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Disclaimer 

This document was prepared as an account of work sponsored by an agency of the United States government. 
Neither the United States government nor Lawrence Livermore National Security, LLC, nor any of their employees 
makes any warranty, expressed or implied, or assumes any legal liability or responsibility for the accuracy, 
completeness, or usefulness of any information, apparatus, product, or process disclosed, or represents that its use 
would not infringe privately owned rights. Reference herein to any specific commercial product, process, or service by 
trade name, trademark, manufacturer, or otherwise does not necessarily constitute or imply its endorsement, 
recommendation, or favoring by the United States government or Lawrence Livermore National Security, LLC. The 
views and opinions of authors expressed herein do not necessarily state or reflect those of the United States 
government or Lawrence Livermore National Security, LLC, and shall not be used for advertising or product 
endorsement purposes. 

Lawrence Livermore National Laboratory is operated by Lawrence Livermore National Security, LLC, for the US 
Department of Energy, National Nuclear Security Administration under Contract DE-AC52-07NA27344. 
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Executive Summary 

In 2017, the Chinese government announced an ambitious, broad strategy to become the global leader in 
artificial intelligence (AI) theories, technologies, and applications by 2030 and indicated that China’s 
ability to indigenously produce cutting-edge AI chips would be integral to its success. China’s goal to 
become a dominant producer of AI hardware within a decade is a bold undertaking because China faces 
domestic chip production challenges and fierce competition from US chip producers.  

Our review of Chinese AI chip product lines shows various levels where Chinese companies compete 
with global firms in the production chain. China lacks a robust indigenous AI chip production 
infrastructure, and the United States and its allies are tightening controls on the supply of advanced 
semiconductor manufacturing equipment (SME) and electronic design automation (EDA) software to 
China. In contrast to their Chinese counterparts, US companies operate in all areas of AI chip production 
and have consistently driven the development of new chip designs.  

AI chip production is a costly endeavor, and China’s chip producers currently lack the customer base to 
lead global AI chip development by the 2030 goal. An expanded customer base may help China attract 
the necessary expertise to bolster its AI chip production chain. This would also help Chinese producers 
make their investments in the requisite technology economically sustainable. Chinese researchers 
continue to pursue promising next-generation AI chip designs, such as neuromorphic computing-based 
architectures, which in the next five to ten years could position Chinese companies to make or contribute 
to key innovations in the field. 

China’s market share in AI chip technology could grow in the next few years if China continues to focus 
on developing low-cost application-specific integrated circuits (ASICs) for AI applications. China’s 
leading chip-making companies heavily focus on ASICs; six of the top ten companies specialized in 
producing ASICs as of 2018. China has some local fabrication capacity for chips at trailing technology 
nodes, and ASICs designed at these older nodes can still provide performance advantages over chips 
designed for a wider range of applications. 

 

Scope Note 

This National Security Studies (NSS) report was produced for the Office of Defense Coordination (ODC) at 
Lawrence Livermore National Laboratory (LLNL) and examines China’s ambitions to become a global leader in 
AI chip technology within a decade. The report evaluates China’s role in the global market for AI chips, focusing 
on market leaders, comparing chip performance across several key metrics, and estimating trendlines going 
forward—including emerging processor architectures, such as neuromorphic processors, and nascent application 
areas, such as in space. The report does not include important but tangential information on AI chip hardware-
enabled security since companies generally withhold security information as privileged. However, we 
acknowledge that as chip technology evolves, continual research and development (R&D) into mechanisms for 
combating infiltration will be necessary for companies to maintain a leading-edge position in the market. 

Many definitions exist among different communities for the term “chip.” For the purposes of this report, we 
use the term broadly to refer to a semiconductor-based circuit on a single substrate that usually performs the 
functions of a processor (in some circumstances, chips may be designed for memory or storage). A 
(computing) processor is a type of chip; we define a processor as a combination of hardware elements (logical 
Boolean functions) that perform some combinatory calculations resulting in a computable solution. This 
report is drawn entirely from company websites and datasheets, news reporting, research centers, technology 
blogs, and scientific journals. It relies heavily on chip specification sheets available on company websites 
regarding chip performance.  
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China Sees Breakthroughs in AI Hardware as Critical to Its Goal to Lead in AI 

In a 2017 national strategy document, the Chinese government stated its intent for China to become the 
global leader in AI theories, technologies, and applications by 2030.1 In that document, Chinese leaders 
emphasized that China’s ability to indigenously develop intelligent computing chips—what they 
described as “energy-efficient, reconfigurable brain-like computing chips” and “ high-efficiency brain-
inspired neural network architectures and hardware systems with autonomous learning capabilities”—
would be integral to its success. However, Chinese leaders acknowledged that China lacked original 
contributions in this area and lagged global leaders in the development of cutting-edge chips for AI 
applications. In a 2018 report, a leading scholar on China’s approach to strategic technologies argued that 
“[d]ue to their high initial costs and long creation cycle, processor and chip development may be the most 
difficult component of China’s AI plan.”2  

China’s ambitions to lead in AI aim to improve China’s economic competitiveness and at least in part to 
overcome what China perceives as a gap between Chinese and US military capabilities.3 In his October 
2017 report to the 19th Party Congress, Chinese President Xi Jinping urged the People’s Liberation Army 
to “[a]ccelerate the development of military intelligentization,” according to 2019 testimony before the 
US-China Economic and Security Review Commission Hearing on Trade, Technology, and Military-
Civil Fusion.4 In 2019, a Chinese military scholar described the concept of “intelligentization” or 
“intelligentized warfare” as an evolution in warfare in which traditional “human-on-human” military 
conflicts are superseded by “machine-on-human” or “machine-on-machine” warfare;5 the concept 
involves applying AI’s machine speed and processing power to military strategy and operations. The term 
is commonly used by Chinese scholars and has served as a guiding principle for the future of Chinese 
military modernization. In this context, China’s leadership—including President Xi Jinping—views AI as 
a technology that could provide China with a decisive strategic advantage.  

