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USING COMPUTE-IN-MEMORY FOR GENOMICS
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* Proposes using tightly-coupled compute-in-SRAM
accelerator with hardware extensions for filtering

* Simulation-based study showing 5.26x speedup over basic

accelerator with no in-cache operations
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* Proposes using loosely-coupled compute-in-DRAM
accelerator with custom hardware for filtering
* Simulation-based study showing 1.81-3.65x speedup

over CPU

general-purpose commercial-scale compute-in-SRAM architecture

Our Goal: Explore the potential for accelerating seed location filtering in DNA read mapping using a
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GSI GEMINI PLATFORM: ASSOCIATIVE PROCESSING UNIT (APU) CSI|E:

Device DRAM: 16 GB
Compute-Enabled SRAM: 262 KB
On-Chip Memory: 12 MB

On-Chip Memory Bandwidth: 26 TB/s
Compute Speed: 400 MHz
Power (TDP): 60 W

IC Process: TSMC 28nm

compute-enabled
SRAM array

Leverages memory
bitlines, peripheral
logic, and highly-
efficient search and
update operations
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Hash Table Edit Distance

Accelerating Seed Location
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APU MICROARCHITECTURE CSIiii:
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Using a Commercial Compute-in- GCTCCCG | — 111 s B EEERL
CTTCTCC |, [L12 MCIEREEREIRS
. CCGAGGA | —.[3[L1415] SMREEEIRE
SRAM ArChltECture AGCGATC — 116 <[76|5[44]3 2
score = 2
APL_FRAG _frag_bitwise_or(vdst, vsrcO, vsrcl):
OXFFFF: RL = VRF[vsrc0];
OXFFFF: RL |= VRF[vsrcl];
OXFFFF: VRF[vdst] = RL;
NV
Bit o | 1 [ 2] 3[4]5]6] 7 2046 (2047
SIICCO 1 1 1 1 1 1 1 1 1 1
" APU Microcoding EE T e
E
3 : :
AR/W] HR/W] HR/W] HR/W] HR/W] HR/W] HR/W] HR/W]

Cornell University
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EXAMPLE #1: BITWISE OR C S|

APL_FRAG _frag_bitwise_or(vdst, vsrcO, vsrcl): Bt [—[o|71l2[3]45 6]~ 2046] 2047 | .~ Bit Cel - WEL WELE
OXFFFF: RL = VRF[vsrc0]; Slice 0 D D D D D D D D D " Giobal
OXFFFF: RL |= VRF[vsrcl]; ) |- Vereal e —
OXFFFF: VRF[vdst] = RL; 3 D D D D D D D D D ' ReadMWiite o |
§ E 5 ’ ) " Enables <
e , Read/Write WE1 T
] e B
1 | [ | | Bt |
.Bit — Glopal WE2 '
g i
GAL_TASK_ENTRY_POINT(ap®_task_1, 1in, out) § Ij Ij Ij I:I Ij Ij Ij Dn. Ij I:I E/ o 24x
{ o : : S| wex .T
gsjjc/r:lzjcnlgar?lgﬁgétruc *cmn_handle = D D D D D D D D D D % - ;w; :
~(struffc commonif st;uct *)in; i e e e e e Z )
— ’ [©) — |
enum gvml_vrl6 a GVML_VR16_0; : : Read . Wit
enum gvml_vrl6 b GVML_VR16_1; Bt [ Logic |« Logic
o ten < saven O Q] i o s e
ien; e o Bl [
» VIenJs g : : "
_hnd1, output, vlen); DDDDDDDDDD - Rl -
| [ o | | R | R |
Global Horizontal Line (GHL)
SRAM Bank Physical View Bit Processor Circuitry
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EXAMPLE #1: BITWISE OR C S|

APL_FRAG _frag _bitwise or(vdst, vsrcO, vsrcl): Bt [—]o 1|23 [4]5]|6]7 2046 - BitCel
Slice 0 RBL WBL WBLB
WG ] o
p e » | - Vertical WEOQ
iFFFF: VRF[;dt] ZSEE- ks NI e ([N e RED !
. ’ 3 Read/Write Bit 0 i
8 " Enables
| Read/Write WET 1
I;I I;I I;I e I;I " Logic RE1 R
L | Bit 1
Bit — "\ Global WE2
Slice 1 Horizontal RE2 [
Eo] ‘ 1
Line - .
. I @ Bit 2
8 :I oo S -
3 £ s 24x
8 H S| wezs t
S E RE23 S
L | g Bit 23
o
o . PR
H H Read |« Write
Bit — Logiq | Logic
Slice 15 |
[ ] [ ] ® ® ® ®
Read Source
g|L0|ILH| L HI{{NIEgi] Loten e \
N
8 I
RL E
(11} RLS
L | HR/W [R/W
Global Horizontal Line (GHL)

SRAM Bank Physical View Bit Processor Circuitry

Cornell University
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EXAMPLE #1: BITWISE OR C S|

APL_FRAG _frag_bitwise_or(vdst, vsrc0O, vsrcl): Bit | — 4 [ 5167 2046]2047 |~ B ! RBL WBL WBLB
OXFFEF: RL = VRF[vsrc0]; Sloe 0 CICCIICT 10 Giobal
. - | .- Vertical WEQ
| OXFFFF: RL |= VRF[vsrcl]; | . = | Les REO —
XFFFF: VRF[vdst] = RL; g Read/Write Bit0 |
s " Enables )
1 Rreadmrie WET 1
L] LU LA LR e (LA LA |- Cogie REf
L ’ Bit 1 1
Bit — “\ Global WE2
Slice 1 Horizontal RE2 T l
[] OO0 [OE] w5 —
_ @ Bit2 |,
8 XY} o .
3 £ s 24x
8 S| wexs 1
{ 3|3 I
> o e
| g Bit23 I
o
Bt [
Slice 15 I——‘—I Ij I——‘—I
Source
3] °
3| e \
[&]
&
i E
L L R,
L
Global Horizontal Line (GHL)

