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Hardware Acceleration System Design and Optimization of Deep Neural
Network

Abstract

In recent years, deep neural networks have been proven to achieve quite good results in tasks
including image classification, target detection, and natural language processing. Nowadays, a
large number of applications are equipped with related deep learning algorithms. However, for
embedded devices with limited resources such as mobile phones and drones, or servers that of-
ten need to process deep neural network operations, only software optimization is required. As a
means of accelerating deep neural networks, it can no longer meet the increasing speed and energy
efficiency requirements. How to design field-specific deep neural network accelerators has become

a research hotspot in the academic field.

At the hardware design level, this design is mainly based on the ZYNQ 7000 device. The
Nvidia open source NVDLA framework is implemented and evaluated on the FPGA side, and it
is interconnected with the dual-core ARM A9 processor through the AXI4 bus. At the software
design level, on the server side, the Caffe framework is used to train three accurate classification
models for MNIST, CIFAR10, and IMAGENET, and combined with TensorRT for INT8 quan-
tization; on the host side, the neural network compiler is compiled to receive the trained model
generation Serialized data stream files; on the hardware side, this design transplants the Ubuntu
operating system to the ARM A9 processor, mounts the driver of the hardware accelerator to the
Linux kernel, and schedules the hardware accelerator at runtime for reasoning, and analyzes the
process of The accuracy loss, the difference in operating speed compared with the CPU, and the

reasons are analyzed.

Keywords: Deep neural network; FPGA; NVDLA; Hardware speedup
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2.3.2 GPU
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VOLTA #2442 NVIDIA i H 8T —Cn) GPU B 284, STz B Raizis
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IR, RN 3.02mm” ] ASIC 5 A EAPUHLER2% )53 (DNN, CNN) Sel 17— etk
1Y Diannao ZbFRZEALHY . AL T 128bit 2GHz [1 4 &4 SIMD 4bFR%S | 5AF| T 117.87x 11
ALy, 21.08x GEEELL P!,

12



B Tl AR Bt (830

2.3.5 NVIDIA Deep Learning Accelerator

NVDLA J& NVIDIA 23w H R AR B o7 ST s s HE 2L, H4519 5 DianNao S4Bl
DianNao ZALE 4 i 2 REAE T 16 &I, NVDLA REfS 115 64 4>, 1ff TPU
N RERS THERL 256 1o

NVIDIA 7£ 2019 4F 12 H %47 | Jetson Xavier NX &, 41 2-1175~, ZEM FER,
T BN A NVDLA Sy B 28 0 28 4R B SR (4 sl S Hr o

[#] 2-11 Jetson Xavier NX

5 HTP UL R RE PR IR AR R 25 AR NVDLA SE T HR, HAVUSEHE T Verilog
AR CMOD BEARTERR fy . N REF IR BT T R &M 29 1 dr s T, B
BTN ATH TR S, B RENS S m B AR, AR M. BASNVDLA H
2018 LR B A N4ER, (HILARGEBIT B IR BA 2 R R SR e BT 3%
FIAH 7% NVDLA #H70 f FHRAE] Jetson NELSN, IEAADEIZHS Bl ml s
NVDLA 583t ity i, AH/2E FPGA S T3t ise 5 5 57 2 3 H e
PR A T[] ASIC 35319 NVDLA i £ FPGA g T3 iR 5350, A 5¢ NVDLA
H N B AL Ja T AR 2
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BT RGBT

FERHT RGERYBTT AT 77 28 1 B B IR, A LAE BB AR S Bei RIHE
A5 BRI ZAh, R BB BRI 2R BT T 58 FRAEZ/ NI 13T HLS 30Ty
REAF I 25 42) CNNIOT AT NVDLA HUSRES ; AEARSCHIMESS 18255 B2 B Y
oL, FreAEE 4 7 REPRRIE G IR Sdm, O 770N, /a7 ARSI
7N BUH o

3.1 AGERIHER

AL B RGBT S5 an & 3-1Rrs 23 B e -

L fEfR 55 a1 GPU i ] Caffe HESLYNZRMRL, LA AT HORE s R Zei
SCRF INT8 BRI, I025 5 TensorRT 58k | R HLAL o

2. fETA G, A IR BE AR 22 I 28 G 138 i 1 C e (L I RO E T 2 i S 0L RS
HZEG BRSE BTy s4E, T (8.

3. f£ ARM Ab#far b, i LA Z0aa 4T BERE e A SCHREAT SO S14E -
AXI4 25 IniE sy NVDLA T .

4. f£ FPGA |, 587 NVDLA RYREPEImE RS R8¢, Hilid AX14 B2l Aham
i, HATAETIMGIEE (NVDLA 43455, ROV ARBHA (ERES il feik . ir
LA BDMA 5 ARAEABIT L) o
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Caffe Caﬁemode|y Compiler : Runtime :
|
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TensorRT

|
|
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ELES B |
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| REME P % RiFE
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L

| |
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I 9 Eng Engine Engine Convertor I
| |
I |
| |
| |
I |
: Reshape Engine LRN Engine AEFPGA L IR A B K5 mf;?"fgii l
| NVDLA on Xilinx FPGA |
— —_t,.—e M — e - 4

I 3-1 BEPF A B R

3.2 WEARTHEEA S BB

A AP S AT T 32T AU 32 6 ARM A9 AR Ag 4
2. 3t AXI4 S T BT . £ RAHSMER. it —Ht SD Card A7 Linux 3
SSCHE O RS LK R RIS T

SD Card

P

|
Ubuntu 16.04 BOOT >

|

| |
I ARM A3 ( AXI4 ) Accelerator :
I

' '
I I
I I
| |
| |

Ethernet

DDR MEM

B 3-2 BEE A B R

FER IR, g (Accelerator, ACC) £% 1 CNNIOT ! 51t 7 i i A B
LML gs, HSr i BT ORISR il OSBRI S R AR B 42 K
HET. BTy, WIFEI 7 FERFIR IR %% LeNetS, PRI —ik B
168ms, 1] Arm A9 AL 5K BT B 1204ms. O 7SR BER NI 2%
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1. ffif Caffe #i1y)l| 245151152 Caffemodel 3L {f.

2. {dif] Netron 4 Caffemodel S PN S AN BE 245 5 I Oh — RSO

3. MRS E M BNBHE . FFE TR

XA =ZZEME, WERERZEN LenetS MK, BSOS H0E 2%,
BN AR T & Ak 22 45K Resnet %% . AT LAR H, BEAEIIE ST R 220
2, TR SR B R R

RGO G, DRSS T oFiA 2 BRI NVDLA HEZE 285 e fs
IR LR35 J7, NVDLA H BN T8 7 SRR, wT LASeEls 2 g HE 2 , 2
—ME SR T HHED

£ Xilinx {33 T H AL TP 4% K 20 AXT4 S22k SE I % 2 TR A 2 47 )
EE . A SCHPiRE], NVDLA JR2 i AXI4 S5 A6, JoRE R T 1 3kAT
izt (Hi& NVDLA UG]S 4 isin @ AXT4 Bl fEARI A, Hisid csb2apb
e CSB WM L4y APB 4kl #£ Vivado #iH, FRATE T Xilink B )7 #RALZA 11
APB2AXI Bridge IP % APB a2k Fitii -k AXI4 fa2ki:25 %] ARM ZhFEES |

3.3 Wikta

NVDLA 3R ENFE 77 2k 2k 3 Linux NAZ E, BT AR BT 5 5o AL BEERE A
F4%, IFH NHEBHN Linux #1E RS, JFH, FESIAEIT RN small BrE 72 7 J7 LA
BRI AR g S AL S A

1. ZYNQ 7000 R%1], Zth v Bk 7 —HRAUE 32 fiz ARM A9 QhFREFVE N T4l as . 1M
FPGA ] (1) G YR RALC 7 BB S5 AN R TR ], RS0 NVDLA 2 /b A5 248 F 21 ZYNQ 7045
tto

2. ZYNQ MPSoc £%1, ZS M T —IREZ LN 64 L) ARM AS3 AbFERAE N £ 4%
Hilds, PEREAHACT ZYNQ 7000 g3 fF5i, B T AMR-RIVIARAE 2 1 /E4

3. 4li FPGA @A, A itk VCUL18, A28 R LUT %, Al LUK RISC-V
[EFEES 5 NVDLA — 53, JF7E RISC-V ZLFEES FASHE risev-linux, JF%& JEIHHHH o

LG DAL, AR RS- R5 0 XCTZ045-2FFG900L, JTA& -~ antA 3-3f9 55 =
Jitts, Mg A=TZ2m AR
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3-3 ZYNQ 7045 F+ & H