China Faces Economic and Technological Hurdles in Its Path to Self-
Sufficient AI Chip Production 

China’s longstanding dependence on foreign suppliers for advanced processors, despite China investing 
billions of dollars over several decades to create a domestic semiconductor industry (figure 1),*,6 suggests 
that it is likely to face challenges in its bid to become a leading global producer of AI chips. The steep up-
front investment costs and performance requirements of AI chips have hindered China’s ability to break 
into the market in a significant way. (For an overview of why AI chips must be advanced and specialized, 
see the appendix on page 18.) Nevertheless, China continues to invest heavily in these efforts. In 2014, 
Beijing established the National Integrated Circuits Industry Investment Fund, a subsidy program that 
plans to raise US$180 billion from local-government-backed funds and state-owned enterprises.7 In 2015, 
China announced its “Made in China 2025” initiative, a program aimed at upgrading China’s entire 
manufacturing industry that set a goal for China to produce US$305 billion worth of chips annually and 
meet 80 percent of domestic demand for chips by 2030.8 

 
* In broad terms, a semiconductor is a material that conducts electricity more than an insulator but less than a pure conductor. 
Modern chips are made from semiconductor material. A 2019 report issued by the Center for Strategic and International Studies 
(CSIS) (reference 6) notes that China’s State Council in 2014 set a goal of becoming a global leader in all segments of the 
semiconductor industry by 2030. 
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Figure 1. Market share in the 
global semiconductor 
industry as of 2018, as 
shown by the 
Semiconductor Industry 
Association.9 (EU = 
European Union) 

 

AI Chip Production Is a Costly Endeavor… 

These continued investments will be essential if China is to be successful. Reliable estimates suggest that 
it costs around US$10 to $15 billion to build a chip manufacturing plant capable of producing the most 
advanced processors—meaning processors with a node size of less than 7 nanometers (nm).10,11 These 
high costs have sometimes discouraged even Western companies from pursuing leading nodes; in 2018, a 
leading US foundry abandoned plans to build a 7-nm fabrication plant, citing high costs.12  

A key factor in these high costs is the equipment and machinery needed to fabricate the chips. The 
technique used to imprint circuitry patterns onto wafers is photomasking, a process that requires 
photolithography machines—one of the most expensive tools in the fabrication process.13 A single 
extreme ultraviolet photolithography machine from the Dutch company ASML (the main international 
supplier of these machines) in 2019 cost US$172 million, according to a Bloomberg report.14 A plant with 
a sizeable production line would require multiple, perhaps even dozens, of these machines.15  

…and Requires Deep Technical Expertise 

While continued investment will be critical for China, spending alone will be insufficient because of the 
deep technical expertise required at multiple stages of AI chip production. The key steps necessary to 
produce an AI chip are (1) processor production, (2) chip design, (3) fabrication, and (4) assembly and 
packaging. Steps 1 and 4 resemble the processes used for producing other types of semiconductors:  

● When a chip vendor creates designs for its chips (step 1, processor production), it typically 
incorporates its own custom AI processor with graphics processing units (GPUs) and/or central 
processing units (CPUs)* from other companies; these base processors for the most part are 
sufficiently available that they do not constitute a major bottleneck in the production chain.  

 
* GPUs and CPUs are microprocessors that use different architectures to serve different purposes. A CPU is suited to a wide 
variety of tasks, such as serial computing and running databases. GPUs, by contrast, use highly parallel architectures to carry out 
simultaneous operations. For more detail, see the appendix. 
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● Step 4, assembly and packaging, involves encasing chips in a supporting case (typically ceramic 
or plastic) to protect them against physical damage and corrosion. As with step 1, this step is 
common among all types of chips, not just those designed for AI applications.  

The key chokepoints in the production chain are in steps 2 and 3, chip design and fabrication:  

● The R&D necessary to make advances in chip design can span decades.16 US companies dominate 
the market for EDA software,*,17 and Chinese companies rely heavily on the EDA software from 
these companies to design their chips. For example, Cambricon—a state-owned Chinese company 
that produces chips for intelligent cloud servers, terminals, and robots—licenses its designs from the 
Silicon Valley chip designer Arteris for the backbone of the interconnects that move data around its 
chips, according to a 2017 Wired article.18 In 2019, Technode—the Chinese partner of TechCrunch, 
a US online publisher focused on the technology industry—provided four reasons for China’s EDA 
gap with the United States: (1) Chinese EDA tools are not comprehensive; (2) Chinese EDA firms 
lack the engineering expertise to develop advanced EDA software (the article notes that only about 
300 of China’s 1,500 EDA specialists work for Chinese firms); (3) market entry is difficult; and 
(4) Chinese companies do not have enough access—meaning access to the leading chip foundries—
to keep up with relevant developments in manufacturing.19 

● Meanwhile, fabrication of a leading-edge AI chip requires expertise at the forefront of physics, 
materials science, and micromechanical engineering—e.g., making mechanical devices out of a 
process that essentially involves one atom at a time and incorporating an increasing amount of 
power, memory, and functions onto a single wafer.20 Although China has proven adept at reverse-
engineering, reverse-engineering a state-of-the-art AI chip fast enough for it to be leading-edge 
by 2030 is difficult. As a senior official at the Semiconductor Industry Association noted in a 
2019 Quartz article, “…[L]et’s say you’ve got 5,000 engineers that can reverse engineer the chip 
and look at the chip layout—by the time you’ve done that, the American company’s already two 
generations ahead of you.”21  

Figure 2 is a flow chart of the AI chip production chain that identifies the two major chokepoints. The next 
section addresses China’s difficulties with production steps in more detail.  

 

 
Figure 2. Key steps and chokepoints in the AI chip production chain. 

 
* EDA tools are used to design integrated circuits; since modern chips can incorporate billions of components, these automation 
tools are essential for their design. 

