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An in-depth look at Google’s first Tensor Processing Unit
(TPU)

By Kaz Sato, Staff Developer Advocate, Google Cloud; Cliff Young, Software Engineer, Google Brain; and David Patterson,

Distinguished Engineer, Gooale Brain

Google's first Tensor Processing Unit (TPU) on a printed circuit board (left); TPUs deployed in a Google datacenter (right)
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Keras debug infomation

Cocytus

@ compare for debug
read at runtime NJink  [link link

result

Cocytus weight(numpy)

Cocytus debug infomation

Execution result
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e e, PIEA

LY _InputlLayer lnput_1;
LY _Conv2D blockl_conwvl;

LY _Conv2D blockl_conwv?;

MUMPY _HEADER nph_blockl convl_ld;
NUMPY_HEADER nph_blockl_convl_b;

float w_blockl convl_W[B4][3][31[31;

float w_blockl convl_b[e4];
MUMPY_HEADER nph_blockl conwvi_lJ;
NUMPY_HEADER nph_blockl_convZ_b;

float w_blockl_conw2_W[64][64][3]1[3];

float w_blockl _conv2_bl[ed];
MNUMPY_HEADER nph_block?_convl LW
NUMPY_HEADER nph_block?_convl_b;

float w_block2_convl_b[128];

float input_1_output[3

1[224][224];

float blockl convl_owtput[ed4][224][224];
float blockl conv?_output[e4][224][224];
float blockl pool_ output[ed4][112][112];

T\

stropy(g_cgt_wvgglé.layer[1l].name, "blockl conwv

g_cgt_wvggle.layer[l].type = LT_ConviD;

blockl_
blockl_
blockl_
blockl_
blockl_
blockl_
blockl_
blockl_
blockl_
blockl_
blockl_

convl.
convl.

convl.

convl

convl.
convl.
convl.

convl.

convl

convl.

convl.

4

filters = 64;

kernel_size[@]

[RTRETT]
[

[*T}

kernel_size[l]

.strides[@] = 1;

strides[1] 1;
padding = PD_SAME;
DF_CHANNELS_LAST;

data_format =

dilation_rate[@] = 1;

.dilation_rate[l] = 1;

activation = ACT_RELU;

use_bias = true;

float w_block2 convl W[128]1[64]1[3]1[31; < ?—9@10% LEEO)I/’

PTWEEFICEHR

w4 |2

lll:li

THIEEEL

RBLILKLAHATHAIERIE. £ TH
O—/NIILEBTEET S, T/\WHTLEDH-EZEIC
WD THHERETES,

https://github.com/natsutan/cocytus/blob/master/example/vggl6/c/cqt_gen/cqt_gen.c
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input_size x = Ip—>cqt_input_shape[1]; //E{&H A4 X
input_size y = Ilp—>cqt_input_shape[2]; //E{&H A4 X
input_size_num = Ip->cqt_input_shapel[3]; // A7 D%

for (n=0;n<input_size num;n++) {
beta = *((float *) bnp—>beta_p + n);
gamma = *((float *)bnp->gamma_p + n);
mean = *((float *)bnp->moving_mean_p + n);
var = x((float *)bnp—>moving_variance_p + n);

inv_denomin = 1.0 / sqrt(var + bnp—>epsilon);

for (y=0;y<input_size_y;y++) {
for (x=0; x<input_size_x;x++) |
dx_i (n * input_size_y * input_size x) + (y * input_size_x) + X;
ldx_o = idx_i;
i_data = *(ip + idx_i);

normal ized data = (i_data — mean) * inv_denomin;
o_data = normalized data * gamma + beta;
*(op + idx_o) = o_data;

}
}
return CQT_RET OK; BachNormalization.c
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model.summary() Z{E>

2B — B O A

Layer (type) Output Shape Param # Connected to

convolution2d 1 (Convolution2D) (Nome, 26, 26, 32) 326 convolutionzd_input_i[e][6]
activation_ 1 (Activation) (None, 26, 26, 32) 0 X convolution2d 1[0][9]
convolution2d 2 (Convolution2D) (None, 24, 24, 32) 9248 \ activation 1[0][9]

activation 2 (Activation) (None, 24, 24, 32) %] \ convolution2d 2[0][0]
maxpooling2d 1 (MaxPooling2D) (None, 12, 12, 32) 0 \ activation_2[0][9]

dropout_1 (Dropout) (None, 12, 12, 32) 0 \ maxpooling2d 1[0][0]

flatten_1 (Flatten) (None, 4608) 0 \ dropout_1[0][9]

dense_1 (Dense) (None, 128) 589952 \ flatten_1[0][0]

\_

€ VR 2a—=2avRAD3IBDIANEI—WNR2@AHYET . EA (FEFHT —3) OEHRIL
LD TYH ?3%x3x32=288fAL w74 D ?

