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WhatisJalan.net?

You can search over plenty of Japanese
hotels and ryokans

Map Search

Jalan original, reasonable rates are
available

[ okinawa
| Hokkaido |

Kyushu | | Shikoku |

Popular Regions

Detailed information for stay is available

Recommended Cities

@
4

)

=

Recruit Group provides various kinds of online
services - from job search to online shopping -

across the globe.

Examples: Travel reservation, Restaurant

reservation, Housing information sites, etc...

45 Housing %/ Bridal & Baby

ogf Beauty
x Travel

Today’s topic is the use case of D-Wave on

Q Life & Local 020

..‘ Human Resources
Q Education
&% IT & Trends Media

(=7 Automobile Dining

the hotel reservation site “Jalan”

— https://www jalan.net/en
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View on Google Maps Ujﬁaya%)
e £
BARX 9 5
RE Minato

BX
Map data ©2018 Googe, ZENRIN

Change Dates

Check In Check Out
[ 821118

Room(s)  Adult(s) Child(ren)

1 2 - [
Filter Hotels by
Hotel Name

Price
$0 $4000

Accommodation Type

Hotel
O Ryokan
OVila

0 Public hotel
O Pension etc

Room Type
O Single room

O Twin room

O Double room

O Triple room

O Quadruple room

O Japanese-style room

() Japanese-Western style room
) Other

TOP > Tokyo > Odaiba, Shiodome, Shinbashi, Shinagawa

53 Hotels sort by| Recommended

My R

servaron
Jalan.net: One of the largest oniine hotels & ryokans booking site N Japan  we gngenusy + |uso~ [ I

~

Please be aware that the prices displayed in each currency (excluding Japanese yen) is  price for your reference.

Tokyo > Odaiba, Shiodome, Shinbashi, Shinagawa > Odaiba, Shiodome, Takeshiba

Grand Nikko Tokyo Daiba

Vacances et Elegance [T
45

multilingual support: B

@ Reservation possible without a credit card
B Twin room, Smoking
§ = With Breakfast
© Resarvation possitie withouta cro
B Twin room, Non-smoking
| = with Breakfast
© Roservaton possible withouta credt card
\i Double room

‘Tokyo > Odaiba, Shiodome, Shinbashi, Shinagawa > Shinagawa, Takanawa, Tennozu

Shinagawa Prince Hotel
¢ Just 2 minutes' walk from Shinagawa station!
Y \Gii BB Srinagawa Prince Hotel has converient ransport
£ £
\(ﬁg >
- multilingual support : B=
@ Reservation possible without a credit card
- Double room, Smoking
4 "‘*1 H 54 No meal
© Reservation possible without a cred
Double room, Non-smoking
-Ié o
i §4 No meal
o S
. | Twin room, Non-smoking
EQ —

connections, making it a gr.

Jpy 37,037~
(usp 335)

Total price

(Tax excluded, service

charge included)

Reserve >

Jpy 42,592
(usp 385)

Jpy 42,592
(usp 385)

Jpy 41,666
(usp 376)

Py 16,500~
(usp 149)

Total price
(Tax excluded, service
charge included)

Reserve >

Jey 19,800
(usp 179)

Jey 19,800
(usp 179)

Jey 21,309
(usp 192)

- 1st list *
item

- 2nd |ist
item

How to list items on an e-commerce website

The problem is how to list items

on an e-commerce website

Lists are created for each search segment
— Area (Tokyo, Kyoto, Osaka ...)
— Number of people to stay (1 per., 2 per., ...)

Lists are created every day based on an

algorithm designed to maximize sales
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Jalan.net: One of the largest online hotels & ryokans booking ste in Japan = Erciienus) + | USD + ‘

TOP > Tokyo > Odaiba, Shiodome, Shinbashi, Shinagawa

&l

View on Google Maps Urayasu
oot

<5 AR
HBXI TR o 7 53 Hotels sortby| Recommended ~
BX
Please be aware thatthe prices displayed in each currency (excluding Japanese yen) is a pice for you reference
ep dota G2015 Goage, zENR | T0K/0 > Oiba, Shiodome, Shinbashi, Shinagawa > Odaiba, Shiodome, Takeshiva
- Grand Nikko Tokyo Daiba Jpy 37,037~
Change Dates Vacances et Eiegance [T (uso 335)
Tota price
45 Tax excluded, service
charge incudec)
Check In Check Out multilingual support : 55

[ 821118

© Reservation possible without a credit card Reserve >

Room(s)  Adu(s)  Chldren T 1t oo Smoking spy 42,592
LM B M B \ @ win sreaicast (uso 385)
!

