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Feature extraction Classification
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class PointNetFeat(torch.nn.Module):
def __init_ (self):
super().__init_ ()

self.convl = torch.nn.Convld(3, 64, 1)
self.conv2 = torch.nn.Convld(64, 64, 1)
self.conv3 = torch.nn.Convld(64, 64, 1)
self.conv4 = torch.nn.Convld(64, 128, 1)
self.conv5 = torch.nn.Convld(128, 1024, 1)
self.bnl = torch.nn.BatchNormld(64)
self.bn2 = torch.nn.BatchNormld(64)
self.bn3 = torch.nn.BatchNormld(64)
self.bn4 = torch.nn.BatchNormld(128)
self.bn5 = torch.nn.BatchNormld(1624)

def forward(self, x: torch.Tensor):
# "x° 1s of size [B, N, 3]

= x.shape[1]

‘x" 1s of size [B, 3, N]

= X.transpose(1l, 2)

X ®#% 2
x

‘X" 1is of size [B, 1024, N]J

.relu(self.bnl(self.convi(x)))
.relu(self.bn2(self.conv2(x)))
.relu(self.bn3(self.conv3(x)))
.relu(self.bn4(self.conv4(x)))
.relu(self.bn5(self.conv5(x)))

X X X X X H#
o
b B s B s B 3

# “x° 1s of size [B, 1024]
x = torch.max(x, dim=2)[0]

return x

class PointNetCls(torch.nn.Module):
def __init_ (self, num_classes: int):
super().__init_ ()

# Feature extraction
self.feat = PointNetFeat()

# Classification network

self.fcl = torch.nn.Linear (1024, 512)
self.fc2 = torch.nn.Linear(512, 256)
self.fc3 = torch.nn.Linear (256, num_classes)
self.bnl = torch.nn.BatchNormld(512)
self.bn2 = torch.nn.BatchNormld(256)

def forward(self, x):
# “x° 1s of size [B, N, 3]
# “x° 1s of size [B, 1024]


https://github.com/sterngerlach/advent_2022_point_cloud_classification

x = self.feat(x)

# “x° 1s of size [B, “num_classes’]
x = F.relu(self.bnl(self.fcl(x)))

x = F.relu(self.bn2(self.fc2(x)))

x = self.fc3(x)

return x
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Feature extraction Classification
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ST DDICLENRT, EMNTET, ARLANDRL, FEENELEULET, BLU. C/IC+TRRT D&
WO THE. BEDOYVI MITVHREEGEFHENERDEX T, malloc)PnenlIEBERIADE., INSBIC
KTF I Dstd: :vector’TR EDBFRFT —FEREFEZRNDT., BERDEIICESTWI TESICMNUET. =
1—SIL3RY MEBAXPEET, —MICIFREDTZEMEZ I DD T, FPGALICERLPINTY,

BAIEREDY—ILEUT. XilinxttdVitis HLS 2022 1&FBULET . FEREMRDFPGAE LT, Xilinx
ZCU104 Evaluation Board (XCZU7EV-2FFVC1156)Z{EL\E T, Xilinx ZCU104(C (&, FPGAD(FMZ. U7
w R177 ARM Cortex-A53 CPU (1.2GHz) & 2GBMDRAMEREEH SN TH D, Linuxh EMELE T,

B3, PointNetDIPI7ZRUET (EHEGItHUbD URS NUEZEL &), BaikyY—ILo/\yIT
> RAGCC 6.2TIDT. C++14X°C++17D—EPHEENFIBTEEI. BL. V—ILD/\ T ZBEOHELN
TRVNDT., HEDEED TEHBEIENDIRNKDICLULTVET,

// Size of the PointNet classification network
// Refer to net/model.py for details

// Size of the feature extraction network

constexpr const int kFeatDims@ = 3;
constexpr const int kFeatDimsl = 64;
constexpr const int kFeatDims2 = 64;
constexpr const int kFeatDims3 = 64;
constexpr const int kFeatDims4 = 128;
constexpr const int kFeatDims5 = 1024;

// Size of the classification network
// ModelNet40 has 40 object classes

constexpr const int kClsDims@ = kFeatDims5;
constexpr const int kClsDimsl = 512;
constexpr const int kClsDims2 = 256;
constexpr const int kClsDims3 = 40;

// Top function

void PointNetClsTop(const int op_mode,
const float* point_cloud,
const int num_points,
float* out_logits,
const float* feat_paramsl,
const float* feat_params2,
const float* feat_params3,
const float* feat_params4,
const float* feat_params5,



const float* cls_paramsl,

const float* cls_params2,

const float* cls_params3)
{
#pragma HLS INTERFACE m_axi port=point_cloud offset=slave bundle=gmem@
#pragma HLS INTERFACE m_axi port=out_logits offset=slave bundle=gmemo
#pragma HLS INTERFACE m_axi port=feat_paramsl offset=slave bundle=gmem@
#pragma HLS INTERFACE m_axi port=feat_params2 offset=slave bundle=gmem@
#pragma HLS INTERFACE m_axi port=feat_params3 offset=slave bundle=gmem@
#pragma HLS INTERFACE m_axi port=feat_params4 offset=slave bundle=gmem@
#pragma HLS INTERFACE m_axi port=feat_params5 offset=slave bundle=gmemo
#tpragma HLS INTERFACE m_axi port=cls_paramsl offset=slave bundle=gmem@
#pragma HLS INTERFACE m_axi port=cls_params2 offset=slave bundle=gmem@
#tpragma HLS INTERFACE m_axi port=cls_params3 offset=slave bundle=gmem@

#pragma HLS INTERFACE s_axilite port=op_mode bundle=control
#pragma HLS INTERFACE s_axilite port=point_cloud bundle=control
#tpragma HLS INTERFACE s_axilite port=num_points bundle=control
#pragma HLS INTERFACE s_axilite port=out_logits bundle=control
#pragma HLS INTERFACE s_axilite port=feat_paramsl bundle=control
#pragma HLS INTERFACE s_axilite port=feat_params2 bundle=control
#pragma HLS INTERFACE s_axilite port=feat_params3 bundle=control
#pragma HLS INTERFACE s_axilite port=feat_params4 bundle=control
#pragma HLS INTERFACE s_axilite port=feat_params5 bundle=control
#pragma HLS INTERFACE s_axilite port=cls_paramsl bundle=control
#pragma HLS INTERFACE s_axilite port=cls_params2 bundle=control
#pragma HLS INTERFACE s_axilite port=cls_params3 bundle=control
#tpragma HLS INTERFACE s_axilite port=return bundle=control

// Parameters for feature extraction
LinearParams<param_t, kFeatDims@, kFeatDimsl> feat_convl;
LinearParams<param_t, kFeatDimsl, kFeatDims2> feat_conv2;
LinearParams<param_t, kFeatDims2, kFeatDims3> feat_conv3;
LinearParams<param_t, kFeatDims3, kFeatDims4> feat_conv4;
LinearParams<param_t, kFeatDims4, kFeatDims5> feat_conv5;
BatchNormldParams<param_t, kFeatDimsl> feat_bnl;
BatchNormldParams<param_t, kFeatDims2> feat_bn2;
BatchNormldParams<param_t, kFeatDims3> feat_bn3;
BatchNormldParams<param_t, kFeatDims4> feat_bn4;
BatchNormldParams<param_t, kFeatDims5> feat_bn5;

// Parameters for classification network

// LinearParams<param_t, RClLsDims®@, RCLsDimsl1> cls_fcl;
// LinearParams<param_t, RClLsDims1, RClLsDims2> cls_fc2;
LinearParams<param_t, kClsDims2, kClsDims3> cls_fc3;
BatchNormldParams<param_t, kClsDims1> cls_bni;
BatchNormldParams<param_t, kClsDims2> cls_bn2;

// Extracted feature
value_t feature[kFeatDims5];

if (op_mode == kModeInitWeights) {
// Initialize the PointNet feature extraction network
InitializeFeatNaive<param_t>(
&feat_convl, &feat_conv2, &feat_conv3, &feat_conv4, &feat_convs,
&feat_bnl, &feat_bn2, &feat_bn3, &feat_bn4, &feat_bn5,
feat_paramsl, feat_params2, feat_params3, feat_params4, feat_params5);
// Initialize the classification network
InitializeClsNaive<param_t>(
&cls_fc3, &cls_bnl, &cls_bn2,
cls_paramsl, cls_params2, cls_params3);
} else if (op_mode == kModeInference) {
// Run the PointNet feature extraction
InferenceFeatNaive<value_t, param_t, 1024>(
point_cloud, num_points, feature,
&feat_convl, &feat_conv2, &feat_conv3, &feat_conv4, &feat_conv5,
&feat_bnl, &feat_bn2, &feat_bn3, &feat_bn4, &feat_bn5);

// Run the classification
InferenceClsNaive<value_t, param_t>(
feature, out_logits,
&cls_fc3, &cls_bnl, &cls_bn2,
cls_paramsl, cls_params2, cls_params3);
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#pragma HLSD‘B&E‘?%'/T:I(I\ _IC-;-'—J_'ﬁLL/El\ Y =)L LT, C/C++D\5RTL(:§}@3—5B§@E\/ hrz5XFXT (le\
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#pragma HLS INLINE off &9 D E. TDEENA 2 SAVERHSNRAKRADET wd, 1DOEZ1-ILEU
TESND). REREHTHNE. BFNCA>SAVERINDICEEHDFERAN. 2DEHMASLT
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AU T, sZ1DIEFED. ENZFEVELEARVNTLL D,



void B(const float x_in[10], float y out[10])

{
#pragma HLS INLINE

// BIS5HDILE
}

void A(const float x_in[10], float y out[10])

{
float x0[10];

float x1[10];

B(x_in, x0);

B(x0, x1);

B(x1, y out);
}

#pragma HLS INTERFACE m_axic=. #pragma HLS INTERFACE s_axiliteDERiiD'BIZBEIH. AHHIR— b HIX(E
feat_params1) [CXH U T ZD2DDHLS TSI %ELiMT D&, IPOT7AINSDRAMINY J 7 ZiHESTED
EDCRDET., FAESDRRCIE. AXIEKENDTOMILEERUEI N, #pragma HLS INTERFACE m_ax
CR D TENEIBETEET (IPOVAINYRI—(CIRDZETD),

VI RO 7RINSE. EIR—BIHUT, Ny I 7OYEE7 RLRXZEIDETT, MR—b&/\y T 7 &if
DIFET. BR-BIE. MBV RLRAERETDEHDHIEL XS ZVERRT DNENSD D, #pragma HLS
INTERFACE s_axilite(CKRD CENZEFEIRTEET (IPOVAINSHBDERXL—TTY), op_mode. num_points(C
FHUTELZRAIZVERRUET . port=return& U TWLVDITIE, IPOVVHAOHIEIL X %ERK L. CPURIMN
SIPO7DEMEZRIELTIZ D, AREE (71 RIVIRRRIRDONEMEFN) ZHHE DD ITDZHICHETT,
NSDLXEE. VI RDI 7RIS, AEUNYT MOBKIUAXI-Lite 7O R VLICK D THRAESE
nxd.

BALDR— E5(E PyTorchOEFTILTERLUZ, BED/(SA—INGZHHHENET (—RTDEY &
LT, 2ETCO/NSA-FIHEF=NET).

e feat_paramsl: PointNetFeat::convl + PointNetFeat::bniD/\S X —%
U feat_paramsz:PointNetFeat::convZ4'PointNetFeat::bn20)/ff§)(——f7
U feat_paramsBZPointNetFeat::coan*'PointNetFeat::bn30)/ff§>(—-f7
e feat_params4: PointNetFeat::conv4 + PointNetFeat::bnaD/\S5 X —%
e feat_params5: PointNetFeat::conv5 + PointNetFeat::bnsD/\S X —4
. cls_paramsl:PointNetCls::fcl*'PointNetCls::bnlO)/tfﬁ)(——f9

U cls_paramSZZPointNetCls::Fcz*'PointNetCls::bn20)/ff§>(—-f9

U cls_paramsBZPointNetCls::FCBGD/CE5>(——47

void PointNetClsTop(const int op_mode,
const float* point_cloud,
const int num_points,
float* out_logits,
const float* feat_paramsl,
const float* feat_params2,
const float* feat_params3,
const float* feat_params4,
const float* feat_paramss,
const float* cls_paramsi,
const float* cls_params2,
const float* cls_params3)

{

/e
}
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9. ABDERNDRTEZInDims. OutDims& g2 & EH /A FXDY A X(F(OutDims, InDims)



. (OutDims)&R0DET., APz € REDS sz W ¢ ROutDimsxInbims {57 2p ¢ ROuDms 352
L= Hhy € ROuDims(mp LS ([CEHEENET .

y=Wx+b

torch.nn.BatchNorm1dD/\S A= & U TIE. Y, RERE. EH. \ATFRDADNHZEIFSNFET. AH
HORTZEDIMSEFTDE, INB4DDINSGA—FDHY A X(F(Dims) T . I, R&ERE. EEH. /A
VA, o, w,b e ROWSHHZEE Ahe € RP™ (LT Yy € RP™(ERDLS (CEtEENET.

yi:u.wi+bi (¢=1,...,Dims)

\oi+e

eld. COREZBSTZHDNSIREDETT, z;(d. cDHEIERTY (EEE). LiLzHd .
w;/1/ 02 + DD EF(CHETEZITENDNDET, wEoDMARFESHEEEART, RESIUE

FROFEZERTEFT, Fle, AFVINYIF7OFEREZHIRTEEI, MlNVGEICHRIFTIN
DY —XFHIDKEIAFPGALICEREIDHEEFEETT . N FIEREDABE>UTOLSCLET,

yi = (x; —pi) - s; +b; (i=1,...,Dims)

FRDs; . CTTRE>RT=IVEFERTECUET, /SA—F(E Fu, I\ T7Rb. AT—IL
s € RPMS(D3D(CIRDET, sDstE(d. EFILOEMEEECY I RNIT P ETIFSTEICUET,

I\ FIEFRUEDEICReLUBEMHEN ST ESNE T, BEZEHA(CREIDLDE. FELHTUEROZHIHH
ENKXNDT, /Oy FIEFE EReLUEMAEZRD KL D (CE EHFT (RBEILED3: FTEDRGHRIL),

y; = max (0, (z; — p;) - s; +b;) (i =1,...,Dims)

BE(CMaxT—U>JBTIN, FRd@ED. FRICHTIO—H/UFHEY,; ¢ R e, BEDIO-N
IS¢ c RIOMEm, BHRC EDmax(CBEEMIFUR. MaxT—U>IBOFERRDKIS(CRDE
3_0

¢; = max (¢;,%;) (i=1,...,1024)

=7C. \J—Zj—F@Linear‘Par‘amSG, InDims_, OutDims_>*§iﬁﬁ(C\ BatchNormldParams<T, Dims_>*§iﬁﬁ§(1\ %
== (ConvldBckULinear‘) & N FIERIEE (BatchNorm1d) DINSA—FZENTENFTEDHIZEDTT,

// Parameters for fully-connected Llayers
template <typename T, int InDims_, int OutDims_>
struct LinearParams
{
enum
{
InDims = InDims_,
OutDims = OutDims_,

s

T weight[OutDims][InDims];
T bias[OutDims];
¥

// Parameters for 1D batch normalization Llayers
template <typename T, int Dims_>
struct BatchNormldParams

{

enum

{
Dims = Dims_,

}s

// “scale” 1is obtained by multiplying weights and reciprocal of the
// square root of the standard deviation (to reduce the computational cost)
T scale[Dims];



T bias[Dims];
T mean[Dims];

s

PointNetC1sTop T (. PyTorch CERSNICETILOEZEBICHIEL T, UTDORIR/INSA—-FINEE =N
ESE N

e feat_convl: PointNetFeat::conviDEH. /17X

e feat_conv2: PointNetFeat: :conv2DEEFH, }R‘477\

e feat_conv3: PointNetFeat: :conv3DEH, /17X

e feat_conv4: PointNetFeat: :convaDEH. I\1 77X

e feat_convs: PointNetFeat::convsDEFH. /17X

e feat_bnl: PointNetFeat::bn1MD, JN\AT7 R, XT—)L
e feat_bn2: PointNetFeat: :bn2DFLT INA TR, RT—=)L
e feat_bn3: PointNetFeat: :bn3MDF1I, INAM PR, RT—=)L
o feat_bna: PointNetFeat::bnadDFS, /N7 R, XT—)L
e feat_bn5: PointNetFeat: :bnsDILT, INAMT7 R, RT—)L
e cls_fc3: PointNetCls: FaDEH. I\AT7X

® cls_bnl: PointNetCls: :bn1 DI, INAMT7R. RT—=)L

e cls_bn2: PointNetCls::bn2dDFI, J\A 7R, AT—)L

FEdhit Ry DO —ODETORBD/I\SA—F(F, #HimeMIad DRICFD. A>FYITAEY LICENT
HBEFI. —H. DERY NID—TDEHEEE2D (PointNetCls: :fcl, PointNetCls::fc2) D/\SA—F(F, A
SFYVITAEYLCEFBIMRNKDICUET, N\SA=FHAINKELL AFYITATUNRET D
HTT, CNSDEICDNTIE, HERIFICDRAM/\Y J 7 SiAHUET, SR E. /ISA-FD
—88ZDRAM/\y J 7 SEDH U T, BHDO—EZABITDCEZEDERLUET ., —8D/(SA-FZR
FIREHIC. NERAFYI/N\Y I7ZABINELLIRDET,

gty RO —2J(CDNW T NEE TSRS U THEhMEZIT D728 (C. NEIDIRGEN R DX
Yo HERIFREIDIINTEHOHDEENARETVDT, 1EDIEGEICET D ERMZSIEEEcENE. £
ROHERIFRIDARIBIRITHE(CDRNOF T (P LAY—IDER). —7. DRy ND—DDIRMEIEF1ER
T, HREFBOIINDTIFENEEBETEDDFERA, /(SA—FZAZTFYVITAEYICEHITIEMNT D
DELERT, #EREF(CDRAM/\Y I 7 W\ 55T & BOFTERRE MPOTUENE I, #HRERE(CS
ADFHEFTNEEREIHDEEA

| 5—om

Vitis HLST (&, {EEHEE DRBIE/\ERE B ap_fixed AR SNTVE T, BEIFEFE/)\ S floatt®, 45
EZE/ NS half EFIATEFT. CITRYV-RHEEZINZDZH(C. BIENERBZENET,
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// Value types
template <int _AP_W, int _AP_I>
using ap_fixed_sat = ap_fixed<
_AP_W, _AP_I, ap_q_mode::AP_TRN, ap_o_mode: :AP_SAT, 0>;

