Mostra:
A Flexible Balancing Framework to Trade-off User,
Artist and Platform Objectives for Music Sequencing

Emanuele Bugliarello R. Mehrotra J. Kirk M. Lalmas
emanuele@di.ku.dk

y ebugliarello O

25-29 April 2022 | Lyon, France

UNIVERSITY OF SpOtify®

COPENHAGEN

SWEBZ

CONFERENCE X



mailto:emanuele@di.ku.dk

Beyond User-centric Recommendations

2y-5h

airbnb

o =0

Ta=2

A

BUGLIARELLO ET AL. | MOSTRA: A FLEXIBLE BALANCING FRAMEWORK TO TRADE-OFF USER, ARTIST AND PLATFORM OBJECTIVES FOR MUSIC SEQUENCING AU L



Beyond User-centric Recommendations

=€)

BUGLIARELLO ET AL. | MOSTRA: A FLEXIBLE BALANCING FRAMEWORK TO TRADE-OFF USER, ARTIST AND PLATFORM OBJECTIVES FOR MUSIC SEQUENCING AU L



TL; DW

Multi-Objective Music Sequencing
Rank songs from a large set of candidates to meet user-and creator-centric objectives

+~ Multiple Objectives in Music Recommendation

Potential and difficulty of jointly satisfying multi-stakeholder goals

& Mostra
Transformer-based encoder-decoder framework for flexible recommendations

With a novel beam search algorithm

e submodular multi-objective scoring

e counterfactual performance on user metrics

EXPOSURE




Motivation




Problem Setup

= Data Context

e Spotify radio-like music streaming sessions
e 10M users

e 500M sessions

* 1B interactions

e 7/ days

& (Binary) Objectives

e Short-term user satisfaction (SAT): prediction of user—track completion probability

 Boost: whether a track is being boosted by the platform for strategic importance

e Exposure: whether a track belongs to an emergent artist

e Discovery: whether a track belongs to an artist a given user has never listened to
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Objectives Interplay
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Objectives Interplay

eo 0000 0 o

° °
° °
[ ] o
[ ]
( ] ( ] ( ]
° ° °
[} °
° ° °
° L
ve ° e o oowm
°
° ) ¢ d
] °
» @ o0, ® °
° o & 0 %0
é o ° Qe
° 0000
° - 0t0° %,
X ]
00 $200 O @ 000 @O OB O
e otvo,
% ° @ 00 g8° oo
° o' » ©® & P
° ° o o, 508
® % °
° L ° om° o
° ° %, 0 S0
o 5°%0 80T RW e
° e oo. ° @ R
o
° ° ® 900 eded
+ A o,
R ‘& % °o?®
° ° 0®, Q
[ ) [ [ ] [ ] ®
2@
o® D 60 9 900498
e ®© o3 O L BN .Oﬂ
3 [ 1 L J o
o ° ° e
© 0® o % %0 ea
© o, o0 _o 2.0 80 ce
e® o, ‘e ° 5% %2
] Q ° [ [ ]
° ® aao ® 9%
[ ] (] Do ] (]
o Y 20 ® OF @ °% foo
® 03 "o °e Oo %
° Se e °
° ©®

_ 114 ||||441 ._.
J ~
L) ) $ $ Je
o
5 % _ %, _© ° %% ° ° A
oﬂ»o %e "4 o %e ° 02’ o0 o \
F% o . ° 5 ° ° . ®
,ar% ° ° ° ° PR 0, ¥ o
849 o, ° ° ° o & o
So e c0c @ o o L ° § oo
w3 o o o $ ° & o0 ®
e S f ° . ° ° ° o %
¥ o 1o o % o° ° Pop 9% °F o°
- 00 8°0 o ° ° ° e coe ° 900 o
N, -~
&% 0P Y o o 0% ¢ . ° o ® %%
ol %0 ° ° o, .
& =990 ® 00 ° ® ® ° [] ] 0 ® ® &
iy 2 §
ocle 00 %% o ° ° e % s o
o&&o [} e ° ° & o o “ed
T ° °° ° ° r) ° o o%e
0% % &
°_0de® © ocos o oe ecee D oo e ceel e
o o
osoo,o o °d &o 368 oo, © 0% 20 gs®
Nﬁofo,ol [ ° % ® 00 4
| o dee ecge ¢ ° (] ° ° . [ ® 9
9o ¢ o, & ° ° U
5
B o0 o7 o 0%“o . ° o %M
S 0cq0® oy © ® & 0® % ° %0 o2 %
uw.o\ ) '] ® o e ® % %°
( J
© _@mmes 0®0 6 00 ® @ ©00 ° e0 e © 6o o ®e e0eeemm
¢
IO\ ° ° 4%
N e X
.%“’ ®e ® o° o $ °o 8 o%00
8. . ) ° ° [ ] o 8 e o
2 " e’e o0 ] e g e ° o ¥
o%uoo e ° ° ° 8 ] o & o.wv
L = eo @ ° ° ° e o6 e c006° 0
owoni ) o @ ¢ X "
0° ® ® o ® 00,0 00 @ & O o 8
00 5%, 000 % Po0e® o © % ® %o % "8
o9 ol @ @
o.ﬁo: o’ om ° o0 o o ° oo o xoom ‘o
@ [ [ ] [ ]
0, @ o®
o%..w 83e¢%0 ¢ ° o % o L W .
. e ° e o @ o _%_9.6
Rdg0 2% o ' ° ° ? %¢ %
@t @ ¢ ° ® §% o ® 9
W0 00 ® 0B © © ) ° ° ° L) °
$e of ° ° & o
L3 [ ] % [}
ﬂwo L1 ﬁm ° ) . ° O e @
- @ e s ® 00 @ 1] ° ® iy
0@ 59% & % e a0 % ° o o $ Lw © o
@ % '] ° o ) ) [] ) a0 @ 5, 0800
é @ ° F o ® ) e%ood
o ® woo @ e, 8 ,® o %o ®.%a
o (] n s [, D |
J 2y A % °¢® o0 @ ° ° o, Y’ oqe
o ¢ s ° ° ° o, °
[ ] > 0 % 0.0 g% %0 @ 0 8y LA
8.0 e ® ° ) 0"
o e e ° °
& A%t § %0 ° %0, % o &,
AT Mg 4 o o ALY ’
S 90 o
e

