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The fields of compuTer  science and engineering 
have witnessed amazing progress over the last 60 
years. As we journey through the second decade of the 
21st century, however, it becomes increasingly clear 
that our profession faces some serious challenges. We 
can no longer solely rely on incremental and inertial 
advances. Fundamental opportunities and alternative 
paths must be examined.

In 2007, the Chinese Academy of Sciences (CAS) 
sponsored a two-year study on the challenges, require-
ments, and potential roadmaps for information tech-
nology advances into year 2050.12 We present a perspec-
tive on a key finding of this study: A new paradigm, 
named computing for the masses, is needed to cope with 
the challenges facing IT in the coming decades.

Computing for the masses is much more than offering 
a cheap personal computer and Internet connection 
to the low-income population. It means providing 
essential computing value for all people, tailored to 
their individual needs. It demands paradigm-shifting 
research and discipline rejuvenation in computer 

science, to create augmented Value (V), 
Affordability (A) and Sustainability (S) 
through Ternary computing (T). In oth-
er words, computing for the masses is 
VAST computing.

The CAS study (including the five 
recommendations illustrated in the ac-
companying sidebar) focuses on Chi-
na’s needs. However, the issues inves-
tigated are of interest to the worldwide 
computing community. For instance, 
when considering the drivers of future 
computing profession, it is critical not 
to underestimate the requirements 
and demands from the new genera-
tions of digital native population. As of 
July 2010, 59% of China’s 420 million 
Internet users are between the ages 
of 6−29 years old. The time frame of 
2010−2050 is not too distant a future 
for them. These digital natives could 
drive a ten-fold expansion of IT use. 

challenges in the coming Decades 
The first challenge to address is the 
sobering fact that IT market growth 
appears to have reached a point of stag-
nation. The IT market size is measured 
by the total expenditure on computer 
and network hardware, software, and 
services. According to the Organiza-
tion for Economic Cooperation and 
Development (OECD),16 the worldwide 
IT spending in 2008 grew only 4.49% 
to $1,540 billion. The picture is even 
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bleaker if we look at the market’s long-
term history, as illustrated in Table 1. 
The compound annual growth rate 
(CAGR) of IT spending declined from 
double digits before 1980 to low single 
digits today. These numbers are based 
on nominal U.S. dollar values. Taking 
inflation into account, the IT market 
has seen barely any growth.

China is a relative new market for 
computing. Its IT market has shown 

higher growth rates than the world-
wide market in the past three decades. 
Still, we do see signs of slowing down. 
By estimation from International Data 
Corporation (IDC), China’s IT market 
growth in 2008−2013 would drop to an 
annual rate of only 10.8%, in a context 
of 3.3% worldwide.

Realistic questions must be asked. 
Will the IT market both in China and 
worldwide, shrink (in real terms) be-

tween 2010−2030? Will it shrink fur-
ther in the 2030−2050 timeframe? If 
IT becomes a shrinking sector, what 
will be the impact to the IT workforce, 
to computer science education, and to 
computing research? 

The second challenge is that in-
ertial and incremental technology 
progress faces limitations. The In-
ternational Technology Roadmap for 
Semiconductors (ITRS) is the authori-
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tative report on the 15-year assessment 
of future technology requirements for 
the semiconductor industry. Its 2009 
edition states: “ITRS is entering a new 
era as the industry begins to address 
the theoretical limits of CMOS scal-
ing” (www.itrs.net/Links/2009ITRS/
Home2009.htm). The current Inter-
net architecture and protocols have 
inherent limitations in scalability, 
manageability, security, and quality of 
service. A number of “clean slate” fu-
ture Internet research programs have 
started up, such as GENI and OneLab, 
to explore radically new approaches. 
Supercomputers face issues such as 
power and system complexity. Zetta-
flops supercomputers cannot be built 
without revolutionary devices and ar-
chitecture. 

