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GSI GEMINI PLATFORM: ASSOCIATIVE PROCESSING UNIT (APU) CSli:

microcode

OXFFFF: RL = VRF[vsrcO];
OXFFFF: RL |= VRF[vsrcl];
OXFFFF: VRF[vdst] = RL;

compute-enabled
SRAM array

higher-level abstraction

gvml_add_ul6(vrl, vr2, vr3);
gvml_conv_u32_gfl6_8k(vr0, vm0, 4, 3, .., vr7);
gvml_blk_shal_folded(vmO, vml, ¥m2, vm3, vr0);

g SHA-256

Our Goal: Explore the potential for supporting a virtual vector instruction set on a commercial
compute-in-SRAM architecture to generalize beyond specific application domains
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APL_FRAG _frag_bitwise_or(vdst, vsrcO, vsrcl):
OXFFFF: RL = VRF[vsrcO];
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EXAMPLE #1: BITWISE OR C S|
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EXAMPLE #1: BITWISE OR C S|
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EXAMPLE #1: BITWISE OR C S|
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EXAMPLE #1: BITWISE OR C S|
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EXAMPLE #2: VECTOR-VECTOR ADD (BIT 0) CS i
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EXAMPLE #2: VECTOR-VECTOR ADD (BIT 0) C Sl
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) : a
3 : : T_Ig WE23 ’
] A 3 =
| g | | e E il
o
. ; ; BE
vsrc0 vsrcl vdst c out SHCB:% — D D D D D D D D D |_:| ‘
0 0 0 0
0 110 9 ] )] ) e ] e \
8 H :
1 1 0 1 RL
0] ] | L
| He e e e e — =
Global Horizontal Line (GHL)
SRA

<
>

Bank Physical View Bit Processor Circuitry
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/ Computer Systems Laboratory

MOTIVATION e MICROARCHITECTURE ¢ MICROCODING ¢ VIRTUAL VECTOR INSTRUCTION SET e RESULTS
Page 8 of 18




EXAMPLE #2: VECTOR-VECTOR ADD (BIT 0) CS i

APL_FRAG _frag_vadd(vdst, vsrcO, vsrcl): S s e s T [ 7 Teoaefaoar | - Bit Cel - WEL WELB
1) bit 0 e S ] )] ) ] g e :
// vdst = vsrcO A vsrcl g D D D D D D D D D / :::Z/wnte - ;t; .
O§0001: i:: : VSEE\I{\S;F:C«()]l; 8 H : ’ .~ Enables )
: o ; ead/Write WET
[0x0001: VRF[vdst] = RL;i %%@@ S loga REf —
— M HRA ! Bit1 [¢
o D e . [ e, | g
X . = Vvsrcu, vsrcilj; Slice 1 forizonta RE2
§ : : £ : 24
* * g WE23 1
R ) e e 2} Y e
- § R |
: : _$Rea_d' « it_e
vsrcO vsrc1 vdst c_out L I D D D D D D D D D |_:| Loge [? Lpre
0 0 0 0
0 1 1 0 g 0] ] ) e e | b & o \
1 0 1 0 g : : b "
1 1 0 1 RL,, — RL
R ) ] e A
L R R R/ [HRAWA R/ (R . . >
Global Horizontal Line (GHL)
SRA

<
>

Bank Physical View Bit Processor Circuitry
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EXAMPLE #2: VECTOR-VECTOR ADD (BIT 0) C Sl

APL_FRAG _frag_vadd(vdst, vsrcO, vsrcl): N P 3 6 20462047 | .~ B ¢! - WEL WELB
o b | , {5 -
// vdst = vsrcO A vsrcl % d :::Z/wnte ’ ﬂ
0x0001: RL = VRF[vsrc0]; g i : “N |~ Enables oo
0x0001: RL A= VRF[vsrcl]; 1 : 1 Read/Write WE 1
0x0001: VRF[vdst] = RL; .~ Logic RE1
| - E
I// cout =_vsrcQ * vsrc] u Bt [ Global e
0x0001: RL = VRF[vsrcO, vsrcl]; Slice 1 Horizontal RE2 ]
i e =
) ) ) e J
8 ¢ £ ?‘é WE23 t
[ S O 3 =
- g il
: : ) _:z 1 Wit
vsrcO0 vsrcl vdst c¢_out = L°gj ) Loge
0 0 0 0 Ijljljljljljljlj Ijlj Read Source
6 1 1 0 ] ] ) e o e e\
8 : : !
1 1 0 1 RL, RL
0] ] e e | A,
- —— =
Global Horizontal Line (GHL)
SRA

<

Bank Physical View Bit Processor Circuitry
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EXAMPLE #2: VECTOR-VECTOR ADD (BiTs 1-15) C Sl