°%
Yy ooon
[ ] ° [ ] e

- ° ce go @0 o
° () ‘e
o%ooooowooo °

° s_%e o 00 00
S ooo.oo»wb,m\ooo om

oo

0

o %oooo%oo%\ooooo om
o o 8% %

00 @0 60 8000 0oNe AaWMOMO® &

[ ] © 000 OO GOO O 00 @0 @ UNVO OO [

° % ) % 8 °

° \o ° %o o W o%‘%@o-
s N st

00 % % Voo & 9%e%% 8

® e 60 @cc0gcececw o

g L) o L]
° °e®° /o LT A

[%] LV'S

60 80 100

40
BOOST [%]
(c)

20

60 80 100

40
EXPOSURE [%]
(b)

20

60 80 100

40
DISCOVERY [%]
(a)

20

6

TWEB?~
CONFERENCE <

O

A FLEXIBLE BALANCING FRAMEWORK TO TRADE-OFF USER, ARTIST AND PLATFORM OBJECTIVES FOR MUSIC SEQUENCING

MOSTRA

BUGLIARELLO ET AL.



Objectives Interplay
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¢ Objectives correlation with SAT
e Boost & Exposure are not correlated with user satisfaction

e Discovery has strict negative correlation with user satisfaction
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Objectives Co-occurrence

ul Plotting the % songs in a session from different objectives
4

” [ ] [ ] ®

@ Music sessions are very diverse

|
e Some sessions only have songs belonging to one objective

e Many sets have songs belonging to each of these objectives
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Objectives Co-occurrence

ul Plotting the % songs in a session from different objectives

“ [ ] [ ] Y
@ Music sessions are very diverse
|

e Some sessions only have songs belonging to one objective

e Many sets have songs belonging to each of these objectives

ul Plotting the SAT metric distribution for each objective
|

|

& User satisfaction varies across tracks s

| -
R . o (o R <

e SAT varies significantly across tracks with Exposure & Boost %

‘) 20

e Discovery tracks usually have a much lower SAT

O. -
DISCOVERYEXPOSURE BOOST

<~ Selecting the right creator-centric songs can keep SAT high
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Mostra: Multi-objective Set Transformer
with Counterfactual & Submodular Beam Search




Approach Overview

@& Multi-Objective Music Sequencing

Rank songs from a large set of candidates to meet user-and creator-centric objectives

~ Desiderata

e Set-aware method
e Multi-Objective decision making

e Dynamic & flexible control for changing business strategy needs
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Approach Overview

@& Multi-Objective Music Sequencing

Rank songs from a large set of candidates to meet user-and creator-centric objectives

~ Desiderata

e Set-aware method
e Multi-Objective decision making

e Dynamic & flexible control for changing business strategy needs

@ Mostra: Multi-objective Set Transformer
Transformer-based encoder-decoder framework for flexible recommendations
With a novel beam search algorithm
 submodular multi-objective scoring

e counterfactual performance on user metrics
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Mostra: Overview

@ Mostra: Multi-objective Set Transformer

Transformer model for flexible recommendations through multi-objective counterfactual decoding

Multi-
objective
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Multi-objective
Counterfactual
Beam Search