RE NN VAV 3 38 L N}z 9 i E S

BRItz oh, AREiTIE LT Bootstrap 5 Flask 55 Web i FHEATF & T HIM AL IS
D RSE €/ NVASE L S

Bootstrap /2 H Twitter #fE 19 F T Aism A A HR T ARG, HAERE R, ek, &
B RIR T B ] Bootstrap it 17— N FEHCF AN, 7 A LU RAR/E Canvas [H]
fir BT EE RN, 261807, Mok ek ] ARM sl FPGA BEfTIRE M Z M 4%
FOFERE. S 3% M gs 2 5. Web Hirdm & (61 Ajax %1% HTTP 353K, i UK K-S T
KMEAE , ARBACHEEEIR . AR b, AT Flask w38 1 Web W A9 JF, 0007H
52 HTTP 353K, SREHEIP &, SR DU OGS BT 6 &% HTTP Wi,
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HE AT

ARETABEET Xilinx Vivado 1 FEA B RG-S, Xilink Vivado #1f
BT RGP =i Zids SEBL Al FEIRITH B, ARETEREIA 1
NVDLA f] RTL fCRSAE 574, 4 NVDLA g7 ¥ i S s R B4, LAEREAZAE
Vivado H133#1T BlockDesign ¥ it

4.1 Xilinx FPGA &4

fE_ =2 R 8], ARBETHER 1 A E 58 XCTZ045-2FFG9001, 265 F i Xilinx
AEMER . Xilink $24E T IR e A ] g B BT R B L HAE, ) Vivado 1T EM:, fif
FHZEA T LG BATTHY Verilog SCAEEE AN AL 1P, SEATRE AR HLES I B, 28 i Ly
TS IR SO S DR 1] ZYNQ ##F, thRF 2R TAE Vivado FJ BlockDesign T JfiH-
S3HC ARM KPR ER I BIAG R BRIk 4h, Vivado ST EMILAIE T IF A ARM #RHLHY
Vivado SDK. REfSELT LLVM H4 C\C++ 2 7 44 IS 28 HLE Y Vivado HLS S5 1V H

AREE UL AN (] Vivado #1158 it NVDLA TP {{4] 4, Block Design X1t
AR By DhFRSEMRE, R e SO SRR A SO

4.2 NVDLA BiE 3 HEA

NVDLA i NVIDIA 22 F4 2017 SEG R A FH HITIR, By 2% H B A2 el —
R EREAFIE T 24E4 . NVDLA J2—bibift . ] BCE A4 i 4 E I AR AE 2L o
W0 MAC BR8] HEHERZHE, NVDLA i LIS M H 1, DA 1A

o it

o H—1t

Shr b, T NVDLA 252N, 5842 m DL CF s E & i 48 .
4.2.1 NVDLA R {45504

A OS], NVDLA BARERAHY Je i, IXARAT B T3 TH AR s e i) CAR RS .
4 417, NVDLA B2 al LUy RN A
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Headless NVDLA core|

TEE Teont Configuration interface block
nterface

—» Convolution buffer I--» Convolution core

Activation engine (SDP)

D r——
DEB interface *

Pooling engine (PDP)

Memory 1
interface block

Local resp. norm (CDP)

_____ d DB

Reshape (RUBIK)

Bridge DMA

/& 4-1 NVDLA %544

o GHBIENE G Buffer, (EfiFEGHBBEIINE, FELEIS T EZ H
Input Image 5 Weights fE N £7 ERyHidl, SRE14 885472 Buffer R TIn 8L, I/ 7
FHIHES. NVDLA SZREPIFRG TR

- HEGH, MRHERER, ATEUEE MAC FBESIFFTmE

— Winograd P i, MRS Em S AR s B .

GG ERZIOE MAC 31, i FEFIHR/INE FTRCE Y, ARSI FESIR /N 8x8 o 4
PGSR N S RN 1, S5 SDP, KOG RE)Z, HAbS | SN A X TR .

o [RELGIH|EZ I, NVDLA —ILiG A5 13, Mif| 12 7158 58 iilis B 4L SDP
S, MTI5E A IRVER) PDP 518, 15758 i LRN 4541y CDP 52, {#[4]J¥ Reshape
[ RUBIK 5|%8, fJ5, NVDLA ¥ itidfgfit 7 —/> BDMA 5|2, H>kft DRAM Hl= 347
ik 2 [ B0 -

NVDLA 7t /MUt U321, B0 CSB B4, AL Sl A2
FRITRE

o FAFHAEIE M4 (Configuration Space Bus Interface, CSB), f3i%5 NVDLA {25
f745, AT CSB gk, FRATAE G, HAR LS Hihk iy I 55 ZSOE Aok R 4 5 2 K/,
NVDLA $2ft | csb2apb #4iiig, i35 By i gt 22 R e R T APB 2kl
25 NVDLA )25 F-#

o E{fi#12[] (Data Backbone interface, DBB), FHSK3is . %520 F Y M h AXI4
S, AT LA EE AXT4 2R Ak E il b, e, AT HEEE A B
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DDR f7fiff, 55 ARM 4B gtz 47

o EdfFM#EEL] (high-bandwidth interface) , W] LASMEES —H SRAM E A Hif74E, 17
fi FR R, BRI

o ki EZ[ ] (Interrupt interface) , NVDLA AU SZHF il 37 47 a5 1 19 7 A AL 55
SR TER, WIS AR T, T R4 S B RE o

422 NVDLA H:EXiE

FEARVE R, FRAIE A 74509 small it &, HIEAS09 NVDLA [, ZiE A
LINESISE

1. f/IME MAC 551, A4 NVDLA B MAC 51K/ NICE S 8 * 8.

2. RPEEAEAER ], R AR

3. fUSCHF INT8 A5 MAC iz 5.

4. SRR B o

5. /R37Hr WINOGRAD i #:FH

6. A3CHF Reshape HHIE K] o

4.3 NVDLA IP A giiftiit

X/ NG TR B 2 NVDLA (B &S0, DU s e & SCH4E i NVDLA
H) RTL AA%, Ff4% NVDLA BUEZ I3 TE2E, 4T600 TP,

SRS, A2 NVDLA | RTL ARG A Mg f, H— 2 ook 5 f24try hw Ti
H ., ARG E LAY spec SCHFAE R, AEUZ XD TARGAR A7 S et d i B 7 44 AY
make T H., % T HX4&#i GCC. Java. Perl. Verilator. Python 25, R{E&E 4%, 4 KKz
Sl — & A TR K22 A IF 55 2 ff F Chisel 1575 44 5 7 NVDLA T H , Hth 2 Al DAL
RTL AUASHY, H2 H1 Chisel Ak RTL AR EARAE— 30 Z N, NVDLA [ i
SR T, AT RS 0

i LA L, ARSCAHH] make 347 RTL 4%, FF H 8 FH Docker 2845 H AR 7 BIIRIR MRk
make FATAATIS S 2R A1

43.1 HT make () RTL LG4 1,

R T REAE ARG B EH RSB I R A3 make T EL, A1 ] Docker 25 g8 B AN
FEFFIAE, BT Ubuntu: 16,04 2y, 2N RIS
e GCC4.8.5
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OpenJDK 1.8.0

SystemC 2.3.0

Python 2.7.12
VCS 2016.06

Verilator 3.912

e Clang 3.8.0

CRGFIEZ Je, BATR] LA g — spec SCHFRAEEL NVDLA RYBCE . N
7E X 7 FEATURE_DATA_TYPE_INTS8 1] LA#5 € Feature Map HE#E#5 =0y INTS; it E
7 WINOGRAD_DISABLE 2% [#] WINOGRAD & L. ATk Y E B T He 4ty
/NICE, M AL small.spec S

A% small.spec HYTEAN N A TE I 57, FEfEH tmake Z 7T, FATEFTEAEMR H 18 id
make i 1067 small.spec JgRCE SR, FH N LA A ARSI AT AT SCH % A, 1% make
A B AR 1 tree.make (301, tmake T ELAR B RIE SINSLIE 2 LIFHI 22, ¥
FERR 2K vmod B Verilog AASBEFT SUARTAL L, KA T B SO N Bt H o

./ tools/bin/tmake —build vmod

PATTEZ A 2 G, AT LAMESE A1 Verilog ARG S # AT HEE out X F, LI B4
A LA Vivado S5 N SCHFAENTIROC &2, ST -
432 RAM 4L

H17° NVDLA Z i) ASIC iZif, WHE RAM [ Verilog ARSI A, XEWRE
FEGIHE RAM 1Y IHAE R I FPGA Jr B2 511 LUT B, X HER G 2 SRR 9]
Z 1) LUT %, i LMES ANZRIAS T A T RAM B4 FPGA AT Block RAM
DA/ N LUT S, SR st il

e RAM 7V A IR, H— 24k Vivado 1T % 2#H2itf) BRAM Controller IP,
B2 NVDLA i 12 ) RAM IP if T8¢, B TARRECR, 28 2N E TRt
PR Verilog RAM AR, ARSI E 25 —Fb