APL_FRAG _frag_vadd(vdst, vsrcO, vsrcl): suEZo — T 01|23 4567 2046[2047 |~ Bit Cell L WEL WELE
i 1 v i . T
-T=== -T== - .o ’/' ines ; *
// vdst = a A b A cin % DDI;'DDI;'DD D /Es:glf(‘e’;/fite Bit0 |
(0x0001<<1): RL = VRF[vsrc0]; 8 : : iz
(0x0001<<1): RL A= VRF[vsrcll; T i R —
Egigggtjg; SEF/[\CdEENi RL; — (It il e i e g g P Bit1 |
.o .o St — ™ Global WE2 !
ety W e bvarean varcll: 1 5 ) S A v’
(0x0001<<1): VRF[temp_0] = RL; 5 D D D D D D D D D D < )
(0x0001<<1): RL = VRF[vsrcl]; 3 R R 5 §24x
(0x0001<<1): RL &= RL_N; 3 : : 5| wes '
(0x0001<<1): VRF[temp_1] = RL; D D D D D D D D D D 5| R .y
oy i wr el ssensns:mn
(0x0001<<1): RL |= VRF[temp_0]; : : vl o
(0Ox0001<<1): RL |= VRF[temp_1]; Bi Logic |« Logic
| w5 ] e i s | |
e AR
8 : : ]
T | A
— Global Horizontal Line (GHL) "
SRA

<
>

Bank Physical View Bit Processor Circuitry
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EXAMPLE #2: VECTOR-VECTOR ADD (BITs 1-15)

APL_FRAG _frag_vadd(vdst, vsrc0O, vsrcl): srBito 0 [ 1] 234|567 2046|2047 | .~ Bt @l RBL WBL WBLB
iIce i
P [ - :
-———— bit _— - 4 Lines REO
— 3 A b A cin % Ijljljljljljljlj.“lj Read/Write @
.Mh § : : : " Enables
(0x0001<<1): RL = VRF[vsrcO]; , WET
. - " Read/Writ )
(OXO00T<<1): RL A= VRFVSrcll; D D D D D D D D D D . ReadiWits vE! —
(OX0001<<1). RL A= RL_N, [RIW * Bit 1
(0x0001<<1): VRF[vdst] = RL; S
Bit Global WE2
// cout = a*b + b*cin 4+ a*cin Slice 1 E.] IIjonzontaI R RE2 —
(0x0001<<1): RL = VRF[vsrcO, vsrcl]; i ne S Bit 2
(0x0001<<1): VRF[temp_0] = RL; 3 :| %
(0x0001<<1): RL = VRF[vsrcl]; § £ 24x
(0x0001<<1): RL &= RL_N; | S| wes 1
(0x0001<<1): VRF[temp_1] = RL; V| E RE23
(0x0001<<1): RL = VRF[vsrcO0]; 5 Bit 23
(0x0001<<1): RL &= RL_N; g A gt g gl g e o 8
(0x0001<<1): RL |= VRF[temp_0]; I ul o
(0x0001<<1): RL |= VRF[temp_17; Bi Logj . Logic
s Slice 15 |
T ) o}
Read S
3} ] S o e\
8 N
ks : H I
RL E
T | L
[ |
Global Horizontal Line (GHL)
RA

n
<

Bank Physical View Bit Processor Circuitry
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EXAMPLE #2: VECTOR-VECTOR ADD (BITs 1-15)

APL_FRAG _frag_vadd(vdst, vsrc0, vsrcl): SI'Bit ol 23t 415167 2046[2047 | .~ Bt Cel RBL WBL WELB
iIce i
5] ) e =2 weo :
// ---- bit 1 ---- o A Lines REO T3
| 9 2 O —+
// vdst = a A b A cin £ : s -  Erables Bit0 |
00001 <1 Rl _=_VREI[vsrcOl.: ° ° 1
(0x0001<<1): RL A= VRF[vsrcl]; T S P e I
(UX0001L<<l): RE A= RL_N; | " . |
(0x0001<<1): VRF[vdst] = RL; I e I f— Bt
SIBit1 — pral " WE2 '
// cout = a*b + b*cin + a*cin ice lorizonta . RE2 3
(0x0001<<1): RL = VRF[vsrcO, vsrcll; ] ] ) ] = Bit2 |
(0x0001<<1): VRF[temp_0] = RL; 5 % )
(0x0001<<1): RL = VRF[vsrcl]; § £ E24x
(0x0001<<1): RL &= RL_N; S| wezs 1
(0x0001<<1): VRF[temp_1] = RL; @ @ E E @ 5| R 7
(0x0001<<1): RL = VRF[vsrcO0]; 5 Bit 23 |
(0x0001<<1): RL &= RL_N; ) g o gl ot gl P gl g e o
(0x0001<<1): RL |= VRF[temp_0]; e : s
(0x0001<<1): RL |= VRF[temp_1]; Bi | Logic
S e o R e |
S
6 (11} i/llilr)(:e
3} ] S o N
& ; :
RI_E
T | L
— Global Horizontal Line (GHL)
SRA