1. Processor 
production 2. Chip design 

SME 

3. Fabrication 
(chip manufacturing  

at a foundry) 
4. Assembly and 

packaging 

Chokepoint 

Chokepoint 
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China Struggles To Compete with United States and Other Western Companies in Key 
Steps of the Production Chain 

Chinese companies are not global leaders in any of the production steps and have struggled to break into 
most production steps—and the production of SME, in particular—in a significant way. By contrast, US 
companies as of 2020 operate in all stages of the AI chip production chain, and several are market leaders 
in processor production, chip design, SME production, and chip sales. (Figure 3 identifies global leaders 
in the AI chip production chain based on the country in which the company has its headquarters.) 
Although China’s Pingtouge (an Alibaba subsidiary) and HiSilicon (a Huawei subsidiary) are engaged in 
processor production, both companies outsource their chip design (whereas many companies design their 
chips in-house). Some Chinese companies have design capabilities—for example, Huawei’s Kirin 980 AI 
system-on-a-chip (SoC) incorporates Chinese-designed neural network processing units (NPUs), 
according to the chip’s specification sheet available on the company’s website22 and a product review.23 
However, these chips to date have mostly been designed for niche market areas, such as cellular devices. 
The US companies Nvidia and AMD dominate the international design market for GPUs, while China’s 
leading GPU company, Jingjia Microelectronics, fields GPUs that are significantly slower.24  

 

 
Figure 3. Global leaders in the AI chip production chain. Numbers indicate steps 1 to 4 as identified in 
the previous section. Companies are listed in alphabetical order. Country association is based on where 
the company is headquartered. 
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Producing SME is one of China’s most significant technological hurdles. The United States, Japan, and 
the Netherlands lead the market in SME, while China’s capabilities remain nascent. (Table 1 shows a 
table of SME providers for AI chip foundries.) The Dutch company ASML is known for producing the 
most leading-edge machinery, capable of fabricating processors at node sizes of less than 7 nm (with a 
smaller node size, more transistors can fit onto the chip, thus increasing the transistor density). Only two 
Chinese companies operate in the SME market segment—the Advanced Microfabrication Equipment 
Company (AMEC)25 and Wuhan Hongxin Semiconductor Manufacturing (HSMC)26—and they have 
fewer product lines than their international competitors. AMEC claims that its etching tools are capable of 
fabricating processors with a node size of 5 nm,27 but its main production line is at 7 nm and above.*,28,29 
HSMC, for its part, was established in late 2017 and produces equipment for manufacturing processors at 
the 14-nm level; it is conducting R&D of 7-nm technology, aiming to begin testing chips at that size in 
late 2021.30  

Table 1. SME providers for AI chip foundries. AI chip fabrication requires many types of complex 
machines and processes. We focus on wafer etching and testing machines because they directly impact 
node size fabrication capabilities. Other SME machinery includes fabrication machinery, wafer 
preparation and packaging machinery, and deposition equipment. 

Company AMEC31 HSMC32,33 Ushio34 Canon35,36 Nikon37 Tokyo 
Seimitsu38 

Tokyo 
Electron39 ASML40,41 KLA-

Tencor42 
Lam 

Research43,44 
Applied 

Materials45,46 

Country China China Japan Japan Japan Japan Japan Netherlands US US US 

Machine 
name/ 
series 

Primo D-
RIE series 

14/7nm 
lines 

EUV 
light 

source 

KrF -- FPA 
6300 

ArF/KrF -- 
NSR line 

WGM 5200 Certas 
LEAGA 

NXT & NXE 
series 

ATL 7nm UV 
line 

UV—SOLA 
line 

EUV Centura-
Tetra, 14nm 

Machine 
type 

Fabrication Fabrication Light 
source 

Fabrication Fabrication Fabrication 
and testing 

Fabrication, 
etch, 

deposition 

Fabrication Fabrication, 
etch, 

deposition 

Fabrication, 
testing, etch, 

deposition 

Fabrication 
and testing, 
wafer prep, 

etch machines 
 

Taiwan’s TSMC dominates the international foundry market for AI chips, controlling about 70 percent of 
the market share for training, inference, cellular, and cloud/edge chip manufacturers, based on our review 
of AI-chip vendor product data sheets. TSMC also controls more than half the market for all types of chip 
production, according to a 2019 Bloomberg report.47 Other foundries occupying a share of the market are 
based in the United States and South Korea. China and Japan also operate in-country foundries, but none 
of the chips we researched were identified as being manufactured in those facilities. Figure 4 identifies 
node-size fabrication capabilities as of 2020 for companies based in the United States, China, Japan, 
South Korea, and Taiwan, and it shows South Korea’s Samsung and Taiwan’s TSMC leading US 
companies by a generation and China’s SMIC by two generations. However, a 2020 overview of AI chips 
by the Center for Security and Emerging Technology (CSET) notes that SMIC’s production capacity at 
the 14-nm level is limited and that SMIC relies on SME imports from the United States, the Netherlands, 
and Japan.48 In September 2020, the Department of Commerce announced that it would require US chip 
companies to obtain licenses before exporting technology to SMIC because exports to the company or its 
subsidiaries risk being used for Chinese military activities, according to US press reports.49,50 US market 
analysts predict that the decision will degrade the quality and yield of SMIC’s chip production.51 Both 
Samsung and TSMC have plans for 3-nm fabrication around 2022, making it difficult for competitors to 
keep pace with these two companies.  

