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Quantum computing with two-level systems
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Bloch sphere

• Quantum system with 2 addressable states 
(qubit)
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• Arbitrary superpositions are possible

• Operations move the state of the qubit around the Bloch sphere

• The state is finally read-out by measurement



What is a quantum computer? DiVicenzo criteria
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• Constructing a quantum computer requires that the experimental setup meet the following 
conditions (DiVicenzo, 2000): 

1.A scalable physical system with well characterized qubit 

2.The ability to initialize the state of the qubits to a simple fiducial state 

3.Long relevant decoherence times 

4.A "universal" set of quantum gates 

5.A qubit-specific measurement capability

https://en.wikipedia.org/wiki/Relaxation_(NMR)


Why do we want to build one?
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• Theoretical prediction : quantum computers should allow for solving some computational 
task efficiently, while hard for normal computers ! 



Why do we want to build one?

Giulia Ferrini | WACQT 

• Theoretical prediction : quantum computers should allow for solving some computational 
task efficiently, while hard for normal computers ! 

• Efficient = takes a polynomial time t(L) in the input size L 

• Hard = takes an exponential time t(L) in the input size L



Why do we want to build one?

Giulia Ferrini | WACQT 

• Theoretical prediction : quantum computers should allow for solving some computational 
task efficiently, while hard for normal computers ! 

• Efficient = takes a polynomial time t(L) in the input size L 

• Hard = takes an exponential time t(L) in the input size L

E.g: Factoring: 
15 = 5x3 
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• Theoretical prediction : quantum computers should allow for solving some computational 
task efficiently, while hard for normal computers ! 

• Efficient = takes a polynomial time t(L) in the input size L 

• Hard = takes an exponential time t(L) in the input size L

• Efficient for a quantum computer (Shor) 

• Hard for normal computers

E.g: Factoring: 
15 = 5x3 
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How do we program a quantum computer? 
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of information 0,1 
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What is an algorithm?
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• An algorithm is sequence of operations to solve a specific problem 

• It can be broken down into three steps: load, run, and read 

• Typical algorithms that run on todays computer are expressed as logical operations on bits 
of information 0,1 

• Example of logical operations:

• NOT:   
          (the only single bit gate) 

• AND:  
           
            

             

0 → 1
1 → 0

00 → 0
01 → 0
10 → 0
11 → 1

• XOR:  
                
          
          

• NAND:   
                 
                
                                               
 

00 → 0
01 → 1
10 → 1
11 → 0

00 → 1
01 → 1
10 → 1
11 → 0

The blue and red sets are 
universal gate sets 
(Nielsen and Chuang, p 133)



Another universal gate set:
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• Toffoli gate

• Toff:  
   
     
       

…. 
   
 

000 → 000
001 → 001
010 → 010

110 → 111
111 → 110

• 3 bit gate  
• Reversible 
• Universal by itself 



Superposition and Quantum Coherence
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•Unlike the classical bits 0 and 1, it makes sense to consider arbitrary 
superpositions of the two quantum basis states |0> and |1>

State State 
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Two-qubits gates
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• An example of a 2-qubit gate: controlled NOT (CNOT)  
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• An example of a 2-qubit gate: controlled NOT (CNOT)  
 
 
 
 
 
 
 

 

 

 

|00⟩ → |00⟩

|01⟩ → |01⟩

|10⟩ → |11⟩

|11⟩ → |10⟩

•Analogously: controlled-Z



Toffoli gate
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• Toff:  
 
  

      …. 
  
     

|000⟩ → |000⟩
|001⟩ → |001⟩
|010⟩ → |010⟩

|110⟩ → |111⟩
|111⟩ → |110⟩

• 3-qubit gate  
• Same matrix representation as the classical Toffoli  
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• One possible universal gate set: 
 
 
 
 

• Another possible universal gate set: 
 
 
 
 
 
 
 

• We can approximating an arbitrary  unitary matrix using sequence of  matrices or  matrices 
(  with the 2nd universal gate set)

2N × 2N 2 × 2 4 × 4
6 × 6

• From the second set we see that classical computing is a subset of quantum computing and that 
classical computing misses coherence



A QC based only on:  
    (i) qubits initialised in a X,Y,Z eigenstate (= stabiliser state) 
    (ii) Clifford group operations  
    (iii) X,Y,Z measurements  
can be simulated efficiently with a classical computer

Gottesman-Knill theorem
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Magic states + Clifford circuits are universal
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•T-state and H-state: 

Sergey Bravyi and Alexei Kitaev, PRA 71 022316 (2005)

•From magic states to the T-gate: 
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Models of quantum computation 



1) Circuit model
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Universal gate set

•We are going to see an example of an algorithm executed in this model (Deutsche-Jozsa)



