
基于高层次融合的卷积神经网络FPGA硬件加速

魏楚亮, 陈儒林, 高谦, 孙正隆

引用本文:
魏楚亮, 陈儒林, 高谦, 等. 基于高层次融合的卷积神经网络FPGA硬件加速[J].  光学 精密工程,
2020, 28(5): 1212-1219.
WEI Chu-liang,  CHEN Ru-lin,  GAO Qian,  et  al.  FPGA-based hardware  acceleration  for  CNNs
developed using high-Level synthesis[J]. Optics and Precision Engineering, 2020, 28(5): 1212-1219.

在线阅读 View online: https://doi.org/10.3788/OPE.20202805.1212

您可能感兴趣的其他文章

Articles you may be interested in

永磁同步电机速度控制器的全数字化集成

Digital integration of PMSM speed controller based on FPGA

光学 精密工程. 2015, 23(4): 1105-1113   https://doi.org/10.3788/OPE.20152304.1105

多模深度卷积神经网络应用于视频表情识别

Video-based facial expression recognition using multimodal deep convolutional neural networks

光学 精密工程. 2019, 27(4): 963-970   https://doi.org/10.3788/OPE.20192704.0963

基于卷积神经网络的光学遥感图像检索

Optical remote sensing image retrieval based on convolutional neural networks

光学 精密工程. 2018, 26(1): 200-207   https://doi.org/10.3788/OPE.20182601.0200

空间相机图像复原的实时处理

Real-time processing of image restoration for space camera

光学 精密工程. 2015, 23(4): 1122-1130   https://doi.org/10.3788/OPE.20152304.1122

采用深度级联卷积神经网络的三维点云识别与分割

Recognition and segmentation of three-dimensional point cloud based on deep cascade convolutional
neural network

光学 精密工程. 2020, 28(5): 1187-1199   https://doi.org/10.3788/OPE.20202805.1187

http://www.eope.net/
http://www.eope.net/
http://doi.org/10.3788/OPE.20202805.1212
http://doi.org/10.3788/OPE.20152304.1105
http://doi.org/10.3788/OPE.20192704.0963
http://doi.org/10.3788/OPE.20182601.0200
http://doi.org/10.3788/OPE.20152304.1122
http://doi.org/10.3788/OPE.20202805.1187


第２８卷　第５期

２０２０年５月　 　
　　　　　 　　　　 　 光学 精密工程

　OpticsandPrecisionEngineering 　 　　 　　　Vol．２８　No．５
　　May２０２０

　　收稿日期:２０１９Ｇ１２Ｇ１０;修订日期:２０２０Ｇ０２Ｇ０３．
　　基金项目:广东省普通高校特色创新项目(No．２０１８KTSCX０６１);揭阳市科技计划项目(No．２０１９００７&２０１９０６５);广

东省重大科技专项(No．２０１５B０２０２３３０１８);深圳市人工智能与机器人研究院项目(No．２０１９ＧINT０１０)

文章编号　１００４Ｇ９２４X(２０２０)０５Ｇ１２１２Ｇ０８

基于高层次融合的卷积神经网络
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摘要:为了解决神经网络前向传播过程中的硬件加速问题,设计了一套基于 FPGA 编程工具 VivadoHLS开发的

AlexNet神经网络前向传播硬件加速系统.该系统能够确保在达到相关应用要求的基础上,有效地节省开发时间并降

低开发成本.系统基于高级计算机语言C＋＋进行FPGA电路的仿真与开发,同时,灵活运用具有很高便捷性及可靠性

的 VivadoHLS中的PIPELINE和ARRAY_PARTITION指令进行系统优化.实验结果表明,AlexNet神经网络在本文

所构建的FPGA加速系统上的运行时间为２１．９５ms,比在传统 GPU 平台上的运行时７０ms少,运行速度要３倍以上.