<
>

Ban Bit Processor Circuitry

Physical View
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APL_FRAG _frag_vadd(vdst, vsrc0O, vsrcl):

// ---- bit 1 ----
// vdst = a A b A cin

(0x0001<<1): RL = VRF[vsrcO0];
(0x0001<<1): RL A= VRF[vsrcﬁ];
(0x0001<<1): RL A= RL_N;
(OX000TI<<D):  VRF[vdst] = RLC;

// cout = a*b
(0x0001<<1):
(0x0001<<1):
(0x0001<<1):
(0x0001<<1):
(0x0001<<1):
(0x0001<<1):
(0x0001<<1):
(0x0001<<1):
(0x0001<<1):

+ b*cin + a*cin

RL = VRF[vsrcO, vsrcl];
VRF[temp_0] = RL;

RL = VRF[vsrcl];

RL &= RL_N;

VRF[temp_1] = RL;

RL = VRF[vsrcO];

RL &= RL_N;

RL |= VRF[temp_0];

RL |= VRF[temp_1];

)\ Cornell University

Computer Systems Laboratory

EXAMPLE #2: VECTOR-VECTOR ADD (BITs 1-15)

oo | TEEEICICICCET T e
e e e e
] ] ] o e P
eesamman @
Bt 1L L[ 1 I
g [N i aararaidd :
EWWEQEEWF
i i i
| R | 0 R |
e 55 e
i
] ] ] 3
| 0 R R R R e
SRA

<
>

Bank Physical View

RBL WBL WBLB
WEQ 1
REO 7
Bit0 |
WE1 1
RE1 31
Bit1 |,
WE2 1
RE2 T3
g Bit2 |¢
3 it «
(0]
§ E24x
S| wezs 1
‘% RE23 T3
> <&
5 Bit 23 [¢
Ke)
O
Write
XOR <—I Logic
Read Source
Latch Mux
]S>
RLW RI_E
RLS

Global Horizontal Line (GHL)

Bit Processor Circuitry
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EXAMPLE #2: VECTOR-VECTOR ADD (BiTs 1-15) C Sl

APL_FRAG _frag_vadd(vdst, vsrc0O, vsrcl): Bit — | 0 [ 1 [2]|3]4]|51([6 /(7 20462047 |~ Bt C°! RBL WBL WBLB
PR S [ o)) ) ) o - v :
-———— bit _— - 4 Lines REO
// vdst = a A b A cin é DDQDDSDD". D , peadiirite Lito‘;
(0x0001<<1): RL = VRF[vsrc0]: 8 : : )
(0x0001<<1): RL A= VRF[vsrcl]; I T == LI | Recawie e —
(0x0001<<1): RL A= RL_N; | | |\ e | | e (e e e |em e e |
(0x0001<<1): VRF[vdst] = RL; o g «
.o .o St — ™ Global WE2 !
o 3wt verens; S ] ] ] e A v
(0x0001<<1): VRF[temp_0] = RL; 5 D D D D D D D D D D S )
(0x0001<<1): RL = VRF[vsrcl]; g . . 5 s 24x
(0x0001<<1): RL &= RL_N; 3 : : 3| we '
0x0001<<1): _1] = ; oo o
AR Sy IS e e N ™
(0x0001<<1): RL &= RL_N; — 3
(0x0001<<1): RL |= VRF[temp_0]; : : Iem 2
(0Ox0001<<1): RL |= VRF[temp_1]; Bit —_ Logic |« Ldbic
DS N e o
ea rce
el R B [
8 : :
RLW_ RLE
T R,
L . .
Global Horizontal Line (GHL)
SRA

<

Bank Physical View Bit Processor Circuitry
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EXAMPLE #2: VECTOR-VECTOR ADD (BiTs 1-15) C Sl

