﬂpﬂGk_pﬂtGhZGOl 3y3 m u - [1:25) 2.0 | 2.1 2.25]26.0(26.1| - [26.25
p- oX m H . [1.26] 21 | 22 226|26.1|262| : 2626
copy
44 | a5 427 H 12722 | 23 227|26.2|263| - 26:27
270|27.1|272|273 - o727 m m - |227| 34 | 35 3.27|27.2|273| - |27:27

26x26

> x100



20250419

Convolution on CGRA (hardware unpacking) 39

p— Kernel bcast "=

. : : . : . (o) =11 1 | fo.oo.1fo.2|o.3]| - --- p.27
71— —r— ICH#3 #1 1] —t|-[--T1Q§ |1ofr.1]1.2}1.3]-| - J1.27
1| =1| =1l 11 =1 =1 ICH#2 OCH#2 ['[- 11 1] |20]21]|22|2.3]|- W - k.27
OCH#0 U 1 -1 -1 1] -1 IE}CHFJ#T =L " - ]
il QO @ FMUL
-1 | -1 -1 1 lCH#O bGaSt OCH#0 L1l 1 -1 ][ 1] |o-ofo.ffoAfos| - W - b2 4
—T— T — ICH#0 — OCH#1 L=t W11 | [of1fr:2]r.3]-f - 27
' . . . 1 1 OCH#2 |1 |" 1] | 1] |20]21|2.2|23| -} - p.27
1 -1 -1H1 | 1| -1] - 110 -1 T 11K ~
och#t | 1| 1| -1l | -1 [l QO O FMA
1| -1 MU | -1 - 1 OCH#0 |- [ W1l || ] |oofo.1]o2]o3| - p27
] N OCH#1 |l =t]- |1 | [of1.1]1.204.3] - J1.27 v

B ICH#1 bcast = SmEn|ZIzzE BE

00|01 [02|03| - [ [o27[} = ]
10 [ 10 12 [ 13 ] = | - |127 [} ICH#1 —
ICH#3
2021|2223 || [227]1 [CH#2 —
| ICH#1 ~ r
i 1ok 4 columns

ICH#5 —

44 | 45 |4.27|H]

—

270(27.1|27.2|27.3| - | - f27:27[}F 54 units

0.080.1§0.2| --- 0.25 §O.0§O.1§0.2| --- .25 §0.080.1§0.2| --- 0.25 §O.0RO.180.2 --- 0.25

]
Draln — 1.0]1.1]1.2|--- fr.29 [1.0[1.1]1.2|-- [r.29 [1.0]1.1]1.2]--- 1.25| 1.0]1.1]1.2| - .29

|
&&= o =




Back propagation on CPU/GPU

(conv_backward (nhidden, Ki2h, g Ki2h, ninput,

unpack_patch2col (tmp_col :25x[100x24x24] <—
nhidden:100x[8x24x24] —>

reshape

multiply_float2D (Ag _Ki2h:8x25 {—
multiply_float2D (tmp_col:25x[100x24x24] <—
pack_col2patch (ninput: M100x28x28 {—

0.0

0.1

0.2

0.3

0.23

0.1

0.2

03 s

0.24

04 | -

0.27

27.oi27.1 |27.2|27.3I

== [27:27

28
ninput

unpack_patch2col
copy

pack_col2patch
<

xIcxioo Meree

ksize, kstride, tmp_col, tmp_dst))
ninput: M100x28x28, ksize, kstride)
tmp_dst:8x[100x24x24]
tmp_dst:8x[100x24x24], tmp_col :25x[100x24x24]°T)
Ki2h:8x25"T, tmp_dst:8x[100x24x24])
tmp_col :25x[100x24x24], 5, 1)