8 Twin room, Non-smoiing Iy 42,592
5w witn Broaast (usp 385)
Filter Hotels by
LS Double room JPY 41,666
Hotel Name ES = With Breakdast (usp 376)
‘Tokyo > Odaiba, Shiodome, Shinbashi, Shinagawa > Shinagawa, Takanawa, Tennozu
Price
3 Shinagawa Prince Hotel spy 16,500~
0 $4000 Just 2 minutes' wak fom Shinagawa staton! (usp 149)

‘Shinagawa Prince Hotel has convenient transport

Accommodation Type connections, making it a gr.

Hotel 37
Ryokan
i multilingual support: B
lla
) Public hotel © Roservation possible without a credit card Reserve >
O Pension etc
- Double room, Smoking Jpy 19,800
- 179)
Room Type & '“‘; U 54 nomeal (usp
- oRe o
Single room
O Twin room - Double room, Non-smoking Jey 19,800
O Double room }-li U %4 Nomeal (usp 179)
O Triple room . © Reservation possibie without a credit card
0 Quadruple room
. .‘} Twin room, Non-smoking Jey 21,309
¥ (usp 192)

Importance of listing items in e-commerce

High click rate

Low click rate

High percentage of people reserve
hotels via the hotel list screen
Changing this list has a huge impact
The higher the item is ranked in the list,

the greater the click rate

Performance difference of about 5%
observed between a well-ordered list

and randomly ordered list

(C)l?//ezcwffCommunications Co., Ltd.



Considerations in making the item list

Jalan.net: One of the largest online hotels & ryokans booking site in Japan  w poienus) + | USD +

Reservaton

In order to create an item list that maximizes sales ...

e 1. Rank items with hlg h sales pote ntial in hlg her

View on Google Maps U"ﬁaéa%
L 4
HBXI TR o 7 53 Hotels sortby| Recommended ~
X

\ap data 02016 Googl, ZENRIN | T0Y0 > Odaiba, Shiodome, Shinbashi, Shinagawa > Odaiba, Shiodome, Takeshiba

Grand Nikko Tokyo Daiba Jpy 37,037~

Change Dates Vacances et Elegance [ (uso 335)

4.5 charge included)

Check In Check Out mutlingual support: I

[ 821118

@ Reservation possible without a credit card

Room(s)  Aduls)  Chid(ren) N 0 oom, Smokie
(M ARER AN k e
© Reservaton possitl without a rei card

m i W Twin room, Non-smoking

| = win Breakfast
© Roservaton possible withouta credt card

Filter Hotels by
PSS Doue room
Hotel Name 4 WP With Breakfast

‘Tokyo > Odaiba, Shiodome, Shinbashi, Shinagawa > Shinagawa, Takanawa, Tennozu

Shinagawa Prince Hotel
Just 2 minutes’ walk from Shinagawa station!
Shinagawa Prince Hotel has convenient ransport

Price
$0 $4000

Accommodation Type connections, making it a gr.

Hotel 3.7
Ryokan
- multilingual support : E=
Villa
) Public hotel © Reservation possible without a credit card
O Pension etc
‘I Double room, Smoking
Room Type BRETS i tomea
- © Reaarvaion ponsile wibout s crod o
Single room

O Twin room y
- - Double room, Non-smoking
O Double room )f'{l L 54 No meal

Triple room @ Reservation possible without a credit card

O Quadruple room

O Japanese-style room . Twin room, Non-smoking
0 Japanese-Western style room P With Breakast
© Reservation possivie withor

O Other

(Tax excluded, service

positions on the list

e => Make it easy to find popular items

Jpy 42,592
(usp 385)

T 2. Emphasize a certain amount of diversity in the

Py 16,500~
(usp 149)

Total price

charge included)

Reserve >

a wide range of options

(usp 179)

Jey 19,800
(usp 179)

Jey 21,309
(usp 192) 6

items in high ranked positions

=> Make customers aware that they have

Communications Co., Ltd.



