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Multi-party computation 
(MPC)
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Input (player i): xi


Output: f(x1, …, xk)


Output (player i): fi(x1, …, xk)
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This is the ideal situation.

What if there is no        ?

Icons by Pixel perfect.

e.g., what is the maximum input?

e.g., was my input the highest?

https://www.flaticon.com/authors/pixel-perfect


Multi-party computation 
(MPC)
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xi  ↦ fi(x1, …, xk)

We want:


• privacy of inputs


• correctness of outputs


We cannot prevent:


• lying about inputs


• unfairness

9001



Goal: Quantum MPC 
(MPQC)
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This talk: protocol for MPQC


• subroutine: classical MPC


• Up to k-1 


• Computationally secure


• gate-by-gate, using   
                         quantum 
rounds for    the {CNOT,T}-
depth of the q computation
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MPQC: two approaches
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R1 1. Secret sharing [CGS02]


• distribute inputs 


• up to <k/2 dishonest


2. Authentication [DNS12]


• protect inputs


• hope: up to k-1 dishonest


[CGS02] Crépeau, Gottesman, and Smith. Secure multi-party quantum computation. (STOC 2002)

[DNS12] Dupuis, Nielsen, and Salvail. Actively secure two-party evaluation of any quantum operation. (CRYPTO 2012)
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Introduction



Clifford code
Key: 


Encoding:


Decoding: apply     , measure traps

| i 7! C
�
| i ⌦ |0i⌦n

�

C†

C 2R Cli↵ordn+1
Subgroup of unitaries 

Generated by H, √ Z, CNOT 
Looks “random”

traps

Theorem (informal): for any     on             qubits, the 
probability that      changes      , but is not detected at 
decoding is very small (         ).

A n+ 1
A | i

2�n

Bonus: the Clifford code also provides privacy.



Clifford code in MPQC
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• What if the encoding player 
is dishonest?


• How to do computation? 
Data is unalterable!


Answers: use classical multi-
party computation!



Public authentication test
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C1(| i ⌦ |02ni)C2C3C4C5C6



Public authentication test
C1(| i ⌦ |02ni)C2C3C4C5C6C6C5C4C3C2C1| {z }

C
Unknown to all

Player 1 created these

Using classical MPC:


• Select                                . Note:                    iff      
Lemma: apply random    and measure      traps  
                                                measure      traps


• Let player 1 apply                                     for random 


• Let player 1 measure last    qubits (check if outcome is   )


Result: authenticated state 

g 2R GL(2n,F2)
g n

2n⇡

(C 0 ⌦Xr)(I ⌦ g)C† C 0, r

rn

C 0(| i ⌦ |0ni)

