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Short introduction to bit versus Qubits

Classical computers
Works with bits

BitsareonlyOor 1

Obvious advantage

Quantum computers with
Quantum bits

Qubits can be seen bi
As two-level systems Qubit
qubit % -|o0)

2 level system

|1>— . =|1>

# =Glo)+C 1)

A single Qubit can be any superposition of 0 and 1

2 2
The coefficients can take any values that verifies |CO| + |Cl‘ =1

And with many

Qubits

New aspects can be used like quantum interference and entanglement



Short introduction to bit versus Qubits

B T Ralins ane lllustration of quantum advantages
quantum annealing

Classical “Thermal” annealing

Quantum annealing (tunneling)

Quantum entanglement
4
&

-
Assume two persons (Alice and Bob) 4,.3

LQ-
The humor of A&B are encoded in the wave-function (:}
A B A B Suppose | measure Bob m» O

Lo 43

0) =alew)+ e e) @ =» @

| can measure partial info and get the full info
The info is destroyed after measurement



Hilbert Space dimention with qubits

lllustration of quantum advantages
Systems described on qubits
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Quantum supremacy ~2°0

With 23%° (i.e. 300 qubits) the size is more than the number of particles
In the universe. J. Preskill
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dimension

about
twice
per year




What are the anticipated applications ?

—;Let the computer itself be built of quantun
mecﬁamcal elements which obey quantum O Nnc I ass | Cca I com p ute rs

SImU|atI0n Of ” A | 3 mechamcal laws.”
Quantum complex ‘ ‘ Can be solved exactly
' For max 20 particles.

systems

On quantum computers:
N sites means only N qubits

Classical Quantum

Exploring complex landscape:
molecules,
customers preferences (amazon), ...

Evesdropper
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| £ Alice
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Minimal - Practical aspects of quantum computers

qubit Manipulate the Qubits (Make rotations)

2 level system

— 0)

Initial state Final state

CO‘O> —|-61’1>

& Measure the state

/7(»|00!27 e1]?

(“destroy” the state)

With many Qubits
Initial Elementary

operations
state Quantum circuits
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Minimal - Practical aspects of quantum computers

Unary operations 0)
Binary operations

SWAP
Ternary operations
Standard example
o N Toffoli
— U (CCNOT,
B | CCX, TOFF)

0/1

X

Rotations

—

Rx(p) = e~i0X/2

Standard examples

Controlled Not
(CNOT, CX)

Controlled Z (CZ)

+

The quantum computing toolkit

< B H

Standard examples

0) 1)
Pauli-X (X) -~ t‘l’ 5]}(1)5
Pauli-Y (Y) [(') _‘;]
Pauli-Z (Z) -z} 6 3]
Hadamard (H) ‘@’ ﬁ[: -:]
1 0 0 0O
HEE 11) ¢ [10)
0O 0 1 0
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FROM DREAM TO REALITY

Quantum programming is “easy” but working
really with quantum computers is difficult

-adapt to the technology.
-search of efficient algorithms on this technology.
-try to correct for nasty noise as much as possible.

This looks more like an experimental program than
informatic or quantum theory.

QC is not unique

Analog computing

Digital QC Qubit, Qutrit, qudits



Quantum computing today is firstly an experimental challenge

Everything around want to destroy the ideal
REALITY picture and the quantum coherence.

- Leads to loss of information
And decoherence

External Exp. Setup

|deal Qubits

2 @ @n
@ ‘ pR IO) ) ) ei(p |l)

For multi-Qubits, also cross-talk
(making operations on one qubit
Impacts other qubits)

2 level system

Working with quantum computers now means working in a noise environment short programs

(before decoherence occurs)




Building quantum computers: companies

iney

The Quantum Information Processor X v SU pe rcond UCti ng
with Trapped Ca* lons : : qu b|t$

Y rF -

]

P. Schindler et al., New. J. Phys. 15, 123012 (2013)




Platforms comparison

S
©
S
O
@

Qubit type or
technology

Description of

qubit encoding

Physical qubits*>

Qubit lifetime

Gate fidelity?

Gate operation
time

Connectivity

Scalability

Maturity or
technology
readiness level

Key properties

Superconducting?