What is ‘diversity’ in the item list

* An example of diversity in the item list

Hotel classification diversity

Hotel location diversity

1. Budget hotel @ 1. Budget hotel @ 1. Area A hotel @ 1. Area A hotel
2. Budget hotel 2. Resort hotel 2. Area A hotel 2. Area B hotel
3. Budget hotel 3. City hotel 3. Area A hotel 3. Area C hotel
4. Resort hotel 4. Budget hotel 4. Area B hotel 4. Area A hotel
5. Resort hotel 5. Resort hotel 5. Area B hotel 5. Area B hotel
6. City hotel 6. Budget hotel 6. Area C hotel 6. Area A hotel

= Better to have items from various
locations in higher positions

= Better to have items from various
classifications in higher positions

* Related work on diversity in recommendations:
“Rank and Relevance in Novelty and Diversity Metrics for Recommender Systems” [Vyga‘s etal.’11]
“Post Processing Recommender Systenis for Diversity” [Antikacioglu et al. *17] <C>Rfec.wif’Communicaﬁons Co., Ltd.




North area
City hotel
North area
City hotel ‘
North area
City hotel
North area
Budget hotel

North area
City hotel

N

Result of solving the problem considering diversity with D-\WWave

Solving the problem considering diversity

with D-Wave, we got an item list reflecting

both scores and diversity

=> +1% sales uplift

Item list considering
only score

Item list considering
diversity

South area
Budget hotel

South area
Budget hotel

South area
Budget hotel

. C, North, City hotel
. B, North, City hotel
A, North, City hotel
North, City hotel

- 4

North, Budget hotel
. H, South, Budget hotel
. F, South, Budget hotel
. G, South, Budget hotel

. 1

1

2

3
4.D,
5.E
6

7

8

North, City hotel
South, Budget hotel
, North, City hotel
North, Budget hotel
H South, Budget hotel
. C, North, City hotel
. F, South, Budget hotel
. D, North, City hotel

[ee]
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Determining the item list considering items’ sales scores

We formulated the problem of determining the item list considering item sales

scores as an Assignment Problem (AP)

This problem can be solved easily with a general-purpose optimization solver

How to allocate items to each position?

1. Estimate sales when items 2. Decide items’ allocation to  Mmax. Z Z CijTij

allocated to each position

Position 2

C11
Hotel1 |¢ — —>| Position 1 Hotel 1
A\
\\
\
\
Hotel 2 \ 4] Pposition 2 Hotel 2
\
\
Hotel 3 Y1 Position 3 Hotel 3

Position 3

maximize sales by solving AP

Z’ Position 1

Formulation of AP

[Maximize total sales]

i€l jeJ
R . [One position allocated
s.t. wa =1, Vj e to only one item]
el
inj =1, Viel, [One item allocated
to only one position]
eJ
Jx_ e {O 1} [Whether item j
v A allocated position j |
Sales when item j .
C;q .
” allocated position j I : Setofitems
T Binary variable whether 7 . Set of positions

item J allocated position j




Determining item list considering items’ diversity

« We formulated the problem of determining the product list considering item sales’

scores and diversity as a Quadratic Assignment Problem (QAP) — NP-hard problem

How to allocate items to each position? Formulation of QAP
1. Estimate sales when items allocated to each position  maxX. Z Z CijTij — W Z Z Z Z fiirdjjr 52 0
and item similarity (customer pageview score) (€T GET (€T VELJET j'ET

diz =1 : ' '

f12 C11 [item sales’ score] [penalty of less item diversity]
s.t. - :
—| Hotel1 |¢ = —>| Position 1 4—%_ sz] =1, VjeJ,
N di3 =0 i€l
AN Y ay=1Viel
—> | Hotel 2 \ ] position 2 | «— " ’ ’
\ JjeJ
\\ Tij € {O, 1}.
___N—| Hotel3 Y| Position 3 | < Fiir Similarity between item i and i’
f13 Y * (Number of pageviews in the same session)

i e Closeness between position j and j’
J3 -

) ) ) o ) (When they are next to each other 1, else 0)
2. Decide allocation of items to maximize score by solving QAP . -
> W :  Control parameter of diversity term




