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Willsch et al. (2022)
QINP 21, 141
arXiv:2105.02208

TAIL ASSIGNMENT PROBLEM

Application: Airline scheduling

Find optimal flight schedule W opensunero (7
such that each flight is covered
exactly once
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TAIL ASSIGNMENT PROBLEM — arxiv:2105.02208

V OpenSuperQ |

Problem specification
Tamg™
Find optimal flight schedule
such that each flight is covered
exactly once

Flight 0  Flight 1 Flight 2 Flight 3 Flight 4  Flight 5 Flight 469 Flight 470 Flight 471
Route O 0 1 0 0 0 0 0 0 0
Route 1 0 0 0 0 1 0 0 0 0
Route 10 0 0 0 0 0 1 0 0 1
Route 11 | 0 0 T 0 0 0 0 0 0 ]
Route 12 U 0] 0 1 0] 0] 1 0] 0]
Route 13 0 0 1 0 0 0 0 0 0
Route 14 0 0 0 1 0 0 0 0 0
Route 15 | 0] 0] 0] 0] 1 0] 0] 0] 0] |
Route 16 0] 1 0] 0] 0 0] 0] 1 0]
Route 37 0 0 0 0 0 1 0 0 0
Route 38 | 0] 0] U 1 U 0 0] 0] 0] ]
Route 39 0] 0] 0] 1 0] 0] 0] 0] 0]
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TAIL ASSIGNMENT PROBLEM arxiv:2105.02208

Mathematical formulation
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TAIL ASSIGNMENT PROBLEM arxiv:2105.02208

Mathematical formulation

»Linear assignment problem
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TAIL ASSIGNMENT PROBLEM arxiv:2105.02208

Mathematical formulation

»Linear assignment problem

—

minimize fo

subject to AT = b
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TAIL ASSIGNMENT PROBLEM arxiv:2105.02208

Mathematical formulation

»Linear assignment problem

S

minimize fT _— :
, encodes cost of assigning airplanes to routes
subject to Ar =10
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TAIL ASSIGNMENT PROBLEM arxiv:2105.02208

Mathematical formulation

»Linear assignment problem

minimize fo _— :
encodes cost of assigning airplanes to routes

bject to AZ =1 i
SUBJEEb 1o AT exact cover problem: each flight covered once
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Willsch et al. (2022)

QINP 21, 141
[AIL ASSIGNMENT PROBLEM 210502208
Flight 0 Flight1 Flight2 Flight3 Flight4 Flight5 Flight 469 Flight 470 Flight 471
Rouie? 0 b 0 0 1 0 0 0 0
. . oute
Mathematical formulation fouks 10 : ) ) ) X . . X
Route 11 | U 1 [0) U [0) U (0] (0] ]
Route 12 U U U 1 U ) 1 0 0
Route 13 0 0 1 0 0 0 0 0 0
i : Route 15 5 : f 7 : g 5 —
»Linear assignment problem Rowrs 12 1 ~ : : : : 1 s
Route 37 0 0 0 1 0 0 0
Route 38 | 1 U [0) (0] (0] U ]
Route 39 1 U 0 0 0 0

minimize fo _— :
encodes cost of assigning airplanes to routes

bject to AZ =1 i
SUBJEEb 1o AT exact cover problem: each flight covered once
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QINP 21, 141
[AIL ASSIGNMENT PROBLEM 210502208
Flight 0 Flight1 Flight2 Flight3 Flight4 Flight5 Flight 469 Flight 470 Flight 471
Rouie? 0 b 0 0 1 0 0 0 0
. . oute
Mathematical formulation fouks 10 : ) ) ) X . . X
Route 11 | U 1 [0) U [0) U (0] (0] ]
Route 12 U U U 1 U ) 1 0 0
Route 13 0 0 1 0 0 0 0 0 0
i : Route 15 5 : f 7 : g 5 —
»Linear assignment problem Rowrs 12 1 ~ : : : : 1 s
Route 37 0 0 0 1 0 0 0
Route 38 | 1 U [0) (0] (0] U ]
Route 39 1 U 0 0 0 0