Figure 1 depicts parameters of rep-

resentative computer systems built 
by the Institute of Computing Tech-
nology, Chinese Academy of Sciences 
(ICT-CAS) over the past 50 years. They 
range from the vacuum tube computer 
(Model 103) to the latest parallel com-
puter Dawning Nebulae. The figure re-
veals two critical concerns: power and 
system software complexity. For 45 years 
(before 2000), power needs per system 
never exceeded 100KW. But in the last 
18 years, power requirements continu-
ously grew, reaching 3MW in 2010. The 
system software complexity also grew 
rapidly in this time. If these trends con-
tinue, we may have an exaflops system 
by 2020, but the power requirement 
will exceed 100MW, and the system 
software will grow to over 100 million 
lines of source code. Can we overcome 
industrial inertia and fundamentally 

address power, systems complexity, 
concurrency, cost, and reliability is-
sues to reach realistic zettascale (1021 
flops) systems? 

Computer science as an academic 
discipline also faces challenges. For 
the past five decades, computing has 
always been a highly regarded profes-
sion in China. However, we now see a 
disturbing phenomenon: Parents of 
university freshmen are advising their 
children to study business or law to 
make a good living. Moreover, parents 
urge students interested in pursuing a 
Ph.D. to choose a major in mathemat-
ics or physics. In China’s Ph.D.- grant-
ing universities, computer science as 
an elected major has dropped from the 
top spot to out of the top five.25

Our study reveals a primary reason 
for this trend is that young people to-
day see computer science as a tool. 
That is, computing is a universal tool, 
thus offers good employment. How-
ever, computing is regarded as just a 
tool in many professions, not a primary 
value driver; computing requires long 
working hours doing boring tasks such 
as documentation, programming, and 
testing; and computing is a rapidly 
changing field, quickly turning skills 
learned in college obsolete. 

In contrast, a medical school edu-
cation provides life-long benefits. 
Medicine is not a boring tool, but a 
rewarding profession providing essen-
tial value to society. The coming gener-
ations of Chinese youth are manifestly 
more self aware and socially aware, 
caring about environment and com-
munity values. How do we convince 
perspective students that computing 
is an academically beautiful, intel-
lectually stimulating, and socially re-
warding profession?

These challenges do not mean that 
computing is a declining profession. 
In fact, its future potential is great 
because of the need to continually in-
crease the direct and added value of 
IT, especially for those products and 
services targeting mass users. As a 
latecomer, China’s IT use lags by sev-
eral decades behind the developed 
countries. Its per-capita IT spending 
in 2008, as a measure of direct value 
of IT, was only $85. Still, it has great 
growth promise, particularly in terms 
of adding value to other societal sec-
tors throughout China, such as Inter-

figure 1. speed, power, system software complexity trends of ict-cas computers in the 
past 50 years, compared to the world frontier speed. 
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table 1. it market growth declines to single digit (in compound annual growth rate).

World before 1980 
Double Digits

1980–2000 
near 10%

2000–2008 
5.5%

2010–2030 
1~3%?

china 1981–1990 
30%

1990–2000 
44%

2000–2008 
17%

2010–2030 
5~10%

compiled by the authors based on data from IDc, oecD and ccID
the china numbers are calculated based on data from china center of computer and micro-electronics Industry 
Development (ccID). the worldwide numbers are calculated based on data from IDc (before 1980 and 1980–2000) 
and oecD (2000–2008). See also calculations by Shane Greenstein of northwestern University (“Are the Glory Days 
long Gone for I.t.?” New York Times, Aug. 8, 2009).
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net services, energy, transportation, 
education, health care and entertain-
ment.

China’s urbanization in the next 30 
years will move 1% of its population to 
the cities annually. In the next decade 
alone, China needs to build 80 million 
new homes to house the expanding ur-
ban population. Over 200 million smart 
meters will be installed in urban homes 
to support a smart grid and to save en-
ergy. More than 10 million cars were 
sold in China in 2009. All these mod-
ern automobiles, homes, smart meters 
need increasing IT use to add value.

