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AI背后的芯片架构是什么？

算法：Generative Pre-trained Transformer (GPT)

算法：Neural Network + Monte Carlo Tree Search

Google Tensor Processing Unit 2010s

NVIDIA Tensor Core GPU 2020s



问题：硬件限制

取数据 计算 写回数据

计算微架构的3步核心操作：

time

存储器

PE

执行计算: ~1ns, ~10fJ

取数据
~100ns
~1000fJ

PE:计算单元 Processing Element

写回数据
~100ns
~1000fJ



学术思想：脉动阵列Systolic Array
PE:计算单元 Processing Element

存储器

PE PE PE PE PE PE
Prof. Hsiang-Tsung Kung

H. T. Kung, “Why Systolic Architectures?,” IEEE Computer 1982

• 如果
 存取数据很“贵”（能耗高、延时长）
• 那么
 尽可能复用取到的数据

存储器: 心脏
数据: 血液
PEs: 细胞

“存储器”将“数据”泵至身体细胞中

～比喻～

存储器

PE

执行计算: ~1ns, ~10fJ

取数据
~100ns
~1000fJ

写回数据
~100ns
~1000fJ



Systolic Arrays: Motivation

• Goal: design an accelerator that has

• Simple, regular design (keep # unique parts small and regular)

• High concurrency → high performance

• Balanced computation and I/O (memory) bandwidth

• Idea: Replace a single processing element (PE) with a regular array of PEs and 
carefully orchestrate flow of data between the PEs 

• such that they collectively transform a piece of input data before 
outputting it to memory

• Benefit: Maximizes computation done on a single piece of data element 
brought from memory
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Systolic Arrays

◼ H. T. Kung, “Why Systolic Architectures?,” IEEE Computer 1982.
◼ H.T. Kung | Ph.D. Advice (harvard.edu)
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Memory: heart

Data: blood

PEs: cells

Memory pulses 
data through 

PEs

Hsiang-Tsung Kung

https://www.eecs.harvard.edu/htk/phdadvice/


Why Systolic Architectures?

• Idea: Data flows from the computer memory in a rhythmic fashion, 
passing through many processing elements before it returns to memory

• Similar to blood flow: heart → many cells → heart

• Different cells “process” the blood

• Many veins operate simultaneously

• Can be many-dimensional

• Why? Special purpose accelerators/architectures need

• Simple, regular design (keep # unique parts small and regular)

• High concurrency → high performance

• Balanced computation and I/O (memory) bandwidth
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Systolic Computation Example

• Convolution
• Used in filtering, pattern matching, correlation, polynomial evaluation, etc …

• Many image processing tasks

• Machine learning: up to hundreds of convolutional layers in Convolutional 
Neural Networks (CNN) (renaissance after 40years !!)

8
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LeNet-5, a Convolutional Neural Network 
for Hand-Written Digit Recognition
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This is a 1024*8 bit input, which will 

have a truth table of 2 8196 entries

Slide credit: Hwu & Kirk



An Example of 2D Convolution

Structure information
Input: 5*5 (blue)
Kernel (filter): 3*3 (grey)
Output: 5*5 (green)

Computation information
Stride: 1
Padding: 1 (white)

Output Dim = (Input + 2*Padding
- Kernel) / Stride + 1Input feature map

Output feature map



An Example of 2D Convolution

Input 
Layer

CNN 
kernel

Output 
Layer



Convolutional Neural Networks: Demo

12

http://yann.lecun.com/exdb/lenet/index.html



Implementing a Convolutional Layer 
with Matrix Multiplication

1 0 0 1 2 1 2 1 1 2 2 0

1 1 2 2 1 1 1 1 0 1 1 0

1 2 0

1 1 3

0 2 2

0 2 1

0 1 2

1 1 0

1 2 1

0 1 3

3 3 2

1 1

2 2

1 1

1 1

0 1

1 0

1 0

0 1

2 1

2 1

1 2

2 0

12 18

13 22

10 20

15 22

Output 

Features

Y

Convolution

Filters

W

Input

Features

X

1

2

1

1

2

0

1

3

1

1

0

2

1

3

2

2

0

2

0

1

2

1

1

2

0

1

1

1

1

2

1

0

0

2

1

1

1

1

2

3

3

1

0

3

3

3

1

2

12 18 13 22

10 20 15 22

Output 

Features

Y

Input

Features

X (unrolled)

Convolution

Filters

W’
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◼ He et al., “Deep Residual Learning for Image Recognition”, CVPR 2016.