Set Transformer
Encoder

e,
e
ﬁ
=
(D
0p)
D
-
—t
Qo
.
©,
-
-
Qo
s
D
hg

Input Training Inference Output

BUGLIARELLO ET AL. | MOSTRA: A FLEXIBLE BALANCING FRAMEWORK TO TRADE-OFF USER, ARTIST AND PLATFORM OBJECTIVES FOR MUSIC SEQUENCING O sz 10



Mostra: Representation Layer

Simple module mapping User, Track and Joint features onto a vector space
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Type Feature Description
User embedding 40 dimensional learnt word2vec vector of user
country country of registration for user
embedding embedding & 40 dimensional learnt word2vec vector of track
popularity normalised popularity of the track
Track genres genres relevant to the track
acoustic 16 derived acoustic features
track length | track duration in seconds
similarity user—track embeddings cosine similarity
User—-Track distance user—track embeddings Euclidean distance
genre affinity | affinity for highest user—track overlapping genre
Session session ID unique session identifier for learning embeddings
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Mostra: Encoder

Set Transformer encoder giving contextualised features for each track in the pool through L layers

J=
J=

SZI[EULION R PPV
SZI[EULION R PPV

© © O O

Lddr (44t J{ ddr (44

BUGLIARELLO ET AL. | MOSTRA: A FLEXIBLE BALANCING FRAMEWORK TO TRADE-OFF USER, ARTIST AND PLATFORM OBJECTIVES FOR MUSIC SEQUENCING O AU L



Mostra: Encoder

Set Transformer encoder giving contextualised features for each track in the pool through L layers

Steps:

J=
J=

SZI[EULION R PPV
SZI[EULION R PPV

© © O O

Lddr (44t J{ ddr (44
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Mostra: Encoder

Set Transformer encoder giving contextualised features for each track in the pool through L layers

Steps:

J=
J=

1. Induced self-attention block
Multi-head self-attention via K induced points

SZI[EUWLION 3 PPV

ZI[eUWLION ¥ PPV
[ J4x || J40 || 431 || d92 |

© © O O
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Mostra: Encoder

Set Transformer encoder giving contextualised features for each track in the pool through L layers

Steps:

J=
J=

1. Induced self-attention block
Multi-head self-attention via K induced points

2. Feed-forward block
2-layer MLP projecting each track’s features

SZI[EULION R PPV
SZI[EUWLION 3 PPV

© © O O

Lddr (44t J{ ddr (44
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Mostra: Encoder

Set Transformer encoder giving contextualised features for each track in the pool through L layers

Steps:

J=
J=

1. Induced self-attention block
Multi-head self-attention via K induced points

2. Feed-forward block
2-layer MLP projecting each track’s features

. Repeat for L layers

SZI[EUWLION 3 PPV

ZI[eUWLION ¥ PPV
[ J4x || J40 || 431 || d92 |

© © O O
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Mostra: Encoder

Set Transformer encoder giving contextualised features for each track in the pool through L layers

Steps:

J=
J=

1. Induced self-attention block
Multi-head self-attention via K induced points

2. Feed-forward block
2-layer MLP projecting each track’s features

Repeat for L layers

SZI[EULION R PPV
SZI[EUWLION 3 PPV

4. Mapping layer
Project features into “set-aware” relevance scores

Lddr (44t J{ ddr (44
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Mostra: Encoder

Set Transformer encoder giving contextualised features for each track in the pool through L layers

Steps:

J=
J=

1. Induced self-attention block
Multi-head self-attention via K induced points

2. Feed-forward block
2-layer MLP projecting each track’s features

Repeat for L layers

SZI[EUWLION 3 PPV

4. Mapping layer
Project features into “set-aware” relevance scores

ZI[eUWLION ¥ PPV
[ J4x || J40 || 431 || d92 |

.0 @ 0 @

---------
~
~

: tions
Set Transformer ermutation-invanant representa

e Does not model position = P o orK & N
Induced self-attention scales to large InP
e Induc

.
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---------
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Mostra: Multi-Objective Counterfactual Beam Search

Multi-
objective
decorator

@
O

|
| L .-
| Multi-Objective |
Counterfactual
®—>() | Scoring
|
l

© O O O
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Mostra: Multi-Objective Counterfactual Beam Search

Multi-
objective
decorator

@
O

| |

|

| Multi-Objective | |
Counterfactual |
®—>() | Scoring |

| |

|

© O O O
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Mostra: Multi-Objective Counterfactual Beam Search

© O O O

Multi-
objective
decorator

@
O

|
| L .-
Multi-Objective |
|
Counterfactual
®—>() | Scoring
|
l
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Mostra: Multi-Objective Counterfactual Beam Search