minimize fo _— :
encodes cost of assigning airplanes to routes

bject to AZ =1 i
SUBJEEb 1o AT exact cover problem: each flight covered once

» Reformulation as Ising problem
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QINP 21, 141
[AIL ASSIGNMENT PROBLEM 210502208
Flight 0 Flight1 Flight2 Flight3 Flight4 Flight5 Flight 469 Flight 470 Flight 471
Rouie? 0 b 0 0 1 0 0 0 0
. . oute
Mathematical formulation fouks 10 : ) ) ) X . . X
Route 11 | U 1 [0) U [0) U (0] (0] ]
Route 12 U U U 1 U 9) 1 0 0
Route 13 0 0 1 0 0 0 0 0 0
i : Route 15 5 : f 7 7 g 5 —
»Linear assignment problem Rowrs 12 1 ~ : : J : 1 s
Route 37 0 0 0 1 0 0 0
Route 38 | 1 U [0) (0] (0] U ]
Route 39 1 U 0 0 0 0

minimize fo _— :
encodes cost of assigning airplanes to routes

bject to AZ =1 i
SUBJEEb 1o AT exact cover problem: each flight covered once

» Reformulation as Ising problem
min <<A5—5>2 +>\fT:E>

LL'Z':O,l
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Willsch et al. (2022)

QINP 21, 141
TAIL ASSIGNMENT PROBLEM
thht 0 Flight1 Flight2 Flight 3 Flight4 Flight5 Flight 469 Flight 470 Flight 471
Route 1 0 8 0 0 ? 0 0 0 0
oute
Mathematical formulation Rosie 10 : . . X o o X
Route 11 | U 1 U U [0) U U |
Route 12 U U [0) 1 [0 T 0 0
Route 13 0 0 1 0 0 0 0 0 0
- - Route 15 —1 0 5 b 0 i b 0 S
»Linear assignment problem Route 12 1 ~ — : g ! ]
Route 37 0 0 1 0 0 0
Route 38 | 1 0 0 [0 U |
Route 39 1 0] [0) 0 [0

minimize f_Tf _— :
encodes cost of assigning airplanes to routes

bject to AZ =10 .
A exact cover problem: each flight covered once 1:
»Reformulation as Ising problem QUBO <« Ising: ;= (1+s;)/2 g° I
4
2
w, ((42-0)" 0774 - 2 |I I
Bt ((AZU - b> +Af 55) Z hisi + Z Jij$i8j + const . I.l i

1<J

Counts

100 III
I I|.. .
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Willsch et al. (2022)

QINP 21, 141
TAIL ASSIGNMENT PROBLEM ArXiv2105.02208
Flight 0 Flight1 Flight2 Flight3 Flight4 Flight5 Flight 469 Flight 470 Flight 471
: : Rowe? 8 b 6 8 ? g g g 8
Mathematical formulation Rovia 10 ! : : : g 0 L
Roule13 0 0 1 0 0 0 0 0 0
. . Route 14 0 0 1 0 0 0 0 0
»Linear assignment problem Route 12 7 — ——
minimize f_Tf _— :
, encodes cost of assigning airplanes to routes
subject to AX =b _ : 10
exact cover problem: each flight covered once .
»Reformulation as Ising problem QUBO <« Ising: ;= (1+s;)/2 g° I
4
o (17-3) 177 2 |I I
Bt (<A37 - b> + Af7$> = Z hisi + Z Jij$i8j + const . I.l i
1<J
»25 - 40 qubit almost fuIIy-connected ( ‘clique”) Ising problems .
£ 100
8 I
50
0 I|.. .
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Willsch et al. (2022)

QINP 21, 141
[AIL ASSIGNMENT PROBLEM 210502208
Flight 0 Flight1 Flight2 Flight3 Flight4 Flight5 Flight 469 Flight 470 Flight 471
Rouie? 0 b 0 0 1 0 0 0 0
. . oute
Mathematical formulation fouks 10 : ) ) X . . X
Route 11 | U 1 [0) [0) U (0] [0 ]
Route 12 U U U 1 ) 1 0 0
Route 13 0 0 1 0 0 0 0 0 0
: : Route 15 5 : f 7 : g 5 —
»Linear assignment problem Route 12 1 — g ! ]
Route 37 0 0 1 0 0 0
Route 38 | 1 0 0 [ U ]
Route 39 1 0 Y] 0 U

minimize f_Tf _— :
encodes cost of assigning airplanes to routes

bject to AT =1b .
A exact cover problem: each flight covered once IZ
»Reformulation as Ising problem QUBO <« Ising: ;= (1+s;)/2 g° I
4
2
o ((a2-)"a72) - 2 |I I
:c?il& ((Aa: — b> + \f :U) Z his; + ; Ji;j8isj + const > I.l --120
1<J
» 25 - 40 qubit almost fully-connected ( Cllque ) Ismg problems