此外,每一层的网络都实现了分开封装操作,使系统可便捷地移植到其它成熟的卷积神经网络上,加速了深度学习在各

类人工智能系统上的应用,在智能产业具有广泛的应用价值.
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Abstract:To accelerate the forwardＧpropagation process of deepＧlearning networks,a fieldＧ
programmablegatearray (FPGA)hardwareＧaccelerationsystemforAlexNetwasdevelopedusing
VivadoHighＧLevelSynthesis(HLS),whichcangreatlyreducetheFPGAdevelopmentcost．Using
VivadoHLS,developerscandesignhardwarearchitecturesonanFPGAplatformusingC/C＋＋code
insteadofahardwareＧdescriptionlanguage．WeimplementedAlexNetonanFPGAplatformusingthe



HLStool,andthenusedthePIPELINEand ARRAY_PARTITION directivestooptimizethe
proposedsystem．Anevaluationoftheproposedsystemshowsthatitsperformanceisthreetimes
betterthanatraditionalcomputingＧplatformgraphicsprocessingunit(GPU)．Inthefuture,owingto
thehighＧlevelencapsulation,thedevelopedsystemcanbeeasilytransformedintootherconvolutional
neuralnetworksforpracticaloperation,whichshowsitsgreatportabilityandpracticalapplication
value．
Keywords:deeplearning;FieldProgrammableGateArray(FPGA);highlevelsynthesis;hardware

accelerationcircuits

１　Introduction

　　Inrecentyears,ConvolutionalNeuralNetＧ
works(CNN)havebecomeanimportanttoolin
certaininformatＧicsorengineeringfields,e．g．,

computervision[１Ｇ３],signalprocessing[４Ｇ５],and
robotics[６Ｇ７],whichrequireacomplexartificial
intelligence．Othercomplicatedinterdisciplinary
applications[８Ｇ９],including stockＧprice predicＧ
tion,gasexploration,medicalimaging,etc．,

arealsoinneedofCNNs．
GraphicsProcessing Units (GPUs)have

beenwidelyusedasacceleratorsforCNNs．PotＧ
lurietal．[１０]proposedarealＧtimediscreteＧtime
CNNsystem usingaGPU developed withthe
Open Computing Language (Open CL);it
showedbettercomputingperformancethanthe
centralprocessing unit (CPU)．In addition,

Strigletal．[１１] presenteda CNN acceleration
framework,basedonaGPU,forcomplexprobＧ
lems,e．g．, Optical Character Recognition
(OCR)orfacedetection．Otherworks,incluＧ
dingcarＧplaterecognition[１２]anddenoisingprior
toimagerestoration[１３],havebeenproposeduＧ
singGPUs．GPUshavebeenproventoperform
twoto２４timesfasterthanCPUs．

TheFieldProgrammableGateArray (FPＧ
GA),a more powerfulhardwareＧacceleration
circuit,hasasmallerclockＧcyclerequirement
thanaGPUforthesametasks[１４]becauseofits
richerembeddedresources,e．g．,DigitalSignalＧ
Processing(DSP)blocks,registers,andfirstＧinＧ
firstＧoutqueues (FIFOs)[１５]．Zhangetal．[１６]

presented an FPGAＧbased accelerator for a
CNN,whichachievedapeak performanceof
６１．６２billionFloatingＧpointOperationsPerSecＧ
ond(GFLOPS)undera１００ＧMHzworkingfreＧ
quency,andprominentlyoutperformedtheother
implementations．However,theGPUiswidely
usedasadeepＧlearningcomputingplatformbeＧ
causeofitsefficientdevelopmentprocess,while
few developerschoose FPGAs．Accordingto
Ref．[１４],ittookoneperson(postdoctorallevＧ
el)two monthstodevelopaGPUＧbasedrealＧ
time phaseＧbased opticalＧprocessing system,

whileittooktwopeople(postdoctorallevel)１５
monthstofinishthesamesystemonanFPGA．

WiththedevelopmentofHighＧLevelSynＧ
thesis(HLS),Xilinxpresentedanoveltool,

Vivado HLS[１７],todesignlargeＧscalecomplex
FPGAsusinghighＧlevelcomputerlanguages[１８]．
Traditionally,developershaveneededtouseinＧ
efficient,highＧcost,lowＧlevel Hardware DeＧ
scriptionLanguages(HDLs)forFPGAdesigns．
UsingVivadoHLS,developersuseC/C＋＋inＧ
steadofHDLstodesigntheFPGAarchitecture;