China’s Internet services sector ($15 
billion revenue in 2009) serves hun-
dreds of millions of users but is not 
counted in the IT market. It continues 
to grow on a double-digit scale. Tao-
bao, China’s top online shopping Web 
site, predicts its number of page views 
per day will grow 80% annually for the 
next five years, to reach 33 billion page 
views per day. The Internet services 
sector is being augmented by cloud 
computing. China Education Televi-
sion is using cloud computing to create 
a China Education Open Mall, to pro-
vide lifelong education to 800 million 
people via telecommunication, digital 
television, two-way satellite networks, 
and the Internet. The IDC 2009 Eco-
nomic Impact Study report predicts 
that cloud computing and associated 
clients will add $80 billion to China’s 
IT market in 2014.

The same IDC report also predicts 
that China’s IT job market will grow 
7.2% annually for the next five years, 
from 4.5 million in 2008 to 6.4 million 
in 2013, thus maintaining the healthy 
IT job market growth seen during the 
period of 2000−2008 when the num-
ber of software workers in China grew 
from 30,000 in 2000 to over 1.5 million 
in 2008. The expected growth may be 
a bit slower in some markets, but IT 
areas that target the masses—like the 
Internet services sector—will see high 
double-digit growth in job openings.

call for a new Paradigm
The challenges and opportunities we 
have noted in this article suggest that 
computing must transform itself, yet 
again, from the social perception of a 
high-tech tools discipline to the mani-
festation of its authentic core of pro-
viding essential informational value to 

all people; that is, computing for the 
masses. 

Computing for the masses should 
include the following four specific fea-
tures:

˲˲ Value-augmenting mass adoption: 
By 2050, China’s IT users should cover 
80% of the population, with the per-
capita IT expenditure increasing 13 
times over.

˲˲ Affordable computing: Each mass 
user’s total cost of ownership of IT use 
should go down significantly, when ex-
periencing the same or increasing IT 
value.

˲˲ Sustainable computing: The order 
of magnitude growth in IT use should 
not see the order of magnitude growths 
in energy consumption and emission.

˲˲ Ternary computing: These features 
can only be achieved with transforma-
tive innovations. A major source of op-
portunities for such innovations is the 
coupling and interaction of the human 
society, the cyberspace, and the physi-
cal world.

Value-augmenting mass adoption is 
the overarching goal of computing for 
the masses. Affordability and sustain-
ability are two important constraints 
for the 21st century. Ternary comput-
ing represents the transformative in-
novations needed to achieve the goal 
under the two constraints, utilizing 
trends in computer science research. 
Let’s look at these four features in 
more detail.

Value Augmenting Mass Adoption. 
An obvious goal of computing for the 
masses is to expand the user base to 
80% of the population. For China, this 
translates to 1.2 billion users by 2050. 
To achieve this goal, computer use 
should go far beyond institutions such 
as companies, governments, or sci-
ence labs. It should target the masses 
as personal or community users. This 
implies that future computing work-
loads should change significantly. Ac-
cording to IDC’s data, the worldwide 
servers market reached its peak of 
$65.5 billion in 1997, where over 95% 
ran institutional workloads, but only 
4.3% ran personal workloads. Comput-
ing for the masses advocates that by 
2050, personal workloads may expand 
many times to use over 50% of servers 
worldwide.

Furthermore, computing should of-
fer value services personalized to the 

young people today 
see computer 
science as a tool. 
that is, computing 
is a universal tool, 
thus offers good 
employment. 
however, 
computing is 
regarded as just 
a tool in many 
professions,  
not a primary  
value driver.



137    communications of the acm    |   october 2011  |   vol.  54  |   no.  10

contributed articles

masses’ individual requirements, thus 
enlarge the per-capita IT value. We are 
far from really understanding what 
IT value is for the masses. IT expendi-
ture only partially reflects IT value. IT 
provides added value to other sectors 
which is not counted as IT expenditure. 
IT also provides personal and societal 
value that is not measured in economic 
numbers. The French economist Yann 
Moulier Boutang recently likened IT 
to bees, where the added value (polli-
nation) is much larger than the direct 
value (honey).