APL_FRAG _frag_vadd(vdst, vsrcO, vsrcl): suEZo — T 01|23 4567 2046[2047 |~ Bit Cell L WEL WELE

i 0 ) ) ) i . T

-=== -T== = .o ’/' ines v ¥
// vdst = a A b A cin § DDQDD;DD D ke Bito [¢
(0x0001<<1): RL = VRF[vsrcO0]; . . WET
(0x0001<<1): RL A= VRF[vsrcl]; D D D D D D D D D D . ReadiWits e —
Egigggtjg; SEF/[\CdEENi RL; — (It il e i e g g P Bit1 |

it . Global WE2
— % * e * e Slice 1 Horizontal [
oxoootectss” = vaFtvarcer vsrcil: E E E E E E E E E % -
0x0001<<1): _0] = ; o) oo =
EOiOOOlZlg : XEFEtSEE[Vircl]RE g R . % E 24x
(0x0001<<1): RL &= RL_N; 3 : : 5| wes '
(0x0001<<1): VRF[temp_1] = RL; D D D D D D D D D D 5| R .y
G i35 03 0
(0x0001<<1): RL |= VRF[temp_0]; : : vl o
(0Ox0001<<1): RL |= VRF[temp_1]; Bi —_ Logic |« Logic
. Slice 15 |
Ripple-carry: 215 cycles E . . - RLy
Carry-select: 12 cycles T S i Rhw o R
— Global Horizontal Line (GHL) ]
SRA

<
>

Bank Physical View Bit Processor Circuitry
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EXAMPLE #3: SEARCH C S|

APL_FRAG search(vdst, vsrc, key): Bt | Jo]1]2]3]4[5/[6]7 2046|2047 | .~ B C°! RBL WBL WBLB
keys AL = vRF[vsrc]; =OO0O0000 o] e | w
~ : RL = ~VRF ; - Vertica 1
Ox?l:FF: GVL = RL; ks - T e " ::::/Write - —
OXFFFF: VRF[vdst] = GVL; 3 : g d | Enavles BitO |
] e e | e
| He e N e | | | | Bit1 |
Bit — "\ Global WE2
= DECooooE o] = o *T 5
Key: 1001000101011011 I EEEEEEEE-EE L 2
3 . . % * 24x
Element: 1000011010010110 : : : 5| wexs "
] ] [ ] s R
| HF T O | | | | 2 12
[©)
: : _$Read' « Write
| Bit — Logic |¢ Lo?ic
S | ) e} o R ] :
) ) Y & A
8 : : ]
RL, RL
R ) ] e A
| HEC3 {770 R {0 HE | —— =
Global Horizontal Line (GHL)
SRA

<
>

Bank Physical View Bit Processor Circuitry
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EXAMPLE #3: SEARCH

vSIrC

St key) :
key: RL = VRF[vsrc];

~key: RL = ~VRF[vsrc];

OXFFFF: GVL = RL;

OXFFFF: VRF[vdst] = GVL;

Key: 1001000101011011

Element: 1000011010010110
Result: 1 0 0O 0 10 10

Cornell University

Computer Systems Laboratory

| ey | .
g il ]".[],, ’ iZwm
3 . Enables
B

sice1 | [ | I:' D I:' D |:| D D D D ‘ Il:ii(:‘:;zontal
] ] ] ) | Y
8 : :

Slice 15| [ | Eq Eﬂ Eq Eq Eq Eq
|anini -0
o]

E=

E

SRAM Bank Physical View

RBL WBL WBLB
WEQ 1
REO
Ei-
WE1 ?
RE1 31
Bit 1
WE2 t
RE2 T3
=
@ Bit 2
2
E 24x
3 WE23 ?
‘% RE23 T3
>
g Bit 23
3
V ¥
Rea « Write
Logi@ |¢ Logic
Read Source
Latch Mux
N
1
RLW RI_E
RLS

Global Horizontal Line (GHL)

Bit Processor Circuitry
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EXAMPLE #3: SEARCH C S|

APt_FRAG search(vdst, rvsrci key) : G [ T N 2 TN N 2 P72 L g Bit Cell - WEL WELB
ey RL_=_VRE[vsrcl.: e 1l clobal
~key: RL = ~VRF[vsrc]; | D D D D D D D D D Jertical WEo 1
XFFFF:  GVL = RL; g ] o Y ' e/ Wiite &
OXFFFF: VRF[vdst] = GVL; 3 : g d | Enavles Bit 0
1 ] | s e
| He e N e | | | | Bt 1
Bit — "\ Global WE2
Slice 1 E’] Il:ii(:‘:;zontal _ RE2 ' l
Key: 1001000101011011 I 5 5
8 % o 24x
Element: 1000011010010110 8] + 5| e 1
Result: 1110100000110010 o | e e | o
5 5 _tReji « XVrit_e
Bit . ogi < ogic
Slice 15 |
Ijljljljljljljlj Ijlj Read Source
4 ) Y e \
ks : : I
RL, RL
0 | A,
| {0 O | | —— =
Global Horizontal Line (GHL)
SRA

<

Bank Physical View Bit Processor Circuitry
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EXAMPLE #3: SEARCH C S|