Counts

100 III
. I III- -
embedding needed

Member of the Helmholtz Association 28 August 2023 Page 5 Dr. Dennis Willsch ' '

JULICH JUNIQ

Forschungszentrum QUANTUM USER FACILITY




Willsch et al. (2022)
QINP 21, 141

TAIL ASSIGNMENT: RESULTS arxiv:2105.02208

30 - 40 qubit problems (90% nonzero couplers)
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TAIL ASSIGNMENT: RESULTS arxiv:2105.02208

30 - 40 qubit problems (90% nonzero couplers)

Scan of 10 different embeddings and 20 relative chain strengths:
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TAIL ASSIGNMENT: RESULTS arxiv:2105.02208

30 - 40 qubit problems (90% nonzero couplers)

Scan of 10 different embeddings and 20 relative chain strengths:
DW2000Q Advantage

p q
¥ W2 >
#

P |- &
» > [

VS.
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TAIL ASSIGNMENT: RESULTS

30 - 40 qubit problems (90% nonzero couplers)

Scan of 10 different embeddings and 20 relative chain strengths:

30 qubits

36 qubits

40 qubits

Member of the Helmholtz Association

Success rate Success rate Success rate

cooo

cooo

cooo ¢ )
O 0= O 0= Opd & 0o

]

DW2000Q

]

L =)

]

- 5 53-6-wwape T B-08 -8 505 868

1
w11 1 1

[

0

102 0304 05 0.6 0.7 0.8 0.9
Relative chain strength

1

Relative chain strength
= CS / max(|hil, |Jij])
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QINP 21, 141
arXiv:2105.02208

TAIL ASSIGNMENT: RESULTS

30 - 40 qubit problems (90% nonzero couplers)

Scan of 10 different embeddings and 20 relative chain strengths: ;
DW2000Q Advantage

TRAT

E {}Eli T R T T T T T E {}Eli A A
n06F FEBREE ? 1 506
. ) & -—"lt n
204 A e Ry 1 04
30 qubits o3 L a:;ﬁ,I';m,m*mEzfjﬁﬂﬁ,_ 1 502 VS.
Qu 1 T | | | | | | T Qu 1 T | | | | | | T
© 0.8 | {1 808 | ®g -
b' ﬂ 05 B 1 ﬂ 05 - 1": :;"'% a
I o 0.4 41 o 04 F r,' X —
36 qu tS S ool ;iihg;& 4 Y02 'n&‘iﬂ;n ¥ - -
s 0685 kit en.e8-8-860 5 O0FEY® | *SRsesepepeged
Q 1 T T T T T T T T a 1 T T T T T T T T
©0.8 [ {1 808} -
. 1] DE — = 1] DE — =
40 qubits §o4at 41 204t Eh i
o 0.2 | 4 © 0.2 .
‘_ﬁ U'IIEI-E-Q-E‘r-q#Q%E};E-E1E—E-’,}BE—E$—E-E] ‘_ﬁ D[EI‘—'Q "ﬁ ,._. r&-EE-EE-a-E-a8-E-8-

0.1 0.2 0.3 04 05 0.6 0.7 0.8
Relative chain strength

0.9

1

0.1 02 0.3 04 05 06 0708 09 1

Relative chain strength

Relative chain strength
= CS / max(|hil, |Jij])
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Willsch et al. (2022)
QINP 21, 141

TAIL ASSIGNMENT: RESULTS arxiv:2105.02208

50-120 qubits: larger but sparser problems (20% nonzero couplers)
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TAIL ASSIGNMENT: RESULTS arxiv:2105.02208

50-120 qubits: larger but sparser problems (20% nonzero couplers)

The fastest successful runs that reproducibly gave a solution:
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TAIL ASSIGNMENT: RESULTS arxiv:2105.02208

