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1. Motivation and Background

 Quantized Deep Neural Networks (QDNNSs) rely on floating-point computations.
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1. Motivation and Background

 Quantized Deep Neural Networks (QDNNSs) rely on floating-point computations.

« Compared to fixed-point and integer operations, floating-point computations are slow
and costly in terms of power consumption and silicon area.
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1. Motivation and Background

 Quantized Deep Neural Networks (QDNNSs) rely on floating-point computations.

« Compared to fixed-point and integer operations, floating-point computations are slow
and costly in terms of power consumption and silicon area.

* On the other hand, it has been shown that quantized models can achieve near floating-
point precisions in vision tasks.

MONTREAL

Precision | Acc/ | Size
Task Dataset | Model A/W MAP | (MB)
LSQ(2/2) | 76.81 | 2.889
. CIFAR LSQ(4/4) | 76.92 | 5.559
Classification 100 ResNet18 TSO(8/8) | 78.45 | 10.87
FP32 76.82 | 42.8
LSQ(2/2) | 0.61 | 10.34
Object VOC- | SSD300- | LSQ(4/4) | 0.60 | 11.81
Detection 2007 | ResNet18 | LSQ(8/8) | 0.68 | 14.77
POLYTECHNIQUE FP32 0.59 | 32.49
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1. Motivation and Background

 Quantized Deep Neural Networks (QDNNSs) rely on floating-point computations.

« Compared to fixed-point and integer operations, floating-point computations are slow
and costly in terms of power consumption and silicon area.

* On the other hand, it has been shown that quantized models can achieve near floating-
point precisions in vision tasks.

 However, there are no commercially available general processors (CPU or GPU) that can
efficiently process data in arbitrary precision.
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Introducing ...
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1. Motivation and Background

* Introducing BARVINN!
 BARVINN is a DNN for running arbitrary precision quantized models.

* |t has 8 processing elements (MVUSs) that are controlled by a RISC-V
controller.

* |t has an overall 8.2 TMACs of computational power (binary ops).

* |t has been implemented on Alveo U250 FPGA platform.

BARVINN: Arbitrary Precision DNN Accelerator Controlled by a RISC-V CPU



2. BARVINN Overall Architecture (1)
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2. BARVINN Overall Architecture (2)
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2. BARVINN Overall Architecture (3)

* Matrix Vector Unit (MVU) Arrays.
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Matrix Vector Units:
BARVINN processing
elements.
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2.1. MVU Array and Architecture ooy
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Matrix Vector Unit (MVU)

2.1. MVU Array and Architecture

 BARVINN has an array of 8 Matrix Vector Unit (MVU)s.

e Each MVU is consist of:

 RAMSs for activation, Weights, Scalers and Biases.
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Matrix Vector Unit (MVU)

2.1. MVU Array and Architecture

/
I

 BARVINN has an array of 8 Matrix Vector Unit (MVU)s.

« Each MVU is consist of:
 RAMSs for activation, Weights, Scalers and Biases.

 Matrix Vector Product unit (MVP).
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Matrix Vector Unit (MVU)

2.1. MVU Array and Architecture

/

 BARVINN has an array of 8 Matrix Vector Unit (MVU)s.
« Each MVU is consist of:
 RAMSs for activation, Weights, Scalers and Biases.
 Matrix Vector Product unit (MVP).

 Pooling and Activation units. ,
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2.1. MVU Array and Architecture

Matrix Vector Unit (MVU)

BARVINN has an array of 8 Matrix Vector Unit (MVU)s.
Each MVU is consist of:

 RAMSs for activation, Weights, Scalers and Biases.
 Matrix Vector Product unit (MVP).

 Pooling and Activation units.

e Scaler Unit.

Pool/ReLUBPool/ReLUBPool/ReLU
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2.1. MVU Array and Architecture
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Matrix Vector Unit (MVU)

/

BARVINN has an array of 8 Matrix Vector Unit (MVU)s.
Each MVU is consist of:

 RAMSs for activation, Weights, Scalers and Biases.
 Matrix Vector Product unit (MVP).

 Pooling and Activation units. ,
e Scaler unit. /

e Quantizer unit.
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2.1. MVU Array and Architecture

 BARVINN has an array of 8 Matrix Vector Unit (MVU)s.

« Each MVU is consist of: 1- RAMs for activation, 2- Weights, Scalers and
Biases. 3- Matrix Vector Product unit (MVP). 4- Pooling and Activation
units. Scaler unit. 5- Quantizer unit.

* Using 64 input element data and 64 x64 element matrix from Weight RAM,
each MVU compute 64 output vector elements per each clock cycle.
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2.1. MVU Array and Architecture

 Matrix Vector Products (MVP)s:

 Compute fixed-point arbitrary precision operands

1- to 16-bit.
Each MVP has 64 Vector-Vector Product (VVP).