£ T4 )LA—I|ZbiasIEMNH DD T, 32{FE z T288+32 = 320{AAIE fiZ

\

27



PASONA

@jsondDH A TECH

with open(‘output/cnn.json’, ‘w’) as fp:
json_string = model.to json()
fp.write(json string)

json_string = open(json_file, 'r').read()
model = model from json(json_string)

{"kernel_regularizer": null,
"name": "blockl_convl",
"trainable": true, "kernel_constraint": null,
"filters": 64,

"activity regularizer": null, Keras Layer@:l.‘/Zl*57’5‘(:’q_-i
"bias_constraint”: null, %, N -
"strides": [1, 1], é%l;&?ﬁ\json(_koflﬂéo

"bias_regularizer": null,
"kernel_size": [3, 3],
"activation": "relu",

NRZLLAY—DHE(E., jsonE ADE=OICEABZEERT DDENDH D,
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st'>: [<keras.engine.topology.InputLayer object at Ox7{7"

e object at Ox

AL & model.layersh o & B D EFHITBEHRMENIF TED,
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model.save('output/cnn.h5")

HAfSi2 X TRETES

HDFView 2.13

File Window Tools

S0 €am

Help

Recent Files

home/natu/prog/ myproj/NPU/example/kares_cnn/keras/output/cnn.hS

ﬂ cnn hS
? i modeal_weights
€4 activation_1
o 4 activation_2
o~ €4 activation_3
L C‘ activation_4
o €4 convolution2d_1
o c‘ convolution2d_2
o= Qden:e__l
o CAdense 2
o €4 dropout_1
€4 dropout_2
\ ¢ Q flatten_1
o~ €4 maxpooling2d_1
9 i optimizer_weights
# Vanable_10:0
@ Vanable_11:0
@ Vanable_12:0

ﬁ Vanable_10:0 at /optimizer_weights/ [cnn.hS in /home/natu/proj/myprog/ NPU/ example/ k..

w | Clear Text

z X

Table

)

TALIN)EE &ﬁof—?wrwﬁ;t

::!F:L—FZ’G‘I;J:, Keras®®')—Ad—

TRELTWS

0-based
0 ' 1 ‘ 2 3 ; a : 5 6
Q 4550786 13252675 [1.136723.. 1.196034._[1.380618.. [3594773.|1.05295|
1 4450188, 12549260, 12617125, 11.228807, 15638243, 17454728, 12 575321["_;_1
2 2226601, 12585057, 16862771, 17.172385..11.445176.. [1.891903... [1.09575]
3 7.333437..14.927016.. 12903804, 12630692, [9.55 18E-8 11.237369 "479!9
B 4198819, 14276014, |3856408.. [1.183766.. |1.747626.. [2.370381..|1.46414]
5 5,338841,.12.122548, 12534335, 11898788, 16681255, 18925889, 1145143
I 2.775075.. 12.303355 .. |1.430657... 11.279144.[1.694678... 8,?_5_520_4_ . 11.99237
i 2376289, 16308065, 17.972381,. 18409432, 19735994, 1233027 716290
8 1532519, 15928644, |1.753538 18.075089 ” 567637 6 666”71 2.98775]
9 1448132,..6906130, 19760583, 15185493, 18233017 9510"73 1.040521
10 1.443797... /1403546, |2586624. . 6496864 2 2.884533 ;Jr 007923... [1.06214)
11 3.254620,, 11154851 14468407, 14 983703, 13,335095 11371937, 13456405
12 7.73 2 l 1.178421...1.390585.. [1.118759.. |1 2.68
13 4,058 A9 3608265, 11529580, 12691518, il 413
:’ 1
= [ General | Attributes |
Name Vanable_lO 0
E Path /optimizer_weights/
Hh:l’ CraularNaracar

FERALT, LAY—ERLDnumpyRs =X
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Numpyf2 X TIRF I HZET. np.load TREE(ZFRAIADH D,
NumpyD#EtiER©. matploliblZ& D E[RIENEE,
TNV BICIERICRIZID,

