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= + Compute

Why compute in-cache ?



Transforming caches into massively parallel vector ALUs

18-core Xeon processor 2.5MB LLC slice 8kB SRAM array Bitline ALU
45MBLLC y, BL/BLB 255
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18 LLC slices 360 ways 5760 arrays 1,474,560 ALUs



Transforming caches into masswely paraIIeI vector ALUs

" REA mﬁ A
NG ANALOG
NG AN

Passive Last Level Cache transformed into ~ 1 million bit-serial active ALUs
v’ Multiply v’ Divide v’ Add

Fixed Point (Configurable Precision)

Bit-serial operation @2.5 GHz

45 MB LLC >
18 LLC slices 360 ways 5760 arrays 1,474,560 ALUs

4



Neural Cache [ISCA ‘18]

Neural
Cache

35 MB LLC

Cache Mode

1 mllhon bit-line ALLUs

Accelerator Mode

Neural Network

Digital Bit-Serial Operations @ 2.5GHz

Supported Operations

v Integer Operations

Programming Model
v" Manually Mapped CNN Kernels



Duality Cache

Digital Bit-Serial Operations @ 2.5GHz

Supported Operations
v Integer Operations
v' Floating Point Operations

v Transcendental Functions (sin, cos, log etc.)
Duality

Cache

Programming Model
v' SIMT & VLIW execution
35 MB LLC 1 million bit-line ALUs v' CUDA/OpenACC programs

Accelerator Mode

Cache Mode

Data Parallel Applications



Duality Cache Benefits

SRAM
(@)
o

DDRA4 DDR4 GDDR5 DDR4

Duality
Cache

- Baseline A GPU system Duality Cache
. Reduced data movement v"No memcpy. Efficient serial/parallel interleaving.
2. Cost +471Tmm?2 +250W (GPU) vs. v +30mm?2+6W =~3.5% (DC)

3. Onchip memory capacity v ~10x thread capacity. Flexible cache allocation.
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Logical Operations In-SRAM

Bitlines
Changes BLBO  BLO BLBn BLn

Additional
row decoder

Wordlines

/Row Decoder—O\
/ Row Decoder \

Single-ended

, Sense Amplifiers
Reconfigurable

sense amplifiers Differential
Sense Amplifiers




Logical Operations In-SRAM

A AND B

/ Row Decoder \T >
/ Row Decoder \v

B

BLBO  BLO BLBn BLn
—
—L_ o7 0 1
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=L o~ 101
Vref Vref
v SA sa / \sA
0 1

AAND B

Single-ended
Sense Amplifiers



Logical Operations In-SRAM

B BLBO BLO

BLBn BLn

—L_ o7

[t]

/ Row Decoder \T >
/ Row Decoder \v

Vref Single-ended
Sense Amplifiers



Bit-Serial Integer Operations
A+B
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a; = i" bit of bit vector a

Blt-serlal Integer Operatlons a.) = bitvector a after i*" iteration
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SIMD
lane

SIMD
lane 2
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Bit-Serial Floating Point Operations A+B

mnt
BEE

sgn exp

mnt
o] =02 ] 925000
o] <10t 250000

lediff|=1

5 £ EEET
] x102 | 250000

lediff|=2

] <02 ] 025000

1-bit shift

] <0e] 102500
< 10¢

2-bit shift

»

=
B B
] <0

(1) Mantissa Denormalization  (2) Convert mntinto 2’s complementformat

Up to mnt,;, * #lanes cycles for shift ops

Conversion cost (signed <--> 2’s complement)



Bit-Serial Floating Point Operations A +B .