BARBEN W IFAR) vmod/rams/synth SR, £E Vivado S ASCHF SRR H 5, i
Hi vmod/rams/fpga S«

H17 T NVDLA 2Tl ASIC i1t , WHPH) RAM 4G H B s RN A Clock Gating F{Li%
HREARThFE, (H)2 FPGA [y P2 IR, A Sz, AR RES A Clock
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Buf PHEAG S HUM LGS AL, fE Vivado 2R FHE, PRI JL1 Global Define, %
P b B LIS -

e VLIB_BYPASS_POWER_CG

e NV_FPGA_FIFOGEN

FIFOGEN_MASTER_CLK_GATING_DISABLED
FPGA

SYNTHESIS

433 EELALILL SR

M Vivado 5\ vmod k2 5, NVDLA B TUZAH SN NV _nvdla.v , (HZ2AR%
T 75— 28, B IAE JT 1R MY csb2apb HIEE, AR CSB L
APB %%, IXFERENS 5 (HFAIAE Vivado 3 i1rp i I A 77 e 532 5 NVDLA ({25 4785 -

£ Vivado & TH, Frg—> wrapper X, 44 h) Nv_nvdla_wrapper.v , #53NEI
bif sk FEHHEIL T NV_nvdla 5 NV_NVDLA_apb2csb Wi HL, JF HAME T AXT Bk
APB BZBRHIE 548, Ji{8AE /5] IP Package [ Bt H Zhife 3 &R 4efe .

NV_nvdla_wrapper_0

N
" -} interface_apb
core_clk H
nvdla_core2dbb_ar == ::
csb_clk [ -
dla_intr =
rstn
csb_rstn
J

NV_nvdla_wrapper vl 0

& 4-2 NVDLA Wrapper IP

BT J7{E2 J5 BlockDesign H1i%E4k, 11,8 74 APB 4k - Address Block, 7F IP
Package 1B, JRAT773E AXI Al APB MZiE(TEI%E, hT/eMi CAMAIIEEE, KER
ik Vivado FIEhHES . 1452 RUFHY IP AN 4-2 77

12 IP Package [f1 Bt . AXI 1] Memory Block 22 F11 74}, X #£21E(T Block Design i
fi Vivado 2x F 4 BIHbHL SE N FEMUE o B APB J12&) Memory Block 522 1771
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FEABCLT . O APB B4 it 17 4KB A/ HEAE ] o

4.4 Block Design ¥t

AEFATH L TREFFAELST R NVDLA IP, F£5] A\ APB to AXI Bridge. AXI
Smart Connect. ZYNQ 7000+ =5 HABKITH AL IP, A 1924 RN E 4-3F7R

4-3 Block Design Connect

NVDLA W~ TAER#f, csb_clk 5 core_clk, 43l T 125 ZF fFav- S iniEss TR, 1X
2x{fi NVDLA 42— g, LA TERASH 700 RIEAr, I w2k
{E core_clk 2+, FrLAARI 144 csb_clk 5 core_clk 2, iz A8 N[E20 HiRS, Ji R TS

4.4.1 APB to AXI Bridge

i ] APB to AXI Bridge 7] LAt APB [ Zk MSUERAL Sy AXT G2 il , XA AL
] Vivado P51 Connect IP [ Z{l A 72 WL5T -
4.4.2 AXI Smart Connect

Axi Smart Connect F/E 2 HBIECE AXT £ N AEWLET, 5 Axi InterConnect HY/F
2 —FERY, [H2 Smart Connect 5 S5k A2 T Vivado NE, AfsH P KL T

FEARB TR ZE] T > Smart Connect , HrAfr—~ 244 ZYNQ [ AXI Master 2\ T
NVDLA (#5622, DA A A7 #1525 NVDLA [ 37 /74%: 73— 4% NVDLA
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FIEA AN T ZYNQ ) AXI Slave, DL NVDLA P5[J#/£4E ARM flf] DDR {5,
SRLPRER AN A, ACEas AT OB R DMA SRR, AP 75 .

4.4.3 ZYNQ 7000+ AP SOC

ZYNQ 7000+ f] IP 401 4-4fr7r, AR 2] 140~ 5Hk:

o LUK (Ethernet0), fEFPFAITET, ASCKAE SOC EAJ#E Linux #4F R S5E,
FERELAK W2 1 m] DA e i AR I Ze s [ 5L - 7 T A5 R

o SD R (SDO), HIZRAFK Linux #{ERZtH) BOOT 5 IMAGE 3+

o Hi[1 (UARTO), HIRSCHUER 23, J7 i,

o PR, FSKEESZ i NVDLA j= A AL H5E sl b T (5 5o

o FCLK_CLKO, #gy 4, %S sl LAVEDN Al e 8 1 A Bl IXREANTS 22
FHIAS SN B Pl N2, AEAR BT HZ T A 100Mhz, £5¢ 100Mhz (9BUE, 300
NN T

Zyng-7000 AP SoC

o) Processing System
Peripherals Application Processor Unit
| G geleof:ion | | i | a
/ use e FPU and NEON Engine FPU and NEON Engine
uss | | 2x USB ARM Cortex-A9 ARM Cortex-A9
MMU CPU MMU CPU
GigE_| | 2% GigE System
GigE 2xSD Level 32 KB 32KB 32 KB 32 KB
SD Control I-Cache D-Cache I-Cache D-Cache
SDIO RO Regs
SD r | GIC l Snoop Controller, AWDT, Timer B
SDIO L
GPIO | |~ - DOMAB 512 KB L2 Cache & Controller
Ol e UART . Channel
= UART | | ] /
<A ocm | 256K
Interconnect | SRAM
12C
12C
|
SPI Central Memory
SPl Interconnect | Interfaces
e CoreSight DDR2/3,3L,
!nlerhce’; ~— Components é_F'Et)rE]Flu
\ SRAM/ - ! ontroller
NOR
- DAP
ONFI 1.0 L 4 ‘
NAND - DevC Programmable Logic to Memory
Q-SP1 \—l Interconnect
CTRL | ’ * ‘ ’

EMIO General-Purpose DMA IRQ | Config High-Performance Ports ACP
XADC
12 bit ADC Ports Sync AES/ P :
SHA rogrammable Logic

N SelectlO

otes: ) Resources
1) Arrow direction shows control (master to slave)
2) Data flows in both directions: AX| 32bit/64 bit, AXI 64bit, AXI 32bit, AHB 32bit, APB 32bit, Custom

4-4 ZYNQ 7000+ block diagram
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BHE BRI

BT A ME— R R, AT OGP T S0 R 510778, i
SAENR S, A{d ] Caffe FEZ241 %} MNIST. CIFAR10 f{l IMAGENET2012 =4 ¥4
TR T =00 AL, Hyk iy T NVDLA [ small it B0 R INT8 %=, AR e
W55 G TensorRT [ S0 7730 283k B PO ASCTRL A4 A6 = A1 A8 o Y Ao 22 19X 2%
PR TR TR B HRAL 5 4, LA 75 (0 A Xilinx Petalinux - EL>l ARM AbFEZS
ol Linux $:0E 2%, SEMOKSIRR TR IE, RS MEHE TS RIE; £ ARM
SOFERS b, VRGBT TIS AT RO S s i A

| | | |
i P o] | |
a5 Petalinux . .
, o -l N
| coftessmm | | ! l Lo l :
T = = |
Ubuntu 16.04 .
| — Y Rig | | 4% LIBJPEGY |
ensori
! HR, ! | l ! | l !
| | | ! I | |
" Compiler #518 NVDLA | . o
I BRssati : e Lodable misERs | || SRR NLRTRF :
——————————— |
I w | |
| £ Lo i |
————————————————— | !
LI LD
5-1 Bkttt

5.1 NVDLA #f} THAE#EE
H

N 5-2, NVDLA [y# L

Compiler, RIVREEMZ Mm%, SEAFTCR, FTLMEFNISIT. BT A2 HAR
ARG 5 I FAE SN 25 e R, SE i — S TE R A, BN Frl s Sk E
4, FFHA#H FlatBuffers $44bFELE 4500 P44, 42k Loadable B S04