SRAM Bank Physical View Bit Processor Circuitry
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EXAMPLE #1: BITWISE OR C S|

APL_FRAG _frag_bitwise_or(vdst, vsrcO, vsrcl): Bt [—[o|71l2[3]45 6]~ 2046] 2047 | .~ Bit Cel - WEL WELE
OXFFFF: RL = VRF[vsrc0]; Slice 0 D D D D D D D D D " Global
OXFFFF: RL_|= VRF[vsrcl]; ) |- Vereal e —
OXFFFF: VRF[vdst] = RL; 3 D D D D D D D D D ' Read/Write )
§ 5 5 - . Encblos Bit0 |,
|| 1] O [ [ el ]
|| HRAM HRAWM HRAM R R HRAM ¥ ° Bit1 [¢
Bit — ~ . Global WE T
i Horizontal
Slice 1 Ij Ij Ij Ij Ij Ij Ij Ij Ij Ij Li(:;zona g RE2 ;t; f
i A ¢ .
EbEEEETEE | CE
| RO HRAY| HREW R § | 5it23 |
$ $ | Foad ;
o = =Tk
Slice 15
5 i - i
O R s e
8 : H i
BB egne iy
- RAY HRAY HRAY R RAY ,
Global Horizontal Line (GHL)

:
<

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

i I [ s e e e B ST
| - Vertica 1
[l dst S vsrc A verc] % |::| |::| |::| :I"' |::| 5 :SZZIWrite - E
|Ox0001: RL : VRF[vsrcO]; 8 ’ " Enables '
X © RL A= VRFLVSrcil]; 1 oadWrite
0x0001: VRF[vdst] = RL; (4| (]| o ([ L] [ ez ™ el —
| HE | | g | "
// cout = vsrcO * vsrcl Bt [— Giobal WED :
0x0001: RL = VRF[vsrcO, vsrcl]; Slice 1 D D D D D D D D D D ['if,lma' g RE2 ;t; f
) : S
3 : : 7_'5 WE23
] ] ] S T
| R R R R R R R R : e
H H _;eji « Writ_e
vsrcO0 vsrcl vdst c¢_out = D D D D D D D D D |_:| Logg I° Loge
0 0 0 0 _ Read Source
6 1 1 0 1] ] ] ] e e e\
8 H : ]
1 1 0 1 RL, RL
R ) ] e A
- =
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, vsrc0, vsrcl): o 3 [ 4 [ 5[ 6 [ 7 [o0a6]2047 |~ B! L WL WELE
// ---- bit 0 ---- e | ) ) 3 weD :
5 e " Lines REO T3
ot et R R R et o
0x0001: RL A= VRF[vsrc]..]; -k ’  ReadWite WEt .
// cout = vsrcO * vsrcl Bt [ Global WE2
. _ . ; orizonta 1
0x0001: RL = VRF[vsrcO, vsrcl]; Slice 1 D D D D D D D D D D [iine tal g RE2 ;t; f
) ) D : ’
3 : : T_Ig WE23 ’
| ) |} e} e e e I v
| R R R R R [ R R : =k
3
H H | Write
vsrcO0 vsrcl vdst c¢_out = D D D D D D D D D |_:| Loge
0 0 0 0
0 110 9 ] )] ) e ] e \
8 : :
1 1 0 1 RL
| ) ] e} e e v ",
LI R RO R HRAW R FRAw g
Global Horizontal Line (GHL)
SRA

<
>

Bank Physical View Bit Processor Circuitry

%’; Cornell University
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EXAMPLE #2: VECTOR-VECTOR ADD (BIT 0) CS i

APL_FRAG _frag_vadd(vdst, vsrcO, vsrcl): Bt [[—[ 0| 1|23 ][4][5]6][7 [20s604] Bt - WEL WELB
/) - bit 0 —-—- B 1 ] ] ] = e :
// vdst = vsrcO A vsrcl g D D D D D D D D D / :::Z/wnte - ;t; .
O§00015 ﬁt :—VSEE\I{\S/F;C«O}_; . 8 : : . .~ Enables )
|0x0001; VRF[vdst] = RL;i’ %%@@ - Lot R 1
— M R : Bit1 [¢
T ere . [ S I e
X . = vsrcl, vsrc ; Slice 1 prizonta RE2
§ : : £ : 24
* * g WE23 1
T | S
L R HRAW HRAW (HRAW] HRAW R HRAW R § Rk |
: : _$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 00 Y v Lmj‘ o RL
1 0 1 0 § : : b "
1 1 0 1 RL,, — RL
T | L
| . . >
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 hieo | , - —
// vdst = 0 A 1 3 1 = e
o T Trerverean. i 1] e ==
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
3 s 5 é WE23 1
] ) e | I B
| N | O | | 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
& : : i )
1 1 0 1 RL, RL
] ) e | A,
- =
Global Horizontal Line (GHL)
SRA

<

Bank Physical View Bit Processor Circuitry

4‘”’; Cornell University
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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 e 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 |
* s o ol e ™ 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 7
o b sssenm0ss
(0x0001<<1): RL |= VRF[temp_0]; : : vl o
(0Ox0001<<1): RL |= VRF[temp_1]; Bi Logic |« Logic
| w5 ] e i s | |
e ][,
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 - o :
-———— bit _— - 4 Lines REO

// vdst = a A b A cin é D D I;‘ D D I;_| D D'" D , Read/Write Lito‘ )
(0x0001<<1): RL = VRF[vsrc0]; & : : g Eaples