// Data type for values (lLayer inputs, outputs, and intermediate results)
using value_t = ap_fixed_sat<kValueBitWidth, kValueIntWidth>;



// Data type for network parameters
using param_t = ap_fixed_sat<kParamBitWidth, kParamIntWidth>;
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T, CCTRIIPOZICIE. 2DDEEE— R (Operation mode) NAEENTWLET,

o« EHYIEALE—R (kModeInitWeights): BEHZDRAM/\Y T 7S5 AED T, A>Fv T\ T 7 (&
ERSR
o HFHE— B (kModeInference): ANNREINS, FUSADOTY hEFTET B,
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// Naive implementation of the parameter initialization

// “T  1is the type for parameters

template <typename T>

void InitializeFeatNaive(LinearParams<T, kFeatDims®, kFeatDimsl>* convil,
LinearParams<T, kFeatDimsl, kFeatDims2>* conv2,
LinearParams<T, kFeatDims2, kFeatDims3>* conv3,
LinearParams<T, kFeatDims3, kFeatDims4>* conv4,
LinearParams<T, kFeatDims4, kFeatDims5>* conv5,
BatchNormldParams<T, kFeatDims1>* bnl,
BatchNormldParams<T, kFeatDims2>* bn2,
BatchNormldParams<T, kFeatDims3>* bn3,
BatchNormldParams<T, kFeatDims4>* bn4,
BatchNormldParams<T, kFeatDims5>* bn5,
const float* paramsl,
const float* params2,
const float* params3,
const float* params4,
const float* params5)

{
#pragma HLS INLINE off

ReadBlockParamsNaive<T, kFeatDims®, kFeatDimsl1>(convl, bnl, paramsl);
ReadBlockParamsNaive<T, kFeatDimsl, kFeatDims2>(conv2, bn2, params2);
ReadBlockParamsNaive<T, kFeatDims2, kFeatDims3>(conv3, bn3, params3);
ReadBlockParamsNaive<T, kFeatDims3, kFeatDims4>(conv4, bn4, params4);
ReadBlockParamsNaive<T, kFeatDims4, kFeatDims5>(conv5, bn5, params5);

}

// Naive implementation of the parameter initialization

// "T  1is the type for parameters

template <typename T>

void InitializeClsNaive(LinearParams<T, kClsDims2, kClsDims3>* fc3,
BatchNormldParams<T, kClsDimsl>* bnl,
BatchNormldParams<T, kClsDims2>* bn2,
const float* paramsl,
const float* params2,
const float* params3)

{
#pragma HLS INLINE off

ReadBatchNormldParamsNaive<T, kClsDims1>(

bnl, paramsl, kClsDims@ * kClsDimsl + kClsDims1);
ReadBatchNormldParamsNaive<T, kClsDims2>(

bn2, params2, kClsDimsl * kClsDims2 + kClsDims2);
ReadLinearParamsNaive<T, kClsDims2, kClsDims3>(

fc3, params3, 0);

}

NS DD TIL. ReadBlockParamsNaive. ReadLinearParamsNaive. € U CReadBatchNormidParamsNaive@D3
DOBEEBETFNEHUTWET, ZFEIRDOLISBREETYT GEHIEY —XO—RZ2IESBIZE0),
DRAM/\w J 7 FIC(Ffloat B TENMN TLVEITH . CNEBEE/NSSBBCEITUIEBRESENET,



e ReadlLinearParamsNaive<T, InDims, outDims>: DRAM/\w J 75, 2FEEE (conviddS KTLinear) DEH
ENNA T R = 5AHD, BHDOY A X(F(outdims, Indims), /N 77 RXDH A X(d(outbims) THD. 2D
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// Naive implementation of the PointNet feature extraction

// T 1is the type for Llayer input, output, and intermediate results

// "U" 1is the type for parameters

// "N 1is the expected number of input points (e.g., 1024)

template <typename T, typename U, int N>

void InferenceFeatNaive(const float* point_cloud,
const int num_points,
T feature[kFeatDims5],
const LinearParams<U, kFeatDims@, kFeatDims1>* convl,
const LinearParams<U, kFeatDims1l, kFeatDims2>* conv2,
const LinearParams<U, kFeatDims2, kFeatDims3>* conv3,
const LinearParams<U, kFeatDims3, kFeatDims4>* conv4,
const LinearParams<U, kFeatDims4, kFeatDims5>* conv5,
const BatchNormldParams<U, kFeatDimsl1>* bnl,
const BatchNormldParams<U, kFeatDims2>* bn2,
const BatchNormldParams<U, kFeatDims3>* bn3,
const BatchNormldParams<U, kFeatDims4>* bn4,
const BatchNormldParams<U, kFeatDims5>* bn5)

{
#pragma HLS INLINE off

// Zero-1initialize the output feature
VectorNdSetZero<T, kFeatDims5>(feature);

// Compute the feature

for (int i = 0; i < num_points; ++i) {
#pragma HLS LOOP_TRIPCOUNT min=N max=N avg=N
#pragma HLS LOOP_FLATTEN off

// Input, output, and intermediate results
T x0[kFeatDimso];
T x1[kFeatDims1]
T x2[kFeatDims1]
T x3[kFeatDims2]
T x4[kFeatDims2];
T x5[kFeatDims3];
T ]
T ]
T ]
T ]
T 5

3

E}

E}

3

x6[kFeatDims3
x7[kFeatDims4
x8[ kFeatDims4
x9[kFeatDims5
x10[ kFeatDims

E}

5

1;

// Read a point from a DDR memory
ReadPointNaive<T>(point_cloud, i, x0);

// Compute a point feature
LinearNaive<T, U, kFeatDims@, kFeatDimsl, false>(
x0, x1, convl->weight, convl->bias);
BatchNormldReLUNaive<T, U, kFeatDims1>(
x1, x2, bnl->scale, bnl->bias, bnl->mean);
LinearNaive<T, U, kFeatDimsl, kFeatDims2, false>(
X2, x3, conv2->weight, conv2->bias);
BatchNormldReLUNaive<T, U, kFeatDims2>(
X3, x4, bn2->scale, bn2->bias, bn2->mean);



LinearNaive<T, U, kFeatDims2, kFeatDims3, false>(

x4, x5, conv3->weight, conv3->bias);
BatchNormldReLUNaive<T, U, kFeatDims3>(

x5, X6, bn3->scale, bn3->bias, bn3->mean);
LinearNaive<T, U, kFeatDims3, kFeatDims4, false>(

X6, X7, conv4->weight, conv4->bias);
BatchNormldReLUNaive<T, U, kFeatDims4>(

X7, X8, bn4->scale, bn4->bias, bn4->mean);
LinearNaive<T, U, kFeatDims4, kFeatDims5, false>(

x8, x9, conv5->weight, conv5->bias);
BatchNormldReLUNaive<T, U, kFeatDims5>(

x9, x10, bn5->scale, bn5->bias, bn5->mean);

// Update the output feature
MaxPoolldNaive<T, kFeatDims5>(x10, feature);
}
}

// Naive implementation of the classification network
// "T  1is the type for layer input, output, and intermediate results
// "U 1is the type for parameters
template <typename T, typename U>
void InferenceClsNaive(const T feature[kFeatDims5],
float* out_logits,
const LinearParams<U, kClsDims2, kClsDims3>* fc3,
const BatchNormldParams<U, kClsDims1>* bnil,
const BatchNormldParams<U, kClsDims2>* bn2,
const float* paramsl,
const float* params2,
const float* params3)

{
#pragma HLS INLINE off

static_assert(kFeatDims5 == kClsDims@,
"Feature dimension should be equal to the input dimension");

// Input, output, and intermediate results
x0[kClsDims1];

x1[kClsDims1
x2[kClsDims2
x3[kClsDims2
Xx4[kClsDims3

5

5

5

— -+

5

// Compute Llogits
LinearNaiveDDR<T, U, kClsDims@, kClsDims1, false>(
feature, x0, paramsl, 9);
BatchNormldReLUNaive<T, U, kClsDims1>(
x0, x1, bnl->scale, bnl->bias, bnl->mean);
LinearNaiveDDR<T, U, kClsDims1l, kClsDims2, false>(
x1, x2, params2, 0);
BatchNormldReLUNaive<T, U, kClsDims2>(
x2, X3, bn2->scale, bn2->bias, bn2->mean);
LinearNaive<T, U, kClsDims2, kClsDims3, false>(
x3, x4, fc3->weight, fc3->bias);

// Write the result
WriteTensorldNaive<T, kClsDims3>(out_logits, x4, 0);
}
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// Naive implementation of the fully-connected Llayer
// T 1is the type for values
// “TParam™ 1is the type for weight and bias
// “InDims” 1is the number of input dimensions
// “OutDims” 1is the number of output dimensions
// “ApplyRelU" 1is the flag to apply RelLU activation
template <typename T, typename TParam,
int InDims, int OutDims, bool ApplyRelLU>

void LinearNaive(const T x[InDims],

T y[OutDims],

const TParam weight[OutDims][InDims],

const TParam bias[OutDims])

{
#pragma HLS INLINE off

for (int i = 0; 1 < OutDims; ++i) {
#pragma HLS PIPELINE off
T val = bias[i];

for (int j = 0; j < InDims; ++j) {
#pragma HLS PIPELINE
val += x[j] * weight[i][]];
}

if (ApplyRelU)
y[i] = val > T(®) ? val : T(0);
else
y[i] = val;
¥
¥

// Naive implementation of the fully-connected layer
// Weight and bias parameters are stored on the DDR memory
template <typename T, typename TParam,
int InDims, int OutDims, bool ApplyRelLU>
void LinearNaiveDDR(const T x[InDims],
T y[OutDims],
const float* params,
const int offset)
{
// “params’ contains weight parameters of size ( OutDims, “InDims’) and
// bias parameters of size ("OutDims ) in a contiguous buffer

#pragma HLS INLINE off
constexpr const int OffsetToBias = OutDims * InDims;
TParam bias[OutDims];

// Copy the bias parameters in advance
for (int i = 0; i < OutDims; ++i) {
#pragma HLS PIPELINE II=1
bias[i] = TParam(params[offset + OffsetToBias + i]);

}

for (int i = @0; 1 < OutDims; ++i) {
#pragma HLS PIPELINE off
T val = bias[i];

TParam weight[InDims];

for (int j = 0; j < InDims; ++j) {
#pragma HLS PIPELINE II=1
weight[j] = TParam(params[offset + i * InDims + j]);

}

for (int j = 0; j < InDims; ++j) {
#pragma HLS PIPELINE
val += x[j] * weight[j];
}

if (ApplyRelU)

y[i] = val > T(@) ? val : T(0);
else

y[i] = val;



}

// Naive implementation of the 1D batch normalization and RelLU activation

// “T  1is the type for values
// “TParam™ 1is the type for parameters
// "Dims” 1is the number of 1input and output dimensions
template <typename T, typename TParam, int Dims>
void BatchNormldReLUNaive(const T x[Dims],
T y[Dims],
const TParam scale[Dims],
const TParam bias[Dims],
const TParam mean[Dims])

{
#pragma HLS INLINE off

for (int i = 0; i < Dims; ++i) {
#pragma HLS PIPELINE
// Batch normalization with the learned parameters
T val = (x[i] - mean[i]) * scale[i] + bias[i];
// RelU activation
y[i] = val > T(@) ? val : T(0);
}
}

// Naive implementation of the 1D max-pooling Llayer
// "T  1is the type for values
// "Dims’ 1is the number of input and output dimensions
// "y must be properly initialized
template <typename T, int Dims>
void MaxPoolldNaive(const T x[Dims], T y[Dims])
{
// “x* 1s of size (1, 'Dims’)
// "y 1is of size (1, “Dims’)

#pragma HLS INLINE off

for (int 1 = 0; i < Dims; ++1i) {
#pragma HLS PIPELINE
y[i]l = x[i] > y[i] ? x[i] @ y[i];
}
}
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// Parallel implementation of the fully-connected Layer
// Matrix-vector multiplication is parallelized along the output dimension

// T 1is the type for values



// “TParam™ 1is the type for weight and bias
// “InDims” 1is the number of input dimensions
// “OutDims” 1is the number of output dimensions
// “ApplyRelU" 1is the flag to apply RelLU activation
// "B 1is the block size for the output dimension
template <typename T, typename TParam,
int InDims, int OutDims, bool ApplyRelU, int B>

void LinearOptil(const T x[InDims],

T y[OutDims],

const TParam weight[OutDims][InDims],

const TParam bias[OutDims])

{
#pragma HLS INLINE off

// “OutDims™ must be a multiple of "B’
static_assert(OutDims % B == 0, " OutDims ™ must be a multiple of "B ");

for (int i@ = 0; i@ < OutDims; i@ += B) {
#pragma HLS PIPELINE off
T vals[B];
#pragma HLS ARRAY_PARTITION variable=vals type=complete dim=1

for (int j = 0; j < InDims; ++j) {
#pragma HLS PIPELINE
for (int i1 = 0; i1 < B; ++il1) {
#pragma HLS UNROLL
int i = i@ + i1;
T last = (j == 0) ? T(bias[i]) : vals[il];
vals[il] = last + x[j] * weight[i][]];
¥
}

for (int i1 = 0; i1 < B; ++il) {
#pragma HLS UNROLL
int 1 = i@ + i1;
if (ApplyRelLU)
y[i] = vals[il] > T(@) ? vals[il] : T(©);
else
y[i] = vals[il];
}
}
}

// Parallel implementation of the fully-connected layer
// Weight and bias parameters are stored on the DDR memory
// Matrix-vector multiplication is parallelized along the output dimension
template <typename T, typename TParam,
int InDims, int OutDims, bool ApplyRelU, int B>
void LinearOpt1DDR(const T x[InDims],
T y[OutDims],
const float* params,
const int offset)
{
// “params’ contains weight parameters of size ( OutDims , “InDims’) and
// bias parameters of size ("OutDims ) in a contiguous buffer

#tpragma HLS INLINE off

// “OoutDims™ must be a multiple of "B’

static_assert(OutDims % B == 0, " OutDims ™ must be a multiple of "B ");
// "B must be larger than 1

static_assert(B > 1, "'B° must be larger than 1");

constexpr const int BHalf = B / 2;
constexpr const int OffsetToBias = OutDims * InDims;

TParam bias[OutDims];
#pragma HLS ARRAY_PARTITION variable=bias type=cyclic factor=BHalf dim=1

// Copy the bias parameters in advance
for (int i = 0; i < OutDims; ++i) {
#pragma HLS PIPELINE II=1
bias[i] = TParam(params[offset + OffsetToBias + i]);

}

for (int i@ = 0; i@ < OutDims; i@ += B) {



#pragma HLS PIPELINE off
T vals[B];
#pragma HLS ARRAY_PARTITION variable=vals type=complete dim=1
TParam weight[B][InDims];
#pragma HLS ARRAY_PARTITION variable=weight type=cyclic factor=BHalf dim=1

// Copy the weight parameters for "B" outputs
const int offset® = offset + i@ * InDims;
for (int i1 = 0; i1l < B; ++il) {
for (int j = 0; j < InDims; ++j) {
#pragma HLS PIPELINE II=1
weight[il][j] = TParam(params[offset® + il * InDims + j]);
}
}

for (int j = 0; j < InDims; ++j) {
#pragma HLS PIPELINE
for (int il = 0; il < B; ++il) {
#pragma HLS UNROLL
int 1 = i@ + i1;
if (i < OutDims) {
T last = (j == 0) ? T(bias[i]) : vals[il];
vals[il] = last + x[j] * weight[il][]j];
}
}
}

for (int i1 = 0; i1 < B; ++il1l) {
#pragma HLS UNROLL
int i = i@ + i1;
if (i < OutDims) {
if (ApplyRelLU)
y[i] = vals[il] > T(9) ? vals[il] : T(©);
else
y[i] = vals[il];

}
}
}

// Parallel implementation of the 1D batch normalization and RelU activation
// T 1is the type for values
// ~TParam™ 1is the type for parameters
// "Dims” 1is the number of 1input and output dimensions
// "B’ 1is the block size for the output dimension
template <typename T, typename TParam, int Dims, int B>
void BatchNormldRelLUOptl(const T x[Dims],
T y[Dims],
const TParam scale[Dims],
const TParam bias[Dims],
const TParam mean[Dims])
{
// “scale” is the multiplication of the weight and reciprocal of the
// standard deviation (to reduce the on-chip memory consumption)

#pragma HLS INLINE off
static_assert(Dims % B == 0, ""Dims’ must be a multiple of "B ");

for (int i@ = 0; i@ < Dims; i@ += B) {
#pragma HLS PIPELINE
for (int i1 = 0; i1 < B; ++il) {
#pragma HLS UNROLL
int i = i@ + i1;
// Batch normalization with the Learned parameters
T val = (x[i] - mean[i]) * scale[i] + bias[i];
// RelU activation
y[i] = val > T(@) ? val : T(0);
¥
¥
}

// Parallel implementation of the 1D max-pooling Layer
// T 1is the type for values

// "Dims’ 1is the number of input and output dimensions
// "B’ 1is the block size for the output dimension



// "y must be properly initialized
template <typename T, int Dims, int B>
void MaxPoolldOptil(const T x[Dims], T y[Dims])

{
#pragma HLS INLINE off

static_assert(Dims % B == 0, ""Dims’ must be a multiple of "B ");

for (int i@ = 0; i@ < Dims; i@ += B) {
#pragma HLS PIPELINE
for (int il = 0; il < B; ++il) {
#pragma HLS UNROLL
int 1 = i@ + i1;
y[i] = x[i] > y[i] ? x[1i] : y[i];
¥
}
}

Linear‘OptlCLinearNaive&tt/\‘_Cafa & (lj])}’q;l:) DIL—T(FZDEZET. i (Hjjj})’(ﬁ) (CAAT3IL—T
M 1e&Ei1D2DICHBNESNTUVET . ieldsZlAH. i1lFieNSie + B - 1EXFTIDI DIEXITHEFHT, i1lC
B9 B3IL—F(ET7> 00— > (#pragma HLS UNROLL) SN TUWLBD T, IL—TOHFENTE(CEBHASNET.
11D)L—TERFELS IR DT, ieh'Sie + B - 1FE COUIBNUSH (CEITEINET . RDIL—F(TEEHLT
FHELLD,

for (int j = 0; j < InDims; ++j) {
#pragma HLS PIPELINE
for (int il = 0; il < B; ++il) {
#pragma HLS UNROLL
int i = i@ + i1;
T last = (j == 0) ? T(bias[i]) : vals[il];
vals[il] = last + x[j] * weight[i][]];
}
}

for (int j = 0; j < InDims; ++j) {
#pragma HLS PIPELINE

T laste = (j == 0) ? T(bias[i@ + 0]) : vals[0];

