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First Quantum Revolution (Quantum 1.0)

17 of 29 attendees were/became Nobel Prize Laureates

2025 was the International Year of Quantum Science and Technology
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Computing Development Timeline

Classical Computing (Electronic) 

Vacuum tube

(1906)

ENIAC

(1946)

TX-0

(1956)

Transistor 

(1947)

5.5M transistors  

Pentium Pro

(1995)

2k transistors

i4004

(1971)

18 cores 

5.5B transistors  

Xeon Haswell

(2014)

32 cores 

19.2B transistors  

Epyc GPU

(2017-2024)

Integrated

circuit

(1958)

Quantum Computing

Quantum simulator

proposed

(1981)

Shor’s algorithm 

& CSS error correction

(1994-95)

Few-qubit processors 

(2010-2016)

Quantum annealing

& adiabatic QC

(1998-2000)

Cloud-based

QCs

(2017)

Grover 

(1996)

Google & IBM 

53-qubit QCs

(2019)

Factor 15 

(2002)Quantum 1.0 – foundation for our present 
economic and information security

Quantum 2.0 – holds the promise to 
similarly impact the 21st century 

We must be in the game to play

This is a game we must win

First quantum error correction

(2021-2025)
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Sensing Communication

with unbreakable encryptionat the extremes 
for physical & life sciences

Quantum trojan 
detection in 
microelectronics

Advanced

LIGO

gravitational

astronomy

Secure 
cryptography

Distributed 
computing

Promise of Quantum Technologies

Computation

with exponential speedup

Quantum Simulation

(quantum chemistry, 
materials science, 
plasma simulation, …)

Optimization

(financial portfolios,
scheduling, AI training, …)

(Pharma, finance, operations research, …)(Remote sensing, biology, APNav, …) (Secure communication, zero-trust, …)
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Qubits: Logic Elements of a QC

Protons, Neutrons, and Electrons Inductors, Capacitors, and Josephson Junctions

Quantum technologies are based on natural atoms or circuits that mimic their properties

F. Yan et. al., arXiv:2006.04130 (2020)

+ -

Reduced Flux 𝜙
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How is a Quantum Computer Different?

Quantum computers rely on encoding information in a 

fundamentally different way than classical computers

Quantum ComputerClassical Computer

“Bit” : classical bit
(transistor, spin in magnetic memory, …)

“Qubit” : quantum bit
(any coherent two-level system)

• Quantum superposition states

• Probabilistic measurement:

E.g., If |𝜶| = |𝜷|, 50% | ۧ𝟎 , 50% | ۧ𝟏

• Discrete states

• Deterministic measurement:

Ex: Set as 1, measure as 1

0 1

𝜶| ۧ𝟎 + 𝜷| ۧ𝟏

| ۧ𝟏

Superposition:

Fundamental 

logic element

State

Measurement

“Or”

| ۧ𝟎

| ۧ𝟎

| ۧ𝝍

| ۧ𝟏“And”
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How is a Quantum Computer Different?

How do we take advantage of this hardware?

(see optional videos for visual intuition)

Quantum ComputerClassical Computer

Fundamental 

logic element

f(000)

f(001)

000

001

Computing

000

001

+ f(000)

f(001) +

𝜶′𝜶

𝜷 𝜷′

• N qubits: 2N components in one state

• Quantum parallelism & interference

• N bits: One of 2N states

• Change a bit: new calculation 

(classical parallelism)

000, 001, …, 111 (N = 3) 𝜶 ۧ𝟎𝟎𝟎 + 𝜷 𝟎𝟎 ۧ𝟏 +⋯+ 𝜸|𝟏𝟏 ۧ𝟏 (N = 3)

+

+

… …

“Bit” : classical bit
(transistor, spin in magnetic memory, …)

“Qubit” : quantum bit
(any coherent two-level system)
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Algorithm Classical Time Quantum Time Speedup Limitation

Simulation1

(materials, chemistry, pharma)
2N (for N atoms) Nc Exp. in space, 

polynomial in time

Mapping problem 

to qubits

Factoring2

(crypto, number theoretic)
2N (for N digits) N3 Exponential

Classical runtime 

limit unproven

Linear systems3

(Ax=b)
2N (for N digits) ~N Exponential

Strict conditions, 

e.g. sparse matrix

Optimization4

(finance, tasking, …)
2N ? ? Empirical

Search5

(unsorted / unstructured data)
N 𝑵 Polynomial ( 𝑵) Data loading

Quantum Algorithm Primitives and Speed-Up

Seth Lloyd 1,3

Mech. Eng. 

