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ἂ !ŀƎŜ bƛŜƭǎ .ƻƘǊ μ !ōƴŜǊ {ƘƛƳƻƴȅ μ !Řƛ {ƘŀƳƛǊ μ !ƪƛǊŀ CǳǊǳǎŀǿŀ μ !ƭŀƛƴ !ǎǇŜŎǘ μ !ƭŀƛƴ wŀǾŜȄ μ !ƭŀƛƴ {ŀǊƭŜǧŜ μ !ƭłƴ !ǎǇǳǊǳπ
DǳȊƛƪ μ !ƭŀǎǘŀƛǊ !ōōƻǧ μ !ƭōŜǊǘ 9ƛƴǎǘŜƛƴ μ !ƭōŜǊǘƻ .ǊŀƳŀǝ μ !ƭŜȄŀƴŘŜǊ !ƴŘǊŜŜǾ μ !ƭŜȄŀƴŘŜǊ IƻƭŜǾƻ μ !ƭŜȄŀƴŘŜǊ tǊƻƪƘƻǊƻǾ μ 
!ƭŜȄŀƴŘǊŜ .ƭŀƛǎ μ !ƭŜȄŀƴŘǊŜ ½ŀƎƻǎƪƛƴ μ !ƭŜȄŜƛ .ȅƭƛƴǎƪƛƛ μ !ƭŜȄŜƛ DǊƛƴōŀǳƳ μ !ƭŜȄŜƛ YƛǘŀŜǾ μ !ƭŜȄƛŀ !ǳũŝǾŜǎ μ !ƭŦǊŜŘ YŀǎǘƭŜǊ μ !ƭŦǊŜŘ 
tŞǊƻǘ μ !ƭƻƴȊƻ /ƘǳǊŎƘ μ !ƳƛǊ bŀǾŜƘ μ !ƴŘǊŞ [ǳƛȊ .ŀǊōƻǎŀ μ !ƴŘǊŜŀ aƻǊŜƭƭƻ μ !ƴŘǊŜŀ wƻŘǊƛƎǳŜȊ .ƭŀƴŎƻ μ !ƴŘǊŜŀǎ ²ŀƭƭǊŀũ μ 
!ƴŘǊŜǿ /ƘƛƭŘǎ μ !ƴŘǊŜǿ /Ǌƻǎǎ μ !ƴŘǊŜǿ DƭŜŀǎƻƴ μ !ƴŘǊŜǿ IƻǊǎƭŜȅ μ !ƴŘǊŜǿ {Φ 5ȊǳǊŀƪ μ !ƴŘǊŜǿ {ǘŜŀƴŜ μ !ƴŘǊŜǿ ²ƘƛǘŜ μ !ƴŘȅ 
aŀǘǳǎŎƘŀƪ μ !ƴƴŜ .ǊƻŀŘōŜƴǘ μ !ƴƴŜ /ŀƴǘŜŀǳǘ μ !ƴƴŜ aŀǘǎǳǳǊŀ μ !ƴǘƘƻƴȅ [ŜǾŜǊǊƛŜǊ μ !ƴǘƻƛƴŜ .ǊƻǿŀŜȅǎ μ !ƴǘƻƴ ½ŜƛƭƛƴƎŜǊ μ 
!ǊŀƳ IŀǊǊƻǿ μ !ǊƛŜƘ ²ŀǊǎƘŜƭ μ !ǊǘƘǳǊ Iƻƭƭȅ /ƻƳǇǘƻƴ μ !ǊǘƘǳǊ [ŜƻƴŀǊŘ {ŎƘŀǿƭƻǿ μ !ǊǘǳǊ 9ƪŜǊǘ μ !ǎǘǊƛŘ [ŀƳōǊŜŎƘǘ μ !ǳŘǊŜȅ 
.ƛŜƴŦŀƛǘ μ !ȄŜƭ .ŜŎƪŜ μ .ŜƴƧŀƳƛƴ IǳŀǊŘ μ .Ŝƴƻƞǘ ±ŀƭƛǊƻƴ μ .Ŝǩƴŀ IŜƛƳ μ .ƻō ²ƛŜƴǎ μ .ƻǊƛǎ tƻŘƻƭǎƪȅ μ .Ǌƛŀƴ WƻǎŜǇƘǎƻƴ μ .ǊǳŎŜ 
YŀƴŜ μ .Ǌǳƴƻ 5ŜǎǊǳŜƭƭŜ μ .ǊȅŎŜ 5Ŝ²ƛǧ μ /ŀǊƭ ²ƛŜƳŀƴ μ /ŀǊƭƻ wƻǾŜƭƭƛ μ /ƘŀŘ wƛƎŜǩ μ /ƘŀǊƭŜǎ .ŜƴƴŜǧ μ /ƘŀǊƭŜǎ CŀōǊȅ μ /ƘŀǊƭŜǎ 
IŀǊŘ ¢ƻǿƴŜǎ μ /ƘŀǊƭŜǎ IŜǊƳƛǘŜ μ /ƘƛŜƴ {ƘƛǳƴƎ ²ǳ μ /ƘǊƛǎǝŀŀƴ IǳȅƎŜƴǎ μ /ƘǊƛǎǝŀƴ ²ŜŜŘōǊƻƻƪ μ /ƘǊƛǎǝƴŜ {ƛƭōŜǊƘƻǊƴ μ /ƘǊƛǎǘƻǇƘŜ 
WǳǊŎȊŀƪ μ /ƘǊƛǎǘƻǇƘŜ {ƻƭƻƳƻƴ μ /ƘǊƛǎǘƻǇƘŜ ±ǳƛƭƭƻǘ μ /ƘǊƛǎǘƻǇƘŜǊ aƻƴǊƻŜ μ /ƘǊƛǎǘƻǇƘŜǊ tŀǇƛƭŜ μ /ƭŀǳŘŜ /ƻƘŜƴ ¢ŀƴƴƻǳŘƧƛ μ /ƭŀǳŘŜ 
²ŜƛǎōǳŎƘ μ /ƭŀǳǎǎ Wǀƴǎǎƻƴ μ /ƭƛƴǘƻƴ 5ŀǾƛǎǎƻƴ μ /ƻǊƴŜƭƛǎ 5ƻǊǎƳŀƴ μ /Ǌƛǎǝŀƴ /ŀƭǳŘŜ μ /Ǌƛǎǝƴŀ 9ǎŎƻŘŀ μ /ȅǊƛƭ !ƭƭƻǳŎƘŜ μ 5ŀƳƛŜƴ 
{ǘŜƘƭŞ  μ 5ŀƴƛŜƭ 9ǎǘŜǾŜ μ 5ŀƴƛŜƭ DƻǧŜǎƳŀƴ μ 5ŀǾŜ ²ŜŎƪŜǊ μ 5ŀǾƛŘ .ƻƘƳ μ 5ŀǾƛŘ 5ŜǳǘǎŎƘ μ 5ŀǾƛŘ 5ƛ±ƛƴŎŜƴȊƻ μ 5ŀǾƛŘ DƻǎǎŜǘ μ 
5ŀǾƛŘ IƛƭōŜǊǘ μ 5ŀǾƛŘ WΦ ¢ƘƻǳƭŜǎǎ μ 5ŀǾƛŘ ²ƛƴŜƭŀƴŘ μ 5Ŝƴƴƛǎ 5ƛŜƪǎ μ 5ƛŜǘŜǊ ½ŜƘ μ 5ƛǊƪ .ƻǳǿƳŜŜǎǘŜǊ μ 5ƻƴ /ƻǇǇŜǊǎƳƛǘƘ μ 5ƻƴ 
aƛǎŜƴŜǊ μ 5ƻƴƴŀ {ǘǊƛŎƪƭŀƴŘ μ 5ƻǊƛǘ !ƘŀǊƻƴƻǾ μ 5ƻǳƎƭŀǎ WŀƳŜǎ {ŎŀƭŀǇƛƴƻ μ 9ŀǊƭŜ IŜǎǎŜ YŜƴƴŀǊŘ μ 9Ř {ǇŜǊƭƛƴƎ μ 9ŘǿŀǊŘ CŀǊƘƛ μ 
9ŘǿŀǊŘ CǊŜŘƪƛƴ μ 9ŘǿŀǊŘ ¢ŀƴƎ μ 9ƭŜƴŀ /ŀƭǳŘŜ μ 9ƭŜƴƛ 5ƛŀƳŀƴǝ μ 9ƭƘŀƳ YŀǎƘŜŬ μ 9ƭƛǎŀōŜǘƘ DƛŀŎƻōƛƴƻ μ 9ƭǾƛǊŀ {ƘƛǎƘŜƴƛƴŀ μ 9Ƴŀπ
ƴǳŜƭ Yƴƛƭƭ μ 9ƳƳȅ bƻŜǘƘŜǊ μ 9ƴǊƛŎƻ CŜǊƳƛ μ 9ǊƛŎ /ƻǊƴŜƭƭ μ 9ǊƴŜǎǘ wǳǘƘŜǊŦƻǊŘ μ 9Ǌƴǎǘ LǎƛƴƎ μ 9Ǌǿƛƴ {ŎƘǊǀŘƛƴƎŜǊ μ 9ǝŜƴƴŜ YƭŜƛƴ μ 
9ǧƻǊŜ aŀƧƻǊŀƴŀ μ 9ǿƛƴ ¢ŀƴƎ μ Cŀōƛƻ {ŎƛŀǊǊƛƴƻ μ CŀȅŜ ²ŀǧƭŜǘƻƴ μ CŜƭƛȄ .ƭƻŎƘ μ CǊŀƴŎŜǎŎŀ CŜǊƭŀƛƴƻ μ CǊŀƴŎƪ .ŀƭŜǎǘǊƻ μ CǊŀƴœƻƛǎ [Ŝ 
Dŀƭƭ μ CǊŞŘŞǊƛŎ DǊƻǎǎƘŀƴǎ μ CǊŞŘŞǊƛŎ aŀƎƴƛŜȊ μ CǊŜŜƳŀƴ WƻƘƴ 5ȅǎƻƴ μ CǊƛŜŘǊƛŎƘ IǳƴŘ μ CǊƛŜŘǊƛŎƘ tŀǎŎƘŜƴ μ DŜƻǊŘƛŜ wƻǎŜ μ DŜƻǊƎŜ 
¦ƘƭŜƴōŜŎƪ μ DŜƻǊƎŜǎ tŀƎŜǘ ¢ƘƻƳǎƻƴ μ DŜƻǊƎŜǎ ½ǿŜƛƎ μ DŜƻǊƎŜǎπhƭƛǾƛŜǊ wŜȅƳƻƴŘ μ DŜǊŀǊŘ aƛƭōǳǊƴ μ DŜǊǊƛǘ Wŀƴ CƭƛƳ μ Dƛƭ Yŀƭŀƛ μ 
DƛƭƭŜǎ .ǊŀǎǎŀǊŘ μ DƛƭƭŜǎ Iƻƭǎǘ μ DƛƻǊƎƛƻ CǊƻǎǎŀǝ μ DƻǊŘƻƴ .ŀȅƳ μ DƻǊŘƻƴ DƻǳƭŘ μ DǳŀƴƎπ/ŀƴ Dǳƻ μ IŀƛƎ CŀǊǊƛǎ μ Iŀƴǎ !ƭōǊŜŎƘǘ 
.ŜǘƘŜ μ Iŀƴǎ WǸǊƎŜƴ .ǊƛŜƎŜƭ μ IŀƴǘŀǊƻ bŀƎŀƻƪŀ μ IŀǊŀƭŘ CǊƛǘȊǎŎƘ μ IŀǊǘƳǳǘ bŜǾŜƴ μ IŜƛƪŜ YŀƳŜǊƭƛƴƎƘ hƴƴŜǎ μ IŜƛƴǊƛŎƘ IŜǊǘȊ μ 
IŞƭŝƴŜ .ƻǳŎƘƛŀǘ μ IŞƭŝƴŜ tŜǊǊƛƴ μ IŜƴŘǊƛƪ !ƴǘƘƻƴȅ YǊŀƳŜǊǎ μ IŜƴŘǊƛƪ /ŀǎƛƳƛǊ μ IŜƴŘǊƛƪ [ƻǊŜƴǘȊ μ IŜƴǊƛ tƻƛƴŎŀǊŞ μ IŜǊƳŀƴƴ 
aƛƴƪƻǎǿƪƛ μ IŜǊƳŀƴƴ ²Ŝȅƭ μ IǳƎƘ 9ǾŜǊŜǧ μ Iǳƛ YƘƻƻƴ bƎ μ Lƭŀƴŀ ²ƛǎōȅ μ Lƭȅŀ aƛƪƘŀƛƭƻǾƛŎƘ [ƛŦǎƘƛǘȊ  μ LƳƳŀƴǳŜƭ .ƭƻŎƘ μ LƷƛƎƻ 