T lastl = (j == 0) ? T(bias[i@ + 1]) : vals[1];

/o

T lastBl = (j == 9) ? T(bias[i® + B - 1]) : vals[B - 1];
vals[0] = last@ + x[j] * weight[ie + @][j];

vals[1] = lastl + x[j] * weight[i@ + 1][j];

/7 ..

vals[B - 1] = lastBl + x[j] * weight[i@ + B - 1][j];

}

MFIEDTZD(C. vals&EWND . B XsD—BECHIZFTZ(CABEL TWLWES . CODEHICIE. HAy[ie1hD
y[io + B - 1]ECOTERBRZRIFUET, valsOREZR(E. /17 XIBbias[ie] N Sbias[ie + B - 1] CHIHA
fbtENEzd., TDE., iDIL—TFICEKDT. x[§] * weight[i0][j1D'Dx[j] * weight[ie + B - 1][j]H% valsD

BFERIIBCMEEINET, EEOFHEREMELTVDZEMDNDFT,

I—T =BT DE. vals[e]DDvals[s - 11E CHOEER, TNH Sbias[ie]NSbias[ie + B - 1]F C. T
L Cweight[i0][§]1 Dweight[ie + B - 1]1[j1FE COBBEDERIC, 1A DIV T ORI INERSHDET,
CNZEFEIRTBEHICIE. BeHlbias. vals. weightDR— NEBU FICTBIHENHNDET,

vals(CDU\T (&, #pragma HLS ARRAY_PARTITION type=completeZfED T. ECHIE(ELZ DEZER(ICTRICHHEL TLY
F9., FEURVEEIR— 2D UNRVDT., BRFIC2DDERZHHET (HDWVIINERZHHHL
T, AONBRAZEZTIAD) CEULNTEFRA. TRICHDEITDE, BINDETCDERZRKFICGHEHASET
ETDRIERDFEY. BB, TRICHENTDE. AZFYITAEY (BlockRAM) TIF2L, JUw T IO
7 (FF) Zf£> CEHINEEEINE T,

BlEDERZE DECHIvalsZ. TEICHEITDE, RDKXS(CRADFT,



BlockRAM Flip-flop

vals[0] TERDE vals[0]
vals[li ] vals[1]
vals[2]

vals[2]

TSt - 11|

vals[B - 1]

st b e
LinearoptiNIC(EEIR TN TULEEAN. weight Ebias(CDWTIE. BIDIBPAT. vals ERFBROHLS TS0 %
BEITDVENSDDET ., weightEbiashS. 154 T)L TEDEHKUIZESR (bias[ie] N Sbias[ie + B - 1]
FT. ©UTueight[io][j1M Dueight[ie + B - 1][j]1FE T) ZHHE I TZDHICE. ROKXDICHALOIVUV IS
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T AE (BlockRAM) 1 D(CDER— MDAV THE D, 1B DL TC2ERDFZHRHH U (HDWNF1DDES
HUEIDDFmEAE L) NTEFT . sEDBERZI1TAIILTHRAH I LH(C(E. BeF)ZsHalf = B / 2ABICH
gTNELNTT,

constexpr const int BHalf = B / 2;

TParam weight[OutDims][InDims];
#pragma HLS ARRAY_PARTITION variable=weight type=cyclic factor=BHalf dim=1

TParam bias[OutDims];
#pragma HLS ARRAY_PARTITION variable=bias type=cyclic factor=BHalf dim=1

FEEE/ME) & LT, 2R cEeHws][41E. BRYIDRITTAD(CHA U W IDE (factor=4 dim=1) L, KDK
SCIRDET., 4DEITDER— MMINSDICIBXDDT. 8DDEHKULEESR (BIX (Eule1[11h Bu71[51F
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Lled(C. BE—tIDEILRINE. WHLIB(CRDFEH A
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CNBEEZXDE. weightEbiaslCDWTIE LT SIOIEFERIERINEDNDET,

T, 22BDIIL—TFISEBULTHFELLD. 1DEDIL—TTetESNZBEDERSR. BHy[CEFIADED
DT,

for (int il = 0; il < B; ++il) {
#pragma HLS UNROLL
int i = i@ + i1;
if (ApplyRelU)
y[i] = vals[il] > T(9) ? vals[il] : T(©);
else
y[i] = vals[il];
}

COIL=TE7>O0-YUTENT. ROLDICIRDET,
if (ApplyReLU) {

y[ie + 0] = vals[@] > T(9) ? vals[0] : T(9);
y[i@ + 1] = vals[1] > T(9) ? vals[1] : T(9);

/).

y[i@ + B - 1] = vals[B - 1] > T(®) ? vals[B - 1] : T(9);
} else {

y[ie + 0] = vals[0];

y[i@ + 1] = vals[1];

[/ ..

y[i® + B - 1] = vals[B - 1];
}

HHy[ie1h\Sy[ie + B - 1]FETD. Ef I DEDER(CIHAIILTTITCRITINENSNDET, Linearo
ptiN(C(FEEH INFE AN, BFlyE. RODKLDICHAIUYIRBETNIELNTT,
constexpr const int BHalf = B / 2;

T y[OutDims];
#pragma HLS ARRAY_PARTITION variable=y type=cyclic factor=BHalf dim=1



RB. AICDWTIE IL—TDEAFTL—>23>T1DDOERICUNTITR LR\, DEITINE
(FHDFEBA. Linearopt1Z{E> T, RIESEDOUIEZ IS TRERITI DIC(E. BIELTHDEHweight. /A
77 Abias. HHyZE. HIODKRTTs / ABICHEILIRTNERDE B A D2 THNUIDEIDRRE(IIRY),

PLEM LinearoptiDFERZEEF TYI, LinearoptidDRICDWTE. EIDEHZNSNCEHE T DI=H(C. BHERD
EENRESNTWVWET, £ESBD/\A 77 XIfbiast. HNDBERDEFTE I DHICHEREHweight
Z. DRAM/\w J7WS5A>Fv T )\ T7 E(CERXLUTULET . LinearNaiveDDRE (FRIRD ., BEAHZTRIFT
3/)\wv j?weight(ét\ 2IRTTECHN TR D TWVWE T, sEDWMEBEIRERZEDH I 28I, bias&weight(IBHalf =
B / AfAICHEIENTWVET,

BatchNorm1dReLUOpt1 & MaxPoolldopt1(C DWTH. i (HFRTT) (CEAT BIL—TH ie&i11MD2D(CHEIETNTLY
F9., uDJL—FFT7>O—-U>TdEn, sfEDOE NS CETESINET . BatchNormidreLUopt1Z{ED T,
I\ FIERME EReLUTEM L ZBIIFI TERITI DI(C(E. BEDASIx. HHyE. I\ FIERLED/ (S A—5
(AT —)lscale. /\A 77 Rbias. Fimean) &8 / 2ABICHEILET . MaxPoolidopt1lC DWVTHEERT, silliFT
MaxT — > D% TD1e(C. BEDATIxEyZs / ABICHEILE T xFERICHITDO—-HINFHEET. v
(FmBiefaRdIO—/)ULRSEE).

BEZBISTEESEBDZHD, BEHDDEIDIL—ILERICEEDHFT, 2HNDHEE. DENIOREN TR
W ERDMDFET,

e |inearOptil: Ea‘}weight\ )\ 77 Rbias. Hjj]y%\ HHDIRTTs / ABIC D E] (lj]x(iﬁ%“@’z‘g@b)

e LinearoptipoR: tHfIy%Zs / 2AB(CHE] (ADIX(EDBNDRHEIRL)

. BatchNormldReLUOptlZ)\jjxéiﬂjjjy\ /655)4——57(;(fT-—)Lscale\ )\ 77 Zbias. qzﬂﬂmean)%i\ B / 2ABlIC
parl

¢ MaxPoolidopt1l: ANIxEHy%E., B / 2B (CHE!

INsDUWIHEENTZ/\—=3 > Z2FE> T ity hD -0 & DRy ND—ODHEERLIEZIRD
&5(:%%}@%?30 InferenceFeatNaive & InferenceClsNaive 'S5, %n%‘nlnfer‘enceFeatOptlCIn-Fer‘enceclsO
pt1lCIRDET ., BEIHDEIEIEELUFXR B A, AP, InitializeFeatNaive&InitializeClsNaive (EHDHIHAE
BEEY) (. BDFEFFESCECUET (B TIZIF. InitializeFeatoptl. Initializeclsopti& UEUTE).

// Parallel implementation of the PointNet feature extraction

// “T  1is the type for Layer input, output, and intermediate results

// "U 1is the type for parameters

// "N 1is the expected number of input points (e.g., 1024)

template <typename T, typename U, int N>

void InferenceFeatOptl(const float* point_cloud,
const int num_points,
T feature[kFeatDims5],
const LinearParams<U, kFeatDims@, kFeatDimsl1>* convl,
const LinearParams<U, kFeatDimsl, kFeatDims2>* conv2,
const LinearParams<U, kFeatDims2, kFeatDims3>* conv3,
const LinearParams<U, kFeatDims3, kFeatDims4>* conv4,
const LinearParams<U, kFeatDims4, kFeatDims5>* conv5,
const BatchNormldParams<U, kFeatDims1>* bnil,
const BatchNormldParams<U, kFeatDims2>* bn2,
const BatchNormldParams<U, kFeatDims3>* bn3,
const BatchNormldParams<U, kFeatDims4>* bn4,
const BatchNormldParams<U, kFeatDims5>* bn5)

{
#pragma HLS INLINE off

// Zero-1initialize the output feature
VectorNdSetZero<T, kFeatDims5>(feature);

// Compute the feature

for (int i = 0; i < num_points; ++i) {
#pragma HLS LOOP_TRIPCOUNT min=N max=N avg=N
#pragma HLS LOOP_FLATTEN off

// Input, output, and intermediate results
T x0[kFeatDims0];
T x1[kFeatDims1];
T x2[kFeatDims1];



x3[kFeatDims2];
x4[kFeatDims2];
X5[kFeatDims3];
Xx6[ kFeatDims3];
X7 [ kFeatDims4];
x8[ kFeatDims4];
x9[ kFeatDims5];
x10[ kFeatDims5];

A A A A A A

#pragma HLS ARRAY_PARTITION variable=x3 type=cyclic factor=4 dim=1
#pragma HLS ARRAY_PARTITION variable=x5 type=cyclic factor=4 dim=1
#pragma HLS ARRAY_PARTITION variable=x7 type=cyclic factor=8 dim=1
#pragma HLS ARRAY_PARTITION variable=x9 type=cyclic factor=64 dim=1

// Read a point from a DDR memory
ReadPointNaive<T>(point_cloud, i, x0);

// Compute a point feature
LinearOpt1<T, U, kFeatDims@, kFeatDimsl, false, 2>(

x0, x1, convl->weight, convl->bias);
BatchNormldReLUOpt1<T, U, kFeatDimsl, 2>(

x1, X2, bnl->scale, bnl->bias, bnl->mean);
LinearOpt1<T, U, kFeatDimsl, kFeatDims2, false, 8>(

X2, x3, conv2->weight, conv2->bias);
BatchNorm1dReLUOpt1<T, U, kFeatDims2, 2>(

x3, x4, bn2->scale, bn2->bias, bn2->mean);
LinearOpt1<T, U, kFeatDims2, kFeatDims3, false, 8>(

x4, x5, conv3->weight, conv3->bias);
BatchNorm1dReLUOpt1<T, U, kFeatDims3, 2>(

x5, X6, bn3->scale, bn3->bias, bn3->mean);
LinearOpt1<T, U, kFeatDims3, kFeatDims4, false, 16>(

X6, X7, conv4->weight, conv4->bias);
BatchNormldRelLUOpt1<T, U, kFeatDims4, 2>(

X7, X8, bn4->scale, bn4->bias, bn4->mean);
LinearOpt1<T, U, kFeatDims4, kFeatDims5, false, 128>(

x8, x9, conv5->weight, conv5->bias);
BatchNorm1dReLUOpt1<T, U, kFeatDims5, 2>(

x9, x10, bn5->scale, bn5->bias, bn5->mean);

// Update the output feature
MaxPool1dOpt1<T, kFeatDims5, 2>(x1@, feature);
}
}

// Parallel implementation of the classification network
// "T  1is the type for Llayer input, output, and intermediate results
// "U 1is the type for parameters
template <typename T, typename U>
void InferenceClsOptl(const T feature[kFeatDims5],
float* out_logits,
const LinearParams<U, kClsDims2, kClsDims3>* fc3,
const BatchNormldParams<U, kClsDims1l>* bnil,
const BatchNormldParams<U, kClsDims2>* bn2,
const float* paramsl,
const float* params2,
const float* params3)

{
#pragma HLS INLINE off

static_assert(kFeatDims5 == kClsDims®o,
"Feature dimension should be equal to the input dimension");

// Input, output, and intermediate results
x0[kClsDims1];
x1[kClsDims1];
x2[kClsDims2];
x3[kClsDims2];
Xx4[kClsDims3];

— 4 -

#pragma HLS ARRAY_PARTITION variable=x@ type=cyclic factor=8 dim=1
#pragma HLS ARRAY_PARTITION variable=x2 type=cyclic factor=4 dim=1

// Compute logits

LinearOpt1DDR<T, U, kClsDims®, kClsDimsl, false, 16>(
feature, x0, paramsl, 0);

BatchNorm1dReLUOpt1<T, U, kClsDimsl, 2>(



X0, x1, bnl->scale, bnl->bias, bnl->mean);
LinearOpt1DDR<T, U, kClsDims1l, kClsDims2, false, 8>(

x1, X2, params2, 0);
BatchNorm1dReLUOpt1<T, U, kClsDims2, 2>(

X2, X3, bn2->scale, bn2->bias, bn2->mean);
LinearOpt1<T, U, kClsDims2, kClsDims3, false, 2>(

x3, x4, fc3->weight, fc3->bias);

// Write the result
WriteTensorldNaive<T, kClsDims3>(out_logits, x4, 0);

ZEOEHZTOE IR, T>TL— MBIRICHIHEEBIBELTVWET ., FIXE, FEdatwry hD—
I DIEBDEFESE (PyTorchDETILICH 1S BrointNetFeat: :conva) (F1615!], REDRIESIE (PointNetFea
t::convs) (F128WFI TEITENFET. —A. \WFIERLEEMaxT —U > D&, 2WF TEITSNTULE

9. BEOUWIEZEDXSITRELZDOMNIDNTIF, BRULFET .

HWT, IPOF7 DR NI PointNetclsTopE AT (CRUE T,

void PointNetClsTop(const int op_mode,

const float* point_cloud,
const int num_points,
float* out_logits,

{

#pragma
#pragma
#pragma
#pragma
#pragma
#pragma
#pragma
#pragma
#pragma
#pragma

#pragma
#pragma
#pragma
#pragma
#pragma
#pragma
#pragma
#pragma
#pragma
#pragma
#pragma
#pragma
#pragma

HLS
HLS
HLS
HLS
HLS
HLS
HLS
HLS
HLS
HLS

HLS
HLS
HLS
HLS
HLS
HLS
HLS
HLS
HLS
HLS
HLS
HLS
HLS

const
const
const
const
const
const
const
const

INTERFACE
INTERFACE
INTERFACE
INTERFACE
INTERFACE
INTERFACE
INTERFACE
INTERFACE
INTERFACE
INTERFACE

INTERFACE
INTERFACE
INTERFACE
INTERFACE
INTERFACE
INTERFACE
INTERFACE
INTERFACE
INTERFACE
INTERFACE
INTERFACE
INTERFACE
INTERFACE

m_axi
m_axi
m_axi
m_axi
m_axi
m_axi
m_axi
m_axi
m_axi
m_axi

float*
float*
float*
float*
float*
float*
float*
float*

port
port
port
port
port
port
port
port

s_axilite
s_axilite
s_axilite
s_axilite
s_axilite
s_axilite
s_axilite
s_axilite
s_axilite
s_axilite
s_axilite
s_axilite
s_axilite

feat_paramsi,
feat_params2,
feat_params3,
feat_params4,
feat_params5,
cls_paramsil,
cls_params2,
cls_params3)

=feat_paramsl
=feat_params2
=feat_params3
=feat_params4
=feat_params5
=cls_paramsl
=cls_params2
=cls_params3

port=op_mode

offset=slave
offset=slave
offset=slave
offset=slave
offset=slave

bundle=control

port=point_cloud offset=slave bundle=gmem@
port=out_logits offset=slave bundle=gmemo

bundle=gmemo
bundle=gmem@
bundle=gmem@
bundle=gmem@
bundle=gmem@

offset=slave bundle=gmemo
offset=slave bundle=gmem@
offset=slave bundle=gmem@

port=point_cloud bundle=control
port=num_points bundle=control

port=out_logits bundle=control

port=feat_paramsl bundle=control
port=feat_params2 bundle=control
port=feat_params3 bundle=control
port=feat_params4 bundle=control
port=feat_params5 bundle=control
port=cls_paramsl bundle=control
port=cls_params2 bundle=control
port=cls_params3 bundle=control
port=return bundle=control

// Parameters for feature extraction

LinearParams<param_t, kFeatDims@,
LinearParams<param_t,
LinearParams<param_t,
LinearParams<param_t,
LinearParams<param_t,
BatchNormldParams<param_t,
BatchNormldParams<param_t,
BatchNormldParams<param_t,
BatchNormldParams<param_t,
BatchNormldParams<param_t,

#pragma
#pragma
#pragma
#pragma

HLS ARRAY_PARTITION
HLS ARRAY_PARTITION
HLS ARRAY_PARTITION
HLS ARRAY_PARTITION

kFeatDims1,
kFeatDims2,
kFeatDims3,
kFeatDims4,

kFeatDims1>
kFeatDims2>
kFeatDims3>
kFeatDims4>
kFeatDims5>
kFeatDims1> feat_bnl;
kFeatDims2> feat_bn2;
kFeatDims3> feat_bn3;
kFeatDims4> feat_bn4;
kFeatDims5> feat_bn5;

feat_convil;
feat_conv2;
feat_conv3;
feat_conv4;
feat_conv5;

variable=feat_conv2.weight type=cyclic factor=4 dim=1
variable=feat_conv2.bias type=cyclic factor=4 dim=1
variable=feat_conv3.weight type=cyclic factor=4 dim=1
variable=feat_conv3.bias type=cyclic factor=4 dim=1



#pragma HLS ARRAY_PARTITION variable=feat_conv4.weight type=cyclic factor=8 dim=1
#pragma HLS ARRAY_PARTITION variable=feat_conv4.bias type=cyclic factor=8 dim=1
#pragma HLS ARRAY_PARTITION variable=feat_conv5.weight type=cyclic factor=64 dim=1
#pragma HLS ARRAY_PARTITION variable=feat_conv5.bias type=cyclic factor=64 dim=1