» 5xb

xIGC

tmp_col

=+ 10.23 i 1.1 ] === [1.23]123.0123.1] -+ [23.23

== | 0:27 : 15| === [1.27]123.4|1235] -+ [23.27

- |1:23 E 21 | =+ [2.23]24.0(24.1| -+ |24.23

- 11.27 z 25 | - |227]244|245] - [24:27

- 427 : 55| =+ |5.27]27.4(275| - |27:27
24x24

» x100

20250419
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' g_Ki2h on CGRA 41

unpack_patch2col (tmp_col :25x[100x24x24] <— ninput: M100x28x28, ksize, kstride)

reshape nhidden:100x[8x24x24] —> tmp_dst:8x[100x24x24]
(Cl)multiply_float2D (Ag Ki2h:8x25 <{— tmp_dst:8x[100x24x24], tmp_col:25x[100x24x24]1°T)
(C2)multiply_float2D (tmp_col:25x[100x24x24] <— Ki2h:8x25"T, tmp_dst:8x[100x24x24])
pack_col2patch (ninput: l100x28x28 <{— tmp_col:25x[100x24x24], 5, 1)
o 00|01]02]| --- |0:23f -+ |0.27
oo )°1]0209 )04 00jorjoz) - 023 10|11 [12] - [128] - |127
ol MO R Bl | fojtrjiz) - f12s 20 |21 | 22| - |223] - |227
©1) 2:° 2:1 2:2 2:3 2:4 — 24 | 20|21 |22 |22 28
—— ] 23:0|23:1|23:2| - 23.21 - 427
I I O I RSl ] 230|23.1|232| - [23.23 ]
g. K|2h SXSXICXB tmp_dSt 24 x100x8 270|271 (272|273 -+ | -+ o727
B nhidden x8x100 .
----------------------------------------------------------------------- 24 ninput 28 xICx100
00]01] ---]0234 10 1.1 | --- |1.23§J23.0{23.1| --- |23.2 i (Or Iglnal)
04105 - |0:271 14 | 15| == |1.27123.4|235] -+ [23.27
l copy
10|11 ] --- |1:23] 20| 2.1 | --- |2.23]24.0|24.1| --- [24.23
5X5 - . - . M . M . . . . .
XlC 1.4 |15 | == |1.27] 24 | 25 | - |2.27]24.4|245]| --- |24:27 tmp_COI
(reshaped for GPU)
44|45 --- |427] 54 | 55| - |5.27]127.4|275]| - |27:27
< » x100

24x24



ninput on CGRA
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unpack_patch2col (tmp_col : 25x [100x24x24]
nhidden:100x [8x24x24]
(Cl)multiply_float2D (Ag Ki2h:8x25

(C2)multiply_float2D (tmp_col :25x [100x24x24]

reshape

pack_col2patch (ninput: M100x28x28

...........
Io.o 01 02| --=f0:23 - [0.27
r ]
10| 1.1 |2 | ---2f1:23( --- |1.27
(C2) 28 120|222 [SN¥228| -|[227
]
- - - .... -
o
23:0|23:1]23:2 F \\23.23| --- \Q;
2702712721273} --- 27:27

tmp_col

(reshaped for GPU)

contribution
of pixel/ninput

—

<{— ninput: M100x28x28, ksize, kstride)
—> tmp_dst:8x[100x24x24]
<{— tmp_dst:8x[100x24x24], tmp_col:25x[100x24x24]1°T)
<{— Ki2h:8x25"T, tmp_dst:8x[100x24x24])

<{— tmp_col :25x[100x24x24], 5, 1)

00} 0102

0.3

0.4 |[T

10 ] 141

1.2

1.3

14 ([

20| 21

22

23

24 ([

44 |[[

—_

i2h 5x5xICx8

24

00|01 (02| - |o23|[h
10|11 |12 [123{[F
20|21 | 22| - |223|[N
230/23.1[232] - 23.233;;

nhidden 24 x8x100

0.0 4 0.1 1.1 = 11.23123.0(23.1| - |23.23 .
> Integration
of 0C(8)
b 4405 - |0:27 14| 15| -- |1.27)23.4|235]| - |23.27
5 : 1} 1.1 - |11:23) 20 | 2.1 - 12.231240|24.1| --- |24.23
X Y 1.1
xIC:
: 14115 | - |1.271 24| 25| == |2271244|245]| - |24:27
;
N
54.4 45| - |427] 54 | 55| - |5.27)274|275]| -~ |27:27
< —> X100