2) Measurement-based model
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<latexit sha1_base64="gK1azTOXU6j671eXJUBG/FNvX9g=">AAAB/HicbVBNS8NAEN3Ur1q/oj16WSyCp5IUUY9FLx4r2A9oQ9hsJ+3SzSbsboQQ61/x4kERr/4Qb/4bt20O2vpg4PHeDDPzgoQzpR3n2yqtrW9sbpW3Kzu7e/sH9uFRR8WppNCmMY9lLyAKOBPQ1kxz6CUSSBRw6AaTm5nffQCpWCzudZaAF5GRYCGjRBvJt6uPg0QxP49TPR1IIkYcsG/XnLozB14lbkFqqEDLt78Gw5imEQhNOVGq7zqJ9nIiNaMcppVBqiAhdEJG0DdUkAiUl8+Pn+JTowxxGEtTQuO5+nsiJ5FSWRSYzojosVr2ZuJ/Xj/V4ZWXM5GkGgRdLApTjnWMZ0ngIZNANc8MIVQycyumYyIJ1SavignBXX55lXQadfei3rg7rzWvizjK6BidoDPkokvURLeohdqIogw9o1f0Zj1ZL9a79bFoLVnFTBX9gfX5A1mHlTg=</latexit>

| outi

<latexit sha1_base64="O9B+SpY6BlYqEizo01YAyMgR3U8=">AAAB+3icbVBNS8NAEJ3Ur1q/Yj16WSyCp5IUUY9FLx4r2A9oQ9hsN+3SzSbsbsQS81e8eFDEq3/Em//GbZuDtj4YeLw3w8y8IOFMacf5tkpr6xubW+Xtys7u3v6BfVjtqDiVhLZJzGPZC7CinAna1kxz2kskxVHAaTeY3Mz87gOVisXiXk8T6kV4JFjICNZG8u3q0yBRzM+YyAcSixGnyLdrTt2ZA60StyA1KNDy7a/BMCZpRIUmHCvVd51EexmWmhFO88ogVTTBZIJHtG+owBFVXja/PUenRhmiMJamhEZz9fdEhiOlplFgOiOsx2rZm4n/ef1Uh1ee+StJNRVksShMOdIxmgWBhkxSovnUEEwkM7ciMsYSE23iqpgQ3OWXV0mnUXcv6o2781rzuoijDMdwAmfgwiU04RZa0AYCj/AMr/Bm5daL9W59LFpLVjFzBH9gff4AaF6UrQ==</latexit>

| ini



2) Measurement-based model

Giulia Ferrini | WACQT 

<latexit sha1_base64="cNMnN6wxhViQHcLjcOok6uKEk6I=">AAACEXicbVBPS8MwHE39O+e/qkcvwSHsNNoh6kUYevE4wW6DtZQ0S7ewNClJKoy6r+DFr+LFgyJevXnz25htFXTzQeDx3u/HL+9FKaNKO86XtbS8srq2Xtoob25t7+zae/stJTKJiYcFE7ITIUUY5cTTVDPSSSVBScRIOxpeTfz2HZGKCn6rRykJEtTnNKYYaSOFdvXeTxUNc5HpsS8R7zMCL6AHC5nyHzW0K07NmQIuErcgFVCgGdqffk/gLCFcY4aU6rpOqoMcSU0xI+OynymSIjxEfdI1lKOEqCCfJhrDY6P0YCykeVzDqfp7I0eJUqMkMpMJ0gM1703E/7xupuPzwMRKM004nh2KMwa1gJN6YI9KgjUbGYKwpOavEA+QRFibEsumBHc+8iJp1Wvuaa1+c1JpXBZ1lMAhOAJV4IIz0ADXoAk8gMEDeAIv4NV6tJ6tN+t9NrpkFTsH4A+sj29qOJ4D</latexit>

| outi = U | ini

•Cluster state: state associated to a graph, operationally defined as: 
 
- start with as many |+> states as the nodes of the graph 
- apply CZ gate if two nodes are related by an edge 

<latexit sha1_base64="gK1azTOXU6j671eXJUBG/FNvX9g=">AAAB/HicbVBNS8NAEN3Ur1q/oj16WSyCp5IUUY9FLx4r2A9oQ9hsJ+3SzSbsboQQ61/x4kERr/4Qb/4bt20O2vpg4PHeDDPzgoQzpR3n2yqtrW9sbpW3Kzu7e/sH9uFRR8WppNCmMY9lLyAKOBPQ1kxz6CUSSBRw6AaTm5nffQCpWCzudZaAF5GRYCGjRBvJt6uPg0QxP49TPR1IIkYcsG/XnLozB14lbkFqqEDLt78Gw5imEQhNOVGq7zqJ9nIiNaMcppVBqiAhdEJG0DdUkAiUl8+Pn+JTowxxGEtTQuO5+nsiJ5FSWRSYzojosVr2ZuJ/Xj/V4ZWXM5GkGgRdLApTjnWMZ0ngIZNANc8MIVQycyumYyIJ1SavignBXX55lXQadfei3rg7rzWvizjK6BidoDPkokvURLeohdqIogw9o1f0Zj1ZL9a79bFoLVnFTBX9gfX5A1mHlTg=</latexit>

