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Περίληψη

Αυτή η διπλωματική εργασία επικεντρώνεται στη μάθηση αναπαραστάσεων μουσικής μέσω

αυτο-επιβλεπόμενης μάθησης και στην προσαρμογή υπολογιστικών μοντέλων σε ποικίλες μου-

σικές παραδόσεις. Πρόσφατες εξελίξεις στα foundation μοντέλα για μουσική έχουν βελτιώσει
σημαντικά τη μάθηση αναπαραστάσεων ήχου και τα έχουν φέρει στο επίκεντρο της ανάκτησης

μουσικής πληροφορίας (music information retrieval – MIR). Ωστόσο, η αποτελεσματικότητά
τους παραμένει περιορισμένη για μη Δυτικές μουσικές παραδόσεις, καθώς έχουν εκπαιδευτεί

κυρίως σε Δυτικά είδη μουσικής. Στη μελέτη αυτή, προτείνουμε το CultureMERT-95M, ένα πο-

λυπολιτισμικά προσαρμοσμένο μοντέλο που στοχεύει στη βελτίωση μάθησης αναπαραστάσεων

για ποικίλες υποεκπροσωπούμενες μουσικές κουλτούρες. Για τον σκοπό αυτό, εφαρμόζουμε

μια μέθοδο συνεχούς προ-εκπαίδευσης (continual pre-training - CPT) δύο σταδίων, η οποία
ενσωματώνει επαναθέρμανση και εκ νέου μείωση του ρυθμού μάθησης, επιτρέποντας σταθε-

ρή προσαρμογή με περιορισμένους υπολογιστικούς πόρους. Η συνεχής προ-εκπαίδευση του

MERT-95M σε πολυπολιτισμικό σύνολο δεδομένων 650 ωρών, που περιλαμβάνει Ελληνικές,

Τουρκικές και Ινδικές μουσικές παραδόσεις, οδηγεί σε μέση βελτίωση 4.43% στη μετρική

ROC-AUC σε διάφορες εργασίες αυτόματης ταξινόμησης μουσικής (music auto-tagging ta-
sks) μη Δυτικών παραδόσεων, ξεπερνώντας προηγούμενες μεθόδους, με αμελητέα απώλεια
απόδοσης σε Δυτικά benchmarks. Επιπλέον, διερευνούμε την τεχνική task arithmetic, μια
εναλλακτική προσέγγιση που συγχωνεύει εξειδικευμένα μοντέλα ανά παράδοση στον χώρο

των βαρών, παρουσιάζοντας συγκρίσιμη απόδοση στα μη Δυτικά σύνολα δεδομένων, χωρίς

επιδείνωση στα Δυτικά. Τέλος, αναλύουμε τη διαπολιτισμική μεταφερσιμότητα (cross-cultural
transferability) μεταξύ μοντέλων που έχουν προσαρμοστεί σε επιμέρους παραδόσεις, δείχνο-
ντας ότι διαφέρουν ως προς τη δυνατότητα μεταφοράς τους σε άλλες μουσικές κουλτούρες,

ένα εύρημα που συσχετίζεται επίσης με την ομοιότητα μεταξύ των δεδομένων που χρησιμο-

ποιούμε, με βάση μετρικές ομοιότητας σε επίπεδο ακουστικών tokens. Παρατηρούμε ότι η
συνεχής προ-εκπαίδευση σε σύνολο δεδομένων από διαφορετικές μη Δυτικές παραδόσεις οδη-

γεί στην καλύτερη συνολική απόδοση, ενισχύοντας τη διαπολιτισμική γενίκευση του μοντέλου.

Η μελέτη αυτή συμβάλλει στην ανάπτυξη πιο πολιτισμικά ευαισθητοποιημένων υπολογιστικών

μοντέλων μουσικής, ικανών να κατανοούν υποεκπροσωπούμενες μουσικές παραδόσεις.

Λέξεις Κλειδιά

Ανάκτηση Μουσικής Πληροφορίας, Μάθηση Αναπαραστάσεων Μουσικής, Υπολογιστι-

κή Εθνομουσικολογία, Αυτο-επιβλεπόμενη Μάθηση, Συνεχής Προ-εκπαίδευση, Προσαρμογή

Πεδίου, Διαπολιτισμική Προσαρμογή, Μεταφορά Μάθησης, Συγχώνευση Μοντέλων, Βαθιά

Μάθηση, Μοντελοποίηση Μη Δυτικής Μουσικής, Αυτόματη Ταξινόμηση
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Abstract

This thesis focuses on self-supervised music audio representation learning and cross-
cultural adaptation of music foundation models to diverse musical traditions. Recent ad-
vances in music foundation models have improved audio representation learning and have
brought them to the forefront of music information retrieval (MIR). However, their effec-
tiveness across diverse musical traditions remains limited, as they are primarily trained on
Western-centric data, overlooking the diversity of global musical cultures. To address this,
we introduce CultureMERT-95M, a multi-culturally adapted foundation model developed to
enhance cross-cultural music representation learning and understanding. To achieve this,
we propose a two-stage continual pre-training (CPT) strategy that integrates learning rate
re-warming and re-decaying, enabling stable adaptation even with limited computational
resources. Continually pre-training MERT-95M on a 650-hour multi-cultural data mix, com-
prising Greek, Turkish, and Indian music traditions, results in an average improvement
of 4.9% in ROC-AUC and AP across diverse non-Western music auto-tagging tasks, sur-
passing prior state-of-the-art, with minimal forgetting on Western-centric benchmarks. We
further investigate task arithmetic, an alternative approach to multi-cultural adaptation
that merges culturally specialized models in the weight space. Task arithmetic performs
on par with our multi-culturally trained model on non-Western auto-tagging tasks and
shows no regression on Western datasets. Finally, we analyze cross-cultural transferability
between single-culture adapted models (via CPT), showing that musical traditions differ
in how well they transfer to others, a pattern that correlates with acoustic token-level simi-
larity among cultures, using as metrics the cosine distance and Jensen-Shannon divergence
computed over EnCodec-extracted token distributions. Our findings demonstrate that
exposure to culturally diverse data through multi-cultural CPT enhances cross-cultural
generalization and leads to improved overall performance. This study contributes to the
development of more culturally aware foundation models for music that generalize across
diverse underrepresented musical traditions and enable world music understanding.

Keywords

Music Information Retrieval, Music Representation Learning, Computational Ethno-
musicology, Self-supervised Learning, Continual Pre-Training, Domain Adaptation, Cross-
Cultural Adaptation, Transfer Learning, Cross-Cultural Transfer, Model Merging, Task
Arithmetic, Deep Learning, Foundation Models, Non-Western Music Modeling, Automatic
classification
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Κεφάλαιο 0

Εκτεταμένη Ελληνική Περίληψη

0.1 Εισαγωγή

0.1.1 Κίνητρο

Η μουσική αποτελεί θεμελιώδες στοιχείο του ανθρώπινου πολιτισμού, παρούσα καθολικά

σε όλες τις κοινωνίες, εκφραζόμενη μέσα από ποικίλες μορφές μοναδικές σε κάθε παράδοση

[8, 9, 10]. Οι ρόλοι της περιλαμβάνουν τη ρύθμιση των συναισθημάτων, την επικοινωνία και

τον κοινωνικό δεσμό· παίζει ρόλο στην τέχνη, την ψυχαγωγία, τη λατρεία και τη διαφήμιση, και

αποτελεί σημαντικό κλάδο της παγκόσμιας οικονομίας. Ο διττός αυτός ρόλος, ως πολιτισμικό

αντικείμενο και ως οικονομικός παράγοντας, προσφέρει ευκαιρίες για όφελος της κοινωνίας,

ενώ ταυτόχρονα θέτει μοναδικές τεχνικές προκλήσεις όταν συνδυάζεται με την τεχνητή νοη-

μοσύνη (artificial intelligence – AI) [11]. Πέραν των πρακτικών εφαρμογών, η κατανόηση
της σημασιολογίας της μουσικής μέσω βαθιάς μάθησης (deep learning – DL), με ιδιαίτερη
έμφαση σε ερμηνεύσιμες προσεγγίσεις (explainable AI – XAI), μπορεί επίσης να συνεισφέρει
σε θεωρητικά ευρήματα σε τομείς όπως η εθνομουσικολογία και η μουσική ανθρωπολογία, η

θεωρία της μουσικής και η γνωσιακή μουσικολογία. Επιπλέον, παρότι η μουσική συχνά περι-

γράφεται ως «παγκόσμια γλώσσα», αυτή η αντίληψη παραμένει αντικείμενο συζήτησης μεταξύ

των μελετητών: ορισμένα χαρακτηριστικά φαίνεται να υπερβαίνουν τα πολιτισμικά όρια [12],

ωστόσο οι μουσικές παραδόσεις έχουν εξελιχθεί με διακριτά χαρακτηριστικά και πολιτισμικά

θεμελιωμένη σημασιολογία [13, 14]. Αυτή η αλληλεπίδραση μεταξύ καθολικότητας και πολιτι-

σμικής ιδιαιτερότητας αποτελεί μια σύνθετη πρόκληση, την οποία ο κλάδος της υπολογιστικής

μουσικολογίας και οι σύγχρονες προσεγγίσεις τεχνητής νοημοσύνης μπορούν να διερευνήσουν

μέσα από μια νέα οπτική [15].