Example: ResNet (2015)
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Human: 5.1%

First CNN



Neural Network Layer Examples

15
By Cmglee - Own work, CC BY-SA 4.0, https://commons.wikimedia.org/w/index.php?curid=104937230



• Convolution
• Used in filtering, pattern matching, correlation, polynomial evaluation, 

etc …

• Many image processing tasks

• Machine learning: up to hundreds of convolutional layers in 
Convolutional Neural Networks (CNN)

16

Systolic Computation Example: Convolution (I)



Systolic Computation Example: Convolution (II)

• y1 = w1x1 + 
w2x2 + w3x3

• y2 = w1x2 + 
w2x3 + w3x4

• y3 = w1x3 + 
w2x4 + w3x5

17



Systolic Computation Example: Convolution (III)

• Worthwhile to implement adder and multiplier 
separately  to allow overlapping of add/mul executions

18



Systolic Computation Example: Convolution (IV)

• One needs to carefully orchestrate when data 
elements are input to the array

• And when output is buffered

• This gets more involved when 
• Array dimensionality increases

• PEs are less predictable in terms of latency

19



2维脉动阵列计算 实例

• 3x3 矩阵乘法

=

a00 a01 a02

a10 a11 a12

a20 a21 a22

b00 b01 b02

b10 b11 b12

b20 b21 b22

c00 c01 c02

c10 c11 c12

c20 c21 c22



2维脉动阵列计算 实例

• 3x3 矩阵乘法

=

a00 a01 a02

a10 a11 a12

a20 a21 a22

b00 b01 b02

b10 b11 b12

b20 b21 b22

c00 c01 c02

c10 c11 c12

c20 c21 c22



2维脉动阵列计算 实例

• 3x3 矩阵乘法

=

c00= a00*b00 + a01*b10 + a02*b20

a00 a01 a02

a10 a11 a12

a20 a21 a22

b00 b01 b02

b10 b11 b12

b20 b21 b22

c00 c01 c02

c10 c11 c12

c20 c21 c22

c01= a00*b01 + a01*b11 + a02*b21

c02= a00*b02 + a01*b12 + a02*b22

c10= a10*b00 + a11*b10 + a12*b20

c11= a10*b01 + a11*b11 + a12*b21

c12= a10*b02 + a11*b12 + a12*b22

c20= a20*b00 + a21*b10 + a22*b20

c21= a20*b01 + a21*b11 + a22*b21

c22= a20*b02 + a21*b12 + a22*b22



• 3x3 矩阵乘法

=

c00= a00*b00 + a01*b10 + a02*b20

a00 a01 a02

a10 a11 a12

a20 a21 a22

b00 b01 b02

b10 b11 b12

b20 b21 b22

c00 c01 c02

c10 c11 c12

c20 c21 c22

c01= a00*b01 + a01*b11 + a02*b21

c02= a00*b02 + a01*b12 + a02*b22

c10= a10*b00 + a11*b10 + a12*b20

c11= a10*b01 + a11*b11 + a12*b21

c12= a10*b02 + a11*b12 + a12*b22

c20= a20*b00 + a21*b10 + a22*b20

c21= a20*b01 + a21*b11 + a22*b21

c22= a20*b02 + a21*b12 + a22*b22

P = M

Q = N

R = R + M*N

• 设计硬件单元：



• 3x3 矩阵乘法

=

c00= a00*b00 + a01*b10 + a02*b20

a00 a01 a02

a10 a11 a12

a20 a21 a22

b00 b01 b02

b10 b11 b12

b20 b21 b22

c00 c01 c02

c10 c11 c12

c20 c21 c22
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c02= a00*b02 + a01*b12 + a02*b22

