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TPU Printed Circuit Board
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TPU Application
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TPU Instruction Set Architecture v1.5

TPU Instruction Set Architecture v1.5

Revision 6
May 23 2016
Domipheus Labs

http://labs.domipheus.com
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For an NxN matrix:

. N . N . N . N - * N row elements multiply with N column elements
X+ X X+ X>X —>. » N additions create the final result
. - - . . * This is done N2 times, once for each result element

Arithmetic complexity is therefore:  N? x(2N) = 2N = O(N?)
Number of data loads: 0O (N)

Arithmetic intensity scales as: [/ N*= O(N)
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Slides from i .
Shaaban Systolic Architectures

Replace single processor with an array of regular processing elements

Orchestrate data flow for high throughput with less memory access

M [€— M [«

—>»| PE

—>» PE>|PEf-----"- —>»| PE

Different from pipelining

Nonlinear array structure, multidirection data flow, each PE
may have (small) local instruction and data memory

Different from SIMD: each PE may do something different
Initial motivation: VLSI enables inexpensive special-purpose chips
Represent algorithms directly by chips connected in regular pattern

#] lec#1 Spring 2003 3-11-2003
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Systolic Array Example:

3x3 Systolic Array Matrix Multiplication

* Processors arranged in a 2-D grid

.

» Each processor accumulates one
element of the product

A
Alignments in time

-

b2,2
bZ2,1 —m——bl.2
b2;0 — bl, 1 —— b2
bl,0 — b0,1
bO, 0 Columns of B

| l |

Rows of A
a0,2 a0,1 a0,0 —
al,2 al,1 al,0 —
a22 a2,1 a20 —
X =)

Example source: http://www.cs.hme.edw/courses/2001/spring/es156/
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Systolic Array Example:
3x3 Systolic Array Matrix Multiplication

* Processors arranged in a 2-D grid

» Each processor accumulates one $ b2,2
element of the product b2l ——bl.2
, o —— b2,0 —m— bl,1 —— b0,2
Alignments in time —— b1.0 b0. 1
‘ | [b0.0 | 1
- 20,0°b0.0 7
a0,2 a0l

T=1

Example source: http://www.cs.hme.edw/courses/2001/spring/es156/
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Systolic Array Example:

3x3 Systolic Array Matrix Multiplication

* Processors arranged in a 2-D grid

» Each processor accumulates one
element of the product

_

Alignments in time

A

b2,2
b2,1 —bl.2
2,0 —hbl.l——Db.2

—

| 1 b1,0
02 L) a9
au. 2z ’
| b0,0 |
al, 0%hiLD
g2 al:l al.0 |

az2 a2l

T=2

Example source: http://www.cs.hme.edw/courses/2001/spring/es156/
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Bk ENPES [RIE Systolic Array Example:
3x3 Systolic Array Matrix Multiplication

* Processors arranged in a 2-D grid

» Each processor accumulates one
element of the product

] in ti b2,2
Alignments in time
" b2,1 —bl,2
| lblO lbl.l | b0.,2

40,0°b0.0 20,0%b0,1
a0.2 | +a01p10 |20, 1| 5 201011 |20,0] 200*b02

s [ A

b1,0 b0, 1
al.2 al,l | *:ll‘:::‘::: al,(f aioeo, ‘

| b0.0 , ,

a2, 0*bi0
a2,0

T=3
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Bk ENPES [RIE Systolic Array Example:
3x3 Systolic Array Matrix Multiplication

* Processors arranged in a 2-D grid

» Each processor accumulates one
element of the product

Alignments in time

b2,2
1 l b2.1 l bl,2
al.0*ho .0 a0,0=h0,1 .
— a0 1*bh1.0 u().2 +ab. 1*hl.1 ao‘l -:?].‘:::(;.22
+al2%h2 0 +ad2 2.1 \ .
02,0 bl,1 1602
al,0%h,0 I —
al.2 |+araenro |al, 1] arosvor|q] gf #1.0%b02
™+ a1.24a20 » =al,l*bl.1 »

}b1.0 b0, |
2 a2,0*b00 | D a2,0%hiL1
a2,2 ALl 2w az,0 .