then,thedesignedC/C＋＋ codecanbeautoＧ
maticallyconvertedtoaRegisterＧTransferLevel
(RTL)modelandHDL．Furthermore,Vivado
HLSprovidesdifferentdirectivestooptimizethe
FPGAdesigntoreducethesystemlatencyand
interval．Italsoshowsthedesignevaluation．

Inthispaper,wedevelopedanFPGAＧbased
hardwareＧaccelerationsystemforaCNN,which
canbeusedinarealＧtimeprocessingsystem．
Therestofthepaperisorganizedasfollows．
Section２introducestheAlexNetarchitecture．
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Section３illustratesindetailhow todevelop
AlexNetonanFPGA usingtheHLStooland
optimizetheoriginalmodelthroughoptimization
directives．A computingＧperformancecompariＧ
sonbetweentheproposedFPGAsystemanda
GPUplatformisdetailedinSection４．Section５
givesaforwardＧpropagationtest,baseduponthe
proposedFPGAsystem．Finally,Section６presＧ
entsabriefconclusionandachallengingproject
plan．

２　CNNarchitecture

　　Here,wechoseAlexNetasthedeepＧlearnＧ
ingmodeltotest．AlexNetis widelyusedin
computerＧvisiontasks[１９Ｇ２１]becauseofitsreasonＧ
abletradeＧoffsbetweenspeedandaccuracy．The
completenetworkcompriseseightlayers with
trainingweights:thefirstfiveareconvolution
layersandthelastthreearefullyconnected．A
RectifiedLinearUnit(ReLU)nonＧlinearitywas
implementedtofolloweveryconvolutionaland
fullyＧconnectedlayer．Moreover,AlexNethas
twonormalizationlayersandthreemaxＧpooling
layers．Theauthorusedasoftmaxfunctionat

Tab．１　AlexNetarchitecture

Layername Layertype Details

Conv１
９６１１×１１×３
Convolution

Stride[４　４]

Padding[００００]

Conv２
２５６５×５×４８
Convolution

Stride[１　１]

Padding[２　２　２　２]

Conv３
３８４３×３×２５６
Convolution

Stride[１　１]

Padding[１　１　１　１]

Conv４
３８４３×３×１９２
Convolution

Stride[１　１]

Padding[１　１　１　１]

Conv５
２５６３×３×１９２
Convolution

Stride[１　１]

Padding[１　１　１　１]

FC１４０９６fullyＧconnectedlayer

FC２４０９６fullyＧconnectedlayer

FC３１０００fullyＧconnectedlayer

theendofthenetworktodistributethedifferent
classlabels．IfweuseImageNetasadatasetto
trainthe network,with everyimage having
２２７×２２７×３pixels,theoutputwillbea１０００Ｇ
wayoneＧdimensionalvectorbecausethisdataset
contains １０００ different classes． The overall
AlexNetarchitectureanddetailedinformationon
eachlayerareshowninTab．１．

３　HLSＧbaseddevelopmentprocess

　　Traditionally,anFPGAcanbedevelopedat
eitherthe Gate Level (GL)orthe RegisterＧ
TransferLevel(RTL)．DesigninganFPGAin
thetraditionalmannerrequiresthedeveloperto
arrangealogicＧgatecircuittosatisfythedesired
need．Manydetailsmustbeconsidered,e．g．,

bitwidthandtimesequence,whichrequiresexＧ
tensivedevelopmenttime,evenforanexperiＧ
enceddeveloper．AccordingtoRef．[１４],which
comparedthedevelopmentcostofaGPUanda
traditionallydevelopedFPGA,theFPGA was
muchmorecomplexthantheGPU．