Η ανάκτηση μουσικής πληροφορίας (music information retrieval – MIR) αναφέρεται στον
ερευνητικό τομέα που επικεντρώνεται στην εξαγωγή και ανάλυση πληροφορίας από μουσικά

δεδομένα [16, 11]. Οι υπολογιστικές μέθοδοι σε αυτό το πεδίο συνδυάζουν τεχνικές επεξερ-

γασίας σήματος για την εξαγωγή χαρακτηριστικών από ηχητικά σήματα, με αλγορίθμους μη-

χανικής μάθησης (machine learning – ML) για την εκτέλεση εργασιών μουσικής κατανόησης
(music understanding tasks), όπως η ταξινόμηση είδους (genre classification), η ανίχνευση
ρυθμού (beat tracking), ο εντοπισμός τονικότητας (key detection), ο διαχωρισμός πηγών
(source separation) και η αυτόματη ετικετοποίηση (automatic tagging), μεταξύ άλλων. Σε
αντίθεση με την ομιλία και τη γλώσσα, η μουσική είναι τυπικά πολυφωνική, συχνά αποτελο-
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ύμενη από πολλαπλές ταυτόχρονες «φωνές» και στρώματα οργάνων. Επιπλέον, η «σημασία»

της συνήθως δεν βασίζεται σε άμεσες αναφορές σε αντικείμενα του πραγματικού κόσμου ή συ-

γκεκριμένα γεγονότα, αλλά είναι αφηρημένη και διαμορφώνεται από το πολιτισμικό πλαίσιο. Ως

εκ τούτου, η κατανόηση της μουσικής παρουσιάζει ιδιαίτερες προκλήσεις, καθώς ενσωματώνει

περίπλοκες, διαπλεκόμενες έννοιες που σχετίζονται με τον άνθρωπο, όπως τα συναισθήμα-

τα, οι εμπειρίες, η έκφραση, η πολιτισμική ταυτότητα, το κοινωνικό και ιστορικό πλαίσιο, η

επικοινωνία και η δημιουργικότητα. Επιπλέον, η μουσική έχει συνήθως μεγαλύτερη χρονική

διάρκεια και υψηλότερο ρυθμό δειγματοληψίας (sample rate) από την ομιλία ή τον γενικό
ήχο, γεγονός που καθιστά υπολογιστικά απαιτητική τη μοντελοποίηση ολόκληρων μουσικών

κομματιών. ΄Ενα βασικό εμπόδιο είναι ότι η απευθείας μοντελοποίηση του ήχου (raw audio)
εισάγει εξαρτήσεις μεγάλης εμβέλειας (long-range dependencies), καθιστώντας δύσκολη τη
μάθηση των σημασιολογικών ιδιοτήτων της μουσικής σε διαφορετικά επίπεδα.

Ο όρος «foundation model» (FM) εισήχθη για να περιγράψει οποιαδήποτε προ-εκπαιδευμένη
και ευέλικτη αρχιτεκτονική μηχανικής μάθησης, η οποία, αντί να βελτιστοποιείται για έναν συ-

γκεκριμένο σκοπό, λειτουργεί ως κεντρικό framework από το οποίο μπορούν να προκύψουν
πολλαπλά εξειδικευμένα μοντέλα για ένα ευρύ φάσμα εργασιών (downstream tasks) [17].
Η ανάδυση των foundation models έχει τροφοδοτηθεί από τις εξελίξεις στη βαθιά μάθηση,
συμπεριλαμβανομένων αρχιτεκτονικών καινοτομιών όπως ο Transformer [18], καθώς και α-
πό τις βελτιώσεις στο υπολογιστικό υλικό (hardware). Πρόσφατα, τα foundation models
έχουν κάνει την εμφάνισή τους και στον τομέα της μουσικής [1, 19, 20, 11], προσφέροντας

ισχυρές, γενικού σκοπού αναπαραστάσεις, μέσω της μάθησης από δεδομένα ήχου μεγάλης

κλίμακας. Τα μοντέλα αυτά έχουν τη δυνατότητα να συλλαμβάνουν ευρεία μουσικά χαρα-

κτηριστικά και έχουν επιδείξει state-of-the-art επιδόσεις σε πλήθος εργασιών κατανόησης
μουσικής, μειώνοντας έτσι την ανάγκη για εξειδικευμένη εκπαίδευση ανά task. Αξιοποιώντας
την αυτο-επιβλεπόμενη μάθηση (self-supervised learning – SSL) σε μη επισημασμένα μουσικά
δεδομένα μεγάλης κλίμακας, τα foundation models αντιμετωπίζουν το πρόβλημα της έλλειψης
δεδομένων, μειώνουν το κόστος επισημάνσεων και βελτιώνουν τη γενίκευση στην ανάκτηση

μουσικής πληροφορίας [11].

Παρά την πρόοδο, τα περισσότερα υφιστάμενα foundation models για μουσική έχουν εκ-
παιδευτεί κυρίως σε σύνολα δεδομένων που προέρχονται από Δυτικές μουσικές κουλτούρες,

γεγονός που περιορίζει την ικανότητά τους να αναπαριστούν ποικίλα μουσικά στυλ [21, 3].

Σημαντικό είναι επίσης ότι τα μοντέλα αυτά σπάνια αξιολογούνται με βάση την παγκόσμια μου-

σική ποικιλομορφία, αφήνοντας σε μεγάλο βαθμό ανεξερεύνητη τη γενικευσιμότητά τους σε

διαφορετικές μουσικές παραδόσεις, ιδιαίτερα στις υποεκπροσωπούμενες. Πολλές από αυτές τις

παραδόσεις, όπως η Τουρκική, η Ινδική και η Ελληνική παραδοσιακή μουσική, χαρακτηρίζονται

από μοναδικές μελωδικές δομές, τροπικά ή τονικά συστήματα, και ιδιαίτερα ρυθμικά μοτίβα,

τα οποία δεν αποτυπώνονται επαρκώς από τα υπάρχοντα μοντέλα [22, 23, 24]. Η αδυναμία μο-

ντελοποίησης τέτοιων πολιτισμικά ειδικών στυλιστικών χαρακτηριστικών όχι μόνο περιορίζει

την εφαρμοσιμότητα των music foundation models, για παράδειγμα, σε συστήματα σύστασης
περιεχομένου (recommendation systems) που προσαρμόζονται σε συγκεκριμένες γεωγραφι-
κές περιοχές [25], ή στη διατήρηση πολιτιστικής κληρονομιάς, αλλά επίσης παραβλέπει την

πλούσια πολιτισμικά μουσική γνώση που είναι κρίσιμη για την πρόοδο της έρευνας στην α-

νάκτηση μουσικής πληροφορίας [11]. Κατά συνέπεια, καθίσταται επιτακτική η ανάγκη για την
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ανάπτυξη πιο συμπεριληπτικών και πολιτισμικά ευαισθητοποιημένων υπολογιστικών μοντέλων

[26], ικανών να γενικεύουν πέρα από τις Δυτικοκεντρικές παραδόσεις και να προσαρμόζονται

αποτελεσματικά σε ποικίλες, υποεκπροσωπούμενες μουσικές κουλτούρες. Αυτή η κατεύθυνση

έχει ήδη σημειώσει πρόοδο σε συγγενείς τομείς όπως η επεξεργασία φυσικής γλώσσας (nat-
ural language processing – NLP) [27] και η αναγνώριση ομιλίας (speech recognition) [28],
μέσω της ανάπτυξης πολιτισμικά προσαρμοσμένων και πολυγλωσσικών foundation models.
Μια πολλά υποσχόμενη προσέγγιση για την αντιμετώπιση αυτών των προκλήσεων είναι η

συνεχής προ-εκπαίδευση (continual pre-training – CPT), η οποία έχει αναδειχθεί ως μια απο-
τελεσματική και ολοένα πιο διαδεδομένη μέθοδος τόσο στα μεγάλα γλωσσικά μοντέλα (large
language models – LLMs) [4, 29, 30] όσο και στην πολυτροπική μάθηση (multimodal learn-
ing) [31]. Επιτρέποντας στα μοντέλα να προσαρμόζονται σταδιακά σε νέα domains, tasks
ή γλώσσες, το CPT αποφεύγει την ανάγκη για πλήρη επανεκπαίδευση, μια διαδικασία που
συχνά είναι μη πρακτική και υπολογιστικά δαπανηρή [32, 4]. Σημαντικά, έχει αποδειχθεί ότι

σε ορισμένες περιπτώσεις επιτυγχάνει απόδοση ισοδύναμη ή και ανώτερη από την εκπαίδευση

από την αρχή (training from scratch) [33, 34], ενώ ταυτόχρονα οδηγεί σε ταχύτερη σύγκλιση
[35] και μείωση του φαινομένου του catastrophic forgetting [36]. Το CPT έχει επίσης αρ-
χίσει να εφαρμόζεται και στον τομέα του ήχου, με πρόσφατες μελέτες να τεκμηριώνουν την

αποτελεσματικότητά του στην προσαρμογή μοντέλων αναγνώρισης ομιλίας τόσο σε γλώσσες

υψηλών όσο και χαμηλών πόρων [37, 28, 38]. Επιπλέον, η συγχώνευση μοντέλων (model
merging) [39, 40] έχει αναδειχθεί ως μια απλή αλλά αποτελεσματική τεχνική για την προ-
σαρμογή προ-εκπαιδευμένων μοντέλων σε πολλαπλά domains, συνδυάζοντας domain-specific
μοντέλα στον χώρο των βαρών (weight space), χωρίς να απαιτείται επιπλέον εκπαίδευση [41] ή
πρόσβαση στα αρχικά δεδομένα εκπαίδευσης [42]. Μια ιδιαίτερα αξιοσημείωτη μέθοδος είναι το

task arithmetic (TA) [5], η οποία κατασκευάζει task vectors υπολογίζοντας τη διαφορά μετα-
ξύ των παραμέτρων ενός προσαρμοσμένου μοντέλου και του αντίστοιχου προ-εκπαιδευμένου.