(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; oy ‘

* s o ol e ™ Global WE2 !
o 3 i ereny; N NOoOoOoOn O] =™ 5 T AR
(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] = ; ove )
I it v o IS e e N ™
(0x0001<<1): RL &= RL_N; — 3
(0x0001<<1): RL |= VRF[temp_0]; : : Iem 2
(0x0001<<1): RL |= VRF[temp_1]; st — : - Logic_[s Labic
DI e o o
ea rce
el R B [
8 : H
RLW_ RLE
T Y v R,
|| ——
Global Horizontal Line (GHL)
SRA

<

Bank Physical View Bit Processor Circuitry

2\ Cornell University

MOTIVATION ¢ APU MICROARCHITECTURE e« APU MICROCODING ¢ APU FOR MYERS" ACCELERATION
Page 10 of 18

Computer Systems Laboratory




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 e 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 |
* s s ol e ™ 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 7
o b sssenm0ss
(0x0001<<1): RL |= VRF[temp_0]; : : vl o
(0Ox0001<<1): RL |= VRF[temp_1]; Bi Logic |« Logic
| w5 ] e i s | |
e ][,
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) C Sl

APL_FRAG _frag_vadd(vdst, vsrcO, vsrcl): SI.BitO — 10112 ]3] 4]5]6]7 2046|2047 | .~ Bit Cel L WEL WELE
Ice e
PR 0 ] ] ) ) e} e e it - :
-—-—-- D1 - . ° Lines T4
(0] (L] w
vdst = a A b A cin : D D g D D g D D D Read/Write Bit0 |t
// 8 H H " Enables )
(0x0001<<1): RL = VRF[vsrcO0]; ° ° A . WET
(0x0001<<1):  RL "~ VRF[vsrcll; eSS P Read/wie rE —
(0x0001<<1): RL A= RL_N; L R 1 I
(0x0001<<1): VRF[vdst] = RL; a8 <
Bit _ . Global
// cout = a*b + b*cin + a*cin S"CI91 I—_‘—| D I—_‘—| D I—_‘—| I—_‘—| D I—_‘—| I—_‘—| D Horizontal e s |
(0x0001<<1): RL = VRF[vsrcO, vsrcl]; He = Bit2 |;
(0x0001<<1): VRF[temp_0] = RL; 5 D D D D D D D D D D < )
(0x0001<<1): RL = VRF[vsrcl]; o R . £ E24x
(0x0001<<1): RL &= RL_N; 3 : : 3| wes '
(0x0001<<1): VRF[temp_1] = RL; D D D D D D D D D D 5| R .y
L sssssann
(0x0001<<1): RL |= VRF[temp_0]; : : _;ead' ) e
(0x0001<<1): RL |= VRF[temp_1]; st — . : Logic |+ Logic
. Slice 15 |
] ) ] | |
Actual implementation used is a more 2T o e e S T o Source
. . 8 RL
sophisticated carry-select approach g : : - "
RL,, RL
Ripple-carry: 215 cycles | v RLs
- ——
Ca rry-se|ect: 12 Cydes Global Horizontal Line (GHL)
SRA

<
>

Bank Physical View Bit Processor Circuitry

2\ Cornell University
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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 |
1 ] e ) | ) s e
| He e N e | | | | Bit1 |
Bit — "\ Global WE2
Slice 1 I:' D I:' D |:| D D D D D Hi(:‘:;zontal _ RE2 ' l
Key: 1001000101011011 I EEEEEEEE-EE L 2
3 . . % * 24x
Element: 1000011010010110 : : : 5| wexs "
0] ] | I
| HF T O | | | | g 12
[©)
: : _$Read' « Write
| Bit — Logic |¢ Lo?ic
S ] e} )} o o [ :
) ) Y & AW
8 H : ] "
RL,, RL
0] ] | L
| HEC3 {770 R {0 HE | —— =
Global Horizontal Line (GHL)
SRA

<
>

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

' key: RL = \S/;F[Xz::z] ;key): sn?;o Y S B [?.] [f‘.] [?.] 6 [f.] 2[({]:6 CB;;::I RBL WBL WBLB
~Key: RL = ~VRFLVSrcl; H - Vertical we T
T N o S T oo}
OXFFFF: VRF[vdst] = GVL; 3 “V | Enables Bit 0
i I;I I;I I;I .o I;I - ﬁsgi(é/Write VF\QE:]I ' l
L | HR/wWl HRAW HRMW] HR/W HR/W] HR/W HRIAW] HRVW Bit 1
Bit — "\ Global WE2
Slice 1 I:' D I:' D |:| D D D D Hi(:‘:;zontal _ RE2 ' l
Key: 1001000101011011 EEEEEEEE-E L :
§ ° ° % 24x
Element: 1000011010010110 2 : : 3| wes '
) ) ) e v Y I e
Result: 1 0 O 0 10 10 || Hrmd Hrred HRwd HRrwl HRrd HRrwd Rl HRd g Bit 23
: : ) _:aj ) Writ
sico 15 | [ D E] l:j l:j l:j l:s] = T
. I ¢ 1 } } } Read Source
gL BLRIESIE] Lotch we A
& I
RL RL
EAETES L,
L HRW R
Global Horizontal Line (GHL)

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

APt_FRAG search(vdst, rvsr‘c1, key): SI.BitO — 10| 12325 ]6]7 2046|2047 | .~ Bit Cel - WEL WELE
ey RL_=_VRE[vsrcl.: e 1l clobal
~key: RL = ~VRF[vsrc]; | D D D D D D D D D \L’iﬁffa' we T
XFFFF:  GVL = RL; g ] o Y " e/ Wiite &
OXFFFF: VRF[vdst] = GVL; 3 : g d | Enavles Bit 0
] e e | e
| N {0 | | e | Bt 1
Bit — "\ Global WE2
Slice 1 l:*.tl Il:ii(r)‘:izontal _ RE2 T l
Key: 1001000101011011 T 5 5
3 % . 24x
Element: 1000011010010110 8] 4 5| e 1
Result: 1110100000110010 | {0 | | | |
5 5 _tReji « XVrit_e
Bit . ogi < ogic
Slice 15 |
= Ijljljljljljljlj Ijlj Read Source
] e o = i
8 : : ] "
RL,, RL
R ) ] e A
| [ T T | | —— =
Global Horizontal Line (GHL)
SRA