Multi-
objective
decorator

D>— O

Eounterfactual
filtering (&)

|
| L .-
| Multi-Objective |
Counterfactual
®—>() | Scoring
|
l

© O O O

O

Counterfactual scoring

Filter out tracks whose predicted SAT scores are
>c points away from the next best track

= |imits potential losses wrt training metric (SAT)
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Mostra: Multi-Objective Counterfactual Beam Search

Multi-
objective
decorator

- \ - -
O ¥ O | Counterfactual FMulti-objectiveﬁ;I
| filtering (<) beam scorin I
) & | Multi-Objective | 7 ﬁ"————g"‘!
Counterfactual
) ® O | Scoring |
|
O— l |
_____ >

Counterfactual scoring

Filter out tracks whose predicted SAT scores are
>c points away from the next best track

= |imits potential losses wrt training metric (SAT)

Submodular Multi-Objective Beam Scoring

Encourage selection of tracks from different objectives

= tracks from objectives not well represented in the
beam so far are scored higher
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Mostra: Multi-Objective Counterfactual Beam Search

Multi-
objective
decorator

\ — -
= T ® I | QI Counterfactual FMulti-objectiveﬁ;I
I filtering (€) beam scorin |
O—=  Multi-Objective | | g oeam scoring |
Counterfactual |
Q O Q | Scoring | |
|
|
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Counterfactual scoring

Filter out tracks whose predicted SAT scores are
>c points away from the next best track

= |imits potential losses wrt training metric (SAT)

Submodular Multi-Objective Beam Scoring

Encourage selection of tracks from different objectives

= tracks from objectives not well represented in the
beam so far are scored higher
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Multi-Objective Counterfactual Beam Search Algorithm

Algorithm 1: Multi-objective counterfactual beam search

inputs:t: tracks (ty, ..., tn ), r: relevance scores (ry, ...,rN ), E: exposure
scores ({E11,..-,E17), ..., (EN1, ..., ENJ), N: set length, J: number of
exposure objectives, k: maximum beam size

1 B() «— {(0,0)}
2 forn <« 1to N do

3 | B« 0

a4 | for (s,y) € B,,_1 do

5 a—t\y

6 fort € ado

7 s¢ « CounterfactualScore (r¢, a) > Eq. (11)
8 s® « SequentialScore (s, s€)

9 s¢ «— MOScore ([y || ¢], E, s°, n) > Eq. (13)
10 Badd((s¢, [y || t]))

11 end
12 | end
13 | B, « B.top(k)
14 end

15 return By .max()
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Mostra: At a Glance

@ Mostra: Multi-objective Set Transformer

Transformer model for flexible recommendations through multi-objective counterfactual decoding
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Multi-Objective Beam Search
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Performance




= Data

e Spotify radio-like music streaming sessions

& Baselines

e Single-objective item-level models

2 Relevance ranker
» DNN
e Single-objective set-level models

» SetRank (Pang et al., SIGIR'20)

» Encoder—decoder models (e.g. SetTransformer—GRU)

Experimental Setup

e Multi-objective set-level models

2 MO-LTR
2 Mostra-WtSum
2 Mostra
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Results

Method

NDCG@5 [%]

SAT |BOOST Expos. Disco.

NDCG@10 [%]

SAT |BOOST Expos. Disco.

Track-level Single-objective

Relevance ranker 63.95 | 28.01 51.90  6.03[[ 71.66 | 3453 5834  9.36
DNN AttRank 69.14 | 27.28 50.03 17.29|| 76.16 | 33.84 56.93  23.08
DNNgCE 69.48 | 28.68 4535 15.87|| 75.90 | 35.10 53.27  21.67
DNNRMSE 69.54 | 28.35 4506 15.80 || 75.90 | 3479 5297  21.63
Set-level Single-objective
SetTRM2GRU A ¢tRank 68.19 | 27.68 51.25 21.51[] 74.88 | 3423 57.82  25.90
Set TRM2TRM 4 ttRank 65.43 | 2745 5075 19.62|| 72.88 | 34.05 57.52  24.91
SetRank 68.78 | 28.95 4564 17.04|| 7537 | 3528 53.50  22.61
SetRankgcr 65.47 | 26.67 5256  20.59|| 72.79 | 33.52 59.03  25.55
SetRankgrumse 70.11 | 28.94 44.81 15.48|| 76.37 | 3521 52.87  21.39
Set-level Learnt Multi-objective
MO-LTR A tRank 54.63 | 27.19 54.12 48.76]|] 64.70 | 33.87 60.26  48.76
MO-LTRRMSE H 53.74 | 4042 70.09 48.77 { 64.07 | 44.75 7294  48.77
Set-level Online Multi-objective
MoSTRA-WTSUM (¢ = 1.0) || 61.05 | 52.03 7058 34.61[] 69.47 | 53.81 7292  36.75
MosTRA-WTSUM (¢ = 0.5) || 61.19 | 51.86 7037 34.31|| 69.58 | 53.67 72.76  36.50
MosTRA-WTSUM (ar = 0.1) || 64.91 | 45.16 6145 26.91|| 72.40 | 48.20 65.59  30.48
MosTRA-WTSUM (ar = 0.01) || 69.49 | 3143 47.18 16.92|| 75.88 | 37.18 54.62  22.50
MosTRA (€ = 0.01) 69.561 | 31.08T 46.56M  16.77 || 75.94" | 36.90" 54.17T 22.374
MosTrA (€ = 0.05) 67.66% | 36.761 51.141 21.13M || 74.601 | 41.09T 57.391 2548
MosTrA (€ = 0.10) 66.330 [ 39.831 53.861 24.00M || 73.541 | 43.741 59.651 27.85T
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Results