| outi

<latexit sha1_base64="O9B+SpY6BlYqEizo01YAyMgR3U8=">AAAB+3icbVBNS8NAEJ3Ur1q/Yj16WSyCp5IUUY9FLx4r2A9oQ9hsN+3SzSbsbsQS81e8eFDEq3/Em//GbZuDtj4YeLw3w8y8IOFMacf5tkpr6xubW+Xtys7u3v6BfVjtqDiVhLZJzGPZC7CinAna1kxz2kskxVHAaTeY3Mz87gOVisXiXk8T6kV4JFjICNZG8u3q0yBRzM+YyAcSixGnyLdrTt2ZA60StyA1KNDy7a/BMCZpRIUmHCvVd51EexmWmhFO88ogVTTBZIJHtG+owBFVXja/PUenRhmiMJamhEZz9fdEhiOlplFgOiOsx2rZm4n/ef1Uh1ee+StJNRVksShMOdIxmgWBhkxSovnUEEwkM7ciMsYSE23iqpgQ3OWXV0mnUXcv6o2781rzuoijDMdwAmfgwiU04RZa0AYCj/AMr/Bm5daL9W59LFpLVjFzBH9gff4AaF6UrQ==</latexit>

| ini



2) Measurement-based model

Giulia Ferrini | WACQT 

<latexit sha1_base64="cNMnN6wxhViQHcLjcOok6uKEk6I=">AAACEXicbVBPS8MwHE39O+e/qkcvwSHsNNoh6kUYevE4wW6DtZQ0S7ewNClJKoy6r+DFr+LFgyJevXnz25htFXTzQeDx3u/HL+9FKaNKO86XtbS8srq2Xtoob25t7+zae/stJTKJiYcFE7ITIUUY5cTTVDPSSSVBScRIOxpeTfz2HZGKCn6rRykJEtTnNKYYaSOFdvXeTxUNc5HpsS8R7zMCL6AHC5nyHzW0K07NmQIuErcgFVCgGdqffk/gLCFcY4aU6rpOqoMcSU0xI+OynymSIjxEfdI1lKOEqCCfJhrDY6P0YCykeVzDqfp7I0eJUqMkMpMJ0gM1703E/7xupuPzwMRKM004nh2KMwa1gJN6YI9KgjUbGYKwpOavEA+QRFibEsumBHc+8iJp1Wvuaa1+c1JpXBZ1lMAhOAJV4IIz0ADXoAk8gMEDeAIv4NV6tJ6tN+t9NrpkFTsH4A+sj29qOJ4D</latexit>

| outi = U | ini

•Cluster state: state associated to a graph, operationally defined as: 
 
- start with as many |+> states as the nodes of the graph 
- apply CZ gate if two nodes are related by an edge 

<latexit sha1_base64="Ph57fjTxzQrbZomjYdOEBWrs9rc=">AAACMHicbZDLSgMxFIYz9VbrrerSTbAIgqXMVFE3QrELXVawF+yMQyZN29BMZkgyQpnOI7nxUXSjoIhbn8L0ImjbHwIf/zmHk/N7IaNSmeabkVpYXFpeSa9m1tY3Nrey2zs1GUQCkyoOWCAaHpKEUU6qiipGGqEgyPcYqXu98rBefyBC0oDfqn5IHB91OG1TjJS23OzVwA4ldeNaYgvEO4zAC1h27+5jK19MxlTMHydwcAR/G+aim82ZBXMkOAvWBHJgooqbfbZbAY58whVmSMqmZYbKiZFQFDOSZOxIkhDhHuqQpkaOfCKdeHRwAg+004LtQOjHFRy5fydi5EvZ9z3d6SPVldO1oTmv1oxU+9yJKQ8jRTgeL2pHDKoADtODLSoIVqyvAWFB9V8h7iKBsNIZZ3QI1vTJs1ArFqzTQvHmJFe6nMSRBntgHxwCC5yBErgGFVAFGDyCF/AOPown49X4NL7GrSljMrML/sn4/gH0TKez</latexit>

| V i = C1,2
Z C2,3

Z |+i|+i|+i

•Example: linear cluster state

<latexit sha1_base64="gK1azTOXU6j671eXJUBG/FNvX9g=">AAAB/HicbVBNS8NAEN3Ur1q/oj16WSyCp5IUUY9FLx4r2A9oQ9hsJ+3SzSbsboQQ61/x4kERr/4Qb/4bt20O2vpg4PHeDDPzgoQzpR3n2yqtrW9sbpW3Kzu7e/sH9uFRR8WppNCmMY9lLyAKOBPQ1kxz6CUSSBRw6AaTm5nffQCpWCzudZaAF5GRYCGjRBvJt6uPg0QxP49TPR1IIkYcsG/XnLozB14lbkFqqEDLt78Gw5imEQhNOVGq7zqJ9nIiNaMcppVBqiAhdEJG0DdUkAiUl8+Pn+JTowxxGEtTQuO5+nsiJ5FSWRSYzojosVr2ZuJ/Xj/V4ZWXM5GkGgRdLApTjnWMZ0ngIZNANc8MIVQycyumYyIJ1SavignBXX55lXQadfei3rg7rzWvizjK6BidoDPkokvURLeohdqIogw9o1f0Zj1ZL9a79bFoLVnFTBX9gfX5A1mHlTg=</latexit>