 
* In 2018, the Dutch government gave ASML a license to sell its most advanced machine to a Chinese customer, according to a 
Reuters report (reference 29). ASML never publicly disclosed the identity of the Chinese customer, but other media outlets 
reported that it was Semiconductor Manufacturing International Corp (SMIC), China’s largest chip-making specialist. The Dutch 
government later decided not to renew the license after facing pushback from US government officials. 
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Figure 4. Bar plot identifying the most advanced node size that each foundry uses. Taiwan’s TSMC 
and South Korea’s Samsung lead the foundry industry when it comes to node-size capability; they lead 
China’s SMIC by 2 generations. As Samsung and TSMC have plans already set for 3-nm fabrication 
around 2022, competitors struggle to keep pace with these two companies.52,53,54,55,56,57,58,59 

Chinese AI Chips Are Generally Designed for Niche Market Areas  

AI chips offered by Chinese companies are not widely competitive outside of niche application areas. 
Although US companies do not lead the market in each step of the AI chip production chain, they possess 
capabilities in each production step. They also lead the market in global AI chip sales, offering the most 
versatile and high-throughput AI chips in the market. Chips offered by US companies are applied across 
essentially all industries that leverage machine learning (e.g., automotive, healthcare, retail, 
telecommunications). By contrast, AI chips offered by Chinese companies are not as widely proven 
across the industry. We compare leading global and Chinese-origin AI chips in the sections that follow 
according to their application type. 

Training and Inference (T/I) AI Chips: Gaps in Information Reporting Hamper Direct 
Comparison 

A comparison of leading US and Chinese chips in this variety based on the chips’ specification sheets is 
challenging because there are multiple gaps in the reported performance parameters for Chinese T/I chips 
and there may be anomalies in the reported data (table 2). For example, a lack of reported information on 
the throughput and efficiency of Huawei’s Ascend 910 chip and Enflame Tech’s CloudBlazer T11 makes 
it challenging to compare Chinese and US chips across these metrics. The precision performance 
indicators (Mixed Precision FP32 and INT8 Performance) for the Chinese chips shown in table 2 could be 
an anomaly because the data are so far outside the range of the reported values for comparable US chips. 
Blank cells are those for which the information was not available; purple boxes highlight groupings of 
such gaps.  

In the training chip variety, Nvidia has been the longstanding leader, and a 2019 Bloomberg article 
projected that Nvidia would continue to dominate “for some time because of their robust and flexible 
software platform and stickiness with AI developers.”60 As seen in table 2, Nvidia appears to provide 
more in-depth information about the performance parameters of its T/I chips than most of its competitors. 
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Table 2. Listed performance of Chinese and US T/I chips. Purple boxes highlight gaps in reported 
parameters for the Chinese chips. (DTU = deep thinking unit; MHz = megahertz; W = watt; Gbps = gigabit 
per second; Tbps = terabit per second; GB = gigabyte; TB = terabyte; s = second; TOPS = tera-operations 
per second; TFLOPS = tera-floating-point operations per second; IPS = inferences per second.) 

T/I chip comparison  
Huawei 
Ascend 

91061,62,63,64 

Enflame 
Tech 

CloudBlazer 
T1165,66,67 

Nvidia T4 (RTX 
2080)68,69,70 

Nvidia V10071,72 Intel 
GOYA73,74 

Intel 
GAUDI75,76,77,78 

China China US US US US 

Accelerator chip type CPU DTU GPU GPU CPU CPU 

Chip release date (month/year) 8/19 
 

9/18 9/17 1/18 6/19 

Fabrication process (nm) 7 12 12 12 16 16 

Fabrication provider TSMC Global 
Foundries 

TSMC TSMC TSMC TSMC 

Transistors 
  

13.6 billion 21.1 billion   
 

Processor model 
  

TU104 GV100 HL-1000 HL-2000 

Processor/core clock (MHz) 
  

585/1,515 1,530 
  

Power draw, TDP (W) 310 300 70/215 300 100 200 

Memory base clock (MHz) 
  

1,250 876 
  

Data transmission rate 240 
 

10/14 Gbps 
  

2 Tbps 

Memory size (GB) 16/32 16 16 16/32* 
 

32 

Peak memory bandwidth 1.2 TB/s 512 (GB/s) 320/448 (GB/s) 900* (GB/s) 
 

1 TB/s 

Mixed precision FP32 
(TFLOPS) 

128 22 8.1/10 15.7 
  

INT8 performance (TOPS) 512 n/a 130 n/a n/a 
 

Throughput (ResNet-50, IPS) 
  

4,018 6,275 15,000 3,300 

Peak efficiency (ResNet-50, 
IPS/W) 

  
60 22/27 150 16.5 

* The V100 attains 32 GB memory with much higher bandwidth when GPUs are unified to share memory capacity.  

Cellular AI Chips: China’s Huawei Competes with US Companies  

Our review of AI chips optimized for cellular devices shows that Huawei is the Chinese market leader, 
while the US companies Apple, Google, and Qualcomm are all competitive in this space. All the 
companies we researched in this category depend on Taiwan’s TSMC 7-nm process for their chip 
fabrication. The smaller node size is particularly important to this market segment because a small chip 
size is critical for handheld devices and enables companies to provide the most efficient cellular phone 
performance. These chips are optimized for computer vision, as cellular phone companies tend to 
differentiate their products based on phone screens. A phone that processes on the device (rather than 
routing through the cloud) reduces latency, thus improving the user experience. Table 3 compares US and 
Chinese cellular device AI chips across key performance parameters with performance parameters of 
interest highlighted with a purple box. 
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Table 3. Listed performance of Chinese and US AI chips for cellular devices. All the newer, high-
tech cellular device chips that we evaluated claimed to use a 7-nm fabrication process and Taiwan’s 
TSMC for fabrication. We call attention to the much larger memory in Qualcomm’s Snapdragon chip (16 
GB of on-device random access memory [RAM]) compared to other leading cellular AI chips (which have 
storage within the 4- to 8-GB range). We also call attention to Google’s use of Qualcomm GPUs in its 
cellular chip design. 