T=4
® 70Mi EECC756 - Shaaban I—
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Systolic Array Example:
3x3 Systolic Array Matrix Multiplication

 Processors arranged in a 2-D grid

» Each processor accumulates one
element of the product

Alignments in time

-
-

L fme

. P *
ao.o’bo.o a('.o’bﬂ.l a0.2| a00¢ho.2
+a0.1*b1,0 | #ab1*hl,l AV ~a0.1*h1.2
A g v : :
T +302°b20 +a0.27h2,1 +a0,2%h2.2
2
‘ b2.1 Ib12
al,0%hiLD ; i
valisbro [al,2] alosbod fg] ]| aLO"h02
T s a12%a20 #| +al1°bl,1 < e
~al.2%h2.1
1b2.0 bl,l & b().2
a2 0¢hint | . a2.(*ho.2
a:,' 2 22,‘)")0“ az‘l 5 " l‘bl l aznol
Levs ] +a2.1%1.0 VI >
+a2,2*bp20

T=35

Example source: http://www.cs.hme.edw/courses/2001/spring/es156/
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Bk ENPES [RIE Systolic Array Example:
3x3 Systolic Array Matrix Multiplication

* Processors arranged in a 2-D grid

» Each processor accumulates one
element of the product

Alignments in time

<4
-

| l |

a0,0*bo.0 20,0%h0,1
d . all 0*hi).2
p| +30.17bLO NET UNETN ::.1:.24;.-2-
A ] - 7 - . .
TR i i +20,2¢h2.2
, | b2,2
al,0=hiLD
+al.1*h10 al,0¥bhi1 a 1 "2 al,0*h0,2
P s al24a20 » =all*bll » +al.l*bl2
AL ~al2*b2,1 +al2*b22
b2,1 | b1.,2
a2 0¥hi1 | . 22.0*h0.2
22.0*b0,0 a2.?2 ol a?., | e
——»{ +al*blo > TaL1*hlLl o] +02,1%b1,2
+22.2°b2.0 +n22%h2,1

T=6
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Bk ENPES [RIE Systolic Array Example:
3x3 Systolic Array Matrix Multiplication

* Processors arranged in a 2-D grid

» Each processor accumulates one
element of the product

Alignments in time

<4
-

| l |

. A
_leSoamio| | sdeamin | | seewea
i ) +00,2%h2.2
y r
. :l,‘:::‘:: al 0%¥b0,1 Al 0*b0,2
—, 31‘3:32‘0 » =all*bl1 » +all*bl2
NRrt +al2*b2,1 +al2*h22
Done
| b2,2
a2,0*bh 0 -:%1:::(;: a2.2 +:ﬁ¢;::o|2,
= ::;;::;:: . ns:l’bl:l 4 + nS:Z‘hg:;.
4 b7
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CPU, GPU, TPU1 BRr3S=aXILL

TPUI SRARVE SIMD 18R , HaEtETa975 0t CPU 1 GPU I LIV ERF SR MZATHITESK |
BOEE. BUFRIT. Z50E. ZE. MEFIIEElETIRE TPU TR RN | MARREIER

Die Benchmarked Servers
Model 3 Measured | TOPS/s On-Chip |,.. : Measured
DRAM TDP
mm” | nm \MHz| TDP Idle | Busy | 8b |FP GB/s Memory Dies Size Idle | Busy
Eg‘z‘zvggllﬂ 662 | 22 [2300[145W]41W[145W| 2.6 [13| 51 | 51 MiB | 2 256 GiB 504W [159WH55W
NVIDIA K80 . 256 GiB (host)
2 dies/eard) 561 28 | 560 |150W]25W| 98W| - [2.8] 160 | 8MiB | 8 12 GiB x 8 1838W B57WP91W
TPU  |NA*|28 [700 |75W [28W|40W | 92 | -- | 34 | 28 MiB | 4 2165(1}1?13(1;020 861W DRIOW[B84W

Table 2. Benchmarked servers use Haswell CPUs, K80 GPUs, and TPUs. Haswell has 18 cores, and the K80 has 13 SMX processors.
Figure 10 has measured power. The low-power TPU allows for better rack-level density than the high-power GPU. The 8 GiB DRAM per
TPU is Weight Memory. GPU Boost mode is not used (Sec. 8). SECDEC and no Boost mode reduce K80 bandwidth from 240 to 160. No
Boost mode and single die vs. dual die performance reduces K80 peak TOPS from 8.7 to 2.8. (*The TPU die is < half the Haswell die size.)
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Die Benchmarked Servers
Model 3 Measured | TOPS/s On-Chip |,.. : Measured
TDP
mm* |nm |MHz| TDP Idle | Busy | 8b | FP GB/s Memory Dies DRAM Size Idle | Busy
Eggzvgg% 662 | 22 [2300[145Wla1w1a5w| 2.6 [1.3| 51 | 51 miB | 2 256 GiB 504W [159WH55W
NVIDIA K80 . 256 GiB (host)
2 diesloard) 561 |28 | 560 [150W]25W| 98W | -- |2.8/ 160 | 8MiB | 8 5 GiB X 8 1838W B57W991W
TPU  [NA*|28 [700 |75W [28W|40W | 92 | -- | 34 | 28 MiB | 4 2165(1}1?13(1:’:0 861W RIOWPR84W