| outi

<latexit sha1_base64="O9B+SpY6BlYqEizo01YAyMgR3U8=">AAAB+3icbVBNS8NAEJ3Ur1q/Yj16WSyCp5IUUY9FLx4r2A9oQ9hsN+3SzSbsbsQS81e8eFDEq3/Em//GbZuDtj4YeLw3w8y8IOFMacf5tkpr6xubW+Xtys7u3v6BfVjtqDiVhLZJzGPZC7CinAna1kxz2kskxVHAaTeY3Mz87gOVisXiXk8T6kV4JFjICNZG8u3q0yBRzM+YyAcSixGnyLdrTt2ZA60StyA1KNDy7a/BMCZpRIUmHCvVd51EexmWmhFO88ogVTTBZIJHtG+owBFVXja/PUenRhmiMJamhEZz9fdEhiOlplFgOiOsx2rZm4n/ef1Uh1ee+StJNRVksShMOdIxmgWBhkxSovnUEEwkM7ciMsYSE23iqpgQ3OWXV0mnUXcv6o2781rzuoijDMdwAmfgwiU04RZa0AYCj/AMr/Bm5daL9W59LFpLVjFzBH9gff4AaF6UrQ==</latexit>

| ini



3) Adiabatic quantum computation

Giulia Ferrini | WACQT 

initial Hamiltonian, ground state 
easy to prepare

final Hamiltonian, ground state 
encodes the solution of the problem

T. Albash and D. Lidar, Rev. Mod. Phys. 90, 015002 (2018)  

N spins ↑  or ↓ (resp 1 or –1), connected by wires, J < 0 (ferromagnetic) or J > 0 
(antiferromagnetic). External magnetic field h 
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- equivalent 
- universal 
- only some of the universal models for QC
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•Let’s see how to used them for a simple algorithm: Deutsch-Jozsa! 



Giulia Ferrini | WACQT 

•Circuit model, MBQC and Adiabatic Quantum Computing are 
- equivalent 
- universal 
- only some of the universal models for QC

•Let’s see how to used them for a simple algorithm: Deutsch-Jozsa! 

•We focus on the circuit model, but constructions exist to convert 
quantum algorithms within different models



Giulia Ferrini | WACQT 

An example of quantum algorithm:  
Deutsch-Jozsa 
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• By definition, with a universal quantum computer we can implement any unitary (e.g. on 2 qubits) 

• Consider the unitary Uf associated to the classical single bit function f:



Quantum parallelism

Giulia Ferrini | WACQT 

• By definition, with a universal quantum computer we can implement any unitary (e.g. on 2 qubits) 

• Consider the unitary Uf associated to the classical single bit function f:
if |y>=|0> we have:

<latexit sha1_base64="Qga8toc4uNyfrAMd8GVvr+KOBF0=">AAACH3icbZBNS8MwGMdTX+d8q3r0EhzCvIx2yPQ49OJxgnuBtYw0S7uwNC1JqhvdvokXv4oXD4qIt30bs63C3Hwg8Mv//zwkz9+LGZXKsibG2vrG5tZ2bie/u7d/cGgeHTdklAhM6jhikWh5SBJGOakrqhhpxYKg0GOk6fVvp37zkQhJI/6ghjFxQxRw6lOMlJY6ZmU0cATiASNwZP2SI2jQU0iI6Aku+H5xcJFdOmbBKlmzgqtgZ1AAWdU65rfTjXASEq4wQ1K2bStWboqEopiRcd5JJIkR7qOAtDVyFBLpprP9xvBcK13oR0IfruBMXZxIUSjlMPR0Z4hUTy57U/E/r50o/9pNKY8TRTieP+QnDKoITsOCXSoIVmyoAWFB9V8h7iGBsNKR5nUI9vLKq9Aol+xKqXx/WajeZHHkwCk4A0VggytQBXegBuoAg2fwCt7Bh/FivBmfxte8dc3IZk7AnzImP/Cjo4Y=</latexit>

|xi|0i ! |xi|f(x)i



Quantum parallelism

Giulia Ferrini | WACQT 

• By definition, with a universal quantum computer we can implement any unitary (e.g. on 2 qubits) 

• Consider the unitary Uf associated to the classical single bit function f:
if |y>=|0> we have:

<latexit sha1_base64="Qga8toc4uNyfrAMd8GVvr+KOBF0=">AAACH3icbZBNS8MwGMdTX+d8q3r0EhzCvIx2yPQ49OJxgnuBtYw0S7uwNC1JqhvdvokXv4oXD4qIt30bs63C3Hwg8Mv//zwkz9+LGZXKsibG2vrG5tZ2bie/u7d/cGgeHTdklAhM6jhikWh5SBJGOakrqhhpxYKg0GOk6fVvp37zkQhJI/6ghjFxQxRw6lOMlJY6ZmU0cATiASNwZP2SI2jQU0iI6Aku+H5xcJFdOmbBKlmzgqtgZ1AAWdU65rfTjXASEq4wQ1K2bStWboqEopiRcd5JJIkR7qOAtDVyFBLpprP9xvBcK13oR0IfruBMXZxIUSjlMPR0Z4hUTy57U/E/r50o/9pNKY8TRTieP+QnDKoITsOCXSoIVmyoAWFB9V8h7iGBsNKR5nUI9vLKq9Aol+xKqXx/WajeZHHkwCk4A0VggytQBXegBuoAg2fwCt7Bh/FivBmfxte8dc3IZk7AnzImP/Cjo4Y=</latexit>

|xi|0i ! |xi|f(x)i



Quantum parallelism

Giulia Ferrini | WACQT 

• By definition, with a universal quantum computer we can implement any unitary (e.g. on 2 qubits) 