Studies in other fields could give us 
some hints on defining IT value. Lazo, 
et al.10 surveyed U.S. households to 
measure how much dollar value house-
holds place on weather forecasts, to 
show that the total value of weather 
services ($31.5 billion) is much larger 
than their total cost ($5.1 billion). 

Nordhaus15 used Lumen-Hour to mea-
sure the value of lighting, to show 
that advances in lighting technology 
improved value/price by five orders 
of magnitude in 1800−2000. The CAS 
study uses the annual IT expenditure 
per user as an approximation of IT val-
ue. Five classes of IT value are defined:

The IT poverty line measures the 
minimal value that should be pro-
vided to any citizen. Today such value 
manifests in an inexpensive personal 
computer enabling basic applications 
and Internet access. The commodity 
value, in addition, offers commodity 
IT products and services targeted to a 
wide range of users. The ubiquity value 
adds mobile or “anywhere” IT services 
to the commodity value. The expertise 
value provides extra IT value for a spe-
cific field of expertise, such as an ani-
mation system for a cartoon artist. In 

2008, we estimate the IT poverty line 
value in China to be $150, the com-
modity value to be $300−500, the ubiq-
uity value to be $500−1,000, and the 
expertise value to be $1,000−10,000, 
respectively. The personalized value 
refers to the user-centric situation, 
where IT hardware, software, and ser-
vices are customized to an individual 
user’s needs. For example, the Loong-
son (Godson) CPU research team at the 
authors’ institute uses a highly tuned 
computing environment in designing 
microprocessor chips. The EDA soft-
ware providers and the downstream 
manufacturer provide onsite, customer-
specific services. The team’s annual IT 
spending is over $20,000 per user.

Table 2 contrasts two growth paths 
for China, both extending IT users to 
1.2 billion people from 270 million in 
2008. The poverty-line growth scenario 
offers the 930 million new users only 
poverty line IT value. This is a common 
conception for reaching the masses, 
but an unlikely scenario. It ignores the 
fact that by 2050, the majority of Chi-
na’s population will enter the middle 
class and most of the Chinese popula-
tion will be digital natives. They will 
demand more than the IT poverty line 
value. The value-augmenting scenar-
io makes two assumptions: by 2050, 
China’s per-capita annual IT spend-
ing should approach that of the U.S. in 
2000, which was about $1,400; and the 
digital divide will not worsen; that is, 
the user distribution among the value 
classes stays the same.

The value-augmenting projection 
is not overly optimistic. Even when the 
projection is achieved, China’s infor-
mation welfare in 2050 will still be 50 
years behind that of developed coun-
tries. Another fundamental support 
lies in China’s education effort for the 
masses. In 2008, seven million stu-
dents graduated from colleges. They all 
took one-semester to one-year’s worth 
of computer literacy courses. This 
trend is likely to continue for decades. 
The implication is that by 2050, China 
will have educated over 300 million 
new computing literate college gradu-
ates. They will require at least ubiquity 
value in IT use.

Affordable Computing. Computing 
for the masses is affordable computing 
for everyone’s value creation and con-
sumption. For instance, future high 

figure 2. Predictions of china’s fossil fuel consumption and co2 emission (left axis), compared 
to it expenditure (right axis). all are per-capita data normalized to year 2010 values.
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table 2. two scenarios of it growth in china 2008–2050.

historic Data  
and Projections

it market  
($ trillion)

it market  
(caGR)

it users  
(million)

it spending  
per capita

2000  
(Actual Data)

0.026 25.0% 22.5 $21

2008  
(Actual Data)

0.11 12.7% 270 $85

2050  
(Poverty line Growth)

0.25 2.0% 1,200 $190

2050  
(value-Augmenting Growth)