g(y) = 02n
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y = 02n
<latexit sha1_base64="YfR6AKYnWALiL6rxn5KcPpcFzg4=">AAAB8XicbZDLSgMxFIbP1Futt6pLXQSL4KrMdKMboejGZQv2gu1YMmmmDc0kQ5IRhqFv4caFIm59AZ/DnTsfxfSy0NYfAh//OYec8wcxZ9q47peTW1ldW9/Ibxa2tnd294r7B00tE0Vog0guVTvAmnImaMMww2k7VhRHAaetYHQ9qbceqNJMiluTxtSP8ECwkBFsrHWXokvk3mcVMe4VS27ZnQotgzeHUvX4o/4NALVe8bPblySJqDCEY607nhsbP8PKMMLpuNBNNI0xGeEB7VgUOKLaz6Ybj9GpdfoolMo+YdDU/T2R4UjrNApsZ4TNUC/WJuZ/tU5iwgs/YyJODBVk9lGYcGQkmpyP+kxRYnhqARPF7K6IDLHCxNiQCjYEb/HkZWhWyp7luk3jCmbKwxGcwBl4cA5VuIEaNICAgEd4hhdHO0/Oq/M2a80585lD+CPn/QdOgpI7</latexit><latexit sha1_base64="PqZd8QnMTCapNVjMuYXawQpHHK8=">AAAB8XicbZDLSgMxFIbP1Futt6pLRYJFcFVmuqkboejGZQv2gu1YMmmmDc1khiQjDEOXvoEbF4q49QX6HO58Bl/C9LLQ1h8CH/85h5zzexFnStv2l5VZWV1b38hu5ra2d3b38vsHDRXGktA6CXkoWx5WlDNB65ppTluRpDjwOG16w+tJvflApWKhuNVJRN0A9wXzGcHaWHcJukT2fVoSo26+YBftqdAyOHMoVI7Hte/Hk3G1m//s9EISB1RowrFSbceOtJtiqRnhdJTrxIpGmAxxn7YNChxQ5abTjUfozDg95IfSPKHR1P09keJAqSTwTGeA9UAt1ibmf7V2rP0LN2UiijUVZPaRH3OkQzQ5H/WYpETzxAAmkpldERlgiYk2IeVMCM7iycvQKBUdwzWTxhXMlIUjOIVzcKAMFbiBKtSBgIAneIFXS1nP1pv1PmvNWPOZQ/gj6+MHLMeToQ==</latexit><latexit sha1_base64="PqZd8QnMTCapNVjMuYXawQpHHK8=">AAAB8XicbZDLSgMxFIbP1Futt6pLRYJFcFVmuqkboejGZQv2gu1YMmmmDc1khiQjDEOXvoEbF4q49QX6HO58Bl/C9LLQ1h8CH/85h5zzexFnStv2l5VZWV1b38hu5ra2d3b38vsHDRXGktA6CXkoWx5WlDNB65ppTluRpDjwOG16w+tJvflApWKhuNVJRN0A9wXzGcHaWHcJukT2fVoSo26+YBftqdAyOHMoVI7Hte/Hk3G1m//s9EISB1RowrFSbceOtJtiqRnhdJTrxIpGmAxxn7YNChxQ5abTjUfozDg95IfSPKHR1P09keJAqSTwTGeA9UAt1ibmf7V2rP0LN2UiijUVZPaRH3OkQzQ5H/WYpETzxAAmkpldERlgiYk2IeVMCM7iycvQKBUdwzWTxhXMlIUjOIVzcKAMFbiBKtSBgIAneIFXS1nP1pv1PmvNWPOZQ/gj6+MHLMeToQ==</latexit><latexit sha1_base64="YSJp1a9YxHOzFTee77D+hLkNYws=">AAAB8XicbZA9SwNBEIbn4leMX1FLm8UgWIW7NNoIQRvLCOYDkzPsbeaSJXt7x+6eEI78CxsLRWz9N3b+GzfJFZr4wsLDOzPszBskgmvjut9OYW19Y3OruF3a2d3bPygfHrV0nCqGTRaLWHUCqlFwiU3DjcBOopBGgcB2ML6Z1dtPqDSP5b2ZJOhHdCh5yBk11nqYkCviPmY1Oe2XK27VnYusgpdDBXI1+uWv3iBmaYTSMEG17npuYvyMKsOZwGmpl2pMKBvTIXYtShqh9rP5xlNyZp0BCWNlnzRk7v6eyGik9SQKbGdEzUgv12bmf7VuasJLP+MySQ1KtvgoTAUxMZmdTwZcITNiYoEyxe2uhI2ooszYkEo2BG/55FVo1aqe5Tu3Ur/O4yjCCZzCOXhwAXW4hQY0gYGEZ3iFN0c7L86787FoLTj5zDH8kfP5Az6Ij/Y=</latexit>



Public authentication test

One player performs the test: applies Clifford, measures, …


All players verify the test through classical MPC


The test can be used:


• to test encodings (as in previous slide);


• to test whether a computation step was executed honestly



Computation
Magic-state generation

Summary

Introduction

Authentication



Computation

Protocols (                                                           ) for these     :