ŀǊ {ƛǾŀƴ μ WŀŎǉǳŜƭƛƴŜ .ƭƻŎƘ μ WŀŎǉǳŜǎ {ŀƭƻƳƻƴ !ǊǘǳƴŘƻ μ LƻǊŘŀƴƛǎ YŜǊŜƴƛŘƛǎ μ LǊŦŀƴ {ƛŘŘƛǉƛ μ LǎŀŀŎ /ƘǳŀƴƎ μ LǎŀŀŎ bŜǿǘƻƴ μ LǘŀƳ
IŀŘŀƳŀǊŘ μ WŀŎǉǳƛƭƛƴŜ wƻƳŜǊƻ μ WŀƳŜǎ /ƘŀŘǿƛŎƪ μ WŀƳŜǎ /ƭŀǊƪŜμ WŀƳŜǎ /ƭŜǊƪ aŀȄǿŜƭƭ μ WŀƳŜǎ tŀǊƪ μ WŀǊŜŘ /ƻƭŜ μ Wŀǎƻƴ !ƭƛŎŜŀ 

πtƘƛƭƛǇ tƛǉǳŜƳŀƭ μ WƛŀƴπaƛŎƘŜƭ DŞǊŀǊŘ μ WŜŀƴπCǊŀƴœƻƛǎ wƻŎƘ μ WŜŀƴπƳƻƴŘ μ WŜŀƴƛμ Wŀȅ DŀƳōŜǧŀ μ WŜŀƴ 5ŀƭƛōŀǊŘ μ WŜŀƴ aƛŎƘŜƭ wŀ
Ŝǎ Ǿŀƴ ŘŜǊ ²ŀŀƭǎ μ WƻŜ hΩDƻǊƳŀƴ μ WƻƘŀƴƴ .ŀƭƳŜǊ μ WƻƘŀƴƴŜǎ Ŝƛ tŀƴ μ WŜƭŜƴŀ ±ǳőƪƻǾƛŏ μ WŜƭŜƴŀ ±ǳŎƻƪƛŎ μ WŜǊŜƳȅ hϥ.ǊƛŜƴ μ Wƻŀƴƴ²

tƻƭƭŀƴŜƴ μ WƻƘŀƴƴŜǎ wȅŘōŜǊƎ μ WƻƘƴ .ŀǊŘŜŜƴ μ WƻƘƴ /ƭŀǳǎŜǊ μ WƻƘƴ CǊŀƴƪ !ƭƭŜƴ μ WƻƘƴ Iŀƭƭ μ WƻƘƴ [ŜǾȅ μ WƻƘƴ aŀǊǝƴƛǎ μ WƻƘƴ 
ƛƴ μ WƻƘƴ {ǘŜǿŀǊǘ .Ŝƭƭ μ WƻƘƴ ±ƻƴ bŜǳƳŀƴƴ μ WƻƘƴ aƻǊǘƻƴ μ WƻƘƴ tǊŜǎƪƛƭƭ μ WƻƘƴ wƻōŜǊǘ {ŎƘǊƛŜũŜǊ μ WƻƘƴ wƻǿŜƭƭ μ WƻƘƴ {Ƴƻƭ