2.0 7.1% 1,200 $1,321

cAGr: compound Annual Growth rate.
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school students in China may learn 
protein folding in a biology course 
based on computational thinking, by 
accessing petaflops computer simula-
tion service for a week, with a lab cost 
of $10 per student. However, four bar-
riers to such value affordability exist 
today. They are:

˲˲ Cognition barrier. Computing 
must offer readily cognizable value, for 
example, a learning experience in pro-
tein folding, not just a petaflops tool. 
Showing value instead of ware to the 
society is often difficult. Computing 
may also be associated with negative 
value. A 2009 study by Beijing Women 
Association showed that 17% of par-
ents strongly oppose children’s access 
to the Internet, and 66% allow super-
vised access. The top concerns are In-
ternet games (cited by 45% of parents) 
and online porn (40% of parents). How 
to make the cognizable value of com-
puting outweigh its negative effect is a 
challenge.

˲˲ Cost barrier. Petaflops capability 
can be rented via cloud computing ser-
vices today, but the price must be re-
duced by six orders of magnitude.

˲˲ Control barrier. A user’s computing 
activities today are often tied to a few 
platforms or vendors. User creativity 
is hindered by platform or vendor con-
trol. Switching a computing provider 
or platform is much more difficult 
than switching a TV channel.

˲˲ Usability barrier. Computing needs 
to provide value-level user interface, 
and hide low-level details such as low-
level coding, deployment, configura-
tion, maintenance, monitoring, debug-
ging, optimization, and adjustments to 
technical changes.

Affordable computing implies that 
we should aim for reducing the total 
cost of ownership for the masses, in-
cluding purchasing cost, learning cost, 
use cost, and platform switching cost. 
An affordable computing product or 
service not only comes with a low price, 
but also provides readily identifiable 
value, freedom from platform control, 
and ease of use.

Sustainable Computing. An impor-
tant constraint for computing in the 
21st century is sustainability require-
ments. From 1980 to 2008, China’s 
energy consumption per dollar GDP 
decreased 208%. A more desirable sce-
nario is to maintain a reasonable GDP 

growth while achieving zero growth in 
both fossil fuel consumption and CO2 
emission. A projection based on this 
scenario is illustrated in Figure 2, uti-
lizing data from a CAS energy roadmap 
study.24 China’s per-capita IT expen-
diture will reach $1,300 by 2050, an 
increase 13 times over the 2010 value. 
But growths in fossil fuel consumption 
and CO2 emission will significantly 
slow down, so the per-capita numbers 
in 2050 will return to the 2010 levels.

Sustainability is a difficult con-
straint that computing for the masses 

must address. Koomey9 calculated that 
electricity use for datacenters doubled 
worldwide from 2000 to 2005, and the 
Asia Pacific region grew faster than the 
worldwide annual rate of 16.7%. IDC 
predicted that from 1998 to 2012, the 
number of servers installed worldwide 
will grow at an average annual rate of 
11.6% to reach 42 million servers, with 
power and cooling costs reaching $40 
billion.21 In 2008, China’s telecommu-
nication carriers consumed 24 billion 
KWH of electricity, growing 14% an-
nually. Such growth trends of IT en-

test 1. Rank Low-caRBon househoLDs in BiG cities automaticaLLy.
Automatically rank the households in Beijing and london by the best practices 
in terms of energy efficiency, and contrast the two cities’ top 10 best practices. 
learning from communities can enable behavior changes of mass users, which could 
significantly reduce energy waste and carbon emission.