50-120 qubits: larger but sparser problems (20% nonzero couplers)

The fastest successful runs that reproducibly gave a solution: Pl TaR o I
0 gg | ! ! ! ! ' ' = Chimera i
¢ 07F = Pegasus
:E 0.6 | ¥ Instance 0 R .
w05 F O Instance 1 MK e 3K
§ 0.4 F < O Instance 2
w 0.3 F A Instance 3
; D.2= H = % v Instance 4
a D.é # | | | | | & Instance 5

50 60 70 80 90 100 110 120
1 1 1 1 1 1
. 1B
C 01§ g 8
g 0.01 E' g
wn F %
0.001 ' ' g ' ﬁ :

50 60 70 80 90 100 110 120
Number of qubits
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TAIL ASSIGNMENT: RESULTS arxiv:2105.02208

50-120 qubits: larger but sparser problems (20% nonzero couplers)

The fastest successful runs that reproducibly gave a solution:
0 gg | ! ! ! ! ' ' = Chimera
¢ 07F = Pegasus
E 0.6 X Instance 0 A
u 0.5 F O Instance 1
§ 0.4 F < O Instance 2
U 0.3 F A Instance 3
; D.2= H = % v Instance 4
a D.é # | | | | | & Instance 5
50 60 70 80 90 100 110 120 .
1 g . . . . . Observations:
E T
C 01§ g 8
g 0.01 | @
wn F ®
0.001 ' ' g ' ﬁ L

50 60 70 80 90 100 110 120
Number of qubits
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TAIL ASSIGNMENT: RESULTS

50-120 qubits: larger but sparser problems (20% nonzero couplers)

The fastest successful runs that reproducibly gave a solution:

" gg i ' ' ' ' ' ' —— Chimera
¢ 07F = Pegasus
E 0.6 - X Instance 0
w o 0.5 | O Instancel
g 04 < O Instance 2
w 0.3 F A [nstance 3
© 0.2 H H ] v Instance 4
£ 0.1 . [] &3 ¢$ Instance 5
o 0 1 1 1 1 1 1
50 60 70 80 a0 100 110 120
1 E 1 1 1 1 1
= o
o 0.1
p ; o 8
[y L
E L
o 0.01 F g
& F 4
0.001 ' ' g : ﬁ '
50 60 70 80 a0 100 110 120
Number of qubits
Member of the Helmholtz Association 28 August 2023 Page 7 Dr. Dennis Willsch
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Observations:
»Advantage solves larger problems
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TAIL ASSIGNMENT: RESULTS arxiv:2105.02208

50-120 qubits: larger but sparser problems (20% nonzero couplers)

The fastest successful runs that reproducibly gave a solution:
0 gg | ! ! ! ! ' ' = Chimera
¢ 07F = Pegasus
E 0.6 X Instance 0
w05 O Instancel
§ 0.4 | % O Instance 2
U 0.3 F A Instance 3
(s - | = | X
2 oip m & 8 3 instance
50 60 70 80 90 100 110 120 .
1 g . . . . —y Observations:
2 MT o »Advantage solves larger problems
o ¢ 8
o i 5 »Advantage solves problems faster
S 0.01F
wn i 3%
0.001 L ' ' g ! ﬁ !

50 60 70 80 90 100 110 120
Number of qubits
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TAIL ASSIGNMENT: RESULTS arxiv:2105.02208

50-120 qubits: larger but sparser problems (20% nonzero couplers)

The fastest successful runs that reproducibly gave a solution:
" gg i ' ' ' ' ' ' —— Chimera
¢ 07F = Pegasus
E 0.6 X Instance 0
v 0.5 F O Instance 1l
§ 0.4 | % O Instance 2
U 0.3 F A Instance 3
(s - | = | X
2 oip m & 8 3 instance
50 60 70 80 90 100 110 120 .
1 g . . . . —y Observations:
2 MT o »Advantage solves larger problems
0 F o 8
o i 5 »Advantage solves problems faster
S 001F
3 : ; i > If DW2000Q can solve a problem,
e T the success rate is sometimes higher

Number of qubits

o0
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Nemes et al. (2022)
https://tsp-quantum.netlify.app/

TRAVELING SALESMAN PROBLEM

QUBO formulation

e Hamburg

Berlin
o

Diisseldorf
o]
L ]