Two-level system
of a superconducting
circuit

IBM: 20, Rigetti: 19,
Alibaba: 11, Google: 9

~50-100 ps

~99.4%

~10-50 ns

Nearest neighbors

i

No major road-
blocks near-term

D

TRIEYS

Cryogenic operation
Fast gating
Silicon technology

Leading technologies in NISQ era?

Trapped ion

Electron spin
direction of ionized
atoms in vacuum

Lab environment:
AQT®: 20, lonQ: 14

~50s

~99.9%

~3-50 us

All-to-all

D

Scaling beyond
one trap (>50 gb)

9V

Improves with
cryogenic
temperatures
Long qubit lifetime
Vacuum operation

Candidate technologies beyond NISQ

Photonic

Occupation of a
waveguide pair
of single photons

6x3°

To be
demonstrated

&)

Single photon
sources and
detection

¢

Room
temperature
Fast gating
Modular design

Silicon-based®* Topological®

Nuclear or electron
spin or charge of
doped P atoms in Si

2

~90%

~1-10 ns

INEETEN
neighbor

&)

Novel technology
potentially high
scalability

¢

Cryogenic

operation

Fast gating
Atomic-scale size

Majorana
particles
in a nanowire

target: 1in 2018

target ~100 s

target ~99.9999%

Estimated:
Long lifetime
High fidelities

Boston Consulting Group — Nov 2018



Where we are now

Quantuin
Computation Quantum computational

advantage using photons, Science 370 (2020)
and Quantum SR
AN ANA VAN AV 4 iy il
KB BT HE DLW
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T AN AN AN AN A ¥4
xOxOxQxOxQxOxQxOxbexQx
T AN AN AN AN A V4
% % 9 %
MICHAEL A. NIELSEN Ko somecoms f A
. and ISAAC L. CHUANG
& IBM Google lonQ
Rochester 53 qubits, october 2019 Sycamore 53 qubits, october 2019 11 qub°its, 2018
65 qubits, october 2020 32 qubits, 2020
IBM QX5 (16 qubits)
Simulating physics with computers-1982 128 qubits
Richard P. Feynman (Nobel Prize in Physics 1965) Rigetti -
72 qubits
"Nature isn't classical, dammit, Google
‘ 1152 qubits
and if you want to make a DWave Scaling IBM Quantum technology
simulation of nature, you'd better »
make it quantum mechanical, and 2°‘I°;:“"“5
by golly it's a wonderful problem, s12qubits |
because it doesn't look so easy.” DWave
12 qubits 50 qubits
| MIT IBM
Quantum Quantum 7 qubits 128 qubits | 17 qubits ( 2020) ( 202 1 )
Theory omputer Los Alamos DWave IBM
1927 1982 2000 2006 201 2015 2017 2018
2013 R
5 5 18 6 1 lonQ Gemini desk computer
Quantum supremacy using a programmable
YEARS YEARS YEARS YEAR superconducting processor

Nature | Vol 574 | 24 OCTOBER 2019 | 505

Jassically vorifable

Sycamore chip.



Coming back to the Nuclear
physics case




Few initiated applications in the world in IN2P3 fields

: : Dark matter
Lattice gauge theories -

N-body problem

N-body nuclear systems

l‘)('

Zohar, KoIck, Savage,

Dumitrescu, Hagen, Carlson, Papenbrock...

E. Zohar, J. I. Cirac, B. Reznik, Phys. Rev. Lett. 110, 125304 (2013)

E. Zohar, J. I. Cirac, B. Reznik, Phys. Rev. A 88 023617 (2013)

E. Zohar, J. I. Cirac, B. Reznik, Rep. Prog. Phys. 79, 014401 (2016)

D. Gonzélez Cuadra, E. Zohar, J. I. Cirac, New J. Phys. 19 063038 (2017)

Carbon

Roggero, Carlson, ...

» p
i The Quantum Information Pros

< ,{,’/’, with Trapped Ca lo

Applications to data mining (event

classification)
CMS-detector (with LLR)



https://qc.pages.in2p3.fr/web/

Some advertising

QC2I:

Quantum Computing for
the Physics of the Infinites

QC2l is a computing project supported by IN2P3, the French national nuclear and particle
physics institute. Its goal is to explore the possible applications of the emerging quantum
computing technologies to particles and nuclear physics problems as well as astrophysics. The
main tasks are:

e to identify, within IN2P3, scientists/engineers/technicians who are interested in using
quantum technologies,

e to facilitate the access and training on quantum computers,

 to identify milestones applications for nuclear/particle physics and astrophysics,

* to design dedicated algorithms and proof of principle applications.