Runtime, FIVREEMIZMZGa T, S RHLE G, H T8 Compiler 4 1)
Loadable U, #HTRFHIM, HENESERT, B3N E, BB EdRE, A3
AbFEMT . T Runtime P8 SRS N IS EB4, UMD FTKMD 1, 43 5i%f 7 T Linux
P23 5 5 N AZIKE o

o P ASIKEIFEF (USER MODE DRIVER, UMD) { C++ 2’5, fiififitr Loadable
SR, TR, JEIE BT SCEE R Task, R RIKLARZH KMD F2/5 50T

43-A Compiler F] Runtime >34
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Caffe model ‘Compiler params.
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’

TAK

—_—— e —

Runtime environment

NVDC

Caffe Parser

Com piler

User Application Software

&

h

UMD

Portability layer

|
|
[
|
|
|
|
|
|
| r
|
|
|
|
|
|
|
|
|
|

KMD

Portability layer

|
|
|
|
|
|
|
|
|
|
|
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|
|
|
|
|
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|
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5-2 NVDLA Software

o WI%ZAKzENHE 7 (KERNEL MODE DRIVER) ffi CiEE%4E ., /& NVDLA & {F)5K

ZhFEfy, M2 H LS NVDLA BEf T H R -

FEIX—/INT . BTG EAIA) /25 NVDLA ROBPE T HAE. A 5-2, efRia s Tt

T SRR AT

G

Compiler ;2H/F THAFERT AT, SAEPFTCK, Compiler RERSEEZRIZHUN T

./nvdla_compiler —h

Usage: ./nvdla_compiler [-options] —prototxt <prototxt_file > ——caffemodel <
caffemodel_file >

where options include:
—h print this help message
—0 <outputpath>
—profile <basicldefaultlperformancel fast—-math> computation profile

—cprecision <fpl6lint8>

—configtarget <nv_fulllnv_large |nv_small>

——calibtable <int8 calib file >

——quantizationMode <per—kernel|lper—filter >

compute precision

target platform

o profile f57E I AL 775, #£ Compiler WEMEAL 1 PURFILIL TS, REMS SCFF— LRl

TERHIMZEAAC, BlUnE s

HEAL I

e cprecision 1§7& T

=+

WAFE ISR, AT HIERARY fast-math, J5 2B

JE, IR EIATF ZEF in8, FFH A LALEE TensorRT 4§
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calibtabel S, ANSRANEG HY calibtabel 2%, Compiler P&l I & LAY R AL J7 %8, EAE
BRSO, AR AR

e configtarget A %1354 nv_small, JCECA AT small fit & .

e calibtabel 5 Hf TensorRT 2R %, A5 K —/ NI LA 42

e quantizationMode £ P/~ 3T, per-kernel WETUZ X — R M M A IR LS 4L,
per-filter N @ X1 — ZEREHAAREASE, XTFELES calibtabel SCHFERE, TEAL
il per-kernel,

4%, Compiler 2 i Loadable SC{4, 3525 Runtime 17150 e 114 8 i

Loadable {42 Compiler 5 Runtime = [Ali@ {154, HHi Google FFJif] FlatBuffers
FEAME T, RERS A S BRI TR AE . DMEAEZS P b f (4. sokedh, &
MIHEERPER — DR, L. — BT XX G 7 P2 S5 A REAE
Wl (1N, FTLMEX R BN TR . SRR AT PP (B #7F
FRARATT AT 5D o AEUZ B ARIENS AL i 45 R AR 1 TR BCR MUY, T2A 1 &
45 ML, FlatBuffers A2 HH—Fi,

Runtime 54 E 50 &, H 550 UMD H1 KMD #ER455: UMD J2 PR, 7522
FAME Linux 95161547, HHEEZ Loadable SUHIFREHT . d5cJmid 28— MERAE 55 2] KMD;
KMD 2 NZ3KE), FF2ERATAEAIEE Linux (YIEgR 1, 1247 Linux BB, Rzl
S5 ZJR MR RE NS, BoBE A ey, CHRWISE55 . Runtime REASHEESZ A ZEUTT -

./nvdla_runtime -h
Usage: ./nvdla_runtime [—options] —loadable <loadable_file >

where options include:

—h print this help message

—-s launch test in server mode

——image <file > input jpg/pgm file

——normalize <value> normalize value for input image

——mean <value> comma separated mean value for input image
——rawdump dump raw dimg data

5.2 Caffe 5EiRI| 2

ABLHAE ] Caffe AR5 a2 7 = RBERR RIS, IR URRg ISR 5-1FK.
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3 5-1 Caffe BiFIIGIERS i

Network Valiadation Accuracy %

Lenet5-MNIST 99.7
Resnet18-CIFAR10 90.2
Resnet18-IMAGENET2012 88.1(Top5)

5.3 TensorRT 5HiRIE4L

ALY small Bl'E, (247 INTS [UHERE, ] Caffe HEZLUSZFF Float32 A1
Wk, FrlAFRMN AT TR Y in . BISCHESE)], £ Compiler HHip (077 B2 45 & 515 4 Al
f¥] TensorRT #EZE,

5.3.1 TensorRT HAY 5

e AR L R R R A O\ FEARR ) SE R AL T 3%, s an T A 2K

Horp Tp 45 Float 25K . SF fi5 Scale Factor. B fi5{fi & Bias, i SL4w 1%, Bias
RIEXHE LRI AR, HZAZn LN

LR LA, ST ML AL, AR R SRIS NS00 Scale Factor o 5 ] L &
P77 26 2 max-max M5

128

AR ARAR AR B SR BIE, JH—(L3) -128 3 127 2 A, %0764
AT S IAESER R IRA SR . (BRRAE, WMRAELIR A, %I R
FEEIIAR K o

TensorRT YEfF [ 14k 77 12 KL-divergence, RI#EL A/ IMEARR R RIS, ARx)
TRIBN RN D AT Z TR, e A R IR 2 e R WD A ) 22 5 A
FE, TERATHY [ E SR MR ER G e/ N e KT SRR BEIE AR AL, SCbr o
AR ATF T 2, HRRA ARSI A TR, 1 TensorRT FRakf 1tz 1
RETA FH L R U B e e e

SF
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532 SHLLEREREERK

{# FH TensorRT 34744, 18 3 F 4 T -

L g — P ROERRE

2. fF— =47 Float32 HHEFE;

3. BONCRRRE . WO E R BT

4. BTSRRI R A [ A AT

5. WHEAN AT EIE AT XS, R R/ N2 E

BHERIZIOE S, BEEEREE A LA ZRER BB e EE P oR A, AR MBI SR
FREATSRAE T XS LR ARG L, KT oREZ Aok E Fr, SAFIAE T 2 Uk 500 2
1000 5K £ 1

AR T =M%

1. %% MNIST $4£2H) Lenet5

2. 1% CIFAR10 %4581 Resnet18

3. 1% IMAGENET2012 {45 £E /) Resnet18

IXEE 2 Y S50 5 AL RE BRI S 2%, FER S BLZ5 HY 1 LenetS W25 A T4 AR
i, BRI AMUZE AT R BORS EE ARG 00, T 6-8.

# 5-2 TensorRT /LK 42

Network Valiadation Accuracy % Calibration Accuracy %
Lenet5-MNIST 99.7 99.5
Resnet18-CIFAR10 90.2 86.7
Resnet18-IMAGENET2012 88.1(Top5) 77.0(Top5)

5.3.3 calibtabel 4= i

{§i Ff TensorRT At <=4 ik cache S, WHNEF—F740F£ A —> layer 1 Scale Factor,
{H,/Z NVDLA [ Compiler /£ #1T H AV I 77 24252 Json &S0, WH s

{”first_conv ”:

{”scale”: 1.0007381439208984,

"max”: 0,
“offset”: O,
“min”: 0
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Hrh first_conv ;& Layer [ name, A% 11 H] Python3 %54 PyCaffe H 17445 | Cache
SO Tson SUFRACIIRIA , 12 BIAS IO A 255 DL 3%

5.4 Ubuntu 16.04 it \ XFAE R G FEHL

TEF MG, A TR B A0 22 0 45 G 1 s 122 52 1 257 (1Y) Caffemodel 5 AR %7528 At Json
SCAE, BPAT AR plGEE T small fig R NVDLA (1) Loadable SCf4. - [ fif##fr Loadable {4,
RUHEAT RFHIAL, R2E4E ARM ARBRES b 4mid iR AR M ZafTI,  MAEX Z fif AR 2L
N ARM AL PRESFE T HAE RSt

i, AN AEET Xilinx Petalinux ff) Linux #2/E RS J57%, 1 Petalinux A~
HEAEHTH, N TEEIT R SHEE, A/NTE 41 Ubuntu 16.04 FIMRSIHE RS
Wi