sgn exp mnt mnt
STV + | <102 | 925000 BEE
SR - | <i0'] 250000 JESNN <] «i02] 025000 JEREM ] «i02] 025000
ediff=1 1-bit shift
SIMD |- 1.02500 SEDENIE 2SR
SULPAR 02 250000 ] <10
ediff=2 2-bitshift
(1) Mantissa Denormalization  (2) Convert mntinto 2’s complementformat
msb mnt msb  exp mnt
SIMD | 9.25000 | <0
» Uniq ediffs = {1, 2}
SIMD | 998.975 - 0i] 998975
lane 2 =102 | 250000 ] <02 250000

comblement format CAM-search
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Bit-Serial Floating Point Operations A+B

sgn exp

GO - [ <100 55000 JS] 0] 20000
M IEDEETE 00D
SV  EDEETE OED TS
VT  EEETE 0ED TS

A - [ o[ 1ooso0 W] wioe] 25000

Up to mnt,,, * #lanes cycles for shift ops

‘/ Unique ediff enumeration using CAM-search

lediff] = 1

lediff| = 2

|lediff| = 2

lediff| = 2

lediff] = 1

8 cycle ediff read + 23 cycle mnt shift
8 cycle ediff read + 23 cycle mnt shift

8 cycle ediff read + 23 cycle mnt shift

8 cycle ediff read + 23 cycle mnt shift

8 cycle ediff read + 23 cycle mnt shift

‘ 7,936 cycles (total)

Uniq ediffs = {1, 2}
lediff| =1 23 cycle mnt shift

|ediff| = 2 23 cycle mnt shift

+ CAM-searchcycle



Bit-Serial Floating Point Operations A+B .

SIMD . 9.25000 02 ] 10,0000

RN | <102 ] 025000 |

SO | <i0¢] 998975 0] 999,000
— X _

I | <10¢] 002500

©) Convert mnt into complement format (3) Perform addition

sgn

B D ET
] <04 100000 ] <04 100000

(4) Convert back to sign expression (5) Normalization



Bit-Serial Floating Point Operations A+B ‘

SIMD . 9.25000 P02 ] 10,0000

RN | <102 ] 025000 |

SO | <i0¢] 998975 0] 999,000
— X .

I | <10¢] 002500

©) Convert mnt into complement format (3) Perform addition

sgn

S0 ] 00000
] <104 100000 ] <04 1.00000

(4) Convert back to sign expression (5) Normalization

Compiler-directed reconversion (2's compl > signed)
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Bit-Serial Floating Point Operations A+B

exp mnt
L =02 ] 925000

glrr;g ] .m"‘ Nl | 02 100000

e SO SN, . g g e

(2) Convert mnt into complement format (3) Perform addition

o | BEDEETE, | e gy |
ool SENSINN . | promm 8O0

(3) Perform shift+add (4) Partial normalization
Si = a; + Diediff
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If bit overflow

5. Normalize

Foreach uniq_ediff oy
A[i]+(B[i]>>ediff)

4. ARSHADD

3. Enumerate
unique ediff

Using search

2. Swap operands
Calculate ediff

If ediff[i] < @ Then
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1. Convert into
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Latency Optimizations (Integer, FP)

SIMD Lanes SIMD Lanes
Search leading Checktagbits are all
0 0 0 O Zeros. zero.
0 0 0 O
00 0 O Skip inner loop Skip theinner loop
0 0 0 0 iterations iteration.
&reduce inner loop
cycles. Useful for (const)
integer multiplications.
X
e o 0 0 0 O
e.g.Multiplication 0(n2) > O(n,xn,) >

Leading Zero Search ZeroTag Search



Optimizations with CAM Search

2 cycle CAM
BLBO BLO BLBn BLn
Search String
1 -_:E_ Y X _LJ_
T HTH = 1
0 — = — =
0 — L0 S0+
T T
0 —~ 0 eee 1 0
| Vref | Vref
SA SA SA SA
h 0 Tag h 1
Reduction

Cyclel



Optimizations with CAM Search

2 cycle CAM
cenrchs BLBO BLO BLBn BLn
earch Strin
| ’ P P Ediff enumeration
—l_l— (XX —1_1
1 i T i_ _|' T i_ 1. Performleading zero searchto limit the
- — — search space for CAM search.
0 —_0 H —_ 0 (e.g. Vediff < 8 = 4-bit CAM search)
0 " 4 O0F —_ 0
: -—0- — Perform CAM search over ediff vector for
N _l—_l_ _!=!_ values 0 <i < 2™
0 — 0 eee 0
. Ifany hit (wired OR of tag), perform
Vref ARSHADD
SA SA SA SA
1 Tag |