The project action has three main directions: Prepare the Quantum Computing Revolution
(PQCR), Quantum Machine Learning (QML), Complex Quantum Systems Simulation
(CQss)

Denis Lacroix Andrea Sartirana Bogdan Vulpescu
CQSS Proj. Resp. QML Proj. Resp. PQCR Proj. Resp.
Lives in Paris, France Lives in Paris, France Lives in Clermont, France

Nuclear Physics Researcher at 1/CLab IT Engineer at LLR IT Engineer at LPC
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QC2l is a computing project supported by IN2P3, the French national nuclear and particle
physics institute. Its goal is to explore the possible applications of the emerging quantum
computing technologies to particles and nuclear physics problems as well as astrophysics. The
main tasks are:

e to identify, within IN2P3, scientists/engineers/technicians who are interested in using
quantum technologies,

e to facilitate the access and training on quantum computers,

¢ to identify milestones applications for nuclear/particle physics and astrophysics,

¢ to design dedicated algorithms and proof of principle applications.

The project action has three main directions: Prepare the Quantum Computing Revolution
(PQCR), Quantum Machine Learning (QML), Complex Quantum Systems Simulation




One example:
Simulation of complex

quantum (interacting)
systems

If you have N one-body degrees of freedoms
The Hilbert space has an exponential

Scaling (*N!)

Even today, only a limited area (small systems- few %)
of the nuclear Chart can be calculated with most

powerful Supercomputers.




General strategy

Take a simple version of
your favorite many-body problem

Map/formulate it as a problem
with Qubit

Use standard QC algorithms Test on a real

or
Propose new QC algorithms

Quantum
platforms

It works sometimes !

Test on a
QC emulator It works !



The recent applications we made
(in many-body systems)

# Breaking symmetries and restoration of symmetries
in many-body systems on quantum computers

Energy

# Application to the counting of particle number
(for superfluid systems)

# Replacing bosons by pairs of fermions to probe
guantum supremacy

# Prediction of long time evolution from short-time
Propagation

W(t))

NISQ era

_ No breaking Breaking

deformation

can we extrapolate to long-time?



Broken symmetry/restoration
The counting statistic problem

| want to count people

.-

Guillaume

Bogdan

Guillaume

2 persons

"' . With many events we can do

4 persons 3 persons Probabilities, statistical analysis



The counting statistic problem

| assign a qubit to each person

Demystifying QC

|®) = Vol0)

0)—{ro]—| @ ) —~

: import numpy as np

from giskit import x*
%matplotlib inline
import math

from giskit.visualization import plot_histogram

Creation of the circuit

[2]:

ng=1

nc=1

gr = QuantumRegister(ng, 'q') # qubit of interest + register qubits
cr = ClassicalRegister(nc, 'c') # classical register

# name of the circuit
mycircuit = QuantumCircuit(qr, cr)

#make the rotation
angle = 4*2xmath.pi/12

mycircuit.rx(angle, @)
mycircuit.measure(0,0)

RX(2m/3) ~|3r|~

#mycircuit.draw()
print(mycircuit)

q_0:
c: 1/

V1= poll)

Measuring the qubit gives the probability

0/1

Illustration with qiskit

>

probability

In quantum systems
g =1—po

Running the circuit

[31:

Po I
I >
0 1

# building our own normalized histo
# Running the code !
backend = Aer.get_backend('qgasm_simulator"')

shots = 10000

results = execute(mycircuit, backend=backend, shots=shots).result()

answer = results.get_counts()

print(answer)

plot_histogram(answer)

{'0":
(333
0.8

0.6

Probabilities
o
F Y

0.2 1

0.0

2546, '1': 7454}

0.255

0.745




The counting statistic problem

In quantum systems

: q 0: { RX(n/3) |
With more people
0/1 g 1l: {1 RX(nn/4) |

o —Rx0) |—| @ )—= o 5

/ {'e0': 6351, '@01': 2169, '10': 1112, '11': 368}
‘ [15]:
|O> RX (02) }j > ; 0635

] 0.6
3
£ 0
3
IS

o
N

People can be entangled l
- 0.0.