μ WƻǎŞ /ŀǇƳŀƴȅ μ WƻǎŞ 5ŀǾƛŘ 5ƻƳŜƴŜŎƘ μ  WƻƴŀǘƘŀƴ tΦ IƻƳŜ ²ŀǘǊƻǳǎ μ WƻƘƴ ²ƘŜŜƭŜǊ μ WƻƴŀǘƘŀƴ 5ƻǿƭƛƴƎ μ WƻƴŀǘƘŀƴ YƻƻƳŜȅ μ
ǊŜ μ WƻǎŜǇƘ WƻƘƴ IƻǇŬŜƭŘ μ WƻǎŜǇƘ WƻƘƴ ¢ƘƻƳǎƻƴ μ WƻǎƘ bǳƴƴ μ Wǳŀƴ LƎƴŀŎƛƻ /ƛǊŀŎ μ Wǳƭƛŀ YŜƳǇŜ μ Wǳƭƛŀƴ ǊWƻǎŜ LƎƴŀŎƛƻ [ŀǘƻ

μ WǸǊƎŜƴ aƭȅƴŜƪ μ YŜƴƴŜǘƘ !ǇǇŜƭ μ YŜƴƴŜǘƘ wŜƎŀƴ μ YŜǾƛƴ ¸ƻǳƴƎ μ YƛǊƛƭƭ ¢ƻƭǇȅƎƻ μ YƻƘŜƛ LǘƻƘ μ YǊƛǎǘŜƭ  {ŎƘǿƛƴƎŜǊ μ WǳƭƛŜƴ .ƻōǊƻũ
aƛŎƘƛŜƭǎŜƴ μ YǊȅǎǘŀ {ǾƻǊŜ μ Yǳƴ IǳŀƴƎ μ YǳǊǘ DǀŘŜƭ μ [Ŝ {ƛ 5ŀƴƎ μ [ŜŜ {Ƴƻƭƛƴ μ [Şƻƴ .Ǌƛƭƭƻǳƛƴ μ [Ŝƻƴ bŜƛƭ /ƻƻǇŜǊ μ [ŜƻƴŀǊŘ 

.ƛǎƘƻǇ μ [ŜǾ [ŀƴŘŀǳ μ [ƛŜǾŜƴ ±ŀƴŘŜǊǎȅǇŜƴ μ [ƛƴǳǎ tŀǳƭƛƴƎ μ [ƭŜǿŜƭƭȅƴ ¢ƘƻƳŀǎ μ [ƻƠŎ IŜƴǊƛŜǘ μ !ŘƭŜƳŀƴ μ [ŜǎǘŜǊ DŜǊƳŜǊ μ [ŜǾ 
ǘȊƳŀƴƴ μ [ǳƛƎƛ CǊǳƴȊƛƻ μ aŀƎŘŀƭŜƴŀ ƭ[ƻǳƛǎ /ŀǳŎƘȅ μ [ƻǳƛǎ ŘŜ .ǊƻƎƭƛŜ μ [ƻǾ DǊƻǾŜǊ μ [ǳ WŜǳ {ƘŀƳ μ [ǳŎƛŜƴ IŀǊŘȅ μ [ǳŘǿƛƎ .ƻ

!ƴƴŜ .ƻǳŎƘƛŀǘ μ aŀǊƛƴŀ IǳŜǊǘŀ μ aŀǊǝƴ YŀǊǇƭǳǎ μ aŀǎŀƘƛŘŜ πIŀǳǎŜǊ μ aŀǊŎǳǎ 5ƻƘŜǊǘȅ μ aŀǊŎǳǎ IǳōŜǊ μ aŀǊƛŀ {ŎƘǳƭŘ μ aŀǊƛŜ
μ aŀǎŀƘƛǘƻ IŀȅŀǎƘƛ μ aŀǘƘƛŜǳ aǳƴǎŎƘ μ aŀǧƘŜǿ IǳǘŎƘƛƴƎǎ μ aŀǧƘƛŀǎ ¢ǊƻȅŜǊ μ aŀǧƘƛŜǳ 5ŜǎƧŀǊŘƛƴǎ {ŀǎŀƪƛ μ aŀǎŀƘƛǊƻ YƛǘŀƎŀǿŀ 

hǊ μ aƛŎƘŀŜƭ πŘƘƻǊǎǘ μ aƛŎƘŀŜƭ .Ŝƴƭμ aŀǳŘ ±ƛƴŜǘ μ aŀȄ .ƻǊƴ μ aŀȄ tƭŀƴŎƪ μ aŀȄƛƳŜ wƛŎƘŀǊŘ μ aŀȊȅŀǊ aƛǊǊŀƘƛƳƛ μ aŜƴƴƻ ±ŜǊ
CǊŀƴƪ μ aƛŎƘŀŜƭ CǊŜŜŘƳŀƴ μ aƛŎƘŀŜƭ IƻǊƴŜ μ aƛŎƘŀŜƭ [ŜǾƛǧ μ aƛŎƘŀŜƭ bƛŜƭǎŜƴ μ aƛŎƘŜƭ .ǊǳƴŜ μ aƛŎƘŜƭ 5ŜǾƻǊŜǘ μ aƛŎƘŜƭƭŜ 

aŀƴƴ μ bŀǘƘŀƴ DŜƳŜƭƪŜ μ bŀǘƘŀƴ wƻǎŜƴ μ bŀǘƘŀƴŀšƭ πμ aƛƪƘŀƛƭ [ǳƪƛƴ μ aƛƻ aǳǊŀƻ μ aǳǊǊŀȅ DŜƭƭ{ƛƳƳƻƴǎ μ aƛƪƘŀƛƭ 5ȅŀƪƻƴƻǾ 
bƛǊ /ƻǧŜǘ μ bƛŎŎƻƭƻ {ƻƳŀǎŎƘƛ μ bƛŎƪ CŀǊƛƴŀ μ bƛŎƻƭŀǎ DŀǳŘŜ μ bƛŎƻƭŀǎ Dƛǎƛƴ μ bƛŎƻƭŀǎ wƻŎƘ μ bƛŜƭǎ IŜƴǊƛƪ !ōŜƭ μ bƛƪƻƭŀȅ .ŀǎƻǾ μ 

ŀƴƻǾ μ hƭƛǾƛŜǊ /ŀǊƴŀƭ μ hǎƪŀǊ tŀƛƴǘŜǊ μ tŀǎŎŀƭŜ {ŜƴŜƭƭŀǊǘ μ tŀǎŎǳŀƭ WƻǊŘŀƴ μ tŀǎŎǳŀƭ aǳƷƻȊ aƛƴŜǊōƛ μ bƻōǳȅǳƪƛ LƳƻǘƻ μ hƭŜƎ aǳƪƘ
YƴƛƎƘǘ  μ tŀǘǊƛŎŜ .ŜǊǘŜǘ μ tŀǧȅ [ŜŜ μ tŀǳƭ .Ŝƴƛƻũ μ tŀǳƭ 5ƛǊŀŎ μ tŀǳƭ IƛǊƛŀǊǘ μ tŜǊƻƭŀ aƛƭƳŀƴ μ tŜǘŜ {ƘŀŘōƻƭǘ μ tŜǘŜǊ IƛƎƎǎ μ tŜǘŜǊ
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Foreword 

Quantum technologies hold the promise of major disruptions in computing, communications and 

sensing. But scientific and technological challenges to their large-scale deployment are still important, 

and it is quite difficult for public decision makers, users, investors, professionals, and the public at 

large to anticipate when these will happen. This is of paramount importance for companies to stay 

competitive, for governments to position their country in this technology race, or for students to make 

decisions about their career. While some quantum devices are already in use with practical impact, 

e.g. sophisticated microscopes taking benefit of the exquisite sensitivity of the spin of point defects 

in diamonds, other technologies will take years if not decades to reach the markets. 