• 1-qubit Cliffords


• CNOT (2-qubit Clifford)


• T (non-Clifford)


• (Computational-basis measurement)

C(| i ⌦ |0ni) 7! C 0(G| i ⌦ |0ni) G

| i
<latexit sha1_base64="jpcuMe++DOhu+TM2rhoJyvONKgI=">AAAB83icbZBNS8NAEIYn9avWr6pHL4tF8FQSEfRY9OKxgv2AJpTNdtIu3WzC7kYosX/DiwdFvPpnvPlv3LY5aOsLCw/vzDCzb5gKro3rfjultfWNza3ydmVnd2//oHp41NZJphi2WCIS1Q2pRsEltgw3ArupQhqHAjvh+HZW7zyi0jyRD2aSYhDToeQRZ9RYy3/yU819ReVQYL9ac+vuXGQVvAJqUKjZr375g4RlMUrDBNW657mpCXKqDGcCpxU/05hSNqZD7FmUNEYd5PObp+TMOgMSJco+acjc/T2R01jrSRzazpiakV6uzcz/ar3MRNdBzmWaGZRssSjKBDEJmQVABlwhM2JigTLF7a2EjaiizNiYKjYEb/nLq9C+qHuW7y9rjZsijjKcwCmcgwdX0IA7aEILGKTwDK/w5mTOi/PufCxaS04xcwx/5Hz+AGw9kes=</latexit><latexit sha1_base64="jpcuMe++DOhu+TM2rhoJyvONKgI=">AAAB83icbZBNS8NAEIYn9avWr6pHL4tF8FQSEfRY9OKxgv2AJpTNdtIu3WzC7kYosX/DiwdFvPpnvPlv3LY5aOsLCw/vzDCzb5gKro3rfjultfWNza3ydmVnd2//oHp41NZJphi2WCIS1Q2pRsEltgw3ArupQhqHAjvh+HZW7zyi0jyRD2aSYhDToeQRZ9RYy3/yU819ReVQYL9ac+vuXGQVvAJqUKjZr375g4RlMUrDBNW657mpCXKqDGcCpxU/05hSNqZD7FmUNEYd5PObp+TMOgMSJco+acjc/T2R01jrSRzazpiakV6uzcz/ar3MRNdBzmWaGZRssSjKBDEJmQVABlwhM2JigTLF7a2EjaiizNiYKjYEb/nLq9C+qHuW7y9rjZsijjKcwCmcgwdX0IA7aEILGKTwDK/w5mTOi/PufCxaS04xcwx/5Hz+AGw9kes=</latexit><latexit sha1_base64="jpcuMe++DOhu+TM2rhoJyvONKgI=">AAAB83icbZBNS8NAEIYn9avWr6pHL4tF8FQSEfRY9OKxgv2AJpTNdtIu3WzC7kYosX/DiwdFvPpnvPlv3LY5aOsLCw/vzDCzb5gKro3rfjultfWNza3ydmVnd2//oHp41NZJphi2WCIS1Q2pRsEltgw3ArupQhqHAjvh+HZW7zyi0jyRD2aSYhDToeQRZ9RYy3/yU819ReVQYL9ac+vuXGQVvAJqUKjZr375g4RlMUrDBNW657mpCXKqDGcCpxU/05hSNqZD7FmUNEYd5PObp+TMOgMSJco+acjc/T2R01jrSRzazpiakV6uzcz/ar3MRNdBzmWaGZRssSjKBDEJmQVABlwhM2JigTLF7a2EjaiizNiYKjYEb/nLq9C+qHuW7y9rjZsijjKcwCmcgwdX0IA7aEILGKTwDK/w5mTOi/PufCxaS04xcwx/5Hz+AGw9kes=</latexit><latexit sha1_base64="jpcuMe++DOhu+TM2rhoJyvONKgI=">AAAB83icbZBNS8NAEIYn9avWr6pHL4tF8FQSEfRY9OKxgv2AJpTNdtIu3WzC7kYosX/DiwdFvPpnvPlv3LY5aOsLCw/vzDCzb5gKro3rfjultfWNza3ydmVnd2//oHp41NZJphi2WCIS1Q2pRsEltgw3ArupQhqHAjvh+HZW7zyi0jyRD2aSYhDToeQRZ9RYy3/yU819ReVQYL9ac+vuXGQVvAJqUKjZr375g4RlMUrDBNW657mpCXKqDGcCpxU/05hSNqZD7FmUNEYd5PObp+TMOgMSJco+acjc/T2R01jrSRzazpiakV6uzcz/ar3MRNdBzmWaGZRssSjKBDEJmQVABlwhM2JigTLF7a2EjaiizNiYKjYEb/nLq9C+qHuW7y9rjZsijjKcwCmcgwdX0IA7aEILGKTwDK/w5mTOi/PufCxaS04xcwx/5Hz+AGw9kes=</latexit>