Method

NDCG@5 [%]

SAT |BOOST Expos. Disco.

NDCG@10 [%]

SAT |BOOST Expos. Disco.

Track-level Single-objective

Relevance ranker 63.95 | 28.01 5190  6.03[[ 71.66 | 3453 5834  9.36
DNN AttRank 69.14 1| 27.28 50.03 17.29|| 76.16 | 33.84 56.93  23.08
DNNgCE 69.48 (| 28.68 4535 15.87|| 75.90 | 35.10 53.27  21.67
DNNRMSE 69.54 || 28.35 4506 15.80 || 75.90 | 3479 5297  21.63
Set-level Single-objective
SetTRM2GRU A ¢tRank 68.19]] 27.68 51.25 21.51[] 74.88 | 3423 57.82  25.90
Set TRM2TRM 4 ttRank 65.43 1| 2745 5075 19.62|| 72.88 | 34.05 57.52  24.91
SetRank 68.78 || 28.95 4564 17.04|| 7537 | 3528 53.50  22.61
SetRankgcr 65.47 | 26.67 5256  20.59|| 72.79 | 33.52 59.03  25.55
SetRankrumsg 70.11 || 28.94 44.81 15.48|| 76.37 | 3521 52.87  21.39
Set-level Learnt Multi-objective
MO-LTR A tRank 54.63 | 27.19 54.12 48.76]|] 64.70 | 33.87 60.26  48.76
MO-LTRRMSE H 53.74 | 4042 70.09 48.77 { 64.07 | 44.75 7294  48.77
Set-level Online Multi-objective
MoSTRA-WTSUM (¢ = 1.0) || 61.05 | 52.03 7058 34.61[] 69.47 | 53.81 7292  36.75
MosTRA-WTSUM (¢ = 0.5) || 61.19 | 51.86 7037 34.31|| 69.58 | 53.67 72.76  36.50
MosTRA-WTSUM (ar = 0.1) || 64.91 | 45.16 6145 26.91|| 72.40 | 48.20 65.59  30.48
MosTRA-WTSUM (ar = 0.01) || 69.49 | 3143 47.18 16.92|| 75.88 | 37.18 54.62  22.50
MosTRA (€ = 0.01) 69.561 | 31.08T 46.56M  16.77 || 75.94" | 36.90" 54.17T 22.374
MosTrA (€ = 0.05) 67.66% | 36.76M 51.141 21.13M || 74.601 | 41.09T 57.39T 2548
MosTrA (€ = 0.10) 66.330 [ 39.831 53.861 24.00M || 73.541 | 43.741 59.651 27.85T

Track-level VS. set-level models

» On par

> Set-level methods are more efficient
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Results

Method

NDCG@5 [%]

H SAT |BOOST Expos. Disco.

NDCG@10 [%]

SAT |BOOST Expos. Disco.