// Parameters for classification network

// LinearParams<param_t, RClLsDims@, RClLsDims1> cls_fcl;
// LinearParams<param_t, RClLsDims1, RClLsDims2> cls_fc2;
LinearParams<param_t, kClsDims2, kClsDims3> cls_fc3;
BatchNormldParams<param_t, kClsDimsl> cls_bnil;
BatchNormldParams<param_t, kClsDims2> cls_bn2;

// Extracted feature
value_t feature[kFeatDims5];

if (op_mode == kModeInitWeights) {
// Initialize the PointNet feature extraction network
InitializeFeatOptl<param_t>(
&feat_convl, &feat_conv2, &feat_conv3, &feat_conv4, &feat_conv5,
&feat_bnl, &feat_bn2, &feat_bn3, &feat_bn4, &feat_bn5,
feat_paramsl, feat_params2, feat_params3, feat_params4, feat_params5);
// Initialize the classification network
InitializeClsOptl<param_t>(
&cls_fc3, &cls_bnl, &cls_bn2,
cls_paramsl, cls_params2, cls_params3);
} else if (op_mode == kModeInference) {
// Run the PointNet feature extraction
InferenceFeatOptl<value_t, param_t, 1024>(
point_cloud, num_points, feature,
&feat_convl, &feat_conv2, &feat_conv3, &feat_conv4, &feat_conv5,
&feat_bnl, &feat_bn2, &feat_bn3, &feat_bn4, &feat_bn5);

// Run the classification
InferenceClsOptil<value_t, param_t>(
feature, out_logits,
&cls_fc3, &cls_bnl, &cls_bn2,
cls_paramsl, cls_params2, cls_params3);
}
}
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sTopEHD E. DERY NI —D DRV DEFEEE (16T TERITESNDD T, HAHRAD/ W T 7 xe(d853E!
LTWET, JNYFIERIEEEMaxT — ) > (325720 T. By EDETDIHNEEHDEE A

FIRDKS(C, BHZDEITDENR— MIMER T, —ECEZLDERZHAEEDILDCRDFIN &
BRAZFYTAETUDHEBEEREY. AFYTAETUDHEEZINZI DD, BRI WIHEE LIFD%
ENHDFET. HRSFHIOEMRICREIRNGDED BIZEFEHERY ND—ODREOEEERE) Dl
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=] InferenceFeatNaive InferenceFeatOptl
HESIE (PointNetFeat: :convi) 577 (3.843us) 321 (2.138us)
)\ FIEREE + ReLU (pointNetFe 68 (0.453us) 36 (0.240us)
at::bnl)

PHEEIE2 (PointNetFeat: : conv2) 4,481 (29.84us) 569 (3.790us)

)\ FIEFRIEE + ReLU (PointNetFe

68 (0.453us) 36 (0.240us)
at::bn2)



=] InferenceFeatNaive InferenceFeatOptl

FHESES (PointNetFeat: : conv3) 4,481 (29.84us) 569 (3.790us)
)\ FIEARIEE + RelLU (PointNetFe 68 (0.453us) 36 (0.240us)
at::bn3)

PHESIES (PointNetFeat: : conva) 8,961 (59.68us) 569 (3.790us)
)\ FIEARIEE + RelLU (PointNetFe 132 (0.879us) 68 (0.453us)
at::bn4)

PHEEIES (PointNetFeat: : convs) 137,217 (914.0us) 1,081 (7.199us)
)\ FIEFRIE/E + ReLU (PointNetFe 1,028 (6.846us) 516 (3.437us)
at::bns)

Max~—U > 8 1,026 (6.833us) 514 (3.423us)
264 (1E5) 158,149 (1.053ms) 4,357 (29.02us)
24K (1024[E5)) 161,945,604 (1.079s) 4,462,596 (29.72ms)

FghH Ry RO —OICELTE. PEDREBOEFEEBHIRNLRY I ERDTNET ., 128WHN(CT D
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B InferenceClsNaive InferenceClsOptl
EHESEN (PointNetCls: :fc1) 1,056,279 (7.035ms) 558,071 (3.717ms)
/\‘ial:)J—.EfE'ﬂSE + ReLU (pointNetcCl 516 (3.437us) 260 (1.732us)
s::bn

FHEBIE2 (PointNetCls: :fc2) 266,007 (1.772ms) 148,183 (987.0us)
/\“z?j)IEiﬁAlﬁE + ReLU (PointNetcl 5 (1.732us) 132 (0.879us)
s::bn

FHESES (PointNetCls: :fc3) 10,481 (69.80us) 5,261 (35.04us)
E=7N 1,333,605 (8.882ms) 711,969 (4.742ms)
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BEOERETEH. ARIR— FOMEE3I2E Y M T, 1A D)LICDEfloatDFT —F %129 DIk L TLVE
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// Compute the feature

for (int i = 0; i < num_points; ++i) {
#pragma HLS LOOP_TRIPCOUNT min=N max=N avg=N
#pragma HLS LOOP_FLATTEN off

/).

// Read a point from a DDR memory
ReadPointNaive<T>(point_cloud, i, x0);

// Compute a point feature
LinearOpt1<T, U, kFeatDims@, kFeatDimsl, false, 2>(

x0, x1, convl->weight, convl->bias);
BatchNormldReLUOpt1<T, U, kFeatDimsl, 2>(

x1, X2, bnl->scale, bnl->bias, bnl->mean);
LinearOpt1<T, U, kFeatDimsl, kFeatDims2, false, 8>(

X2, x3, conv2->weight, conv2->bias);
BatchNormldReLUOpt1<T, U, kFeatDims2, 2>(

x3, x4, bn2->scale, bn2->bias, bn2->mean);
LinearOpt1l<T, U, kFeatDims2, kFeatDims3, false, 8>(

x4, x5, conv3->weight, conv3->bias);
BatchNorm1dReLUOpt1<T, U, kFeatDims3, 2>(

X5, X6, bn3->scale, bn3->bias, bn3->mean);
LinearOpt1<T, U, kFeatDims3, kFeatDims4, false, 16>(

X6, X7, conv4->weight, conv4->bias);
BatchNormldRelLUOpt1<T, U, kFeatDims4, 2>(

X7, X8, bn4->scale, bn4->bias, bn4->mean);
LinearOpt1<T, U, kFeatDims4, kFeatDims5, false, 128>(

x8, x9, conv5->weight, conv5->bias);
BatchNormldReLUOpt1<T, U, kFeatDims5, 2>(

x9, x10, bn5->scale, bn5->bias, bn5->mean);

// Update the output feature
MaxPool1dOpt1<T, kFeatDims5, 2>(x10, feature);

}
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UCEITED. 17 (xs) ZROBEICEIEZTELUET . ETOREEN. ALENDZENUT, BERDREDLDIC
BROTVWET ., BABOERITORNZRICTDE. ROLDICRDFT,

1DED=R 2DEDR

ReadPoint Linear |BN +RelLU | Linear | -.-.- |BN+ RelLU  MaxPool | ReadPoint Linear
SREDINA T SA AL EBERRIC, BROKCDODNWTUEENFTHETEET,

1DBED | ReadPoint Linear |BN + ReLU | Linear | --. [BN+ RelLU MaxPool
] =[0p)=1 ReadPoint Linear |BN + RelLU | Linear ... | BN + ReLU | MaxPool
3DBMs | ReadPoint Linear |BN +ReLU | Linear | -.. |[BN + RelLU MaxPool

BIZ (L. 1DBEDRICH LT, REODSESEZITELUTLBMEIC. 2DBEDRICH LT, ZD—Dr10D/ v
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ATSA>2DERAT—2E, EICREVIMETLRE, CCTIE BT —2EF—DOEER (A RD) [CHIET
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—AJ0-wmB{tZBEAT BCE. WBWBRREANSDEIN, SEDHSEANLEKTT,
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// Parallel implementation of the PointNet feature extraction

// “T  1is the type for Llayer input, output, and intermediate results
// "U 1is the type for parameters

// "N 1is the expected number of input points (e.g., 1024)

template <typename T, typename U, int N>

void InferenceFeatOpt2(...)

{
#pragma HLS INLINE off

// Zero-initialize the output feature
VectorNdSetZero<T, kFeatDims5>(feature);

// Compute the feature

for (int i = 0; i < num_points; ++i) {
#pragma HLS LOOP_TRIPCOUNT min=N max=N avg=N
#pragma HLS LOOP_FLATTEN off
#pragma HLS DATAFLOW

#pragma HLS STABLE variable=point_cloud
#pragma HLS STABLE variable=num_points
#pragma HLS STABLE variable=feature
#pragma HLS STABLE variable=convl
#pragma HLS STABLE variable=conv2
#pragma HLS STABLE variable=conv3
#pragma HLS STABLE variable=conv4
#pragma HLS STABLE variable=conv5
#pragma HLS STABLE variable=bnl
#pragma HLS STABLE variable=bn2
#pragma HLS STABLE variable=bn3
#pragma HLS STABLE variable=bn4
#pragma HLS STABLE variable=bn5

// Input, output, and intermediate results
/) ...

// Read a point from a DDR memory
ReadPointNaive<T>(point_cloud, i, x0);

// Compute a point feature
LinearOpt1<T, U, kFeatDims@, kFeatDimsl, false, 2>(
x0, x1, convl->weight, convl->bias);
BatchNorm1dReLUOpt1<T, U, kFeatDims1, 2>(
x1, x2, bnl->scale, bnl->bias, bnl->mean);
LinearOpt1<T, U, kFeatDimsl, kFeatDims2, false, 8>(
X2, x3, conv2->weight, conv2->bias);
BatchNormldRelLUOpt1<T, U, kFeatDims2, 2>(
X3, X4, bn2->scale, bn2->bias, bn2->mean);
LinearOpt1<T, U, kFeatDims2, kFeatDims3, false, 8>(
x4, x5, conv3->weight, conv3->bias);
BatchNorm1dReLUOpt1<T, U, kFeatDims3, 2>(
x5, X6, bn3->scale, bn3->bias, bn3->mean);



LinearOpt1<T, U, kFeatDims3, kFeatDims4, false, 16>(
X6, X7, conv4d->weight, conv4->bias);
BatchNormldRelLUOpt1<T, U, kFeatDims4, 2>(
X7, X8, bn4->scale, bn4->bias, bn4->mean);
LinearOptl<T, U, kFeatDims4, kFeatDims5, false, 128>(
x8, x9, conv5->weight, conv5->bias);
BatchNormldReLUOpt1<T, U, kFeatDims5, 2>(
x9, x10, bn5->scale, bn5->bias, bn5->mean);

// Update the output feature
MaxPoo0l1dOpt1<T, kFeatDims5, 2>(x10, feature);

}
}

InferenceFeatoptl & BIRDDIIHLS T ST R DEDIETTY . IL—TDFEEEFSY (C (F#pragma HLS DATAFLOWDD
ELIRNAH D, I—TDOHhE%ET—FIO0—REETBEDCI/ERUE T, #pragma HLS STABLEDER(E. JL—
TOEATL—23>ZMIad 3(CHeDd T TDEHCDWTHEEZ EDIBENR. ELWDTEERL
F9. BEDINSA—FVORERE, IL—TOETPEEACURVWERICHSUTVET ., ZDEEIRARN
E T=AIJO—mEENDFESHEELUEH A

CORBHDHLS T ST ZIEAT BRI T, T IO RBILZVCEMECERRTEEFI., BA
W—)UIEIZBES UWERUWET . PointNetclsTop (Y TBEER) WONEERY ND— 2 DHESR (Inferenceclsopti)
EDOWTEUEIEEZ<BAC TS D EeH. CITEEZBLET,

F—AJ0—RBbICKDMNBEHFTHET . InferenceFeatoptl TlE. 1DDRICT I DIBEIEIC4,357H 1
o)L (29.02us) EZLTWLERULEEM, InFer‘enceFeatOptZ_C:54,344'5"1/0)|/ (28.93us) C. FEFEDDFEEA.
—7. 1,024B DR (3 DAIBEFfE & H+ THD & InferenceFeatopt1 T (d4,462,5960 1)L (29.72ms) TUL
12hY. InferenceFeatopt2CId1,112,259H 1)L (7.408ms) ([CHIENTLET, INAMTSA4LTE. &
ANT—HIH T DEERE (L1M7 >2) FRIEUETAN, BRSSO (CYURRIEEIRT — 5 (RIL
— Y ) (FRETDDT. ZNICHE > TERDEEEBE LT D EVNDZETT,

CNTT—AIO—BBEEENODTYT, 55U <(dhls/src/top opt2.cppElBLEEUN,

| AtihK— MEDILE

PEELRY ND—DUDDEEAESNH TE. BITEEZELIEUZCENMDST . DADNIBRR (T NFE
SMESNELBATUZ. DRAMDS A FvW T\ T 7 ADINS A—FERXDY A J)LEH. ZELTULVR
WeHTT., T TREDERBEILELT. AHAOR—RDEY MaZE32HNS564(CIAFT. 150 D)LICDE2
DDfloatT —HZIETETDLDIC, EEZEELTHEL LS (RBE{ETDT: T—HIRX),

=BAIC, IPO7 DO LAIiBEPointNetc1sTopMSIEIELE T, EIERIE. ROIDICRD> TWLEUT.

void PointNetClsTop(const int op_mode,
const float* point_cloud,
const int num_points,
float* out_logits,
const float* feat_paramsl,
const float* feat_params2,
const float* feat_params3,
const float* feat_params4,
const float* feat_params5,
const float* cls_paramsi,
const float* cls_params2,
const float* cls_params3)

{

// ...
}

Nz, RDEXS(C64EY MRICULET,

void PointNetClsTop(const int op_mode,
const ap_uint<64>* point_cloud,
const int num_points,
ap_uint<64>* out_logits,
const ap_uint<64>* feat_paramsi,



const
const
const
const
const
const
const

ap_uint<64>*
ap_uint<64>*
ap_uint<64>*
ap_uint<64>*
ap_uint<64>*
ap_uint<64>*
ap_uint<64>*

feat_params2,
feat_params3,
feat_params4,
feat_params5,
cls_paramsi,
cls_params2,
cls_params3)

{
/]
}

ap_uint(d, Vitis HLSTIRMEENTUL\D., FREY FROFBSRUVEBHEETY, CITE64EY hELTUVE
Yo 1A DIICDEFT—H%Z2DF DHRAMSIRAFNENNFRNDT, T—FIX(CBITDENZEETELE
UET. DRAMMS/INSA—FZEDHULT. AFvIT/)\Y I 7 (CHEINT D, EHVIEACREEnitializere
atOptl. InitializeClsopt1ERMDKIDICIEUL T, #F/c(CinitializeFeatopt3, Initializeclsopt3& UET ., H
(. BAERDBIE % float*h Bap_uint<ea>*[CEBUIEIZITTY,

// Parallel implementation of the parameter initialization
// "T  1is the type for parameters
template <typename T>
void InitializeFeatOpt3(LinearParams<T,
LinearParams<T,
LinearParams<T,
LinearParams<T, kFeatDims3, kFeatDims4>*
LinearParams<T, kFeatDims4, kFeatDims5>*
BatchNormldParams<T, kFeatDims1>* bnl,
BatchNormldParams<T, kFeatDims2>* bn2,
BatchNormldParams<T, kFeatDims3>* bn3,
BatchNormldParams<T, kFeatDims4>* bn4,
BatchNormldParams<T, kFeatDims5>* bn5,
const ap_uint<64>* paramsi,
const ap_uint<64>* params2,
const ap_uint<64>* params3,
const ap_uint<64>* params4,
const ap_uint<64>* params5)

kFeatDims1>*
kFeatDims2>*
kFeatDims3>*

kFeatDims@,
kFeatDims1,
kFeatDims2,

convl,
conv2,
conv3,
conv4,
convs,

{
#pragma HLS INLINE off

ReadBlockParamsOpt2<T,
ReadBlockParamsOpt1<T,
ReadBlockParamsOpti1<T,
ReadBlockParamsOpt1<T,
ReadBlockParamsOpt1<T,

}

kFeatDimso,
kFeatDims1,
kFeatDims2,
kFeatDims3,
kFeatDims4,

kFeatDims1>(convl,
kFeatDims2>(conv2,
kFeatDims3>(conv3,
kFeatDims4> (conv4,
kFeatDims5>(conv5,

bnl,
bn2,
bn3,
bn4,
bns,

paramsl);
params2);
params3);
params4) ;
params5);

// Parallel implementation of the parameter initialization

// "T  1is the type for parameters

template <typename T>

void InitializeClsOpt3(LinearParams<T, kClsDims2, kClsDims3>* fc3,
BatchNormldParams<T, kClsDimsl>* bnl,
BatchNormldParams<T, kClsDims2>* bn2,
const ap_uint<64>* paramsl,
const ap_uint<64>* params2,
const ap_uint<64>* params3)

{
#pragma HLS INLINE off

ReadBatchNormldParamsOpt1<T, kClsDims1>(

bnl, paramsl, kClsDims@ * kClsDimsl + kClsDims1);
ReadBatchNormldParamsOpt1<T, kClsDims2>(

bn2, params2, kClsDimsl * kClsDims2 + kClsDims2);
ReadLinearParamsOpt1<T, kClsDims2, kClsDims3>(

fc3, params3, 0);

}

?ﬁ%ﬂ@%%@(&"ReadLinear‘Par‘amsNaive\ ReadBatchNormldParamsNaive. ReadBlockParamsNaiveZ{E> CUL\EUTE
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// Parallel implementation of the parameter initialization
// Read the parameters for a Linear Layer from a DDR memory and
// store them to BRAM buffers



// "T  1is the type for parameters

// “InDims” 1is the number of input dimensions

// “OutDims” 1is the number of output dimensions

template <typename T, int InDims, int OutDims>

void ReadLinearParamsOptl(LinearParams<T, InDims, OutDims>* linear,
const ap_uint<64>* params,
const int offset)

{
#pragma HLS INLINE

// “params’ contains weight parameters of size ( OutDims , “InDims’) and
// bias parameters of size (" OutDims ) in a contiguous buffer

static_assert(InDims % 2 == 0, " InDims’ must be a multiple of 2");
static_assert(OutDims % 2 == 0, " OutDims  must be a multiple of 2");
assert(offset % 2 == 0);

ReadTensor2dOpt1<T, OutDims, InDims>(linear->weight, params, offset);
ReadTensorldOpt1<T, OutDims>(linear->bias, params,
offset + InDims * OutDims);