Convert QAP problem into QUBO problem

« We transformed the QAP problem into Quadratic Unconstrained Binary

Optimization (QUBO) problems

Formulation of QAP Formulation of QUBO

min. —E E Cii Ty,
max. § E oy I
CijTij i€l jeJ
icl jeJ
+w§ E E E fiardjjrxijaig
- wz Z Z Z firdjjr iz icl '€l jeJ j'ed

el el jed j'ed 2
, + M z.. —1 | [Penalty of
S.t. inj =1, Vj e J, ZJ <ZI *J constraint violation]
el J€ 1€ )
Z Tij = 1, Vi € I,
. i M T —1 [Penalty of
JjeJ ZI Z " constraint violation]
Tij € {0, 1}. 1€ jeJ
P s.t. Tij € {0, 1}.
RECRUIT
Recruit Communications 12 M : Control parameter of constraint violation degree
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Experimental setting

Datasets

— Top 10 sales areas’ pageviews and reservation logs on hotel reservation site “Jalan”
« Contents

1. Change of solution when diversity control parameter is moved

2. Computing time to find the optimal solution

3. Distribution of objective values obtained by D-Wave

4. Comparison of objective values for large problems
« Computing environment and parameter setting

— D-Wave : solver = DW_2000Q_VFYC 2, num_reads=10000,
postprocess=optimization, num_spin_reversal_transforms = 4, annealing_time = 20

— CPLEX : Version 12.6.3, mip.tolerances.mipgap=0, threads=1, CPU 3.1 GHz ,,
Intel Core i7, RAM 16GB —
Frecruir :

Recruit Communications 14 (C)Beipitt Communications Co., Ltd.



Comparison of solutions when changing diversity control parameter

Score change rate by controlling w

o6l | | | | i «  When the parameter w increased
° o4 — Estimated sales score decreased
|;| ’ i 4 i
E o — Item diversity score increased
o
T ool .
S W max. » Y ciwy—w) Y > Y furdjriwiy
_r:: —02 L ] zEI jEJ | il '€l jeJ j'ed
Y

% —oal | [Estimated sales score] [ltem diversity score]
S 0.

$+—¢ Estimated sales score change rate . . .

~0.6 | 4—4 item diversity score change rate |- After this slide, the parameter w will be set to
000 002 004 006 008 010 0.07 for considering diversity
Diversity control parameter : w
pRECRUIT

Recruit Communications 15 (C)R/ec/r,u’rf(:ommmioatiom Co., Ltd.



Computing time to find the optimal solution

Comparison of TTS (Time-To-Solution)
7 * Interms of TTS (Time-To-Solution),

—+— D-Wave . . .
&1 —— CPLEX D-Wave finds the optimal solution faster
than CPLEX in our problems
5 B
? N . ngn
= «  The definition of TTS [Rennow, T. F. et al. "14]
2
2 31 In(1 — pa)
= TTS(t;) = t;R(tf), R(ts)=
, (b) =1 R(Es), - ROD = 1of g e
11 £ .
f - Runtime
01 ' . . . R(tf) - Required number of runs to find optimal solution
8 . 6 _ 7 6 (t ) . Success probability of a single-instance run
The number of items PSKUF) " of the algorithm with a runtime
PRECRUIT * D-Wave solved QUBO problems, and CPLEX Pd - Some desired probability (set to 0.99)

Recruit Communications  solved QAP problems that have constraints
16



Component ratio of gap

Distribution of objective values obtained by D-Wave

Distribution of the gap from optimal value

10

0.8 -

0.6 -

0.4 -

0.2 4

0.0 -

5 6 7
The number of items

0 (Optimal)
~1%
~2%
~3%
~4%
~5%
5%~

As the number of items increases,
the rate of obtaining optimal solutions

decreases

«  When the number of items is 8,
about 50% of solutions have a gap
from optimal value within 5%

The definition of Gap:

GAP— Optimal value — Obtained value _é

Optimal value




Gap from minimum obtained value

BN qbsolv+our decomposition °
BN gbsolv
150 - BN CPLEX

175 A

125 A

100 -

0.75 A1

0.50 A1

0.25 1

0.00 -

©
@
g
o
.
2
o
v
=
o
>
v
>
B
[
2
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<]
E
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E
<
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£
o
—_
.
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)
o
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16 20 24

The number of items

r\RECRUIT_ . * Time limit of CPLEX is set
Recruit Communications to the time required by gbsolv

18

Comparison of objective values for large problems in same computing time

We proposed a decomposition method in gbsolv
for our problem

Our proposed model could find better solutions
than other models

The gap between our gbsolv object value and
the other object value increases as the size of
the problem became large

The definition of Gap:

Minimum obtained value — Obtained value

GAP=

Minimum obtained value

==




North area North area
City hotel City hotel
_ﬂ =z
North area "
City hotel

North area r.