0.0

0/1 {'00': 7513, '11': 2487}
|O) _— Ry(O) L ¢ /7( 0.8 0751
0/1 §o.«s
0) D ~ £
%) = ol B4 + 5 | 8) g

Here | created a Bell state



The counting statistic problem

without destroying the wave-function

Initial wave-function

D) = o|@R BL)

)

Event 1

e a
EXEX

LY

|

re | want to select the component with 3 persons
A more difficult problem : o
without completely destroying it

P) =+ |HR EL) + 0 |EAXEL) +




Non-destructive counting on a quantum computer

I el e e e e e e e e e

I Auxiliary qubits | | I
l = n. ' | N [ '
I ® 0)| < ; General /7& |
| — I I Circuit :
: \Il Tﬁq : : Information |\II f) Final state

: | 2) 7 I n I exchange A _J Post Processing
I (a) Initial state I (b) Qbantum Circuits/state manipulation _ (¢) Information Reduction tl’y
I I I Partial/complete measuremtin
Lo .
||_> =0, O)I l Send the information :
I = 'l I To additional qubits

[ I [ That are destroyed :
I | I after measurement I
| | |
I

[

[

" - '
Initial state I
I




The quantum-Phase estimate (QPE) algorithm

For eigenvalue problems

Assume a unitary operator U

Assume an eigenstate |W)  Such that U|\If> _— 627T7;90|\I/>

< 687mg0

1 2mip
0)— H t— S0 ogers 277 )

nr Register X e 1 iz
qubits 0y—H . 510 + 22 1) ®

x€271'7j<p .
0y — H T 75 (0) + ) )
Working s
. - — 2 4 Ovrum, Hjorth-Jensen
qubits #) o U u v ) arxiv:O7O!JS.1928

g |”

R

General Case

QP E 0.05 ‘

-«

|l11> — Zak|¢k> » Zak|9k2nr> X |¢k:> ol . Ly |,|.l_2. A
k k

Energy

FIG. 7: Pairing model simulated with 24 qubits, where 14

regISter elgenState were simulation qubits, i.e. there are 14 available quantum
levels, and 10 were work qubits. The correct eigenvalues are

0, -1, =2, =3, —4, =5, =6, —8, —9. In this run we did not

Slmple Idea: ta ke the phase proportlonal to the number Of personS! (li\'i(l(; up the time interval to reduce the error in the Trotter

approximation, ie., I = 1.

2



QPE applied to the number of persons

Practical details

Uv =[]
J

Ui = 103){0i] + exp(im /2"~ 1)|1;)(L;|

1 0

7T 37
Y = Z Y = 1
Example: Qubit counting statistics T, = —
.=
r — 3 _
Initial state . K
n i: 0.25 - B ) .
. £
®|Oj> m— ®[COS(90/2)\OJ'> 3
+sin(p/2)[1;)] ¥
m) P(A) = C;;‘ pA(l —p)nq_A 00 L H - H N
q 000 001 010 011 100 101 110

Part. number [binary] t

6/2* =1/2+1/4+0/8 = [110]

- 2
p = sin“(p/2)
Calculation made with the IBM Qiskit python package



Working with real quantum devices ?

Example: Qubit counting statistics

Initial state

Nq
. ® [cos(/2)]0;)

o il
+sin(p/2)|1;)]

=) P(A) =Cpp(1—p)?
p = sin*(p/2)

3 qubits and 2 register qubits

0.6
0.4
0.2
04
0.2

0.0

0.4

0.2

0.0

) (b)

I

1.1

(c)r

Result on

-

il
- (d)

0.6

.l

00 01 10

11

Part. number [binary]

— IBMq_vigo
5 qubits
device



Magnetic field [G]
833

730
1

But what is the connection with

interacting systems ???

0
<«— BEC Interaction parameter 1/k.a

Cooper pairs and
superfluidity are
rather universal
phenomena:
(condensed matter,
Atomic physics,
Nuclear physics, ... )

This problem is an archetype of spontaneous symmetry breaking.
A “easy” way to describe it is to break the particle number symmetry, i.e.
consider wave-function that mixes different particle number

SEIEN (D)) = IT; (u; + vialal)|—) @
‘ Mixes states with 0, 2, 4, ... particles -

We say that a symmetry (particle number) is broken But ultimately number of

Particle should be restored !