Each cycle, 64 bits from activation RAM is
broadcasted to each of the 64 VVPs, and a 64x64
matrix tile is loaded from the weight ram and
loaded to separate VVPs.

 The VVPs compute a 64-element dot product on

1-bit operands (as displayed in the adder tree).

x[0]
w [0]

k

x [1]
w,[1]

k

x[2]
w,[2]

k

x][3]
w,[3]

x[62]
w [62]

X[63]
w [63]

8-bit sum

MR

32-bit shifter/accumulator
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2.1. MVU Array and Architecture  « 11011
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2.1. MVU Array and Architecture  « 11011
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2.1. MVU Array and Architecture  « 11011
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2.1. MVU Array and Architecture  « 11011
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2.1. MVU Array and Architecture  « 11011
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Pito: A Simple RISC-V
Procesor to Control
MVU arrays.

. UNIVERSITE
D’INGENIERIE

BARVINN: Arbitrary Precision DNN Accelerator Controlled by a RISC-V CPU

20



2.2. PITO: Multithreaded RISC-V Controller

 PITO is a RISC-V processor that supports RV32| instruction set.

POLYTECHNIQUE
/ MONTREAL

UNIVERSITE

D'INGENIERIE BARVINN: Arbitrary Precision DNN Accelerator Controlled by a RISC-V CPU

27



2.2. PITO: Multithreaded RISC-V Controller

 PITO is a RISC-V processor that supports RV32| instruction set.

e PITO has 8KB of instruction and 8KB of data RAM.
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2.2. PITO: Multithreaded RISC-V Controller

 PITO is a RISC-V processor that supports RV32| instruction set.
 PITO has 8KB of instruction and 8KB of data RAM.

* |t supports privilege mode to read and write from and to CSRs.
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2.2. PITO: Multithreaded RISC-V Controller

 PITO is a RISC-V processor that supports RV32| instruction set.
 PITO has 8KB of instruction and 8KB of data RAM.
* |t supports privilege mode to read and write from and to CSRs.

e |t uses 75 extra RISC-V CSRs per MVU to control different MVU
promoters.
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2.2. PITO: Multithreaded RISC-V Controller

l \% POLYTECHNIQUE

\'I

4{;\%

}’3 MONTREAL

PITO is a RISC-V processor that supports RV32I instruction set.
PITO has 8KB of instruction and 8KB of data RAM.
It supports privilege mode to read and write from and to CSRs.

It uses 75 extra RISC-V CSRs per MVU to control different MVU
promoters.

It has a custom C runtime for controlling different MVUs in a thread safe
environment, reducing the need for a custom RTOS.
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How to control
multiple processing
elements?
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2.2. PITO: Multithreaded RISC-V Controller (1)

* How to control multiple processing elements?

e Solution1: Use a separate controller for each PE.

* High throughput.
e Fine control over each PE.

 High resource utilization.

oo
g —&8-8—8

TR YA

PE RV32i PE

W,{ \;%&
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2.2. PITO: Multithreaded RISC-V Controller (2)

 How to control multiple processing elements?
e Solution1: Use a separate controller for each PE.

e Solution2: Use a shared controller for all PEs.

e |Low resource utilization.

 Lower throughput.

UNIVERSITE

T DINGENIERIE BARVINN: Arbitrary Precision DNN Accelerator Controlled by a RISC-V CPU




2.2. PITO: Multithreaded RISC-V Controller (3)

 How to control multiple processing elements?
e Solution1: Use a separate controller for each PE.
* Solution2: Use a shared controller for all PEs.

* QOur Solution: Barrel Processing: Share data path with multiple hardware threads (HARTS).

e High throughput, fine grain control, low resource usage, no need for data or control hazard logic, etc
RV32|

HART1 HART2

HART3 HART4 H
HARTS HART6 PE

HART7 HARTS8
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2.2. PITO: Multithreaded RISC-V Controller (4)

Fetch Decode Execute Write Back (M) Write Back (F)
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2.2. PITO: Multithreaded RISC-V Controller (4)

Fetch Decode Execute Write Back (M) Write Back (F)
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2.2. PITO: Multithreaded RISC-V Controller (4)

Fetch Decode Execute Write Back (M) Write Back (F)
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2.2. PITO: Multithreaded RISC-V Controller (4)

Fetch Decode Execute Write Back (M) Write Back (F)
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2.2. PITO: Multithreaded RISC-V Controller (4)
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2.2. PITO: Multithreaded RISC-V Controller (4)

Fetch Decode Execute Write Back (M) Write Back (F)
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200c: al,o(a0) Hart[4) o X X 0 x  x X X
: 00058a63 al, Hart[5) X X X X x X X x X x X
: 00b62023 al,e(ag) Hart[6] XX X X X X X X X XX
- day,d \
POLYTECHNIQUE , reT Hart[7] 0 X X X kX
MONTREAL 201c: TT1fTO6T 200c Pcio] 2000 Y2o00f20002000f X X X X X X X
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2.2. PITO: Multithreaded RISC-V Controller (4)

Fetch Decode Execute Write Back (M) Write Back (F)

...............................................................................................