Cellular device chips  
Huawei 

Kirin 980 
Octa-

core79,80 

Huawei 
Kirin 990 
5G81,82 

Qualcomm 
Snapdragon 865 

5G83,84,85 

Apple 
A12 

Bionic86,87,88,89 

Apple 
A13 

Bionic90,91,92,93,94 

Google 
Visual Core95 

China China US US US US 

Phone implementation Mate-20 Pro Mate-30 Pro Galaxy S20 iPhone XR iPhone 11 Pixel 3/4 

Release date Aug 18 Sept 19 exp. 20 Sept 18 exp. Sept 20 Oct 19 

Fabrication process 
(nm) 

N7P 7+, EUV N7P N7 N7P 
 

Fabrication provider TSMC TSMC TSMC TSMC TSMC 
 

Transistor count 
(billions) 

6.9 10.3 
 

6.9 8.5 
 

Network connectivity 
 

5G 5G LTE LTE LTE 

On-device RAM (GB) 6 8 16 4 4 6 

CPU Arm Cortex 
A76/A55 

processors 

2 Arm Cortex 
processors: 
A76, A55 

Qualcomm Kryo 585, 
Arm Cortex A77/A55 

6 Apple CPU 
cores: 2 
Vortex, 

4 Tempest 

6 Apple CPU cores:  
2 Lightning, 
4 Thunder 

Qualcomm Kryo 
485 with Arm 

Cortex 
processors 

Peak download speed 
(Gbps) 

1.7 2.3 7.5*/2.5 1 1.6 1.2 

Upload speed (Gbps) 1.4 1.25 3*/0.31 0.15 
 

0.15 

ML performance 
(TOPS) 

  
15*/10 5 5 

 

Sub-6-GHz bandwidth 
(MHz) 

160 
 

100 
   

GPU Arm Mali-G76 
processor 

Arm Mali-G76 
processor 

Qualcomm Adreno 650 Apple A12 
Bionic Neural 

Engine 

Apple A13 Bionic 
Neural Engine 

Qualcomm 
Adreno 

640 Octa-core 

Processor clock (GHz) 2.6 2.86 2.84 2.49 2.65 
 

* Indicates a possible anomaly between values publicized by the companies (first value) and reported results from blogs (second 
value).  
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Cloud/Edge Computing AI Chips: Performance Specifications Are Often Sparse or Vague  

We include cloud platforms as a separate market segment because the interconnected chips used in the 
networks are optimized to process vast amounts of data—a useful configuration for machine learning 
applications. Cloud industry leaders Amazon, Google, and Microsoft provide options for different types 
of computing plans depending on how much customers want to use their accelerator networks (the more 
processors the customers use, the more they pay). This model has proven successful and helped cement 
these companies’ leading positions in the industry. Alibaba is probably the leading Chinese company in 
this market segment and claims to have developed cloud platforms with capabilities comparable to US 
competitors, but it has not made its cloud technology available for commercial use, which makes it 
difficult to verify the company’s assertions. The Chinese company Cambricon released a cloud/edge 
computing chip in 2019, but it does not appear to be as commercially popular as its competitors. Because 
there is essentially no commercial market for individual cloud computing AI chips, many performance 
specifications for the networks of accelerator chips that power cloud systems are unavailable for open or 
public viewing. Where such information is available, the specification sheets tend to be vague and short.  

Compared to other AI chip application categories, the cloud/edge AI chip market segment incorporates a 
broader variety of chip types that range from ASICs to custom processors (e.g., the -PU variants; see 
table 4). This is because cloud computing often requires companies to customize their chip networks due 
to greater demands for higher bandwidth and storage capacity, as well as TOPS performance. Cloud/edge 
AI chips also tend to be more powerful than chips used for T/I and cellular applications. The emergence 
of South Korea’s Samsung as a competitor with Taiwan’s TSMC in fabrication agreements is notable in 
this segment, especially among the Chinese companies.  

Table 4. Listed performance of Chinese and US AI chips for cloud/edge computing. However, the 
data sheets for cloud/edge AI chips are short and vague compared to those used for other applications. 
(TPU = tensor processing unit; FPGA = field programmable gate array; IPU = intelligence processing unit; 
TDP = thermal design power.) 

Cloud/edge computing chips and platforms  
Google Cloud 
TPUv396,97,98 

Amazon 
Inferentia99,100 

Microsoft  
Azure Virtual 

Machines101,102 

Alibaba 
Hanguang 
800103,104 

Baidu 
KUNLUN105 

Cambricon 
MLU270106,107 

US US US China China China 
Accelerator chip type TPU ASIC FPGA CPU/NPU XPU IPU 
Chip release date (month/year) 1/19 12/19 8/17 9/19 Due 2020 5/19 
Fabrication process (nm) 

   
12 14 16 

Fabrication provider 
   

Samsung Samsung TSMC 
Power draw, TDP (W) 

   
160 150 

 

Data transmission rate (Gbps) 
 

25/100* 25/200 
   

Memory size (GB) 128 min 8, max 192* 480 
   

Peak memory bandwidth (GB/s) 
   

400 512 
 

Mixed precision FP16 (TFLOPS) 840 64 
    

INT8 performance (TOPS) n/a 128 
  

260 128 
Peak efficiency  

   
500 IPS/W 

  

* Amazon provides different Inference machine options by linking Inferentia chips together. The smallest configuration is 1 chip 
(min), and the largest (max) is 16 chips.  
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Chinese Researchers Are Focusing on the Development of Next-Generation AI 
Chip Technologies To Demonstrate China’s Leadership in AI  

Chinese entities are pursuing cutting-edge concepts simultaneously with their efforts to improve and 
expand the country’s overall semiconductor production, seemingly trying to strike a balance between 
developing infrastructure in areas where they are behind and pursuing some promising “leap-ahead” 
technologies. They are making noteworthy achievements in cutting-edge technologies; in 2019, the 
respected scientific journal Nature featured the “Tianjic chip” as its cover story. The Tianjic chip is a 
China-led combined research effort by Tsinghua University, Beijing Normal University, Singapore 
University of Technology and Design, and the University of California at Santa Barbara to develop a 
computing platform that would combine nonspiking artificial neural network and neuromorphic 
architectures (sidebar).108  

● According to Nature, the research team demonstrated that the 28-nm chip they developed could 
achieve 1.6 to 100 times better throughput and 12 to 10,000 times better power efficiency than an 
Nvidia Titan-Xp GPU.109 The research team told Chinese media that they expect to complete the 
R&D stage in 2020 and that the chip will eventually be deployed in autonomous vehicles and 
smart robots.110  

● The title of the article characterized the innovations inherent in the chip’s design as presenting a 
potential pathway toward artificial general intelligence—a more expansive form of AI capable of 
performing virtually any task a human might undertake. While this projection may have been 
premature, China almost certainly sees the country’s ability to lead the development of the next 
generation of AI chips as a key pillar in its plan to become the global leader in AI by 2030. 