A schematic view Making projection on particle number

On,|0)

: > 001001 - - 1) @ | o)
Information -

Transfer on the mixing = Particle number
of particle number written as a binary number

¥

We can measure the register qubit

W) = Zak|90k> ——
k

An even more schematic view | @g >

-~

This is equivalent to project on ©k)

Then | can use this
Wave-function for
post-processing

D. Lacroix, “Symmetry-Assisted Preparation of Entangled Many-Body States on a Quantum Computer”, PRL 125, 230502 (2020).




Eigenvalues-Ground state and excited states
R o Measurement
\ /]
( ®|o I+|— HOnr QFT1—H » )\k | with Example of an event:
| T | | prob. v |?
, || &5 011 - - - ()10>(>\) R [P 4n)
Z ak|¢k QPE[US] A -~ AN
lﬁﬁliiifrﬁffﬁé?kﬁ'ﬁg svtva'tt'! e registor aubis | through messurement — AM™
BCS/HFB state 6 pairs
50 1
_ + N Q (b)
WMo () rorarm(Deiai] 0 27
@)
0.
i |

‘ Measurement
0.
-2 (a) |
—4 - |
o | =

Projected BCS or
HFB state with
varying number 39 -6 s
Of particles = il -
—10 - o ©
0 2 4A8\) 8 10 12¢o S 'sQ
Counts

Exact solution
Elg = —i(A ) (2ng—A—v—2).

H was encoded on the full Fock space with A< Nq
For the degenerate case, this should give the exact solution



Projection on total spin

Wave-function on qubits

ds,Mm

|¥) = z sy, pon 815700 5 8n). ‘ ) = Z ZC%,M|S’M>9'

s;€4{0,1} S,M g=1

Sequential method to create a total spin

0/1
J1 0) ~—{#]} ' QFr! [
7 — v
5 10) H : QFT™'
2
e e
2 2 . 0/1
A 0 -] I il g e
2 2
1/ \1& \'1 1
U
AN\, 7 " g M
2 2 2 . -
NN N i
0 0 0 n -
1 2 3 4 5 6

P. Siwach and DL, arXiv:2106.10867



Projection on total spin

Wave-function on qubits

ds,Mm

|‘Il> = Z ‘Ilsl,---,lesla"' ,Sn)~ ‘ |\I}> — Z Z C%,MIS’M>9'

s;€{0,1} S,M g=1

Sequential method to create a total spin
& H10)

<
w

o
S
—_
Q
~

y
2
/ \ 0 0.3
2 2 2
Y
37 48 ¢
i\ 2% _
1 ﬁl /l 0.1
O o
NN N R
0 0 0_)n Q\ Q\ ~ ~ ~
1 3 4 5 ™0 Basis states |S, M)

P. Siwach and DL, arXiv:2106.10867



The recent applications we made
(in many-body systems)

_ No breaking Breaking

# Breaking symmetries and restoration of symmetries
in many-body systems on quantum computers

Energy

# Application to the counting of particle number

(for superfluid systems) deformation

# Replacing bosons by pairs of fermions to probe
guantum supremacy

# Prediction of long time evolution from short-time

Propagation
NISQ era

| (tz ) > can we extrapolate to long-time?



Original motivation : probe quantum supremacy with Fermi Cooper pairs

//ﬁ\) |dea:
2 f '
0. A T Ao
—— T 1 boson
. L 1(%)
_ | N
. NIy R
\’ pul Lat® [W(tyr))

Mainly in photonic quantum
computers

m) Advantage : can be made on any device

=) But for this we need to solve
Efficiently the evolution



Solution of Schroedinger Equation on classical and quantum devices

Schrodinger equation W (tr))

Formal Lo
solution W (to))

im0 = HO) W [90) = eF I H ()

H is usually a big matrix

Integrating the Schroedinger Eq. on a classical computer

ihF(t) = H x F(t) 3 4)

i i) 7T | | ]
At At

At
1
Time discretization Bifec) ’
exp (—%H> =, 4 %H + % <%H) +e- (At)?, non-unitary, any dim.
time: {tz} time-step: At Crank-Nicholson
F(t+ At) = i ; %:%EF(t) (At)?, unitary, 1D only
2ih

Split-Operator

F(t + At) ~ iAo ALV il EL F(t) (At)?, unitary, any dim.