Table 2. Benchmarked servers use Haswell CPUs, K80 GPUs, and TPUs. Haswell has 18 cores, and the K80 has 13 SMX processors.
Figure 10 has measured power. The low-power TPU allows for better rack-level density than the high-power GPU. The 8 GiB DRAM per
TPU 1s Weight Memory. GPU Boost mode is not used (Sec. 8). SECDEC and no Boost mode reduce K80 bandwidth from 240 to 160. No
Boost mode and single die vs. dual die performance reduces K80 peak TOPS from 8.7 to 2.8. (*The TPU die is < half the Haswell die size.)
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Die Benchmarked Servers
Model P Measured | TOPS/s On-Chip |,.. : Measured
TDP
mm* |nm |MHz| TDP Idle | Busy | 8b | FP GB/s Memory Dies DRAM Size Idle | Busy
Eggzvgg% 662 | 22 [2300[145Wla1w1a5w| 2.6 [1.3| 51 | 51 miB | 2 256 GiB 504W [159WH55W
NVIDIA K80 . 256 GiB (host)
2 diesloard) 561 |28 | 560 [150W]25W| 98W | -- |2.8/ 160 | 8MiB | 8 5 GiB X 8 1838W B57W991W
TPU  [NA*|28 [700 |75W [28W|40W | 92 | -- | 34 | 28 MiB | 4 2165(1}1?13(1;":0 861W RIOWPR84W

Table 2. Benchmarked servers use Haswell CPUs, K80 GPUs, and TPUs. Haswell has 18 cores, and the K80 has 13 SMX processors.
Figure 10 has measured power. The low-power TPU allows for better rack-level density than the high-power GPU. The 8 GiB DRAM per
TPU 1s Weight Memory. GPU Boost mode is not used (Sec. 8). SECDEC and no Boost mode reduce K80 bandwidth from 240 to 160. No
Boost mode and single die vs. dual die performance reduces K80 peak TOPS from 8.7 to 2.8. (*The TPU die is < half the Haswell die size.)
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Die Benchmarked Servers
Model 3 Measured | TOPS/s On-Chip |,.. : Measured
TDP
mm* |nm |MHz| TDP Idle | Busy | 8b | FP GB/s Memory Dies DRAM Size Idle | Busy
Eggzvgg% 662 | 22 [2300[145Wla1w1a5w| 2.6 [1.3| 51 | 51 miB | 2 256 GiB 504W [159WH55W
NVIDIA K80 . 256 GiB (host)
2 diesloard) 561 |28 | 560 [150W]25W| 98W | -- |2.8/ 160 | 8MiB | 8 5 GiB X 8 1838W B57W991W
TPU  [NA*|28 [700 |75W [28W|40W | 92 | -- | 34 | 28 MiB | 4 2165(1}1?13(1:’:0 861W RIOWPR84W

Table 2. Benchmarked servers use Haswell CPUs, K80 GPUs, and TPUs. Haswell has 18 cores, and the K80 has 13 SMX processors.
Figure 10 has measured power. The low-power TPU allows for better rack-level density than the high-power GPU. The 8 GiB DRAM per
TPU 1s Weight Memory. GPU Boost mode is not used (Sec. 8). SECDEC and no Boost mode reduce K80 bandwidth from 240 to 160. No
Boost mode and single die vs. dual die performance reduces K80 peak TOPS from 8.7 to 2.8. (*The TPU die is < half the Haswell die size.)
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Batch Size K , FURERANTE S ; TPU B AKXKINEFAILAFEN
B ZAYEWE Batch Size , IPS £xfm , /& GPU BT 10 1,

Type |Batch |99th% Response|lnf/s (IPS)| % Max IPS
CPU| 16 7.2 ms 5,482 42%
CPU | 64 21.3 ms 13,194 100%
GPU | 16 6.7 ms 13,461 37%
GPU | 64 8.3 ms 36,465 100%
TPU | 200 7.0 ms 225,000 80%
TPU | 250 10.0 ms 280,000 100%
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Bring Al System to every person, home and
organization for a fully connected,
intelligent world.

Copyright © 2023 XXX Technologies Co., Ltd.
All Rights Reserved.

The information in this document may contain predictive
statements including, without limitation, statements regarding
the future financial and operating results, future product

portfolio, new technology, etc. There are a number of factors that
could cause actual results and developments to differ materially
from those expressed or implied in the predictive statements.
Therefore, such information is provided for reference purpose
only and constitutes neither an offer nor an acceptance. XXX
may change the information at any time without notice.

@ ZOMI

Course chenzomil 2.sithub.io

GitHub github.com/chenzomil2/DeeplLearningSystem



https://chenzomi12.github.io/
https://github.com/chenzomi12/DeepLearningSystem

