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D-Wave for Optimization

Binary-Quadratic Program
(B-QP / QUBO)

NP-Hard Combinatorial Optimization Problem




The Benchmarking Question |
< /BIG DEAL!

State-of-the-Art f? N \J/DUC

Optimization Tools =

>




h

A Preferable Benchmarking Situation

Current State-of-the-Art

Claim: On this problem,

D-Wave is state-of-the-art.
The ends justify the means.

v \ D-Wave Based Algorithm
Protein
Folding
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A Benchmarking Stopgap
D‘:LJBUE

B-QP

Problem f. ,.}. ..f,.
volvers Generation
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Problems with Problem Generation

 How hard are randomly generated problems?
» Lessons learned from Random SAT
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The Key Challenge

How to generate a HARD D-\Wave case

?

look to the literature
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Proposed Problem Generators
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» set couplers at random
* use K discrete steps

Proposed Problem Generators
 set fleld at random
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Proposed Problem Generators

O V — Y

* Frustrated Loops (FL)
 find random cycles

* add one edge of
frustration

e overlay multiple cycles :

|“ | ~

https://arxiv.org/abs/1508.05087
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Proposed Problem Generator

Frustrated Cluster Loops

(FCL)

* find random cycles
» add one edge of frustration
» overlay multiple cycles

https://arxiv.org/abs/1701.045/79
https://arxiv.org/abs/1703.00622
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Proposed Problem Generators

Networks (WSCN) saohs

* random grid of two N :
cell gadgets < <

» Weak-Strong Cluster o % + A
%

https://arxiv.ora/abs/1512.02206 ' i
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Types of Solvers ' GUROBI

OPTIMIZATION
OPT

HFS
D::\Wauk ? |

SA, Tabu Search
covursera

SEEEEER
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—==="7 (5!l & il
] ] |
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Discrete Optimization
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Solution Quality

1 2 3 4 5 6
Problem Size
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GUROBI

OPTIMIZATION

Best Sol. Found (Upper Bound)
/ Opt. Proof

Classic B-QP Solver

Solution

Cost
Opt.Gap—){: ___.--;{'""
-- = =
gOaI Le="" - : Lower Bound on Sol.
@ ," , «—— Time Limit (10m)

Run Time —>
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1

HFS Solver

Hamze-de Freitas-Selby (HFS)

HF
S

hitps://arxiv.orq/pdf/1207.4149.pdf

https://github.com/alex1770/QUBO-Chimera

Low Treewidth

Subgraphs

Optimization Loop using DP
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D-Wave For Optimization

* 10,000 samples @ S micro . . . uiczsn

oooooooooooo
----------------------------------------------------------

seconds each R 0

00000000000
............................

ooooooooooooooooooooooooooooooooooooooooo
vvvvvvvvvvvvvvvvvvvvvvv
ooooooooooo

* random gauge transform

00 00 0 00 00 00 00 G0 00 G0 00 00 00 G0 00 00 00 G0 00 00 00 00
000000000000000000000000000000000000000
00000000000

every 100 samples

- use the best of all samples 7@ iisin vodas

oooooooooooooooooooooooooooooooooooooooooooo
---------------------------------
ooooooooooo
oooooooooooo

------------------------------

00000000000000000000000000000000000000
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

e Takes 3.5 seconds on the

000000000000

QPU 612 DW2X

UNCLASSIFIED

Operated by Los Alamos National Security, LLC for the U.S. Department of Energy's NNSA  NATIONA :nl :30 RRRRRR

Anvra ANemrar Fnrmavy Advwn'svesen



20

Open-Source B-QP Tools

- - » = ‘4, T, -‘ a2 _.-3 :'--\“’ <= ." v = - - - - - -~ s~ - — - Z - - : .
& WAL - S — < - = ay -. ol = = — =
P t) I X - B . o

gbsolv

HFS
GUROBI

OPTIMIZATION

Google

or-tools

D-Wave problem spec. glue code

Instance
Generator BQPJSON BQPSOLVERS

(DWIG) Open Source Code

https://github.com/lanl-ansi/dwig

\}\ https://github.com/lanl-ansi/bgpjson gee

Scott
(CCS-7)
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Structure of the Benchmark Study

GUROBI

OPTIMIZATION

GUROBI
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Problem Hardness Test

Runtime Distribution
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How does Hardness change with K?

GUROBI

OPTIMIZATION

RAN-k RANF-k

S - = k= S - m k-t optimality proof in
I k= B k=2
m k-3 m k-3 600 sec. or less
B k=4 B k=4
W k=5 B k=5 /Q\ | \~ /’\ /’\
3 _ i 3 - i 7% @
i i BB
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7, ~ //’\

Frequency
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°5e
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These guys know what they are talking about

Sidhant
(CNLS/T-4)  (T-5)

a
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Focusing
A Detalled Study of RAN-1

e ion HFS D \Waue

(Similar story for RANF-1, omitted for time)

AAAAAAAAAAAAAAAAAA
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Detailed Runtime Studies

Part 2
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Detailed Runtime Studies
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Detailed Runtime Study 1 (RAN-1) s
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Detailed Runtime Study 1 (RAN-1) s

RAN-1 Runtime Trend RAN-1 Runtime Trend
:-- ;;‘I . hfs—ublb“~~ —— grb-ub
8 D-Wave with | = | .. -
: g \ - —— dw-ub
: o 5,000 to 10,000 ) \ —
0 o . |
. 8
Negligible ! samples is OPT
i |
Energy ., - '
Diff. 18 7 |
(<0.4%) + -
B
. i
. N g ! :
' AT i i
HFS oy 5 5
iS alwayS 19102 1elo1 1eJ|roo 1e4|ro1 1e102 1e101 1e4|roo 1e4|ro1 1e4|roz

O PT' O . O 1 SeC . Runtime (seconds, log) 1 O . O O SeC . Runtime (seconds, log)

e LOos Alamos

NATIONAL LABORATORY

Anvra ANemrar Fnrmavy Advwn'svesen



31

Detailed Runtime Study 2 (RAN-1) Ci>
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Scalability Study
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Scalability Study RAN-1
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A Word of Caution about RAN-1

* The relative difference in energy between the best HFS
solution and the worst HFS solution is only <1%

* And a similar property is true for the D-\Wave!

* This suggests that the RAN problem has many nearly-equal
local minima

* This property is not desirable for benchmarking
heuristics (e.g. SA, TabuSearch, HFS)

» Continued work is needed to design generators of
more challenging test cases!
UNCLASSIFIED
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Concluding Thoughts

* |t seems that all of the popular test cases from
the literature are “easy”

* Our D-Wave 2X chip is reliable for well-suited
optimization applications (e.g. maxcut), but the
point where it will overtake classical heuristics is
not yet clear (2000Q anyone?)

* We still have more questions, than answers!

UNCLASSIFIED
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Project Workload

D-Wave Jobs: 60,176
D-Wave CPU Days: 1.16

Darwin Jobs: 1,025,122
Darwin CPU Days: 1,290
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Special Thanks

Ryan
(CCS-7)

Admin of ASC’s
Darwin Cluster
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