The Tianjic chip remains in the R&D phase, whereas both Intel and IBM have developed operational 
processors. IBM is currently at the forefront of this technology; it entered the neuromorphic chip market 
earlier than its competitors and has made steady improvements to its TrueNorth processor, which is now 
capable of simulating 1 million neurons. Internationally, China’s Tsinghua University and Russia’s 
MotivNT are pursuing neuromorphic processors, but these countries’ efforts remain in the R&D phase 
(table 5).  
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Table 5. Listed performance of Chinese, Russian, and US neuromorphic AI chips. US companies 
IBM and Intel lead neuromorphic chip development; Chinese and Russian companies remain in the R&D 
phase. (fps = frames per second; GSOPS = giga-synaptic operations per second.) 

Neuromorphic AI chips 

  
Tsinghua University 

Tianjic111 MotivNT Altai112 Intel Loihi113,114 IBM 
TrueNorth115,116,117,118,119 

China Russia US US 

Chip release date R&D  R&D 2018 2014 

Fabrication process (nm) 28 28 14 28 

Fabrication provider 
 

TSMC Intel Samsung 

Transistors (billion) 
  

2.07 5.4 

Neurons 40,000 131,000 128,000 1 million 

Synapses (million) 10 67 128 256 

Neural cores 156 256 128 4,096 

On-chip memory, SRAM (million bits) 
   

428 

Power draw (milliwatts) 950 500 
 

70 

Throughput (fps) 
 

1,000/2,200 
 

1,200/2,600 

Efficiency (fps/W) 
   

6,100 

Synapse performance (Synapse ops, GSOPS) 650 67 
 

58 

Synapse efficiency (GSOPS/W) 684 134 
 

829 

Neuron scalability 
 

67 million 8.3 million 1 billion 

Synapse scalability 
   

256 billion 
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Emerging AI Chip Architectures and Application Areas 

While GPUs, field-programmable gate arrays (FPGAs), ASICs, and SoCs dominate the AI chip market today 
(see the appendix for a more detailed overview of these different chip types), researchers are pursuing 
alternative methods and architectures to produce systems that can continue to deliver improvements in speed 
and efficiency. Quantum computing is one such approach—e.g., the notion that because subatomic particles 
can exist in more than one state at any given time, you could use a quantum computer to exponentially 
accelerate computations and store substantially more information using less energy.120 Another approach that 
appears promising is neuromorphic computing. The chips—or computational building blocks—within 
neuromorphic computing systems are logically analogous to neurons in the human brain.121 Several 
companies are pursuing R&D of neuromorphic chips as an alternative to conventional architectures and 
power-hungry GPUs.122 

Neuromorphic Chips Hold Promise for Revolutionizing AI’s Real-Time Capabilities 

A neuromorphic chip models the structure of a human brain to transmit signals throughout its processor network. 
Rather than depending on a processor and memory clocks for signal transmission, once a sensor processor 
receives a signal that obtains a certain threshold value, the input causes a cascade of signal relays among 
interconnected processors. While the design of these chips is in its early stages, this architecture has the potential 
to dramatically improve computational efficiency and enable the chip to operate at nearly real-time sensing.123 

The design and structure of neuromorphic chips are fundamentally different from the AI chips discussed earlier 
in this report. While both categories of chips are designed to process artificial neural networks and offer 
performance improvements compared to traditional CPUs, neuromorphic chips are designed for special neural 
networks called “spiking neural networks (SNNs).”124 As Intel explains in an overview of the company’s 
neuromorphic computing research on its website, “[e]ach ‘neuron’ in the SNN can fire independently of the 
others, and in doing so, it sends pulsed signals to other neurons in the network that can directly change the 
electrical states of those neurons. By encoding information within the signals themselves and their timing, 
SNNs simulate natural learning processes by dynamically remapping the synapses between artificial neurons in 
response to stimuli.”125 This architecture could provide a means to achieve nearly real-time capability because 
the design would enable the AI to move toward the fastest reaction and calculation time of a system. 

Growing Role for AI Chips in Enabling Spacecraft Operations 

The chip innovations that are improving the performance of terrestrial systems are also increasing the 
computational power available to spacecraft.126 AI technologies can meaningfully improve spacecraft 
operations, from enabling precise automated control to facilitating on-board tasks, such as image processing 
or navigation.127 However, implementing AI hardware on an embedded system introduces size, weight, and 
power (SWaP) constraints. The harsh and remote environment of space imposes additional requirements on 
top of these challenges, such as the need for chips to be radiation-resistant, robust, and extensively tested and 
verified.128 (Radiation damages the hardware either through its cumulative effects [total ionizing dose, or 
TID] or through single event effects. Radiation hardening can enable a chip to withstand such errors, but 
hardened components are generally twice as slow and many times more expensive than components designed 
for terrestrial applications.) 