• Consider the unitary Uf associated to the classical single bit function f:

• The output state contains information about both values of the function f(0) and f(1)!

if |y>=|0> we have:
<latexit sha1_base64="Qga8toc4uNyfrAMd8GVvr+KOBF0=">AAACH3icbZBNS8MwGMdTX+d8q3r0EhzCvIx2yPQ49OJxgnuBtYw0S7uwNC1JqhvdvokXv4oXD4qIt30bs63C3Hwg8Mv//zwkz9+LGZXKsibG2vrG5tZ2bie/u7d/cGgeHTdklAhM6jhikWh5SBJGOakrqhhpxYKg0GOk6fVvp37zkQhJI/6ghjFxQxRw6lOMlJY6ZmU0cATiASNwZP2SI2jQU0iI6Aku+H5xcJFdOmbBKlmzgqtgZ1AAWdU65rfTjXASEq4wQ1K2bStWboqEopiRcd5JJIkR7qOAtDVyFBLpprP9xvBcK13oR0IfruBMXZxIUSjlMPR0Z4hUTy57U/E/r50o/9pNKY8TRTieP+QnDKoITsOCXSoIVmyoAWFB9V8h7iGBsNKR5nUI9vLKq9Aol+xKqXx/WajeZHHkwCk4A0VggytQBXegBuoAg2fwCt7Bh/FivBmfxte8dc3IZk7AnzImP/Cjo4Y=</latexit>

|xi|0i ! |xi|f(x)i



Quantum parallelism

Giulia Ferrini | WACQT 

• By definition, with a universal quantum computer we can implement any unitary (e.g. on 2 qubits) 

• Consider the unitary Uf associated to the classical single bit function f:

• The output state contains information about both values of the function f(0) and f(1)!

• But reading out the state, we get either one or the other…

if |y>=|0> we have:
<latexit sha1_base64="Qga8toc4uNyfrAMd8GVvr+KOBF0=">AAACH3icbZBNS8MwGMdTX+d8q3r0EhzCvIx2yPQ49OJxgnuBtYw0S7uwNC1JqhvdvokXv4oXD4qIt30bs63C3Hwg8Mv//zwkz9+LGZXKsibG2vrG5tZ2bie/u7d/cGgeHTdklAhM6jhikWh5SBJGOakrqhhpxYKg0GOk6fVvp37zkQhJI/6ghjFxQxRw6lOMlJY6ZmU0cATiASNwZP2SI2jQU0iI6Aku+H5xcJFdOmbBKlmzgqtgZ1AAWdU65rfTjXASEq4wQ1K2bStWboqEopiRcd5JJIkR7qOAtDVyFBLpprP9xvBcK13oR0IfruBMXZxIUSjlMPR0Z4hUTy57U/E/r50o/9pNKY8TRTieP+QnDKoITsOCXSoIVmyoAWFB9V8h7iGBsNKR5nUI9vLKq9Aol+xKqXx/WajeZHHkwCk4A0VggytQBXegBuoAg2fwCt7Bh/FivBmfxte8dc3IZk7AnzImP/Cjo4Y=</latexit>

|xi|0i ! |xi|f(x)i



Giulia Ferrini | WACQT 

Deutsch’s algorithm
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• Can we exploit quantum parallelism to extract a global property of the function? 

• Given a single-bit function f(x), that takes 0-> f(0) and 1-> f(1),  
 
we are interested in the property: is f(x) constant, f(0)=f(1), or balanced, f(0) different from f(1)?

Deutsch’s algorithm



Giulia Ferrini | WACQT 

• Can we exploit quantum parallelism to extract a global property of the function? 

• Given a single-bit function f(x), that takes 0-> f(0) and 1-> f(1),  
 
we are interested in the property: is f(x) constant, f(0)=f(1), or balanced, f(0) different from f(1)?

Deutsch’s algorithm

• Like before, we have a quantum computer which implements Uf



Deutsch algorithm
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• Uf acts on                                 as
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Deutsch algorithm

Giulia Ferrini | WACQT 

From Nielsen Chuang

• Uf acts on                                 as



Deutsch algorithm

Giulia Ferrini | WACQT 

A single run of the algorithm allows for determining 
if f is constant or balanced, while 2 runs are 
needed classically