Reg File :
3 ] 5 : dd
l$ ral l - ’\ D$ mm = —_97
] CSR addr instr |_ rsl - ; : :
. WRITE : wa : 5 :
- . : wd B : rdata :
r B N wdata _I :
mivec ' Decoder -1
| — \| 5 é é %
] : : | . :
Pea PC instr_dec : ]
‘ instr
: : : CSR : :
HART —< Exception>_‘
Scheduler : :
: To Accelerator :
2 / N\ IRQ
Controller ) : :
N Y
< start>: clk + A i i i A i A i A i A
' ao, Harfo] F_X D X E XWMXWFX X X X X X X
azagva@' Harf1] YR E WM X XX
' Hart[2] A XEXDXEX X A X X r (X
0000200c <.prname_next>: Hargd) LA _XFADX XA X X X X X
200cC: al,?(a0) Hart[4] X X XX X X X X X X
: 00058263 al, maris) X X X X X X X X X X
: 00062023 al, ?(a2) LLONEED GID GID GD D G O A ) O
: af,al
POLYTECHNIQUE . S Hart[7) o X A XX L X
MONTREAL 201c: TT17T06f 200c pClo] 2000 Y2000)Z000)2000)2000) X ) '

U NIVERSITE

X
X
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2.2. PITO: Multithreaded RISC-V Controller (4)

Fetch Decode Execute Write Back (M) Write Back (F)

00002000 <_start>: ks EaRainlk

FLELfLS

2000: 00002537 Llui a@,0x2 Hart[0) m D x E XWXWFX :x ) :x :x X :X

2004: 02050513 addi  a@,a0,32 m— e — »

2008: 10000637 lui a2,0x10000 Hartt) __XCFXCD X E JwmweX_ XX XXX

Haig) )} XCE)(o )XCE Xwm)( YT )C ) X X

0000200C <.prname_next>: Hare) ) X CEXT e X T X T XX

200c: 00050583 b al,0(a0) Hanga) X X ) EEX OO OO

2010: 00058a63 beqz al,2024 Hais) ) X XC O R X )C X XX

2014: 00b62023 sw al,n(a2) Has] X X X X X X X X X Y Y

2018: 00150513 addi  a@,a0,1 —— -

POLYTECHNIQUE , . Aad Han7) ) X ) O O X ) XX

MONTREAL 201c: TT1TTO6T 1 206c¢ PC[0] 2000 }2000)2000)2000)2000f2000{_ J_ X )X ) X

(/
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2.2. PITO: Multithreaded RISC-V Controller (4)

Fetch Decode Execute Write Back (M) Write Back (F)

00002000 <_start>: ok LAy

2000: 00002537 Llui a@,0x2 Hart[0) m DY EYWwMYWEY X X ¥ ¥ X Y

2004: 02050513 addi a@,ad,32 H —Vy— '

_ . ey an1) ___ XCE)C0 X e wmWEX ) X C ) X

2008: 10000637 lui a2,0x10000 Har2] _X m i E XWMXWFX :X :X Y :X

@000200C <.prname_next>: Hars] X X CE D CE X ww) ) X

200c: 00050583 b al,0(a0) arfe] X)X CEXo ) E XX

2010: 00058a63 begz al,2024 Hart[s] X X )@ I D D D O |

2014: 0062023 sw al,0(a2) Harte] Y ) X e )

POLYTEGHNIQUE e e1icoes e art71 — Y X XX
MONTREAL ' PC[0] 2000 2000)2000(2000(20002000)2000 X X X X
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2.2. PITO: Multithreaded RISC-V Controller (4)

Fetch Decode Execute Write Back (M) Write Back (F)

00002000 <_start>: s EaEaiaEaEaEaial

2000: 00002537 Llul a@,0x2 Hart[0) m D} E WM WE) :X 'X Y X ¥ Y

2004: 02050513 addi  a@,a0,32 . ~ -

: . ey mm:)moxexwx_x X

2008: 10000637 lui a2,0x10000 el BB @)

0000200C <.prname_next>: Hars] X X JCEDCD e Y wm) e XX

200c: 00050583 b al,0(a0) arfe] X)X e o) E XX

2010: 00058a63 beqz al,2024 Harts) XX EEDCE ) X

2014: 00b62023 SW '81,0(32) Hart[6] XX X X m SN G G

POLYTECHNIQUE o1e. e1toes g e Hant XY X
MONTREAL ' 4 PCI0] 2000 ){2000)2000)(2000)2000)(2000(2000/2000} ) XX
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2.2. PITO: Multithreaded RISC-V Controller (4)

Fetch Decode Execute Write Back (M) Write Back (F)

.......................................