APL_FRAG h(vdst, , key): Bit [ + % T 3 - BitCell
key: sear;L . \S/RF[X;':E]; ~ Slee é ﬁ : ﬁ é & " Global % Ro- WBL WBLe
~key: RL_= _~VRE[vsrc]; . | lnes” = +—
OXFFFF: GVL = RL; 3 D D D D D ' Read\Write e
OXFFFF: VRFIVdst] = GVL; 3 : g 4 | Enavles Bit0 I
[] [] T [ | e =
— Bit1 e
Bt [ Slopal g WE2 1
Slice 1 Ij Ij Ij Ij Ij Ij i(:‘:;zona _ RE2 1
Key: 100100010101101 1 5 ¥ =00 3
3 . . % . 24x
Element: 1000011010010110 : : : 5| we -
[] [] O-101 I )
Result: 1110100000110010 | W é P2
\ | } H H _tRea_d' « XVrit_e
i ogic |¢ ogic
AND sncBet15 [ I:' D D D D D ‘
L 0 ) O fe]
8 : § he — —
[] [] | [ (] A,
] | | | | | | | | | — v Global Horizontal Line (GHL)
SRAM Bank Physical View Bit Processor Circuitry
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EXAMPLE #3: SEARCH

APL_FRAG search(vdst, vsrc, key):

key: RL = VRF[vsrc];

~key: RL = ~VRF[vsrc];
FEEE: GVl = Rl

|‘8§FFFF: VRF[vdst] = GVL: |

Key: 100100010101101 1

Element: 1000011010010110

Result: 1110100000110010
\

¥
AND =0

4‘”’; Cornell University

g Computer Systems Laboratory

Bit
Slice 0

N
o
=
o
N
o
=
ki

\\
\|
N,
\\ N,
N “\

Decoder

B0y ChCe

E[H e [ H[ H~
BN CHO b
AN CHO K-
E[H e [ H[ He
BN CHO e
8 OO
AN CHCH
B0

Bit
Slice 1

CRCE
I ,;
CRCE
CRCE
L HEH

Decoder

a0 H e
B |
B |
a0 H o
B |

Bit

Slice 15

Decoder

B | (B i
7 | (B

B OO

<

i OO (B oD

B0 - OO
By Oh0
By Oh0
B0 - OO

cEc o B oo RO OoF

o B0 ChCH | |8 CHEE

<

Physical View

. Bit Cell

Global

- Vertical
* Lines

Read/Write

" Enables

Read/Write

" Logic

. Global

Horizontal
Line

A RBL WBL WBLB
REO 7
Bit0 |
WE1 1
RE1 31
Bit1 |,
WE2
RE2 T3
- B
3 Bit2 |
(0]
§ E 24x
S| wexs 1
= RE23
(0]
>
5 \ Isit2s f
3
; Y
Read |« ite
Logic |¢ Ldpic
Read rce
Latch Mux
] RL,
RLW - RLE
RLS
Global Horizontal Line (GHL)

Bit Processor Circuitry
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EXAMPLE #3: SEARCH C S|

APL_FRAG search(vdst, vsrc, key): Bt | Jo]1]2]3]4[5/[6]7 2046|2047 | .~ B C°! A RBL WBL WBLB
key: R = R vrel; g i i i =
~key: RL = ~VRF[vsrc]; e )
F>I:FF' GVl = Rl % D D D D D D D D D / Il;ead/Write = L_t; )
l‘giFFFF: VRF[vdst] = GVL; | 2 : : g |~ Enables ok
1 ] | s e T
Bt tem e et B v o |
Bit — . Global WE2
Slice 1 Horizontal R RE2 ' l
Key: 100100010101101 1 ggg%g%%%%% ) 3 Bit2 3
Element: 1000011010010110 8 : : |
BHGaEE| |
Resultt: 1110100000110010 mmmm ek |
| | } 5 _$Read' « ite
AND =0 Bt | — Logic |« Ldbic
S I ) o e
* Architecture doesn’t directly support g (0 D (0 D ][ Lewch Z;AUX R,
~VRF[] operation 8 : : ' /.- | Lr,
* More compact mask encodings are B s
pOSS| b | e v Global Horizontal Line (GHL)
SRAM Bank Physical View Bit Processor Circuitry
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Bit 0 1 2 3 4 5 6 7 20462047
Slice 0 L ! . . : :

Supporting a Virtual Vector e et e e et
Instruction Set on a Commercial

Compute-in-SRAM Accelerator
] R | ] ] ] W] ]

Decoder

APL_FRAG _frag_bitwise_or(vdst, vsrcO, vsrcl):
OXFFFF: RL = VRF[vsrcO];
OXFFFF: RL |= VRF[vsrcl];
OXFFFF: VRF[vdst] = RL;

NV
®eo o
g .' o’ ® ©
; - o
= Virtual Vector Instruction Set S "
) ® o Y ¢ ..