<

Bank Physical View Bit Processor Circuitry

%’; Cornell University
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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
[] [] (OO0 e | =&
— Bit1 e
Bt [ Slopal g WE2 1
Slice 1 lorizonta R RE2 1
Key: 1001000101011011 5% % S%%% L :
Element: 1000011010010110 éD *D §DD o | ——
Y E v 3 )
Result: 1110100000110010 | W é P2
\ | } H H _tRea_d' « XVrit_e
AND sncBét15 [ I:' D D D D D i :
L 0 ) O =] [
8 : § he — _
[] [] | [ (] A,
] | | | | | | | | | — v Global Horizontal Line (GHL)
SRAM Bank Physical View Bit Processor Circuitry

%’; Cornell University
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EXAMPLE #3: SEARCH

Slice 15

Decoder

o B0 ChCH | |8 CHEE

<

7 | (B

B OO

B0 - OO
By Oh0
By Oh0
B0 - OO

R

<

APL_FRAG search(vdst, vsrc, key): Bt [—[o|71l2[3]45 6]~ 2046|2047 | .- Bit Cel
key: RL = VRF[vsrc]; Slice 0 D D D D D D D D D ” Giobal
~key: RL = ~VRF[vsrc]; \L/.igg:al

EEEE: GVl = RI 3 CCCCCcacaie -0 / e
|‘8§FFFF: VRF[vdst] = GVL; | g H H g | Enables
1 ] | s
L AR HRW HRAW R R R RO R R R
Key: 1001000101011011 i %%%%%%% %
Element: 1000011010010110 ; : :
%nnnn%%~ ®
Result: 1110100000110010 | REI [R&1 | RE] | RE &
( J
Y :
AND =0 =
[] /]
[] |-
[] B
RIW
RA

Bank Physical View

4‘”’; Cornell University

g Computer Systems Laboratory

A RBL WBL WBLB
REO 7
Bit0 |
WE1 1
RE1 31
Bit1 |,
WE2
RE2 T3
- B
3 Bit2 |
(0]
§ E24x
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

Slice 15

* Architecture doesn’t directly support
~VRF[] operation

* More compact mask encodings are
possible

Decoder

o B0 ChCH | |8 CHEE

<

7 | (B

B OO

B0 - OO
By Oh0
By Oh0
B0 - OO

R

<

APL_FRAG search(vdst, vsrc, key): Bt [—[o|71l2[3]45 6]~ 2046|2047 | .- Bit Cel
key: RL = VRF[vsrc]; Slice 0 D D D D D D D D D ” Giobal
~key: RL = ~VRF[vsrc]; ) D D D D D D D D D . I\_/Iigg:al

ey - = Rl % - Read/Write
|‘8§FFFF: VRF[vdst] = GVL; | g H H g | Enables
] e e |
L R RO HRAW R HRAW R RO HRAW RAWA HRAW ©
Key: 1001000101011011 i %%%%%%% %
Element: 1000011010010110 § : :
%nnnn%%~ ®
Result: 1110100000110010 | REI [R&1 | RE] | RE Ry
( J
\ :
AND =0 o [
[] |0
[] (|-
[] /]~
RW
RA

Bank Physical View

4‘”’; Cornell University

g Computer Systems Laboratory

A RBL WBL WBLB
REO 7
Bit0 |
WE1 1
RE1 31
Bit1 |,
WE2
RE2 T3
- B
3 Bit2 |
(0]
§ E24x
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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Accelerating Seed Location
Filtering in DNA Read Mapping

Using a Commercial Compute-in-

SRAM Architecture

= APU for Myers’ Acceleration

Cornell University

Computer Systems Laboratory

Hash Table

Edit Distance

S Candidate L1
AGCTCTA —| L1 | K| L3 AGACTCT
TCCCGCC  |— 4" oJoJoJo[oJo]o]o
CCTATAC  |— L5 | L6|DZ [ L8]  <[1|0stlQpl|L]d
AGATTTA _ |—[L9 L107 g Y E RN
> o|3|2]1]1[1}2]2}3
GCTCCCG —|L11 S 43 2[142[2
CTTCTCC |, [L12 MCIEREEREIRS
CCGAGGA | M3[L14]L15] Hl6]5[4[4] 322
AGCGATC — 116 <[7[6|[5[4 4332
score = 2
APL_FRAG _frag_bitwise_or(vdst, vsrcO, vsrcl):
OXFFFF: RL = VRF[vsrcO0];
OXFFFF: RL |= VRF[vsrcl];
OXFFFF: VRF[vdst] = RL;
N
Bit 0 1 2 3 4 5 6 7 20462047
Slice() 1 1 1 1 1 1 1 1 1 1
_q;) 00
o
3 : H
o . °
-IR/IWI -IR/IWI -IR/IWI -IR/IWI -IR/IWI -IR/IWI -IR/IWI -IR/IWI

MOTIVATION e APU MICROARCHITECTURE ¢ APU MICROCODING ¢ APU FOR MYERS’ ACCELERATION
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GENOMICS PIPELINE

Reference Genome

CSi=:

00 CTAGTTCCCTCGGAGAGTCTCCCCTTTTTGGGAAAATCTAGACTCTAGAGGAGACTCTCAAGAGATCTCTGATGTCCTGATAGCTATC e

Read | CAGCTCTAG

Kmers CAGC

AGCT
GCTC
CTCT

Hash Table

CTCT |—| L1 ] )| L3
AGCT |—| L4

GCTC |— |15 | L6/ ¥ | L8

CAGC |—* L9 |L10
ATCT — 11
GGAC |— ng

CATG | —|IM3/|L14]L15
TGAC |—[L16

2\ Cornell University

Computer Systems Laboratory

Seed and Extend

Query
CTCT — AGCTCTA

Candidate L1
CTCT — TGCTCTC

Candidate L2

CTCT — CCCICTG

Candidate L3

CTCT — TGCTCTT

Query

Filtering using Edit Distance

Candidate L1 Candidate L2

AGACTCT \ TGGATAG
0/0/0/0/0/0/0/0 0 0J0]0/0]{0]0/0
<|1o}1 [fob1 L[t < 1\1 1["1[o} 1041
o2|1[opL]1} o228 11|10
ol3[2]1[1[1$2[243] 0|3 222021
—[4]3 2 22| 3+ [4[3]30A5B 2433
Ols5(4|3]3]2]2[132 O|5]4}4[4 N3]
=le]5[4]4] 372 2[1 =16 [B[5[5]5/ 4[4
<|(7[6]|5[4]4]3]3]2 < 665|525

score = 2 / score = 4 \

Final accurate alignment uses gap-affine distance

MOTIVATION e APU MICROARCHITECTURE ¢ APU MICROCODING ¢ APU FOR MYERS’ ACCELERATION
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MYERS’ BIT-PARALLEL ALGORITHM C S

. o . . . ’ o .
Traditional Edit Distance: Myers’ Algorithm: 0 Tet m = Tength(query)
1 Tlet n = length(candidate)
. Ah: 2
Candidate (i-1, j-1) N (i1, j) 3 for q in [0...num_queries-1]:
AGACTCT 451 precompute peq
0 ololololololo AV. Eq AV t 6 for c in [0...num_candidates-1]:
A in ou 7 Pv = 1Am
<|[1]|0+1 +1 1\ 1 \ 8 Mv = 0Am
9 score, min_score = m
O12]1[QpL |1y (. 1) h (i) 10 .
a Ol3 2 1[14+212+3 out 11 for j 1in [O...n—l]:- ‘
] 12 eq = peq[seed(j), 1]
8}|—4é ' 2"’22 In 13 Xv = eq | Mv
yi| 3 | 14 Xh = ((eq & Pv) + Pv A PV) | eq
©l15]14 3%21>2 v 15 Ph = Mv | ~(xh | PV)
Hlel5[4]4|32]2]"1 L 15 Mh = Pv & Xh
<|7/6|5[4]4 3 2 - b Out 18 if Tast bit of Ph is 1, score +=1
X 19 if Tast bit of Mh is 1, score -=1
score = 2 v gg if score < min_score, min_score = score
22 shift Ph
23 save old MSB of Ph
Tet match = (query[i] == candidate[i]) Av. Pv Mv 24
) 25 shift Mh
s[i,j1 = min { s[i-1, j-11 + !match, -1 0 1 26 save old mMsg of Mh
s[i-1,3] + 1, % Pv = Mh | ~(xv | Ph)
s(i,3-1] +1 ¥ 0 0 0 29 Mv = Ph & Xv
+1 1 0

Cornell University

Computer Systems Laboratory MOTIVATION e APU MICROARCHITECTURE ¢ APU MICROCODING ¢ APU FOR MYERS’ ACCELERATION
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DATA LAYOUT ON APU CS|=:

VRO=Pv | | I I | oo | | 0 1et m = Tength(query)
- J - . F - > —— 1 Tlet n = length(candidate)
2
Pv for alignment of  Pv for alignment of Pv for alignment of  Pv for alignment of Pv for alignment of 16 . . .
16 bp of query 16 bp of query 16 bp of query 16 bp of query bp of query against 3 for g in [0...num_queries-1]:
against candidate 0 against candidate 1 against candidate 2  against candidate 3 candidate 32,768 4 precompute peq
5
VR 1 = Myv | | | | | X | | 6 for c in [0...num_candidates-1]:
7 Pv = 1Am
Mv for alignment of Mv ffor alignment of Mv for alignment of  Mv for alignment of Mv for alignment of 16 9 score, min_score = m
16 bp of query 16 bp of query 16 bp of query 16 bp of query bp of query against 10
against candidate 0 against candidate 1 against candidate 2  against candidate 3 candidate32,768 ..
11 for j in [0...n-1]:
. . 12 eq = peq[seed(j), il
° ° 13 Xv = eq | Mv
14 Xh = ((eq & Pv) + Pv A PV) | eq
15 Ph = Mv | ~(Xh | Pv)
— e0o0
VR 23 Scoresl | | | | | | 16 Mh = Pv & Xxh
Running minimum for Running minimum for Running minimum for Running minimum for Running minimum for 18 -!-F last b-!t of ph -!S 1, score +=1
alignment of query  alignment of query  alignment of query  alignment of query alignment of query 19 if last bit of Mh is 1, score -=1
against candidate 0 against candidate 1  against candidate 2  against candidate 3 against candidate 32,768 20 if score < min_score. min_score = score
21
22 shift pPh
23 save old MSB of Ph
24
Candidate 0 Candidate 1 Candidate 2 Candidate 3 Candidate 32,768 25 shift mMh
26 save old MSB of Mh
27
> > > > >
o 9] 5 o] eee 5 28 Pv = Mh | ~(Xv | Ph)
& & & 3 3 29 Mv = Ph & Xv