5.4.1 Petalinux T B2

Xilinx Petalinux ;&> E il Yocto T_H, f03% T Linux Kernel. u-boot. device-tree.
rootfs ZEYFAY, T LMB TR BCE . 4 M H 2 X Linux. 4T ZYNQ 7000+, HT
Petalinux FEAZAR KGRI HE Linux (1], ASBTHE ] Petalinux {1547 T H 5T 1 61
FLE AT, K Vivado HIERANNG NVDLA B E] 7 rh It BN fE, ARl r & T
Linux Kernel 4.19 iz A1) Linux 8540, 4% T NVDLA [H3RZIFEF

542 HXSREPFETTRYJE B SCrERIAE
AT 2O AR SO R Ge i 0y Ubuntu 16.04, EEH 2 AR R A
Boot S5, f£ Petalinux I H AR, FZBCE M SD R Rz R SCH 258

5 petalinux-config -, 485 E L — 5 A AV RE AH A SO %42, 1E Image Pack-
aging Configuration|Root Filesystem Type, %1 SD card, SAJG i T4%1%

petalinux —config ——get—hw—description =./PathOfhdf

ERALfE , linux ARSCHA R4 rootfs W4 E 2] SD i, [MAEERIARY raminitfs, J5# /2
R H 5 KRG EARAE boot [ BUIMAEI N AFH, — HETTHY kernel HIK CRMEEE 120M)
A2 R GETCiE boots

HI T ERATE 24 rootfs FLEF| SD Hi, B2 2L B kernel ff] RAM intial, {7 III4E
boot [f1Bt, kernel /£ A f7H1HAE] rootfs FYFF 555
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petalinux —config —c kernel

i FiZ a4 il B BUY Initial RAM filesystem and RAM disk support .

WET 5, TR PERT AT AR S ROAR (9 BOOT A1 Image U, LAK rootfs SCIF R4
{5 AT i 4 BEA T 4 P65 2

petalinux —build

petalinux —package —boot —fsbl images/linux/zynq_fsbl.elf ——fpga ——u—boot —force

BOOT.BIN 5 IMAGE.ub 41L& ROOTEFS 42 7F H a3t N4 il

543 BRI RS

AP EM 75K 32 GB A/NAY SD . AN AT SCACE 1 rootfs A SD RJE3). Frlh
AT EXS SD RPEATIrIX, 73 XAFBLUNER S5-3 /7o

#5-3SD R4 X
Volume Name Type Device Space (GB)
BOOT FAT32 /dev/sdcl 4
ROOTFS EXT4 /dev/sdc2 20
WorkSpace EXT4 /dev/sdc3 8

Hr1, BOOT 43X A%l FAT32, Jisk{#f#% BOOT.BIN I IMAGE.ub 3 ff:, ROOTFS
TR AR, RIS 2245, WorkSpace Al A AT TG ., FoA 1 Atttk — A M E
HIAFAH . SRAT G —L88d)s . AR3E Petalinux B 7 FAF, BOOT A1 ROOTFS 7 B/ f8 /£ 45—
X X

RBETEACK A Petalinux 5 C2E IR SCHE R4, i ubuntu-16.04.2-minimal-armhf-
2017-06-18 VEONARICHE AR SE, 7 Petalinux P/ ERYJHAESCPERSE. USCHEAFA SD KX
REAY I3, FlATE AN Linux #0E RGR I Re4h

5.5 KMD NEREFHE

fE E—/NT, ARSCHEE T a0 ] Petalinux 2 ZYNQ g3 #1H Ubuntu H454E R4,
FEIX /N7, FAT4H4N Ubuntu 3511 NVDLA [ NRZSKEIAE . BT AR 113 T Petalinux
2019.1 (Linux Kernel iz /4 4.19) 5% 5 KMD BES (£ HES5 UMD N H (4%3%, 1 NVDLA
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BT GRS Linux Kernel 4.13 5 64 (7R dbFigs . HA— SR 3 EL LA A N %
WA E MRS, A LR AR R AT 32 (LA Har BT, 0L )T
REAEAR T E R o

5.5.1  Linux AR HTHT

il ] Petalinux A ERAE RGEHI A 2 5 30 BATA s S0 (HZ ML EsE 1
—EEORHIRE PRI . AP 5SS NVDLA B NAZIRENRRFY , XS SO R

1. 4 NVDLA {rBf 256 MB 77, [RONAE NAZ SR SRR 7 {6 1] DMA $508 2 s
TR o

2. #J5UA PL NI NVDLA &R compatible J& P42 2 LAUE I N AZ IR e o

FERR BB AR SR WLRR > system-user.dtsi

5.5.2  Petalinux NAZ IR0 FH

{851 Petalinux PNy T HRIRHTHENAZ N, ARiHalE 7 — 1444 opendla {15
e

petalinux —create —t modules —n opendla ——enable

¥ NVDLA E 5[ KMD WAZW AP TR, B 50w Z AR S B R

1. 1F nvdla_gem.c BT, ¥4 dma_declare_coherent_memory FRET77 TE A N 5K/ INEE L
MR NVDLA £/ 1 A (7

2. DMA_MEMORY_MAP #5E B4 4F Linux kernel 4.19 BRAH BEE 2, AHEEEIAT .

3. {£ nvdla_core_callbacks.c 1, SKAFZER AR T 64 (rBrik, 1XAE 32 ALALFRE
NIRRT ERA AV, T8 L83,

X KMD [ S Eh e e I, BT BB U254, [ HIE MY Petalinux (1451
BRI 5, WANA T B RS opendla 1558 H 5% T 1) Makefile 5 opendla.bb SUf, iX
PR SR 20 PR 25 DB 57

EBTERR » BT T a1, A S N AZ KB SO 2 A8 Linux A0 RGEHY Alib/modules
T U R A Petalinux H OISO R GeH, JRAT 1972044 B H: %) Ubuntu (1
R RGN A H T
5.5.3 UKBIREREINEL

JREh RG22 Jm, Rl A Ubuntu Hrghf TAKSHRE Fe A4 3
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insmod /lib/modules/4.19.0 —xilinx —v2019.1/extra/opendla.ko

IR 5, REeisa s B2 NVDLA [y bl (5 505K s].

5.6 UMD [ IR 4%

NZIK SR 2 )5, UMD R4 a] UERfIEAT, 1 UMD ] 53 o8 4> 35 25

o S HRo CUTTARMT IR AT S 1 4 B9 Loadable SCHE, A S AR ELHE F AN
A7 FfFiE e o H 1A R ko

o AR BT ST A ik4E KMD 4T

FEA/ NI AT St _EBEATHY UMD B HIRR Fr 1240l S 2 1%

5.6.1 LIBJPEG §f# /5 4m1%

NVDLA [ Runtime A LA#3Z jpeg #%X SCHFTIE fr, EE FF 242 1T 415 LIBJPEG 1
BRI o

HTHRALHY 64 (LALFEER Y LIBJPEG #E#2FETCIAAE 32 (i AbTigs bakse, FrlfRE R
Frgmie, AR HE#T AT libjpegdb, IATTELRE LK jconfig.h Hif¥] JPEG_LIB_VERSION
1B A 90,

5.6.2 UMD 7

B BAT4 R libjpeg.a SCHFE DL H rhte,  NIATLAZEAT UMD I IR 43, RHIRAG
H#RPE D2 Ubuntu $584F R G5 L, PATEAUT A4 RITAT 58 i %8 -

cd ~/umd
export TOP=${PWD}
make runtime TOOLCHAIN_PREFIX=/usr/bin/

SE RIS . A BRSO, 435028 runtime [ REEE S runtime [ A4 TC
o % runtime FOEEREZEFS DIE] runtime 1A TOCHFES 12T, runtime RIS T OO RERE IE
HIiB T
5.6.3 Runtime iz

{5 | Resnet18-CIFARI10 #EXE—5k /Ny B R B4 st i S BT
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./nvdla_runtime ——loadable ~/resnetl8 —cifarl0—caffe/loadables/fast—math.nvdla —image

~/resnetl8 —cifarl0—caffe/Image/cat_32.jpg ——rawdump

creating new runtime context...

Emulator starting

dlaimg height: 32 x 32 x 3: LS: 256 SS: 0 Size:

submitting tasks ...

Work Found!