From Nielsen Chuang

• Uf acts on                                 as



Deutsch-Jozsa algorithm

Giulia Ferrini | WACQT 

• f(x) is a n-bit function:                                        ; is f(x) constant or balanced?
<latexit sha1_base64="SCzaaX0dJdExy8qZkxVANjE2RL0=">AAACFXicbZDLSgMxFIYz9VbrbdSlm2ARKpQyU0RdFt24rGAv0Kklk2ba0EwyJBltGfoSbnwVNy4UcSu4821M21nU1gOBj/8/h5Pz+xGjSjvOj5VZWV1b38hu5ra2d3b37P2DuhKxxKSGBROy6SNFGOWkpqlmpBlJgkKfkYY/uJ74jQciFRX8To8i0g5Rj9OAYqSN1LGLQ+hRDr3EKbre+N6QpL2+RlKKRxgUhqfzdsfOOyVnWnAZ3BTyIK1qx/72ugLHIeEaM6RUy3Ui3U6Q1BQzMs55sSIRwgPUIy2DHIVEtZPpVWN4YpQuDIQ0j2s4VecnEhQqNQp90xki3VeL3kT8z2vFOrhsJ5RHsSYczxYFMYNawElEsEslwZqNDCAsqfkrxH0kEdYmyJwJwV08eRnq5ZJ7XirfnuUrV2kcWXAEjkEBuOACVMANqIIawOAJvIA38G49W6/Wh/U5a81Y6cwh+FPW1y94FJ0i</latexit>

x 2 {0, 1}n ! f(x) 2 {0, 1}

From Nielsen Chuang

<latexit sha1_base64="XnCp00OXYN6WflxT5E446/vxlmI=">AAACDXicbVDLSgMxFL1TX7W+qi7dBKvgapgpom6EohuXFewD2mHIpGkbmskMSUZop/0BN/6KGxeKuHXvzr8xfQjaeuByD+fcS3JPEHOmtON8WZml5ZXVtex6bmNza3snv7tXVVEiCa2QiEeyHmBFORO0opnmtB5LisOA01rQux77tXsqFYvEne7H1AtxR7A2I1gbyc8fDQdNiUWHU3SJhgPfRQO/iGzbNl38OH6+4NjOBGiRuDNSgBnKfv6z2YpIElKhCcdKNVwn1l6KpWaE01GumSgaY9LDHdowVOCQKi+dXDNCx0ZpoXYkTQmNJurvjRSHSvXDwEyGWHfVvDcW//MaiW5feCkTcaKpINOH2glHOkLjaFCLSUo07xuCiWTmr4h0scREmwBzJgR3/uRFUi3a7pldvD0tlK5mcWThAA7hBFw4hxLcQBkqQOABnuAFXq1H69l6s96noxlrtrMPf2B9fAPFhZoZ</latexit>

|zi = |z1z2...zni



Deutsch-Jozsa algorithm

Giulia Ferrini | WACQT 

• f(x) is a n-bit function:                                        ; is f(x) constant or balanced?
<latexit sha1_base64="SCzaaX0dJdExy8qZkxVANjE2RL0=">AAACFXicbZDLSgMxFIYz9VbrbdSlm2ARKpQyU0RdFt24rGAv0Kklk2ba0EwyJBltGfoSbnwVNy4UcSu4821M21nU1gOBj/8/h5Pz+xGjSjvOj5VZWV1b38hu5ra2d3b37P2DuhKxxKSGBROy6SNFGOWkpqlmpBlJgkKfkYY/uJ74jQciFRX8To8i0g5Rj9OAYqSN1LGLQ+hRDr3EKbre+N6QpL2+RlKKRxgUhqfzdsfOOyVnWnAZ3BTyIK1qx/72ugLHIeEaM6RUy3Ui3U6Q1BQzMs55sSIRwgPUIy2DHIVEtZPpVWN4YpQuDIQ0j2s4VecnEhQqNQp90xki3VeL3kT8z2vFOrhsJ5RHsSYczxYFMYNawElEsEslwZqNDCAsqfkrxH0kEdYmyJwJwV08eRnq5ZJ7XirfnuUrV2kcWXAEjkEBuOACVMANqIIawOAJvIA38G49W6/Wh/U5a81Y6cwh+FPW1y94FJ0i</latexit>

x 2 {0, 1}n ! f(x) 2 {0, 1}

Measure upper register

From Nielsen Chuang
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• The amplitude of |z=00…0> is equal to 1 if f is constant

Measure upper register

• The amplitude of |z=00…0> is equal to 0 if f is balanced

• Only one run of the quantum algorithm is necessary, vs 2^n/2 +1 classically with probability =1 

• However a probabilistic classical algorithm can determine the property efficiently
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What is the status on quantum algorithms? 



One challenge: build a reliable QC

Giulia Ferrini | WACQT 

• Environment affects quantum computers by 
inducing decoherence

Picture from Wikipedia

• Redundancy is needed in order to restore quantum information via 
Quantum Error correction
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Google AI, Nature 2025

Surface code 
(d = 7, 105 qubits)
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• So far there is no “proper” experimental implementation of Shor’s algorithm

See: Craig Gidney blow “Why haven’t quantum computers factored 21 yet?” 
https://algassert.com/post/2500



Quantum primacy models
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-> “Quantum primacy” experiments by Google (53 qubits, 2020) & Pann (56 
qubits, 2021), Google Willow chip (105 qubits, 2025, see press-release) 
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• We have programmable quantum processors of 50-100 qubits  
-> “Quantum primacy” experiments by Google (53 qubits, 2020) & Pann (56 
qubits, 2021), Google Willow chip (105 qubits, 2025, see press-release) 

• Capable of solving a task faster 
than classical computers

• The task solved faster (sampling) 
is useless



How much faster?
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How much faster?