Reg File
] >add
|$ = l \ D$ imm >> _
. ras ﬁ >ALU addr : < :
! CSR addr instr|_ rsl : / ; ] 5
: WRITE e Z J 1 :
] I wd - 1 : rdata :
! - /\rs? : : wdata -l
e Decoder |~
1 mepc \I
] : l
- PC+4 : l
] PC instr_dec
’ 4 instr |
{ CSR

HART Exception
Scheduler
To Accelerator

A / ~ IRO
\Controller ) :

a0, a0, Hart[7] C OO OO O O E o X

PC[0] 2000 X2000)2000)2000)2000)2000)2000)2000}2004)

POLYTECHNIQUE
MONTREAL

4

< start>: c|k+ 4 i ) A ! i ! ! ! i i

a0, Harfo] F X D X E YwMmYwr)X X X XFEX X X

a9, a0, Hari1] — XCE XD )CEwWmXWEX_ ) ) )X

az, Hart[2) A AFXDXE XwaxweX X X X X

0000200C <.prname_next>: Hans __A_A__ACEAD L E (WMAWEX XXX
200cC: al,0(a0) Hart[4] & X XFEXDXEXwawreyY X X
: 00058a63 al, Hart[s)] OO X O FE X o XCE wm)_ X X

: 00b62023 al,n(a2) Hart[6] X X X X XEXoXEX X X
X
XX

201c: fflffoef 200c

UNIVERSITE
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2.2. PITO: Multithreaded RISC-V Controller (4)

Fetch Decode Execute Write Back (M) Write Back (F)

: Reg File
i | >ﬁdd
I$ = l \ D$ imm 7 > :
: ra2 >ALU addr : ;
CSR addr instr|_ rsi : f
WRITE : wa
: wd rdata

— /\ rs2 wdata —l

L]
\
]

i — Decoder

] mepc E

: : l

- PCt+4 : 1
] PC instr_dec

) | instr

_J

CSR

{Exception
To Accelerator

A / ™~ IRQ
\Controller ) ;

HART
Scheduler

v
< start>: clk 4 ’ i { A { i ! { i { i
' a0, Harfo)) F_ X D X E YWMYWFY X X XEXD )X
a9, a0, Har(1] __ JCE (D) E wmXWE)__ ) ) XEX_ X
az, Hari2) Y XD EWMWEX )X )
0000200c <.prname_next>: rang] A_A_AFXDAEWMAWFA X A X
200¢* al,?(a0) Hart[4] A A X AFXDJXEXwMWEY X X
: 00058263 al, Hais) X X X X JCE XD X E XwmXwrX X
: 00b62023 al,o(a2) Hart[6] XY X X X YEXDo)YE Ywm )
: ab,ao, Hart[7] A X X X X XEXDXEX X
a%LJ'IEg:\IEIQUE 201c: TT1T106T 200c PC[0] 2000 X2000)2000)2000)200052000)2000§2000§2004)2004) X

UNIVERSITE
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3. BARVINN programming model and software stack

4 )
. BARVINN takes in a model in onnx format. PyTorch TensorFlow
\ @ ONNX
( )
€ ONNX
\_ Y,
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3. BARVINN programming model and software stack

( h

PyTorch TensorFlow
) ONNX

e BARVINN takes in a model in onnx format.

 QOur code generator traverse the computation graph \
and based on the node type, it generates the @ Convert
appropriate jobs and assigns them to different
MVUSs. g A
€ ONNX
 The code generator then produces C code for each _ y

node. II
Code Generator

. \“\% POLYTECHNIQUE
:/} MONTREAL

\ I
NS L UNIVERSITE
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3. BARVINN programming model and software stack

e BARVINN takes in a model in onnx format.

 QOur code generator traverse the computation graph
and based on the node type, it generates the
appropriate jobs and assigns them to different

MVUSs.

 The code generator then produces C code for each
node.

* Finally, using RISC-V toolchain, our C-Runtime and
memory map, a binary Is generated.

. \% POLYTECHNIQUE

‘ ”/

\\‘%l

4{-\5&2&

}’3 MONTREAL

e PyTorch

TensorFlow

) ONNX

‘ ' Convert

€ ONNX

‘ ‘ Code Generator

RISC-V .asm

:A

RISC

DANGENIERIE BARVINN: Arbitrary Precision DNN Accelerator Controlled by a RISC-V CPU
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3. BARVINN programming model and software stack

A Memory Interface

« BARVINN can be programmed for two H MVU Array
computation modes: S — -
* Pipelined mode: Each computation node | Vot .
is assigned to a separate MVU. .
Pito RISC.V e st ﬁ MVTME_ —MVU3 | MVU2 MVUT
pe_comma nd peprus| Sy ooy :
\ ) pe_status B

Pipelined Mode
.Y, POLYTECHNIQUE
MONTREAL

UNIVERSITE

D DINGENIERIE BARVINN: Arbitrary Precision DNN Accelerator Controlled by a RISC-V CPU 51