Work Done

execution time = 295854.000000 us
Shutdown signal received, exiting
Test pass

cat output.dimg

0009 2600000

8192

FiiAE CIFARI0 BaSerh iy 552 3, 0 2RIERY, B 295 =2F),

THRERS IEH T AR,
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FHAE WS

BRI e e, B ELLL G, el B EE R SR RN DU o 5
o WAL, Vivado i 2 My H FRAT RIS Pk, 25 H AT Timing FIDREMR & o HZRG
B B E 7 PRI T OA W B SE PR A P B g b, BIr AR 7R BT S BUB BEAY Timing
SR T 2, REITR XS AR HIREF s RS RE A TIT Al

6.1 HEPEA R

FEREPERETTSEINEE Y, AR NVDLA iRk Ui 17 FPGA R LR BRAM
IR, AR iy, R AR AE LN R 6-1FR.
# 6-1 At RAM 2 Bif iRy e 35U FiT 3¢

RESOURCE UTILIZATION AVAILABLE Utilization %

LUT 421698 218600 192.91
LUTRAM 8 70400 0.01
FF 92622 437200 22.33
DSP 33 900 3.67
BUFG 12 32 37.5

VLR A28, LUT BHEE 0 P Bl v] (s s, 0 FPGA ATESH) BRAM B LF-
ABAT A, 2 if)5, NVDLA ££ FPGA | i B HI5A5 R & a5k 6-2, B
T OUERAE & BV 2 Y

% 6-2 NVDLA [y 35 sk FiI 1 0t

RESOURCE UTILIZATION AVAILABLE Utilization %

LUT 77248 218600 35.34
LUTRAM 372 70400 0.53
FF 87999 437200 20.13
BRAM 95 545 17.43
DSP 33 900 3.67
BUFG 2 32 6.25

R 6345 Y T AE R L MR RE AT TR A AR O SR B H R AR 0L, B TR RE
FSZeieds. — I HEEPEMEIC. —1> AXTE APB [Uffiszdr. /D& PL S ERy iz
BHE LA —/> NVDLA ffi{Ffiidar . MRS AT LA ., NVDLA (5 748 K2 502 4
PR, 5 H93.9% . 3K 6-3r11Y In Total WFEH 1 AR THRAYRE (N 2R GEFir A7 A RE 2 5
T8
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K 6-3 F BTG UL I H DL

Module Number LUT FF BRAM DSP
SmartConnect 2 2397 3313 0 0
rst_ps7_0_100M 1 19 40 0 0
processing_system7_0 1 112 0 0 0
axi_apb_bridge_0 1 89 144 0 0
NV_nvdla_wrapper_0 1 76888 87943 95 42
In Total 6 81902(37.47%) 94753(21.67%) 95(17.43%) 42(4.67%)

6.2 R TAESR T

AT 204 (Static Timing Analysis, STA) HIEATIRER X T B P 24 TG
Ao WA 6-1F7, B A R fa 37 i [R5 PR i TR A -

o FESIFAIRN 250p,, . ARATIZIN AR N T PRAUERCHE AT DALEZS & I 2R 1 A 20K il & 45
UNSRESLI RITCIRT L . A A f > AR B 25 2 BR R 24 R A o

o DREFISIAIED 1)0q . MCEIZHSIRE N T ORIERGE LMl & &5 R R Io b REORFF— E S
], ASRERFFR RITCIEAL . Wil e 2 R S T Jm O Zds o

Ck

I
tSetUp «>ie—>lhold
I

D

tclock-Q
—_—

Q

6-1 Setup #i1 Hold 74

— R T RN A, AR LA R R TARRR . I P iy H
(R E R T ARIE il & 45 7T LR X HORFEZERR A, B R FLEK S\ I SRR AR B E
A KR Z T

B9 10Mhz I pidz A NVDLA, SEI 2 J5 [ Timing i 450136 6-417, b Slack
RO 2 ST I [A) 5 BEI IR 2508, AN SREEA B9 Slack A FE, W AFAETRB 73 37 47
GrCEEIRIEIEGRE, FEETCIE IR TAF. MR AT LA, XIT Setup Slack, &I
SRR R 88.126 ns [ 4, T 56441219 Hold Slack 24 0.030 ns [ 4 i, NETEFEL,
FLE T DAE R AR

AT AES3 A NVDLA S5 K AR RIS, gl JUA SR A I e, 439012 25Mhz.
50Mhz. 75Mhz. 100Mhz, ftiifiJH) S BEERAR B P RE L ISR 6-5F7R , AT LUK Y I i
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# 6-4 10 Mhz 530 T B R 58 AR 1% Dt

Frequency Worst Setup Slack Worst Hold Slack Total Negative Slack

10Mhz 88.126 ns 0.030 ns 0.000 ns

AT IR, SRAEE R Slack [EABTE /N, M NVDLA TARRYEZ R Setup
A, £ 100Mhz FYRHMREZ AL 1 ns.
K 6-5 7 IS BI N I S B B AR I 1 0

Frequency Worst Setup Slack Worst Hold Slack Total Negative Slack

25Mhz 29.048 ns 0.021 ns 0.000 ns
50Mhz 9.959 ns 0.007 ns 0.000 ns
75Mhz 3.832 ns 0.028 ns 0.000 ns
100Mhz 0.751 ns 0.030 ns 0.000 ns

W% 6-6ffr7, KRS PR T2 150Mhz, B B2 ML 1), BRI %
{2019 Slack 9 0fH, HEETCIEIER TAF. M 384T e SEE FIREL, 1EaisE
T AT R

ML B, FEAR BT Fh4s NVDLA {4 AR08 100Mhz, {HJ24E FPGA | T./F
H BRI AR E T ASIC IWTHREMS TARR OB, $illn Jetson Xavier NX AR _EHY
NVDLA [ TAER 474 600 Mhz, R 4farh ER-2BEE B TRENT IR & h, HTA/RR
A 800Mhz.

# 6-6 150 Mhz {5 L A BB ARIN 16 D

Frequency Worst Setup Slack Worst Hold Slack Total Negative Slack

150Mhz -0.324 ns 0.033 ns -9.728 ns

Nk 6-7, ASCEZ T 10Mhz, 25Mhz, 50Mhz. 75Mhz. 100Mhz [ R P EhEERE L |
LI BRI, ARGER I REAWIET . HrPa SR L IR, 290 10%, BliAS
TIFER T EEBOR 297 90%.

R 6-7 A RIS RS FESE Dl

Frequency Total Power Static Power Dynamic Power

10Mhz 1.805W  0.220W(12.2%) 1.585W(87.8%)
25 Mhz 1.921W  0.221W(11.5%) 1.700W(88.5%)
50 Mhz 2.129W  0.223W(10.5%) 1.906W(89.5%)
75 Mhz 2.325W 0.224W(9.6%) 2.101W(90.4%)
100 Mhz 2.528W 0.226W(8.9%) 2.302W(91.9%)
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6.3 T NVDLA HfifiniE 2 Zitk e vr £
6.3.1 SLHECEH

ABEH T Caffe HEZE TG T =M%, HMZLHIR TR, 2% prototxt 3
{55 loadables SC1F ELFIRAE Github®0l, ghsh, 47 xf L CPU AisA T ], A5 1E ARM
A9 QhIES EiEAT T Caffe HEZL RS IE S 2% 1%, X TUIZREY Caffemodel i£47 CPU il U HEEE,
T CPU IV 7245, Caffe 7EBHTHEFRAGMP B B 2 IS B, R4 TRE, FTLAAK
BB AL BUHEFRA ) P . 8 6-2F7R, AFrEAEEHL 3T Bootstrap
5 JQuery % Web J HH AR & T MR BUIRSS . FFilid Ajax [ qm A Bk , a7
ZYNQ 7000+ 555 Fi-_E ) Ubuntu #4228 B8 ] Flask HEAEEZ38R I FLIARE o (HIR AR IR
R TR SR B L LA R 1 Caffe HEZRIEAT (9 HLAEHT S0 AN A3 I BB 45 L5 o
FEMAFRBEH: NVDLA F] Caffe [{#i \ Batch #524 1; NVDLA BE{THEFL SRS /2 8
(L0 RE ST, Caffe JEATHERLIGERRS 24 32 (L9371 ; NVDLA (3217 [l )L UMD
7] KMD %5 {T55 34115, KMD B2Ig 3 FR i s2 i T55- 452 1k, Caffe (193547 ] 25— 2
MR AE T, B — B s Ik, (LG TE AR AT A A B i) o

PYNQ Accelerator m About

Draw the digit inside this Box!