Reduction NOR
Cycle?2



Supported In-Cache Operations

Algorithm

add, sub
mul

div, rem

and, or, xor
shl, shr
add, sub
mul
div

sin, cos

uint, int

uint, int

HHACU PUIIIL
fixed point
float

[2], Bit-serial

[2], Bit-serial

LURDIC
CORDIC
Fast Inv Sqgrt

0(n)
0(n2)

LZS (multiplicand), ZTS

24

Algorithm
[11 Compute Caches (HPCA'17)
[2] NeuralCache (ISCA18)

Latency
n: Data Bit Length (bit)
k: CORDIC iteration count

Optimizations
LZS:LeadingZero Search
ZTS: ZeroTag Search
ZRS:Zero Residue Search



Transcendental functions using CORDIC

Express anangle 6 using add/sub of a series. (0 <0 < 7/2)

9=Ziai

Vector rotation requires multiplications with tan(«;).

xi\ _ (cos(a;) _Sin(ai)) Xi-1\ _ ( 1 _tan(ai)) Xi-1
(Yi) B (sin(ai) cos(a;) (Yi—1) = cos(a;) tan(a;) 1 (Yi—1)
CORDIC performs pseudo rotation so that tan(a;) = +27°

X: o F Vv X Z_i .

( f)=K<x‘ 1F Yie1 _1), 0 = E + arctan27

Vi Yi-1 i Xi—1 X 2 ¥ yY Eir1
Yipp——————————

o . Rotation
« No multiplications. P seudo-rotation

 Canbe combined with Bit-serial algorithms.

« Constant static a; series for all possible inputs. No LUT required.

Highly parallelizable for large SIMD processor.

¥

* Operation levelparallelism.
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Execution Model

Bank

L1110z Aem
6T Aem

¢ Aem
T Aem

Way

2.5MB LLC slice



Execution Model

256 threads

A
A

Cache Subarrays

+
_ anhk
Duality . .

»
»

Cache

s19)s1balg-zex g

<
<

Bank

Way



Execution Model :

256 threads

4
v

Cache Subarrays

IE!III ll.

_ ank

Duality . .
IE%HHII

»

Cache

s19)s1balg-zex g

Bank

1thread
Bank 32 x 32-bitregisters

Way
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Execution Model Hthread

Duality
Cache

256 threads / Bank 32x 32- b|t reglsters

Cache Subarrays

o i

»
»

<
<

s1ajsibal iq-ze x 8

4-wide VLIW-styleinstruction issue

Bank?2
Bank3
Bank4
Bank
IE%HHII'

Way 1024 thread 4-wide VLIW SIMD processor
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Execution Model Hthread

32x32- b|t reglsters
. add//!1
Duality sub//12
Cache -

256 threads / Bank

4-wide VLIW-styleinstruction issue
B Bank?2

Bank3
Bank4
R N Y
Way

A 4 \ 4

Tag
compare




Execution Model 32

1thread
32x32- b|t reglsters
0 jmp_en -
. add//!1
Duality sub//12
Cache "

2047

256 threads / Bank

4-wide VLIW-styleinstruction issue

Bank2
Bank3
Bank4

Way

A 4 \ 4

Tag
compare




Execution Model

Duality

Cache

Way

/|
-,
-

-
-
-
-

v

2047

add//!'1
sub//12

A 4 \ 4

Tag

compare

Decoder

LLC /Mem
I *Transposing Memory Unit

Csvn o
| | L] |

1 t 1 1
EIEE E1F
| | | |
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Programming Model

// kernel

__global__ void vecadd (const float* A, const float* B, float* C, int n_el) {
int tid = blockDim.x * blockldx.x + threadldx.x;
if (tid <n_el)

nV|D|A \ C[tid] = A[tid] + Bl[tid];
CUDA

// kernelinvocation
vecadd <<<blocksPerGrid, threadsPerBlock>>> (A, B, C, n_el);

Independent CTAs (Thread Blocks)



Programming Model

DataMovement —

Management
More Science, Less Programming Loop Mapping / for E:i; ?;ati; :,bﬁ;) {
T ’

Optimization

Simple and seamless directive-based parallel programming paradigm for heterogeneous
architectures.