Αυτά τα task vectors μπορούν στη συνέχεια να ενσωματωθούν στο προ-εκπαιδευμένο μοντέλο
μέσω αλγεβρικών πράξεων στον Ευκλείδειο χώρο, δημιουργώντας με αυτόν τον τρόπο ένα ε-

νοποιημένο μοντέλο. Δεδομένης της έλλειψης πολιτισμικά ποικίλων επισημασμένων μουσικών

δεδομένων, η συνεχής προ-εκπαίδευση προσφέρει μια υπολογιστικά αποδοτική λύση για την

προσαρμογή των foundation models σε μη Δυτικές μουσικές παραδόσεις, χωρίς την ανάγκη
πλήρους επανεκπαίδευσης. Παράλληλα, η τεχνική task arithmetic επιτρέπει την ομαλή συγ-
χώνευση μοντέλων στον χώρο των βαρών, διευκολύνοντας την πολυπολιτισμική προσαρμογή

και περιορίζοντας το φαινόμενο του catastrophic forgetting.

0.1.2 Συνεισφορά

Ενώ τόσο η συνεχής προ-εκπαίδευση όσο και η τεχνική task arithmetic έχουν μελετηθεί
εκτενώς σε άλλους τομείς, η εφαρμογή τους στην ανάκτηση μουσικής πληροφορίας παραμένει

σε μεγάλο βαθμό ανεξερεύνητη. Στην παρούσα διπλωματική εργασία καλύπτουμε αυτό το

κενό, αξιοποιώντας τις δύο τεχνικές για την προσαρμογή του MERT-v1-95M1
, ενός μουσικού

foundation μοντέλου [1], το οποίο έχει εκπαιδευτεί αρχικά σε 1.000 ώρες κυρίως Δυτικής
μουσικής [1, 43]. Στόχος μας είναι να το προσαρμόσουμε σε μουσικές παραδόσεις από την

1https://huggingface.co/m-a-p/MERT-v1-95M
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Ανατολική Μεσόγειο και την Ινδική υποήπειρο, διατηρώντας παράλληλα την απόδοσή του σε

«Δυτικο»-κεντρικά benchmarks.
Μια σημαντική πρόκληση στην προσαρμογή των foundation models σε ποικίλα domains

είναι η επίτευξη αποδοτικής προσαρμογής χωρίς την εμφάνιση του φαινομένου catastrophic
forgetting [44], όπου η προγενέστερη γνώση ενδέχεται να «ξεχαστεί» όταν το μοντέλο εκπαι-
δεύεται σε νέα δεδομένα [45]. Για την αντιμετώπιση αυτού του προβλήματος, προτείνουμε μια

υπολογιστικά αποδοτική στρατηγική συνεχούς προ-εκπαίδευσης δύο σταδίων, η οποία ενσω-

ματώνει επανεκκίνηση του ρυθμού μάθησης (learning rate re-warming) [4], σταθεροποιώντας
την εκπαίδευση και επιτρέποντας πιο ομαλή και αποτελεσματική προσαρμογή.

Η παρούσα διπλωματική εργασία συνεισφέρει στα εξής:

1. Από όσο γνωρίζουμε, πρόκειται για την πρώτη μελέτη που εξερευνά τη συνεχή προ-

εκπαίδευση (continual pre-training) και την τεχνική task arithmetic για δια-
πολιτισμική προσαρμογή (cross-cultural adaptation) στην ανάκτηση μουσι-
κής πληροφορίας, τεκμηριώνοντας την αποτελεσματικότητα αυτών των μεθόδων στην

εκμάθηση αναπαραστάσεων μουσικού ήχου στο πλαίσιο των foundation models.

2. Προτείνουμε μια στρατηγική συνεχούς προ-εκπαίδευσης δύο σταδίων, η

οποία σταθεροποιεί την εκπαίδευση, μειώνει το catastrophic forgetting και επιτρέπει
αποτελεσματική προσαρμογή υπό περιορισμένους υπολογιστικούς πόρους.

3. Το πολυπολιτισμικά προσαρμοσμένο μοντέλο μας, CultureMERT, υπερβαίνει την απόδο-

ση του αρχικού MERT-v1 κατά 4,43% κατά μέσο όρο στη μετρική ROC-AUC σε μη
Δυτικά auto-tagging tasks, παρουσιάζοντας επίσης σταθερές μέσες βελτιώσεις σε άλ-
λες μετρικές: 5,4% στο Average Precision (AP), 3,6/% στο Micro-F1, και 6,8% στο
Macro-F1, με ελάχιστη απώλεια απόδοσης στα Δυτικά benchmarks.

4. Τα πολιτισμικά προσαρμοσμένα μοντέλα μας ξεπερνούν προηγούμενα state-of-
the-art αποτελέσματα σε όλα τα μη Δυτικά auto-tagging tasks που εξετάζουμε.

5. Διερευνούμε τη διαπολιτισμική μεταφερσιμότητα (cross-cultural transfer-
ability), αναλύοντας κατά πόσο τα μοντέλα που προσαρμόζονται σε δεδομένα από μία
μόνο μουσική παράδοση (π.χ., Οθωμανική/Τουρκική κλασσική μουσική) μπορούν να γε-

νικεύσουν σε άλλες (π.χ., Ελληνική παραδοσιακή μουσική). Τα αποτελέσματα δείχνουν

ότι οι πολιτισμικά εξειδικευμένες προσαρμογές παρουσιάζουν διαφοροποιημένη ικανότη-

τα μεταφοράς σε άλλες μουσικές παραδόσεις, ενώ το πολυπολιτισμικά προσαρμοσμένο

μοντέλο επιτυγχάνει τη μεγαλύτερη γενίκευση στα σύνολα δεδομένων που μελετώνται.

Με την αντιμετώπιση αυτών των προκλήσεων, η παρούσα διπλωματική εργασία συμβάλλει

στην ανάπτυξη πολιτισμικά ευαισθητοποιημένων foundation models για τη μουσική, τα οποία
επιτρέπουν την κατανόηση της παγκόσμιας μουσικής ποικιλομορφίας και ενισχύουν τη διαπο-

λιτισμική εκμάθηση αναπαραστάσεων μουσικής με βάση τον ήχο. Η μελέτη αυτή αναδεικνύει

την αποτελεσματικότητα της συνεχούς προ-εκπαίδευσης ως προσέγγιση για διαπολιτισμική

προσαρμογή στην ανάκτηση μουσικής πληροφορίας, καθιερώνοντας το CultureMERT-95M ως

ένα state-of-the-art foundation μοντέλο για ποικίλες μουσικές παραδόσεις. Προς υποστήριξη
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της περαιτέρω έρευνας στην εκμάθηση αναπαραστάσεων για υποεκπροσωπούμενες μουσικές

κουλτούρες, δημοσιεύουμε το CultureMERT-95M, καθώς και την παραλλαγή του με χρήση της

τεχνικής task arithmetic, CultureMERT-TA-95M.

0.2 Ανάκτηση Μουσικής Πληροφορίας

Η ανάκτηση μουσικής πληροφορίας είναι ένας διεπιστημονικός τομέας που επικεντρώνε-

ται στην υπολογιστική ανάλυση, οργάνωση και διαχείριση δεδομένων που σχετίζονται με τη

μουσική [46]. Ο όρος MIR χρησιμοποιείται μερικές φορές εναλλακτικά με τους όρους music
informatics ή music information processing [47]. Τα τελευταία χρόνια, η έρευνα στον τομέα
αυτό καθοδηγείται ολοένα και περισσότερο από τις εξελίξεις στη μηχανική μάθηση, και ιδίως

στις μεθόδους βαθιάς μάθησης, οι οποίες έχουν επιφέρει αξιοσημείωτη πρόοδο σε πλήθος

επιμέρους εφαρμογών.