Track-level VS. set-level models

Track-level Single-objective

2 On par

» Set-level methods are more efficient

Loss function

Relevance ranker 63.95 | 28.01 51.90  6.03[] 71.66 | 3453 5834  9.36
DNN AttRank 69.14 | 27.28 50.03 17.29|| 76.16 | 33.84 56.93  23.08
DNNgCE 69.48 | 28.68 4535 15.87|| 75.90 | 35.10 53.27  21.67
DNNRMSE 9.541| 28.35 4506 15.80|| 75.90 | 3479 5297  21.63
Set-level Single-objective
SetTRM2GRU A ¢tRank 68.19 | 27.68 51.25 21.51[] 74.88 | 3423 57.82  25.90
Set TRM2TRM 4 ttRank 65.43 | 2745 5075 19.62|| 72.88 | 34.05 57.52  24.91
SetRank 68.78 | 28.95 4564 17.04|| 7537 | 3528 53.50  22.61
SetRankgcr 26.67 5256  20.59|| 72.79 | 3352 59.03  25.55
SetRankpumse || 2894 4481 1548|| 76.37 | 3521 52.87  21.39
Set-level Learnt Multi-objective
MO-LTR A tRank 54.63 | 27.19 54.12 48.76]|] 64.70 | 33.87 60.26  48.76
MO-LTRRMSE H 53.74 | 4042 70.09 48.77|| 64.07 | 44.75 7294  48.77
Set-level Online Multi-objective
MoSTRA-WTSUM (¢ = 1.0) || 61.05 | 52.03 7058 34.61[] 69.47 | 53.81 7292  36.75
MosTRA-WTSUM (¢ = 0.5) || 61.19 | 51.86 7037 34.31|| 69.58 | 53.67 72.76  36.50
MosTRA-WTSUM (ar = 0.1) || 64.91 | 45.16 6145 26.91|| 72.40 | 48.20 65.59  30.48
MosTRA-WTSUM (ar = 0.01) || 69.49 | 3143 47.18 16.92|| 75.88 | 37.18 54.62  22.50
MosTRA (€ = 0.01) 69.561 | 31.08T 46.56M  16.77 || 75.94" | 36.90" 54.17T 22.374
MosTrA (€ = 0.05) 67.66% | 36.76M 51.141 21.13M || 74.601 | 41.09T 57.39T 2548
MosTrA (€ = 0.10) 66.33% | 39.83M 53.86T 24.00M || 73.541 | 43.74 59,651 27.85T

> Point-wise (RMSE) > list-wise (AttRank)
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Results

Method

NDCG@5 [%]

SAT |BOOST Expos. Disco.

NDCG@10 [%]

SAT |BOOST Expos. Disco.

Track-level Single-objective

Relevance ranker 63.95 | 28.01 51.90  6.03[[ 71.66 | 3453 5834  9.36
DNN AttRank 69.14 | 27.28 50.03 17.29|| 76.16 | 33.84 56.93  23.08
DNNgCE 69.48 | 28.68 4535 15.87|| 75.90 | 35.10 53.27  21.67
DNNRMSE 69.54 | 28.35 4506 15.80 || 75.90 | 3479 5297  21.63
Set-level Single-objective
SetTRM2GRU A ¢tRank 68.19 | 27.68 51.25 21.51[] 74.88 | 3423 57.82  25.90
Set TRM2TRM 4 ttRank 65.43 | 2745 5075 19.62|| 72.88 | 34.05 57.52  24.91
SetRank 68.78 | 28.95 4564 17.04|| 7537 | 3528 53.50  22.61
SetRankgcr 65.47 | 26.67 5256  20.59|| 72.79 | 3352 59.03  25.55
SetRankgrumse 70.11 | 28.94 44.81 15.48|| 76.37 | 3521 52.87  21.39
Set-level Learnt Multi-objective
MO-LTR A tRank 54.63 | 27.19 54.12 48.76]|] 64.70 | 33.87 60.26  48.76
MO-LTRRMSE H 53.74 | 4042 70.09 48.77 { 64.07 | 44.75 7294  48.77
Set-level Online Multi-objective
MoSTRA-WTSUM (¢ = 1.0) || 61.05 | 52.03 7058 34.61[] 69.47 | 53.81 7292  36.75
MosTRA-WTSUM (¢ = 0.5) || 61.19 | 51.86 7037 34.31|| 69.58 | 53.67 72.76  36.50
MosTRA-WTSUM (ar = 0.1) || 64.91 | 45.16 6145 26.91|| 72.40 | 48.20 65.59  30.48
MosTRA-WTSUM (ar = 0.01) || 69.49 | 3143 47.18 16.92|| 75.88 | 37.18 54.62  22.50
MosTRA (€ = 0.01) 69.561 | 31.08T 46.56M  16.77 || 75.94" | 36.90" 54.17T 22.374
MosTrA (€ = 0.05) 67.66% | 36.76M 51.141 21.13M || 74.601 | 41.09T 57.39T 2548
MosTrA (€ = 0.10) 66.33% | 39.83M 53.86T 24.00M || 73.541 | 43.74 59,651 27.85T

Track-level VS. set-level models

2 On par

Loss function

Multi-Objective models

» Set-level methods are more efficient

> Point-wise (RMSE) > list-wise (AttRank)
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Results

Method

NDCG@5 [%]

SAT |BOOST Expos. Disco.

NDCG@10 [%]

SAT |BOOST Expos. Disco.