A Net iT system connects the physical world (electric grids and home appliances) 
and human behaviors (home electricity usage patterns) of the millions of households 
in Beijing and london. This ternary computing system ranks the households in each 
city and reveals the top 10 best practices. The computation is fully automatic, from 
data sensing to behavior discovery and ranking. The computation is fast in that the 
knowledge is instantaneously retrievable and sufficiently up to date. The household 
behaviors may be strategic and evolutional, thus the results are dynamic, different every 
week, day, hour, or even minute. data objectivity is maintained and household privacy 
is protected.

test 2. use infoRmation assets via uca, even when time anD sPace 
have shifteD.
Any mass user, for example, a college graduate, can seamlessly use all his current 
information assets 10 years later via the same universal compute Account. The 
graduate will have accumulated substantial personalized informational value and 
assets, all accessible in the future, despite the fact his device, location, provider, 
network technology may have changed many times. similarly, the graduate should be 
able to seamlessly use all his information assets when he moves to another country.

test 3. incRease DatacenteRs efficiency By oRDeRs of maGnituDe.
Typical million-server datacenters each consume much less than 100 million watts, 
and achieve performance-energy-efficiency (pee) greater than 10–20%. This should 
result from understanding and innovations in devices, hardware architecture, software, 
services, and sector ecosystem policies.

test 4. faciLitate mass cReations of vaLue net seRvices.
A science-based Net ecosystem is in place such that a class of high-school students in 
sichuan province, utilizing community assets, can learn to create and deploy a value 
Net service, such as a trusted, individualized computational protein folding service, 
within a month. They should be able to do it independently, and other schools can use 
the service to teach proteins folding, without requiring a vendor or provider’s approval.

test 5. enaBLe science-BaseD macRo infoRmation PoLicies.
A national information accounts system is in place to allow a country to have effective 
information fiscal policies and monetary policies. A scientifically designed accounts 
system supported by a meticulously instrumented ternary world could help answer 
the question: how to price the Net to maximize 1.2 billion people’s welfare? A more 
concrete example is the invention of a science-based messaging tax policy following 
the computer science principle of being “strict on output and tolerant on input,” which 
could drastically reduce spam while facilitating legitimate communication.

Five Sample Tests 
for Transformative  
Innovations
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ergy consumption are contrary to the 
objectives of Figure 2, and cannot be 
sustained. When computing users in 
China grow 3.4 times to 1.2 billion in 
2050 with intensified IT use, current 
practices will require 150 billion KWH 
just to power China’s datacenters.

In the past 40 years, energy and en-
vironment impact for computing re-
search and IT use in China was not a 
main issue, because the IT user base 
was only a small part of the population, 
and the IT sector is more efficient and 
clean than the rest of the economy. In 
designing future IT systems for the 
masses, saving energy, reducing pol-
lution, and using recyclable material 
will become hard design objectives, 
as important as functionality, cost, 
and speed. Innovations are needed to 
achieve these objectives while main-
tain healthy growth of the IT market. 
Utilizing the diversity factor in the 
workloads of the mass users offers an 
opportunity.

Computing can also help sustain-
ability in other sectors that involve 
mass users. IDC predicts that tech-
nologies such as smart meters, energy 
management systems for buildings, 
intelligent building design, and tele-
working, all involving IT and affecting 
mass users, can help reduce China’s 
CO2 emission by 532 million tons in 
2020.21

Ternary Computing. Computing for 
the masses is not just a lofty ideal to 
conquer the digital divide. It is based 
on and required by an economical and 
social trend in China and in the world: 
people are increasingly living in an 
intermingling ternary universe of the 
physical world, the human society, and 
the cyberspace. Computing is becom-
ing a common fabric of the ternary 
universe that relates to value creation 
through information transforma-
tion.8,19,23 People expect computing ser-
vices and computational thinking to 
enrich their physical and societal lives, 
through IT devices, tangible interfaces, 
and intangible interfaces.

Thus, computing for the masses 
calls for ternary computing—transfor-
mative innovations in computing that 
utilize the ternary universe trend. We 
focus here on five requirements per-
tinent to ternary computing for the 
masses, ranging from computer sci-
ence foundation, ease of personalized 

access, efficiency in use, effectiveness 
in value creation and consumption, 
and ways to measure and regulate. 
From the academic angle, these form 
the five pillars of ternary computing for 
the masses.