Target Architectures: Native x86, NVIDIAGPU, OpenCL
Compiler Support: PGl.gcc9.1,Riken Omni, OpenUH

35
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Programming Model

Independent CTAs (Thread Blocks)
<X
NVIDIA. AN A LLILLL
CUDA T

Inter-thread communication

UNIVERSITY OF
MICHIGAN




Resource Comparison

Duality
Cache

GPU (NVIDIA GP100)

37



Resource Comparison

Duality

Cache

Xeon E535MB LLC

Capacity

=
x 4

//————— PU Resources ——————\\

.

256

32 x 32-bit reg. / thread

J

SM

NVIDIA GP100 SMs
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Resource Comparison

Duality

Cache

Xeon E535MB LLC

x 560

Capacity

=
x 4

ﬁ PU Resources ﬁ

256

\_ 32 x 32-bit reg. / thread

J

/~ SystemResources =\

(2 socket CPU + GPU)

150x more PUs

10x more Threads
\

J/

SM

X 28

NVIDIA GP100 SMs

39
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Compiler

@ CUDA binary Duality Cache Compiler

] -
NVIDIA NVIDIA CUDA

CUDA C°mp"er@ ELF Kernel Instruction
Analysis Scheduler

—>

PTX DC-PTX

PTX Resource
Optimizer Allocator

OpenACC

re Science, Less Programming

SASS

CUDA Runtime

Built on GPU Ocelot Framework .- ..

e

UNIVERSITY OF

MICHIGAN



Compiler Optimization .

(1) Register Pressure Aware Instruction Scheduling

Instruction Scheduling First Resource Allocation First
Maximize parallelism utilizing v~ Optimized (small) resource
AL SEIERLE abundant shared register usage and reuse distance
PTX Resource resources in VLIW architecture
Optimizer Allocator 0 Introduces manyfalse
é I Result in frequent register spill * dependencies (less parallelism)

Bottom-Up Greedy Instruction Resource Linear Scan Register
(BUG) based Scheduler Allocator Allocation based

Interactively perform resource
allocation and instruction scheduling.



Compiler Optimization
(1) Register Pressure Aware Instruction Scheduling

Large Execution Time

\ PU1

PU2

Alivein

PU2

Alivein

I Aliveout@PU2 |

CFG BB-DFG

NetworkDelay



Compiler Optimization
(1) Register Pressure Aware Instruction Scheduling

Bottom-Up Greedy = [giis1986¢]

N/
N\

Make final
assignments
Minimize data

transfer latency by
taking both operand &

successor location

into consideration

Collect candidate
assignments

PU1

Register pressure

Qe O:
N

F

/ PU2
Alivein

Ali

veout

Time



Compiler Optimization
(2) PTX Optimizations

Duality Cache Compiler

Kernel Instruction
Analysis Scheduler

PTX Resource
Optimizer Allocator

Built on GPU Ocelot Framework - -

|. AST Balancing

a+b+c+d » d% »
C
a b

Folded associative Exprs

AN AN
a b ¢ d
Regenerate balanced AST-subtree
targetingmaxILP=4



Compiler Optimization
(2) PTX Optimizations

|. AST Balancing

Duality Cache Compiler

Kernel Instruction

Analysis Scheduler
d
a+b+c+d
PTX Resource » C »
a b

Optimizer Allocator a \b (o \d

Regenerate balanced AST-subtree

Built on GPU Ocelot Framework - - . Folded associative Exprs :
targetingmaxILP=4

ll. Thread Independent Variable Isolation

{_device_ kernel bid and i are thread independent variable.
U
intbid = blockldx.x;
for (inti=0: i< TER_CNT: ++) Loop unroll /const fold.
{ . .
// Do something Do not store them in thread private
} registers to reduce reg pressure.