City hotel

North area
Budget hotel

N

Interpretation of solution obtained by solving QAP

By solving the problem, we got item list

which reflects both scores and diversity

Item list considering only score
(w=0, item diversity score = 1)

South area
Budget hotel

South area
Budget hotel

South area
Budget hotel

1. C, North, City hotel
2. B, North, City hotel
3. A, North, City hotel
D, North, City hotel
E, North, Budget hotel
H, South, Budget hotel
, South, Budget hotel

4,
5.
6.
7. F

8. G, South, Budget hotel

Item list considering diversity
(w=0.07, item diversity score = 1.27)

1. B, North, City hotel
2. G, South, Budget hotel
3. A, North, City hotel
4. E, North, Budget hotel
5. H, South, Budget hotel
6. C, North, City hotel
7. F, South, Budget hotel
8. D, North, City hotel

19

e Retpat Communications Co., Ltd.




The result of practical AB testing on our site

In AB testing, we observed better
performance considering both sales and
diversity than considering sales alone

LR + 0.987% — Total sales uplift -> + 0.987%

» Considering diversity is especially
important in smartphone sites

Sales uplift considering both sales and diversity

Result of AB testing from Aug1 to Sep10

Smartphone site + 1 5420/0

bC site « Future work

+ 0.260%

— Adjustment of the diversity parameter
in real AB testing

0.0 0.5 10 15 20

pRECRUIT

Recruit Communications 20 (C)_R,e’ig' # Communications Co., Ltd.
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« We formulated the problem of determining the item list
considering item scores and diversity as a Quadratic
Assignment Problem (QAP), which is an NP-hard problem

« We transformed the problem into Quadratic Unconstrained
Binary Optimization (QUBO) problems

 We confirmed that the order of the list determined reflects both

scores and diversity

pRECRUIT

Recruit Communications 22 (C)Ree/c;ur{Communications €o., Ltd.



Collaborator

This work was done in collaboration with:
« Masayuki Ohzeki (Tohoku University)
« Masamichi J. Miyama (Tohoku University)
« Kotaro Tanahashi (Recruit Communications Co., Ltd.)

» Koji Suganuma (Recruit Communications Co., Ltd.)

T—

pRECRUIT /

Recruit Communications 23 (G Reiapit Communications Co., Ltd.



Appendix: A Smart Decomposition

Method for Assignment Problem

Kotaro Tanahashi, Naoki Nishimura

Recruit Communications Co.,Ltd.

PRECRU IT
Recruit Communications

1 (C) Recruit Communications Co., Ltd.



Gap from minimum obtained value

BN gbsolv+our decomposition °
BN gbsolv
150 A BN CPLEX

175 A1

125 A

100

0.75 1

0.50 A1

0.25 A1

0.00 -

The gap from minimum objective value obtained

16 20 24

The number of items

r\RECRU|T_ . * Time limit of CPLEX is set
Recruit Communications to the time required by gbsolv

We only modified the
decomposition method in gbsolv

We proposed a decomposition method in gbsolv
for our problem

18

Our proposed model could find better solutions
than other models

The gap between our gbsolv object value and
the other object value increases as the size of
the problem became large

The definition of Gap:

Minimum obtained value — Obtained value

GAP=

Minimum obtained value

=




Binary Representation of Assignment Problem (AP)

Items Order rank 2 3 4 5
L

i 1 o[ [1] o]0
2 ol [o| Jo[]o
3 :{> 0110|1110

0]]0] |O]]1
4 11]10f ]0]]0

M 5 Sum of each row is 1

Sum of each column is 1

AP has complex constraint structure
3

PRECRUIT

Recruit Communications



Smart Selection of Subproblem

Original gbsolv Our decomposition
12 3 45 1 2 3
ofo 1 o]0 !
1T 010]0 O Optimize
ofojo([1]0 :{>
oOo(foo1 o0 1 )
O1110 01O Freeze

_ Selection of subproblem Selection of subproblem M

without considering the structure based on the logical structure Logical meaning
— No feasible candidate &) —> 3!1-1 feasible candidates &
PRECRUIT Ex) Size of

Recruit Communications 4



with the Same Computing Time

Gap from minimum obtained value

BN gbsolv+our decomposition °
BN gbsolv
150 A BN CPLEX

175 A1

125 A

100

0.75 1

0.50 A1

0.25 A1

0.00 -

The gap from minimum objective value obtained

16 20 24

The number of items

r\RECRU|T_ . * Time limit of CPLEX is set
Recruit Communications to the time required by gbsolv

We modified the decomposition
method in gbsolv

We proposed a decomposition method in gbsolv
for our problem

18

Our proposed model could find better solutions
than other models

The gap between our gbsolv object value and
the other object value increases as the size of
the problem became large

The definition of Gap:

Minimum obtained value — Obtained value

GAP=

Minimum obtained value

=
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How to Embed Problems in Annealing Machines

We need to write a program to construct
~ QUBO for every specific problem.