AI cloud networks are currently used to alleviate information processing on the ground. For example, the U.S. 
Aerospace Corporation has developed an on-platform AI cloud network called “Space Cloud” that can operate 
on satellites in orbit, according to the company’s website.129 Space Cloud uses AI and cloud technology to 
enable satellites to detect and transmit only meaningful data back to Earth—as explained on the website, the 
AI “can tell the difference between goats and boats.”130 Space Cloud was built with commercially available 
technology—specifically, an Intel Movidius processor and an extension of Google’s open-source Kubernetes 
cloud tool.131 The Movidius processor is a specialized processor designed to deliver high-performance 
machine vision at low power levels and for small form factors (detailed specifications on the Movidius 
processor are available on Intel’s website132). Using the Kubernetes cloud, the AI algorithm can adapt to 
detect different objects based on their location—e.g., search for goats over land and boats over water—using 
the same satellite.133
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Satellite companies are pursuing AI chips that can be physically deployed onboard spacecraft in the next few 
years, but this capability is currently limited. Although several companies produce radiation-hardened 
processors, these chips do not appear to be optimized for AI applications. As an example, the US company 
Xilinx produces a space-grade FPGA that is optimized for sensor processing in space—the Virtex-5QV—but 
the FPGA is not specially designed for deep-learning–based training or inference functions.134  

For short-duration missions in low Earth orbit (LEO) where the radiation effects are less intense than they are at 
higher orbits,* commercial off-the-shelf (e.g., unhardened) AI chips may perform adequately to meet mission 
requirements. The European Space Agency (ESA) in 2018 subjected Intel’s Movidius Myriad 2 AI processor to 
radiation at the European Organization for Nuclear Research in preparation for a mission in 2020 in which the 
ESA is seeking to demonstrate how onboard AI can improve the efficiency of sending Earth observation data back 
to Earth.135,136 (The Movidius Myriad 2 AI processor is a low-power SoC that is optimized for drones and virtual 
reality devices but is not hardened by design to withstand the radiation environment in space [figure S1].137,138) 
The mission has been characterized as the first Earth observation satellite with embedded AI.†,139,140 However, 
while the Movidius processor may be able to perform as required for a short-duration demonstration mission, its 
current design is unlikely to meet the requirements of a longer-term strategic mission. 

Maximizing AI performance for many future space-based remote sensing applications—especially if the trend 
toward smaller spacecraft continues—will require memory and throughput optimization, along with near-real-
time processing. With further evolution of the technology, neuromorphic chips appear to be most well-suited 
to meeting these performance requirements. 

  

 

Figure S1. Intel’s Myriad 2 processor, 
requiring less than a watt of power, is 
designed for SWaP-constrained 
platforms.141 

 

 
  

 
* In general, processors should be tolerant to 10 to 50 kilorads (krad) TID for LEO missions and 100 to 300 krad for missions in 
medium earth orbit or highly elliptical orbit.  
† The AI technology was deployed on ɸ-Sat, or PhiSat—one of two CubeSats that comprise the FSSCat mission. A hyperspectral 
camera on one of the CubeSats is collecting an enormous number of images of Earth, some of which will not be suitable for use 
because of cloud cover. To avoid downlinking the occluded images back to Earth, the ɸ-Sat chip will filter them out so only 
usable data is returned. For more information about the FSSCat mission, see, for example, references 139 and 140.  

https://www.esa.int/ESA_Multimedia/Images/2018/11/Myriad_2
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China Needs to Address Key Shortcomings in its AI Chip Production 
Capabilities 

China’s ability to lead AI chip development by 2030 could depend on whether or not Chinese chip 
developers invest in the technology required to fill gaps in China’s AI chip production chain. This will 
become particularly important if the United States and its allies further restrict the supply of SME and 
EDA software to China in the coming years. Because of the high costs and technological barriers, it will 
require Chinese companies to develop a significant enough domestic and foreign customer base to attract 
the necessary expertise and make the investment economically sustainable. Developing a foreign market 
may be complicated by the fact that many Western companies are leery of purchasing Chinese chips out 
of concern that they may contain backdoors or other security vulnerabilities142,143—this distrust is another 
factor China will need to overcome. 

To establish a niche in the AI chip market by 2030, China may emphasize specialized ASIC development. 
Many Chinese AI chip companies focus on chips optimized for specific applications. For example, 
Chinese startups Horizon Robotics and Deephi, and the much larger Huawei, have focused on developing 
chips to bring AI functions such as understanding video to devices such as cars and cameras. While AI 
chips require advanced designs, if fully optimized for a specific application, many applications can be 
achieved using lower-cost, older technology nodes.  
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Appendix: Cutting-Edge AI Applications Require Advanced Chips with 
Specialized Designs 

The chips used to exploit advances in AI are designed to handle data in a fundamentally different way 
from the CPUs that have been used to execute computing functions for the past several decades. Cutting-
edge AI applications require chips that are more powerful, more efficient, and optimized for machine 
learning computations. A recent publication by CSET provides a comprehensive overview of the 
evolution from increasingly performant CPUs—meaning CPUs that incorporated steady improvements in 
transistor-switching speeds and increased transistor density to improve speed and efficiency—toward new 
chip designs as Moore’s Law*,144 slowed.145 As long as CPUs were making rapid, steady improvements in 
speed and efficiency, it was not cost-effective for companies to invest in the design and production of 
specialized chips.146 Once improvements in CPUs began to slow around the early 2010s, however, and 
specialized chips could have longer useful lifetimes, it became more economical for companies to 
produce them.147 This trend toward increased computational horsepower and more specialized chip 
designs coincided with the proliferation of both inexpensive digital sensors (such as smartphones and 
digital cameras) and data sharing platforms (such as Facebook, Flickr, and YouTube), which have 
produced massive amounts of training data. These trends in combination have enabled neural network 
architectures—which are the backbone of deep learning—to exceed human expert performance in several 
challenging applications (such as object detection in imagery,148 speech recognition,149 and moderately 
difficult video and board games150,151), fueling the recent fervor around AI.  