Kéln

Leipzig
o

™
Frankfurt

JUNIQ

QUANTUM USER FACILITY

Forschungszentrum

o0
Member of the Helmholtz Association 28 August 2023 Page 8 Dr. Dennis Willsch ' ' J U L I c H



Nemes et al. (2022)
https://tsp-quantum.netlify.app/

TRAVELING SALESMAN PROBLEM

QUBO formulation

e Hamburg

Berlin
o

Diisseldorf
o]
L ]

Kéln

Leipzig
o

™
Frankfurt
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Nemes et al. (2022)
https://tsp-quantum.netlify.app/

TRAVELING SALESMAN PROBLEM

QUBO formulation

min 7! Q%
Tk 20,1

e Hamburg

Berlin
o

Diisseldorf
o]
L ]

Koln

Leipzig
o

™
Frankfurt
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Nemes et al. (2022)
https://tsp-quantum.netlify.app/

TRAVELING SALESMAN PROBLEM

QUBO formulation : . : :
® Assign cities & times to qubits:

min 7! Q% .
x,=0,1 e Qubit z;; =1 means the traveler

is at city 7 at time €

e Hamburg

Berlin
o

Diisseldorf
o]
L ]

Koln

Leipzig
o

™
Frankfurt
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TRAVELING SALESMAN PROBLEM

QUBO formulation : . : :
® Assign cities & times to qubits:

min 7! Q% .
x,=0,1 e Qubit z;; =1 means the traveler

is at city 7 at time €

e Hamburg

Berlin
o

Diisseldorf
o]
L ]

Koln

Leipzig
o

™
Frankfurt

time steps

cities m
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Nemes et al. (2022)
https://tsp-quantum.netlify.app/

TRAVELING SALESMAN PROBLEM

QUBO formulation : . : :
® Assign cities & times to qubits:

. =T —
min ¥ QQx
¢ e Qubit z;; =1 means the traveler
is at city 7 at time €

e Hamburg

Berlin
o

e Count the cost ¢;; if the traveler
goes from ¢ to 7 at some time step

Diisseldorf
o]
L ]

Koln

Leipzig
o

min
xit:O,l

™
Frankfurt

time steps

cities m
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Nemes et al. (2022)
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TRAVELING SALESMAN PROBLEM

QUBO formulation : . : :
Cost to ® Assign cities & times to qubits:

Hiigll fTQf travel from
TR city i to city j

e Qubit z;; =1 means the traveler
is at city 7 at time €

e Hamburg

Berlin
o

Diisseldorf
o]
L ]

Koln

e Count the cost ¢;; if the traveler
goes from ¢ to 7 at some time step

Leipzig
o

min
wit:O,l

™
Frankfurt

time steps

cities m
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Nemes et al. (2022)
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TRAVELING SALESMAN PROBLEM

QUBO formulation : . : :
Cost to ® Assign cities & times to qubits:

min 7! Q% travel from .
x,=0,1 ity i to city ] e Qubit z;; =1 means the traveler

e Hamburg

is at city 7 at time €

Berlin
o

e Count the cost ¢;; if the traveler

.I.)ijsseldorf Lsipzig 1 1 1
n—1Ln—1Ln—
Kaoln . . .
e _min_ {)\ YN cwxnxa(tﬂ) goes from 7 to j at some time step
1t —Y,
1=0 0 t=0 . .
time steps ?;é@ » Traveler must pass city zonly once

cities m
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TRAVELING SALESMAN PROBLEM

QUBO formulation : . : :
Cost to ® Assign cities & times to qubits:
min 7! Q% travel from .
s x,=0,1 ity i to city ] e Qubit z;; =1 means the traveler

is at city 7 at time €

Berlin
o

ne1m—11—1 e Count the cost ¢;; if the traveler
min {)\ S‘ S‘ ) %xzt%(tﬂ) I goes from ¢ to 7 at some time step

Diisseldorf P
® lepng

°
Koln

™
Frankfurt

S Qe L
time steps i » Traveler must pass city zonly once
cities m

e Traveler can only be at one city at
each time step
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TRAVELING SALESMAN PROBLEM