EHDHMERIRIE

OOOOO

oooooo
=1

HHERZTZANI=EED .
l EDEDHNEDFRIE
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fro

m keras import backend as K

# ETILDZRAAH

mod
inp

el = VGGl6(include_top=True, weights='imagenet', input_tensor=None,
ut_shape=None)

# ANT—REXIHRE

img
X
X

# K
1=
get
[mo

= image.load_img(img_file, target_size=(224, 224))
image.img_to_array(img)
np.expand_dims(x, axis=0)

funtionTEIEODHHZRYLEITERZEES.
10

_layer output = K.function([model.layers[@].input, K.learning phase()],
del.layers[1l].output])

# HADEYHL

lay

er_output = get layer_ output([x, 0])

BYHL=H A%, np.saveZfE>Tnumpy7+—<Y+TRET S,
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+ +] +2 +3 +4 +5 +5 +7 +8 +9 +4 +E +C H] +F +F

0123456 789ABC0EF

0 93 4E 55 4D 50 59 01 00-46 00 7B 27 64 65 73 63 (NUWPY. .F. [ des
10 72 27 34 20 27 3C 66 34-27 2C 20 27 66 BF 72 74 | 'z <id’. 'fort
20 72 61 6E 5F 6F 72 64 85-72 27 3A 20 46 61 6C 73 | rar_order’: Fals
30 65 2C 20 27 73 63 61 70-65 27 34 20 28 33 2C 20 | e, "shape’: (3,
40 32 32 34 2C 20 32 32 34-29 2C 20 7D 20 20 20 0A \224, 224, 1
50 BS 1E 05 41 BS 1E 75 41-A4 70 F5 C1 Ad 70 FD C1 .. .A..uh.p...p..
60 52 BS 12 C2 48 E1 5A C1-AE 47 55 42 D7 A3 AA 42 R...H.Z..GUB...B

numpy\ 4 —

- magic number xX93NUMPY
- major version, minor version

- HEADER_LEN

- python dictionary
- B <f4 float32
- EIDTA4X

float data[3][224][224];

//fseek TAYRE —ZHRILT
fseek(fp, 8+2+hsize, 0);
//fread TH A XN FHHIAH
fread(&data, 4, DATA NUM, fp);
(3, 244, 244)

1A I

anh
S

CY—XA[Z&kBnumpy

np.save(filename, data, allow pickle=False)

FEndIc
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numpyz{E-> 125/ \w 610 TECH

VGGI16IZKDEEZEZANT., L1Y¥—0
(InputLayer)D{EZEnumpyt AL THEL 1=,

H:Keras®OH A
X 1—FRADHEN

50

>

KerasD A QDY EEMIIZ/INSLMEIZZES | ijl_zon)@{gjOT;ﬁjl:l :
TV, ARTHBE, VGGI6TIE, RGB 5o LEETE
|Z%tLT(103.939, 116.779, 123.68)% 5| EEBI— 14—

MEWNETIFIE A DT =,
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numpyz={E>7=7/\wIHIR TECH

Q °:° +‘ 4 ‘@' x=447.745 y=-36.0795

3x3NaARY 21— 32D F: \
Za—AO ORIETBEFRIEH O TLAITE., STEFEREINED,

—3x3DxEyDEY A NFETLT=,
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FH float32

AT

unit8, or float32 H 4 float32

dcnauod

—

MNISTEVGGL6TIFAADEAES,
BILY—AXTUIELIZLIA, CORHEHAH
TIEXH ALY,

FEMIZIX, EAE8bitIZLT-Y ., FEX
R LT=0Y,

fRRE CH++DOEMTTIL—FEFFED,

template<typename T,typename U> T Add(T a,U b){ return a+b; }

FEATRIIZIEIE LLGEIRIZM CH+HIEWWAWAE G ENFLY,

FRERR2RA 3= X v AL TEED,

CY—RDHZEN LN >T. FrAnonizizd,

ST.EOLFELEOM?
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C++DTUITL—FE#DOEMAZ. X 21— RASFIZELE,
C++TUTL— MO EEELZ(THASE. COY—REH AT S,

int $func_name (CQT_LAYER *1p, void *inp, void *outp)
{

$weight type filter3x3[3][3];

$input_type data3x3[3][3];

$weight type bias;