Giulia Ferrini | WACQT 

• Took Willow chip 5 minutes, 
would require  years for a 
normal computer

1025



How useless?

Giulia Ferrini | WACQT 

Source: Google Quantum AI



A useful quantum algorithm?

Giulia Ferrini | WACQT 

Google claims they now have a first-ever algorithm to achieve verifiable 
quantum advantage on hardware: “Quantum Echoes”

Google Quantum AI, arXiv:2510.19550, see also arXiv:2510.19751



A useful quantum algorithm?

Giulia Ferrini | WACQT 

Google claims they now have a first-ever algorithm to achieve verifiable 
quantum advantage on hardware: “Quantum Echoes”

Computes out of order time-correlators, and can be used a 
“molecular ruler” — can measure longer distances than 
today’s methods, using data from Nuclear Magnetic 
Resonance (NMR) to gain more information about chemical 
structure.

Google Quantum AI, arXiv:2510.19550, see also arXiv:2510.19751



Status of quantum algorithms, summary
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• Shor’s algorithm requires million of qubits to factor a non-trivial number (with error correction) 

• “Useless” quantum advantage has been demonstrated for sampling (Google, Pan, Xanadu) 

• It is an open question which kind of problems can be solved on NISQs prototypes (early 
claims of utility with “Quantum Echoes”) 
 

For a comprehensive list of quantum algorithms and their advantage see the quantum algorithm zoo: 
https://quantumalgorithmzoo.org
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Quantum algorithms at Chalmers / in WACQT 



Sweden: Wallenberg Center for Quantum Technology

Giulia Ferrini | WACQT 

• Main goals:  
(1) To build the Swedish Quantum computer (core project);  
(2) To develop quantum technology know-how in Sweden (excellence project) 

• Located (mainly) in: Gothenburg, Stockholm and Lund 

• 12 years, (2018-2030) 

• Involving industry 

• Funding: >150 millions euros (KAW, industry, univ.) 

• 200+ researchers (about 100 at Chalmers)



Giulia Ferrini | WACQT 
2025-10-29

Quantum Computing Applications

Model protein folding: 
important for biological 
functionality and illness

Quantum Chemistry –
New possibilities in modeling molecules and materials

Logistics Optimization –
Find better solutions for e.g. airlines and electrical trucks

Does not replace classical computers. “Combinatorial co-processor.” 



• Quantum chemistry -> Design of new drugs 
and fertilizers 
 
 

Variational Quantum Eigensolver (VQE) for Quantum chemistry

See works by Martin Rahm’s group 
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Hardware efficient ansatz (HEA) for protein folding

arXiv:2509.18263

See works by Laura García-Álvarez’s and G. Johansson’s group 

Efficient Quantum Protein Structure Prediction 
with Problem-Agnostic Ansatzes
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QAOA for combinatorial optimization problems in logistics

E.g., optimize aircraft (= tail) assignment: assigning aircraft to routes 
Assign 100 guests to 100 chairs = 100*99*98* … *3*2*1 ≈ 10157 configurations  

By Jpatokal - Own work, CC BY-SA 3.0,  
https://commons.wikimedia.org/w/index.php?curid=7127535

P. Vikstål, M Grönkvist, M Svensson, M Andersson, G Johansson, G Ferrini, Phys. Rev. Applied 14, 034009 (2020)

Each trial route maps to a qubit
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What do I do? QC with the quantized harmonic oscillator

Feel free to ask me! 

14 CHAPTER II. QUANTUM PHYSICS FOR QUANTUM COMPUTATION

kind of boundaries between classical and quantum states [Zurek03]. The negative regions are
precisely what prevent the Wigner function from being regarded as a true probability distribu-
tion in phase space. It is not possible to explain these regions based on a “classical” description
of the corresponding physical system hence they are the signature of quantum effects. This idea
has been extended to the framework of QC in [Mari12]: they showed that Quantum Compu-
tations based solely on everywhere positive Wigner functions could be efficiently simulated by
classical computers.

The Wigner functions of some of the previously mentioned CV quantum states are plotted
in Figure II.2. Notice the negative regions for the Schrödinger cat and single photon states
II.2c and II.2d. These states indeed can only emerge from a quantum description of a harmonic
oscillator. Though squeezed states also bear the signature of a quantum behavior by beating
the shot noise limit in one quadrature their Wigner functions II.2b remain everywhere positive.

(a) (b)

(c) (d)

Figure II.2: Some examples of Wigner functions. (a) is the vacuum state, i.e. a coherent state
with ↵ = 0; (b) is a momentum squeezed vacuum state of momentum variance �p̂2

= 1/12,
corresponding to approximately 7.8 dB of squeezing; (c) is a Schrödinger cat state of the form
|↵i+ |�↵i, with ↵ = 2.5; and (d) is a single photon Fock state. Notice in particular the negative
regions for the last two states.

II.2.3 Homodyne detection

The most common Gaussian measurement in CV quantum information is homodyne detection,
consisting of the measurement of a quadrature (q̂ or p̂) of a bosonic mode. It is eventually
modeled as a projection on the infinitely squeezed quadrature basis |pi hp|. More precisely it
works as follows [Braunstein05].