c10= a10*b00 + a11*b10 + a12*b20

c11= a10*b01 + a11*b11 + a12*b21

c12= a10*b02 + a11*b12 + a12*b22

c20= a20*b00 + a21*b10 + a22*b20

c21= a20*b01 + a21*b11 + a22*b21

c22= a20*b02 + a21*b12 + a22*b22

P = M

Q = N

R = R + M*N

• 设计硬件单元：



• 3x3 矩阵乘法

=

c00= a00*b00 + a01*b10 + a02*b20

a00 a01 a02

a10 a11 a12

a20 a21 a22

b00 b01 b02

b10 b11 b12

b20 b21 b22

c00 c01 c02

c10 c11 c12

c20 c21 c22

c01= a00*b01 + a01*b11 + a02*b21

c02= a00*b02 + a01*b12 + a02*b22

c10= a10*b00 + a11*b10 + a12*b20

c11= a10*b01 + a11*b11 + a12*b21

c12= a10*b02 + a11*b12 + a12*b22

c20= a20*b00 + a21*b10 + a22*b20

c21= a20*b01 + a21*b11 + a22*b21

c22= a20*b02 + a21*b12 + a22*b22

P = M

Q = N

R = R + M*N

• 设计硬件单元：
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• 3x3 矩阵乘法

=

c00= a00*b00 + a01*b10 + a02*b20

a00 a01 a02

a10 a11 a12

a20 a21 a22

b00 b01 b02

b10 b11 b12

b20 b21 b22

c00 c01 c02

c10 c11 c12

c20 c21 c22

c01= a00*b01 + a01*b11 + a02*b21

c02= a00*b02 + a01*b12 + a02*b22

c10= a10*b00 + a11*b10 + a12*b20

c11= a10*b01 + a11*b11 + a12*b21

c12= a10*b02 + a11*b12 + a12*b22

c20= a20*b00 + a21*b10 + a22*b20

c21= a20*b01 + a21*b11 + a22*b21

c22= a20*b02 + a21*b12 + a22*b22

P = M

Q = N

R = R + M*N

• 设计硬件单元：
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• 3x3 矩阵乘法

=

c00= a00*b00 + a01*b10 + a02*b20

a00 a01 a02

a10 a11 a12

a20 a21 a22

b00 b01 b02

b10 b11 b12

b20 b21 b22

c00 c01 c02

c10 c11 c12

c20 c21 c22

c01= a00*b01 + a01*b11 + a02*b21

c02= a00*b02 + a01*b12 + a02*b22

c10= a10*b00 + a11*b10 + a12*b20

c11= a10*b01 + a11*b11 + a12*b21

c12= a10*b02 + a11*b12 + a12*b22

c20= a20*b00 + a21*b10 + a22*b20

c21= a20*b01 + a21*b11 + a22*b21

c22= a20*b02 + a21*b12 + a22*b22

P = M

Q = N

R = R + M*N

• 设计硬件单元：
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b02

b10
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0 0

0

0 0
0

a00

a10
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0

00
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a00*b00

a01*b10

a00*b01

a10*b00



• 3x3 矩阵乘法

=

c00= a00*b00 + a01*b10 + a02*b20

a00 a01 a02

a10 a11 a12

a20 a21 a22

b00 b01 b02

b10 b11 b12

b20 b21 b22

c00 c01 c02

c10 c11 c12

c20 c21 c22

c01= a00*b01 + a01*b11 + a02*b21

c02= a00*b02 + a01*b12 + a02*b22

c10= a10*b00 + a11*b10 + a12*b20

c11= a10*b01 + a11*b11 + a12*b21

c12= a10*b02 + a11*b12 + a12*b22

c20= a20*b00 + a21*b10 + a22*b20

c21= a20*b01 + a21*b11 + a22*b21

c22= a20*b02 + a21*b12 + a22*b22

P = M

Q = N

R = R + M*N

• 设计硬件单元：

b01

b02

b10

b11

b12

b20

b21

b22

0

0 0
0

a10

a20 0

a01

a11

a21

a02

a12

a22

00

0

a00*b00

a01*b10

a00*b01

a10*b00

a02*b20

a01*b11

a11*b10

a00*b02

a20*b00

a10*b01



• 3x3 矩阵乘法

=

c00= a00*b00 + a01*b10 + a02*b20

a00 a01 a02

a10 a11 a12

a20 a21 a22

b00 b01 b02

b10 b11 b12

b20 b21 b22

c00 c01 c02

c10 c11 c12

c20 c21 c22

c01= a00*b01 + a01*b11 + a02*b21

c02= a00*b02 + a01*b12 + a02*b22

c10= a10*b00 + a11*b10 + a12*b20

c11= a10*b01 + a11*b11 + a12*b21

c12= a10*b02 + a11*b12 + a12*b22

c20= a20*b00 + a21*b10 + a22*b20

