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From Bits to Qubits
Classical bit: 0,1

Store information in bit strings
Ex: “quantum” =  

01110001 01110101 01100001 
01101110 01110100 01110101 

01101101 

Computation: Transform one bit string into another using a predefined 
function (a “computer program”) represented in terms of logic gates)

<latexit sha1_base64="vWEGI0a045pnyKXSATGC9Y0J5LQ="></latexit>

x = (x1, x2, . . . , xN )
<latexit sha1_base64="BiE+amFZe7eitNqaQ2f8BHzsyv0="></latexit>

y = (y1, y2, . . . , yN )

<latexit sha1_base64="wpQfb7+RECwPhFHiFc111FLzk3A="></latexit>

2N possible inputs
<latexit sha1_base64="wpQfb7+RECwPhFHiFc111FLzk3A="></latexit>

2N possible outputs

Ex: An N-bit 
function f

<latexit sha1_base64="QeqEFZfmy7sY1uzAXRMZP7aTd6k="></latexit>x1
<latexit sha1_base64="2dd+gjyUaZnuw+wUKaZl0165ipo="></latexit>x2

<latexit sha1_base64="6YHUa0bT3r/aFxttzim2HPTOCX0="></latexit>xN

<latexit sha1_base64="nijrMuyR7mHgm/2TfIEIGpO5GqE="></latexit>y1
<latexit sha1_base64="7m/7Dt7d1dZDFGAmL6NqEFweh1s="></latexit>y2

<latexit sha1_base64="WmVHcEJ6AF5igpsFcGLKjzY12VA="></latexit>yN

<latexit sha1_base64="4bKniknpoRMTgyCJZlgC5eyTl1E="></latexit> ..
.

<latexit sha1_base64="4bKniknpoRMTgyCJZlgC5eyTl1E="></latexit> ..
.<latexit sha1_base64="nwIOWvGSPXO681e5mznVnCnEWCU="></latexit>

f



From Bits to Qubits
“A qubit… is, like, both 0 and 1 at the same time…”

Qubit (=quantum bit): A physical system with two “states” 
that is described by quantum mechanics

<latexit sha1_base64="JEtH6nDchPFGmCL/SuwFfvp6I/M="></latexit>

|0i , |1i

Can form superposition states

<latexit sha1_base64="W5/43kfHlHpr2bJCiVs3iNHwPEI="></latexit>

| i = a |0i+ b |1i
<latexit sha1_base64="0wDcHyIVmv0EvlhXChsRztYhosk="></latexit>

a, b 2 C
|a|2 + |b|2 = 1

Probabilistic objects: 
<latexit sha1_base64="W2r/xQmeIG7ZnYxXIwyBg/W1GC8="></latexit>

|a|2 =
<latexit sha1_base64="t3pWeO/quboJQQd2HEQCvIQ2YAA="></latexit>

|b|2 =

probability of being a 0 bit

probability of being a 1 bit
<latexit sha1_base64="OB6kRvrX5ldJ3uoS8DB60zxH46g="></latexit>

| i = 1p
2
|0i+ 1p

2
|1i

Ex:

50/50 mixture of 0 and 1

“Dirac notation”



2 bits: 4=22 possibilities
00, 01, 10, 11

For qubits, any superposition is allowed!

3 bits: 8=23 possibilities
000, 001,…,110,…,111

<latexit sha1_base64="CKyFxmLQXQdVSVyUAE3qhA6Grl8=">AAACvHicbZHdTtswFMfdsA/oPihwyY21alIRqErQpnEDQtvNLpm0AlISVY5z0lq1ncg+AVVR3oOn4XZ7hb0NTtqLkXJkSz/9/T+2zzlJIYVF3//X87ZevX7zdnun/+79h4+7g739a5uXhsOE5zI3twmzIIWGCQqUcFsYYCqRcJMsfjTnN3dgrMj1b1wWECs20yITnKGTpoPTaAFYRYUV9Tlr2ffr42RFQX3MWwqclq4oqKeDoT /226CbEKxhSNZxNd3rmSjNealAI5fM2jDwC4wrZlBwCXU/Ki0UjC/YDEKHmimwcdUWV9PPTklplhu3NdJW/T+jYsrapUqcUzGc2+5ZI54kiTpplmGuiJecYYnZWVwJXZQImq+ezUpJMadN32gqDHCUSweMG+F+TvmcGcbRdbcfGdBwz3OlmE6jURWBtqWB5hkaSchwVHc8R889RszmeNQ1hZsXhV1P/MJFcd13Uwq6M9mE69Nx8HXs//oyvPy+ntc2OSSfyIgE5Bu5JD/JFZkQTh7II/lD/noXXuotPLWyer11zgF5Ft7dE3nm3LQ=</latexit>