The idea is to mix on a 50/50 beamsplitter (BS) the state to be measured with a local
oscillator, i.e. a coherent state with a large photon number and a well-defined phase (see

Phase space = Complex Plane
Infinite-dimensional Hilbert space
Example of operation: 
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X(s) = e�isp̂

Quantum resource theory for quantum computation: 
how resourceful bosonic states are?
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What do I do? QC with the quantized harmonic oscillator

Feel free to ask me! 
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kind of boundaries between classical and quantum states [Zurek03]. The negative regions are
precisely what prevent the Wigner function from being regarded as a true probability distribu-
tion in phase space. It is not possible to explain these regions based on a “classical” description
of the corresponding physical system hence they are the signature of quantum effects. This idea
has been extended to the framework of QC in [Mari12]: they showed that Quantum Compu-
tations based solely on everywhere positive Wigner functions could be efficiently simulated by
classical computers.

The Wigner functions of some of the previously mentioned CV quantum states are plotted
in Figure II.2. Notice the negative regions for the Schrödinger cat and single photon states
II.2c and II.2d. These states indeed can only emerge from a quantum description of a harmonic
oscillator. Though squeezed states also bear the signature of a quantum behavior by beating
the shot noise limit in one quadrature their Wigner functions II.2b remain everywhere positive.

(a) (b)

(c) (d)

Figure II.2: Some examples of Wigner functions. (a) is the vacuum state, i.e. a coherent state
with ↵ = 0; (b) is a momentum squeezed vacuum state of momentum variance �p̂2

= 1/12,
corresponding to approximately 7.8 dB of squeezing; (c) is a Schrödinger cat state of the form
|↵i+ |�↵i, with ↵ = 2.5; and (d) is a single photon Fock state. Notice in particular the negative
regions for the last two states.

II.2.3 Homodyne detection

The most common Gaussian measurement in CV quantum information is homodyne detection,
consisting of the measurement of a quadrature (q̂ or p̂) of a bosonic mode. It is eventually
modeled as a projection on the infinitely squeezed quadrature basis |pi hp|. More precisely it
works as follows [Braunstein05].

The idea is to mix on a 50/50 beamsplitter (BS) the state to be measured with a local
oscillator, i.e. a coherent state with a large photon number and a well-defined phase (see

Phase space = Complex Plane
Infinite-dimensional Hilbert space
Example of operation: 

<latexit sha1_base64="XRb5PcwoeBVM1tG6sByyI7dtL40=">AAAB+3icbVDLSsNAFL2pr1pfsS7dDBahbkoiim6EohuXFewD21gm00k7dDKJMxOxhPyKGxeKuPVH3Pk3Th8LbT1w4XDOvdx7jx9zprTjfFu5peWV1bX8emFjc2t7x94tNlSUSELrJOKRbPlYUc4ErWumOW3FkuLQ57TpD6/GfvORSsUicatHMfVC3BcsYARrI3Xt4l1ZHV3Q+5Qp1BlgjR6yrl1yKs4EaJG4M1KCGWpd+6vTi0gSUqEJx0q1XSfWXoqlZoTTrNBJFI0xGeI+bRsqcEiVl05uz9ChUXooiKQpodFE/T2R4lCpUeibzhDrgZr3xuJ/XjvRwbmXMhEnmgoyXRQkHOkIjYNAPSYp0XxkCCaSmVsRGWCJiTZxFUwI7vzLi6RxXHFPK87NSal6OYsjD/twAGVw4QyqcA01qAOBJ3iGV3izMuvFerc+pq05azazB39gff4Aw6GTnw==</latexit>

Z(s) = eisq̂

<latexit sha1_base64="fVcU/AlYL0EY4JPt+O+rD/by3IM=">AAAB/HicbVBNS8NAEJ34WetXtEcvi0WoB0siil6EohePFewHtLFstpt26WYTdjdCCPWvePGgiFd/iDf/jds2B219MPB4b4aZeX7MmdKO820tLa+srq0XNoqbW9s7u/beflNFiSS0QSIeybaPFeVM0IZmmtN2LCkOfU5b/uhm4rceqVQsEvc6jakX4oFgASNYG6lnl9oVdXxFH7ITplB3iDWKxz277FSdKdAicXNShhz1nv3V7UckCanQhGOlOq4Tay/DUjPC6bjYTRSNMRnhAe0YKnBIlZdNjx+jI6P0URBJU0Kjqfp7IsOhUmnom84Q66Ga9ybif14n0cGllzERJ5oKMlsUJBzpCE2SQH0mKdE8NQQTycytiAyxxESbvIomBHf+5UXSPK2651Xn7qxcu87jKMABHEIFXLiAGtxCHRpAIIVneIU368l6sd6tj1nrkpXPlOAPrM8fLLOT0w==</latexit>

X(s) = e�isp̂

Bosonic codes for QEC
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• Why: A quantum computer would allow for solving problems 
that are intractable today 
 

• Wanted: useful problems solvable on available quantum 
processors? 
 

• How (software): Quantum algorithms are sequences of 
quantum gates 
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Thank you for your attention! 

•Questions?