Number of Bits per Element

Cornell University
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RISC-V VIRTUAL VECTOR INSTRUCTION SET

Operation Type Limitations:

Instruction Description Element-Wise Cross-Element Mask Memory Configuration

— * Unsigned 16-bit integers
vVor_vv bit-wise or v . .
vadd_vv element-wise addition v * No floating-point support
vsub_vx vector-scalar subtraction v e \ector Iengths up to
vmul_vv element-wise multiplication v
vsll bitwise left-shift logical v 32,768 elements
vsrl bitwise right-shift logical v e Assumes source opera nds
Vmv_vv copy vector v N
vmseq_vx set-if-equal v are distinct
vmseq_vx_m  set-if-equal (masked) v v e Behavior on elements
vredmin_vs find min element v . pe
vredmin_vs_m find min element (masked) v v past the SpECIerd vector
vmv_vx broadcast scalar to vector v length is undefined
Vmv_xs extract element O of vector v
vfirst index of first set mask bit v v
vmsof set only first set mask bit v v
vmset set all elements of mask v v
vmnot invert mask v v
vmand bitwise-and of two masks v v
vmv_m copy mask v v
vload loads vector from DRAM v
vstore stores vector to DRAM v
vsetvl set application vector length v

Cornell University

Computer Systems Laboratory
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Bit 0 1 2 3 4 5 6 7 20462047
Slice 0 L ! . . : :

Supporting a Virtual Vector e et e e et
Instruction Set on a Commercial

Compute-in-SRAM Accelerator
] R | ] ] ] W] ]

Decoder

APL_FRAG _frag_bitwise_or(vdst, vsrcO, vsrcl):
OXFFFF: RL = VRF[vsrcO];
OXFFFF: RL |= VRF[vsrcl];
OXFFFF: VRF[vdst] = RL;

N
; .‘ . ‘° e o .
E ® e Se
5 - ®e
S o -
" Microbenchmarking Results — ® ¢ o %

Cornell University
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MICROBENCHMARKING NARROW-BITWIDTH VECTOR OPERATIONS

APL_FRAG _frag_vadd(vdst, vsrc0O, vsrcl):

/) it 0 e vadd

0x0001: RL = VRF[vsrcO]; .

OiOOOl: RL Ae VRIE\Evsr‘c]l]; packed operation  avg # cycles ops/cycle
0x0001: VRFlvdst] = RL; one 16-bit ADD 215 152
0x0001: | RL = VRF[vsrc0, vsrcl]; one 8-bit ADD 93 35
/) —==- bit 1 --e- one 4-bit ADD 37 886
(0x0001<<1): RL = VRF[vsrcO0]; one 2-bit ADD 13 2497
(0x0001<<1): RL A= VRF[vsrcl];

two 8-bit ADDs 93 705
(0x0001<<1): RL |= VRF[temp_0]; four 4-bit ADDs 37 3542
(0x000L<<D): RL |= VRF[temp_L1]; eight 2-bit ADDs 13 20010

Cycle Counts for Single Vector ADD Operations

Average Number of Cyc
~
(0]

0 2 4 6 8 10 12 14 16
Number of Bits per Value

ornell University

omputer Systems Laboratory

|
I I [ oo |
™ S O
RN R SO

Throughput of Packed Vector ADD Operations
2500

= N
(9] o
o o
o o

Additions per Cycle

0o 1 2 3 4 5 6 7 8
Number of Values per 16-bit Element
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MICROBENCHMARKING VECTOR MULTIPLY INSTRUCTIONS

Ripple-Carry:

vsrcO

0

vsrc1[0] =|_& |

=

RCA (&

vsrcl[1] " &

[
RCA £

vsrcl[7] " &

]
RCA £

!

result

2\ Cornell University
Computer Systems Laboratory

Carry-Save:

vsrcl[0]

vsrcO

0

0

b

v

vsrcl[1]

vsrcl[7]

sum |[carry |
» &

For each bit:
S_out = ( i)
cC_out = (X * Y_1) * C_1in

Csum J[carry |
[ J
[ ]
[ ]
[ >> ]

[
RCA r

v

result

Ripple-carry: 3540 cycles

8.3 d
Carry-save: 438 cycles } X spesaup
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MICROBENCHMARKING DATA MOVEMENT AND FRAGMENT OVERHEAD C S|

apu | ||| APU
c £ C
A N Bt Data Transfer avg # cycles  elements/cycle
2
e
PCle APU | |G || APU
Host CPU Ccz’re sy C%re
DRAM Me\‘ory Controller