3. BARVINN programming model and software stack

A Memory Interface

« BARVINN can be programmed for two H H MVU Array
computation modes: S —
* Pipelined mode: Each computation node i
. . 4 N\ el e
IS assigned to a separate MVU.
Pito RISC.V pesan g " ) _MVUZE_ WJE MVU?Z MVU1
pe_command ht ptus APB : } ) .
* Distributed mode: Computation of a L |t , =L

single layer Is distributed among multiple

MVUSs.
Input Weight Output
[1x63x32x32] [64x64x3x3] [1x63x32x32]
Distributed Mode
POLYTECHNIQUE

MONTREAL

NSHY UNIVERSITE
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3. BARVINN programming model and software stack

« BARVINN can be programmed for two
computation modes:

Pipelined mode: Each computation node
IS assigned to a separate MVU.

Distributed mode: Computation of a
single layer Is distributed among multiple
MVUSs.

A Memory Interface

H J/\I MVU Array

b s MVUS8 MVU/ MVUG6 MVU>S
SKD E E
e ir eigh§] Input || Bias [JScaler| i i t: fWeight] Input || Bias §Scaler
.0 Ram j§ Ram |} Ram }j Ram Ram J} Ram |} Ram j§ Ram Ram J§ Ram J| Ram § Ram Ram j| Ram || Ram § Ram
L pe

eirq bn
e_irq rt fant
e_start : 1 1
pe_command pt ptus APB
pe_quant X X X X
i ps
€. i i i i eighy] Input || Bias gScaler
Ram || Ram J§ Ram j} Ram Ram || Ram || Ram J§ Ram Ram §§ Ram || Ram § Ram

* For now, our code generator only %
supports pipelined mode code j
generation. " i
Input Weight Output
[1x63x32x32] [64x64x3x3] [1x63x32x32]
Pipelined Mode Distributed Mode
POLYTECHNIQUE
MONTREAL
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#‘*“*‘*.‘*‘#.‘#t*‘t*‘*“t‘*“*.*"#.*“.‘*.tt‘#.‘*‘*‘t*‘l‘!““*.‘*‘*.‘#‘*#‘*‘*

# matmul.S
# Kernel code for Matrix Multiply

3. Use case: Matrix Mu|t|p|y B

addi x1, x0, ©
addi x2, x@, 2

add x1, x1, x2 // set weight precision to 2
slli x3, x2, 6 // set input precision to 2
add x1, x1, x3

slli x3, x2, 12 // set output precision to 2

add x1, x1, x3

¢ Example, MatFIX MUltlply: csrw mvu_precision, xl1

csrwi mvu_quant , 10 // set quant_msbidx to 10
csrwi mvu_wbaseaddr , 0 // set weight address to 0
_ . csrwi mvu_ibaseaddr , 0 // set input address to 9
* Weight Matrix: 128 x 128 il
sllt x1, x1, 10 // set output address to 0x400
csrw mvu_obaseaddr , x1
csrwi mvu_wstride_0 , 30 // 1 tile back move x 2 bits

' wstride_1 , 2 // 1 tile ahead 2 bit
* Input Vector: 8 x 128 cormi muwstride2 | 0 e ahead move x 2 bits

csrwi mvu_wstride_3 0
csrwi mvu_istride_0 , 30 // 1 tile back move x 2 bits
] o ] csrwi mvu_istride_1 )

* Weight precision: 2 bits carwl selletrids.2
csrwi mvu_ostride_0
csrwi mvu_ostride_1

o . " csrwi mvu_ostride_2

* |nput precision: 2 bits csrwi w_oatride 3
csrwi mvu_wlength_0
csrwi mvu_wlength_1

. . L . csrwi mvu_wlength_2

* Activation precision: 2 bits csrwi. mvu_wlength_3
csrwi mvu_ilength_0

csrwi mvu_ilength_1

csrwi mvu_ilength_2
csrwi mvu_ilength_3
csrwi mvu_olength_0
csrwi mvu_olength_1
csrwi mvu_olength_2

csrwi mvu_olength_3

For each hart addi x1, x0, 1

slli x1, x1, 30 // mul mode 01

addi x1, x1, 16

csrw mvu_command, x1 // Kick start MVU, 2 tiles x 2 tiles x 2bit x 2bits
POLYTECHNIQUE ebreak

MONTREAL

NS

3

// 2 tiles 1n width
// number bit combinations i1.e. 2x2 bits
// 2 tiles in height

// 2 tiles in height
// number bit combinations
// 2 tiles in width of matrix operand

- - - - - - - . - - - - - - - - - . - - . -

eeonmeELreeSeerRrReerRrRWRLReSeeSeSSe ®

UNIVERSITE
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# matmul.S
# Kernel code for Matrix Multiply