0.2.1 Foundation Models στην Ανάκτηση Μουσικής Πληροφορίας

Πρώιμες μέθοδοι στην ανάκτηση μουσικής πληροφορίας βασίζονταν σε hand-crafted χα-
ρακτηριστικά (π.χ. MFCCs, chroma features, constant-Q representations) και κλασσικούς
αλγορίθμους μηχανικής μάθησης. Ωστόσο, η έλευση της βαθιάς μάθησης έφερε ριζικές αλλα-

γές στην εκμάθηση αναπαραστάσεων μουσικής, επιτυγχάνοντας αξιοσημείωτες επιδόσεις σε

ποικίλες εφαρμογές [48]. Πιο πρόσφατα, η πιο επικρατούσα προσέγγιση για την εκμάθηση

αναπαραστάσεων μουσικής βασίζεται στην αυτο-επιβλεπόμενη μάθηση (self-supervised learn-
ing – SSL), όπου τα μοντέλα εκπαιδεύονται σε proxy objectives που προκύπτουν απευθείας
από τα ίδια τα δεδομένα εισόδου, εξαλείφοντας την ανάγκη για χειροκίνητη επισήμανση (label-
ing). Αυτή η προσέγγιση επιτρέπει την εξαγωγή πλούσιων και γενικεύσιμων αναπαραστάσεων,
αξιοποιώντας αυτόματα παραγόμενα σήματα εποπτείας (self-supervision).
Πολλά μοντέλα βασισμένα στην αυτο-επιβλεπόμενη μάθηση έχουν επιδείξει ισχυρή απόδο-

ση σε μια ευρεία γκάμα εργασιών ανάκτησης μουσικής πληροφορίας (downstream MIR tasks),
μειώνοντας αποτελεσματικά το χάσμα με τις εποπτευόμενες προσεγγίσεις (supervised learn-
ing) [49, 50, 51, 52, 1, 53]. Τα μοντέλα αυτά προ-εκπαιδεύονται σε μεγάλες μουσικές συλλογές
(music corpora), μαθαίνοντας γενικού σκοπού αναπαραστάσεις που μπορούν να μεταφερθούν
αποτελεσματικά σε ποικίλες εφαρμογές MIR [11] (βλ. Σχήμα 1). Στη συνέχεια, προσαρμόζο-
νται μέσω fine-tuning σε συγκεκριμένες εργασίες, χρησιμοποιώντας σημαντικά μικρότερα ε-
πισημασμένα σύνολα δεδομένων, επιτρέποντας έτσι αποδοτική μεταφορά γνώσης ακόμη και σε

σενάρια περιορισμένων πόρων ή ελλιπούς εποπτείας.

΄Ενα κυρίαρχο pre-training paradigm είναι το masked modeling (MM), το οποίο προέρχε-
ται από την προ-εκπαίδευση τύπου BERT στον τομέα της επεξεργασίας φυσικής γλώσσας [54].
Το MM βασίζεται στην τυχαία απόκρυψη (masking) τμημάτων της εισόδου και στην εκπα-
ίδευση του μοντέλου να προβλέπει τα κρυμμένα στοιχεία με βάση τα συμφραζόμενα (context).
΄Ενα χαρακτηριστικό παράδειγμα είναι το μοντέλοMERT [1] (Music undERstanding model
with large-scale self-supervised Training), στο οποίο ένας encoder τύπου BERT, βασισμένος
στην αρχιτεκτονική HuBERT [55], προ-εκπαιδεύεται σε μεγάλης κλίμακας ηχητικά δεδομένα
μουσικής μέσω της μεθόδου masked language modeling (MLM). Το MERT υιοθετεί μια
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Σχήμα 1. Τα foundation models μαθαίνουν αναπαραστάσεις γενικού σκοπού (general-
purpose) μέσω μεγάλης κλίμακας προ-εκπαίδευσης σε ηχητικά δεδομένα, οι οποίες μπορούν
στη συνέχεια να μεταφερθούν αποτελεσματικά σε ένα ευρύ φάσμα εφαρμογών ανάκτησης

μουσικής πληροφορίας (MIR tasks).

dual-teacher στρατηγική για τη δημιουργία σημάτων εποπτείας (supervision signals): έναν
«ακουστικό» teacher, βασισμένο σε RVQ-VAE (συγκεκριμένα τον EnCodec audio tokenizer
[2]), και έναν «μουσικό» teacher, βασισμένο στην ανακατασκευή μέσω του constant-Q trans-
form (CQT). Ο συνδυασμός αυτός επιτρέπει στο μοντέλο να μαθαίνει τόσο ακουστικά όσο
και αρμονικά χαρακτηριστικά της μουσικής. Το MERT διατίθεται σε δύο εκδοχές, με 95 και
330 εκατομμύρια παραμέτρους, και επιτυγχάνει state-of-the-art απόδοση σε 14 διαφορετικά
music understanding tasks, επιβεβαιώνοντας την αποτελεσματικότητα της μεγάλης κλίμα-
κας αυτο-επιβλεπόμενης προ-εκπαίδευσης και την ικανότητα ενοποίησης πολλαπλών εργασιών

ανάκτησης μουσικής πληροφορίας σε ένα ενιαίο μοντέλο. ΄Ενα άλλο παράδειγμα είναι το μο-

ντέλο MusicFM [19], το οποίο βασίζεται στο MERT, αντικαθιστώντας τον εκπαιδεύσιμο
ακουστικό audio tokenizer με έναν μη εκπαιδεύσιμο random projection quantizer, εμπνευ-
σμένο από την αρχιτεκτονική του μοντέλου BEST-RQ [56]. Αυτή η προσέγγιση αφαιρεί
την ανάγκη για ξεχωριστό στάδιο εκμάθησης αναπαραστάσεων (π.χ. μέσω RVQ ή k-means
clustering), καθώς η διαδικασία του tokenization δεν απαιτεί εκπαίδευση. Συγκεκριμένα, το
MusicFM προβάλλει τα φασματικά χαρακτηριστικά (log-mel features) σε λανθάνοντα χώρο
(latent space) και τα διακριτοποιεί μέσω ενός τυχαία αρχικοποιημένου λεξικού (codebook).
Παρά την απλότητά της, αυτή η προσέγγιση επιτυγχάνει υψηλή απόδοση, ιδιαίτερα όταν υπάρ-

χουν επαρκή δεδομένα εκπαίδευσης.

Ωστόσο, υπάρχουν και άλλα είδη προ-εκπαίδευσης, όπως το generative pre-training . Αυ-
τά τα foundation models εντάσσονται στην κατηγορία του auto-regressive predictive coding
(APC), ενός παραδείγματος προ-εκπαίδευσης όπου το μοντέλο μαθαίνει να προβλέπει μελ-
λοντικά tokens μέσα σε μια ακολουθία, χρησιμοποιώντας μια auto-regressive αρχιτεκτονική.
΄Ενα χαρακτηριστικό παράδειγμα αποτελεί το Jukebox [20], ένας μεγάλης κλίμακας auto-
regressive Transformer (5 δισεκατομμυρίων παραμέτρων), ο οποίος εκπαιδεύεται σε περισ-
σότερα από 1,2 εκατομμύρια τραγούδια. Το Jukebox συμπιέζει το ηχητικό σήμα σε διακριτά
codes χρησιμοποιώντας τρία ανεξάρτητα εκπαιδευμένα VQ-VAEs σε διαφορετικά temporal
resolutions, με κάθε επίπεδο να χρησιμοποιεί λεξιλόγιο μεγέθους 2048. Παρόλο που σχεδι-
άστηκε κυρίως για music generation, το JukeMIR [57] έδειξε ότι οι ενδιάμεσες αναπαρα-
στάσεις του Jukebox μπορούν να επαναχρησιμοποιηθούν για εργασίες κατανόησης μουσικής,
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επιτυγχάνοντας ισχυρή απόδοση σε tasks όπως music auto-tagging, genre classification, key
detection και emotion recognition. ΄Ενα ακόμη παράδειγμα αποτελεί το MusicGen [58], το
οποίο, αν και αρχικά σχεδιάστηκε και αυτό ως μοντέλο δημιουργίας μουσικής (music genera-
tion) με είσοδο κείμενο και μελωδία (text- and melody-conditioned), έχει επίσης αξιολογηθεί
ως προς την ικανότητά του για εκμάθηση αναπαραστάσεων μουσικής (music representation
learning). Το MusicGen χρησιμοποιεί έναν auto-regressive Transformer decoder, ο οποίος
εκπαιδεύεται σε residual vector-quantized (RVQ) tokens που παράγονται από τον EnCodec
tokenizer. Σε αντίθεση με μοντέλα όπως το Jukebox, τα οποία υλοποιούν πολυεπίπεδες ιεραρ-
χίες με πολλαπλά priors, το MusicGen επεξεργάζεται επίπεδες ή διεμπλεκόμενες παράλληλες
ροές από tokens που προέρχονται από πολλαπλά codebooks. Αυτός ο σχεδιασμός απλοποιεί
τη διαδικασία εκπαίδευσης και βελτιώνει την υπολογιστική αποδοτικότητα, αποφεύγοντας το

κόστος που συνεπάγεται η παραγωγή πολλαπλών ροών tokens από διαφορετικά codebooks.
Οι ενδιάμεσες αναπαραστάσεις του MusicGen μπορούν να επαναχρησιμοποιηθούν σε πλήθος
εφαρμογών ανάκτησης μουσικής πληροφορίας, όπως genre classification, key detection και
music transcription.

0.2.2 Διαπολιτισμική Ανάκτηση Μουσικής Πληροφορίας

Σχήμα 2. Παγκόσμια κατανομή μουσικών συλλογών δεδομένων (music corpora) ανά γε-
ωγραφική περιοχή.