N\
Device D\%&M
-~
/ System Overview \
Vector ——| Vector Aritmetic Unit (VXU) | 16
Control " \ector
Processor—|OMmand S SN SN SN S 4 P
op Unit | VRO | | | r  Eement
(CP) (vey | VRl Vector Register __| 32K o
File (VRF) ——] eee |
t i S
| Registers
CPL13 $ 24x H i eachw/
MEETEF 1] EEJ=
S S S S S p g Coments
| Vector Memory Register File (VMRF) |
DMA H
| Scratchpad Memory (SPM) |
3
to Device DRAM

APU Core Logical View
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MICROBENCHMARKING DATA MOVEMENT AND FRAGMENT OVERHEAD C S|

apu | ||| APU
c £ C
A N Bt Data Transfer avg # cycles  elements/cycle
2
e
PCle APU | |G || APU
G » Core
Host CPU
2 L 3
1
DRAM MeRafiry roller

Device NAM
-~
/ System Overview \
Vector —»| Vector Aritmetic Unit (VXU) ] _16-bit
Control " \ector
Processor— Command |4 14 14 T 14 14 T |
op Unit | VRO | | ] v  Eement
(CP) (vey | VRl Vector Register __| 32K o
y vRe File (VRF) ——] eee |
VRA I I I i Vector
| Registers
CPL13 $ 24x H i eachw/
MEEE ] Edie
S S S S S p——p cements
| Vector Memory Register File (VMRF) |
DVA 3

| Scratchpad Memory (SPM) |
to Device

APU Core Logical View

Cornell University
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MICROBENCHMARKING DATA MOVEMENT AND FRAGMENT OVERHEAD C S|

apu | ||| APU
c £ C
A N Bt Data Transfer avg # cycles  elements/cycle
2
e
PCle APU | |G || APU
G » Core
Host CPU
2 L 3
1
DRAM MeRafiry roller

Device NAM
A
/ System Overview
Vector ——| Vector Aritmetic Unit (VXU) | 16
Control . Vector
Processon— Command 4 14 4 14 4 14 14 | S
cp Unit VRO [ [ [ v Hement
(CP) (vey | VRl Vector Register __| 32K o
VR4 I I I i Vector
| Registers
CPL1S $ 24x H i eachw/
e e e e
F T T T F T p g Coments
| Vector Memory Regis VMRF)

DVA 2 U
T| Scratchpad M)
APU Core Logical View
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MICROBENCHMARKING DATA MOVEMENT AND FRAGMENT OVERHEAD C S|

APU || . || APU
Core M & ¥ Core
0 E 1 Data Transfer avg # cycles  elements/cycle
Z
o
PCle APU | |G || APU
Host CPU C S > C%re
1
DRAM MeRafiry roller
Devi M
A evice NA
/ System Overview \
Control Vector ——| Vector Aritmetic Unit (VXU) | 16
Procrc;s':(s)or—» Command | S S S S S E -~ Vector
Unit VRO [ I ] v Hement
(€P) (vou) | VRI Vector Register —| 32K "
VR File (VR vee i
P VR3 i Vector
CPL1$ VR4 ! l , | Registers
$ 24x H i each w/
v T S
¥ ¥ ¥ ¥ Blements
| Vector Memory VMRF)
DMA
M)

| Scratchpad
to Devicei I ;
APU Core Logical View
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MICROBENCHMARKING DATA MOVEMENT AND FRAGMENT OVERHEAD C S|

APU || . || APU
Core M & ¥ Core
0 E 1 Data Transfer avg # cycles  elements/cycle
()]
z
e T
otal 22,066 1.4
PCle APU | |G || APU ’
Host CPU 02 - Cc:;re
1
DRAM MeRafiry roller
Devi M
A evice NA
/ System Overview \
Control Vector ——| Vector Aritmetic Unit (VXU) | 16
Procrc;sI:(s)or—» Command | S S S S S 3 y— .~ Vector
Unit VRO [ I ] v Hement
(€P) (vou) | VRI Vector Register —| 32K "
VR File (VR vee i
: it e
crus o P o
VR22 | [ [ [ [ ! 32K
VR23 | ; I ; I ; I ; I I_:rE‘Elements
| Vector Memory VMRF)
DVA
M)

| Scratchpad
to Devicei I ;
APU Core Logical View
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MICROBENCHMARKING DATA MOVEMENT AND FRAGMENT OVERHEAD C S|