\ QUBO formulation Embed in
& determine Q; sparse hardware

_ _

¥ =min g i Qi; T

i>j

T E {07 ]‘}n7Q E Rnxn

Original problem QUBO Hardware
a N
Minor Embedding
[J. Cai+ 2014]
II: > Chain
r m p: Chain penalty
t th
RECRUlT- - dense graph sparse araph stTend
Recruit Communications q J




QUBO Construction in Recommendation

page i hotel j Python code to build QUBO
] _Jcoeff = 2.0

i T 0
A ] L N N ] def toIndex(i, j):
EEE dede‘ return i * m + j
el N

Q = collections.defaultdict(int)
Q imax_Aij = @

- Q ma for i in range(n):
ma L
i i @5 Ceotmaex o 3, tatndex Ci, ] - A2
AR oIndex (i, j), toIndex (i, j)] = -A[i,]
+ Introduce interaction max_Aij = A[1,j] if max_Aij < A[i,3] else max_Aij
- - between edges (QAP) b - rh + cont
M
< - # quadratic parts in the second terms
.. .. . # |for i in range(n):
w Z Z Z Z f“’dJJ,xl]xll], ﬁofq for k in range(m):
iel i'el jEJj’GJ for 1 in range(m):

Q[toIndex (i, k), toIndex (i, 1)] +=M

# quadratic parts in the third term
# for j in range(m):

- Maximize sum of scores ZAi £y for k in range(n:

for 1 in range(n):

- Show a hotels in each page + Increase categorical ndex Gl 20, olndex (L 0 +=
- . . . ‘# Hr}eﬁ:r parts
- Each hotel is shown b times diversity oot in rmoec:
< q QltoIndex (i, §), toIndex (i, )] += M*(-2*a -2*b)

Maximize H - C
. . # constant
o .. E : E : Lij E : Lij 4 |# € = MH(n*a%a + m*b*b)
H = E E Aljxij/Q i j601 kECz " c =\M*(n*a*a + m¥b*b) L4

c:Mi(imm_a> +Mi(§%_b>2 7 . Specific for the problem
tNY LN . Readability is low

PRECRUIT
Recruit Communications x; € {0,1} 8



Developed DSL for Building QUBOs: PyQUBO

Example: Number partitioning problem with S = {4, 2, 7, 1}
H = (4s1 + 289 + Ts3 + 184)2 si € {—1,1}

2\

Create QUBO with Domain Specific Language (DSL).

>>> from pyqubo import Spin
>>> sl, s2, s3, s4 = Spin("sl"), Spin("s2"), Spin("s3"), Spin("s4")

>>>IH = (4*sl + 2*s2 + 7*s3 + sd)**2 _______555‘-§~
>>>model = H.compile() 1. Define the hamiltonian

>>>| qubo, offset = model.to qubo() \\\\\\\\\\\\\\
>>> pprint (qubo)

(('s1', 'sl'): -160.0, 2. Compile the hamiltonian
('sl', 's2'): 64.0,
('sl', 's3'): 224.0, 3. Call "to_qubo()

('sl', 's4'): 32.0,
('s2', 's2'): -96.0,
('s2', 's3'): 112.0,
('s2', 's4'): 16.0,
('s3', 's3'): -196.0,
r\ ('s3', 's4'): 56.0,
RECRUIT 's4', 's4'): -52.0}
Recruit Communications

7 it Communications Co., Ltd.