}

// Parallel implementation of the parameter initialization
// Read the parameters for a 1D batch normalization Llayer from a DDR memory and
// store them to BRAM buffers
// "T  1is the type for parameters
// "Dims” 1is the number of input and output dimensions
template <typename T, int Dims>
void ReadBatchNormldParamsOptl(BatchNormldParams<T, Dims>* bn,
const ap_uint<64>* params,
const int offset)

{
#pragma HLS INLINE

// “params” contains scale parameters of size ( Dims’),
// bilas of size ("Dims’), and mean of size ("Dims’) in a contiguous buffer

static_assert(Dims % 2 == 0, ""Dims’ must be a multiple of 2");
assert(offset % 2 == 0);

ReadTensorldOpt1<T, Dims>(bn->scale, params, offset);
ReadTensorldOpt1<T, Dims>(bn->bias, params, offset + Dims);
ReadTensorldOpt1<T, Dims>(bn->mean, params, offset + Dims * 2);

}

// Parallel implementation of the parameter initialization

// Read the parameters for a Llinear and 1D batch normalization Llayer

// from a DDR memory and store them to BRAM buffers

// T 1is the type for parameters

// “InDims” 1is the number of input dimensions

// “OutDims™ 1is the number of output dimensions

template <typename T, int InDims, int OutDims>

void ReadBlockParamsOptl(LinearParams<T, InDims, OutDims>* linear,
BatchNormldParams<T, OutDims>* bn,
const ap_uint<64>* params)

{
#pragma HLS INLINE

static_assert(InDims % 2 == 0, " InDims’ must be a multiple of 2");
static_assert(OutDims % 2 == 0, " OutDims’ must be a multiple of 2");

ReadTensor2dOpt1<T, OutDims, InDims>(linear->weight, params, 90);
ReadTensorldOpt1<T, OutDims>(linear->bias, params, InDims * OutDims);
ReadTensorldOpt1<T, OutDims>(bn->scale, params,

InDims * QutDims + OutDims);
ReadTensorldOpt1<T, OutDims>(bn->bias, params,

InDims * OutDims + OutDims * 2);
ReadTensorldOpt1<T, OutDims>(bn->mean, params,

InDims * OutDims + OutDims * 3);

}

// Parallel implementation of the parameter initialization

// Read the parameters for a Llinear and 1D batch normalization Llayer
// from a DDR memory and store them to BRAM buffers

// "T  1is the type for parameters

// “InDims” 1is the number of input dimensions

// “OutDims® 1is the number of output dimensions

template <typename T, int InDims, int OutDims>



void ReadBlockParamsOpt2(LinearParams<T, InDims, OutDims>* linear,
BatchNormldParams<T, OutDims>* bn,
const ap_uint<64>* params)

{
#pragma HLS INLINE

ne

static_assert(InDims == 3, InDims™ must be 3");
static_assert(OutDims % 2 == 0, " "OutDims  must be a multiple of 2");

ReadTensor2dOpt2<T, OutDims, InDims>(linear->weight, params, 0);
ReadTensorldOpt1<T, OutDims>(linear->bias, params, InDims * OutDims);
ReadTensorldOpt1<T, OutDims>(bn->scale, params,

InDims * OutDims + OutDims);
ReadTensorldOpt1<T, OutDims>(bn->bias, params,

InDims * OutDims + OutDims * 2);
ReadTensorldOpt1<T, OutDims>(bn->mean, params,

InDims * OutDims + OutDims * 3);

}
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union conv32_t

{
std::uint32_t u32;
int i32;
float f;

s

// Interpret float as std::uint32_t
inline std::uint32_t FloatToU32(const float f)
{

conv32_t conv;

conv.f = f;

return conv.u32;

}

// Interpret std::uint32_t as float
inline float U32ToFloat(const std::uint32_t u32)
{

conv32_t conv;

conv.u32 = u32;

return conv.f;

}

// Read a 1D tensor from a DDR memory

template <typename T, int D@©>

void ReadTensorldNaive(T tensor[DO],
const float* src,
const int offset)

{

#pragma HLS INLINE off

for (int 1 = 0; i < DO; ++i) {
#pragma HLS PIPELINE II=1
tensor[i] = T(src[offset + i]);
}
}

// Read a 1D tensor from a DDR memory
template <typename T, int D©>
void ReadTensorldOptl(T tensor[DO],
const ap_uint<64>* src,
const int offset)
{
#pragma HLS INLINE off

static_assert(DO % 2 == 0, "'DO must be a multiple of 2");
assert(offset % 2 == 0);

constexpr const int D@Over2 = DO / 2;



const int offset2 = offset / 2;

for (int i = @0; i < D@Over2; ++i) {
#pragma HLS PIPELINE II=1
const ap_uint<64> tensor_data = src[offset2 + i];
tensor[i * 2 + @] = T(U32ToFloat(tensor_data.range(31, 0)));
tensor[i * 2 + 1] = T(U32ToFloat(tensor_data.range(63, 32)));

}
}

// Read a 2D tensor from a DDR memory

template <typename T, int D@, int D1>

void ReadTensor2dNaive(T tensor[DO][D1],
const float* src,
const int offset)

{

#pragma HLS INLINE off

for (int 1 = 0; i < DO; ++i) {
for (int j = 0; j < D1; ++j) {
#pragma HLS PIPELINE II=1
const int idx = i * D1 + j;
tensor[i][j] = T(src[offset + idx]);
}
}
}

// Read a 2D tensor from a DDR memory
template <typename T, int D@, int D1>
void ReadTensor2dOpt1(T tensor[DO][D1],
const ap_uint<64>* src,
const int offset)

{
#tpragma HLS INLINE off

static_assert(D1 % 2 == 0, "'D1° must be a multiple of 2");
assert(offset % 2 == 0);

constexpr const int D1lOver2 = D1 / 2;
const int offset2 = offset / 2;

for (int 1 = 0; i < DO; ++i) {
for (int j = 0; j < D1lOver2; ++j) {
#pragma HLS PIPELINE II=1
const int idx = i * D1Over2 + j;
const ap_uint<64> tensor_data = src[offset2 + idx];
tensor[i][j * 2 + 0] = T(U32ToFloat(tensor_data.range(31, 0)));
tensor[i][j * 2 + 1] = T(U32ToFloat(tensor_data.range(63, 32)));
¥
¥
}

// Read a 2D tensor of size (D@, 3) from a DDR memory
template <typename T, int D@, int D1>
void ReadTensor2dOpt2(T tensor[DO][D1],
const ap_uint<64>* src,
const int offset)
{
#pragma HLS INLINE off

static_assert(DO % 2 == 0, "'DO  must be a multiple of 2");
static_assert(D1 == 3, "'D1° must be 3");
assert(offset % 2 == 0);

constexpr const int Iter = DO * D1 / (2 * 3);
const int offset2 = offset / 2;

for (int i = 0; i < Iter; ++i) {
#pragma HLS PIPELINE

const int src_idx = i * 3;

const int dst_idx = i * 2;

const ap_uint<64> tensor_data® = src[offset2 + src_idx + 9];

const ap_uint<64> tensor_datal = src[offset2 + src_idx + 1];

const ap_uint<64> tensor_data2 = src[offset2 + src_idx + 2];
tensor[dst_idx + 0][0] = T(U32ToFloat(tensor_data®.range(31, 0)));
tensor[dst_idx + 0][1] = T(U32ToFloat(tensor_data®.range(63, 32)));



tensor[dst_idx + 0][2]
tensor[dst_idx + 1][0]
tensor[dst_idx + 1][1]
tensor[dst_idx + 1][2]
}
}
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T(U32ToFloat(tensor_datal.range(31, 9)));
T(U32ToFloat(tensor_datal.range(63, 32)));
T(U32ToFloat(tensor_data2.range(31, 0)));
T(U32ToFloat(tensor_data2.range(63, 32)));
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// Read a point from a DDR memory

template <typename T>

void ReadPointNaive(const float* point_cloud,
const int idx,
T x[3])

{

#pragma HLS INLINE off

for (int i = 0; i < 3; ++1i) {
#pragma HLS PIPELINE II=1
x[i] = T(point_cloud[idx * 3 + i]);
}
}



// Read a point from a DDR memory

template <typename T>

void ReadPointOptl(const ap_uint<64>* point_cloud,
const int idx,
T x[3])

{

#pragma HLS INLINE off

const ap_uint<64> point_data® = point_cloud[idx * 2 + @];
const ap_uint<64> point_datal = point_cloud[idx * 2 + 1];
x[0] = T(U32ToFloat(point_data®.range(31, 0)));
x[1] = T(U32ToFloat(point_data®.range(63, 32)));
x[2] = T(U32ToFloat(point_datal.range(31, 0)));

}
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// Write a 1D tensor to a DDR memory
template <typename T, int D©>
void WriteTensorldNaive(float* dst,
const T tensor[D@],
const int offset)

{
#tpragma HLS INLINE off

for (int i = 0; i < DO; ++i) {
#pragma HLS PIPELINE II=1
dst[offset + i] = static_cast<float>(tensor[i]);
}
}

// Write a 1D tensor to a DDR memory

template <typename T, int D©>

void WriteTensorldOptl(ap_uint<64>* dst,
const T tensor[DO],
const int offset)

{
#pragma HLS INLINE off

static_assert(DO % 2 =

= 0, "'D0’ must be a multiple of 2");
assert(offset % 2 == 0);

constexpr const int D@Over2 = DO / 2;
const int offset2 = offset / 2;

for (int i = 0; i < D@Over2; ++i) {
#pragma HLS PIPELINE II=1
ap_uint<64> tensor_data;
tensor_data.range(31, 0) = FloatToU32(
static_cast<float>(tensor[i * 2 + 0]));
tensor_data.range(63, 32) = FloatToU32(
static_cast<float>(tensor[i * 2 + 1]));
dst[offset2 + i] = tensor_data;
}
}
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// Parallel implementation of the fully-connected Layer
// Weight and bias parameters are stored on the DDR memory
// Matrix-vector multiplication is parallelized along the output dimension
// “T  1is the type for values
// “TParam™ 1is the type for weight and bias
// “InDims” 1is the number of input dimensions
// “OutDims™ 1is the number of output dimensions
// “ApplyRelLU" 1is the flag to apply RelU activation
// "B 1is the block size for the output dimension
template <typename T, typename TParam,
int InDims, int OutDims, bool ApplyRelU, int B>

void LinearOpt2DDR(const T x[InDims],

T y[OutDims],

const ap_uint<64>* params,

const int offset)

// “x° 1s of size (1, “InDims")

// "y 1s of size (1, “OutDims’)

// “params’ contains weight parameters of size ( OutDims, “InDims’) and
// bias parameters of size ("OutDims ) in a contiguous buffer

#pragma HLS INLINE off

// “OutDims™ must be a multiple of "B’

static_assert(OutDims % B == 0, " OutDims ™ must be a multiple of "B ");
// "B’ must be larger than 1

static_assert(B > 1, "B’ must be larger than 1");

// “InDims™ must be a multiple of 2

static_assert(InDims % 2 == 0, " InDims’ must be a multiple of 2");
// “outDims™ must be a multiple of 2
static_assert(OutDims % 2 == 0, " "OutDims  must be a multiple of 2");

// “offset® must be a multiple of 2
assert(offset % 2 == 0);

constexpr const int BHalf = B / 2;

constexpr const int OffsetToBias = OutDims * InDims / 2;
constexpr const int InDims2 = InDims / 2;

constexpr const int OutDims2 = OutDims / 2;

const int offset2 = offset / 2;

TParam bias[OutDims];
#pragma HLS ARRAY_PARTITION variable=bias type=cyclic factor=BHalf dim=1

// Copy the bias parameters in advance
for (int i = 0; i < OutDims2; ++i) {
#pragma HLS PIPELINE II=1
const ap_uint<64> bias_data = params[offset2 + OffsetToBias + i];
bias[i * 2 + 0] = TParam(U32ToFloat(bias_data.range(31, 9)));
bias[i * 2 + 1] = TParam(U32ToFloat(bias_data.range(63, 32)));
}

for (int i@ = 0; i@ < OutDims; i@ += B) {
#pragma HLS PIPELINE off
T vals[B];
#pragma HLS ARRAY_PARTITION variable=vals type=complete dim=1
TParam weight[B][InDims];
#pragma HLS ARRAY_PARTITION variable=weight type=cyclic factor=BHalf dim=1

// Copy the weight parameters for "B" outputs
const int offset@ = offset2 + i@ * InDims2;
for (int i1 = 0; il < B; ++il) {
for (int j = 0; j < InDims2; ++j) {
#pragma HLS PIPELINE
const ap_uint<64> weight_data = params[offset® + il * InDims2 + j];
weight[il][]j * 2 + @] = TParam(
U32ToFloat(weight_data.range(31, 0)));
weight[il1][j * 2 + 1] = TParam(
U32ToFloat(weight_data.range(63, 32)));



for (int j = 0; j < InDims; ++j) {
#pragma HLS PIPELINE
for (int il = 0; il < B; ++il) {
#pragma HLS UNROLL
int i = i@ + i1;
if (i < OutDims) {
T last = (j == ©) ? T(bias[i]) : vals[il];
vals[il] = last + x[j] * weight[il][]j];
}
¥
}

for (int i1 = 0; i1 < B; ++il) {
#pragma HLS UNROLL
int i = i@ + i1;
if (i < OutDims) {
if (ApplyRelU)
y[i] = vals[il] > T(9) ? vals[il] : T(©);
else
y[i] = vals[il];

}
}
}
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template <typename T, typename U, int N>
void InferenceFeatOpt3(...)

{
#pragma HLS INLINE off

// Zero-initialize the output feature
VectorNdSetZero<T, kFeatDims5>(feature);

// Compute the feature
for (int i = 0; i < num_points; ++i) {

/..

// Read a point from a DDR memory
ReadPointOpt1<T>(point_cloud, i, x0);

// Compute a point feature
VA

// Update the output feature
MaxPool1dOpt1<T, kFeatDims5, 2>(x10, feature);

}
}

template <typename T, typename U>
void InferenceClsOpt3(...)

{
#pragma HLS INLINE off

/] ..

// Compute Llogits
LinearOpt2DDR<T, U, kClsDims®, kClsDimsl, false, 16>(
feature, x0, paramsl, 0);
BatchNorm1dReLUOpt1<T, U, kClsDimsl, 2>(
X0, x1, bnl->scale, bnl->bias, bnl->mean);
LinearOpt2DDR<T, U, kClsDimsl, kClsDims2, false, 8>(
x1, x2, params2, 9);
BatchNormldRelLUOpt1<T, U, kClsDims2, 2>(
X2, X3, bn2->scale, bn2->bias, bn2->mean);
LinearOpt1<T, U, kClsDims2, kClsDims3, false, 2>(
x3, x4, fc3->weight, fc3->bias);



// Write the result

WriteTensorldOpt1<T, kClsDims3>(out_logits, x4, 0);

ABDR— MEBICKD T, EORERTEHBZHIR TET/IZTUL DN,

Yt~ N —J1InferenceFeato

pt2DEITH A T)L28(F1,112,259 (7.408ms). $ifz(CAR UTZinferencereatopt3(d1,112,254 (7.408ms) TUL
oo (FF—HETYI. DFERYNI—TICEALTE. R— MME32E W N D Inferencecisopt1(d711,969H 12
JU (4.742ms) TUTEM, 64E W R DInferencec1sopt3 T (£383,885H 1)L (2.557ms) (CHIENFE LTz,
MR— MEZ2E(CILT e &T. DRy MO —DDH# KR Z 1 8585 M TS /eDII T,

LHDF 1 —TEE (InferenceFeatNaive + InferenceClsNaive) & CCITRIER (InferenceFeatOpt3 + Inferen

ceClsopt3) £ T, EITHA DIV EDIEEZLLIZTLL DM, AT —TERE. THREILEHDRE

KCOERTY, FA—TERETIE #

$12163,279,2135127)L (1.087s) BELTWLWEIH., wiBb(CKkD

T1,496,1435 1 J)L (9.964ms) ([CEXTHIRSNTLE T . HXZ10HMEDETI .