But the situation is changing fast. When I co-founded the Quantonation investment fund in 2018, 

most of the fundôs presentation was about the promises of quantum, and about the science. Today, 

with 21 seed investments made in startups in Europe and North America, the situation has already 

radically changed since, for the most mature, we are talking about products and customers, and, at 

least, proofs of concepts. Consulting firms are busy assessing future markets, their size keeps increas-

ing and the horizon is getting closer with significant practical achievements not much further down 

the road. Iôm often asked whether there is not too much ñhypeò in the field. I donôt think so, particu-

larly when I am comparing quantum technologies with other sectors. This is the beginning of market 

recognition, for a sector which impact is slowly being assessed properly. 

But to do that, make proper assessments and keep control of the quantum narrative, we need deep 

experts who have a proper understanding of all the facets of the technology, from the fundamentals 

of the science to its applications, including questions about their deployment, their funding, how to 

teach them, and more. It is necessary to be able to mobilize academic experts to provide an opinion 

on the science at the base of the innovation, on the ability to make robust products, but we must also 

be able to imagine their use cases, and scientists alone are not equipped to do so. There is a need for 

a multidisciplinary collaboration involving scientists, engineers and users capable of taking a for-

ward-looking posture. And here enters my friend Olivier Ezratty, the author of this most wonderful 

book ñUnderstanding Quantum Technologiesò, who embodies multidisciplinarity. He has the unique 

ability to listen, question, gather facts, and synthesize his learnings in a book that stands out as unique 

in the whole world, as far as I know. 

I first met Olivier when I started Quantonation back in 2018. From the start I was impressed by his 

extremely methodic approach that he had applied with success on an earlier publication on artificial 

intelligence, and his very unique ambition. The book was first published in French, later in English, 

and it grew with the field he was ñdecodingò to use the title of Olivierôs famous podcast with Fanny 

Bouton on quantum technologies. The book has gone only better with time, with thorough updates 

and new chapters about exciting topics e.g. ñQuantum Matterò in this new edition. Olivier has also 

been among the very first supporters of the not-for profit that I co-founded and chaired, Le Lab Quan-

tique. Le Lab Quantique is proud to promote ñUnderstanding Quantum Technologiesò, an instrument 

that will benefit its ecosystem building mission. 

I am convinced that this book will become a primer for professionals, from scientists to engineers, 

technicians, investors, and also for teachers, students, and the public at large. Weôre all extremely 

lucky to see the second quantum revolution happening before our eyes, science and technology are 

progressing at an amazing pace and it is essential to invent a new model of knowledge sharing, of 

collaboration. Olivier Ezrattyôs book is an indispensable instrument to read this revolution. 

Christophe Jurczak, Partner at Quantonation, Paris and co-founder, Le Lab Quantique 
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Why 

This book is the 5th edition of a book originally compiling a series of 18 articles that I published in 

French between June and September 2018. After two enriched editions in French in 2019 and 2020, 

I switched to English in the fourth, in September 2021 and here we are with an even larger sequel. 

This book is a kaleidoscope for quantum technologies with a 360Á perspective encompassing histor-

ical, scientific, technological, engineering, entrepreneurial, geopolitical, philosophical, and societal 

dimensions. It is not a quantum for dummies, babies, or your mother-in-law book. It mainly targets 

three audiences: information technologies (IT) specialists and engineers who want to understand what 

quantum physics and technologies are all about and decipher its ambient buzz, all participants to the 

quantum ecosystem from researchers to industry vendors and policy makers, and at last scientific 

students who would like to investigate quantum technologies as an exploratory field. For them, this 

book is also the largest review paper they could imagine with over 3,500 bibliographical references. 

ñUnderstanding Quantum Technologiesò bears a lot of specificities compared to the existing quantum 

literature. While being rather technical in many parts, it tries to explain things and translate the com-

plex quantum lingua in other techôs lingua, particularly for IT and computer science professionals. It 

looks at the history of science and ideas and pays tribute to key people, from the past and the present. 

It investigates rarely covered aspects of quantum technologies and quantum engineering like various 

enabling technologies (cryogenics, cryo-electronics, new materials design, semiconductors, cabling 

and lasers), their thermodynamic and energetic dimension and what raw materials are used and where 

they come from. I cover quantum matter and describe how quantum circuits are manufactured. I even 

explain how research works in general and in the quantum realm and its codes. 

It also extensively covers quantum sensing, telecommunications and cryptography. I also crafted a 

lot of precisely documented custom illustrations. Another differentiation is in the tone, relaxed when 

possible and calling out the bs and nonsense when necessary. It is abundant, particularly with when 

media, analysts and consultants are fueling the quantum hype. Iôm always puzzled by how they some-

times cover vendor news without having a real clue about what they are writing about. It motivated 

me in the first place back in 2015 to start investigating this field. It is always true as quantum tech-

nologies are more commonplace but are still largely misunderstood by general audiences as well as 

by many IT professionals. One striking example shows up when some folks explain that thanks to 

quantum cryptography, quantum computers will help make cryptography more secure! 

Large vendors and the quantum startups funding craze have elevated quantum technologies to the 

rank of strategic sectors for developed countries. Most governments have launched their national 

quantum plans, starting with Singapore, the UK, China, USA, Germany, Japan, Australia, France, 

Russia, Israel, Taiwan, India and The Netherlands. The worldwide quantum technologies race is on. 

Countries are embattled to acquire or preserve their technological sovereignty, like if it was the last 

chance to achieve it, particularly for those countries who felt they lost the digital battle against the 

USA and Asia (mostly China, South Korea and Taiwan). Also, like many deep techs, quantum tech-

nologies are dual-use ones, with both civilian and military use cases, increasing the strategic stakes. 

While it has not yet reached the volume and funding of other sectors such as artificial intelligence or 

the digital cloud, the quantum startups and small business ecosystem continues to expand worldwide. 

In this book, I mention about 550 such companies in many different categories (hardware, software, 

telecommunications, cryptography, sensing, enabling technologies, services). In most cases, hard-

ware are in the deep techs realm if not in hard tech territory, with many still at an applied research 

stage with a rather low technology readiness level. Being still very uncertain, this market remains 

quite open to opportunities for scientists and creative innovators, while in other markets like with 

semiconductors and large consumer Internet players, the game looks like it is less open. 
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Quantum technologies are also surrounded by a fair share of hype. A few scientists, their laboratoryôs 

communication department, startups and large vendors frequently exaggerate the impact of their work. 

Many companies also integrate ñquantumò into their positioning if not branding in many fancy ways. 

Either in a totally artificial way, or based on using technologies from the first quantum revolution. 

Transistors, lasers and image sensors are quantum, so most digital technologies can claim to be quan-

tum. As a consequence, we must learn to distinguish the old (first quantum revolution related) from 

the new (second quantum revolution related). However, even stronger bs shows up elsewhere, with 

false science-based quantum medicine and other charlatanism. I showcase it in a unique section ded-

icated to quantum hoaxes and scams, starting page 1015. 