#include "pito_def.h"

addi x1, x0, @
addi x2, x0, 2

add x1, x1, x2 // set weight precision to 2

. . . . " slli x3, x2, 6 // set input precision to 2
Setting input, weight and output precision add  x1, x1, x3

sl x3, x2, 12 // set output precision to 2

add x1, x1, x3
csrw  mvu_precision, x1

csrwl mvu_quant , 10 // set quant_msbidx to 10
csrwi mvu_wbaseaddr , 0 // set weight address to 0@
csrwi mvu_ibaseaddr , 0 // set input address to 0

addi x1, x0, 1

sl x1, x1, 10 // set output address to 0x400
csrw mvu_obaseaddr , x1

csrwi mvu_wstride_0 , 30 // 1 tile back move x 2 bits

csrwi mvu_wstride_1 , // 1 tile ahead move x 2 bits
csrwi mvu_wstride_2
csrwi mvu_wstride_3
csrwi mvu_istride_0
csrwi mvu_istride_1
csrwi mvu_istride_2
csrwi mvu_istride_3
csrwi mvu_ostride_0
csrwi mvu_ostride_1
csrwi mvu_ostride_2
csrwi mvu_ostride_3
csrwi mvu_wlength_0
csrwi mvu_wlength_1
csrwi mvu_wlength_2
csrwi mvu_wlength_3
csrwi mvu_ilength_0
csrwi mvu_ilength_1
csrwi mvu_ilength_2
csrwi mvu_ilength_3
csrwi mvu_olength_0
csrwi mvu_olength_1
csrwi mvu_olength_2
csrwi mvu_olength_3
addi x1, x0, 1

// 1 tile back move x 2 bits

// 2 tiles in width
// number bit combinations i.e. 2x2 bits
// 2 tiles in height

// 2 tiles in height
// number bit combinations
// 2 tiles in width of matrix operand

w w
oML WROeeSeeSeSeeSDSODSOSOSOOSO N

- - - - - - - - - - - - - - - - - - - - - -

slli x1, x1, 30 // mul mode 01

addi x1, x1, 16

csrw mvu_command, x1 // Kick start MVU, 2 tiles x 2 tiles x 2bit x 2bits
POLYTECHNIQUE ebreak

MONTREAL
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# matmul.S
# Kernel code for Matrix Multiply

#include "pito_def.h"

addi x1, x0, @
addi x2, x0, 2

add x1, x1, x2 // set weight precision to 2

. . . . " slli x3, x2, 6 // set input precision to 2
Setting input, weight and output precision add  xi, xL, x3

sl x3, x2, 12 // set output precision to 2

add x1, x1, x3
csrw mvu_precision, xl1

csrwi mvu_quant , 10 // set quant_msbidx to 10
csrwi mvu_wbaseaddr , 0 // set weight address to 0@
csrwi mvu_ibaseaddr , 0 // set input address to 0
I I I addi x1, x@, 1
Settlng InPUt’ Welght and OUtPUt address slli x1, x1, 10 // set output address to 0x400
csrw mvu_obaseaddr , x1
csrwi mvu_wstride_0 , 30 // 1 tile back move x 2 bits

csrwi mvu_wstride_1 , // 1 tile ahead move x 2 bits
csrwi mvu_wstride_2
csrwi mvu_wstride_3
csrwi mvu_istride_0
csrwi mvu_istride_1
csrwi mvu_istride_2
csrwi mvu_istride_3
csrwi mvu_ostride_0
csrwi mvu_ostride_1
csrwi mvu_ostride_2
csrwi mvu_ostride_3
csrwi mvu_wlength_0
csrwi mvu_wlength_1
csrwi mvu_wlength_2
csrwi mvu_wlength_3
csrwi mvu_ilength_0
csrwi mvu_ilength_1
csrwi mvu_ilength_2
csrwi mvu_ilength_3
csrwi mvu_olength_0
csrwi mvu_olength_1
csrwi mvu_olength_2
csrwi mvu_olength_3
addi x1, x0, 1

/7 1 tile back move x 2 bits

// 2 tiles in width
// number bit combinations i.e. 2x2 bits
// 2 tiles in height

// 2 tiles in height
// number bit combinations
// 2 tiles in width of matrix operand

w w
eeonmELrEeeSeorRrRerRrRWROeeSDSDSODSDSODSOSSOSOSOSO N

- - - - - - - - - - - - - - - - - - - - - -

slli x1, x1, 30 // mul mode 01

addi x1, x1, 16

csrw mvu_command, x1 // Kick start MVU, 2 tiles x 2 tiles x 2bit x 2bits
POLYTECHNIQUE ebreak

MONTREAL
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# matmul.S
# Kernel code for Matrix Multiply