c21= a20*b01 + a21*b11 + a22*b21

c22= a20*b02 + a21*b12 + a22*b22

P = M

Q = N

R = R + M*N

• 设计硬件单元：
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a21*b10

a10*b02

a20*b01



• 3x3 矩阵乘法

=

c00= a00*b00 + a01*b10 + a02*b20

a00 a01 a02

a10 a11 a12

a20 a21 a22

b00 b01 b02

b10 b11 b12

b20 b21 b22

c00 c01 c02

c10 c11 c12

c20 c21 c22

c01= a00*b01 + a01*b11 + a02*b21

c02= a00*b02 + a01*b12 + a02*b22

c10= a10*b00 + a11*b10 + a12*b20

c11= a10*b01 + a11*b11 + a12*b21

c12= a10*b02 + a11*b12 + a12*b22

c20= a20*b00 + a21*b10 + a22*b20

c21= a20*b01 + a21*b11 + a22*b21

c22= a20*b02 + a21*b12 + a22*b22

P = M

Q = N

R = R + M*N

• 设计硬件单元：
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• 3x3 矩阵乘法

=

c00= a00*b00 + a01*b10 + a02*b20

a00 a01 a02

a10 a11 a12

a20 a21 a22

b00 b01 b02

b10 b11 b12

b20 b21 b22

c00 c01 c02

c10 c11 c12

c20 c21 c22

c01= a00*b01 + a01*b11 + a02*b21

c02= a00*b02 + a01*b12 + a02*b22

c10= a10*b00 + a11*b10 + a12*b20

c11= a10*b01 + a11*b11 + a12*b21

c12= a10*b02 + a11*b12 + a12*b22

c20= a20*b00 + a21*b10 + a22*b20

c21= a20*b01 + a21*b11 + a22*b21

c22= a20*b02 + a21*b12 + a22*b22

P = M

Q = N

R = R + M*N

• 设计硬件单元：

b220 0

0

0

a00*b00

a01*b10

a00*b01

a10*b00

a02*b20

a01*b11

a11*b10

a00*b02

a20*b00

a10*b01

a02*b21

a12*b20

a01*b12

a11*b11

a21*b10

a10*b02

a20*b01

0 0 0

a22

0

0

0

a12*b21

a11*b12

a21*b11

a20*b02

a02*b22

a22*b20

0

0

0

0 0 0

a22*b21

a12*b22

a21*b12



• 3x3 矩阵乘法

=

c00= a00*b00 + a01*b10 + a02*b20

a00 a01 a02

a10 a11 a12

a20 a21 a22

b00 b01 b02

b10 b11 b12

b20 b21 b22

c00 c01 c02

c10 c11 c12

c20 c21 c22

c01= a00*b01 + a01*b11 + a02*b21

c02= a00*b02 + a01*b12 + a02*b22

c10= a10*b00 + a11*b10 + a12*b20

c11= a10*b01 + a11*b11 + a12*b21

c12= a10*b02 + a11*b12 + a12*b22

c20= a20*b00 + a21*b10 + a22*b20

c21= a20*b01 + a21*b11 + a22*b21

c22= a20*b02 + a21*b12 + a22*b22

P = M

Q = N

R = R + M*N

• 设计硬件单元：
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0

0

a22*b22



• 3x3 矩阵乘法

=

c00= a00*b00 + a01*b10 + a02*b20

a00 a01 a02

a10 a11 a12

a20 a21 a22

b00 b01 b02

b10 b11 b12

b20 b21 b22

c00 c01 c02

c10 c11 c12

c20 c21 c22

c01= a00*b01 + a01*b11 + a02*b21

c02= a00*b02 + a01*b12 + a02*b22

c10= a10*b00 + a11*b10 + a12*b20

c11= a10*b01 + a11*b11 + a12*b21

c12= a10*b02 + a11*b12 + a12*b22

c20= a20*b00 + a21*b10 + a22*b20

c21= a20*b01 + a21*b11 + a22*b21

c22= a20*b02 + a21*b12 + a22*b22

R=c00 R=c01 R=c02

R=c10 R=c11 R=c12

R=c20 R=c21 R=c22

P = M

Q = N

R = R + M*N

• 设计硬件单元：
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0

0 0 0

0

0



2维脉动阵列计算 示例

34

脉动阵列思想特点：
• 规则电路单元 -> 高并发度
• 数据流动“节奏”需要专门设计



回到问题：概念区分 PE: Processing Element

存储器

PE PE PE PE PE PE

脉动阵列与多核处理器流水线有什么区别？

流水线：

脉动阵列：

取数据 计算 写回数据

取数据 计算 写回数据

取数据 计算 写回数据

时间



取数据 计算 写回数据

取数据 计算 写回数据

取数据 计算 写回数据

时间

回到问题：概念区分 PE: Processing Element

脉动阵列与多核处理器流水线有什么区别？

流水线：

脉动阵列：

省掉写回数据的步骤

计算

取数据

时间

计算

计算

写回数据

写回数据

写回数据



Two-Dimensional Systolic Arrays
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Combinations