Cornell University

MOTIVATION e APU MICROARCHITECTURE ¢ APU MICROCODING ¢ APU FOR MYERS’ ACCELERATION
Page 15 of 18

Computer Systems Laboratory




MICROCODE OPERATIONS IN MYERS’ CS|ii:

APL_FRAG _frag_bitwise_or(vdst, vsrc0O, vsrcl):

OXFFFF: RL = VRF[vsrcO]; 0 Tlet m = length(query)
OXFFFF: RL |= VRF[vsrcl]; 1 Tet n = length(candidate)
OXFFFF: VRF[vdst] = RL; 2
3 for q in [0...num_queries-1]:
4 precompute peq
5
6 for c in [0...num_candidates-1]:
7 Pv = 1Am
8 Mv = 0Am
9 score, min_score = m
10
for j in [0...n-1]:
12 eq = peg[seed(j), 1]
Xv = eq | mv|
14 Xh = ((eq & Pv) + Pv A Pv) | eq]|
15 Ph = Mmv | ~(Xh | Pv) |
16 Mh = Pv & Xh
17
18 if Tast bit of Ph is 1, score += 1
19 if Tast bit of Mh is 1, score -=1
20 if score < min_score, min_score = score
21
22 shift ph
23 save old MSB of Ph
24
S shift Mh
26 save old MSB of Mh
27
28 [Pv = Mh | ~(Xv | Ph) |
29 MV = Ph & XV

Cornell University
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MICROCODE OPERATIONS IN MYERS’ CS|ii:

APL_FRAG _frag_bitwise_or(vdst, vsrc0O, vsrcl):

OXFFFF: RL = VRF[vsrcO0]; 0 let m = length(query)
OXFFFF: RL |= VRF[vsrcl]; 1 Tet n = length(candidate)
OXFFFF: VRF[vdst] = RL; 2
3 for q in [0...num_queries-1]:
APL_FRAG vadd(vdst, vsrcO, vsrcl): 4 precompute peq
// ---- bit 0 ---- 5
// vdst = vsrcO XOR vsrcl 6 for c in [0...num_candidates-1]:
0x0001: RL = VRF[vsrcO0]; 7 Pv = 1Am
0x0001: RL A= VRF[vsrcll]; 8 Mv = 0Am
9

0x0001: VRF[vdst] = RL;
// cout = vsrcO AND vsrcl
0x0001: RL = VRF[vsrcO, vsrcl];

score, min_score = m

for j in [0...n-1]:
eq = peq[seed(j), il

// ---- bit 1 ---- X\ = oq | My

// vdst = a A b A cin Xh = ((eq & PVv) + Pv A PV) | eq
(0x0001<<1): RL = VRF[vsrcO]; “Ph = MV | ~CXn | PV)

(0x0001<<1): RL A= VRF[vsrcl]; Mh = Pv & Xh

(0x0001<<1): RL A= RL_N;

(0x0001<<1): VRF[vdst] = RL; if Tast bit of Ph is 1, score +=1
// cout = a*b + b*cin + a*cin 19 it last bit of Mh 1s 1, score -= 1
(0x0001<<1): RL = VRF[vsrcO, vsrcl]; 20 1T score < min_score, min_score = score
(0x0001<<1): VRF[temp_0] = RL; 21

(0x0001<<1): RL = VRF[vsrcl]; 22 shift ph

(0x0001<<1): RL &= RL_N; 23 save old MsB of Ph

(0x0001<<1): VRF[temp_1] = RL; 24

(0x0001<<1): RL = VRF[vsrc0]; 25 shift mh

(0x0001<<1): RL &= RL_N; 26 save old MSB of Mh

(0x0001<<1): RL |= VRF[temp_0]; 27

(0x0001<<1): RL |= VRF[temp_1]; 28 Pv = Mh | ~(Xv | Ph)

s 29 Mv = Ph & Xv

Cornell University
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MICROCODE OPERATIONS IN MYERS’ CS|ii:

APL_FRAG _frag_bitwise_or(vdst, vsrc0, vsrcl): APL_FRAG search(vdst, vsrc, key):
OXFFFF: RL = VRF[vsrc0]; key: RL = VRF[vsrc]; 0 Tet m = length(query)
OXFFFF: RL |= VRF[vsrcl]; ~key: RL = ~VRF[vsrc]; 1 Tet n = length(candidate)
OXFFFF: VRF[vdst] = RL; OXFFFF: GVL = RL; 2
OXFFFF: VRF[vdst] = GVL; 3 for q in [0...num_queries-1]:
APL_FRAG vadd(vdst, vsrcO, vsrcl): 4 precompute peq
// ---- bit 0 ---- 5
// vdst = vsrcO XOR vsrcl 6 for ¢ in [0...num_candidates-1]:
0x0001: RL = VRF[vsrcO]; 7 Pv = 1Am
0x0001: RL A= VRF[vsrcl]; 8 Mv = 0Am

0x0001: VRF[vdst] = RL;

score, min_score = m
// cout = vsrcO AND vsrcl

0x0001: RL = VRF[vsrcO, vsrcl]; 11 for i in [0...n-17:
12 eq = peqlseed(3), i1]
// ---- bit 1 ---- 13 Xv = eq | Mv
// vdst = a A b A cin 14 Xh = ((eq & Pv) + Pv A PV) | eq
(0x0001<<1): RL = VRF[vsrc0]; 15 Ph = Mv | ~(Xh | Pv)
(0x0001<<1): RL A= VRF[vsrcl]; 16 Mh = Pv & Xh
(0x0001<<1): RL A= RL_N; 17
(0x0001<<1): VRF[vdst] = RL; 18 if last bit of Ph is 1, score += 1
// cout = a*b + b*cin + a*cin 19 if last bit of Mh is 1, score -= 1
(0x0001<<1): RL = VRF[vsrc0, vsrcll]; 20 if score < min_score, min_score = score
(0x0001<<1): VRF[temp_0] = RL; 21
(0x0001<<1): RL = VRF[vsrcl]; 22 shift Ph
(0x0001<<1): RL &= RL_N; 23 save old MSB of Ph
(0x0001<<1): VRF[temp_1l] = RL; 24
(0x0001<<1): RL = VRF[vsrc0]; 25 shift Mh
(0x0001<<1): RL &= RL_N; 26 save old MSB of Mh
(0x0001<<1): RL |= VRF[temp_0]; 27
(0x0001<<1): RL |= VRF[temp_1]; 28 Pv = Mh | ~(Xv | Ph)
e 29 Mv = Ph & Xv