Η ανάκτηση μουσικής πληροφορίας έχει παραδοσιακά επικεντρωθεί στην ανάλυση Δυτι-

κών μουσικών ρεπερτορίων, με έμφαση κυρίως στην Ευρω-Αμερικανική ποπ και τη Δυτική

κλασσική μουσική. ΄Ενα αυξανόμενο σώμα ερευνητικών εργασιών αναδεικνύει την έντονη

Δυτικοκεντρική προκατάληψη του πεδίου και υπογραμμίζει την ανάγκη για διαπολιτισμική διε-

ύρυνση και δικαιότερη εκπροσώπηση [21, 11, 59, 60]. Για παράδειγμα, οι [61] παρουσίασαν το

SAMBASET, ένα σύνολο δεδομένων διάρκειας άνω των 40 ωρών με Βραζιλιάνικη σάμπα, με
στόχο να αντιπαρατεθούν στην κυρίαρχη Δυτικοκεντρική εστίαση του πεδίου. Υποστηρίζουν
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ότι τα περισσότερα σύνολα δεδομένων, οι μεθοδολογίες και τα ερευνητικά συμπεράσματα στην

ανάκτηση μουσικής πληροφορίας ενσωματώνουν σημαντικές πολιτισμικές προκαταλήψεις, με

τη μη Δυτική μουσική να είναι συχνά υποεκπροσωπούμενη, ανεπαρκώς επισημασμένη ή ακόμη

και εσφαλμένα κατηγοριοποιημένη. Αντίστοιχα, οι [3] ποσοτικοποιούν αυτή την προκατάλη-

ψη, δείχνοντας ότι μόλις το 5,7% των δεδομένων για δημιουργία μουσικής (music generation)
προέρχεται από μη Δυτικές παραδόσεις, αναδεικνύοντας έτσι την έντονη υποεκπροσώπησή

τους και την επείγουσα ανάγκη για πιο πολιτισμικά ποικίλα σύνολα δεδομένων (βλ. Σχήμα 2).

Η αναγνώριση της Δυτικοκεντρικής προκατάληψης αποτελεί αναγκαίο πρώτο βήμα· ωστόσο,

η ουσιαστική αντιμετώπισή της προϋποθέτει πρακτικές προσπάθειες για την ανάπτυξη κατάλ-

ληλων συνόλων δεδομένων, αναπαραστάσεων και μεθόδων αξιολόγησης προσαρμοσμένων σε

ποικίλες (μη Δυτικές) μουσικές παραδόσεις.

Σύνολα Δεδομένων Πολλές πρωτοβουλίες έχουν αναδειχθεί για τη μείωση της πολιτι-

σμικής προκατάληψης στην ανάκτηση μουσικής πληροφορίας, μέσω της δημιουργίας συνόλων

δεδομένων από διαφορετικές γεωγραφικές περιοχές. Το CompMusic project [62] προσφέρει
πάνω από 1300 ώρες μουσικών δεδομένων από παραδόσεις όπως η Ινδική (Ινδουστανική,

Καρνατική), το Τουρκικό Μακάμ, η Αραβο-Ανδαλουσιανή μουσική και η ΄Οπερα του Πεκίνου.

Συμπληρωματικά, σύνολα δεδομένων όπως τα SAMBASET [61], corpusCOFLA [63], Nava
Dastgāh [64], KritiSamhita [65] και Erkomaishvili Dataset [66] εστιάζουν στη Βραζιλιάνικη,
Φλαμένκο, Περσική, Καρνατική και Γεωργιανή μουσική αντίστοιχα. Επιπλέον, έχουν προταθεί

σύνολα δεδομένων όπως το Lyra για την Ελληνική παραδοσιακή μουσική [67], το CCMusic
για Κινεζικές παραδόσεις [68], καθώς και δεδομένα για Αφρικανικά ιδιώματα όπως τα Sotho-
Tswana [69] και Ndwom [70]. Τέλος, τα M4-RAG [71] και GlobalMood [15] προσφέρουν
παγκόσμιας κλίμακας δεδομένα με πλούσιες πολυγλωσσικές και πολιτισμικές επισημάνσεις,

ενισχύοντας την αντιπροσωπευτικότητα και τη διαπολιτισμική εγκυρότητα των δεδομένων.

Μεθοδολογίες Τα τελευταία χρόνια παρατηρείται αυξανόμενο ενδιαφέρον για την υπο-

λογιστική μελέτη μη Δυτικών μουσικών παραδόσεων [72]. Ενδεικτικά παραδείγματα περι-

λαμβάνουν μελέτες αναγνώρισης Τουρκικών Μακάμ [73], ταξινόμησης Ινδικής μουσικής [74],

καθώς και ανάλυσης της Ιρανικής [75], Κορεατικής [76] και Γκανέζικης [77] παραδοσιακής

μουσικής. Η τελευταία μελέτη αποκαλύπτει μικροτονικές αποκλίσεις στις φωνητικές γραμμές

των seperewa scales, αναδεικνύοντας τόσο τους περιορισμούς όσο και τις Δυτικοκεντρικές
παραδοχές που ενσωματώνονται στα κλασσικά εργαλεία ανάκτησης μουσικής πληροφορίας.

Παράλληλα, πρόσφατες εργασίες εξετάζουν τη διαπολιτισμική μεταφορά στην αυτόματη ταξι-

νόμηση μουσικής (music auto-tagging) [78], καθώς και τεχνικές few-shot learning για σενάρια
με χαμηλούς πόρους [79]. Επιπλέον, το CLaMP 3 [71] εισάγει πολυτροπικό και πολυγλωσ-
σικό alignment για MIR tasks, πετυχαίνοντας state-of-the-art επιδόσεις σε εφαρμογές όπως
η ανάκτηση μουσικής με βάση το κείμενο (text-to-audio retrieval). Τέλος, η πολιτισμική
προσαρμογή σε μοντέλα music generation διερευνήθηκε μέσω αποδοτικής προσαρμογής των
MusicGen [58] και Mustango [80], χρησιμοποιώντας low-resource πολιτισμικά σύνολα δεδο-
μένων. Τα προσαρμοσμένα μοντέλα παρουσιάζουν βελτιωμένες επιδόσεις στην Ινδουστανική

κλασική και την Τουρκική μουσική [3], αναδεικνύοντας τόσο τις δυνατότητες όσο και τις

προκλήσεις της διαπολιτισμικής προσαρμογής των foundation models.
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Προκλήσεις Παρά τις πρόσφατες προόδους, η ουσιαστική αντιμετώπιση της πολιτισμικής

ανισορροπίας στο MIR δεν μπορεί να περιοριστεί στην απλή αύξηση της ποικιλομορφίας των
συνόλων δεδομένων. ΄Οπως τονίζουν οι [81], απαιτείται κριτική επανεξέταση των θεμελιω-

δών παραδοχών του πεδίου—επιστημολογικών, μεθοδολογικών και αξιακών—συμπεριλαμβα-

νομένου του πώς ορίζεται, κατανοείται και μελετάται η μουσική σε διαφορετικά πολιτισμικά

πλαίσια. Απαραίτητη είναι επίσης η διεπιστημονική σύνδεση με την εθνομουσικολογία και

η ενεργή συμμετοχή ειδικών από τις αντίστοιχες μουσικές παραδόσεις. Στην πράξη, η έλ-

λειψη δεδομένων περιορίζει τη δυνατότητα εκπροσώπησης πολλών πολιτισμών και οδηγεί σε

unbalanced κατανομές μεταδεδομένων (metadata), οι οποίες επηρεάζουν την αξιολόγηση.
Παράλληλα, τα μοντέλα που εκπαιδεύονται κυρίως σε Δυτικά δεδομένα ενσωματώνουν προκα-

ταλήψεις, οι οποίες τα καθιστούν λιγότερο γενικεύσιμα σε μη Δυτικά μουσικά συστήματα. Για

την υπέρβαση αυτών των περιορισμών απαιτούνται πολιτισμικά ευαισθητοποιημένα πρωτόκολ-

λα αξιολόγησης, κατάλληλες μετρικές, και η από κοινού ανάπτυξη μοντέλων σε συνεργασία

με local experts και practitioners, λαμβάνοντας υπόψη τις εννοιολογικές βάσεις και τις αξίες
που διέπουν κάθε μουσική παράδοση.

0.3 Προτεινόμενη Μεθοδολογία

0.3.1 Σύνολα Δεδομένων και Αξιολόγηση

Για τα πειράματά μας, χρησιμοποιούμε μια ποικιλία από σύνολα μουσικών δεδομένων που

καλύπτουν τόσο Δυτικές όσο και μη Δυτικές μουσικές παραδόσεις. Συγκεκριμένα, για την

εκπροσώπηση της Δυτικής μουσικής χρησιμοποιούμε τα σύνολα MagnaTagATune (MTAT)
[82] και FMA-medium [83]. Από την πλευρά των μη Δυτικών παραδόσεων, ενσωματώνουμε
το σύνολο Lyra [67], το οποίο περιλαμβάνει Ελληνική παραδοσιακή μουσική, καθώς και τρεις
συλλογές από τα CompMusic Corpora2

[62]: την κλασσική Οθωμανική/Τουρκική μουσική

(Turkish-makam) [84, 85], η οποία, μαζί με το Lyra, εκπροσωπεί την Ανατολική Μεσόγειο·
καθώς και τις παραδόσεις της Ινδουστανικής (Hindustani) και Καρνατικής (Carnatic) κλασ-
σικής μουσικής [86], που αντιστοιχούν στη Βόρεια και Νότια Ινδία αντίστοιχα.