Lab

8 TITFAET1

- VNC Viewer

Vitis HLS 20221 -

125178 21:29

Vitis HLS 2022.1 - pointnet_naive_150

File Edit Project Solution Window Help

B

B

) Synthesis Summary(solution) 5 | 2 to

naive.cpp

&

Synthesis Summary Report of 'PointNetClisTop'

~ General Information

Date:
Version:
Project:

Wed Dec 14 22:18:32 2022
2022.1 (8uild 3526262 on Mon Apr 18 15:47:01 MDT 2022)
pointnet_naive_150

ga

~ Timing Estimate

6.66 ns 4.862 s 1.80 ns

~ Performance & Resource Estimates @

R | % =) EES®

~ o PointNetClsTop
~ o InferenceFeatNaive_ap_fixed_32_16_5_0_0_ap_fixed_32_16_5_0_0_1024_s
} o InferenceFeatNaive_ap_fixed_ap_fixed_1024_Pipeline_VITis LOOP_11 1
~ © VITIS LOOP_68_1
» o ReadpointNaive_ap_fixed_32 16500 s
» o LinearNaive_ap_fixed_32_16_5_0_0_ap_fixed_32_16_5.0_0_3 64 false_s
» o BatchNorm1dReLUNaive_ap_fixed 32 16 5.0_0_ap_fixed 32 16.5.0 0 645
» o LinearNaive_ap_fixed_32_16_5_0_0_ap_fixed_32_16_5_0_0_64_64 false_s
» o LinearNaive_ap_fixed_ap_fixed_32_16 5_0_0_64 128 false_s
» © BatchNorm1dReLUNaive_ap_fixed_32_16 5.0_0_ap_fixed 32 16.5.0.0 128 s
» o LinearNaive_ap_fixed_ap_fixed_32_16_5_0_0_128_1024 false_s
| » o BatchNorm1dReLUNaive_ap_fixed_32_16_5_0_0_ap_fixed_32_16_5_0 01024 5
» o MaxPool1dNaive_ap_fixed_32_16_5 0.0 1024 5
~ o InferenceCisNaive_ap_fixed_32_16_5.0_0_ap_fixed 32 16.5.0 0.5
© LinearNaiveDDR_ap_fixed_ap_fixed_32_16 5.0_0_1024 512 false_s
» o BatchNorm1dReLUNaive_ap_fixed 32_165_0_0_ap_fixed 32165 0.0.512 s
© LinearNaiveDDR_ap_fixed_ap_fixed_32_16 5_0_0_512_256 false s
© BatchNorm1dReLUNaive_ap_fixed_32_16_5_0_0_ap_fixed_32_16.5 00 256 s
o LinearNaive_ap_fixed_ap_fixed 32_16_5_0_0_256_40_falses
© WriteTensorldNaive_ap_fixed 32_16_5.0_0_40_s
» o InitializeFeatNaive_ap_fixed_32 16.5.0.0 s
» o InitializeClsNaive ap fixed 32 165005

- VNC Viewer

8 TITET

128178 21:35

Solution Solution (Vivado IP Flow Target)
Product family: zynquplus =}
Target device:  xczu7ev-ffucl1s6-2-e &
tency(cycles) Latency(ns) I T . rec
0.00 163279213 087E9 163279214 no
0.00 161945604 1.079E9 - 161945604 - no
- 1026 6.833E3 - 1026 - no q i
- 161944576 1.079E9 158149 - 1024 no '
0.00 19 127.000 - 19 - no 9
- 577 3.84363 - 577 - no q |
- 68 453.000 - 68 - no q |
- 4481 2.984E4 - 4481 - no 9 |
- 8961 5.968E4 - 8961 - no q
- 132 879.000 - 132 - no q
- 137217 9.140E5 - 1727 - no q |
- 1028 6.846E3 1028 - no q |
- 1026 6.833E3 - 1026 - no q
0.00 1333605 8.88266 - 1333605 - no 10
0.00 1056279 7.035E6 1056279 - no 3
- 516 3.43763 - 516 - no q
0.00 266007 177286 - 266007 - no 3
260 173263 260 - no q
- 10481 6.980E4 - 10881 - no q
0.00 51 340.000 - 51 - no q
0.00 153448 1.02266 153448 - no q
0.00 12721 8.472F4 - - no 9
- o x

Vitis HLS2022.1 -

File Edit Project

Bvip

e

Solution Window Help

A~

s

) Synthesis Summary(solution) 52 | [& top_opt3.cpp

Version: 2022.1 (Build 3526262 on Mon Apr 18 15:47:01 MDT 2022)

Project

pointnet_opt3

~ Timing Estimate

6.66ns  4.862ns 1.80 ns
~ Performance & Resource Estimates @

R %

~ o PointNetClsTop
~ o InferenceFeatOpt3_ap_fixed_32_16_
~ o dataflow_parent_loop_proc
~ @ VITIS_LOOP_68_1
~ £ dataflow_in_loop_VITIS_LOOP_68_1
Readpointopt1_ap_fixed_32_16_5.0_0_s
Linearopt1_ap_fixed_ap_fixed 32_16_5.0_0_3_64 false_2 s
BatchNorm1dReLUOpt1_ap_fixed 32_16.5.0_0_ap fixed 32.16.5.0 0,64 2 s
LinearOpt1_ap fixed ap fixed 32 16 5.0 0 64 64 false 8 1
BatchNorm1dReLUOpt1_ap fixed 32 16_5_0_0_ap, fixed 321650 0 64 2 1
LinearOpt1_ap fixed _ap_fixed 32 16 5.0_0_64_64 false 8.5
BatchNorm1dReLUOpt1_ap_fixed 32_16.5.0_0_ap fixed 32.16.5.0 0,64 2 2
Linearopt1_ap_fixed_ap_fixed 32 16 5_0_0_64 128 false 165
BatchNorm1dReLUOpt1_ap_fixed_ap_fixed 32 1650 0128 2 s
LinearOpt1_ap fixed_ap_fixed 32 16 5.0 0 128 1024 false 128 5
» o BatchNorm1dReLUOpt1_ap_fixed_ap_fixed 32_16_5_0_0_1024.
» o MaxPool1dOpt1_ap fixed_32 16 500 1024 2 s
@ VITIS_LOOP_11 1
~ o InferenceClsOpt3_ap.fixed 32 16.5_0_0_ap fixed 32165 0 0s
} o LinearOpt2DDR ap_fixed_ap_fixed 32 16 5_0_0 1024 512 false_16 s
» o BatchNorm1dReLUOpt1_ap_fixed_ap_fixed_32_16.50 05122 s
» o LinearOpt2DDR ap_fixed_ap_fixed_32_16 5_0_0 512 256 false 85
» o BatchNorm1dReLUOPpt1_ap_fixed_ap_fixed_32_16_5_0_0_256_2_s
» o Linearopt1_ap_fixed_ap_fixed 32_16_5_0_0_256_40_false 2.5
» © WriteTensor1dOpt1_ap_fixed 32_16.5.0.0.40_s
» o InitializeFeatOpt3_ap_fixed 32 16500 s
» o InitializeClsOpt3_ap,_fixed 32 16_5_

)_0_ap_fixed_32_16_:

I Violation

Product family:
Target device:

zynquplus
xczuZevffucl1s6-2-e

1496143
0.00 1112254 7.408E6
0.00 111227 7.401€6
- 111226 7.401€6
0.00 4339 2.890E4
0.00 13 86.580
- 321 213863
- 36 240.000
- 569 3.790€3
- 36 240.000
- 569 3.790E3
- 36 240,000
- 569 3.790€3
- 8 453.000
- 1081 7.199€3
- 516 3.43763
- 514 3.42363
- 1024 6.820E3
0.00 383885 2.557€6
0.00 205671 1.969E6
- 260 173263
0.00 82519 5.50065
- 132 879.000
- 5261 3.504€4
0.00 31 206.000
0.00 142467 9.490€5
0.00 6426 4.280€4

Inte

1496144
- 1112254
- 1111227

1111226 -

1024

no
no

no
dataflow
dataflow
no

no

no

no

no

no

no

no

no

no

no

no

yes

no

no

no

no

no

no

no

no

no

HUET., BAESKRDEENTEHMNDELE. hls/src/top_opt3.cppEl B < T2
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BEAIEROERNTEZDT, Vitis HLSTOZ /AL U, IPOTVZEKRLET . SEE. UTOXIIRIRE
THEZELUTWET GERITAFVRWERBWEINENTHETED).

Ubuntu 20.04.5 LTS
Intel(R) Xeon(R) E-2186G CPU @ 3.80GHz
e 64GB DRAM

 Vivado ML Edition 2022.1 (-1 > X b—)LiEP(E/tools/xilinxAF)
e CMake 3.16.3

Fiz. WROFPGAR— R(&. Xilinx ZCU104 Evaluation Board (XCZU7EV-2FFVC1156) T 9,

SEAEUEGItHUbURS RUTIE. UTDLD (Cnake T DT, BEMICIPOT7ZVERTEET ., TR
)T ~ECMakeZEHAENDE TERIREINTVET ., EDRATU—->>3v hDELSIC, Vitis HLSIZ(EZGUI
HEBESNTOWEIN, TdROUT MEFEX(EODTS RS2 ETO/\Y FUIBHOEIEE TS, BEHRSARIC
RS MUEOIO->UES. hsTa LI RNJICEBS T, fFEEADT L MUEERBUET, HULT
CMakeZ O T bR L. PTEDIPI) Znake CTYER LE T,

# FsbVivadoLVitis HLSEEZX B K S(Csourced D
> source /tools/Xilinx/Vivado/2022.1/settings64.sh

# GitHUb /R hUDOO—>
git clone git@github.com:sterngerlach/advent_2022_point_cloud_classification.git
cd advent_2022 point_cloud_classification

Vv Vv

E3RRT« LU bY D%fE

cd hls
mkdir build
mkdir work

v v v H#

> cd build

# CMake 7O T NEIBRR
# settings64.shlCKD TCMakeNEEZ SNBDDT. ZRXFTLADCMakeZfED
> /usr/bin/cmake ..

# FA—TRENSIPOT ZIER
# work7 + LU RURICIESND
> make pointnet_naive_150_csynth_export

# TAWHIEFRALLE JL—T7>O0-YU P LERFOBEEFFERRL) IPOFZER

> make pointnet_optl_csynth_export

# T IJ0-RBbLZEFHERLIPOT7Z/ERK
> make pointnet_opt2_csynth_export

# AHDDOR— MEEeaE W NNTIEFIZIPOT7 ZVERR

> make pointnet_opt3_csynth_export

IPO7Z{ER LTZ5. GUIZEEIL T, EifaREH CHEL LD (EDRITYU—-22 3y bOLSREEN
HEXY).

> c¢d hls/work

# FA—JEERDVitis HLSTOD 1T hEGUITHIL
> vitis_hls -p pointnet_naive_150

BERER

vitis_hls -p pointnet_optl
vitis_hls -p pointnet_opt2
vitis_hls -p pointnet_opt3

v v Vv #®

Vitis HLSZESDIEIT ZETT. CNBE(E. VivadomEOTe/EEICEDEF Y, #HULT. CDIPO7Z. 5l
DIPOAT7 EAFEDE T, R—RFHA>ZARULET, SME. R— RFHA > DMERICDVWTIFEREL
F9., RIIC. vivadoT 4 LI RUICEO T, FEADT 4 LU NI ZERUET, UL TCMakeZ7O> T
I =R U, FREDOR— RTH A > ZEnake TYERR LE T



# EERT« LU NUD% R
> c¢d vivado

> mkdir build

> mkdir work

> mkdir bitstream

> cd build

# CMakeZO T 18R

# settings64.sh(CKD TCMakeNEZTHZ SNBDT. AT LADCMakeZED
# Vitis HLSICKBDIPOF DERMHEND D TLVRNWETIS—

> /usr/bin/cmake ..

# FA—TREDIPOATHS., R— RFYA > %ER

> make pointnet_naive_150_create

RE(LEHOIPATS, R— RFTHA > ZVERK
make pointnet_optl_create
make pointnet_opt2_create
make pointnet_opt3_create

vV v v #®

IN—=RFHA>ZERLIES, GUIZEBILT, JOVIRZEHTHELL D,

cd vivado/work

vivado -project pointnet_naive_150/pointnet_naive_150.xpr
vivado -project pointnet_optl/pointnet_optl.xpr

vivado -project pointnet_opt2/pointnet_opt2.xpr

vivado -project pointnet_opt3/pointnet_opt3.xpr

vV V V Vv Vv

B Lab - VNC Viewer - o X
® 7IT1ET1 A 128178 22:12
pointnet_opt3- - Vivado 20221 (tai) x
Fle Edt Flow Ioos Reports Window Laout View Help K pcce wite_bitstream Complete
=, [ > W& T * Defaut Layout .
Flow Navigator EEEI Frosct MANAGER - porntnet opts =
| PROJECT MANAGER ;
Sources 2 _0tx  Project summary 200X
& settings
z|e Overview | Dashooar
Add Sources. Q + b Dashbozrd
& Design Sources (1 ~
Language Templates > @2 design0_wrapper E) (desi 1 Settings £t
| e > & Constraints RO s
> = Smulation Sources e e
~ 1P INTEGRATOR > 1= Utilty Sources Product famiy Zynq Ultrascales MPSoCs
Create Block Design Project part rcaTevticl 15622
Open Block Design Top modue name.
| Target language
Generate Block Design simulator language: Mixed
+ smuLTon
Synthesis implementation Summary | Route status | Faled Nets
Run simuiation y o oy
status: status: < complete
© RTLANAYSIS Messages: Messages 3
> Open Elaborated Design Active run Active run
Part. Part criseze
| iorard P SAARAAMARS S sl MR A0 Strategy: Strategy:
© smHESIS [EFETE| OSees (oo Capled

Report strategy: Report strategy.

Incremental implementation:

| Runsythesis Incremental synthesis:

T o mme
+ openstesgssossn
< impl1 o
| T T T 3 | RS
[~ moewammon N Y E—
| o pL] Summary. @ 2839 wanings Worst Negative Slack (WNS%  0.02ns
1 mementaton L =
part Orcarevtietiseze actve) | [] Implemented ORC Report Tota Negatwe Sack (NS): 0
© open mptemented peson
pen Imp o Description: | Default sattings for Implementation, Number of Failing Endpoints: 0
comtrant s T
Gos e ot ol i
IS — plmented Tming Repor
9 Synthesis run: [ synth 1
© Report Timing Summary constraints. P
Report Clock Networks B Utilization PostSynthesis | Postmplementation T Summary | onchip
v
et cock mrscin EDIEn RS s
PR . . . N e
e —— s il AT
. R O T — : I
Report Utilzation Tdl Console | Messages |Log |Reports | Design Runs e
% reponroner 2
Q T 2 M« » + %
4 schematic
= ooy o | b D D D B ey I STt Cem GRS U G 12 6
S oy v | corstrac | et tecigscompetel | o0 | AealpPe)
v PROGRAM AND DEEUG < impl1 constrs1 write bitstream Complete!  m 100%  Off 0.020 0000 0.013 0.00C 0.000 5551 0 3wam 8426 496 2635 64 8
i Generate Bitstream ~ = Out-of.Contesxt Module Runs
P — oo Sbmsas i Comps | Wo0%

<

AAlDFlow Navigator*5. [Open Block Design] Z#RI D&, JOVIRERRTCETET,



Lab - VNC Viewer - [u] X

128178 22:14

pointnet_opt3- ~Vivado 20221 (tai)

Ele Edt Flow Took Reports Wndow layout View Help i scce wrte_bitstream Complete
=, ® & b B8 X Default Layout v
Flow Navigator EEEIN 5LocK DESIGN - designo 2 x

v PROJECT MANAGER

< Design x Signals 2 0o | [piagram x Address Editor x| AddressMap x 0@

Q@ a X = o Q ¢+ ¥ 2 C 9 Default View

% settings
Add Sources

ot

UltraSCALE*
Zyra UtraScate WPEaC

impl, tion R perti _or
Progress Incremental  WNS TNS WHS THS WBSS TPWS TotalPower FalledRoutes Methodology RQAScore QoRSuggestions LUT FF BRAM URAM D
+ m100% Auto(Skipped)
=100% off 0.020 0.00¢ 0.013 0.00C 0.000 s551 o 3wam 8426 496 2635 64 ©

submodule Runs Complete  m 100%

JOvIOREILAUEDHUTTY.

zynq_ultra_ps_e_0

L5 < ax_eo.reo AN )
- ‘ M_AXI_HPMO_FPD =
xlconcat_1 _fpd_ack .
p0_fpd_aclk s
® pl_c

axi_interconnect_0

PointNetClsTop
In0[0:0] L_ps._ira0[0:0] —n
ACLK
UltraSCALE* sox s s [E]

Concat Zynq UltraScale+ MPSoC - X -
)_ACLK [ rAY
)_ARESETN
1_ACLK PointNetClsTop (Pre-Production)
_ARESETN

AXT Interconnect

axi_intc_0
rst_ps8_0_100M
Usyne_clk mb_resetp=
t_reset_in bus_struct_reset[0:0] mm xlconcat_0
Qaux_reset i -
In0[0:0]

={mb_debug_sys_rst > J’
*=|dom_locked peripheral_: Concat "AXT Interrupt Controller

Processor System Resel

M= RFHA(CHUT. RIBEEKEERBEFEZITV. BEEREFEHIZEY M KU —LA (Bitstream) &
ERRUEL LD, NIZZDARYIICERIDEITN. CESDBRIETE. 1DDR— RFH A1 > DRIBEK
EEERHRIC. 30U EHENDE U BO7ZFE>1EHE). SEIDGitHUbURS MU(C(E, Ewv R KU
—LBANTHDDT. COEEFVBESDFEA GRUTHTEARLKXRTI).

cd vivado/build

make pointnet_naive_150_impl && make pointnet_naive_150_copy_bitstream
make pointnet_optl_impl && make pointnet_optl_copy_bitstream

make pointnet_opt2_impl && make pointnet_opt2_copy_bitstream

make pointnet_opt3_impl &% make pointnet_opt3_copy_ bitstream

vV V V Vv Vv

EO—EGUIZIEEIL C. & EADEREEH CHELLD. EMIDFlow Navigatorh's.  [Open
Implemented Design] Z#EIRLUET, BEAMCE. Z1—F—0IDIYI/I\WEIDKSICHAT. ELLE
BUET, GUILET. UY—XXDERXK (Utilization) ¥°. BIHEBEDRIEED (Power). 51 =27 (Timing)
IREEMHRTEFET,



8 b - VNC Viewer - o X

pointnet_opt3- - Vivado 20221 (tai)

vivado/bitstr‘eamg‘“’( L2 KNUKTFIC, EfesnizEY R M- TOE—Nxd. Ev A RNI—A
(HL3RF .vit) OA(C. Hardware HandoffJ 77 -1 )L (HLiRF.nwh) ©EHDFI . Handoff 7 77 1 )LI(C(E, EIFED A
FTF—IMNEFENFT., FPGAR—RICEY MR MJU—-AZO—-RIDHICE. 2DDT7AILREY b T
ME(CRDFET, Ev MR MNI—-AZZHEEE. BIHITEEZAETEYDBEI SN EWNSDM. ASIC
[CX T BFPGADKERFISRTY ., C. INSDT 7 A )L ZEscpld ETFPGAR— R E(CERXRINUE. [OIFS
ZENH I ERNEENET,

> cd vivado/bitstream

> 1s

-rw-rw-r-- 1 x x 19M Dec 14 23:34 pointnet_naive_150.bit
-rw-rw-r-- 1 x x 363K Dec 14 23:34 pointnet_naive_150.hwh
-rw-rw-r-- 1 x x 19M Dec 15 00:01 pointnet_optl.bit
-rw-rw-r-- 1 x x 363K Dec 15 00:01 pointnet_optl.hwh
-rw-rw-r-- 1 x x 19M Dec 14 23:20 pointnet_opt2.bit
-rw-rw-r-- 1 x x 363K Dec 14 23:20 pointnet_opt2.hwh
-rw-rw-r-- 1 x x 19M Dec 15 18:07 pointnet_opt3.bit
-rw-rw-r-- 1 x x 363K Dec 15 18:07 pointnet_opt3.hwh

| EEBLT

Ev M RMJ—=LAZHEBTEZDT. WKWKEIEZ#HHNUTHET, SEUERTDIFPGAR— R, Xilinx
ZCU104 Evaluation Kit(&. SoC (System-on-Chip) & KIFNTULET . FPGADAtIC., 277w RIJ7 ARM
Cortex-A53 CPU (1.2GHz). 2GBDDRAMY?, k4 IRELEIEIHE SN TLT, Linuxh'EELET, =
TI(FXOSE LT, Ubuntu 20.04%ZFR—X & UTZPynq Linux 2.7Z0\&E 9,  Pynq Linux(C(Epyng & KIEND
PythonDS 1 TS UMIBE L TH D, PythonhSFPGABIEDYUBR %GB (CITXE T,

Tz g7z (C(d. Pyng Linux £E(C. PyTorch 1.11.012, TorchVision 0.12.0. NumPy. SciPy. H5py.
TQdMREDSATSUZFDHA A R—=ILFTDIHENSHDFIN. CCTEFHANRSRO>TUEDZHE
BUEI., EARNC(EZpip N RTA A M=ILTEET, 2B, Xilinx ZCU104. Pynq Linux 2.7FICE
JL R&EMN7/zPyTorch 1.11.0. TorchVision 0.12.00DWheel 7 7 (JL(&. ZBESDURT KUICEBWNTHDET,
CZETEFUT, REFPGALTHMMFEBET IILZE}N TS L TDION. LHRICBHBEEITDIZENDDE
ER