Toreduce FPGA developmentcostsand
meettherequirementsofmorecomplicatedcomＧ
putingtasks,thehardwareshouldbedesignedat
thealgorithmiclevel,which meansdevelopers
needonlyfocusonthehighＧlevelspecifications
oftheproblem．Forthisreason,Xilinxproduced
Vivado,anewFPGAＧdevelopmentkit,forsynＧ
thesizingandanalyzingHDLarchitectures．One
ofVivado′smostimportanttoolsisHLS,which
acceptssynthesizablesubsetsofANSIC/C＋＋,

SystemC,andMatlab．Thecodeisanalyzedand
automatiＧcallyconvertedintoanRTLmodeland
an HDL,whichistraditionally generated by
gateＧlevellogicＧsynthesisdevelopmentsoftware．

Figure１showstheworkflowfortheFPGA
developmentofAlexNetusingVivadoHLS．In
thissystem,weusedC/C＋＋ asthedevelopＧ
mentlanguageandsetallofthecomputationsto
useasinglefloatingＧpointdatatype．First,we
designed AlexNetusingahighＧlevellanguage
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(C/C＋ ＋)andconductedsimulationexperiＧ
ments．Oncetheexperimentalresultsmetour
requirements,theC/C＋＋ codewasconverted
toHDLandtheRTL modelwasautomatically
generatedthrough HLS．Furthermore,Vivado
HLSprovidesC/RTLcoＧsimulationtosimulate
differentFPGAonＧchipenvironmentsandevaluＧ
atetheuseoflogicＧgateresourcesintheproＧ
posedsystem．

Fig．１　DevelopmentworkflowforAlexNetonanFPGA

TooptimizetheFPGA design,HLShas
differentdirectivesthatreducethelatencyand
interval．AnoptimizationdirectiveinHLSisanＧ
otherpowerfultooltohelpdevelopersdesignan
FPGAatthealgoＧrithmiclevel．Itcanproducea
microＧarchitecturethat meetsthe desired reＧ
quirementandareagoals．WeappliedthePIPEＧ
LINE and ARRAY _ PARTITION directives
here．Through the PIPELINE directive,the

nextexecutioncanstartbeforethecurrentexeＧ
cutionhasfinished,whichgreatlyreducesthe
initiationinterval．TheARRAY_PARTITION
directivecanpartitionlargearraysintomultiple
smallerarraysorintoindividualregisters,imＧ
provingtheaccesstodataandremovingblockＧ
RAMbottlenecks,whichhelpstoreducethelaＧ
tency．Figure２showsanexampleofusingthe
optimizationdirectivesinVivadoHLS．

After optimization,the proposed system
canbeencapsulatedintoanintellectualproperty
(IP)core．WecandirectlycalltheIPcorefrom
theFPGAdevelopmentplatformtocompletethe
processofdevelopinganFPGAthrough HLS,

fromtheC/C＋＋programtotheFPGAonＧchip
system．

Fig．２　UsingoptimizationdirectivesinoneconvoluＧ
tionlayer

４　SystemＧperformancecomparison

　　TheproposedsystemimplementedapreＧ
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trainedAlexNetmodelwith６０．５kparameters
onaXilinxxcvu９pＧflgb２１０４Ｇ２ＧiFPGA device．
andthedevelopmentenvironmentwas Vivado
２０１７．４．Theoperatingfrequency wassetto
１００MHz．Forcomparison,weimplementedthe
samemodelwiththesameparameterbitwidthin
theanNVIDIA９６０mGPUwitha１２ＧGBＧmemＧ
ory workingenvironment,developedbyusing
Matlab２０１８b．