Αξιολογούμε τα μοντέλα μας σε εργασίες αυτόματης επισημείωσης/ταξινόμησης μουσικής

(music tagging), τόσο για Δυτικές όσο και για μη Δυτικές παραδόσεις, στο πλαίσιο διαπο-
λιτισμικής αξιολόγησης (cross-cultural evaluation). Χρησιμοποιούμε καθιερωμένες μετρικές
για multi-label classification, όπως το ROC-AUC, το average precision (AP), καθώς και
τις μετρικές F1 (micro-averaged και macro-averaged). Ακολουθώντας τις προσεγγίσεις των
[57, 1, 19], εφαρμόζουμε probing-based evaluation [87] αντί για πλήρες fine-tuning, διατη-
ρώντας τα προ-εκπαιδευμένα μοντέλα «παγωμένα» και χρησιμοποιώντας τα ως deep feature
extractors, ενώ εκπαιδεύουμε μόνο ένα MLP με ένα κρυφό επίπεδο 512 νευρώνων πάνω από
αυτά. Για την προετοιμασία των δεδομένων μας για συνεχή προ-εκπαίδευση, εξάγουμε απο-

σπάσματα διάρκειας 30 δευτερολέπτων από κάθε σύνολο εκπαίδευσης (training set) των μη
Δυτικών συνόλων δεδομένων. Δεδομένων των διαφορών στον συνολικό όγκο των συνόλων,

εξισορροπούμε τη διάρκεια των δεδομένων εκπαίδευσης ανά πολιτισμό ώστε να διασφαλιστεί

αναλογική εκπροσώπηση: εξάγουμε 200 ώρες από τα σύνολα Τουρκικού Μακάμ, Καρνατι-

2https://compmusic.upf.edu/corpora
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κής και Ινδουστανικής μουσικής, και 50 ώρες από το Lyra, λόγω του μικρότερου μεγέθους
του. Στη συνέχεια, συνδυάζουμε αυτά τα υποσύνολα για να κατασκευάσουμε ένα ενοποιημένο

σύνολο 650 ωρών, που ενσωματώνει και τις τέσσερις παραδόσεις, με στόχο την πολυπολιτι-

σμική εκπαίδευση του αρχικού μοντέλου.

0.3.2 Το μοντέλο MERT

Σχήμα 3. Η αρχιτεκτονική του μοντέλου MERT [1].

Η συνεχής προ-εκπαίδευση που εφαρμόζουμε ακολουθεί το self-supervised masked lan-
guage modeling (MLM) objective του MERTRVQ-VAE, στο οποίο δύο teacher models παρέχουν
τα pseudo-labels:

• (i) ένας acoustic teacher , συγκεκριμένα το EnCodec codec μοντέλο [2], το οποίο διακρι-
τοποιεί τον ήχο σε tokens από K = 8 residual vector quantization (RVQ) codebooks,
καθένα εκ των οποίων περιέχει C = 1024 codewords, και

• (ii) ένας musical teacher , βασισμένος σε ανακατασκευή constant-Q transform (CQT)
spectrograms, ο οποίος μοντελοποιεί πληροφορία σχετική με το pitch και την αρμονική
δομή.

Το MERT-v1-95M ακολουθεί την HuBERT αρχιτεκτονική [55], η οποία αποτελείται από
έναν CNN-based feature extractor που επεξεργάζεται raw audio waveforms με sampling rate
24 kHz και τα μετατρέπει σε frame-level representations στα 75 Hz, καθώς και έναν 12-layer
Transformer encoder που παράγει 768-dimensional contextual embeddings (βλ. Σχήμα 3).
Κατά την εκπαίδευση, ένα υποσύνολο των frame embeddings καλύπτεται με μάσκα (masking)
και το μοντέλο βελτιστοποιείται μέσω ενός multi-task learning (MTL) objective, το οποίο
συνδυάζει masked acoustic token prediction και spectrogram reconstruction.
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Learning Rate Re-Warming

1% Warm-up

Learning Rate Re-Warming

10% Warm-up

Stage 1

100-hour Multi-
Cultural Audio Data

(20% Music4All)

Music MLM loss

MERT

Codeword Embeddings 🔥

❄️

Transformer Encoder

Acoustic MLM loss

🔥
1D convolution feature extractor

Stage 2

650-hour Multi-
Cultural Audio Data

Music MLM loss

MERT

🔥

Transformer Encoder

Acoustic MLM loss

🔥
1D convolution feature extractor

Codeword Embeddings 🔥

Σχήμα 4. Στρατηγική Συνεχούς Προ-εκπαίδευσης Δύο Σταδίων του

CultureMERT. Στο Στάδιο 1, εκπαιδεύεται ένα υποσύνολο των παραμέτρων (ο 1D CNN feature
extractor και τα codeword embeddings) πάνω σε 100 ώρες δεδομένων για πολλαπλά epochs, με
το 20% του συνόλου να αποτελείται από Δυτική μουσική. Στο Στάδιο 2, όλες οι παράμετροι

του μοντέλου εκπαιδεύονται πάνω στο πλήρες σύνολο δεδομένων των 650 ωρών. Η διαδικασία

επαναθέρμανσης του learning rate εφαρμόζεται και στα δύο στάδια, επιτρέποντας ομαλή και
σταθερή προσαρμογή.

0.3.3 Συνεχής Προ-εκπαίδευση Δύο Σταδίων

Για την προσαρμογή του μοντέλου MERT σε ποικίλες μουσικές παραδόσεις, εφαρμόζουμε
continual pre-training, μια διαδικασία κατά την οποία ένα ήδη προ-εκπαιδευμένο μοντέλο συνε-
χίζει να εκπαιδεύεται σε νέα δεδομένα, με στόχο την προσαρμογή του σε διαφορετικό domain,
διατηρώντας τη γνώση που έχει ήδη αποκτήσει, χωρίς ανάγκη πλήρους επανεκπαίδευσης. Στην

περίπτωσή μας, αυτό συνεπάγεται τη συνεχή προ-εκπαίδευση του MERT-v1-95M, χρησιμοποι-

ώντας το ίδιο pre-training objective, πάνω σε πολιτισμικά ετερογενή δεδομένα που εισάγουν
σημαντική μετατόπιση στην κατανομή των δεδομένων (distribution shift), καθώς το μοντέλο
είχε αρχικά εκπαιδευτεί κυρίως σε Δυτική μουσική [1, 43]. Δεδομένης αυτής της μετατόπισης,

η αφελής συνέχιση της εκπαίδευσης, δηλαδή η ταυτόχρονη προσαρμογή όλων των παραμέτρων

χωρίς επαναφορά του learning rate, μπορεί να οδηγήσει σε φαινόμενα catastrophic forgetting
[44] και ανεπαρκή προσαρμογή [4], όπως επιβεβαιώνεται και από τα προκαταρκτικά μας πει-

ράματα (βλ. Ενότητα 0.4.3). Για την αντιμετώπιση αυτών των φαινομένων, προτείνουμε μια

στρατηγική δύο σταδίων, η οποία σταθεροποιεί τη διαδικασία εκπαίδευσης μέσω:

• (i) επαναθέρμανσης (re-warming) και εκ νέου μείωσης του ρυθμού
μάθησης [4, 31, 34, 88, 89], και

• (ii) σταδιακής προσαρμογής (staged adaptation).
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Η μέθοδός μας παρουσιάζεται στο Σχήμα 4, όπου συγκεκριμένα απεικονίζεται η στρατη-

γική δύο σταδίων για τη συνεχή προ-εκπαίδευση του CultureMERT.

Σταδιακή Προσαρμογή (Staged Adaptation) Στα αρχικά μας πειράματα παρατη-
ρήσαμε μια αρχική πτώση στην απόδοση κατά τη διάρκεια της συνεχούς προ-εκπαίδευσης,

ακολουθούμενη από μια φάση αργής ανάκαμψης, φαινόμενο γνωστό ως stability gap [90].
Η αστάθεια αυτή οφείλεται στην απότομη προσαρμογή των παραμέτρων του μοντέλου σε

μια αρκετά διαφορετική κατανομή δεδομένων (distribution shift). Για να μετριάσουμε αυτό
το φαινόμενο, αντί να προσαρμόζουμε όλες τις παραμέτρους από την αρχή σε ολόκληρο το

σύνολο δεδομένων, χωρίζουμε την εκπαίδευση σε δύο διαδοχικά στάδια, ώστε να επιτευχθεί

ομαλότερη και πιο σταθερή προσαρμογή (βλ. Σχήμα 4):

• Στάδιο 1 — Φάση Σταθεροποίησης: Το μοντέλο εκπαιδεύεται αρχικά σε ένα

μικρότερο υποσύνολο δεδομένων [90], με ενημέρωση μόνο του CNN-based feature ex-
tractor και του codeword embedding layer, ενώ ο Transformer encoder διατηρείται
«παγωμένος». Για να αντιμετωπίσουμε το distribution shift και να περιορίσουμε το
forgetting, ενσωματώνουμε ποσοστό 20% από δεδομένα του συνόλου Music4All [7], το
οποίο είναι κατά βάση Δυτικής προέλευσης.

• Στάδιο 2 — Πλήρης Προσαρμογή: Ο Transformer encoder «ξεπαγώνεται» και
συνεχίζεται η εκπαίδευση στο πλήρες σύνολο των 650 ωρών. Η ενσωμάτωση Δυτικών

δεδομένων μπορεί να διατηρηθεί και σε αυτό το στάδιο, ώστε να περιοριστεί περαιτέρω

το forgetting, ωστόσο εισάγει έναν συμβιβασμό (trade-off) μεταξύ πολιτισμικής προσαρ-
μογής (plasticity) και διατήρησης πρότερης γνώσης (stability), μια πρόκληση γνωστή
ως stability–plasticity dilemma [91, 92, 93] (βλ. Ενότητα 0.4.3).