Drag the slider to
change the line

width.
-g
Value: 15

=TT -

Time Cost
LeNet-GPU 01 L] o1 01 01 01 04 04 ad 01 0.00

LeNet-FPGA 0.1 01 01 01 01 0.1 04 01 01 01 0.00

& 6-2 J: T Bootstrap JT % i ¥ 5T i 5%

6.3.2  KEEXT

A4 TensorRT iy 1 HeAC IR AR — T 5K B i NVDLA BEATHEFE IR 30 IS
JERAAFAEMIL . Hrhr, Resnet18-IMAGENET2012 W42 50 % . A TH&EBEAGHEF-F
AU S00MB 747 a] Y i EAFE . EARIZMESTTIE AT AR IR R, KRS
H2 IR QEMU RESUIAIE . 4id HPC ASEAPLAR (- fim ok g i £ A5 o
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% 6-8 K JERT EL
Network Valiadation Accuracy % Calibration Accuracy % NVDLA Accuracy %
Lenet5S-MNIST 99.7 99.5 97.5
Resnet18-CIFAR10 90.2 86.7 80.7
Resnet18-IMAGENET2012 88.1(TopS) 77.0(Top5) 77.0(Top5)

SR AEH: FE B, NVDLA (RS & 1% 5 TensorRT b2 i RS 3, [H 25265
ML, NVDLA B 5 0 RE BRI — L. a0, 2N Caffe 31 Zr AR A 3554
OpenCV B4 7RG HERAE, 1 OpenCV IR K524 BGR #% =, 7t NVDLA [{] Runtime
WrBt, BT BGR #% RGB IR ES G A — RV, It AR HRIZ B ER R, S0 T
K5, T Resnet18-IMAGENET2012 A/ TiZ A0, 45 B AR —5L.

6.3.3 {EREHEZ T

ARG = A% NVDLA (e B % . Hr Resnet18-IMAGENET2012
FOAT BTN AR, TITERAER R BT, B AR A X217 BT T
AT, S MU T —THER, & ARM 3, 4/ Caffe [ — B
50 YA B PRI R ). 5 6-O1CL% T HEFRAGFAIREIT R BT, 181 633053 T A T 1k a
NVDLA fif} Caffe {1

# 69 BT ¥

Network 1000 Images Execution Time Time Per Image FPS Time ARM A9 (666 Mhz)
Lenet5-MNIST 11976 ms 11.20 ms 89.2 26.89 ms
Resnet18-CIFAR10 36529 ms 36.53 ms 27.4 307.69 ms
Resnet18-IMAGENET2012 \ \ \ 6558.88 ms

A X h0EE EE

== Lenet5-MNIST «li—Resnet18-CIFAR10

30
25
20
15
10
S“AﬁﬁﬂﬁfvmxvxwwwAJwv~
0
1 3 5 7 9 11131517 192123252729 31333537 394143 4547 49

Fl 6-3 FHXT i b

FEGHEW: W3R 6-9f7x, XfT Lenet5, ARM A9 HYHEREFR L 20ms, ] NVDLA
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B 10ms /545 INHE], s 2.4; %HT Resnet18-CIFARIO0, £ ARM (] H F5 {4 o & 2
Lenet5 1) 14.5 %, {H/Z21E NVDLA {3 (N LenetS (1 3 £, MLty 8.425 £EM 4
W% b, NVDLA 5L T ARM (I #ERESCIUANEE B MMHERCR « 528w+ NVDLA /27t FPGA
ESCEL . T FPGA B A PERE LA B AR B i B . (75 NVDLA i PEREAS 21 1 BRI,
HTAEBRAUA 100 Mhz, 2846 ] ASIC JiAeidtT NVDLA SE3E, U REAY £ T2 5 A
W2, MLl E R B A S fr s A pise . £ 600 Mhz ) AR T, i H] LenetS 52 /i
— R R I HE AL TR 0.2 msto,
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HEtE B4 REY

FUSRE, A9 B RS AT ) ASIC 131 NVDLA %% FPGA kT
ik, ] T HE BN BRI T E . MT e IR, SofthR Y NVDLA |
FPGA WL R, FEARR T Z BRI R B KA TAF. NVDLA T 2017 FF & A
SEBR I A IR R B IZAE 2015 22 2016 FFIT4R , fir LUHELARY 4512 5 DianNao. DaDianNao 5
EL, AEAHEE T N IR ST R REFHPR L, B2 AL 5. Blan{E DaDianNao
ZJE . R B ARG B R TR A F 1R S 5

AT HEE kA, /£ FPGA _ERYSEINR) NVDLA B EE AT, AEFT Bt s
HEEWHIEEE R, HE SRR FIIMERE, Bl THEAR, BT E T LE—%
W7 -

1. NVDLA WESzHEZ0E MAC [R5, (H2 i THZ R ASIC i1, MAC [%]]
£ FPGA bR 2] T LUT BHEERTHE, X SEBUSITRERIKT . AR5 IR g 5
KB, ALK MAC FEZNHFER AL 4 i ERG DSP S LA — B4R SRR

2. BETIAKBE, ik NVDLA ) MAC i5%4.

3. BERASZHFSE T, A0 HARA il 2 i) RPN S5 e F, NVDLA Ags
AR, FTLAEATHE AR AR . X SRR ol 8 S Y S5 ER A S

4. BT TR NVDLA B S HF Caffemodel, LA Y H A S HF NVDLA 24 5
Uit FR R L 22 N 24 D 13w . 1 ONNC A LASZ 4 ONNX “E jift Loadable SCPF, Al KIE AN T R
T
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A.1 small.spec

#define
#define
#define
#define
#define
#define
#define
#define
#define
#define
#define
#define
#define
#define
#define
#define
#define
#define
#define
#define
#define
#define
#define
#define
#define
#define
#define
#define
#define
#define
#define
#define
#define
#define

FEATURE_DATA_TYPE_INT8
WEIGHT_DATA_TYPE_INTS
WEIGHT_COMPRESSION_DISABLE
WINOGRAD_DISABLE
BATCH_DISABLE
SECONDARY_MEMIF_DISABLE
SDP_LUT_DISABLE
SDP_BS_ENABLE
SDP_BN_ENABLE
SDP_EW_DISABLE
BDMA_DISABLE
RUBIK_DISABLE
RUBIK_CONTRACT_DISABLE
RUBIK_RESHAPE_DISABLE
PDP_ENABLE

CDP_ENABLE
RETIMING_DISABLE
MAC_ATOMIC_C_SIZE_8
MAC_ATOMIC_K_SIZE_8
MEMORY_ATOMIC_SIZE_8
MAX_BATCH_SIZE x
CBUF_BANK_NUMBER_32
CBUF_BANK_WIDTH_8
CBUF_BANK_DEPTH_512
SDP_BS_THROUGHPUT_1
SDP_BN_THROUGHPUT _1
SDP_EW_THROUGHPUT _x
PDP_THROUGHPUT_1
CDP_THROUGHPUT _1
PRIMARY_MEMIF_LATENCY_64
SECONDARY_MEMIF_LATENCY_x
PRIMARY_MEMIF MAX BURST_LENGTH_1
PRIMARY_MEMIF_WIDTH_64
SECONDARY_MEMIF_MAX_BURST_LENGTH_x
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#define SECONDARY_MEMIF_WIDTH_x
#define MEM_ADDRESS_WIDTH_32
#define NUM_DMA_READ_CLIENTS_7
#define NUM_DMA_WRITE_CLIENTS_3

#include “projects.spec”

A.2 Nv_nvdla_wrapper.y

NV_NVDLA_apb2csb apb2csb (

.pclk

5.

5.

prstn

csb2nvdla_ready

.nvdla2csb_data

.nvdla2csb_valid

(csb_clk)
(csb_rstn)
(m_csb2nvdla_ready)
(m_nvdla2csb_data)

(m_nvdla2csb_valid)

,.paddr (paddr)
,.penable (penable)
,.psel (psel)
,.pwdata (pwdata)
,.pwrite (pwrite)

.csb2nvdla_addr
.csb2nvdla_nposted
.csb2nvdla_valid
.csb2nvdla_wdat

.csb2nvdla_write

(m_csb2nvdla_addr)
(m_csb2nvdla_nposted)
(m_csb2nvdla_valid)
(m_csb2nvdla_wdat)

(m_csb2nvdla_write)

,.prdata (prdata)
,.pready (pready)

)3

NV_nvdla nvdla_top (
.dla_core_clk (core_clk)
,.dla_csb_clk (csb_clk)
,.global_clk_ovr_on (1’°b0)

.tmc2slcg_disable_clock_gating (1’°b0)

,.dla_reset_rstn (rstn)
,.direct_reset_ (1’bl)
,.test_mode (1°b0)