CNEARF(FC/IC++ T2 < PythondD1— RZEZFNWTLEET,

B, PyTorchOEFTILDEZEZBBUET (net/model.py)s AIDIZEDERL, 2 TFILTIR,

class PointNetFeat(torch.nn.Module):
def __init_ (self):
super().__init_ ()


https://github.com/sterngerlach/pytorch-pynq-builds

self.convl = torch.nn.Convld(3, 64, 1)
self.conv2 = torch.nn.Convld(64, 64, 1)
self.conv3 = torch.nn.Convld(64, 64, 1)
self.conv4 = torch.nn.Convld(64, 128, 1)
self.conv5 = torch.nn.Convld(128, 1024, 1)
self.bnl = torch.nn.BatchNormld(64)
self.bn2 = torch.nn.BatchNormld(64)
self.bn3 = torch.nn.BatchNormld(64)
self.bn4 = torch.nn.BatchNormld(128)
self.bn5 = torch.nn.BatchNormld(1024)

def forward(self, x: torch.Tensor):
# “x° 1is of size [B, N, 3]

= X.shape[1]

‘x" 1s of size [B, 3, N]

= x.transpose(1, 2)

X ® =2
x

‘X" 1is of size [B, 1024, N]

.relu(self.bnl(self.convi(x)))
.relu(self.bn2(self.conv2(x)))
.relu(self.bn3(self.conv3(x)))
.relu(self.bn4(self.conv4(x)))
.relu(self.bn5(self.conv5(x)))

X X X X X H#
o
b B s B o B o

# “x° 1s of size [B, 1024]
x = torch.max(x, dim=2)[0]

return x

class PointNetCls(torch.nn.Module):
def __init_ (self, num_classes: int):
super().__init_ ()

# Feature extraction
self.feat = PointNetFeat()

# Classification network

self.fcl = torch.nn.Linear(1024, 512)
self.fc2 = torch.nn.Linear(512, 256)
self.fc3 = torch.nn.Linear(256, num_classes)
self.bnl = torch.nn.BatchNormld(512)
self.bn2 = torch.nn.BatchNormld(256)

def forward(self, x):
# “x° 1s of size [B, N, 3]
# “x° 1s of size [B, 1024]
x = self.feat(x)

# "x° 1s of size [B, “num_classes ]
x = F.relu(self.bnl(self.fcl(x)))

x = F.relu(self.bn2(self.fc2(x)))

x = self.fc3(x)

return x

RIC, FPGATERILENIZEESTILERUET (host/model_zculed.py)o TF)LDEHET(EPointNetclszcu104 T
9, _LEERDCPURDETIL (PointNetcls) & FBULBEFNEUICRADLDICULELI,

from net.model import PointNetCls

# Split the 64-bit address

def split_address(addr: int) -> Tuple[int, int]:
mask = (1 << 32) -1
return addr & mask, addr >> 32

# Allocate a contiguous buffer for torch.nn.Convid (torch.nn.Linear)
def allocate_linear_buffer(in_dims: int, out_dims: int) \
-> pynq.buffer.PynqBuffer:
buf_size = in_dims * out_dims + out_dims
return pynq.allocate(shape=(buf_size,), dtype=np.float32, cacheable=False)

# Allocate a contiguous buffer for a block with torch.nn.Convld
# (torch.nn.Linear) and torch.nn.BatchNormld
def allocate_block_buffer(in_dims: int, out_dims: int) \

-> pynq.buffer.PynqBuffer:



buf_size = 0

buf_size += in_dims * out_dims + out_dims

buf_size += out_dims * 3

return pynq.allocate(shape=(buf_size,), dtype=np.float32, cacheable=False)

# Write the torch.nn.Convld parameters to the contiguous buffer
def write_convld_params(buf: pynq.buffer.PynqBuffer,
layer: torch.nn.Convld,
offset: int = 9) -> int:
if layer.kernel_size != (1,):
raise RuntimeError(f"Kernel size should be 1")

weight_size = layer.out_channels * layer.in_channels
bias_size = layer.out_channels

buf[offset:offset+weight_size] = layer.weight.data.view(-1)
offset += weight_size

buf[offset:offset+bias_size] = layer.bias.data.view(-1)
offset += bias_size

return offset

# Write the torch.nn.Linear parameters to the contiguous buffer
def write_linear_params(buf: pynqg.buffer.PynqBuffer,
layer: torch.nn.Linear,
offset: int = 9) -> int:
weight_size = layer.out_features * layer.in_features
bias_size = layer.out_features

buf[offset:offset+weight_size] = layer.weight.data.view(-1)
offset += weight_size

buf[offset:offset+bias_size] = layer.bias.data.view(-1)
offset += bias_size

return offset

# Write the torch.nn.BatchNormld parameters to the contiguous buffer
def write_batchnormld_params(buf: pynqg.buffer.PynqBuffer,
layer: torch.nn.BatchNormld,
offset: int = 9) -> int:
dims = layer.num_features

# “scale’ 1s the multiplication of the weight and reciprocal of the
# standard deviation (to reduce the on-chip memory consumption)
std_inv = torch.sqgrt(layer.running_var.data + layer.eps)

std_inv = torch.reciprocal(std_inv)

scale = std_inv * layer.weight.data

buf[offset:offset+dims] = scale.data.view(-1)

offset += dims

buf[offset:offset+dims] = layer.bias.data.view(-1)

offset += dims

buf[offset:offset+dims] = layer.running_mean.data.view(-1)
offset += dims

return offset

# Write the block (torch.nn.Convld and torch.nn.BatchNormld) parameters
# to the contiguous buffer
def write_conv_batchnormld_params(buf: pynq.buffer.PynqBuffer,
conv: torch.nn.Convld,
bn: torch.nn.BatchNormid):
offset = 0
offset = write_convld_params(buf, conv, offset)
offset = write_batchnormld_params(buf, bn, offset)

# Write the block (torch.nn.Linear and torch.nn.BatchNormld) parameters
# to the contiguous buffer
def write_linear_batchnormld_params(buf: pynq.buffer.PynqBuffer,
linear: torch.nn.Linear,
bn: torch.nn.BatchNormld):
offset = 0
offset = write_linear_params(buf, linear, offset)
offset = write_batchnormld_params(buf, bn, offset)

class PointNetClszZCU104(torch.nn.Module):



# Operation modes (refer to hls/src/op_modes.hpp)
MODE_INIT_WEIGHTS = 100
MODE_INFERENCE = 101

def __init_ (self, model_cpu: PointNetCls,
overlay path: str, num_points: int):
super().__init_ ()

# Load an overlay

self.overlay = self.load_overlay(overlay_path)

# Get the IP core module

self.net_ip: pynqg.DefaultIP = self.overlay.PointNetClsTop
# Get the control registers of the IP core

self.registers = self.net_ip.register_map

# Check the data width of the AXI master interface

net_ip_params = self.overlay.ip_dict["PointNetClsTop"]["parameters"]
self.axi_m_addr_width = int(net_ip_params["C_M_AXI_GMEM@_ADDR_WIDTH"])
self.axi_m_data_width = int(net_ip_params["C_M AXI_GMEM@ DATA WIDTH"])

# Allocate buffers for PointNet feature extraction network
self.buf_feat_paramsl = allocate_block_buffer(3, 64)
self.buf_feat_params2 = allocate_block_buffer(64, 64)
self.buf_feat_params3 = allocate_block_buffer(64, 64)
self.buf_feat_params4 = allocate_block_buffer(64, 128)
self.buf_feat_params5 = allocate_block_buffer (128, 1024)

# Allocate buffers for classification network

self.buf_cls_paramsl = allocate_block_buffer(1024, 512)
self.buf_cls_params2 = allocate_block_buffer(512, 256)
self.buf_cls_params3 = allocate_linear_buffer (256, 490)

# Allocate a buffer for point cloud
self.num_points = num_points
if self.axi_m_data_width == 32:
self.buf_point_cloud: pynq.buffer.PynqBuffer = pynq.allocate(
shape=(self.num_points, 3), dtype=np.float32, cacheable=False)
elif self.axi_m_data_width == 64:
self.buf_point_cloud: pynq.buffer.PynqBuffer = pynq.allocate(
shape=(self.num_points, 4), dtype=np.float32, cacheable=False)
else:
raise RuntimeError(f"Unexpected data width for AXI master")

# Allocate a buffer for output logits
self.buf_out_logits: pynq.buffer.PyngBuffer = pynq.allocate(
shape=(40,), dtype=np.float32, cacheable=False)

# Copy parameters for PointNet feature extraction network

write_conv_batchnormld_params(self.buf_ feat_paramsi,
model_cpu.feat.convl, model_cpu.feat.bnl)

write_conv_batchnormld_params(self.buf_ feat_params2,
model_cpu.feat.conv2, model_cpu.feat.bn2)

write_conv_batchnormld_params(self.buf_feat_params3,
model cpu.feat.conv3, model_cpu.feat.bn3)

write_conv_batchnormld_params(self.buf_ feat_params4,
model cpu.feat.conv4, model_cpu.feat.bn4d)

write_conv_batchnormld_params(self.buf_ feat_params5,
model cpu.feat.conv5, model_cpu.feat.bn5)

# Copy parameters for classification network
write_linear_batchnormld_params(self.buf_cls_paramsl,
model _cpu.fcl, model_cpu.bnl)
write_linear_batchnormld_params(self.buf_cls_params2,
model cpu.fc2, model_cpu.bn2)
write_linear_params(self.buf_cls_params3, model_cpu.fc3)

# Set the physical addresses of the buffers
self.registers.point_cloud_1, self.registers.point_cloud_2 = \
split_address(self.buf_point_cloud.device_address)
self.registers.out_logits_1, self.registers.out_logits_2 = \
split_address(self.buf_out_logits.device_address)
self.registers.feat_paramsl_1, self.registers.feat_paramsl_2 = \
split_address(self.buf_feat_paramsl.device_address)
self.registers.feat_params2_1, self.registers.feat_params2_2 = \
split_address(self.buf_feat_params2.device_address)
self.registers.feat_params3_1, self.registers.feat_params3_2

I
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def

def

def

split_address(self.buf_feat_params3.device_address)
self.registers.feat_params4_1, self.registers.feat_params4_2
split_address(self.buf_feat_params4.device_address)
self.registers.feat_params5_1, self.registers.feat_params5_2 = \
split_address(self.buf_feat_params5.device_address)
self.registers.cls_paramsl_1, self.registers.cls_paramsl_2 = \
split_address(self.buf_cls_paramsl.device_address)
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self.registers.cls_params2_1, self.registers.cls_params2_2 = \
split_address(self.buf_cls_params2.device_address)
self.registers.cls_params3_1, self.registers.cls_params3_2 = \

split_address(self.buf_cls_params3.device_address)

# Synchronize the buffers

self.buf_feat_paramsl.sync_to_device()
self.buf_feat_params2.sync_to_device()
self.buf_feat_params3.sync_to_device()
self.buf_feat_params4.sync_to_device()
self.buf_feat_params5.sync_to_device()
self.buf_cls_paramsl.sync_to_device()
self.buf_cls_params2.sync_to_device()
self.buf_cls_params3.sync_to_device()

# Initialize the weights (transfer the weights to the on-chip buffers)
self.registers.op_mode = PointNetClsZCU104.MODE_INIT_WEIGHTS
self.registers.CTRL.AP_START = 1

self.wait_for_ip()

load_overlay(self, overlay_path):
overlay = pynq.Overlay(overlay_path)

if not overlay.is_loaded():
raise RuntimeError(f"Unable to load overlay: {overlay_path}")

return overlay

wait_for_ip(self):
while self.registers.CTRL.AP_DONE == 0:
pass

forward(self, x: torch.Tensor):
# "x° 1s of size [B, N, 3]
if x.ndim != 3 or x.shape[2] != 3:
raise RuntimeError(f"Unexpected shape of the input: {x.shape}")

batch_size = x.shape[0]
num_points = x.shape[1]

# Reallocate the buffer for point cloud 1if necessary
if num_points > self.num_points:
self.num_points = num_points
self.buf_point_cloud.freebuffer()
if self.axi_m_data_width == 32:
self.buf_point_cloud: pynq.buffer.PynqBuffer = pynq.allocate(
shape=(self.num_points, 3),
dtype=np.float32, cacheable=False)
elif self.axi_m_data_width == 64:
self.buf_point_cloud: pynq.buffer.PyngBuffer
shape=(self.num_points, 4),
dtype=np.float32, cacheable=False)

pyng.allocate(

else:
raise RuntimeError(f"Unexpected data width for AXI master")
self.registers.point_cloud_1, self.registers.point_cloud_2 = \
split_address(self.buf_point_cloud.device_address)

# Allocate the Tensor for output
out = torch.empty(size=(batch_size, 490),
dtype=x.dtype, device=x.device)

# Run the inference
self.registers.op_mode = PointNetClsZCU104.MODE_INFERENCE
self.registers.num_points = num_points

for i in range(batch_size):
# Copy the input point cloud
self.buf_point_cloud[:num_points, :3] = x[i].view(-1, 3)
self.buf_point_cloud.sync_to_device()



# Run the inference
self.registers.CTRL.AP_START = 1
self.wait_for_ip()

# Copy the output Llogits
self.buf_out_logits.sync_from_device()

out[i, :] = torch.from_numpy(self.buf_ out_logits)

return out
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void PointNetClsTop(const int op_mode,

const float* point_cloud,

const int num_points,

float* out_logits,

const float* feat_paramsl,

const float* feat_params2,

const float* feat_params3,

const float* feat_params4,

const float* feat_params5,

const float* cls_paramsi,

const float* cls_params2,

const float* cls_params3)
{
#pragma HLS INTERFACE m_axi port=point_cloud offset=slave bundle=gmem@
#pragma HLS INTERFACE m_axi port=out_logits offset=slave bundle=gmemo
#pragma HLS INTERFACE m_axi port=feat_paramsl offset=slave bundle=gmem@
/7.
#tpragma HLS INTERFACE m_axi port=cls_params3 offset=slave bundle=gmem@

#pragma HLS INTERFACE s_axilite port=op_mode bundle=control
#pragma HLS INTERFACE s_axilite port=point_cloud bundle=control
#tpragma HLS INTERFACE s_axilite port=num_points bundle=control
#pragma HLS INTERFACE s_axilite port=out_logits bundle=control
#pragma HLS INTERFACE s_axilite port=feat_paramsl bundle=control
/e

#pragma HLS INTERFACE s_axilite port=cls_params3 bundle=control
#pragma HLS INTERFACE s_axilite port=return bundle=control

}
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def main():
# Parse the command-line arguments
args = parse_command_line()

# Create a PointNet classification model

model = PointNetCls(num_classes=40)

# Create an FPGA model

model_zcul@4 = PointNetClszZCU104(model, args.bitstream, args.num_points)

model.eval()
model_zcul®@4.eval()

# Test the output

# Create a random input point cloud

point_cloud = torch.rand(size=(1, args.num_points, 3))
out_cpu = model(point_cloud)

out_zculd4 = model zcul@4(point_cloud)

print(f"Output (CPU):\n{out_cpu}")
print(f"Output (FPGA):\n{out_zcule4}")

# Measure the 1inference times
times_cpu = []
times_zculed = []

for _ in range(args.runs):
# Create a random input point cloud
point_cloud = torch.rand(size=(1, args.num_points, 3))

t0 = time.monotonic()
model(point_cloud)
elapsed_cpu = (time.monotonic() - t@) * 1e3

t0 = time.monotonic()
model_zcul@4(point_cloud)
elapsed_zcule4 = (time.monotonic() - t@) * 1le3

times_cpu.append(elapsed_cpu)
times_zcul@4.append(elapsed_zcule4)

time_avg_cpu = np.mean(times_cpu)

time_std_cpu = np.std(times_cpu)
time_avg_zcull4 = np.mean(times_zcule4)
time_std_zcule4 = np.std(times_zcule4)
speedup_factor = time_avg_cpu / time_avg_zcule4

print(f"Inference time (CPU): " \
f"mean: {time_avg cpu:.3f}ms, " \
f'std: {time_std_cpu:.3f}ms")
print(f"Inference time (FPGA): " \
f"mean: {time_avg_zcule4:.3f}ms, " \
f'"std: {time_std_zcul@4:.3f}ms")
print(f"Speedup: {speedup_factor:.3f}x")

CCTIFBERKICLRVLDT., EFBEHDOET)ILZO— RITILIBEENMTNEYD, {EL. CPURDE
5 )LpointNetcls&. FPGAMRDTET )LpointNetclszcuieal T, NS X —SFERIZ DUNEIHDET, F/z.
CPUNRDET )L(devalE— RTEIMESHEE T, /\WFIERILBOEENINEE— RICRD., /\yFEHEMDE
ETCIS—ERDFET, Fe, IEBEHDISA—=FTFRL. ABDD)\y FNSEEGFEERFENTES
N3DT. FPGARDETILELRIERNENIRLKIADE T, BEIN/ZEEargs. runsfZlF. HESRIFRIDET
BTV, FEEEERE. FEERIEXZEHUET. £ERAIC. WADETILOEAINEDTLDIH
EDM (RIREVMENHE D ENDD) ZHER LU TLET (RE(E. IPOVDERERFICETARUEY),.

FPGAR— R ETUTOIONY R2RITULET.