Internal Structure of Expression

Example: number partitioning problem with S = {4, 2, 7, 1}
H = (4s1 + 259 4 Ts3 + 1s4)*

>>> sl, s2, s3, s4 = Spin("sl"), Spin("s2"), Spin("s3"), Spin("s4")
>>> H = (4*sl + 2*s2 + 7*s3 + s4d)**2

Internal structure of H QUBO

{('sl', 'sl'): -160.0,

. ('sl', 's2'): 64.0,
compile ('sl', 's3'): 224.0,
('sl', 's4'): 32.0,

:{> (52, 'a2'): -96.0,
('s2', 's3'): 112.0,

('s2', 's4"'): 16.0,
('s3', 's3'): -196.0,

('s3', 's4'): 56.0,

('"s4', 's4'): -52.0}

The expression is internally represented as a tree structure.

PREC RUIT
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Features of PyQUBO

With PyQUBO, you can do ...

« Simplify your code with the power of abstraction
« Automatic validation of constraints

 Just In Time (JIT) compile

» Work with dimod!'l seamlessly

rRECRU'T [1] https://github.com/dwaves/ystems/dimod =
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A, B: binary-encoded integer
A=Y 2'A,
B=1Y 2'B,
S=A+B=} 2"S,
Example

A =11,0,1,1]
+) B =10,0,1,0]

S =11,1,0,1]

How to get QUBO of S, ?

The circuit seems

rRECRUIT very complex &g
Recruit Communications

The Power of Abstraction: Example of Adder

So

/ Half adder circuit

Co

ey

u | js1/FuII adder circuit

4-bit addition circuit of binary-
encoded integer A and B

12
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Class of Half Adder and Full Adder

We can define the class of the circuit with DSL.

A A\
J) X8 ~° class HalfAdder:
def __init__(self, a, b):
. ] AND - c self.s = Xor(a, b)
self.c = And(a, b)
Half adder Define the class of half adder
Half adder

class FullAdder:
def __init__(self, a, b, c_in):
half_adder_1 = HalfAdder(a, b)
half_adder_2 = HalfAdder(half_adder_1.s, c_in)
self.s = half_adder_2.s
self.c_out = OrChalf_adder_1.c, half_adder_2.c)

Full adder

Define the class of full adder

PRECRUIT
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Multi-bit adder

class BinaryIntegerVar(UserDefinedExpress):

def add(self, other):

sum_bits = []

' half_adder|= HalfAdder(self.bits[@], other.bits[@])
sum_bits.appendChalf_adder.s)
carry = half_adder.c
for i in range(l, self.n_bits):
FullAdder(self.bits[i], other.bits[i], carry)
sum_bits.append(full_adder.s)
carry = full_adder.c_out
return BinaryIntegerVar(sum_bits)

Define the multi-bit addition

Finally, multi-bit addition is simplified as...

A

BinaryIntegerVar.new('A", n_bits = 4)
B = BinaryIntegerVar.new('B', n_bits = 4)
S = A.add(B)
S.

This is just an example.
Create your own class with DSL
And simplify your code.

bits[n].compile().to_qubo() # <= This is what we want

rkECRUﬁ'

Recruit Communications
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Automatic Validation of Constraints

You can tell the compiler a constraint part of your hamiltonian

Constraint(Hamiltonian of constraint)

Example: H =2a+ b +|(a+ b — 1)2 Constraint a+b=1

>>> d, b = Qbit('a'), Qbit('b") .
>>> exp = 2 + b + Constraintq(a+b—l)**2, label="one_hot")

>>> model = exp.compile()

This part is recognized as a constraint: a+b=1

# when the constraint is broken

>>> sol, broken, energy = model.decode_solution({'a': 1, 'b': 1}, var_type="binary"')

>>> print(broken)

{'one_hot': {'penalty': 1.0, 'result': {'a': 1, 'b': 1}}}
When constraint is broken, broken constraint is shown

# when no constraint is broken

>>> sol, broken, energy = model.decode_solution({'a': 1, 'b': 0}, var_type="binary")

>>> print(broken)

1}
Frecruir
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When nothing is broken, "broken’ is empty



For example, when you solve Traveling Salesman Problem (TSP), you need to
tune the penalty strength A.

Hamiltonian of TSP

n n n n n 2 n n 2
H = Z Zduv ij,uxj—H, (Z Tjo — 1) (Z Tjw — 1)
u v i v J J v

Distance Constraint 1 Constraint 2

* We need to update A gradually up to the point where constraints are satisfied.