G| i
<latexit sha1_base64="rLBaFzTG8qQdESXm1jt4qn3LvEI=">AAAB9HicbZBNS8NAEIYnftb6VfXoZbEInkoigh6LHvRYwX5AG8pmO2mXbjZxd1Mosb/DiwdFvPpjvPlv3LY5aOsLCw/vzDCzb5AIro3rfjsrq2vrG5uFreL2zu7efungsKHjVDGss1jEqhVQjYJLrBtuBLYShTQKBDaD4c203hyh0jyWD2acoB/RvuQhZ9RYy7996iSadxSVfYHdUtmtuDORZfByKEOuWrf01enFLI1QGiao1m3PTYyfUWU4EzgpdlKNCWVD2se2RUkj1H42O3pCTq3TI2Gs7JOGzNzfExmNtB5Hge2MqBnoxdrU/K/WTk145WdcJqlByeaLwlQQE5NpAqTHFTIjxhYoU9zeStiAKsqMzaloQ/AWv7wMjfOKZ/n+oly9zuMowDGcwBl4cAlVuIMa1IHBIzzDK7w5I+fFeXc+5q0rTj5zBH/kfP4AADaSPA==</latexit><latexit sha1_base64="rLBaFzTG8qQdESXm1jt4qn3LvEI=">AAAB9HicbZBNS8NAEIYnftb6VfXoZbEInkoigh6LHvRYwX5AG8pmO2mXbjZxd1Mosb/DiwdFvPpjvPlv3LY5aOsLCw/vzDCzb5AIro3rfjsrq2vrG5uFreL2zu7efungsKHjVDGss1jEqhVQjYJLrBtuBLYShTQKBDaD4c203hyh0jyWD2acoB/RvuQhZ9RYy7996iSadxSVfYHdUtmtuDORZfByKEOuWrf01enFLI1QGiao1m3PTYyfUWU4EzgpdlKNCWVD2se2RUkj1H42O3pCTq3TI2Gs7JOGzNzfExmNtB5Hge2MqBnoxdrU/K/WTk145WdcJqlByeaLwlQQE5NpAqTHFTIjxhYoU9zeStiAKsqMzaloQ/AWv7wMjfOKZ/n+oly9zuMowDGcwBl4cAlVuIMa1IHBIzzDK7w5I+fFeXc+5q0rTj5zBH/kfP4AADaSPA==</latexit><latexit sha1_base64="rLBaFzTG8qQdESXm1jt4qn3LvEI=">AAAB9HicbZBNS8NAEIYnftb6VfXoZbEInkoigh6LHvRYwX5AG8pmO2mXbjZxd1Mosb/DiwdFvPpjvPlv3LY5aOsLCw/vzDCzb5AIro3rfjsrq2vrG5uFreL2zu7efungsKHjVDGss1jEqhVQjYJLrBtuBLYShTQKBDaD4c203hyh0jyWD2acoB/RvuQhZ9RYy7996iSadxSVfYHdUtmtuDORZfByKEOuWrf01enFLI1QGiao1m3PTYyfUWU4EzgpdlKNCWVD2se2RUkj1H42O3pCTq3TI2Gs7JOGzNzfExmNtB5Hge2MqBnoxdrU/K/WTk145WdcJqlByeaLwlQQE5NpAqTHFTIjxhYoU9zeStiAKsqMzaloQ/AWv7wMjfOKZ/n+oly9zuMowDGcwBl4cAlVuIMa1IHBIzzDK7w5I+fFeXc+5q0rTj5zBH/kfP4AADaSPA==</latexit><latexit sha1_base64="rLBaFzTG8qQdESXm1jt4qn3LvEI=">AAAB9HicbZBNS8NAEIYnftb6VfXoZbEInkoigh6LHvRYwX5AG8pmO2mXbjZxd1Mosb/DiwdFvPpjvPlv3LY5aOsLCw/vzDCzb5AIro3rfjsrq2vrG5uFreL2zu7efungsKHjVDGss1jEqhVQjYJLrBtuBLYShTQKBDaD4c203hyh0jyWD2acoB/RvuQhZ9RYy7996iSadxSVfYHdUtmtuDORZfByKEOuWrf01enFLI1QGiao1m3PTYyfUWU4EzgpdlKNCWVD2se2RUkj1H42O3pCTq3TI2Gs7JOGzNzfExmNtB5Hge2MqBnoxdrU/K/WTk145WdcJqlByeaLwlQQE5NpAqTHFTIjxhYoU9zeStiAKsqMzaloQ/AWv7wMjfOKZ/n+oly9zuMowDGcwBl4cAlVuIMa1IHBIzzDK7w5I+fFeXc+5q0rTj5zBH/kfP4AADaSPA==</latexit>