45
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Evaluation Methodology

CPU GPU Duality Cache
2-sockets 1-card, PClev3

+ Benchmarks

—Rodinia — PathScale
- backprop OpenACC Intel Xeon ES5-
" bis benchmark 2597v3,2.6GHz, | [ DIAGPIOD. 5B puality
. Processor 1.6GHz, 3840 cuda

. bitree - divergence 28 cores, 36 cores Cache, 2.6 GHz

. dwt2d - gradient threads

* hotspot * lapsgrb On-chip Memory 78.96 MB 9.14 MB 78.96 MB

- laplacian
+ hotspot3D 12GB GDDR5 +
. : * tricubic Off-chip Memor 64 GBDDR4 64 GBDDR4
hybridsort P y
o . tricubic2 64GB DDR4 (host)
. ctreamelust . uxx] Total System Area 912 mm? 1383 mm? 942 mm?
er * vecadd TDP 290 W 640W 296 W

° gaussian - wavel3pt _ _

. heartwall . gameoflife Profiler /Simulator S NVPROF GPU Ocelot
(Performance) + Ramulator

- leukocyte - gaussblur

+ lud ' ma_tvec _ Profiler /Simulator Intel RAPL Nh\/ﬂ]?\? ?s;enrtn Tracebased

" hn * Whispering (Energy) Interface g simulation

Interface



Area/Power Overhead

| ea(mma] | Power(W) | AreaOverhead
CPU 456 145 -

Compute Cache
Peripheral 3.15 2.96 0.69%
TMU 5.32 0.06 1.17%
Controller / FSM 6.16 0.33 1.35%
MSHR 0.86 0.05 0.19%
Local Crossbar 0.28 0.01 0.06%
Total 471.77 148.4 3.50%

Duality Cache has only 3.5% area overhead



System Speedup )

CPU,DC:DDR4, GPU:GDDRS5 +memcpy (DDR4 |~|PCle v3 [~]| GDDR5)

H CPU

Q
5.0 W GPU £ B GPU:Memcpy GPU:Kernel  mmm DC:Memory  ##% DC:Compute
. = 15+
Duality Cache - -
S /
4.0 S 7
4.0x > 7
o 3.6x § 194 ,
o © 7
3 g /2
220 = 0.5 1 E 7 5
' 7
= 7 A7
20x 2.4x = 7 Z 7
1.0 Z / A
0.0 -
- cE 8353305555283 S£3535¢850%388 §
o L 5 T52E2538%8 c? 6%50c®283853 ¢
Rodinia OpenACC 6 LV B2 RERX E5 ¥YPsg8gesd 2% ¢
foY4) +~ - j:
¥o! =i 0 2 2 S = _(Z) &) oo o = O
Key performance factors Rodinia OpenACC
« Reduced Memcpytime
* Massively parallel execution Reduced data transfer (memcpy) cost via external bus (PCle).

« Compute/memoryaccessoverlap

« Flexible cache allocation Small reuse factor /large working set make memcpy costly for GPU.
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Massively Parallel Execution

PU Utilization

m CPU
2000
5.0 GPU
Duality Cache 2 1000
4.0 5 300
4.0x H
3.6X o 2 sockets (560 CTAs)
230 ~ 600
8 wm
<, [ 400 1 socket (280 CTAs)
o T 200
20x 2.4x N
1.0 = 0 B :
| | B EEEEER R e A I EEE L
L S S.*—'E"’Bm*a"’mu c £ 5|8l w9 535238 a 75
00 = S HHEE R £ 2olsFEREE3 ges
. . © n 29 = —_ — + T (%]
Rodinia OpenACC « ool @ < g :; 2 5 5 g Elplw ™ w© s S
T =
Key performancefactors Rodinia OpenACC

« Reduced Memcpytime

* Massively parallel execution

« Compute/memoryaccessoverlap
* Flexible cache allocation 280 CTA/ socket (DC) vs. 60 CTA / card (GPU) (reg. capacity based)

Some kernels have high level of parallelism (e.g. backprop, b+tree, nn, gaussian,
gausblur, etc.)