24x24



Case of Ggml

python3 chat.py ->interface.py:main file="../vsim-acap.emax7+dma" ->main.cpp:main gptneox()

% ./vsim-ubuntu gptneox -m /xxx/.cformers/models/OpenAssistant/oasst-sft-1-pythia-12b/int4 fixed zero
--prompt "50278 12092 2 0 50281" --seed 42 --threads 1 --n predict 100 --top k 20 --top p 0.95

--temp 0.85 --repeat last n 64 --repeat penalty 1.3
main: seed = 42
model type: gptneox

gptneox model load: loading model fram ’/xxx/.cformers/models/OpenAssistant/ocasst-sft-1-pythia-12b/

int4 fixed zero’ - please wait ...

20250419
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gptneox model load: n vocab = 50288

gptneox model load: n ctx = 512

gptneox model load: n embd = 5120

gptneox model load: n head = 40

gptneox model load: n layer = 36

gptneox model load: n rot = 32 Ll n Ll n
gptneox model load: use parallel residual = 1

gptneox model load: f16 =2

gptneox model load: ggml ctx size = 7786.26 MB + +
gptneox model load: memory size = 720.00 MB, n mem = 18432

gptneox model 1oad: .iuuiiueeiiitiaettiiiaaetitaaeta it et raaea e et taaaeaa e done T i

gptneox model load: model size = 7066.11 MB / num tensors = 580

main gptneox: prampt: ‘50278 12092 2 0 50281’
main gptneox: number of tokens in prampt = 5

sampling parameters: temp=0.850000, top k=20, top p=0.950000, repeat last n=64, repeat penalty=1.300000

membase: 09e6b600
enbd.size()=0 embd inp.size()=5 params.n predict=100
(Hey there!)

<|BEGIN> 50278 12092 2 0 50281 8262 627 2 <END|>

1 | v |f e [ ra [ e || 14

I4

20by+es

14 || 14 || 14 | =1 14

2y

%) (F32 * 14) x 32

14 || 14 || 1a [[Ja || s || 14

14

14 | 14

20bytes

(Hi there, how are you doing?..) <|BEGIN> 50278 12092 2 0 50281 12764 627 13 849 403 368 2509 32..<END|>
(Hi there!) <|BEGIN> 50278 12092 2 0 50281 12764 627 2 <END|> F32
T _MAIN GPTNEOX : 101.6s (100.0%)
T LOAD : o 2.7s( 2.7%)
T _EVAL : 41.2s( 40.5%)
T_PREDICT : 57.7s( 56.8%)
T GAML INIT GELU i 0.0s( 0.0%)
T GGML INIT GSTAT : 0.0s( 0.0%)
T_COMPUTE_INIT : 0.0s( 0.0%
T_COMPUTE_NODES : 98.9s( 97.3%)
T _COMPUIE FORWARD 98.9s( 97.3%)
T COMPUTE FORWARD ADD 0.0s( 0.0%)
T_COMPUTE_FORWARD SUB 0.0s( 0.0%)
T_COMPUTE_FORWARD MUL 0.0s( 0.0%)
T COMPUTE FORWARD DIV 0.0s( 0.0%) F32
T_COMPUTE FORWARD MUL MAT 98.8s( 97.2%)
T _COMPUTE FORWARD MUL MAT Q4 0 F32 98.8s( 97.2%)
T COMPUTE FORWARD MUL MAT Q4 0 F32 ACC 0.0s( 0.0%)
T COMPUTE FORWARD MUL MAT Q4 0 F32 INI 0.1s( 0.1%)
T _COMPUTE FORWARD MUL MAT Q4 0 F32 FIN 0.0s( 0.0%)
T COMPUTE FORWARD MUL MAT Q4 0 F32 NBO1 GE NBOO 0.0s( 0.0%)
T GQML, VEC DOT 04 0 0l0s( 0.0%) eavy