QUBO formulation : . : :
Cost to ® Assign cities & times to qubits:
min 7! Q% travel from .
s x,=0,1 ity i to city j e Qubit z;; =1 means the traveler

is at city 7 at time €

Berlin
o

ne1m—11—1 e Count the cost ¢;; if the traveler
min {)\ S‘ S‘ ) %xzt%(tﬂ) I goes from ¢ to 7 at some time step

Diisseldorf P
® lepng

°
Koln

™
Frankfurt

S g L
time steps i » Traveler must pass city zonly once

cities m n—1 (nil 1) I » Traveler can only be at one city at
Lit —

each time step

e Not the DFJ formulation: linear but
exp. many inequality constraints
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TRAVELING SALESMAN PROBLEM

QUBO formulation : . : :
Cost to ® Assign cities & times to qubits:
min 7! Q% travel from .
s x,=0,1 ity i to city j e Qubit z;; =1 means the traveler

is at city 7 at time €

Berlin
o

ne1m—11—1 e Count the cost ¢;; if the traveler
min {)\ S‘ S‘ ) %xzt%(tﬂ) I goes from ¢ to 7 at some time step

Diisseldorf P
® lepng

°
Koln

™
Frankfurt

S g L
time steps i » Traveler must pass city zonly once

cities m n—1 (nil 1) I » Traveler can only be at one city at
Lit —

each time step

e Not the DFJ formulation: linear but
exp. many inequality constraints

e Could simplify by fixing starting point
> Number of qubits (n — 1)?
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TRAVELING SALESMAN PROBLEM

Scaling of chain strength and annealing time

A Q)

=6
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0O

[ X ]
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TRAVELING SALESMAN PROBLEM

Scaling of chain strength and annealing time

. Simple problem Complex problem
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I
c
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TRAVELING SALESMAN PROBLEM

Scaling of chain strength and annealing time

. Simple problem Complex problem
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TRAVELING SALESMAN PROBLEM

Scaling of chain strength and annealing time

Simple problem __Complex problem L Simgle Broblem __Complex problemr
§ R m

: 1 77 g — ——
q o
n=3 n==~6
n=4 n=7
] X ]
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11 ; 1
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Scaling of chain strength and annealing time
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TRAVELING SALESMAN PROBLEM

Scaling of chain strength and annealing time

Simple problem Complex problem Simgle Broblem Complex problem
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TRAVELING SALESMAN PROBLEM

The 6 McDonald’s restaurants in downtown London
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Gonzalez Calaza et al. (2021)
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Xiv:2101.10827
VEGETABLE GARDEN OPTIMIZATION st fz-uelch delci!
garden-optimization-problem

Overview
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» Problem: Companion planting in polyculture vegetable gardens
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garden-optimization-problem

Overview

» Problem: Companion planting in polyculture vegetable gardens
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Overview
» Problem: Companion planting in polyculture vegetable gardens
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garden-optimization-problem

Overview
» Problem: Companion planting in polyculture vegetable gardens
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» Task: Find an optimal placement of plants in the garden considering
the characteristics of their nearest neighbours
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VEGETABLE GARDEN OPTIMIZATION st fz-uelch delci!
garden-optimization-problem

QUBO formulation

min 7! Q%
:Ek;:O,l
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VEGETABLE GARDEN OPTIMIZATION st fz-uelch delci!
garden-optimization-problem

QUBO formulation e Assign plants to pots in the garden:
. =T — .
wiﬂzlgllfb’ Q e Qubit z;; = 1 means species ] is

placed in pot 7
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VEGETABLE GARDEN OPTIMIZATION st fz-uelch delci!
garden-optimization-problem

QUBO formulation e Assign plants to pots in the garden:
. =T — .
winzlgllf’? Q e Qubit z;; = 1 means species ] is

placed in pot 7

e All plants should have a good
relationship with their neighbors Happgardemg!
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Gonzalez Calaza et al. (2021)
QINP 20, 305

VEGETABLE GARDEN OPTIMIZATION itps Juait feeloh delaio

garden-optimization-problem

QUBO formulation ® Assign plants to pots in the garden:
. =T — .
winzlgllx Qr e Qubit x;; = 1 means species J is

placed in pot 7

e All plants should have a good |
relationship with their neighbors HeRy Sardening!