o1

Kernel Speedup

DC: GDDR5, GPU:GDDR5 + No memcpy

H CPU

5.0 m GPU GE) 2.0
. . 'y .
Duality Cache = GPU:Kernel s DC:Memory vz DC:Compute
4.0 s a5 2
Q—3 0 3.6 8 1.0 4 5 Vs “ 7/
o N Z 10 B ¢ 7
0 w 7 110 7
o o) 7 7 Y/
2.0 ¢ /. ARAA VA V7
n < N 0.5 - 2 =17 2 Z Z 2
© g / 7 7 L
(© 71 Vs 7
ox | oo | ) E AL 412
1.0 g 0.0 - I/‘ l/ ™ l/ I/ T
ol i) ] = Q — T v O O — + e
/ ‘ S5 8[RcE R ESS3EESS S S8EU%BE &
L SIS G2 05 O o S & Vg8 X® 2
0.0 o 1x8lelt28= S ¢ =E 39 8035299 E
Rodinia OpenACC Il [2|7|3|82ns =X £® £¢ sEE2 2> 9
Q Dc o> o c® S L e g &
<= 7 o2 FO
Key performance factors Rodinia OpenACC

Reduced Memcpy time Some kernels with high level of parallelism (e.g. backprop, b+tree, nn, gaussian,

Massively parallel execution gaussblur, etc.) significantly reduce execution time.
Compute/ memoryaccess overlap

Flexible cache allocation Memory bounded applications (hotspot3d, streamcluster) will benefit from GDDR5




Latency (cycles)

Operation Latency

base opt base opt base opt base opt base opt

mul

div

fpadd

fpmul

fpdiv

52

Integer multiplicationis often used to
calculate address or some variables
based on induction variables as an
operand

- They contain many leading zeros
which we can skip by our
optimization. (13x faster)

Floating point addition has small
dynamicrange.

- The number of unique ediff found
usually has its peak atlinthe
distribution. (6.1x faster)



Conclusion

Duality

Cache

Overall Efficiency

)

Q

7

22\

1450xover CPU
52xoverGPU

53

Contributions

In-cache computing frameworkforgeneralpurpose programming
 UsedSIMTprogrammingmodelforthe programmingfrontend
« Developedacompilerforin-cache computing

« Enhanced computationprimitives (all digital)

Results

A

rea
-
o e

Performance Energy

<>
>

DualityCache needs15.7 mm?
== 3.5%over CPU
GPU=471mm?

72x over CPU 20x over CPU
4x over GPU 5.8xover GPU






Backup Slides




DC + CPU Hybrid Execution

Kernel Launch Pattern
(timevs. #CTAs launched)

BFS -
Enough CIE) . B DC: Compute
@ parallelism = DC: Memory
E to keepall 308 W CPU
PUsbusy E
% 0.6
"B : @ 67% better
A 517 = 04
= ]
LUD 502
v Execute 0 _—
E small Duality Cache Duality Cache
+ CPU
kernels on
. CPU threads lud
—

) I I )
2 8 32 128
# Blocks Launched
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System Energy

1.20

> DC:CPU+DRAM  mmm DC:LoadStore @ DC:Compute

—

GC) ’

£ 0.80 - i

°

q) -

S 0.60 ! i

©0.40 - i I

- |

S 0.20 - el fu e PR i B

0.00 l-ll‘_llllllllll—ll-llllllllllllllll
oo cCc=2YAFYAVUTCTE @ VOUEEOoOCUUNCHTE C
oBmNmmop%Bg“:cgmz VESCC- gl auUuXot 2 ©
s} L“-—ga.‘_‘m >N — T — cu—__ocvm-—> = X o™ o]
Q. igﬂtﬂo-omg c & O)Om"c_:g%*ﬂ'sg'g:su'—‘ =
5 TS e 0 =8 = £ DO WVE =0 QO v
Y o " gl cung® €@ LS esSe@mMBEESY 3> O
© oEEJda9—73 9 OETOoO— © i © @
o) O c o > () o > © o — 4 = G

= of T O

Because of the reduced execution time, we achieve 5.34x energy efficiency compared to GPU.
One coreis active during execution to serve instructions. This makes CPU and DRAM access
dominant in energy consumption.
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Average Power
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