Ο διαχωρισμός της εκπαίδευσης σε δύο στάδια μάς επιτρέπει να ελέγξουμε πιο αποτελε-

σματικά αυτήν τη δυναμική μεταξύ προσαρμοστικότητας και σταθερότητας, επιδιώκοντας μια

λειτουργική ισορροπία ανάμεσα στην ενσωμάτωση νέας πολιτισμικής γνώσης και στη διατήρη-

ση όσων έχει ήδη μάθει το προ-εκπαιδευμένο μοντέλο

Επαναθέρμανση (re-warming) του ρυθμού μάθησης Για τη βελτίωση της στα-

θερότητας κατά τη συνεχή προ-εκπαίδευση, εφαρμόζουμε επαναθέρμανση (re-warming) και
εκ νέου μείωση του ρυθμού μάθησης (learning rate) και στα δύο στάδια. Η εκπαίδευση
σε νέα δεδομένα μπορεί να οδηγήσει σε ασταθή σύγκλιση και φαινόμενα forgetting, εάν το
learning rate δεν προσαρμοστεί κατάλληλα [4, 34]. Προηγούμενες μελέτες έχουν δείξει ότι
το re-warming του learning rate είναι κρίσιμο για την επιτυχή προσαρμογή και τον μετριασμό
του φαινομένου catastrophic forgetting [4, 31, 34]. Ο τρόπος με τον οποίο μεταβάλλεται το
learning rate επηρεάζει καθοριστικά τα dynamics της εκπαίδευσης και την αποτελεσματικότη-
τα της προσαρμογής, καθιστώντας την επαναθέρμανση απαραίτητη για αποδοτική μάθηση σε

νέα δεδομένα. Πιο συγκεκριμένα, ακολουθούμε τα παρακάτω:

• Στο Στάδιο 1, υιοθετούμε ένα ελαφρώς πιο aggressive warm-up schedule, ώστε να
ενισχύσουμε την αρχική προσαρμογή των low-level representations (CNN-based fea-
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ture extractor και codeword embeddings), πριν ξεκινήσει η εκπαίδευση του Transformer
encoder και η μάθηση πιο high-level αναπαραστάσεων.

• Στο Στάδιο 2, εφαρμόζουμε ένα ηπιότερο schedule, επιδιώκοντας ισορροπία ανάμεσα
στο plasticity και stability κατά την πλήρη εκπαίδευση του μοντέλου, περιορίζοντας
παράλληλα τις αστάθειες στην εκπαίδευση (training instabilities).

Ακολουθώντας τη μέθοδό μας, αναπτύσσουμε τα παρακάτω πολιτισμικά προσαρμοσμένα

μοντέλα:

• (i) ΄Ενα πολυπολιτισμικά προσαρμοσμένο μοντέλο, το CultureMERT, το οποίο εκπαι-

δεύεται σε ένα ενοποιημένο σύνολο δεδομένων που περιλαμβάνει και τις τέσσερις μη

Δυτικές μουσικές παραδόσεις (Turkish-makam, Hindustani, Carnatic και Lyra).

• (ii) Τέσσερα μοντέλα προσαρμοσμένα σε δεδομένα μίας μόνο μουσικής παράδοσης, οδη-
γώντας στα MakamMERT, HindustaniMERT, CarnaticMERT και LyraMERT, αντίστοιχα.

0.3.4 Συγχώνευση Μοντέλων με την Τεχνική Task Arithmetic

Ως εναλλακτική της συνεχούς προ-εκπαίδευσης σε ένα ενοποιημένο σύνολο δεδομένων

που περιλαμβάνει και τις τέσσερις μουσικές παραδόσεις, διερευνούμε τη μέθοδο task arith-
metic [5] — μια τεχνική συγχώνευσης μοντέλων που συνδυάζει πολιτισμικά εξειδικευμένα
μοντέλα στον χώρο των βαρών (weight space), με σκοπό την κατασκευή ενός ενιαίου πο-
λυπολιτισμικού μοντέλου. Η μέθοδος task arithmetic βασίζεται στον αλγεβρικό συνδυασμό
παραμέτρων μοντέλων, μέσω προσθαφαιρέσεων διανυσμάτων βαρών στον Ευκλείδειο χώρο.

Συγκεκριμένα, αντιμετωπίζει τη αλγεβρική διαφορά μεταξύ ενός μοντέλου προσαρμοσμένου σε

ένα task ή domain και της αρχικής του προ-εκπαιδευμένης εκδοχής ως ένα task vector στον
χώρο των βαρών. ΄Εχει αποδειχθεί ότι γραμμικοί συνδυασμοί τέτοιων task vectors μπορούν
να κατευθύνουν αποτελεσματικά τη συμπεριφορά του μοντέλου και να επιτρέψουν μεταφορά

γνώσης μεταξύ διαφορετικών domains [94, 5].
Στη δική μας περίπτωση, υπολογίζουμε τα task vectors ως την element-wise διαφορά με-

ταξύ των παραμέτρων των πολιτισμικά εξειδικευμένων μοντέλων — δηλαδή των single-culture
continually pre-trained models — και του αρχικού μοντέλου MERT-v1. Πιο τυπικά, αν το

αρχικό προ-εκπαιδευμένο μοντέλο έχει παραμέτρους θpre και το μοντέλο θi έχει προσαρμο-

στεί σε ένα πολιτισμικό σύνολο δεδομένων Di, τότε το task vector για τη συγκεκριμένη
μουσική παράδοση i δίνεται από τη σχέση: τi = θi− θpre. Για την πολυπολιτισμική προσαρμο-

γή, κατασκευάζουμε ένα ενοποιημένο μοντέλο θmerged μέσω task arithmetic, συγχωνεύοντας
N μοντέλα που έχουν προσαρμοστεί σε μεμονωμένες μουσικές παραδόσεις, αθροίζοντας τα

αντίστοιχα task vectors τi με συντελεστές βαρύτητας λi για καθένα από αυτά:

θmerged = θpre +
N∑
i=1

λiτi, (1)

όπου λi ∈ R είναι βαθμωτοί υπερπαράμετροι (scalar hyperparameters) που ελέγχουν τη
συνεισφορά κάθε task vector.
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Συχνά εφαρμόζεται ένας ενιαίος συντελεστής λ για όλα τα task vectors, δηλαδή λi = λ,∀i,
οπότε η Εξίσωση 1 αναδιατυπώνεται ως:

θmerged = θpre + λ
N∑
i=1

τi. (2)

Σε αυτό το πλαίσιο, συγχωνεύουμε τα N = 4 μοντέλα που έχουν προσαρμοστεί σε

μεμονωμένες μουσικές παραδόσεις — τα MakamMERT, HindustaniMERT, CarnaticMERT και

LyraMERT — για να κατασκευάσουμε ένα ενιαίο πολυπολιτισμικό μοντέλο, το οποίο αναφε-

ρόμαστε ως CultureMERT-TA. Λεπτομέρειες για την επιλογή του συντελεστή λ δίνονται στην

Ενότητα 0.4.2.

0.4 Πειράματα και Αποτελέσματα

΄Οπως παρουσιάζεται στους Πίνακες 1 και 2, το CultureMERT, το οποίο έχει προσαρμοστεί

μέσω πολυπολιτισμικής συνεχούς προ-εκπαίδευσης, υπερέχει σταθερά του αρχικού μοντέλου

MERT-v1 σε όλα τα μη Δυτικά music auto-tagging tasks, σε όλες τις μετρικές αξιολόγησης.
Υπερβαίνει επίσης, κατά μέσο όρο, τα μοντέλα που έχουν προσαρμοστεί σε μεμονωμένες πα-

ραδόσεις, γεγονός που υποδηλώνει ότι η ενσωμάτωση πολιτισμικά ποικιλόμορφων δεδομένων

κατά τη διάρκεια του continual pre-training ενισχύει την ποιότητα των αναπαραστάσεων για
κάθε επιμέρους μουσική παράδοση, βελτιώνοντας έτσι τη γενίκευση. Αξιοσημείωτο είναι ότι

το CultureMERT επιτυγχάνει αυτά τα αποτελέσματα με ελάχιστη απώλεια απόδοσης σε Δυ-

τικά σύνολα αξιολόγησης (μέση μείωση ROC-AUC και AP κατά μόλις −0.05%), γεγονός

που καταδεικνύει την αποτελεσματικότητα της προσέγγισής μας. Επιπλέον, παρουσιάζει κα-

λύτερη διατήρηση της πρότερης γνώσης στη Δυτική μουσική, συγκριτικά με τα single-culture
μοντέλα, τα οποία εμφανίζουν σημαντικότερες μειώσεις απόδοσης κατά την αξιολόγηση τους

στα auto-tagging tasks των FMA-medium και MagnaTagATune (MTAT).

Dataset Turkish-makam Hindustani Carnatic Lyra FMA-medium MTAT
Avg.