n: nr. of pots in the garden

t: nr. of plant species to place
J: connectivity between pots

C: relationship between species
c;: nr. of plants of species

s;: size of species |
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garden-optimization-problem

QUBO formulation e Assign plants to pots in the garden:
. =T — .
winzlgllx Qr e Qubit x;; = 1 means species J is

placed in pot 7

e All plants should have a good Nt
relationship with their neighbors Harry grdemng!

s Use all available plants and pots

n: nr. of pots in the garden

t: nr. of plant species to place
J: connectivity between pots

C: relationship between species
c;: nr. of plants of species

s;: size of species |
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Gonzalez Calaza et al. (2021)
QINP 20, 305

VEGETABLE GARDEN OPTIMIZATION g ot o-uelih de/aia)

garden-optimization-problem

QUBO formulation e Assign plants to pots in the garden:
. =T — .
winzlgllx Qr e Qubit x;; = 1 means species J is

placed in pot 7

e All plants should have a good \ i
relationship with their neighbors Harry grdemng!

s Use all available plants and pots

e Big plants should not
shadow small ones

n: nr. of pots in the garden

t: nr. of plant species to place
J: connectivity between pots

C: relationship between species
c;: nr. of plants of species

s;: size of species |
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VEGETABLE GARDEN OPTIMIZATION

Finding the optimal chain strength: Results
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Nr. of variables = 36

1 (b)

Gonzalez Calaza et al. (2021)

QINP 20, 305
arXiv:2101.10827

https://juqgit.fz-juelich.de/qip/

garden-optimization-problem

Happy gardening!

Experiment:
e 4 problems of increasing size

e Success = constraints weren'’t violated

e 10 different embeddings for each system
e Scanned 40 different values for:

Nr. of variables = 100

) — DW2000Q

__ Advantage
(Chimera)

------ Advantage

0 T L :;. o 2 ] T
00 05 1.0 15

Rel. chain strength
28 August 2023
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Rel. chain strength = CS / max(|ail,|bij|)
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Finding the optimal chain strength: Results
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Nr. of variables = 36

Gonzalez Calaza et al. (2021)
QINP 20, 305
arXiv:2101.10827
https://jugit.fz-juelich.de/qip/
garden-optimization-problem

Aseed

Happy gardening!

Experiment:

0.071 (b)
le—6 Nr. of variables = 100

(@) — DW2000Q
8- __ Advantage
(Chimera)
------ Advantage

6 -

4 .

2 -

e 4 problems of increasing size
e Success = constraints weren’t violated
e 10 different embeddings for each system
e Scanned 40 different values for:

Rel. chain strength = CS / max(|ail,|bij|)
Conclusions:

Rel. chain strength
28 August 2023
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00 05 1.0 1.5 2.0

e Trying several embeddings is very important
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Finding the optimal chain strength: Results
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e 4 problems of increasing size
e Success = constraints weren’t violated
e 10 different embeddings for each system
e Scanned 40 different values for:

Rel. chain strength = CS / max(|ail,|bij|)
Conclusions:

Rel. chain strength
28 August 2023
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e Trying several embeddings is very important
e Chain strength heavily affects success rate
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VEGETABLE GARDEN OPTIMIZATION

Finding the optimal chain strength: Results

Nr. of variables = 16
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Experiment: A >

e 4 problems of increasing size
e Success = constraints weren’t violated
e 10 different embeddings for each system
e Scanned 40 different values for:

Rel. chain strength = CS / max(|ail,|bij|)
Conclusions:

e Trying several embeddings is very important
e Chain strength heavily affects success rate
e Longer chains require higher chain strengths
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CLASSICAL AND HYBRID SOLVERS ntps i 2-uelch delp

garden-optimization-problem

Comparing energies and run times

600 - : ) :
e HSSvl < 1033 Results:
=00l * HSSV2 g « HSSvV1: best but only up to
- QBSolv 102 10k vars.
100/ *+ TabuSampler , fq”.; : e « HSSVZ2: same as vl up to
E o] #F g e 2k vars., worse later.
T g e « QBSolv: good but very
2 100f slow.
N ® HSSvl « TabuSampler: returns
1] oSV unusable results
10794 - QBSolv
> + TabuSampler extremely fast.
0 5000 10000 0 5000 10000 ConCIUS_|On'
Nr. of variables Nr. of variables « Hybrid solvers outperform

classical solvers.
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2-SATISFIABILITY @g ®
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2-SATISFIABILITY

Overview

> Mathematical formulation

F = (Ll,l V LLQ) A (Lg,l V LQ,Q) JANPTIVAN (LM,l V LM,Q)

where L; = x; or T; with z; = 0,1
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2-SATISFIABILITY

Properties: unique ground state, highly degenerate first excited level, small gaps
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B vs.