Single-qubit Cliffords

R2

R3

R4

R5

R6

R1
= C(| i ⌦ |0i⌦n)

Using classical MPC: update 
classical key


Then        will decode to

C 7! C 0 := C(G† ⌦ I⌦n)

(C 0)†C(| i ⌦ |0i⌦n)

= G| i ⌦ |0i⌦n



CNOT

Same strategy does not work:

                                                 is not in product form.


Instead:


• Player 1 applies                                                  for freshly 
random             .


• Player 1 executes public authentication test.

⌦

(C1 ⌦ C2)(CNOT
† ⌦ I

⌦2n)

(C 0
1 ⌦ C

0
2)CNOT (C†

1 ⌦ C
†
2)

C 0
1, C

0
2

= (C1 ⌦ C2)(| 1i ⌦ |0ni ⌦ | 2i ⌦ |0ni)



Non-Clifford gate         T =


1 0
0 e⇡i/4

�

Magic-state computation:

C3(T | i ⌦ |0ni)C2(T |+i ⌦ |0ni)C1(| i ⌦ |0ni) ⌦ 7!

“magic state”

Nobody can be trusted to create encoded magic states!



Magic-state generation

Introduction

Authentication

Computation

Summary



Magic-state generation
= C(T |+i ⌦ |0ni)

1. “cut-and-choose”:


✦ every player tests       
random states


✦ remaining     copies are 
“pretty good”


2. magic-state distillation:


✦ a Clifford circuit


✦ remaining copy is “very 
good”

n

n



Summary
A protocol for multiparty computation of any quantum circuit:


• Computationally secure against              cheaters (out of    )


• Encoded states of size              (vs.              in [DNS12])


• Computation:


• Cliffords are simple (CNOT requires quantum 
communication & public authentication test)


• T gate: requires       magic states (vs.      in [DNS12])

 k � 1 k

2n+ 1 kn+ 1

kn nk

Thank you!