Solution of Schroedinger Equation on classical and quantum devices

Integrating the Schroedinger Eq. on a quantum computer

1 (4—
U(t) = emOHw(t,))
——— . /I‘I’(tf»
. : e

Quantum computers can only perform unitary transformations (o)) — 4P

1. Time discretization %

2. Decomposition of H into elementary blocks H = Z H,

1
3. Use a transformation (Trotter-Suzuki) e D) = (e‘iA””/Ne"'B””/N)N+0(t2/N)

4. Transforms to circuit

W (to))

At



Illustration with our cooper pair problem

Pairing Hamiltonian

Hp-Z&zaaz—l—aa gZaaan

1>0 1,7>0

0 cos()\ i) lSln(/\pq)
1;[ ( 0 exp(— 2zspAt)) p1;[q (8 Zsm(())\pq) COS(())\pq) )
— R(pp) I I i
Rx(—2X)

The problem is that we can nowadays perform only few operations and with a limited fidelity

—_ O O O

R T
]
[P (t0)) Emz) @@
(s =
Pr
N Y S __ N __
" " "




Predicting long time dynamics from short-time evolution

- Prediction of long time evolution from short-time

Propagation NISQLera | \Ij (tf ) >

W(t;))

can we extrapolate to long-time?

What is the physical content of short-time evolution ?

Full space

—it)?
[@(t)) = (1 —itH + ( 27") H? +. ) 1D(0)) Important space

=) H"|®(0))

Are the so-called Krylov states

But they cannot be computed easily on a quantum computer

mm) \We propose instead to compute <HK>0



Hamiltonian moments calculation on a quantum computer

With minimal qubits number
Generating function concept

F(t) = (@ole™ " |Do)

(—it)?
2

o~ dEF(t)
dtkK

F(t) =1—it(H)o + (H?)o+--- mip (H")o =1

t=0

Practical method to get F(t)

Circuit for the Real part
0/1

0) H I H =

n

[®o) —# g 1o

Circuit for the | ' t
Ircult Tor the Imaginary par 0/1

0) H R(¢) I H[— R(¢) /@~

|®o) /- grae




Hamiltonian moments calculation on a quantum computer
With minimal qubits number

Generating function concept
K
_ ke dEF()

F(t) = (Pole™""|®0)
—71)2
F(t) =1 it(H)o + (B2 oy () = i
t=0

Illustration for the cooper pair problem
— Re{F(t)}

1.0
A\ ---- Im{F(t)} (a)
0.5 - ; \ ] ]
]
I
o -
E  0.01 I
- | finite difference
:' made on a classical
—0.510 computer
K
. m) (H")o
| 1.0 1.5 2.0

0.5
E. A. Ruiz-Guzman and DL, in preparation



Next use the moments for post-processing

Ground state property
(imaginary time evolution)

(a)

—e- Exact
----- Taylor
—- Padé[3,7]

(b)

0.5

Evolution: Krylov without

Krylov states

XTIEXX
([ I T

Lo AN

E. A. Ruiz-Guzman and DL, arXiv:2104.08181



Summary

©C2N - CNRS

Olnnsbruck University

©OUNSW Sydney

©Google

©U. of Bristol

private companies (IBM, Google, ...)

# Emerging QC programs in France

m) Quantum computing is a high risk/high benefit
interdisciplinary field

=) |t might lead to unprecedented boost in theory
(or more generally in complex problems)

m) |t leads to natural link between public research and




Eniac ~1950 IBM ~2020

Temps de calcul d'une trajectoire
d'une table de tir

Vitesses de multiplication
de nombres de 10 chiffres

Moyens employés
Homme a la main, ou machine de Babbage 5 min 26j
Homme avec calculateur de bureau 10a156s 12h
Harvard Mark | (électromécanique) 3s 2h
Model 5 (électromécanique) 2s 40 min
Analyseur différentiel (analogique) 1s 20 min
04s 15 min
3s

Harvard Mark Il (électromécanique)

0,001 s

ENIAC (électronique)

g
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