#include "pito_def.h"

addi x1, x0, @
addi x2, x0, 2

add x1, x1, x2 // set weight precision to 2

. . . . " slli x3, x2, 6 // set input precision to 2
Setting input, weight and output precision add  xi, xL, x3

sl x3, x2, 12 // set output precision to 2

add x1, x1, x3
csrw mvu_precision, xl1

csrwi mvu_quant , 10 // set quant_msbidx to 10
csrwi mvu_wbaseaddr , 0 // set weight address to 0@
csrwi mvu_ibaseaddr , 0 // set input address to 0
I I I addi x1, x0, 1
Settlng |nPUt, Welght and OUtPUt address slli x1, x1, 10 // set output address to 0x400
csrw mvu_obaseaddr , x1
csrwi mvu_wstride_0 , 30 // 1 tile back move x 2 bits

csrwi mvu_wstride_1 // 1 tile ahead move x 2 bits
csrwi mvu_wstride_2
csrwi mvu_wstride_3
csrwi mvu_istride_0
csrwi mvu_istride_1
csrwi mvu_istride_2
csrwi mvu_istride_3
csrwi mvu_ostride_0
csrwl mvu_ostride_1
csrwl mvu_ostride_2

Setting input, weight and output memory csrwi mvu_ostride_3

. csrwi mvu_wlength_0
access pattern variables csrwi mvu_wlength_1
csrwi mvu_wlength_2
csrwi mvu_wlength_3
csrwi mvu_ilength_0
csrwi mvu_ilength_1
csrwi mvu_ilength_2
csrwi mvu_ilength_3
csrwi mvu_olength_0
csrwi mvu_olength_1
csrwi mvu_olength_2
csrwi mvu_olength_3
addi x1, x0, 1

/7 1 tile back move x 2 bits

// 2 tiles in width
// number bit combinations i1.e. 2x2 bits
// 2 tiles in height

// 2 tiles in height
// number bit combinations
// 2 tiles in width of matrix operand

w w
eeonmELrEeeeSeorRrReoerRWROeeOeDSODSDODSOOOSOO N

- - - - - - - - - - - - - - - - - - - - - -

slli x1, x1, 30 // mul mode 01

addi x1, x1, 16

csrw mvu_command, x1 // Kick start MVU, 2 tiles x 2 tiles x 2bit x 2bits
POLYTECHNIQUE ebreak
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# matmul.S
# Kernel code for Matrix Multiply

#include "pito_def.h"

addi x1, x0, @
addi x2, x0, 2

add x1, x1, x2 // set weight precision to 2

. . . s " sllt x3, x2, 6 // set input precision to 2
Setting input, weight and output precision add  xi, x1, x3

sl x3, x2, 12 // set output precision to 2

add x1, x1, x3
csrw mvu_precision, xl1

csrwi mvu_quant , 10 // set quant_msbidx to 10
csrwi mvu_wbaseaddr , 0 // set weight address to 0@
csrwi mvu_ibaseaddr , 0 // set input address to 0
I I I addi x1, x0, 1
Settlng InPUt’ Welght and OUtpl“It address slli x1, x1, 190 // set output address to 0x400
csrw mvu_obaseaddr , x1
csrwi mvu_wstride_0 , 30 // 1 tile back move x 2 bits

csrwi mvu_wstride_1 // 1 tile ahead move x 2 bits
csrwi mvu_wstride_2
csrwi mvu_wstride_3
csrwi mvu_istride_0
csrwi mvu_istride_1
csrwi mvu_istride_2
csrwi mvu_istride_3
csrwi mvu_ostride_0
csrwi mvu_ostride_1
csrwli mvu_ostride_2
csrwi mvu_ostride_3
csrwi mvu_wlength_0
csrwi mvu_wlength_1
csrwi mvu_wlength_2
csrwi mvu_wlength_3
csrwi mvu_ilength_0
csrwi mvu_ilength_1
csrwi mvu_ilength_2
csrwi mvu_ilength_3
csrwi mvu_olength_0
csrwi mvu_olength_1
csrwi mvu_olength_2
csrwi mvu_olength_3
addi x1, x0, 1

/7 1 tile back move x 2 bits

Setting input, weight and output memory
access pattern variables

// 2 tiles in width
// number bit combinations i1.e. 2x2 bits
// 2 tiles in height

// 2 tiles in height
// number bit combinations
// 2 tiles in width of matrix operand

w w
eeonmELrEeeeSeorRrReoerRWROeeOeDSODSDODSOOOSOO N

- - - - - - - - - - - - - - - - - - - - - -

A —A AN

slli x1, x1, 30 // mul mode 01
- addi x1, x1, 16
KICk Start the accelerator csrw mvu_command, x1 // Kick start MVU, 2 tiles x 2 tiles x 2bit x 2bits
POLYTECHNIQUE ebreak
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3. Use case: Matrix Multiply

PITO RISC-V Core

* The configurations are written to each MVU
through APB bus.

— -
~— -

* Once the MVU is done computing, it will

send and interrupt to the corresponding
HART.

APB Bus
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4. Experiments and Results

* We synthesized BARVINN for ALVEO U250 FPGA from AMD.

 We used Vivado 2021.4 for synthesis.