* If we compile it every time, it takes longer time &
e Can we update A without compiling from the beginning?

rkECRUﬁ'
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Just In Time (JIT) Compile with Param

* Yes, we can. Just define A by Param. Distance Const1 Const 2

v

# Define TSP in DSL
x = Matrix('x"', n_city, n_city)
distance = Sum(@, n_city, lambda u: Sum(@, n_city, lambda v:

Sum(@, n_city, lambda j: dCu, v) * x[Jj, ul * x[(J+1)%n_city, v1)))
Sum(@, n_city, lambda v: (Sum(@, n_city, lambda j: x[j, v]) - 1)**2)
Sum(@, n_city, lambda j: (Sum(@, n_city, lambda v: x[j, v]) - 1)**2)

const_1
const_2

# Construct hamiltonian and compile it Define A by Param
A = Param('A") ———
H = distance + A * (const_1 + const_2)

del = H. il
o compiiel) \ It takes a little time to execute the first compile.
# Generate QUBO with different A model contains half-compiled QUBO.

for a in [0.1, 0.2, ..., 1.0]
qubo, offset = model.to_qubo(params={'A"': a})

\ You can get QUBO instantly even

PRECRUIT though you update A
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Comparison of Compile Time with SymPy

* You can do the similar operations with SymPy which is a library for
symbolic mathematics
* However, PyQUBO is much faster (x1000) than SymPly.

Compile time of QAP Compile time of QAP (log scale
5@@__ [ [ [ [ [ [ _: 100@ . . | | | ;
400 . 100 .
O ~ x1000 faster
“~ 3001 SymPy ] < 10 E
qE) [ )
opd L E
™ 200 . Y
100F 3 F
r 0.1¢
' PyQUBO :
T E——
vl Pr:'lfblelrr? silz4e e 4 8 12 16 20 -
Problem size =
rRECRUIT _
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Working with dimod Seamlessly

« dimod!'l: a shared API for binary quadratic samplers developed by D-Wave Systems.
« pyqubo.Model can export dimod.BinaryQuadraticModel.

* pyqubo.Model can decode the solution from dimod.Sampler

dimod.Binary
QuadraticModel
D-Wave
decode_dimod_response() dimod. Sampler'
< dimod.Reshonse

PRECRUIT [1] https://github.com/dwavegxg" :
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to_dimod_bgm()

pyqubo .Model




PyQUBO Just Has Been Released

Please install PyQUBO!!

pip install pyqubo

U Search projects 11 4005 cosecn 100% ]sos posna | 3 passe ]

PyQUBO

PyQUBO allows you to create QUBOs or Ising models from flexible mathematical expressions easily. Some of the features of
pqubO 0-0-5 PyQUBO are

+ Python-based (the entire code is written in Python).

pip install pyqubo I * QUBO generation (compile) is fast (due to the JIT lie compile mechanism).

« Comes with plenty of useful expressions such as binary integer variables, logical constraints, or matrix/vector
variables.

For more details, see PyQUBO Documentation.

PyQUBO allows you to create QUBOs or Ising models from mathematical expressions.

Example Usage

P . V. This example constructs a simple expression and compile it to model . By calling model.to_qubo() , we get the resulting
Navigation Project description QUBO. (This example solves a number partitioning problem with a set S = {4,2,7, 1)

Project description >>> from bo import Sy
_ 15 N6 coecov o0 | cos pasons | © passi] pyaubo inport Spin
2 s — >>> s1, s2, s3, s4 = Spin("s1"), Spin("s2"), Spin("s3"), Spin("s4")

>>> H = (4%s1 + 2452 + 7453 + 54)%x2

'D Release history £55 DOl & (e
= H.compile()
PyQUBO >>> qubo, offset = model.to_qubo()
3. Download files 222 [RAdin) 5
L {('s1', 'sl'): -160.0, 17
PyQUBO allows you to create QUBOs or Ising models from fl (*s1') 's2'): 64.0, /
the features of PyQUBO are ('s1'. 's3'): 224.0. /

https://pypi.org/project/pyqubo/ https://github.com/recruit-communications/pyqubo

PREC RUIT
Recruit Communications

20 jit Communications Co., Ltd.

o



i1,

Wil
()

)

),
W
7 74
) 7
W
. v
|
|
Z i
/
7 /
7/ /

" . We developed DSL: PyQUBO for building QUBOSs.
 PyQUBO's features are
» To simplify your code with the power of abstraction
» Automatic validation of constraints
* Just In Time (JIT) compile

* Working with dimod seamlessly

* Enjoy your QUBO life!

S

‘ RECRUIT
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Thank you for listening

‘ RECRUIT
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