.csb2nvdla_valid
.csb2nvdla_ready
.csb2nvdla_addr

(m_csb2nvdla_valid)
(m_csb2nvdla_ready)
(m_csb2nvdla_addr)
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)3
assign
assign
assign

assign

,.csb2nvdla_wdat
,.csb2nvdla_write
,.csb2nvdla_nposted
,.nvdla2csb_valid
,.nvdla2csb_data
,.nvdla2csb_wr_complete
,.nvdla_core2dbb_aw_awvali
,.nvdla_core2dbb_aw_awread
,.nvdla_core2dbb_aw_awaddr
,.nvdla_core2dbb_aw_awid
,.nvdla_core2dbb_aw_awlen
,.nvdla_core2dbb_w_wvalid
,.nvdla_core2dbb_w_wready
,.nvdla_core2dbb_w_wdata
,.nvdla_core2dbb_w_wstrb
,.nvdla_core2dbb_w_wlast
,.nvdla_core2dbb_b_bvalid
,.nvdla_core2dbb_b_bready
,.nvdla_core2dbb_b_bid

d

y

,.nvdla_core2dbb_ar_arvalid

,.nvdla_core2dbb_ar_arready

,.nvdla_core2dbb_ar_araddr
,.nvdla_core2dbb_ar_arid
,.nvdla_core2dbb_ar_arlen
,.nvdla_core2dbb_r_rvalid
,.nvdla_core2dbb_r_rready
,.nvdla_core2dbb_r_rid
,.nvdla_core2dbb_r_rlast
,.nvdla_core2dbb_r_rdata
,.dla_intr
,.nvdla_pwrbus_ram_c_pd
,.nvdla_pwrbus_ram_ma_pd
,.nvdla_pwrbus_ram_mb_pd
,.nvdla_pwrbus_ram_p_pd
,.nvdla_pwrbus_ram_o_pd

,.nvdla_pwrbus_ram_a_pd

/1 nvdla_top
nvdla_core2dbb_aw_awsize =
nvdla_core2dbb_ar_arsize =
m_axi_awburst = 2°b01;
m_axi_awlock = 1°b0;

3°b011;
3°b011;

(m_csb2nvdla_wdat)
(m_csb2nvdla_write)
(m_csb2nvdla_nposted)
(m_nvdla2csb_valid)
(m_nvdla2csb_data)
() //FIXME: no such port in apb2csb
(nvdla_core2dbb_aw_awvalid)
(nvdla_core2dbb_aw_awready)
(nvdla_core2dbb_aw_awaddr)
(nvdla_core2dbb_aw_awid)
(nvdla_core2dbb_aw_awlen)
(nvdla_core2dbb_w_wvalid)
(nvdla_core2dbb_w_wready)
(nvdla_core2dbb_w_wdata)
(nvdla_core2dbb_w_wstrb)
(nvdla_core2dbb_w_wlast)
(nvdla_core2dbb_b_bvalid)
(nvdla_core2dbb_b_bready)
(nvdla_core2dbb_b_bid)
(nvdla_core2dbb_ar_arvalid)
(nvdla_core2dbb_ar_arready)
(nvdla_core2dbb_ar_araddr)
(nvdla_core2dbb_ar_arid)
(nvdla_core2dbb_ar_arlen)
(nvdla_core2dbb_r_rvalid)
(nvdla_core2dbb_r_rready)
(nvdla_core2dbb_r_rid)
(nvdla_core2dbb_r_rlast)
(nvdla_core2dbb_r_rdata)
(dla_intr)

(32°b0)

(32°b0)

(32°b0)

(32°b0)

(32°b0)

(32°b0)
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assign m_axi_awcache = 4°b0010;

assign m_axi_awprot = 3’h0;
assign m_axi_awqos = 4’h0;
assign m_axi_awuser = ’'bl;
assign m_axi_wuser = ’'b0;
assign m_axi_arburst = 2°b01;
assign m_axi_arlock = 1’b0;
assign m_axi_arcache = 4°b0010;
assign m_axi_arprot = 3’h0;
assign m_axi_arqos = 4°h0;
assign m_axi_aruser = ’'bl;
assign pslverr = 1°b0;
endmodule

A.3 Lenet5 4L CECRS

# Returns a numpy buffer of shape (num_images, 1, 28, 28)
def load_data(filepath):
test_imgs = []
global fileList
fileList = os.listdir (filepath)
mean = np.ones([3, 224, 224], dtype=np.float)
mean[0,:,:] = 104
mean[1,:,:] = 117
mean[2,:,:] = 123
for img_path in fileList:
img_path = filepath +’/’+ img_path
img = cv.imread (img_path)
img = crop_img(img, [224, 224])
img = img.transpose ((2, 0, 1))
img = img — mean
test_imgs .append (img)
# Need to scale all values to the range of [0, 1]

return np.ascontiguousarray (test_imgs).astype(np.float32)

# Returns a numpy buffer of shape (num_images)
def load_labels(filepath):
global fileList

test_labels = []
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labels_mapping = {}
with open(filepath, 'r’) as f:
lines = f.readlines ()
for each in lines:
imageName, labels = each.strip(’\n’).split(’ )
labels_mapping [imageName] = int(labels)
for each in fileList:
test_labels .append(labels_mapping[each])

return np.ascontiguousarray (test_labels)

A.4 Cache to Json

import json
from collections import OrderedDict

from google.protobuf import text_format

import caffe.proto.caffe_pb2 as caffe_pb2 # ¢ N caffe.proto 4 iF 4 i [ caffe_pb2 L
fF

caffeprototxt_path = ”./deploy.prototxt”

calibletable_json_path = ”./resnetl8—cifarl0—int8.json”

# load deploy.prototxt

net = caffe_pb2.NetParameter ()
text_format.Merge(open(caffeprototxt_path).read (), net)
# load jsonfile

with open(calibletable_json_path , "r”) as f:

calible = json.load(f, object_pairs_hook=OrderedDict)

_scales = []
_mins = []
_maxs = []
_offsets = []

_new = OrderedDict()

items = calible .items ()

for key, value in items:
_scales .append(value[’ scale’])
_mins.append(value[ 'min’])
_maxs.append(value[ "max’])
_offsets .append(value[ offset’])

for idx, _layer in enumerate(net.layer):
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_tempDict = OrderedDict({
“scale”: _scales[idx],
“min”: _mins[idx],
“max”: _maxs[idx],
“offset”: _offsets[idx],

9]

_new|[ _layer.name] =_tempDict

with open(’resnetl8 —cifarl0—int8 —fixed.json’,

json .dump(_new, f)

'w’) as

A.5 system-user.dtsi

/include/ ”system—conf.dtsi”

1
reserved —memory {
#address —cells = <1>;
#size—cells = <1>;
ranges;
nvdla_reserved: buffer@0x30000000 {
compatible = "shared —dma—pool”;
no—map;
reg = <0x30000000 0x10000000 >;
}s
}s
}s

&NV_nvdla_wrapper_0{
compatible = "nvidia ,nv_small”;

memory—region = <&nvdla_reserved >;

A.6  Makefile

I{obj—m := opendla.o

3| ###append all of sources###
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opendla—objs := nvdla_core_callbacks.o nvdla_gem.o scheduler.o engine.o bdma.o conv.o
sdp.o cdp.o pdp.o rubik.o cache.o common.o engine_data.o engine_isr.o engine_debug
.0

HHEAHAHAHHHHAHAHAHAHHHBHHAHHS

SRC := $(shell pwd)

all:
$ (MAKE) —C $(KERNEL_SRC) M=$(SRC)

modules_install:

$ (MAKE) —C $(KERNEL_SRC) M=$(SRC) modules_install

clean:
rm —f %.0 %~ core .depend .x.cmd *.ko %.mod.c
rm —f Module. markers Module.symvers modules. order
rm —rf .tmp_versions Modules.symvers

A.7 opendla.bb

SUMMARY = ”Recipe for build an external opendla Linux kernel module”
SECTION = "PETALINUX/modules”

LICENSE = ”GPLv2”

LIC_FILES_CHKSUM = ”file ://COPYING;md5=12f884d2aelff87c09e5b7ccc2cdcaTe”

inherit module

SRC_URI = " file :// Makefile \
file :// nvdla_core_callbacks.c \
file ://nvdla_gem.c \
file :// scheduler.c \
file ://engine.c \
file ://bdma.c \
file ://conv.c \
file ://sdp.c \
file ://cdp.c \
file ://pdp.c \
file :// rubik.c \
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file
file
file
file
file
file
file
file
file
file
file
file
file
file
file
file
file
file
file
file
file

”

S = ”${WORKDIR}”

# The inherit of

# “kernel —module —

://cache.c \
://common.c \

:// engine_data.c \

:// engine_isr.c \
://engine_debug.c \
://common.h \
://dla_debug.h \
://dla_fw_version.h \
:// dla_engine.h \

:// dla_engine_internal .h \
://dla_err.h \

:// dla_interface .h \
://dla_sched .h \
://engine_debug.h \
://nvdla_interface.h \
://nvdla_linux .h \

:// opendla.h \

:// opendla_initial .h \
:// opendla_small.h \
://nvdla_ioctl .h \

:// COPYING \

module. bbclass will automatically name module packages

”»

prefix as required by the oe—core build environment.

with
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