AI Chips Are Designed To Perform Large-Scale Calculations for Rapid Data Analysis  

AI chip designs vary depending on the specific type of AI application for which the chip is designed. 
Some common AI applications include training (e.g., training an AI algorithm on a dataset); inference 
(e.g., performing an inference based on the learned information); cellular devices; and cloud and edge 
computing. Although these diverse applications require chips with different specific designs, they all 
share a need to perform large-scale calculations for rapid data analysis based on learned rules that are 
characteristic of machine learning.  

AI computation shares many characteristics with traditional computation but has novel characteristics, as 
well. As CSET notes, the most significant adaptation of AI chips over traditional CPUs is a parallel 
computation paradigm.152 The computations needed to train an AI model are parallelizable because they 
are identical and not dependent on the results of other computations. GPUs are the preferred chips for this 
task because their main attribute is parallel processing. By contrast, a traditional CPU is designed to 
perform serial computations (meaning computations performed sequentially because the result of one 
computation is required for the next). For other AI functions, such as inference, the applications are more 
diverse, requiring chips that are customized for particular functions.153 Further, the parameters for AI 
computing are generally very large, requiring tremendous storage capacity, high bandwidth, low latency 
memory access capacity, and robust yet flexible connections between computing units and memory 
devices.154  
  

 
* Moore’s Law refers to an observation made by Gordon Moore, a former CEO of Intel, in a 1965 paper (reference 144) that the 
number of components per integrated circuit doubled every year and his projection that this rate of growth would continue for at 
least another decade. He later revised his forecast to doubling every two years. This trend largely held until the early 2010s when 
improvements in transistor density began slowing.  
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AI Algorithms Require Advanced Chips for Economic and Efficiency Reasons  

Leading-edge AI applications require state-of-the-art chips for both economic and efficiency reasons. 
According to CSET, training an AI algorithm can cost tens of millions of US dollars and take weeks to 
complete even when the most advanced AI chips are used.155 By some estimates, the training time for 
AlphaGo—the first computer program to beat a world champion in the game “Go”—cost US$35 million 
and took between four and six weeks to complete.156,157 Older chips consume more power and take far 
longer to perform the computations necessary for functions such as training and inference. The timely 
development and deployment of cost-effective leading-edge AI applications thus generally requires 
advanced or state-of-the-art AI chips.* 

Power, Throughput, and Efficiency Are Key Metrics for Evaluating Chip Performance 

The goal in the design of most chips is to maximize efficiency, which also pertains to chips designed for 
AI applications. Efficiency depends on throughput and power—it is equal to the throughput divided by the 
power, so the goal is to maximize the throughput while minimizing power consumption. Power—
alternatively referred to as the thermal design power, or TDP—refers to the amount of heat the chip 
dissipates at maximum capacity (in watts). Power is a critical variable because high power consumption 
can limit the types of systems in which the chip can be implemented. Throughput refers to the amount of 
operations per unit time a processor can perform—this is usually counted in TOPS with today’s most 
advanced capabilities. 

In addition to power, throughput, and efficiency, other key parameters for evaluating the performance of 
an AI chip include data precision; memory size, clock, and bandwidth; and the chip type. Data precision 
refers to the method used to represent data for processor storage and calculation; a more optimized data 
format will enable the chip to perform a higher number of operations per second. However, there is a 
tradeoff between precision and efficiency; the smaller the size of the data units—the methods can range 
from integers (INT) to floating point (FP)—the greater the throughput. The memory size, clock, and 
bandwidth dictate how much information the chips can work with and how they communicate. These 
parameters are critical for evaluating chip performance because they can indicate processing speed. The 
chip type, meanwhile, can help dictate the types of applications for which the chip is suited, as discussed 
in the following section. 

Different Types of AI Chips Are Suited for Distinct Applications  

The main classes of AI chips include GPUs, FPGAs, ASICs, and SoCs.158 As noted above, different types 
of chips are suited for distinct applications. 

● GPUs are processors that use highly parallel architectures to perform simultaneous operations. In 
contrast to CPUs, which execute instructions serially on a single core, GPUs have concurrent 
threads running on multiple cores to speed the process considerably.159 GPUs are primarily used 
for training AI algorithms, and—to a more limited extent—for inference applications.160,161,162  

 
* As CSET notes, the need for substantial computational horsepower could change with the advancement of AI techniques such 
as few shot learning that do not rely on highly trained models.  
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● FPGAs are integrated circuits containing a preset number of logic gates that can be switched on 
or off by the customer; as such, they offer comparatively more flexibility in design (and, by 
extension, efficiency) than CPUs and GPUs as new adjustments are needed. Because of their 
greater efficiency, FPGAs are an attractive option for inference functions.*,163  

● ASICs are highly efficient (even more so than FPGAs) and optimized integrated circuits that are 
programmed and constructed for a specific algorithm. The drawback of ASICs relative to other 
types of chips is that once the ASIC is constructed, it cannot be adjusted for future changes in the 
algorithm. ASICs thus maximize efficiency at the expense of flexibility. ASICs can be designed 
for training or inference functions.†,164,165 

● An SoC—alternatively called a “machine on a chip (MoC)” or a “network on a chip (NoC)”—is 
an integrated circuit where all of the necessary processors, controllers, and memory to allow for 
the full function of the AI chip are on a single chip; this design feature is critical for reducing the 
accelerator’s latency. In many cases, SoCs combine traditional computing architectures with 
various hardware and software acceleration schemes to optimize performance. As such, an SoC 
may incorporate a CPU, GPU, and memory all on a single chip. 

  

 
* While training applications almost always benefit from data parallelism, inference functions do not. Inference may, for 
example, be performed on a single piece of data at a time. For a more detailed discussion of parallelism for training versus 
inference, see Khan and Mann’s 2020 article (reference 163).  
† As noted by Nanalyze—a research firm focused on disruptive technologies—in a 2020 article (reference 165), custom-built 
ASICs for AI applications often go by other names. Examples include TPUs, NPUs, and IPUs.  
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