Cornell University
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MICROCODE OPERATIONS IN MYERS’ CS|ii:

APL_FRAG _frag_bitwise_or(vdst, vsrc0, vsrcl): APL_FRAG search(vdst, vsrc, key):
OXFFFF: RL = VRF[vsrc0]; key: RL = VRF[vsrc]; let m = Tength(query)
OXFFFF: RL |= VRF[vsrcl]; ~key: RL = ~VRF[vsrc]; let n = Tength(candidate)
OXFFFF: VRF[vdst] = RL; OXFFFF: GVL = RL;
OXFFFF: VRF[vdst] = GVL; for q in [0...num_queries-1]:

0
1
2
3
4
5
6

APL_FRAG vadd(vdst, vsrcO, vsrcl):
// ---- bit 0 ----
// vdst = vsrcO XOR vsrcl

precompute peq

APL_FRAG set_scalar(vdst, key):

OXFFFF: RL = 0; for c in [0...num_candidates-1]:

0x0001: RL = VRF[vsrcO]; Key RL = 1 PV = IAm
0x0001: RL A= VRF[vsrcl]; y: I MV = OAm

// cout = vsrcO AND vsrcl
0x0001: RL = VRF[vsrcO, vsrcl];

score, min_score = m |

for 1.1in [0 n-11:

: 12 lea = peg[seed(3), i1
/] ---- bit 1 ---- 13 Xv = eq | v
// vdst = a A b A cin 14 xh = ((eq & PV) + Pv A PV) | eq
(0x0001<<1): RL = VRF[vsrcO0]; 15 Ph = Mv | ~(xh | PV)
(0x0001<<1): RL A= VRF[vsrcl]; 16 Mh = Pv & Xh
(0x0001<<1): RL A= RL_N; 17
(0x0001<<1): VRF[vdst] = RL; 18 if last bit of Ph is 1, score += 1
// cout = a*b + b*cin + a*cin 19 if last bit of Mh is 1, score -= 1
(0x0001<<1): RL = VRF[vsrcO, vsrcl]; 20 if score < min_score, min_score = score
(0x0001<<1): VRF[temp_0] = RL; 21
(0x0001<<1): RL = VRF[vsrcl]; 22 shift ph
(0x0001<<1): RL &= RL_N; 23 save old MSB of Ph
(0x0001<<1): VRF[temp_1] = RL; 24
(0x0001<<1): RL = VRF[vsrc0]; 25 shift Mh
(0x0001<<1): RL &= RL_N; 26 save old MSB of Mh
(0x0001<<1): RL |= VRF[temp_0]; 27
(0x0001<<1): RL |= VRF[temp_1]; 28 Pv = Mh | ~(Xv | Ph)
s 29 Mv = Ph & Xv
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MICROCODE OPERATIONS IN MYERS’ CS|ii:

APL_FRAG _frag_bitwise_or(vdst, vsrc0, vsrcl): APL_FRAG search(vdst, vsrc, key):
OXFFFF: RL = VRF[vsrc0]; key: RL = VRF[vsrc]; 0 Tlet m = length(query)
OXFFFF: RL |= VRF[vsrcl]; ~key: RL = ~VRF[vsrc]; 1 Tet n = length(candidate)
OXFFFF: VRF[vdst] = RL; OXFFFF: GVL = RL; 2
OXFFFF: VRF[vdst] = GVL; 3 for q in [0...num_queries-1]:
APL_FRAG vadd(vdst, vsrcO, vsrcl): 4 precompute peq
// -=—= bit 0 ---- APL_FRAG set_scalar(vdst, key): 5
// vdst = vsrcO XOR vsrcl OXFFFF: RL = O: ’ yJ): 6 for c in [0...num_candidates-1]:
0x0001: RL = VRF[vsrc0]; key: ) RL : 1: 7 PV = 1Am
0x0001: RL A= VRF[vsrcl]; o o B . 8 Mv = 0Am
0x0001: VRF[vdst] = RL; OXFFFF: VRF[vdst] = RL; 9 score, min_score = m
// cout = vsrcO AND vsrcl 10
0x0001: RL = VRF[vsrcO, vsrcl]; APL_FRAG save_last_bit(vdst, msk_b1l6, msk_bit): 11 for j in [0...n-1]:
msk_b}6: GVL = RL; 12 eq = peq[seed(j), il
// ---- bit 1 ---- msk_bit: VRF[vdst] = GVL; 13 Xv = eq | Mv
// vdst = a A b A cin 14 Xh = ((eq & Pv) + Pv A PV) | eq
(0x0001<<1): RL = VRF[vsrc0]; 15 Ph = Mv | ~(Xh | Pv)

(0x0001<<1): RL A= VRF[vsrcl];
(0x0001<<1): RL A= RL_N;
(0x0001<<1): VRF[vdst] = RL;

// cout = a*b + b*cin + a*cin
(0x0001<<1): RL = VRF[vsrc0O, vsrcl];
(0x0001<<1): VRF[temp_0] = RL;
(0x0001<<1): RL = VRF[vsrcl];
(0x0001<<1): RL &= RL_N;
(0x0001<<1): VRF[temp_1l] = RL;