Pillar 1: Computer Science for the 
Ternary Universe. When our tradition-
al computer science was established, 
we assumed a man-machine symbio-
sis system consisting of a human user 
interacting with a computer.13 In the 
21st century, the masses will live in a 
ternary universe of the cyberspace, the 
human society, and the physical world, 
clustered into various value communi-
ties. This calls for an augmented com-
puter science that provides a founda-
tion to investigate the computational 
processes and phenomena in the ter-
nary universe. The main target of com-
puter science study will be the Net, that 
is, the common computational fabric 
of the ternary universe, which is a Net 
of people, bits, and things. Here, we 
suggest five research areas:

˲˲ Algorithm networks. We need to en-
hance traditional computability and 
algorithmic theories to account for 
time and space bounds of networks of 
interacting algorithms. New complex-
ity metrics, such as energy complexity 
and effort complexity, are required to 
measure and study energy consump-
tion and human labor needs.

˲˲ Ternary systems modularity. We 
need to discover modularity rules in 
ternary computing systems, similar to 
the Liskov substitution principle14 in 
object-oriented systems. Such rules in-
volve human-cyber-physical resources 
and should enable seamless substitu-
tion of a Net service with a better one.

˲˲ Fundamental impossibility. We 
need more impossibility results like 
Brewer’s CAP theorem (the impos-
sibility of simultaneously satisfying 
Consistency, Availability, and Partition 
tolerance)5 that rigorously relate basic 
properties of Net services. We especial-
ly need results that bridge qualitative 
issues (for example, privacy and safety) 
to quantitative issues (for example, 
scalability and energy saving), that are 
important in the ternary universe.

˲˲ Emergence and locality. We need to 
positively embrace complex systems, 
by learning to utilize their emergent 
properties as an advantage, not a hur-
dle. An example is to map various net-

we are far 
from really 
understanding what 
it value is for the 
masses. a french 
economist recently 
likened it to bees, 
where the added 
value (pollination)  
is much larger  
than the direct  
value (honey).
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work phenomena to new locality prin-
ciples2,11 to enable the design of better 
Net services and to facilitate the emer-
gence of desired ternary communities.

˲˲ Computing in Nature. We need to 
understand Les Valiant’s evolution 
problem:22 How did Nature “compute” 
the Homo sapiens so efficiently, gener-
ating a genome with 3 × 109 base pairs 
in only 3 × 109  years? The answer could 
help us learn how Nature computes. 
The principles learned can be used in 
building good ternary systems.

Pillar 2: A Universal Compute Ac-
count for Everyone. Each of the 1.2 
billion users in China will have a teth-
erless, seamless, life-time universal 
compute account (UCA) to access the 
Net. The UCA is not tied to any device, 
location, network, resource, or vendor. 
A user will “log on” to his or her UCA. 
The UCA is not merely a user’s identifi-
er, but a personal information environ-
ment, a uniform grip to the local and 
Net resources that the user is entitled 
to use. In effect, it offers a user his per-
sonal Net, where resources are used on 
demand and the services are charged 
by usage. The UCA could also behave as 
an entry to a personal server, enabling 
the user to contribute and share. Over 
one billion such UCAs can generate 
great community value, leading to the 
2W network effect.18

For computing to reach the masses, 
IT must offer some fundamental sta-
bility and constancy. The UCA is such a 
fundamental invariant as it could help 
deliver ever occurring new values while 
making technical idiosyncrasies and 
upgrades invisible. It provides a stable 
focal point for continued innovation 
and value delivery, improvement in 
ease of use, and personality accumula-
tion. We have seen similar precedents, 
but targeting resources instead of us-
ers, in URI and RESTful services.4

Pillar 3: Lean System Platforms for 
the Masses. Once a user logs onto the 
Net, he or she should see a lean sys-
tem, where most resources are used 
for generating application value. We 
do not yet have good metrics for mea-
suring applications value delivered per 
watt. For datacenters, we can define an 
approximation called the Performance-
Energy-Efficiency (PEE) measure, where 
the percentages of energy spent on ap-
plication speed is used as a value indi-
cator: as shown in Figure 3.