 We used 8 MVUs with 64KB weight and Data RAMs and 2KB Scaler

and 4KB Bias Rams.

e For PITO, we used 8KB instruction and data caches.

l \»% POLYTECHNIQUE
}3 MONTREAL

Resource Pito RISC-V | MVU Array | Overall
LUT 10454 190625 201079
BRAM 15 1312 1327
DSP 0 512 512
Dynamic Power 0.410 W 21.066 W 21.504 W
Frequency 250 MHz 250 MHz 250 MHz
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4. Experiments and Results

* \We compared our platform against FINN and FILM-QNN.

 We used models provided by FINN repository.

POLYTECHNIQUE
MONTREAL
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4. Experiments and Results

 We compared our platform against FINN.

 We used models provided by FINN repository.

 For CNV model on CIFAR10, over different bit precisions:

* We achieve better FPS/kLUTs

e FINN uses less LUTs.

Bits FPS/
(W/A) kLUT | BRAM | DSP FPS LUT
1/1 201.1 (15.0%) 1327 512 | 61035 | 303.5
Ours | 1/2 | 201.1(15.0%) | 1327 | 512 | 30517 | 151.7
2/2 | 201.1(15.0%) | 1327 | 512 | 15258 | 75.8
1/1 28.2 (2.1%) 150 0| 7716 | 273.6
FINN 1/2 19.8(1.47%) 103 0 2170 | 109.6
2/2 24.3(1.81%) 202 0 2170 | 89.3

UNIVERSITE
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4. Experiments and Results

 We compared our platform against FINN.
 We used models provided by FINN repository.
 For CNV model on CIFAR10, over different bit precisions, we achieve better FPS/KLUT.

 For Resnetb0 model, we achieve better FPS/Watt compared to FINN and FILM-QNN.

Bits (W/A) | Clock Freq. | FPS | FPS/Watt
Ours 1/2 250 MHz | 2296 106.8
FINN-R [1][6] 1/2 178 MHz | 2873 41.0
FILM-ONN [20] | 4(8)/5 150 MHz | 109 8.4

. \“\% POLYTECHNIQUE
0«2 MONTREAL
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BARVINN Is open source!

Read
the
Docs

Documentation:

https://barvinn.readthedocs.io/en/latest/

‘ \“\% POLYTECHNIQUE
:/; MONTREAL

GitHub

Source Code:

https://github.com/hossein1387/BARVINN
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5. Conclusion and Future Work

* |n this work, we presented BARVINN, an arbitrary precision DNN accelerator
controlled by a RISC-V processor.

* We presented the architecture of different components.
* We presented synthesis results.

e We used BARVINN to run inference on different models with different bit
precisions.

 We are preparing BARVINN for ASIC implementation (GF 22 or GF12nm)

 We are planning to use TVM to improve code generation and optimization.

l \“\% POLYTECHNIQUE
\/; MONTREAL

SR UESTE BARVINN: Arbitrary Precision DNN Accelerator Controlled by a RISC-V CPU

65



5. Acknowledgement:

* This project is made possible with the help and support from:
e CMC Microsystems
* |IBM
 MILA
* Mitacs

 FRQNT

POLYTECHNIQUE
MONTREAL

'
s
y
£

MICROSYSTEMS

I . A
I . NN A
. L . I A
[ L4 I A
[ [\ I WY .
[ . ] I WY
I Y B W -
I N B Y s

lla

MinJacs

Fonds de recherche
Nature et
technologies

p
Québec

UNIVERSITE
LD

D'INGENIERIE Improving the Performance of CV-VEC for Quantized DNN Models

60



POLYTECHNIQUE
MONTREAL

Thank You!

UNIVERSITE
D'INGENIERIE

Improving the Performance of CV-VEC for Quantized DNN Models

o/



A. Auxiliary Slides:

 We analyzed over classification
50 models from ONNX model
ZOO.

e Around 79% of these models
use convolution with input

channel sizes that are multiples
of 64.
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A. Auxiliary Slides:

[ Kernel Size
[1 Kernel Size
[ Kernel Size
I Kernel Size

1,1
3,3
5,5
7,7
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 Computation complexity

diagram.
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A. Auxiliary Slides:

MONTREAL

POLYTECHNIQUE

UNIVERSITE
LD

0 n-1 MSB
1 n-2
 MVU Data Storage Format 2 n-3
Blocks of 64 n-bit numbers  block0 7
Organized in bit-sliced order
: \ 4
Each value is a “column” . n-1 0 LSB
MSB
Each row are bits from each
value with same bit position
block1 A
v
LSB
Improving the Performance of CV-VEC for Quantized DNN Models 70
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A. Auxiliary Slides:

 |Low precision computation

pipeline.
P — — S— S— S— S— S— — — q
Offline
' -
| I
| l
| w Quantizer w i
L — — — — o— o— o— — — J M...hix .
Multiplication Multiplier
Layer
Quantizer
Low Precision
Low precision computation in LSQ, this image was taken from LSQ paper SK Esser, et.al (2020)
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