38

• Systolic arrays can 
be chained together 
to form powerful 
systems

• This systolic array is 
capable of producing 
on-the-fly least-
squares fit to all the 
data that has arrived 
up to any given 
moment



Systolic Array: Advantages & Disadvantages

• Advantages
• Makes multiple uses of each data item → reduced need 

for fetching/refetching → better use of memory 
bandwidth

• High concurrency

• Regular design (both data and control flow)

• Disadvantages
• Not good at exploiting irregular parallelism

• Relatively special purpose → need software, programmer 
support to be a general purpose model

39



Example Systolic Array: The WARP Computer

• HT Kung, CMU, 1984-1988

• Linear array of 10 cells, each cell a 10 Mflop 
programmable processor

• Attached to a general purpose host machine
• HLL and optimizing compiler to program the systolic 

array
• Used extensively to accelerate vision and robotics tasks

• Annaratone et al., “Warp Architecture and 
Implementation,” ISCA 1986. 

• Annaratone et al., “The Warp Computer: Architecture, 
Implementation, and Performance,” IEEE TC 1987. 
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The WARP Computer 

41

参考：”warp machine” 名字来源：织布机原理
https://www.bilibili.com/video/BV1eg41167fo 

https://www.bilibili.com/video/BV1eg41167fo


The WARP Cell
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An Example Modern Systolic Array: TPU (I)
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Jouppi et al., “In-Datacenter Performance Analysis of a Tensor Processing Unit”, ISCA 2017.



An Example Modern Systolic Array: TPU (II)
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Jouppi et al., “In-Datacenter Performance Analysis of a Tensor Processing Unit”, ISCA 2017.

Software are very important!



Recall: Example 2D Systolic Array Computation

• Multiply two 3x3 matrices (inputs)
• Keep the final result in PE accumulators

45

P = M

Q = N

R = R + M*N



An Example Modern Systolic Array: TPU (III)
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An Example Modern Systolic Array: TPU2 

47

https://www.nextplatform.com/2017/05/17/first-depth-look-googles-new-second-generation-tpu/

4 TPU chips
vs 1 chip in TPU1

High Bandwidth Memory 
vs DDR3

Floating point operations
vs FP16

45 TFLOPS per chip
vs 23 TOPS

Designed for training 
and inference
vs only inference



An Example Modern Systolic Array: TPU3 

48
https://cloud.google.com/tpu/docs/system-architecture

32GB HBM per chip
vs 16GB HBM in TPU2

4 Matrix Units per chip
vs 2 Matrix Units in TPU2

90 TFLOPS per chip
vs 45 TFLOPS in TPU2



Cerebras’s Wafer Scale Engine (2019)

49

Cerebras WSE               

1.2 Trillion transistors

46,225 mm2   

Largest GPU               

21.1 Billion transistors

815 mm2   

◼ The largest ML 

    accelerator chip

◼ 400,000 cores 

NVIDIA TITAN V
https://www.anandtech.com/show/14758/hot-chips-31-live-blogs-cerebras-wafer-scale-deep-learning

https://www.cerebras.net/cerebras-wafer-scale-engine-why-we-need-big-chips-for-deep-learning/

https://www.anandtech.com/show/14758/hot-chips-31-live-blogs-cerebras-wafer-scale-deep-learning
https://www.cerebras.net/cerebras-wafer-scale-engine-why-we-need-big-chips-for-deep-learning/


Cerebras’s Wafer Scale Engine-2 (2021)

50

Cerebras WSE-2               

2.6 Trillion transistors

46,225 mm2   

Largest GPU               

54.2 Billion transistors

826 mm2   

◼ The largest ML 

    accelerator chip

◼ 850,000 cores 

NVIDIA Ampere GA100
https://www.anandtech.com/show/14758/hot-chips-31-live-blogs-cerebras-wafer-scale-deep-learning

https://www.cerebras.net/cerebras-wafer-scale-engine-why-we-need-big-chips-for-deep-learning/

https://www.anandtech.com/show/14758/hot-chips-31-live-blogs-cerebras-wafer-scale-deep-learning
https://www.cerebras.net/cerebras-wafer-scale-engine-why-we-need-big-chips-for-deep-learning/


The End

• Summary
• Systolic Array

• Improvement of Programmability for Systolic Arrays

• Latest AI Chips with Systolic Arrays
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