This book has another flavor. It is the result of an unprecedented human adventure at the heart of the 

quantum ecosystem. I started the journey back in 2016. I had then decided to select the theme of 

quantum computing for my usual techno-screening activities, ranging from preparing conferences 

and training to writing educational ebooks for professionals. I was joined by my friend Fanny Bouton 

to run a popularization conference on quantum computing in Nantes. She brought and still brings a 

different perspective, including some science fiction derived inspirations. This led to the conference 

Le quantique, c'est fantastique on June 14th, 2018 (video) and to numerous subsequent presenta-

tions. On top of that, we launched two series of podcasts (in French) covering quantum tech news and 

with interviews with researchers, entrepreneurs and also users. We also worked on gender balance 

and contributed as early as possible to this sector feminization and attract new talents1. Fanny took 

an interesting turn in 2020, starting to work on OVHcloudôs startup program. She plays a key role to 

embark this European cloud vendor in the quantum adventure and now leads this effort. We both went 

from a role of observer to a very different one. 

In this journey that is still going on, weôve had the opportunity to meet with top researchers and 

entrepreneurs, first in France, and then internationally. It started with Alain Aspect (IOGS), Philippe 

Grangier (IOGS), Daniel Esteve (CEA), Patrice Bertet (CEA), Maud Vinet (CEA), Tristan 

Meunier (CNRS Institut N®el), Eleni Diamanti (CNRS LIP6), Iordanis Kerenidis (CNRS IRIF), 

Pascale Senellart (CNRS & UPS C2N and Quandela), Elham Kashefi (CNRS LIP6 and VeriQloud), 

Alexia Auff¯ves (CNRS Institut N®el in Grenoble and now MajuLab in Singapore), Philippe Duluc 

and Cyril Allouche (Atos), Xavier Waintal (CEA), Robert Whitney (CNRS LPMMC), Th®au Pe-

ronnin (Alice&Bob), Georges-Olivier Reymond and Antoine Browaeys (Pasqal) and many others 

afterwards. We also toured almost all quantum startups in France. And of course, Christophe 

Jurczak from Quantonation and Le Lab Quantique, who kindly wrote this book foreword. 

Our outreach then expanded internationally, particularly in Canada, the USA, the UK, Austria and 

The Netherlands. I had the opportunity to discuss with Artur Ekert, Peter Knight, Tommaso 

Calarco and many startup founders, from PsiQuantum, IQM, ParityQC, ProteinQure, Qiliman-

jaro, Qblox, Jay Gambetta from IBM and Rainer Blatt from AQT. It is not enough. I want more! 

In short, during these years, we have been "embedded" in the scientific and entrepreneurial ecosystem. 

We also applied one of Heisenberg's principles derivatives, namely that a measurement device may 

influence the measured quantity. It was and remains a beautiful adventure with real people, passions, 

convictions, ups and downs, and in the end, a nice result with French and European research and 

entrepreneurship in quantum technologies that are more dynamic and better positioned than a few 

years ago. And the adventure is just beginning! 

 

1 With a one-day training session with Roland Berger and Axelle Lemaire in April 2019, with high school students at Magic Makers in 

September 2019, with young people and parents at the Startup4Teens event in February 2020, and a debate in early March 2020 with 

Alexia Auff¯ves, Elham Kashefi and Pascale Senellart hosted by Fanny Bouton and organized at Talan, another event with a dominant 

female audience of all ages in the Tech4All event organized by Ecole 42 and Digital Ladies in March 2020, each time in partnership 

with the association Quelques Femmes du Num®rique ! (Some Digital Women). 

https://www.youtube.com/watch?v=jodfhQOvwww
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You may wonder why this book is free and what is its business model. I have published all my books 

like this since 2006 and fared well so far (on entrepreneurship, artificial intelligence and other tech-

nology and science related topics). 

I favor distribution breadth over revenue. It makes knowledge easily accessible to broad audiences, 

particularly with students. Also, being distributed in digital format, books are easy to correct and 

update. It is quite practical when you mention hundreds of people and organizations, and deal with 

complicated scientific matters. Afterwards, I sell my time in a rather traditional way with speaking, 

training and consulting missions. The business model is simple: the (very) long version is free and 

the (too) short versions are charged. Since the people who donôt have time usually have money and 

the other way around, it works quite well even if it may be counterintuitive in the first place. 

A complex domain in search of pedagogy 

After having swept through many areas of science and deep techs, I can definitively position quantum 

physics and quantum computing at the complexity scale apex. Quantum physics is difficult to appre-

hend since relying on counter-intuitive phenomena like wave-particle duality and entanglement, and 

on a mathematical formalism that is not obvious to most people, including IT specialists and devel-

opers, one of the key audiences for this book. It is still an open challenge to translate this scientific 

field lingua into natura language for most people, even with a strong engineering background. 

Thereôs the rehashed famous quote from Richard Feynman who pointed out that when you study 

quantum physics, if you think you understood everything, you are making a fool of yourself. Alain 

Aspect confirms this, always expressing doubts about his own understanding of the quantum entan-

glement phenomenon that he experimented with photons in his famous 1982 experiment. 

Explaining quantum computing is thus a new and difficult art. When reading quantum physics books, 

you discover a mathematical formalism and many terms like observables, degeneracy, gentle meas-

urement, Hermitian operators and the likes and wonder how they relate to the physical world. Some-

times, it takes quite a while before being able to make this connection! On the other hand, you hear 

simplistic descriptions of quantum physics, noticeably on superposition and entanglement, and quan-

tum computing, some coming from quantum computing vendors themselves2. 

Once you think you understand it after having created a mental view of how it works, your explana-

tions become quickly inaccessible for the profane. How do you avoid this side effect? Probably with 

finding analogies and use more visual tools to explain things than too much mathematics. I try this in 

many sections of this book, but, still, mathematics are useful in many parts. Also, to make sure it does 

not lose its scientific soundness in the process, many parts of this book have been fact-checked and 

proof-read by quantum scientists. Iôd say, not enough. Youôll be the judge. 

This book frequently responds to questions like what, why, where and how? Particularly with linking 

theory, maths and the real world. Has Mooreôs empirical law really stalled? What being ñquantumò 

means for a product or technology? Why are we using this convoluted mathematical formalism? Do 

we really have objects sitting simultaneously at two different locations? Why parallel opposite vectors 

in the Bloch sphere are mathematically orthogonal? Why and where density matrices are useful? 

What are pure and mixed states describing in the physical world? Why superposition and entangle-

ment are the two sides of the same coin? Why do we need to cool many qubit types? How are cryostats 

working? What is the energy consumption of a quantum computer? How much data sits in quantum 

registers? How is data loaded in a quantum program? What data is generated by quantum algorithms 

and how is it decoded? Are quantum computers made for big data applications? How can you compare 

such and such quantum computer technology? Is Shor algorithm a serious threat for cybersecurity? 

When will we have a ñrealò quantum computer? Have we really achieved quantum supremacy? 

 

2 See the interesting point in What Makes Quantum Computing So Hard to Explain? by Scott Aaronson, June 2021. 

https://www.quantamagazine.org/why-is-quantum-computing-so-hard-to-explain-20210608/
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And on and oné What is the real speedup of quantum algorithms? Are the case studies from D-Wave 

and the like real production grade applications? Will a quantum Internet replace the existing Internet? 

Why do many physicists dislike D-Wave and say it is not quantum? Can quantum telecommunications 

enable either faster than light communications or high-throughput data links? How are classical com-

puting technologies competing with quantum computers? Why are quantum random number genera-

tors not that random? Are the Chinese going to kill us (metaphorically) with their (not so) huge R&D 

investments in quantum technologies? Can Europe take its fair share in this new market? Oh, and if 

Iôm in an organization... what should I do? Am I late in the game by doing nothing? 

To properly address this broad laundry list of questions, this book is positioned above the average 

media coverage of quantum computing, as well as analyst reports, and below classical scientific pub-

lications that are generally largely inaccessible to non-specialists, or to specialists from other domains. 

A new technology wave 

Quantum computing stays on top of the various applications of the second quantum revolution. Quan-

tum sensing is more exotic and fragmented, and quantum telecommunications and cryptography are 

less fascinating. Why is quantum computing becoming an important topic? Firstly, because large IT 

companies such as IBM, Google, Intel and Microsoft are making headlines with impressive an-

nouncements that we must, however, take with a grain of salt, with a lot of hindsight, and decipher 

calmly. Thereôs also the obvious impact of Peter Shorôs factoring algorithm. It drives fuzzy fears on 

the future of Internet security and for your own digital privacy. 

