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Mission
Study Quantum Approximate Optimization

Algorithm (QAQOA):

Power of quantum?

QAOA: arXiv:1411.4028



AQC Connection
e QAOA = AOC = Quantum Circuits

*Adiabatic Quantum Computation (AQC)

H(t) = I_I.s:imple(1 — 5(t)) + Hsopution S(t)

where s(t):0—>1 as t: 0 - T

*As T — oo, AQC:

‘Gsimpl«c,') = |Gsolution>



Discretizing AQC
[W(T)) = U(T,0) [¥(0))

* Time dependence: .
U(T,0) = 1_[ exp(—iH(jAt) At)
j=0
* Anti-commutation:

e—l(H1+H2) ~ (e—lHl/Me—le/M)M



_ EE
QAOA Connection

* AQC: .
Usoc(T, 0) ~ H(e—iH1 51(AL) At/M o =i Hy 52(AL) At/MYM
j=0
+ QAOA-p: :
Ugaoa-p = 1_[ et Fifl g=t Vil
j=1

*as p — &0, UQAOA—p = Uygc



_ EE
QAOA Connection

* AQC: .
Usoc(T, 0) ~ H(e—iH1 51(AL) At/M o =i Hy 52(AL) At/MYM
j=0
+ QAOA-p: :
Ugaoa—p = 1_[ e~ Fifl g1Vt
j=1

*Let E and ]7 be free! (and find "good angles”...)



Classically Hard Distributions

e Quantum distributions:
*Boson Sampling

QP
* Forrelation

*Hard distribution = Solvers with quantum advantage?
* Test bed: UQAOA—l — e_iﬁBe_in

* QAOA-1is classically hard to sample

“Quantum Supremacy”: arXiv:1602.07674



Optimization Problems

C(Z) = Yy Co(Z)

1 If Z satisfies

and ze{0,1}"
0 else

where C,(2) = {

e QAOA-1:

Max (y, BICly, B)
Z,Y,p

where |y, B) = e—i,BBe—in|_|_>®”

andtiie= ;-lle-



Trivialize C
*QAOA-1: |y, B) =e PP Be—in|_|_>®n

where C(2) = X" . C,(2)

e~V C — e—iY[51+Z5iZi+26ijZiZj+---]

2N, T
Y

O = 8 = O +

*All C > some trivial C’



. L
Max E3Lin with Bounded Degree

+Cy == (14 Z, Zy Z) where C(2) = 2, Co(2)

* Original best known approximation:

* Classical: G i ConSt') QAOA-1: G s ;3/4) m

* Afterwards:
* Classical: G +

const.)

o QAOA-1: (1+ . )m

2 101 D1/21nD

Max E3Lin: arXiv:1412.6062



| L
Simpler QAOA-1

m
C=an=5l +25lzl+25l,jzlzj+
g7=1 }

i<j
* Boolean functions = Sum of Zs

* Two-body QAOA-1 = Hard distribution



Max-Cut
1
~— \\ Co = Ciijy = 5(1 E Zizj)

I / |00), [11) - O |01),]10) = 1

ly, B) = e"# Beiy C| )&

' L= Z Cijy
: (i, YEE




EE
QAOQOA-1 and Max-Cut

+Given Cyjy == (I — Z;Z;) what does QAOA-1 do?

* Previously:

(© = ) (Cup)=

(Lj)EE

Z (+|BmelV CeBE Xk (v @I Xieg=1¥ €| 4)@"
(L,J)EE



EE
QAOQOA-1 and Max-Cut

+Given Cyjy == (I — Z;Z;) what does QAOA-1 do?

* Previously:

(© = ) (Cup)=

(Lj)EE

Z (+]Eel CoBKHXD € g IBXHX)) gmiy C| )87
(L,J)EE



EE
QAOQOA-1 and Max-Cut

<C(i,j)> s <_|_|®neiy CplB (Xit+X}) C<i,j> e—iB(Xi+Xj)e—in|_|_>®n

(Ciip) = me =
<V'18|C<i,j>|%ﬁ> = 2 Wy <ng<i,j>>
g

J-regular: A e >



Closed Form

*But what is QAOA-1 doing with Max-Cut?

(Ciijy)=

1
- [1 + sin(4f) sin(4y) {cos'Ai “1(2y) + cos!Ai _1(2)’)}
+ sin2(28) cosul=2wiil(2y) {1-cos il (4)’)}-

[ i i
V‘_Vg | Ajj | M
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High Level Sketch

e (XX ) L XX ) i
(Cijy) = (+]"e¥Ce's (X‘+X’)E(1 — 7,7;)e” aHit X g =iy 4ym

1 il | .
= S ). (2l Yy e Cla)
z,ae{+1}"
11 Nl 2
A Z zizje" fleac

ze{+1}"



High Level Sketch

i
3 1 1 .
= _ . otV 8ij(2)
e 9 T m+1 Z Zily & o
Wi ze{+1}"
1 jwij 2K 2k |A; /| -2k
— LS Z;iZ; A R sin(y)<* cos(y)'"t
zZe{+1}" k odd
1SkS|Wij|
1 1 1 — cos(2 y)Iwil

= — — —Cgs(y)|Aif|_2|Wif| [

2. 42 2



Learning from the Closed Form

e 1L

— M dll=2| s g
<C<i;j>>ﬁ=n/4 o E e ECOS()/)| J| |W]| [

1 — cos(2 y)|Wif|]
2

*Ciijy(z): 00,11 (not cut) —» 0; 01,10 (cut) - 1

. (C(i,j>> = On average, how often the edge is cut

i
* For an edge to have an advantage: xm/z

even odd



Future Work

* Design better classical algorithms
* Otherwise, gain insight into the quantum advantage

* Apply techniques to QAOA-1 on other problems:
* Understand Cs with terms like Z;Z;Z;, and so on...

* Examine QAOA-2. Extend arguments beyond p=2?



Thanks!