The Power Usage Effectiveness (PUE) 
is defined as the amount of total power 
entering a datacenter divided by the 
power consumed by the IT hardware 
(servers, storage, networks, among 
others). Assume a total life time of four 
years for datacenter IT hardware. Utili-
zation is defined as the percentage of 
this total time when the IT hardware is 
busy running applications, instead of 
running system tasks or staying idle. 
Efficiency is defined as the application 
speed achieved divided by the peak 
speed of the IT hardware, when the 
hardware is running applications.

Data generated from the CAS field 
studies are summarized in Table 3. The 
most efficient scenario refers to an effi-
cient supercomputing center running 
optimized Linpack-like applications. 
For every watt spent, 0.4 watts are used 
for applications. The efficiencies are 
much lower for typical usage scenarios. 
The potential for improvement could 
grow two to three orders of magnitude.

We are far from fully understand-
ing existing platform inefficiencies. 
We need new micro and macro bench-
marks and metrics that characterize 
workloads for the masses, to guide the 
design of parallel, distributed, and de-
centralized computer architectures, 
especially the cooperation and divide 
of labor among application software, 
compiler, execution model, and hard-
ware. We lack a design formula for the 
servers and datacenters that can relate 
value, resource, and energy in a pre-
cise way, as Hennessey and Patterson’s 
formula17 did for the CPU microarchi-
tecture designs by precisely relating 
performance to the number of instruc-
tions, cycle-per-instruction and clock 
frequency.

There exist much space for enhanc-
ing efficiency in the entire Net, includ-
ing networks, client devices, and sen-
sors. New internetwork architectures 
supporting network virtualization 
must be investigated. Client machines 
should support more intuitive interac-
tions via three-dimensional, multimod-
al and semantic interfaces. When com-
paring today’s PC systems to the Xerox 
PARC personal computer, Alan Kay es-
timated that “approximately a factor of 
1000 in efficiency has been lost.”3

Pillar 4: A Science of the Net Eco-
system. IT growth in the past 30 years 
benefited significantly from a rich IT 
ecosystem, manifesting as the whole of 
guiding principles, infrastructure in-
terfaces, technical standards, and the 
interactions of users, academia, indus-
try, and volunteer communities. How-
ever, we do not yet have a science of IT 
ecology. Computing for the masses will 
lead to mass creation and innovations 
utilizing network effects. This calls for 
a science of the Net ecosystem to study 
the effectiveness of mass creation and 
consumption in the ternary universe.

Two research topics are important 
to start establishing such a science. 
The first is to identify the basic objec-
tive attributes of the Net ecosystem. 
For creators, we must inherit the Inter-
net openness and neutrality principle1 
to enable mass creation and to prevent 
monopoly. For users, we need a safe 
Net, with trust, security, and privacy. 
Both the creators and users should 
not feel isolated, but free to share and 
contribute to community assets, such 
as shared data, software, hardware, 
groups, and processes. A Net ecosys-
tem with these six attributes is called a 

table 3. Pee values for different datacenter usage scenarios.

usage scenario Pee efficiency utilization Pue

most efficient 40% 0.75 0.70 1.3

typical 0.12%–1.2% 0.05–0.10 0.07–0.25 2.1–3.0

Pee = efficiency Utilization/PUe = App Speed
Peak Speed

 time for App
total time

/ total Power
It Power

figure 3. Performance-energy-efficiency (Pee) measure.
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by dumbing down a mainframe com-
puter, but through transformative 
innovations such as interactive com-
puting, desktop-based graphical user 
interface technology, object-oriented 
programming, and the Ethernet. In 
the 21st century, we must study and 
understand such successful endeavor 
and do it again, but in a more funda-
mental and systematic way. In the 
next 40 years, the rich demands, work-
loads, and experiences of the mass us-
ers will generate unprecedented eco-
nomic scale and intellectual stimulus, 
expanding computing’s width and 
depth in ways that we are now barely 
able to see.
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