Above all, it is linked to the broad impact that quantum technologies could have on many scientific 

fields and digital markets. It may theoretically make it possible to solve problems belonging to classes 

of complexity that even the largest giant supercomputers will never be able to tackle with. Then, the 

hype builds exaggerated stories on how quantum computing will for sure fix climate change, predict 

the weather, cure cancer, and other miracles. 

The other reason for this sudden interest is that we are still at the beginning of the story. New leaders 

will show up. A new ecosystem is being built. This in a field where there are still enormous scientific 

and technology challenges to overcome. It is a land of opportunities for science, technology and in-

novation. To resume quantum physics, we are in a highly indeterministic world. 

It is quite difficult to evaluate the feasibility of large-scale quantum computing. For most scientists, 

we are still many decades away from it. Some believe it will never show up. Others are more opti-

mistic. The main enemy is quantum decoherence and qubits errors happening during computing, and 

which are difficult to avoid and correct. The plan is to fix that with quantum error corrections and 

logical qubits made of physical qubits. It then becomes, at least, a physical scalability issue with a 

bunch of complex engineering issues related to cooling, cryo-electronics, cabling, classical compu-

ting, miniaturization, as well as fundamental thermodynamic and energetic dimensions. 

It is a very interesting living case study of how mankind builds upon scientific progress and addresses 

the most difficult challenges around. For this respect, it is on par with controlling nuclear fusion. 

Reading guide 

Here is a tentative to prioritize which parts of this book you could read according to your business 

and scientific level. 

Physicists can find a state-of-the-art tour covering all dimensions of quantum technologies beyond 

the field they already master. 

Computer scientists, engineers and students in various scientific fields are the core target audience 

for this book, as it presents, popularizes and contextualizes the various scientific, mathematical and 

engineering concepts used in quantum technologies. 
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The required mathematical and computer basics level is at the bachelorôs degree level for most parts. 

Afterwards, it can also depend on your age since many of these concepts were not in current programs 

a couple decades ago unless you were already specialized in quantum physics. Non-technical and 

decision-makers can still read the sections dealing with usages as well as with how countries are 

faring and societal issues. 
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Figure 1: Understanding Quantum Technologies parts and audiences relevance. (cc) Olivier Ezratty 2021-2022. 

Hereôs another view of the table of contents showcasing the overall logic between the lower ç phys-

ics è layers and the upper hardware, software and solutions layers. 

 
Figure 2: how the topics covered in Understanding Quantum Technologies are related with each other. (cc) Olivier Ezratty. 
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At last, letôs mention one of the reasons why a curious mind may like quantum technologies: they 

encourage you to explore many scientific disciplines, even human and social sciences, like a scientific 

Pandoraôs box. 

 
Figure 3: the many scientific domains to explore when being interested in quantum technologies. ¢ƘŀǘΩǎ ǿƘȅ ȅƻǳΩƭƭ ƭƻǾŜ 

this book if you are a curious person. (cc) Olivier Ezratty, 2021-2022. 

If you have some scientific background, youôll play in familiar territory but if youôve had your degree 

a couple decades ago, this overview will provide you with some interesting intellectual upgrades. On 

top of that, learning quantum science is probably more efficient than Sudoku or crosswords to train 

your brain muscle as it ages! 

First and second quantum revolutions applications 

Quantum physics has been implemented since the post-war period in almost all products and tech-

nologies in electronics, computing and telecommunications. 

This corresponds to the first quantum revolution. It includes transistors, invented in 1947, which 

use the field effect and are the basis of all our existing digital world, photovoltaic cells which rely on 

the pairs of electron holes created by incident photons, and lasers which also exploit the interaction 

of light and matter and are used in a very large number of applications, particularly in telecommuni-

cations and optical storage (CD, DVD and the likes, which are now mostly outdated). 

 

Figure 4: first and second quantum revolution definition and related use cases. (cc) Olivier Ezratty, 2020-2022. 
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Many medical imaging solutions rely on various quantum effects, including nuclear magnetic reso-

nance imaging (MRI). LEDs are also based on quantum effects. The GPS is relying on atomic clocks 

synchronization. Quantum dots used in high-end LCD displays and Smart TVs also use variations of 

the photoelectric effect. The list is long, and we will not detail all these use cases! 

The second quantum revolution covers the technologies combining all or part of the ability to con-

trol individual quantum objects (atoms, electrons, photons), use quantum superposition and/or entan-

glement. We owe the names of the first and second quantum revolutions to Alain Aspect, Jonathan 

Dowling and Gerard Milburn in 20033. The first and the two following ones created it simultaneously 

and independently. In the United States, the paternity is attributed to the latter, while in France, it is 

attributed to the former! Who knows why? 

The scope of the second quantum revolution covers various recent applications of quantum physics 

that integrate quantum computing, quantum telecommunications, quantum cryptography and quan-

tum sensing. Said simply, itôs about improving our digital world performance and security, and to 

increase the precision of all sorts of sensors. 

¶ Quantum computing is the broad domain of using quantum physics to find solutions to various 

computing problems. It includes various computing paradigms like gate-based computing, quan-

tum annealing and quantum simulations. Hundred pages are covering this topic in this book. 

¶ Quantum cryptography is a mean of communicating inviolable public cryptography keys thanks 

to quantum physics phenomena and rules, like photon entanglement and the no-cloning theorem. 

It relies either on fiber optic communications or on space links with satellites as China has tested 

with its Micius satellite since 2017. Post-quantum cryptography is a different field which is 

intended to replace current classical cryptographic solutions with new solutions that are supposed 

to be resistant to attacks carried out by future quantum computers. It is not belonging to the second 

quantum revolution per se but is rather a consequence of it. 

¶ Quantum telecommunications enables distributed computing, connecting quantum computers 

enabling qubit to qubit distant entanglement, and, potentially, quantum sensors, which can be 

implemented to improve their accuracy. This field still in the making could become the base for 

a very secure quantum Internet and quantum cloud infrastructures. We cannot exploit it to transmit 

classic information faster than today4. However, it can be used to distribute quantum processing 

on several quantum processors. It could provide a mean to ñscale-outò quantum computers, when 

itôs becoming difficult to ñscale-inò. This requires a lot of engineering, particularly to convert 

solid qubits into photon qubits and share entanglement resources. 

 

3 See Speakable and unspeakable in quantum mechanics by John S. Bell, June 2004 edition (289 pages) which contains a preface by 

Alain Aspect on the second quantum revolution, dated February 2003, pages 18 to 40. We find the expression in Quantum technology: 

the second quantum revolution by Jonathan P. Dowling and Gerard J. Milburn, June 2003 (20 pages) as well as in Quantum Technology 

Second Quantum Revolution by Jonathan Dowling, 2011 (60 pages). Dowling's writings make a very large inventory of various quan-

tum technologies embedded in this second quantum revolution. The Second Quantum Revolution: From Entanglement to Quantum 

Computing and Other Super-Technologies by Lars Jaeger, 2018 (331 pages) is a broader overview of the different sides of the second 

quantum revolution. 