%) (F32 * 14) x 32

(F32 * F32) x 32

g [
IMAX CPYOUT 0.0s( 0.0%) fu nc'l'lon
T COMPUTE FORWARD MUL MAT Q4 0 F32 NBO1 LT NBOO 0.0s( 0.0%)
T COMPUTE FORWARD MUL MAT Q4 1 F32 0.0s( 0.0%)
T_COMPUTE FORWARD MUL MAT Q4 F16 F32 0.0s( 0.0%)
T_COMPUTE FORWARD MUL MAT F32 0.0s( 0.0%)
T_COMPUTE FORWARD FLASH ATTN 0.0s( 0.0%)
T _COMPUTE FORWARD FLASH FF 0.0s( 0.0%)
T GAML OPT 0.0s( 0.0%)
T SAMPLE 0.0s( 0.0%)

imax compute forward mul mat g4 0 £32 nb0l ge nb00()
for (int ir=0; ir<nr; ir++) { /* 5120, 20480, 50288M */
for (int ic=0; ic<nell; ic++) { /* 1,5,8,9 */
for (int i=0; i<nb; i++) { /* 160, 640 */
for (int j=0; J<QK/2; j++) { /* 16 */

const float slo=*sdf32 * ((int8 t) (s0[j]l&0xf)-8);
const float wlo=*wdf32 * ((int8 t) (w0 []jl&0xf)-8);
sumf += slo*wlo + shi*whi;

}}
dst col [ic*ne0] =sumf; /* icfBIC, ne0:5120W, 20480W, 50

1B

const float shi=*sdf32*((int8 t) (s0[j]>>4)-8);
const float whi=*wdf32*((int8 t) (w0[j]>>4)-8);

288WR UM A Lr TABBICA N T */

="

v

> (F32 *F32)x32x M



Case of Ggml

F3214141414141414141414141414141414141414141414141414141414141414 14

F3214141414141414141414141414141414141414141414141414141414141414 14

SD LOAD (F32) LOAD (14x8)
WD LOAD (F32) LOAD (14x8) FML3 FML3 FML3 FML3 (F32x8)
FML3 FML3 FML3 FML3 (F32x8)
SD LOAD (F32) LOAD (14x8) FML FML FML FML (F32x8)
WD LOAD (F32) LOAD (14x8) FML3 FML3 FML3 FML3 (F32x8)
FML3 FML3 FML3 FML3 (F32x8)
SD LOAD (F32) LOAD (14x8) FMA FMA FMA FMA (F32x8)
WD LOAD (F32) LOAD (14x8) FML3 FML3 FML3 FML3 (F32x8)
FML3 FML3 FML3 FML3 (F32x8)
SD LOAD (F32) LOAD (14x8) FMA FMA FMA FMA (F32x8)
WD LOAD (F32) LOAD (14x8) FML3 FML3 FML3 FML3 (F32x8)

FML3 FML3 FML3 FML3 (F32x8)

FMA FMA FMA FMA (F32x8)

FAD FAD (F32x4)
FAD (F32x2)
FAD ->OUTO (F32x1)

i

Control of Double Loop

Gernerate Double-Stride Address

The first set

The second set

Merge OUTO0 and OUT1

The third set

1
I

A\ A 4

Separate OUTO and OUT1

OUTO LOAD+FAD+ST (F32)
OUT1 LOAD+FAD+ST (F32)
OUT2 LOAD+FAD+ST (F32)

20250419
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Case of llama (ggml+LLM) A5