Track-level Single-objective

Relevance ranker 63.95 | 28.01 51.90 6.03 | 71.66 | 34.53 58.34 9.36
DNN AttRank 69.14 | 27.28 50.03 17.29|| 76.16 | 33.84 56.93  23.08
DNNgcE 69.48 | 28.68 4535 15.87|| 75.90 | 35.10 53.27 21.67
DNNRMSE 69.54 | 2835 45.06 15.80|| 75.90 | 34.79 5297 21.63
Set-level Single-objective

SetTRM2GRU atiRank 68.19 | 27.68 51.25 21.51|| 74.88 | 34.23 57.82  25.90
SetTRM2TRMa ttRank 02434 2L 4R e QD e 120211 1288 0 3400 o 3128 %42

SetRank 168.78 | 28.95 45.64  17.04 || 75.37 53.50 61!
SetRankpcg I YA A X Y A Y T VS YA R B S VA S R A 1)
SetRankgrsk 70.11 | 28.94 4481 15.48|| 76.37 | 35.21 52.87 21.39

Set-level Learnt Multi-objective
MO-LTR AttRank 154.63 | 27.19 54.12  48.76
MO-LTRrMSE ‘ ‘ 153.74 | 4042 70.09  48.77

Set-level Online Multi-objective

MosTRA-WTSUM (a = 1.0)
MosTRA-WTSUM (a = 0.5)
MosTrRA-WTSUM (@ = 0.1)
MosTRA-WTSUM (a = 0.01)

MosTrA (€ = 0.01)
MosTrA (€ = 0.05)
MosTrA (€ = 0.10)

61.05
61.19
64.91
69.49

69.56
67.664
66.334

52.03 70.58  34.61
51.86 7037  34.31
4516 6145  26.91
31.43 47.18  16.92

31.08T 465617 16.77

36.761 51.14" 21.131
39.83" 53.867T 24.00"

69.47
69.58
72.40
75.88

75.941
74.601
73.541

53.81 72.92  36.75
533.67 72.76  36.50
48.20 65.59 30.48
37.18 54.62  22.50

36.901T 54.17T 22371
41.09"T 57.39M 25.48"

43.74" 59,651 27851

Track-level VS. set-level models

On par

2 Set-level methods are more efficient

Loss function

2 Point-wise (RMSE) > list-wise (AttRank)

Multi-Objective models
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Results

Method

NDCG@10 [%]

SAT |Boost Exros. Disco. Track-level VS. set-level models

NDCG@5 [%]
SAT |BOOST Expos. Disco.

Track-level Single-objective p On pa r
Relevance ranker 63.95 | 28.01 51.90 6.03 (| 71.66 | 34.53 58.34 9.36
DNN A¢tRank 69.14 | 27.28 50.03 17.29|| 76.16 | 33.84 56.93  23.08 2 Set-level methods are more efficient
DNNgCE 69.48 | 28.68 4535 15.87|| 75.90 | 35.10 53.27  21.67
DNNRMSE 69.54 | 28.35 45.06 15.80|| 75.90 | 34.79 52.97  21.63 .

Set-level Single-objective Loss function

s |anlns b ualiE[aE TR S| > Pointwise (RMSE)> istwise (AtiRank
SetRank 168.78 | 28.95 4564 17.04|| 75.37 53.50 618
SetRankpcg Y B Y 55T SR A1 Y7 X 6 /1 K I 1) , S
SetRankgysg 7011 | 2894 4481 1548|7637 | 3521 5287 2139 Multi-Objective models

Set-level Learnt Multi-objective >
MO-LTR A¢tRank 54.63 | 27.19 54.12 48.76|] 64.70 | 33.87 60.26  48.76 Naive -.Oels don
MO-LTRRMSE H 53.74 | 40.42 70.09 48.77|| 64.07 | 44.75 7294  48.77 : : :

S . — Decoding with a weighted sum

et-level Online Multi-objective
MOSTRA-WTSUM (o = 1.0) || 61.05 | 52.03 7058  34.61] 69.47 | 53.81 7292  36.75 performs better, but hard to control
MosTRA-WTSUM (a = 0.5) || 61.19 | 51.86 70.37 34.31|| 69.58 | 53.67 72.76  36.50
MosTRA-WTSUM (ar = 0.1) || 64.91 | 45.16 6145 26.91|| 72.40 | 48.20 65.59  30.48
MosTRA-WTSUM (o = 0.01) || 69.49 | 3143 47.18  16.92|| 75.88 | 37.18 54.62  22.50
MosTRA (€ = 0.01) 69.561 | 31.08T 46.56M  16.77 || 75.94" | 36.90" 54.17T 22.374
MosTrA (€ = 0.05) 67.66% | 36.76M 51.141 21.13M || 74.601 | 41.09T 57.39T 2548
MosTraA (€ = 0.10) 66.33% | 39.83M 53.86T 24.00M || 73.541 | 43.74 59,651 27.85T
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Results

NDCG@10 [%]

SAT |Boost Exros. Disco. Track-level VS. set-level models

Method NDCG@5 [%]
SAT |BOOST Expos. Disco.