LY_Conv2D *cnvp;
cnvp = lp->param_p;

$input_type *ip = ($input_type *)inp;

< b SATSYERBICE R

int CQT_Conv2D_same_3x3_if of (CQT_LAYER *1p, void *inp, void *outp)

{
float filter3x3[3][3];
float data3x3[3][3]; -
float bias; ‘J-Z%%?@ZT@%?EEO
Y Convab *<nvp; BHAIE—EDIL—ILTIVTIY
cnvp = 1p->param_p; DLOEEIE. MEEE+=AFMIEELDT.
float *ip = (float *)inp; SEDEROBLTMTHAXICTES,

RIS, BE OSSO MAES B BRI A DB TLICLNIET E
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(DDynamic Precision Data Quantization

] | LAY — s> THRELE L 5,

integer part fractional part
0DHL(Q)
@Gain and Offset

| offset | Google TPU

Q%

‘ Bit-width 3 ‘ Uniform Gaussian Laplacian Gamma ‘

1 1.0 1.596 1.414 1.154
2 0.5 0.996 1.087 1.060
3 0.25 0.586 0.731 0.796
Qualcomm Research
4 0.125 0.335 0.456 0.540

https://arxiv.org/pdf/1511.06393.pdf

@Weight SharingED HHE

—Deep Compression
https://arxiv.org/abs/1510.00149

_ DSPRIT

/E%ﬁ:@;“)‘yh A

T — SR DR
-FPUNARE(Z/E
6/7-_Z75§%60

- /
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Dynamic Precision Data Quantization®it& TECH

@ weight_q
ANT—4 : =
L LAY —DEtE HAT—F
AIOLAY— | > (Conv2D. | > KDLA X —
BatchNorm%)
IIIIIT ||
Layerin g Layerout g

RKEMNMIANT 2. EA TR HBAT—2T.BENMAHEDOTLA—<IEDEDS
OAX1—hRATIK. FNFNRDQDRBEEZ/NTA—RELTED,
INTA=RZGCTHEMIZ EFGHENTESELSICLTLNS, (EVvRTR)
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Eﬂ*?ﬁﬂ#lhmﬁ‘h\ﬂjﬁéhid'

convert conv2d Q =
WQ = 14, (max = @. 358668, min = -0.263980
save conv2d_6/kernel:0 to c_fix/weight/conv2d_6_kernel z.npy(fix16)

batch_normalization_6
[ "batch_normalization_6/gamma:0', 'batch_normalization_6/beta:0’,
"batch_normalization_6/moving_mean:0', 'batch_normalization_6/moving_variance:0']

WQ = 13, (max = 2.427672, min = 0.480331
save batch_normalization_6/gamma:0 to c_fix/weight/batch_normalization_6_gamma_z.npy(fix16) min =
0.480331, max = 2.427672

BREIT7AIVIZEEE
[conv2d_1]
layerin_g=8
layerout_qg=8
weight g=14 < %f*ﬁfﬁ

| EBATRBICEET L. SEFTRELTLL, AMLIEBRTED,




PASONA

L1V —EHhDEFEFE TECH
BITRICA—N\—TO—WRELI-LAIV—ZFK
RetEd, INZTRICRBELGQDUBZRET D,
Overflow:1=2, batch_normalization_1, cnt 292, ing = 8, outq = 9, wq = 8
Overflow:1=5, conv2d_2, cnt = 2272, inq = 8, outq =8, wq = 8
Overflow:1=6, batch _normalization 2, cnt 8, outg = 8, wg = 8
Overflow:1=26, batch _normalization 7, cnt = 10, outqg = 10, wg = 10
BREITTAIVICEEE
[conv2d_1]
layerin_g=8
layerout_qg=8
weight_o=14 \
[batch_normal ization_1] KiZ5
layerin_g=8 <«
layerout_qg=8
weight_g=10
—EE§E AT, A —/\—TO—DFTv5%7 5. BBILIETE, }
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% 7l (Classification) DB &

B

"Norwegian_elkhound', 0.6510464
'malinois', 0.20971657
'German_shepherd’', 0.124572
'kelpie', 0.0050396309
'Border_terrier', 0.0034161564

—BRSHEZFAGERET DBHE.
E /N R BILICKDETERED
Zlxdiain,

0.65h%, 0.991=A5h%, 0.30(Z75A5MH.
BAER (—F/BXELE) IXELC,

NN AF RV NENTESLER

EEERERDZS

EE/NMURIEICKDETRERED.
ZTDFERFHEEICE ST S,
BEEMNSL
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% 2 —FRRTiny-YOLO (EE /IMNE = ki) D H A1451