Peter Shor2

Math

Aram Harrow3

Physics

Eddie Farhi4

Physics, Google

Michael Sipser4

Math

Anand Natarjan

EECS
Ike Chuang2

EECS, Physics

Michael Carbin

EECS

Troy Van Voorhis

Chemistry
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no fast
classical

algorithms

fast quantum
algorithms

useful
problem

• System size,

• Time to solution,

• Other resources

Reduce exp. to polynomial

(“exponential improvement”)

Types of Quantum Advantage

∝ 𝐴 𝑁 exp 𝛽𝑁

Improve the prefactor

(“polynomial improvement”)

Two Types of Quantum Advantage

e.g., 𝑁 → 𝑁1/2 e.g., 2𝑁 → 𝑁3
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Qubits Size of simulator

30 laptop

50 supercomputer

80 all computers on Earth

160 all Si atoms in Earth

300 > all atoms than in known universe

Exponential Growth

Simulating quantum computers (QCs) on classical computers

How much classical memory would be required?
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Coherence & Gate Time

Coherence time tcoh: The qubit’s lifetime

Gate time tgate: Time required for a single gate operation

Time

State lost

Environmental 

disruptions

Long coherence times are insufficient, it’s the number of gates before an error

State decayingQuantum state

Figure of Merit * : # of gates per coherence time = tcoh/tgate

( * Rigorous metric: gate & readout fidelity)
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Qubit Modalities

Thanks to: P. Cappellaro, J. Chiaverini, D. Englund, T. Ladd, A. Morello, J. Petta, M. Saffman, J. Sage, D. Bluvstein
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Quantum 
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Ike Chuang

Physics, EECS

Rajeev Ram

EECS

John Chiaverini

LL, RLE

MIT Campus MIT Lincoln Lab

Will Oliver

EECS, Physics
Kyle Serniak

LL

Jeff Grover

RLE

and large teams at MIT & LL

Kevin O’Brien

EECS

Gates needed for

universal quantum computation
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Qubit Modalities

Thanks to: P. Cappellaro, J. Chiaverini, D. Englund, T. Ladd, A. Morello, J. Petta, M. Saffman, J. Sage, D. Bluvstein
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Neutral 
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NV Center

(13C)
Dirk Englund

EECS

Paola Cappellaro

NSE

Danielle Braje

QuIIN

Wolfgang Ketterle

MIT Physics
Vladin Vuletic

MIT Physics

Many outstanding research efforts 

in quantum at MIT campus and Lincoln Lab. 

Generalizes to many other areas not shown.

Martin Zwierlein

MIT Physics

Will Oliver

EECS, Physics

Silicon

Quantum 

Dots

Gates needed for

universal quantum computation
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Qubit Modalities
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Commercial Quantum Processors Today

IBM

Osprey

QuEra

Aquila

Google

Willow

Quantinuum

H1

To realize the promise of QC, we must 

engineer quantum systems that are 

robust, reproducible, and extensible.
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Grand Challenge: Active Quantum Error Correction

…

10-20 CMOS transistor

L3-5

L5-7

L7-9

L9-11

L11-13

L13-15

L15-17

10-7

10-8

10-9

No QEC (1 qubit)   Physical error rate: 1x10-3

@ D-3 (17 qubits)     Logical error rate: 2x10-3

@ D-17 (577 qubits) Logical error rate: 4x10-9

600X qubits reduces error a factor ≈ 500,000(!)
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Grand Challenge: Active Quantum Error Correction

…

10-20 CMOS transistor

Google Quantum AI has demonstrated 
improved performance d=3 → d=7. 

IBM work on qLDPC codes and 3D 
integration; also ions, neutral atoms, …

Thanks to A. Bourassa, Google Quantum-AI

Google Quantum AI (2024); Google Quantum AI (2023);  Krinner (2021); 

Bluvstein (2024); Ryan-Anderson (2021); Zhao (2021); Postler (2021); Sundaresan (2022) 
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2:17 – “We are merging quantum and classical to develop algorithms we can use someday. 

And, when is that someday?  If you said 15 years for very useful quantum computers, 

that would be the early side, if you said 30 years that’s probably on the late side.

But if you said 20 years, I think a whole bunch of us would believe it.”

Jenson Huang (CEO, NVIDIA) 

8 January 2025
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TRL Level and Maturity
both were TRL 9 in their era…

Awschalom, Bernien, Hanson, Oliver, Vuckovic, Science (2025)
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• QCs will not replace classical computers

– Quantum computers only solve certain tasks efficiently

– Operating a quantum computer needs a classical computer

– Less energy per problem solved (but not necessarily less per day)

• We need more quantum algorithms (!)

– Very few commercial applications are known today

• QCs will not break encryption soon

– Do not wait until a quantum computer can break RSA 

– Switch to post-quantum encryption now

• Likely will need quantum error correction

Today’s Reality with Quantum Computers (QCs)