| i = a |00i+ b |01i+ c |10i+ d |11i

<latexit sha1_base64="gTNKFa7+J+BecsuNWrPUDXDxK14="></latexit>

a, b, c, d 2 C
|a|2 + |b|2 + |c|2 + |d|2 = 1

Ex: 2 qubits

<latexit sha1_base64="Yfh3s0T/B1UybvNxkImsDuNbDoY=">AAACxHicbVFbaxNBFJ6stxpvqT76MhiEFGrYLYoiFIqC+CQVTFvY2YbZydlkyMzsOhdtGMbf4q/xVV/9N86mebCbHmbg4zvfuZeN4Mam6d9ecuPmrdt3du72791/8PDRYPfxiamdZjBhtaj1WUkNCK5gYrkVcNZooLIUcFou37f+02+gDa/VF7tqoJB0rnjFGbWRmg7ekiVYTxrDAz7EpNKU+Sx4Yr5q6w/OP4VAjJPnLXyRha m/OEzDOuQiTAfDdJyuDW+DbAOGaGPH092eJrOaOQnKMkGNybO0sYWn2nImIPSJM9BQtqRzyCNUVIIp/HrIgJ9HZoarWsevLF6z/0d4Ko1ZyTIqJbUL0/W15H5Zyv32aRpnuE6ZO1u9KTxXjbOg2GXZyglsa9zuD8+4BmbFKgLKNI+dY7agcW02brlPNCj4zmopqZqRkSegjNPQlsFEQGVHoaPZu6rRfL6we11Rvp0o72qKaxIVoR+vlHVvsg1ODsbZq3H6+eXw6N3mXjvoKXqGRihDr9ER+oiO0QQx9BP9Qr/Rn+RDIhKTuEtp0tvEPEFXLPnxD9E74Pk=</latexit>

| i = 1p
2N

2N�1X

x=0

|xi

Ex: N qubits

Equal probability of all classical N-bit strings

From Bits to Qubits

<latexit sha1_base64="m4af2S9jXH7NaCZqbxGrsrmA/vM="></latexit>

|x = 0i = |0 . . . 00i
|x = 1i = |0 . . . 01i
|x = 2i = |0 . . . 10i
|x = 3i = |0 . . . 11i

. . .

|x = 2N � 1i = |1 . . . 1i

Notation: Integer x corresponds 
to a bit string of length N



“Quantum Parallelism”

<latexit sha1_base64="QeqEFZfmy7sY1uzAXRMZP7aTd6k="></latexit>x1
<latexit sha1_base64="2dd+gjyUaZnuw+wUKaZl0165ipo="></latexit>x2

<latexit sha1_base64="6YHUa0bT3r/aFxttzim2HPTOCX0="></latexit>xN

<latexit sha1_base64="nijrMuyR7mHgm/2TfIEIGpO5GqE="></latexit>y1
<latexit sha1_base64="7m/7Dt7d1dZDFGAmL6NqEFweh1s="></latexit>y2

<latexit sha1_base64="WmVHcEJ6AF5igpsFcGLKjzY12VA="></latexit>yN

<latexit sha1_base64="4bKniknpoRMTgyCJZlgC5eyTl1E="></latexit> ..
.

<latexit sha1_base64="4bKniknpoRMTgyCJZlgC5eyTl1E="></latexit> ..
.<latexit sha1_base64="nwIOWvGSPXO681e5mznVnCnEWCU="></latexit>

f
<latexit sha1_base64="Yfh3s0T/B1UybvNxkImsDuNbDoY="></latexit>

| i = 1p
2N

2N�1X

x=0

|xi

A quantum computer with N qubits is like having 
2N classical computers running in parallel!

Or, “How quantum computers don’t work”

<latexit sha1_base64="5hvvD/1dfMwq4rAwTDlkxHHRvCE="></latexit>

Uf | i ⌘
1p
2N

2N�1X

x=0

|f(x)i

=
1p
2N

2N�1X

y=0

|yi

“Quantum circuit”



“Quantum Parallelism”

A quantum computer with N 
qubits is like having 2N 

classical computers running in 
parallel!

Or, “How quantum computers don’t work”

This is super exciting! Suppose we had N=300 qubits:

<latexit sha1_base64="TjQPHiqshrlXRLSMlWqelIdwXVU="></latexit>

2300 ⇡ 1090
# of atoms in the 
known universe

<latexit sha1_base64="hoK3NV6/kAgPihJWFAsXu5PVJjU="></latexit>

⇡ 1080

There aren’t enough atoms in the universe to build a classical 
computer that can handle all 2300 inputs simultaneously!



“Quantum Parallelism”

<latexit sha1_base64="5hvvD/1dfMwq4rAwTDlkxHHRvCE="></latexit>

Uf | i ⌘
1p
2N

2N�1X

x=0

|f(x)i

=
1p
2N

2N�1X

y=0

|yi

A quantum computer can make 
this state, but we still have to 

extract the answer from it.

This turns out to be hard!

Huge interdisciplinary research activity in academia and 
industry is devoted to finding problems where quantum 

parallelism can be harnessed effectively

Unfortunately, quantum 
computing is not that 

simple!



Applications/Hype
Long-term 
• Shor’s algorithm for factoring large 

numbers: Breaks RSA encryption! 
• Shor’s algorithm for discrete logarithms: 

Breaks Diffie-Hellman encryption! 
• Grover’s search algorithm for 

unstructured databases 
• Solving systems of linear equations: 

Possible implications for many fields, 
including machine learning

Near-term 
• Simulating quantum mechanics: Advancing basic science (e.g. 

small-scale quantum chemistry, condensed matter physics) 
- Possible first steps toward larger-scale advances in chemistry, 
drug design, etc.



Goals of this course are to understand:

• (to some extent) What physical systems could make 
good quantum computers; what kinds of computational 
problems they could solve in the near term

Give you the background you need to learn more in the 
future!

• How quantum systems can be used to store and 
process information; why quantum computers can 
provide a “quantum advantage” over classical ones

And, most importantly:



Course Content Plan (Subject to Change!)
Unit 1: Linear Algebra Review

Unit 2: Introduction to Quantum Mechanics

Unit 4: Quantum Circuits

Unit 5: Physical Realizations

Unit 6: Near-Term Quantum Algorithms

Unit 3: Introduction to Classical Computation

Time permitting!



Textbook: Nielsen and Chuang, Quantum Computation and 
Quantum Information (N&C)

The gold standard QC textbook!