=
(o)}

Mh Pv & Xh

if last bit of Ph is 1, score += 1
if last bit of Mh is 1, score -=1
if score < min_score, min_score = score

shift Ph
[save old MSB of Ph |

(0x0001<<1): RL = VRF[vsrc0]; shift Mh
(0x0001<<1): RL &= RL_N; 26 rgave old MSB of Mh |
(0x0001<<1): RL |= VRF[temp_0]; 27

(0x0001<<1): RL |= VRF[temp_1]; 28 Pv = Mh | ~(Xv | Ph)
- 29 Mv = Ph & Xv
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MICROCODE OPERATIONS IN MYERS’ CS|ii:

APL_FRAG _frag_bitwise_or(vdst, vsrc0, vsrcl): APL_FRAG search(vdst, vsrc, key):
OXFFFF: RL = VRF[vsrcO]; key: RL = VRF[vsrc]; 0 let m = length(query)
OXFFFF: RL |= VRF[vsrcl]; ~key: RL = ~VRF[vsrc]; 1 Tet n = length(candidate)
OXFFFF: VRF[vdst] = RL; OXFFFF: GVL = RL; 2
OXFFFF: VRF[vdst] = GVL; 3 for q in [0...num_queries-1]:
APL_FRAG vadd(vdst, vsrcO, vsrcl): 4 precompute peq
// ==—= bit 0 ~--- APL_FRAG set_scalar(vdst, key): 5
// vdst = vsrcO XOR vsrcl OXFFFE: RL = O: ’ yJ): 6 for ¢ in [0...num_candidates-1]:
0x0001: RL = VRF[vsrcO]; Koy ) RL : 1: 7 Pv = 1Am
0x0001: RL A= VRF[vsrcl]; OxiéFF' VRFEvd;t] _ RL: 8 Mv = 0Am
0x0001: VRF[vdst] = RL; ) ’ 9 score, min_score = m
// cout = vsrcO AND vsrcl 10
0x0001: RL = VRF[vsrcO, vsrcl]; APL_FRAG save_last_bit(vdst, msk_b1l6, msk_bit): 11 for j in [0...n-1]:
‘ msk_b}6: GVL = RL; 12 eq = peq[seed(j), 1]
// ---- bit 1 ---- msk_bit: VRF[vdst] = GVL; 13 Xv = eq | Mv
// vdst = a A b A cin 14 xh = ((eq & Pv) + Pv A PV) | eq
(0x0001<<1): RL = VRF[vsrcO]; APL_FRAG 1s1_with_cin(vsrc, cin): 15 Ph = Mv | ~(xh | PV)
(OX0001<<1): RL A= VRF[Vsr‘Cl]; OXFFFF: RL = VRF[VSFC]; 16 Mh = Pv & Xh
(0x0001<<1): RL A= RL_N; OXFFFF: VRF[vsrc] = RL_N; 17
(0x0001<<1): VRF[vdst] = RL; 0x0001: RL = VRF[cin]; if last bit of Ph is 1, score += 1
// cout = a*b + b*cin + a*cin 0x0001: VRF[vsrc] = RL; if last bit of Mh is 1, score -= 1

(0x0001<<1): RL = VRF[vsrcO, vsrcl];
(0x0001<<1): VRF[temp_0] = RL;
(0x0001<<1): RL = VRF[vsrcl];

if score < min_score, min_score = score

[shift Ph_|

(0x0001<<1): RL &= RL_N; save old MSB of Ph
(0x0001<<1): VRF[temp_1l] = RL; m

(0x0001<<1): RL = VRF[vsrc0]; L] 25
(0x0001<<1): RL &= RL_N; 26 save old MSB of Mh
(0x0001<<1): RL |= VRF[temp_0]; 27

(0x0001<<1): RL |= VRF[temp_1]; 28 Pv = Mh | ~(Xv | Ph)

Ph & Xv
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RESULTS C S|

Effect of Number of Candidates Per Query

APU Kernel Cycle Breakdown 2 251
Total Execution Time Breakdown 100 - © ‘,..0'
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loading saved Pv and Mv

computing eq Effect of Number of Candidates Per Query
computing Xv
computing Xh
computing Ph
computing Mh
computing scores
shift and save Ph
shift and save Mh
computing Pv
computing Mv
storing Pv and Mv

CPU APU

=
N
)

initialize read params
allocate on shared DRAM
initialize parameters
initialize peq array

copy data host to device
kernel

copy data device to host
free allocated memory
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._.

=
o

o
©
\
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o©
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Average Speedup (1-core CPU, 1-core APU): 14.01x Average Speedup (16-core CPU, 1-core APU): 1.49x

*Estimated* Average Speedup (16-core CPU, 4-core APU): 5-6x B o o oo ll;,i‘;ool}:‘r’s 1500

Average Speedup of APU over CPU
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Accelerating Seed Location
Filtering in DNA Read Mapping
Using a Commercial Compute-in-
SRAM Architecture

1. APUis an interesting platform for
applications with massive parallelism,
bitwise operations, narrow bitwidths,
and high data reuse

2. APU is a promising way to accelerate
filtering and other genomics workloads

3. APU’s massive parallelism might prompt
rethinking of traditional genomics
algorithms

2\ Cornell University

g Computer Systems Laboratory

Hash Table

Edit Distance

S Candidate L1
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score = 2
APL_FRAG _frag_bitwise_or(vdst, vsrcO, vsrcl):
OXFFFF: RL = VRF[vsrcO0];
OXFFFF: RL |= VRF[vsrcl];
OXFFFF: VRF[vdst] = RL;
\/
Bit 0 1 2 3 4 5 6 7 2046 (2047
Slice() 1 1 1 1 1 1 1 1 1 1
_q;) 00
o
53 : .
a . .
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