APU || .|| APU
C S C
o 121 7 Data Transfer avg # cycles  elements/cycle
[0
z
g
PCle APU 5 APU DRAM — SPM 21,575 1.5
Host CPU C > Core SPM — VMRF 470 69.7
2 » 3
1 VMRF — VRF 21 1568.9
DRAM Me roller
Y Total 22,066 1.4
A Device NAM
/ System Overview \
Control Vector ——| Vector Aritmetic Unit (VXU) | 160t
Processor—|0mmand : E : 3 E 3 13 y— .~ Vector
Unit VRO [ I ] v Hement
(CP) (veu) | VRS Vector Register | 32K »
: ¥E§ I File (\|/R o : Vector
crus P
VR22 | [ [ [ [ | 32K
VR23 | ; | ; | ; [ ; [ I_:rE‘Elements
| Vector Memory Regis VMRF)
DMA —|
M)

| Scratchpad
to Devicei I ;
APU Core Logical View
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MICROBENCHMARKING DATA MOVEMENT AND FRAGMENT OVERHEAD

APU APU
Core | > Core

PCle
Host CPU

APU
» Core
3

APU
Core P
2

On-Chip Network

DRAM Me\‘ory Controller

-~

A\
Device D\%&M

/ System Overview

\

Vector ——| Vector Aritmetic Unit (VXU) | 16
Control I T FT T T I F - Vector
Hocessor% I I I , Bement
(CP) (veu) | VRI Vector Register —] 32K i
vRe File (VRF) — | 24
VR3 ile (VRF) see =
: VRS I : I | Vector
| Registers
CPL13 $ 24x H i eachw/
MEETEF 1] EEJ=
S S S S S p g Coments
| Vector Memory Register File (VMRF) |
DVA 3
| Scratchpad Memory (SPM) |
3
to Device DRAM

APU Core Logical View

Cornell University
Computer Systems Laboratory

Data Transfer avg # cycles elements/cycle
DRAM — SPM 21,575 1.5
SPM — VMRF 470 69.7
VMRF — VRF 21 1568.9
Total 22,066 1.4

CSi=:
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MICROBENCHMARKING DATA MOVEMENT AND FRAGMENT OVERHEAD C S|

APU || || APU
Coe IS e Data Transfer avg # cycles  elements/cycle
(]
P4
o a0 VIE T apu DRAM — SPM 21,575 1.5
Host CPU Ccz”e ™ 5 P C%re SPM — VMRF 470 69.7
VMRF — VRF 21 1568.9
DRAM M Controll
é‘?w onroTer Total 22,066 1.4
A\
P Device D\%&M
Execution Time (cycles)
/ System Overview \ Instruction Description Theoretical (b=16) Measured
Vector |——| Vector Aritmetic Unit (VXU) | . 16-bit vor_vv bit-wise or 6 15
Frocsssor FF F _F F T ¢ Vector vmseq_vx  set-if-equal 7 13
(CP) I y  ement vmse set-if-equal (masked) 9 15
vey | VRI Vector Register —| 32K | o Q-vx_m q
3 VR3 File (VRF) —— oo  Vector vmset set all elements of mask 3 10
CPL1$ VR4 : |24x l l : i Registers vmnot invert mask 7 12
VR FT—T—r—T—T— —— " vmand bitwise-and of two masks 9 13
vRsl L L L L L 1 L L I"Bements vmv_vx broadcast scalar to vector 5 12
| Vector Memory Register File (VMRF) | Vmv_vv copy vector + 11
DVA — —— l\‘/le =y | vmv_m copy mask 4 11
oratehpad Memory (SPV) vsll bitwise left-shift logical 3 13
o Devfce DRAM vsrl bitwise right-shift logical 3 13

APU Core Logical View :
4-10 cycles

Cornell University
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KNN CASE STUDY

ANN_SIFT10 dataset, 32K points

89 searches/second

>,
\ Cornell University
7 Computer Systems Laboratory

Fusing operations to skip
unnecessary computation

97 searches/second

Asynchronous partial load from

DRAM 129 searches/second

1.4x speedup, but
68% more LOC

RESULTS
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Bit 0 1 2 3 4 5 6 7 20462047
Supporting a Virtual Vector e
Instruction Set on a Commercial : , ,
. A : :
Compute-in-SRAM Accelerator s
HI MW HEW) ] HCE HW HEWd HEw)
1. APU is an interesting platform for -
applications Wlth maSSive para”elism' APL_FRAG _frag_bitwise_or(vdst, vsrcO, vsrcl):
bitwise operations, narrow bitwidths, QerPFP: RL— WREIvsrcdl;
and hlgh data reuse OXFFFF: VRF[vdst] = RL; 40
2. Proof-of-concept support for a RISCV- . ®o o
like virtual vector instruction set g oo > .
8 -
3. First step toward general-purpose 7 .° °.
computing on commercial domain- : ° .
specific compute-in-SRAM accelerators ~— ® ¢ o %

Number of Bits per Element
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