""""

SHEEL < sRsAS

REBYTED v A—EHoTULBA, fBlEANSTE S,
{ SEIIREICHBITABRTE /N R ILIEIS B DIRRE }
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You Only Look Once:Unified, Real-Time Object Detection

|

Bk

=]

Conv. Layer Conv. layer  Conv.layers  Conv. layers  Conv. layers  Conv.layers  Conn. layer Conn.
TxTxbds2 3x3x192 1x1x128 1x1x256 wd 1x1x512 32 Fx3x1024
Maxpool Layer  Maxpool layer  3x3x256 3x3x512 3x3x1024 3x3x1024
2252 2x252 1x1x256 1x1x512 3x3x1024
3x3x512 3x3x1024  3x3x1024s2
Moxpool Layer  Maxpool Layer
2x252 2252

Heenen =
Layer

Figure 3: The Architecture. Our detection network has 24 convolutional layers followed by 2 fully connected layers. Alternating 1 x 1
convolutional layers reduce the features space from preceding layers. We pretrain the convolutional layers on the ImageNet classification
task at half the resolution (224 x 224 input image) and then double the resolution for detection.

https://arxiv.org/pdf/1506.02640.pdf

sheep 0.814217 (415, 145), (571, 336)
person ©.665931 (172, 109), (273, 371)
cow ©.438520 (64, 267), (182, 356)

Za—JRYET—=ODHEAH L, BEIREFTIC, L5 —FHAFEEL TS,
YOLOIZRRST | D8 IRFENNTHLRIFR T, PythontoC++TEEEH SN TL D,

CCIXEATCTEELIGWLEWITZLY,
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int non_max_surpression(int num, float icu_thresh)
def non_max_surpression({boxes, scores, tresh): i
float area[YOLO_MAX_RESULT];
bool remove_flg[YOLO_MAX_RESULT];
int idxs_len = num;

img = Image.cpen{img_file)

see http: /s wwn.pyimagesearch.com/2815/82/16/faster-non-maximum-suppression-python/

:param boxes:

int i, j3
iparam scores: int tmp;
rparam tresh: float a, b;
rreturn: float x1, y1, x2, y2;
e int last;
pick = [] int idws[YOLO_MAX_RESULT];
®¥1 = boxes[:,a] int idxs_work[YOLO M&X_RESULT];

v1 = boxes[:,1] float xx1, yyl, xX2, ¥y2;

X2 = boxes[:,2]
v2 = boxes[:,2]
area = (X2 - ¥1 + 1} = (y2 - y¥1 + 1}

float w, h, overlap;

int idwork_idx;

. int ret_idx = @;
idxs = np.argsort(scores)

T TFOEE
while len{idxs) » e: for(i=g;icnumyi++) {
last = len(idxs) - 1 wl = filtered boxes[i].box.left;
i = idxs[last] y1 = filtered_boxes[i].box.top;
pick.append(i) ¥2 = filtered_boxes[i].box.right;
y2 = filtered boxes[i].box.bottom;
idw_last = idws[:last] areai] = (x2 - ®1 + 1) * (y2 - y1 + 1);
}

xx1_itmp = x1[idx_last] # x1[idxs[:last]]
A Fmen walF37 a wal3
JreWART. ATk
for(i=2;i<idxs_len;i++) {
idxs[i] = i;

KerasDIZZEDHEEE FBEDL AV —) T THRILCTELZWLWERIEL. AFTCARIET S,
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keras

Z a%a1—kX
71V AT A

mallocAE $IAHCY—R

HHIA A DSP FPGA[E I+
JotyHy [ 1+ &k 413

[ 1T &z b

FRIEEEELTO

=:5
/= A

BERAHW
[ (3R 4E
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txal)TsEHZHH
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B

/% Job-Hub

QEWEEICHAT H%ET
-FEIREDEE
%Eﬁgo) |:|+ e i
- INTGA—FFR

BEHDOENMIZHD
ST=EVRR/IN—F
j__évj%aﬁ L/ij_o

OPTIiM

QEIE~DETE
-HATRSTSES
- BEMES ET

BEFXE)LEE-ST-A

MR LET,
RAERM. IRERMNE
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