34byte load
SD F16 I8 || I8 (| I8 || I8 | = I8 -
Unaligned!
*) (F16 *18) x 32
34byte load
WD F16 I8 || I8 (| I8 || I8} = I8 .
Unaligned!
*) (F16 * 18) x 32

(F32 *F32) x 32

/

OUT 2 (F32*F32)x32xM
OUT FP16 xFP16x >~ (I8 *I8) x 32x M
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SML8/AD24: New operation for quad I8*1I8 - 46
mop(OP_LDR, 1, &Jg#, ATOP, offset, mask, )

8 18 18 18 18 18 18 18
mop(OP_LDR, 1, &3§%), BTOP, offset, mask, )

SO K- :Adsthsrc1, B5410]src2, B54 108

NISNNI8Y 18 I8 W8NS 18 I8 HISENBE |8 |13 MSNNSE |8
B 13 13 I8 18 Il 18 Il 18

I8 I8 18 18 I8 I8 18 I8

exe(OP_SMLS, &dst, SSM-YALy), SPIEYLEY), OP_AD24, BR, ...)
|18 18

IS HgENSsE 18 |3 Msunss 1S HSENSE 18 |3 HsiNsE
Q Q 1S Il |13 Il 18
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Llama mul_mat_Q80 (8bit MAC) A7

imax-mul_mat_one_chunk_q80-emax7.obj

F16 18 18 18 I8 18 18 18 18 I8 I8 I8 I8 18 18 I8 I8 I8 I8 18 18 I8 I8 I8 I8 18 18 18 I8 I8 I8 18 18 Fe mael R e o me e
F16 18 13 18 13 I8 13 I8 18 I8 18 I8 18 I8 18 I8 18 I8 18 I8 18 18 18 13 18 13 18 13 I8 13 I8 138 I8 : .

[TERTEE [ TS [TEETEE [ TEE [TEETEE [ TEE [TEETER (BRI I O u.'.p u.l. Of 1.h e —_ = WW # ¥ ; k
(BEEHEEE BB (BEEHEE BRAD i ] 1 —
s— wwm—— [ CGRA compiler

gl
4
s

i
[ e

- T
= = i‘ % )L %‘r ‘E“E\E 1 - -
b kil
- - e - - -
= e
atienid

exe(OP_AD24, &adst, srcl,
H3210, src2, H3210, ...)

\‘

IC]
o “%E i
2
7
i
i

==
i
T

=

exe(OP_AD24, &dst, srcl, 1 7 g q Zé #h 3 3 3
H3232, src1, H1010, ...) g " o
o : R
| 2unit x4 B RB RN gE i
il i ;
2=, é B = ~ =
T T S T = = -
UPDATE e
%Eé rw‘m %Egmﬂ ét 4 r‘ = = 5
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Liama mul_mat_Q3K(1+2,2+4,8bit MAC) 48

F16 I8 18 I8 I8 I8 18 I8 I8 18 I8 I8 I8 I8 I8 I8 I8 I8 I8 I8 I8 I8 I8 I8 I8 I8 I8 I8 I8 I8 I8 I8 I8 B e o ers ARpuson
F16 18 I8 18 I8 I8 18 I8 I8 I8 I8 I8 I8 I8 I8 I8 I8 I8 I8 I8 18 I8 I8 18 I8 I8 I8 I8 I8 I8 I8 I8 I8 E B = -

il i idivl

exe(OP_AD24, &adst, srcl,
H3210, src2, H3210, ...)

\vAv

-
| B B3

exe(OP_AD24, &dst, srcl,

IR Bl - | B H3232, src1, H1010, ..)
F16=F32 [16=>F32
I . F32 [ [r2| | F32

&) &
1Y
N

UPDATE

X
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‘Summary 49

Important feature for large-scale data processing is:
memory bandwidth (not peak performance of ALU)

The only way to improve performance
with limited bandwidth is:
to keep reusable data in local memory as many as possible

36 WINAIST.
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50

That’s all for today
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