4 But..." Entangled states cannot be used to communicate from one point to another in space-time faster than light. Indeed, the states 

of these two particles are only coordinated and do not allow to transmit any information: the result of the measurement relative to the 

first particle is always random. This is valid in the case of entangled states as well as in the case of non-entangled states. The modifi-

cation of the state of the other particle, however instantaneous it may be, leads to a result that is just as random. Correlations between 

the two measurements can only be detected once the results have been compared, which necessarily implies a classical exchange of 

information, respectful of relativity. Quantum mechanics thus respects the principle of causality". Source: https://fr.wikipe-

dia.org/wiki/Intrication_quantique. 

https://www.amazon.fr/Speakable-Unspeakable-Quantum-Mechanics-Philosophy/dp/0521818621
http://www.phys.lsu.edu/~jdowling/publications/Dowling03.pdf
http://www.phys.lsu.edu/~jdowling/publications/Dowling03.pdf
https://nanohub.org/resources/13075/download/2011.11.16-Dowling-QIQC.pdf
https://nanohub.org/resources/13075/download/2011.11.16-Dowling-QIQC.pdf
https://www.springer.com/gp/book/9783319988238
https://www.springer.com/gp/book/9783319988238
https://fr.wikipedia.org/wiki/Intrication_quantique
https://fr.wikipedia.org/wiki/Intrication_quantique
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¶ Quantum sensing makes it possible to measure most physical dimensions with several orders of 

magnitude better precision than existing classical sensing technologies, even existing atomic 

clocks. It is a vast scientific field that is the subject of numerous research projects and industrial 

solutions. It includes ultra-precise atomic clocks5, cold atom accelerometers and gyroscopes that 

use atomic interferometry, SQUIDs (superconducting based) and NV center magnetometers. 

Microgravimeters measure gravity 

with extreme precision, enabling 

discoveries of underground anoma-

lies like holes, water and various ma-

terials. This domain also includes 

various advanced medical imaging 

systems with higher precision and 

non-destructive imaging and meas-

urement tools6 . A dedicated section 

of this book is covering quantum 

sensing, starting page 565. The di-

versity of quantum sensing solutions 

or prospect solutions is staggering.  
Figure 5: various quantum sensing use cases. Source: EU and US Air Force, 2015. 

Why quantum computing? 

The main goal for using quantum computing is to solve complex problems that are and will stay 

inaccessible to classical computers. This happens when these problems solutions scale exponentially 

in computing time on classical machines. Problems that scale polynomially on classical hardware are 

not very interesting for quantum computing. The promise of quantum computing is to address this 

need. But a big warning and legal disclaimer: it is still a promise! We are still far off from delivery. 

 
Figure 6: simplified view of the quantum computing theoretical promise. Before delivering this promise, quantum computers may bring 

other benefits like producing better and more accurate results and/or doing this with a smaller energy footprint. (cc) Olivier Ezratty, 2022. 

 

5 See for example this NIST work on an atomic clock based on rubidium, the element most frequently used in atomic clocks. NIST 

Team Demonstrates Heart Of Next-Generation  Chip-Scale Atomic Clock, May 2019. 

6 See Quantum camera snaps objects it cannot 'see', by Belle Dume, May 2018. This is a variant of Diffraction Free Light Source for 

Ghost Imaging of Objects Viewed Through Obscuring Media by Ronald Meyers, 2010 (22 pages). Yanhua Shih (University of Mary-

land) US Army Research Laboratory, has been working on the subject since 2005. Quantum Imaging by Yanhua Shih, 2007 (25 pages). 

Also, see Quantum Imaging - UMBC (47 slides). 

(cc) Olivier Ezratty, 2022
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https://bioengineer.org/nist-team-demonstrates-heart-of-next-generation-chip-scale-atomic-clock/
https://apps.dtic.mil/dtic/tr/fulltext/u2/a593199.pdf
https://www.newscientist.com/article/dn13825-quantum-camera-snaps-objects-it-cannot-see/
https://apps.dtic.mil/dtic/tr/fulltext/u2/a593199.pdf
https://apps.dtic.mil/dtic/tr/fulltext/u2/a593199.pdf
https://arxiv.org/abs/0707.0268
http://boydnlo.ca/rochesterarchive/www2.optics.rochester.edu/workgroups/boyd/archive/Quantum%20Imaging/Assets/presentations/2-UMBC.pdf
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Quantum computing promise 

Typical exponential problems are combinatorial optimization searches and chemical simulations. 

Their size is usually expressed in a number of items like a number of steps for solving a travelling 

salesperson problem. Exponential problems are said to be "intractable" because their computation 

time evolves in crazy proportions with their size. 

It starts with various optimization problems such as the above-mentioned traveling salesperson prob-

lem, with its contemporary equivalents applied to product delivery or autonomous vehicles routing. 

Today, you optimize your route with Google Maps or Waze, based on traffic conditions. Traffic con-

ditions are variable and your actual journey time is not always what was planned nor optimal. 

With fully autonomous fleets, it may theoretically be possible to optimize the individual path of each 

and every vehicle based on their departure and destination locations. Conventional algorithms could 

work with a limited number of vehicles, but beyond a few hundred vehicles and trips, traditional 

computing capacities would be largely saturated. Quantum computing may then come to the rescue! 

Secondly, we have physics and molecular simulations, themselves governed by quantum mechanics 

equations. It usually boils down to finding the minimum energy configuration of a system, in order 

to simulate the interaction of atoms in molecules, complex crystal structures or even how magnetism 

works in various materials. This deals with both classical chemical engineering and biochemistry. 

Rest assured, this will not go so as far as to simulate an entire living being or even a cell. It will 

already be a fantastic feat when we are able to simulate some simple de-novo protein folding in a 

better way than what AlphaFold 3 from DeepMind is doing today, the next step being protein inter-

actions simulations7. 

A third area for quantum computing is the training and inferences of machine learning models and 

neural networks. It is now within the reach of conventional computers equipped with GPGPUs (gen-

eral purpose GPUs) such as Nvidia's V100, A100 and H100 and their tensor processing specialized 

units, optimizing matrices-based operations. Quantum advantage is less obvious in this field, partic-

ularly since machine learning must usually be trained with a lot of data. Nowadays, however, using 

quantum computing for machine learning happens to potentially bring another benefit: creating better 

solutions instead of creating it faster. 

 
Figure 7: typical quantum computing use cases where a quantum speedup brings clear benefits. ¢ƘŜǎŜ ŀǊŜ ǎǘƛƭƭ άǇǊƻƳƛǎŜǎέ ǎƛƴŎŜ ǘƘŜ 
capable hardware to implement many of these solutions with a quantum speedup remains to be created and it may take a while up 

to several decades!  (cc) Olivier Ezratty, 2020. 

 

7 The competition from classical machine learning is still significant and growing. See Scientists are using AI to dream up revolutionary 

new proteins by Ewen Callaway, Nature, September 2022. 
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Finally, you canôt avoid integer factorization, which is of particular interest to the NSA and their peers 

to break RSA-type public-key encryption security. Weôll dig 

into this in details starting page 787. 

Other applications are investigated for different markets such 

as finance, insurance and even marketing. Many businesses 

have complex optimization problems to solve. Like with most 

technology-driven disruptions, businesses will progressively 

discover quantum computing use case as its market and related 

skills grow. 

In extreme cases, computing times on conventional computers 

for exponential problems, even with the most powerful supercomputers of the moment, would exceed 

the age of the Universe, i.e. 13.85 billion years. 

Most of these promises are dependent on the ability to create large scale and fault-tolerant quantum 

computers, which are years if not decades away. In the interim, we may end-up having quantum 

systems able to deliver other benefits like producing better and more accurate results and/or doing 

this with a smaller energy footprint, but not with a real exponential speedup. 

Mooreôs law limitations 

Moore's empirical law application, or ñMore than Mooreò as its successor is now labelled, would 

have a marginal impact, dotted in the graph. First of all, it has been slowing down since 2006, and 

even if it did not slow down, it would not bring the capacity to solve exponential problems. Compu-

tation times for exponential problems would remain exponential despite the supposed doubling of 

machine power every 18 months to two years. The addition of a single qubit theoretically doubles 

quantum computers power, both in terms of internal memory space and computing parallelism capac-

ity8. 