Theperformancecomparisonbetweenthe
FPGAandGPUplatformsisshowninFigure３．
Ittook２１．９５msfortheproposedFPGAsystem
tocompletetheforwardＧpropagationprocedure
fora２２７×２２７×３pixelimage．Ittook７０mson
thetraditionalGPUplatform．Thus,thecomＧ

putingspeedontheFPGAplatformisoverthree
timesfasterthantheGPUone．

Fig．３　PerformancecomparisonbetweentheFPGA

andGPUplatforms

Fig．４　RunningtimeofeachlayerinAlexNet

Moreover,thedetailedrunningtimeofeach
layerisshowninFigure４．Theexecutiontime
decreasedfromthefirsttolastconvolutionlayＧ
ers,becausethenumberofparameterswasreＧ
ducedaftereveryconvolutionlayer．Although
there wereonlythreefullyＧconnectedlayers,

theytook６３．９３％oftheentireexecutiontimeto
perform,asshowninFigure５．Table２indiＧ
catestheresourceutilizationoftheproposedsysＧ
tem,whichiswithinthelimitofthechosenFPＧ
GAboard．

Fig．５　PerformancecomparisonbetweentheconvoＧ
lutionlayersandfullyＧconnectedlayers

Tab．２　 ResourceutilizationofXilinxxcvu９pＧflＧ

gb２１０４Ｇ２Ｇi

Resource Unitsutilized Unitsavailable Utilization

BRAM １１２４ ４３２０ ２６．０１％

DSP ６６８６ ６８４０ ９７．７４％

FF １４０４３５７ ２３６４４８０ ５９．３９％

LUT １０７５０７８ １１８２２４０ ９０．９３％

５　ForwardＧpropagationtest

　 　ToputtheproposedFPGA systeminto

practice,weusedatabbycatasoneofourtest
inputs．ItwasobtainedfromtheImageNetdataＧ
base,whichcontains１０００differentclassificaＧ
tionsand wascreatedbytheStanford Vision
Lab,Stanford University．Figure６showsthe
inputtestimageandthefeaturemapsofeach
convolutionlayer,whichindicatesthesuccessful
forwardＧpropagationprocessoftheproposedFPＧ
GAsystem．Withtheforwardpropagation,the
featuremapsbecomelessvisuallyreadablefor
humanbeings,butmoremathematicallyunderＧ
standablefortheAlexNetmodel,asshownin
Figures６(b)to６(f)．Figure７showsthepredicＧ
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tionresultsoftheinputimageafterthethree
fullyＧconnectedlayersandasoftmaxfunction．
ThesuccessfulimplementationoftheforwardＧ

propagationtestprovesthatthesystemcanbe
furtherusedinotherrelatedtasks．

Fig．６　(a)Inputtestimage;(b)to(f)outputfeaＧ

turemapsofeachconvolutionlayer

Fig．７　PredictionprobabilityresultsofthecatＧimage
test

Asfuturework,theproposedFPGAＧbased

AlexNetnetworksystemwillbeusedforfurther

studies．Forexample,ahumanＧrobotinteraction

system,consistingofaUR５robotarm,Kinect

camera,forcesensor,andinfraredsensor,will

bebuiltinourlaboratory．Thesystem′simageＧ

processingspeedshouldbeasfastaspossibleto

makeitmorestableandsensitive．Duetoits

limitedresourcesandfixed circuit design,a

GPUisnotasapplicabletothisspecifictaskas

anFPGA．

６　Conclusion

　　ThispaperproposedanFPGAＧbasedhardＧ

wareＧaccelerationsystemforadeeplearningnetＧ

work．ThenovelVivadoHLSwasusedasthe

developmenttool,insteadofatraditionalHDL．

ItenableddesignsatthealgorithmicleveltoreＧ

ducethedevelopmentcost．AlexNetwasselectＧ

edasthedeepＧlearningmodeltotestintheproＧ

posedsystem．Intheevaluation,thesystem

showedbetterperformancethana GPU．The

proposedsystemcanbefurtheremployedinvaＧ

riouspracticalprojects,e．g．,humanＧrobotinＧ

teractionsystems,selfＧdrivingcars,andoptical

signalprocessing,toacceleratetheprocessing

procedure,whiledealingwithlargeＧscalecomＧ

plexinputdata．Thesystemcanbedividedinto

separatelayers,which meansitcanbesimply
andflexiblytransformedintoothersimilarconvＧ

olutionalneuralnetworksandusedindifferent

applicationscenarios．
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