Track-level Single-objective On par
Relevance ranker 63.95 | 28.01 51.90 6.03 (| 71.66 | 34.53 58.34 9.36
DNN A tRank 69.14 | 27.28 50.03  17.29|| 76.16 | 33.84 56.93  23.08 2 Set-level methods are more efficient
DNNgcE 69.48 | 28.68 4535 15.87|| 75.90 | 35.10 53.27  21.67
DNNRMSE 69.54 | 2835 45.06 15.80|| 75.90 | 3479 5297  21.63

Loss function

Set-level Single-objective

SetTRM2GRU 68.19 | 27.68 51.25 21.51|| 74.88 | 34.23 57.82  25.90 : : : :
SC{TRMZTRM gt 9 2 Point-wise (RMSE) > list-wise (AttRank)
SetRank $00. - ; ; - . . .01%
SetRankpcg 3T A I XY AV /| AL A0 A X /RN X X o1} , o
SetRankgysg 7011 | 2894 4481 1548|7637 | 3521 5287 2139 Multi-Objective models

o] Lo Moot ey
MO-LTRAttRank 54.63 | 27.19 54.12 48.76|| 64.70 | 33.87 60.26 48.76 R
MO-LTRRysE 53.74 | 4042 7009  48.77 || 64.07 | 44.75 7294  48.77

Set-level Online Multi-objective > DeCOdlng with a Welghted sum

MosTRA-WTSuM (@ = 1.0) [[ 61.05 [ 52.03 70.58 34.61[] 69.47 | 53.81 7292 36.75 performs better, but hard to control

MosTRA-WTSUM (a = 0.5) 61.19 | 51.86 70.37  34.31|| 69.58 | 53.67 72.76  36.350
MosTRA-WTSUM (a = 0.1) 64.91 | 45.16 6145 2691 || 72.40 | 48.20 65.59 30.48

MosSTRA-WTSUM (a = 0.01) || 69.49 | 3143 47.18  16.92|| 75.88 | 37.18 5462  22.50 »Mostra (counterfactual + submodular

MosTraA (€ = 0.01) 69.561 | 31.0811 46.561  16.77 || 75.941 | 36.901 54.171 22.374 scorlng) affords finer control
MosTrA (€ = 0.05) 67.66% | 36.76M 51.141 21.13M || 74.601 | 41.09T 57.391 2548
MosTraA (€ = 0.10) 66.33% | 39.83M 53861 24.00M || 73.541 | 43.74T 59,651 27.85T
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Boost Boost > Exposure > Discovery Boost > Discovery > Exposure
12.51
81 £ 15.01
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] Exposure > Boost > Discovery Exposure Exposure > Discovery > Boost
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Discovery > Boost > Exposure 15 D|scovery > Exposure > Boost Discovery
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SAT Discovery Exposure Boost

SAT D|scovery Exposure Boost

SAT Discovery Exposu re Boost

Performance by competition within sessions

* Boost & Exposure: Increase with SAT

e Dijscover

: Decreases SAT

Analyses
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0.71 — Al

Good
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DNN SetRankMostra Mostra Mostra

£€=0.01 £=0.05 £€=0.10
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DNN SetRank Mostra Mostra Mostra
£=0.01 £=0.05 £=0.10
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DNN SetRank Mostra Mostra Mostra
£=0.01 £=0.05 £=0.10

Are we just showing more, or are they getting streamed as well?

e Mostra surfaces more tracks across all creator-centric objectives

e The number of streamed tracks increases too

=e= Boost == -9
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| =#= Discovery PR
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m— SetRank ,,’
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P
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* A”’
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/”’ " —
/”’
-
0.02 0.04 0.06 0.08 0.10

Relaxing SAT constraints

* As we increase g, creator-
centric objectives increase

Important: We can control
this more than before
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Takeaways




Conclusion

® Multi-Objective Recommendations
e Typical of multi-stakeholder digital platforms

e Analysis in music recommendations revealed complex interplay among objectives

A, Just-in-time Multi-Objective Optimisation
e Mostra: end-to-end method for scalable and flexible multi-objective recommendations
» Flexibility given by a novel beam search algorithm

2 Significant gains over creator-centric objectives wrt SOTA with no drop in user metric

® Next: extensions to cross-session objectives, trainable systems for causal decisioning

£a Code is available online:
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http://github.com/spotify-research/mostra

Conclusion

® Multi-Objective Recommendations
e Typical of multi-stakeholder digital platforms

e Analysis in music recommendations revealed complex interplay among objectives

A, Just-in-time Multi-Objective Optimisation
e Mostra: end-to-end method for scalable and flexible multi-objective recommendations
» Flexibility given by a novel beam search algorithm

2 Significant gains over creator-centric objectives wrt SOTA with no drop in user metric

® Next: extensions to cross-session objectives, trainable systems for causal decisioning

£ Code is available online:
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