In comparison, quantum computers could theoretically, one of these days, solve these same problems 

within a reasonable time span on the scale of a human life, in hours, days, weeks or months. Reason-

ableness obviously depends on the nature of the problem to be solved. 

The main benefit of quantum computation is to modify the time scales for solving a problem and turn 

problems whose classical solution requires some exponential time into quantum solutions requiring 

at most some polynomial time. It can become useful when the size of the problem is large, sometimes 

with only about fifty items in a combinatorial optimization search! Quantum computation also makes 

it possible to gain space, particularly memory, to perform these calculations. 

However, the scientific and technological barriers to overcome to make this real are still immense. 

Some of these use case promises may even be frequently oversold. 

Meanwhile, quantum computing is not a ñjack of all tradesò solution. It is not a replacement tool but 

more a complement to current High-Performance Computers (HPC). Many, if not most of todayôs 

classical computing problems and software are not at all relevant use cases for quantum computing. 

From an economy historical perspective, the consequence is that quantum computing wonôt probably 

be a Schumpeterian innovation. It will not entirely replace classical legacy technologies. It will com-

plement it. Itôs an incremental instead of being a replacement technology. You probably wonôt have a 

quantum desktop, laptop or smartphone to run your usual digital tasks although quantum technologies 

can be embedded in these devices like quantum sensors and quantum random number generators. 

 

8 One could though argue that adding a single functional qubit to a quantum computer appears to be exponentially difficult with the 

number of qubits. 

ñBuilding a quantum com-

puter is a race between hu-

mans and nature, not between 

countriesò 

Lu Chaoyang, China 

December 2020. 
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Quantum computers will be hidden from users and sit in cloud data centers, like Nvidia GPGPUs 

racks. This will be even amplified by the progress we can anticipate with wireless telecoms. 

When quantum computers will scale after 2030, weôll probably use 6G or 7G networks with even 

better latency and bandwidth! Of course, itôs still hard to anticipate the usages brought by quantum 

computers when they will scale. 

Letôs still boil in the fact that, as weôll see later, quantum computers are not excellent to handle big 

data not for real-time computing. This makes it less relevant to use a local quantum processor, as it 

makes sense today to have local neural networks capacities to handle your in-camera image recogni-

tion processing and voice recognition in smartphones. Less data means more relevance for distant 

quantum computation done in the cloud. 

Classical computing technology developments 

How are we currently making progress with conventional computing? We rely on a few known tech-

niques, some of which have not yet been fully explored. 

Multi-core architectures enable parallel processing but with limits formalized by Amdahl's law, 

which describes the upper limits of parallel computing systems acceleration. 

We have the ongoing sluggish increase of transistors density in processors coupled with so-called 

Domain Specific Architectures using ad-hoc circuits like tensors (matrix multipliers) used to run 

specialized algorithms like neural networks. One key technology development is to make sure 

memory is as close as possible to processing units. 

Neuromorphic processors mimic biological neurons features with integrated memory and pro-

cessing using memristors9. They can be implemented with spintronics electronics, that imitate how 

brain cells work with their own memory10. 

         
Figure 8Υ 5ŜƴƴŀǊŘΩǎ ǎŎŀƭŜ ǿƘƛŎƘ ŜȄǇƭŀƛƴǎ ǘƘŜ ŘŀǊƪ ǎƛƭƛŎƻƴ phenomenon where all CMOS chipsets components cannot be used 

simultaneously. Compilation (cc) Olivier Ezratty. 

 

9 One famous work with neuromorphic processor is the Loihi project from Intel. See Intel's Neuromorphic Chip Gets A Major Upgrade 

Loihi 2 packs 1 million neurons in a chip half the size of its predecessor by Samuel K. Moore, IEEE Spectrum, October 2021. 

10 See the review paper Quantum materials for energy-efficient neuromorphic computing: Opportunities and challenges by Axel Hoff-

mann, Julie Grollier et al, April 2022 (24 pages). 
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The heat barrier limits our capacity to increase processor clock speed beyond 5 GHz. It can reach 6 

GHz with liquid cooling11. 

This is due to the end, in 2006, of Robert Dennard's (1932, American) scale established in 1974. 

According to this scale or rule, as the transistors density increased, the power consumed per unit area 

of the chipsets was stable. This happened since the transistors voltage and current could decrease with 

their density, while increasing the clock frequency. Starting with 65 nm integration, this rule was 

broken. It comes from an unwanted leakage current between source and drain regions caused by 

depletion areas interpenetration. Thatôs why, among other phenomena, your laptop computer is also 

heating your legs when you use it in public transportation or in your coach12. 

The transistors current leaks started to grow and power consumption soared. This is what prevents 

the growth of processors clock. At the beginning of the 2000s, Intel planned in its roadmaps to raise 

their CPU clock frequency up to 20 GHz. 

Intel then stopped play-

ing this game and instead 

entered the multicore 

realm. However, in June 

2021, Intel released a 

new microprocessor for 

high-end laptops running 

at a 2.9 GHz base clock 

but with a 5 GHz turbo 

mode for a single core, 

the 4-core i7-1195G7, 

etched in 10 nm, and 

with a 28W TDP13. 

 
Figure 9: how CMOS ŎƘƛǇǎŜǘǎ ŎƭƻŎƪ ǿŀǎ ǎǳǇǇƻǎŜŘ ǘƻ ƛƴŎǊŜŀǎŜΧ ŀƴŘ ŘƛŘƴΩǘΦ {ƻǳǊŎŜΥ High Performance 

Computing - The Multicore Revolution by Andrea Marongiu (41 slides), 2019. Additions: Olivier Ezratty. 

The semiconductor demand switched in 2007 towards low-power multi-functions chipsets for 

smartphones. This opened a boulevard for Arm core-based processors and growth for corporations 

like Qualcomm. 

The available computing power per consumed kW increased steadily, doubling every 1.57 years be-

tween 1946 and 2009, according to Jonathan Koomey's empirical law enacted in 2010. However, 

this doubling slowed down to 2.6 years after 2000, due to the end of Dennard's scale. 

There are many techniques used to optimize classical computing footprint, particularly around 

memory management, with making sure memory is as close as possible to computing, including in-

memory processing14. After 2006, transistors density still continued to increase.  

However, the end of Dennard's scale led to the rarely mentioned dark silicon phenomenon. As the 

chipsets get too hot, it becomes difficult to use it entirely. Various methods are then combined to 

circumvent this inconvenience: on-demand cores or functions deactivations according to usage needs, 

a shutdown of certain portions or cores, a voltage drop, or a selective clock frequency adjustment. 

 

11 See on this subject Minimum Energy of Computing, Fundamental Considerations by Victor Zhirnov, Ralph Cavin and Luca Gam-

maitoni, 2014 (40 pages) which compares the energy efficiency of living things and electronics. 

12 Another phenomenon is the tunnel effect happening at the thin grid oxide level, that is reduced with using high-dielectric constant 

oxides (ñhigh k dielectricò). 

13 Thermal dissipation power. 

14 See Energy Efficient Computing Systems: Architectures, Abstractions and Modeling to Techniques and Standards by Rajeev Mu-

ralidhar et al, July 2020 (35 pages) which makes a good inventory of the various ways to save energy with classical computing. And 

Processing-in-memory: A workload-driven perspective by S. Ghose et al, IBM Research, 2019 (19 pages). 

http://algo.ing.unimo.it/people/andrea/Didattica/HPC/SlidesPDF/01.%20The%20Multicore%20Revolution.pdf
http://algo.ing.unimo.it/people/andrea/Didattica/HPC/SlidesPDF/01.%20The%20Multicore%20Revolution.pdf
https://www.intechopen.com/books/ict-energy-concepts-towards-zero-power-information-and-communication-technology/minimum-energy-of-computing-fundamental-considerations
https://arxiv.org/pdf/2007.09976.pdf
https://users.ece.cmu.edu/~saugatag/papers/19ibmjrd_pim.pdf





























































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