> cd advent_2022_point_cloud_classification/host



# TA—TJEE (IMFERKEL5eMHz)
> sudo XILINX_XRT=/usr ./time_zcul®@4.sh ../vivado/bitstream/pointnet_naive_150.bit

# F—AWHMEFERALULE JL—T7>O0-U2JLRNDONEZFERER) BE (BIFEKERL5eMHz)
> sudo XILINX_XRT=/usr ./time_zcul®@4.sh ../vivado/bitstream/pointnet_optl.bit

# T IO—BEbZBELCRE (EMERIEE150MHz)
> sudo XILINX_XRT=/usr ./time_zcul®@4.sh ../vivado/bitstream/pointnet_opt2.bit

# ABDOR— MaZeaty NMIATERE (BMEREKE150MHz)
> sudo XILINX_XRT=/usr ./time_zcul@4.sh ../vivado/bitstream/pointnet_opt3.bit

FTA—TREETTAMUIHBEDOEHHIZUATITRUET,

$ sudo XILINX_XRT=/usr ./time_zcul@4.sh ../vivado/bitstream/pointnet_naive_150.bit

Output (CPU):

tensor([[-0.0594, -0.0272, 0.0115, -0.0481, -0.0529, ©0.0449, -0.0634, -0.0328,
0.0348, -0.0071, -0.0228, 0.0412, 0.0128, -0.0175, -0.0086, -0.0023,
-0.0192, -0.0101, -0.0072, 0.0520, -0.0106, -0.0110, 0.0113, 0.0499,
-09.0563, -0.0523, -0.0711, -0.0104, -0.0048, -0.0404, ©0.0375, 0.0089,
0.0326, -0.0408, -0.0302, -0.0041, 0.0534, -0.0349, 0.0380, -0.0020]],

grad_fn=<AddmmBackwarde>)

Output (FPGA):

tensor([[-0.0592, -0.0274, 0.0114, -0.0491, -0.0527, 0.0446, -0.0632, -0.0335,
0.0337, -0.0071, -0.0258, 0.0399, 0.0119, -0.0170, -0.0091, -0.0030,
-09.0216, -0.0112, -0.0106, ©.0522, -0.0111, -0.0130, ©0.0114, 0.0487,
-9.0571, -0.0523, -0.0714, -0.0103, -0.0058, -0.0389, ©0.0383, 0.0068,
0.0306, -0.0421, -0.0314, -0.0052, ©0.0539, -0.0360, 0.0399, -0.0031]])

Inference time (CPU): mean: 369.048ms, std: 1.086ms

Inference time (FPGA): mean: 1071.358ms, std: ©.023ms

Speedup: ©.344x

CPUMRMDETIL T (floatZfEWE I N, FPGARDET )L TI(IEE/NELRER (ap_fixed) ZfED TLDDT,
BUEFIVSGA—FEANEERTE. HHBERCEZLPOINNELEFT (ZZTEH BENIRBOE
v MEZE328w b BEEIZ16EY b NEEZR16EY MMIERELTVWET). LML, CPUIREFPGARR
DEFTILT, KUK DIREIMESNTNET (NMEE2L < SVETIEFED TVETY). TS RD4ERM
B oL, INTHERVERBWVWET, HRKHZzHDE. FTA—TREETIE. CPURDETILLDE
MEEEENCEMNDIMNDFET.

BERICH T DHERFHEZ T EHFT,

RE(ER (VI bhD BERER(F1-—T

=5 RIS DEL (ms) EHERBE (ms

= e (ms) (ms) T7L) E100)
CPUR 369.0 1.086 1.0x 2.904x
F-—7 (100MHz) 1606.4 0.041 0.230x 0.667x
7+ —2 (150MHz) 1071.4 0.023 0.344x 1.0x
+~«—7 (200MHz) 872.05 0.077 0.423x 1.223x
F+—7 (250MHz) 665.33 0.073 0.555x 1.610x
7 —FWHIE 34.60 0.027 10.66x 30.97x
(150MHz)
7~ I0—&EL 12.93 0.016 28.54x 82.86x
(150MHz)
TR— MIEHEER 10.80 0.012 34.17x 99.20x
(150MHz)

F+ —TIREE (150MHz) (£, CPUICLENRTHEEN e D12M0.3445 T UTe, 1 —TREEDFEFE T,
BIEERE 2 250MHZzE T EIFTHE. MR ELUTCPUKDEIEWNTY, T—HUSIMEDFIBEICKD T, #H
BRI (330.97/ZBIEMI . CPUICLERT10.66&ERICIANDF LS. Vitis HLSICKDEhSN=oOy oY
AN =EHDE. FA —T1RFEE (150MHz) TI(E161,945,604 (1.079s). iF{LERDELET(34,462,596
(29.72ms) &R D TWVWET, EBRC(E. HIE(E1.071s. EE(E34.60ms’2D T, KEED TR EWVWZET,
BFaghtRy RO —0(CHIFTDT—FI70-—RBEDFERICELD T, #HmFRH (E S5 (C2.68fF BN,
CPUICHENRT28.5445, HBHIDF A —TIREE(CHEART82.86FE=RICIRANDFE L, =BITR— MEE32E



v M564EY NMIIRET D ET. EICHFERY ND—IhERIEESNFE UL, HEmIFRIE1.20/558Mm
M. CPUICHEART34.1718. HUDF A —TIRERELEARDB E99.20FDERILERDFELEZ. CTDKDIC,
EERBMEERT CET, BRCERIETETVWBRZCENMDNDET, ULhe, EXRNIICIE. SEHLSTS
IREBATBEITRNDT., IFEICETT,

| B

DECETIVDONFEEZH TCHEL LD, ZITT[EModelNetd0T—F Ty b, TR MF—SZFALE
I, T=HY MNITESMSHIO-RTEET., FH>TI)LE. RiTH. B8E. SvIhvT, A
BirE. E—OWEERICADETILNSESNE. 2048EDREEDREFCT. UTOY—-XI—RZF|
FAUZET (host/test_zculed.py)e T —FTW ROIIE, £F)LDIIFRICDLTIE. GitHUbDURT KU %=

SRUTIZE,

def test(args: argparse.Namespace,
model: torch.nn.Module,
model_zcul@4: torch.nn.Module,
test_loader: torch.utils.data.DatalLoader):
print(f"Testing PointNet ...")

# model.eval ()
model_zcul@4.eval()

# test_lLoss_total = 0.0

# correct = 0
test_loss_total_zcule4 = 0.0
correct_zcule4 = 0

with torch.no_grad():
for i, batch in enumerate(test_loader):
if 1 % 5 ==
print(f"Testing batch {i} ...")

data, target = batch["points"], batch["label"]

# out = model (data)

# pred = out.argmax(dim=1, keepdim=True)

# Loss = F.cross_entropy(out, target)

# correct += pred.eq(target.view_as(pred)).sum().item()
# test _loss total += loss.item() * len(data)

out_zcul®4 = model_zcule4(data)

pred_zcul@4 = out_zcul@4.argmax(dim=1, keepdim=True)

loss_zcul@4 = F.cross_entropy(out_zcule4, target)

correct_zcule4 += pred_zcul@4.eq(
target.view_as(pred_zcule4)).sum().item()

test_loss_total_zcul@4 += loss_zcul@4.item() * len(data)

# test_loss_avg = test_loss_total / len(test_loader.dataset)

# test_acc = correct * le2 / len(test_loader.dataset)
test_loss_avg_zcul@4 = test_loss_total_zcul@4 / len(test_loader.dataset)
test_acc_zcule4 = correct_zculed * le2 / len(test_loader.dataset)

# print(f"Test result (CPU): " \

# f"loss: {test_loss avg:.6f}, " \
# f"accuracy: {test acc:.3f}%, " \
# f"correct: {correct}")

print(f"Test result (FPGA): " \
f"loss: {test_loss_avg_zcul@4:.6f}, " \
f"accuracy: {test_acc_zcule4:.3f}%, " \
f"correct: {correct_zculed}, " \
f"total: {len(test_loader.dataset)}")

FPGAR— R ETUTOOVY> RERITLET,
> cd advent_2022_point_cloud_classification/host

# TAWHIMEFRLLEZ JL—T7>0-VU>JERNODEZRFRIC) BE (EMERIKELSoMHZ)
> sudo XILINX_XRT=/usr ./test_zcul@4.sh ../vivado/bitstream/pointnet_optl.bit

# T IJ0-—mBbEBFEELER (BMERIKLL50MHzZ)
> sudo XILINX_XRT=/usr ./test_zcul®@4.sh ../vivado/bitstream/pointnet_opt2.bit


https://shapenet.cs.stanford.edu/media/modelnet40_ply_hdf5_2048.zip

# ARHDOR— MaZeaty NMIIATFTEEE (EMERAKE150MHz)
> sudo XILINX_XRT=/usr ./test_zcul@4.sh ../vivado/bitstream/pointnet_opt3.bit

HIFERDEIZEUATF (TRUET .

> sudo XILINX_XRT=/usr ./test_zcul@4.sh ../vivado/bitstream/pointnet_optl.bit
Testing batch @ ....
Testing batch 5 ...

Testing batch 2445 ...
Testing batch 2450 ...
Testing batch 2455 ...
Testing batch 2460 ...
Testing batch 2465 ...
Test result (FPGA): loss: ©.375841, accuracy: 89.506%, correct: 2209, total: 2468

BREICHIDBEZEEHET., £ T2468EDTAMITINGHDET, FA—TRECHLT
(& BEAEND ITE2DTEHIEL TVET,

23 IEfREN ¥R

CPUMR 2209 89.506%
> —AAFMH% (150MHz) 2209 89.506%
F—4J0O—&E(t (150MHz) 2209  89.506%
R— MEHLEER (150MHz) 2209 89.506%

WINDIPOI7E. CPULTENUEIBE EE<AEUBENMESNTVET, floatDD D (CEIE/INE=EL
ap_fixedZED TVEITH, WFEDECAIHBEEKTEIHESNEEA-

| VY&

ZEPIT7D., VYV-HEEANTHELLD. UY—CEE(E LUT Ly o7y IF—=T)L). FF (T
Uw 70w ). BRAM (BlockRAM). URAM (UltraRAM). DSP (Digital Signal Processor)D5 (48N
E

B Lab - VNC Viewer - a X
128180 22:12

- Vivado 202211 (tai)

Y- XHBZRICKEDHFTT,

R& LUT FF BRAM (36Kb) URAM DSP
a3 230,400 460,800 312 96 1,728



E= 3

F—J
(100MHz)
FA-=7
(150MHz)
FA-=7
(200MHz)
FA—7
(250MHz)

F— S5
(150MHz)
F—FIJ0-&%
#E{t (150MHz)
R— NEHL5E
(150MHz)

LUT

22,378 (9.71%)

22,140 (9.61%)

21,344 (9.26%)

20,663 (8.97%)

58,223 (25.27%)

136,408
(59.20%)

FF

11,045 (2.40%)

12,428 (2.70%)

13,616 (2.95%)

14,713 (3.19%)

42,755 (9.28%)

48,940 (10.62%)

BRAM (36Kb)

149.5 (47.92%)

161.5 (51.76%)

149.5 (47.92%)

149.5 (47.92%)

287.5 (92.15%)

310.5 (99.52%)

84,263 (36.57%) 49,660 (10.78%) 263.5 (84.46%)

URAM

2 (2.08%)

2 (2.08%)

2 (2.08%)

2 (2.08%)

0 (0.00%)

0 (0.00%)

64 (66.67%)

DSP

48 (2.78%)

48 (2.78%)

48 (2.78%)

20 (1.16%)

768 (44.44%)

808 (46.76%)

808 (46.76%)

F—AUMF|EEFERT 3 & EROBITEEZ WS (CITDNENGD DIz, DSPOHEENANRECIEIML TL
DTEMTMNDFET., —A. T—FI70-FBEZHANTE. VY-"CEEFTNIZFEBI TOERA (=
7ZU. BRAMAARZELU T, LUTZLUTRAME U TED TWLWBD T, LUTOHEEIENLUTVWED), T —4F7
O—S#EbICLD T, UY—HEDENMZINX DD, EIROMREERETEEI ., R— MEEIGRELT

B. URAMBSDU Y —ZGHE (3HFEDZEND D> TULERA BRAMARELU CIS—(CRADZDT. AF v
TNy T 7 D—EPZURAMTEELTWVET).

S[Ol(F 205 HEE 9 B3FPGAR— R, Xilinx ZCU104 Evaluation KitE{EL = LTz,

ZDR— RDOFPGAF v S

(XCZU7EV-2FFVC1156) (C(d. BRAM/ZIFT TR K URAMBIREETNTWNBID T, EEHWAETRAA> Fwv TN
v I 7 (BIMBIERE) Z{ER CTEE I, URAM (UltraRAM) (ZBRAM (BlockRAM) (CEEARTEZIN D IRNT I H
(BRAMAY312{El (Xt L CTURAM(Z964E). 1Bz D DBE(FAZTV\DOT, HAERLEWRET, EMlED

FPGAR— RfZ&. URAMBMRIEESN TULVRVLD T, BRAMEZEAYIICES ELNSHDET,

(EPN: St

BRAMOD'—EBEHCHBT 3T ENB VTS (FPGAICEBNTORWIILERDT, SELEETEEEA),
| EoEw MEER

WEFETE BOAENPOCETILD/ISA-FERRITDD(C, 32EY FOEE/NERE

BERED L/NEED DY

168w R D) ZfE>TWFE L. BEZHDIEERDEFFE. By M(VY-XHE) ZilZ5N3TL
£DN. ZITE UTDEY MDA ENDET. IPO7 (BIERIKEI150MHz) Z{ED THFEL LD, IP
A7 T—HUHIMEER. T—F7I70-=BbZEL. S5(CR— MaziiskLZ/\—>3>TT. 2

NsoEY MM ERRDF L.

LDEY Mz TEDINELNEEA.

=1

28-28
28-24
24-24
24-20
24-16
20-20
20-16

BDOALT (value_t)

BRRICHITDIEEZTEHFTT.

E =+

IEFREN AR

ETILDINS A=D1 BOALN TR THEZHNERD T,

EFIVDINSA—H (paran_t)
288w b (BBE1EB14 + /\EEB14) 28w b (BREKEB10 + /)\#5EB18)
288w b (BREEB14 + NVEEB14) 248w | (BRELEBS + /)\#4EB16)
248w b (BREREB12 + NVEIEB12) 248w | (BBEREBS + /)\ELER16)
248w b (BRELEB12 + /NEIER12) 20E w | (BEEKED6 + /)\EXED14)
24Ew b (BBEIEB12 + /NEIEB12) 16w b (BEERED4 + /\EXED12)
208w b (BREREB10 + /VEIEB10) 208w | (BBEREB6 + /)\EXER14)
20w b (ZREREB10 + /) E15EB10) 16 Ew b (BBEREDR4 + /VEEB12)



=i IEfRE FBEE

CPUHKR 2209 89.506%
7R— NEHEER (150MHz) 2209 89.506%
AR— MMELER (150MHz, 28-28) 2206 89.384%
R— NMEIL3E (150MHz, 28-24) 2206  89.384%
AR— NMEIEE (150MHz, 24-24) 2200 89.141%
R— MIEHEER (150MHz, 24-20) 550  22.285%
R— MMEILSE (150MHz, 24-16) 121 4.903%
AR— MEILER (150MHz, 20-20) 448 18.152%
R— MEHESR (150MHz, 20-16) 122 4.903%

Fle. VY—RHEBEZUTICETEDHFT,

e~ LUT FF BRAM (36Kb) URAM DSP
ait 230,400 460,800 312 96 1,728
TR— MMBIRR

150MH) 84,263 (36.57%) 49,660 (10.78%) 263.5 (84.46%) 64 (66.67%) 808 (46.76%)

R— MR

(150MHz. 28- 74,342 (32.27%) 47,267 (10.26%) 261.5(83.81%) 64 (66.67%) 808 (46.76%)
28)

R— MEILER

(150MHz. 28- 63,749 (27.67%) 39,139 (8.49%) 257 (82.37%) 64 (66.67%) 404 (23.38%)
24)

R— MEILER

(150MHz. 24- 59,970 (26.03%) 36,240 (7.86%) 257 (82.37%) 64 (66.67%) 404 (23.38%)
24)

R— MMEILER

(150MHz. 24- 75,997 (32.98%) 40,762 (8.85%) 259 (83.01%) 64 (66.67%) 202 (11.69%)
20)

Ev hMIZHIRL TE. #RESHEEDDFRATLURE. Ev MIDHEIRICIEC T, REZD UVEITRED
»NESTY,

LTEEDEREHDE. BEAFDOE Y MME24E W M520E W MMCHLR UIERIRIC, DFEBEN—KI(TET UL
TWBRCEMDINMDET (CCETORBMEF(CIIEZTELR). BOALRHDEEFTILDINSA—-SFZ(\T
NB24EY MIZELLIPOTR, REUYY—-IAPERRINEVNZET, UV-CHEEHDE. BV MK
HHIRT D ETRIBDEHMINRLZ(CTHA D TOE, ZNITHS TLUTYFFOFERENER L TLVET,
28Ew V5248w MMTEET & BITEE(CHELRDSPT OV IDENHERBLTWND T ENDIHNDET .
24Ew V5208w MMCTD E. DSPOFERAZEFESICHRBUTWET (BDOZLUTEFFAMENML TULVE
9)e BRAMYPURAMICDUWTI(E, Evw RMIEESADURSETRNE., BEENRSIRVWKLDSTYT (A>Fv
TAEBYDARENEERBDIEICIRADET),

| 5001

Sold. FPGAZRAWT., RBIDONEIR IV ZzERILLELUE. PEIRIICIE. BEHNDS 2TV
PointNetZFIFALE Uz, FPGADUY —HBZINZ 3fzH. EFI/ILEGIREL. EBIEFEEEL
FU. HWT. XilinxtDOBAIEKY —JLVitis HLS 2022.1%{#> T. PointNetFIdD 1 X4 /P77 % 15K
LEUR. 4TS A1 24k BostEntFHE JL—TFD7>0O—U >0 ERFIODE)., TF—49TJ0—&HE
{BIREZFEST, IPATFDEEZDUITDHEL TVEFEUI,



IPO7&=MDIPOI7 EBEFENDETR— RTY 1 >&/ERK L. Xilinx Vivado 2022.1(C K DRIEERRK - BLEHT
WEITO T, FPGAICEZTIAHTIREREY RA MU —-LAZERLELEZ. Ev RAKNJ—-AZO—-RLULTE
RICHRBI DIEHD RS A&, Pynqg51ITTIICKDEIRULELUE. ModelNetd0F —4~ 2w N {FEH
L. Xilinx ZCU104 Evaluation Kit ET. &SR, VY —"HE. DFEBEED3IDDERMNSTHEZEITLEL
fzo Fle. EHOR— RTHA D TORREZILR T D ET. SERELICKDDRZAZELE. Ev i
BEEIRL. VY —X3REWEIT D EBRAEU,

BAIERY —IL&FEDSZ ET, Verilog HDLIAU T, C/IC++EIFTT. BIERRQIPO7EER TEELEE. LM
UZNTH. PyTorchiREDFBFBS AT SURFESDELENRT, V- O— ROERE(FIAFHEZ <D
FUl, ARETITONTWLWRLIBEDFIiNZL<EHRLUTC. £CTIEBFRLRVE, eNZERIEIIIPI7EE
BTEERA. UY—RFIH., T—FEERE, ZEXRLKTEIRSRVBRELZNTY, FEIENEZLT
AZTIN, BEDIPOTFHEULSEMELE (VT RITFPEREELAULSRBRENNESNE) £, BE
ZEIRETE R EZTOENE. ZORAAKRETVERNET, BHESCVFELE.
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