JUNIQ

QUANTUM USER FACILITY

o0
Member of the Helmholtz Association 28 August 2023 Page 17 Dr. Dennis Willsch ' ' J U L I c H

Forschungszentrum




Mehta et al., PRA 105, 062406 (2022)
Mehta et al., PRA 104, 032421 (2021)

2-SATISFIABILITY: RESULTS
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» Direct mapping:
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~90% on Advantage
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the difficult problems
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From classical SVM to quantum SVM

Feature vector Label
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» An SVM is a supervised machine-learning method for binary classification 0; .@l
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From classical SVM to quantum SVM

» An SVM is a supervised machine-learning method for binary classification 0;
Feature vector _Label

» Given a training set /
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an SVM is trained by solvmg the Quadratlc Programming problem
minimize E({a,}) = Zoznozmt tmk(dy, dm) Zozn
subject to 0<a,<C and Zozn n=0
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Experiment #1: Effective per-qubit temperature distribution
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Experiment #1: Effective per-qubit temperature distribution
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Experiment #1: Effective per-qubit temperature distribution
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Experiment #1: Effective per-qubit temperature distribution
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Experiment #1: Effective per-qubit temperature distribution
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Experiment #2: 8-qubit problem on each Chimera cell of the Pegasus graph
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Experiment #2: 8-qubit problem on each Chimera cell of the Pegasus graph
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Experiment #3: 12-qubit problem (also for intermediate times s !=1)

H(s) = Aés) (Z 0‘?) + Bés) (Z hio; + ZJija,fa;>

1 1<J

JUNIQ

QUANTUM USER FACILITY

o0
Member of the Helmholtz Association 28 August 2023 Page 25 Dr. Dennis Willsch ' ' J U L I c H

Forschungszentrum




Perot et al. (2022)
https://jugit.fz-juelich.de/qip/gbm-quant-finance

QUANTUM BOLTZMANN MACHINES

Experiment #3: 12-qubit problem (also for intermediate times s !=1)
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Experiment #3: 12-qubit problem (also for intermediate times s !=1)

Squench = 0.55, trektive = 20 US, Apause = 10 US

10 1
— A(s(t))
— B(s(t))
8 [(tquench + Aquenl(:i‘n B(l))]
6 [(tquench- B(Squench))]
4 - [(tpausea B(Spause))] \
~a
| (A ) L
| pause | I
21 ((0,B(0)
01 —
0 5 10 15 20
t [us]
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Experiment #3: 12-qubit problem (also for intermediate times s !=1)

Quantum Boltzmann distribution

at inverse temperature 5 and time s:
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Experiment #3: 12-qubit problem (also for intermediate times s !=1)
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Quantum Boltzmann distribution

at inverse temperature 5 and time s:
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Experiment #4: 96-qubit problem (~400 physical qubits, application in quantitative finance)
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Experiment #4: 96-qubit problem (~400 physical qubits, application in quantitative finance)
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Experiment #4: 96-qubit problem (~400 physical qubits, application in quantitative finance)

200
200
—8— Embedding 1
—%¥— Embedding 3
180 —<4— Embedding 4 180 1
— —»— Embedding 5 —
N x
£ 170 £ 170
<= <
160 160
150 1
150
140 — : . . .
0 5 10 15 20 140 . . | : ,
Epoch 0 20 40 60 80 100

Epoch

JUNIQ

QUANTUM USER FACILITY

o0
Member of the Helmholtz Association 28 August 2023 Page 26 Dr. Dennis Willsch ‘ ‘ J U L I c H

Forschungszentrum




Perot et al. (2022)
https://jugit.fz-juelich.de/qip/gbm-quant-finance

QUANTUM BOLTZMANN MACHINES

Experiment #4: 96-qubit problem (~400 physical qubits, application in quantitative finance)
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