Metrics ROC AP ROC AP ROC AP ROC AP ROC AP ROC AP

MERT-v1 83.20.08 53.30.12 82.40.04 52.90.19 74.90.05 39.70.15 85.70.10 56.50.18 90.70.04 48.10.11 89.60.07 35.90.15 66.1

MakamMERT 88.70.11 58.80.22 84.50.16 57.80.18 77.60.14 42.70.16 84.60.12 53.20.17 90.30.12 47.10.16 89.00.07 35.60.12 67.5

CarnaticMERT 88.40.06 58.40.16 87.00.06 60.20.14 78.80.13 44.00.17 85.40.11 55.80.16 90.20.10 46.70.09 89.20.10 35.30.11 68.3

HindustaniMERT 88.30.12 58.20.16 87.40.11 60.30.16 77.00.12 42.70.16 84.20.13 52.00.15 90.20.13 46.10.10 89.10.09 35.80.13 67.6

LyraMERT 86.70.07 56.80.13 85.90.08 57.40.13 76.40.09 40.10.13 85.00.11 53.50.14 90.00.08 46.00.16 88.90.05 35.10.14 66.8

CultureMERT 89.60.09 60.60.21 88.20.20 63.50.24 79.20.18 43.10.22 86.90.10 56.70.20 90.70.09 48.10.13 89.40.09 35.90.16 69.3

CultureMERT-TA 89.00.12 61.00.18 87.50.10 59.30.13 79.10.11 43.30.13 87.30.08 57.30.19 90.80.06 49.10.15 89.60.10 36.40.14 69.1

(Previous) SOTA 87.7 [78] 57.7 [78] 86.5 [78] 63.1 [78] 77.0 [78] 43.9 [78] 85.4 [78] 54.3 [78] 92.4 [78] 53.7 [78] 92.7 [95] 41.4 [57] -

Πίνακας 1. Αποτελέσματα Αξιολόγησης (ROC-AUC και AP) των Προ-
εκπαιδευμένων και Πολιτισμικά Προσαρμοσμένων Μοντέλων MERT σε
Διάφορες Εργασίες Αυτόματης Ταξινόμησης Μουσικής (1/2). Αναφέρονται

μέσοι όροι από πέντε random seeds, με τις αντίστοιχες τυπικές αποκλίσεις ως δείκτες. Η
στήλη «Avg.» αντιπροσωπεύει τη μέση απόδοση σε όλα τα σύνολα δεδομένων και τις μετρικές
αξιολόγησης για κάθε μοντέλο.
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Dataset Turkish-makam Hindustani Carnatic Lyra FMA-medium MTAT
Avg.

Metrics (F1) Micro Macro Micro Macro Micro Macro Micro Macro Micro Macro Micro Macro

MERT-v1 73.0 38.9 71.1 33.2 80.1 30.0 72.4 42.6 57.0 36.9 35.7 21.2 49.3

MakamMERT 77.5 44.0 74.0 37.6 81.0 31.4 70.8 40.2 57.2 35.4 34.2 20.5 50.3

CarnaticMERT 76.8 44.0 76.2 46.3 81.6 32.4 72.9 42.8 57.3 35.3 33.3 22.5 51.8

HindustaniMERT 76.5 43.9 78.9 46.9 81.0 33.0 70.1 40.6 55.1 33.8 34.4 20.9 51.3

LyraMERT 75.9 42.1 75.9 44.9 80.9 29.6 71.3 41.1 56.2 33.9 33.8 21.2 50.6

CultureMERT 77.4 45.8 77.8 50.4 82.7 32.5 73.1 43.1 58.3 36.6 35.6 22.9 52.9

CultureMERT-TA 76.9 45.4 74.2 45.0 82.5 32.1 73.0 45.3 59.1 38.2 35.7 21.5 52.4

Πίνακας 2. Αποτελέσματα Αξιολόγησης (Micro-F1 και Macro-F1) των
Προ-εκπαιδευμένων και Πολιτισμικά Προσαρμοσμένων Μοντέλων MERT
σε Διάφορες Εργασίες Αυτόματης Ταξινόμησης Μουσικής (2/2). Η στήλη

«Avg.» παρουσιάζει τη μέση απόδοση κάθε μοντέλου, υπολογισμένη ως ο μέσος όρος επί όλων
των συνόλων δεδομένων και των δύο μετρικών.

Παρατηρούμε επίσης ότι τα μοντέλα που έχουν προσαρμοστεί σε μία μόνο μουσική πα-

ράδοση (single-culture adapted models) τείνουν να επιτυγχάνουν βέλτιστη απόδοση στα α-
ντίστοιχα in-domain tasks, ιδιαίτερα σε well-resourced παραδόσεις, επιβεβαιώνοντας την απο-
τελεσματικότητα της συνεχούς προ-εκπαίδευσης για domain-specific adaptation [32]. Η τάση
αυτή παρατηρείται σε όλες τις μετρικές αξιολόγησης που χρησιμοποιούμε. Αξιοσημείωτο είναι

ότι ακόμη και η προσαρμογή σε σύνολα δεδομένων με περιορισμένους πόρους (low-resource
adaptation), όπως στην περίπτωση του LyraMERT που εκπαιδεύτηκε σε μόλις 50 ώρες Ελ-

ληνικής παραδοσιακής μουσικής, οδηγεί σε σημαντικές βελτιώσεις σε άλλα μη Δυτικά tasks.
Το γεγονός αυτό υποδεικνύει ότι ακόμη και περιορισμένη έκθεση σε diverse δεδομένα κα-
τά τη διάρκεια της εκπαίδευσης μπορεί να ενισχύσει σημαντικά τη διαπολιτισμική γενίκευση

(cross-cultural generalization) πέραν των Δυτικών datasets.

Επιπλέον, η πολυπολιτισμική συγχώνευση μοντέλων μέσω της τεχνικής task arithmetic
επιτυγχάνει συγκρίσιμες επιδόσεις με το CultureMERT στα μη Δυτικά σύνολα δεδομένων, ενώ

το υπερβαίνει στα Δυτικά tasks και στο Lyra, καταδεικνύοντας ότι η συγχώνευση πολιτισμικά
εξειδικευμένων μοντέλων στον χώρο των βαρών μπορεί να αποτελέσει μια αποτελεσματική, χω-

ρίς επιπλέον εκπαίδευση (training-free), εναλλακτική — υπό την προϋπόθεση ότι τα επιμέρους
μοντέλα είναι ήδη διαθέσιμα. Αξιοσημείωτο είναι επίσης ότι το task arithmetic υπερβαίνει, κα-
τά μέσο όρο, ακόμη και το αρχικό προ-εκπαιδευμένο μοντέλο στα Δυτικά tasks, ενισχύοντας
περαιτέρω την ικανότητά του να επιτυγχάνει ισορροπία μεταξύ αποτελεσματικής προσαρμογής

και διατήρησης πρότερης γνώσης. Τέλος, τα CultureMERT και CultureMERT-TA υπερβαίνουν

τα προηγούμενα SOTA αποτελέσματα της βιβλιογραφίας σε όλα τα μη Δυτικά music auto-
tagging tasks, ως προς τις μετρικές ROC-AUC και AP, με την καλύτερη παραλλαγή του task
arithmetic να επιτυγχάνεται για λ = 0.2 (βλ. Σχήμα 7). Ενδιαφέρον παρουσιάζει ότι μόνο τα

πολυπολιτισμικά μοντέλα, CultureMERT και CultureMERT-TA, ξεπερνούν το αρχικό MERT-v1

στο Lyra auto-tagging task, έστω και με τη μικρότερη διαφορά συγκριτικά με τα υπόλοιπα
tasks. Η παρατήρηση αυτή συνάδει με το γεγονός ότι το MERT-v1, προ-εκπαιδευμένο σε Δυ-
τική μουσική, αποτελεί ήδη ένα ισχυρό baseline για το Lyra, υπερβαίνοντας τα προηγούμενα
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SOTA αποτελέσματα· γεγονός που ενδεχομένως αντανακλά ομοιότητες ανάμεσα στην Ελλη-
νική παραδοσιακή μουσική και τις Δυτικές μουσικές παραδόσεις. Συνολικά, τα ευρήματά μας

ενισχύουν περαιτέρω την αποτελεσματικότητα της πολυπολιτισμικής προσαρμογής, ιδίως σε

σενάρια με περιορισμένους πόρους εκπαίδευσης και απαιτήσεις για διαπολιτισμική γενίκευση.

0.4.1 Διαπολιτισμική Γενίκευση και Μεταφορά Γνώσης

΄Οπως φαίνεται στο Σχήμα 5, η συνεχής προ-εκπαίδευση σε μία μουσική παράδοση μπορεί

να ενισχύσει την απόδοση και σε άλλες, αν και σε διαφορετικό βαθμό. Ενδεικτικά, παρα-

τηρείται ισχυρή διαπολιτισμική μεταφορά μεταξύ της Τουρκικής (Turkish-makam) και της
Καρνατικής (Carnatic) παράδοσης, καθώς τα μοντέλα που έχουν προσαρμοστεί στη μία γενι-
κεύουν αποτελεσματικά και στην άλλη. Παρόμοια μεταφορά γνώσης παρατηρείται και μεταξύ

της Καρνατικής (Carnatic) και της Ινδουστανικής (Hindustani) μουσικής. Συγκεκριμένα, το
μοντέλο που έχει προσαρμοστεί στην Καρνατική επιτυγχάνει υψηλές επιδόσεις σε όλες τις

μετρικές κατά την αξιολόγησή του στο Hindustani auto-tagging task, ενώ το μοντέλο της
Hindustani παρουσιάζει ελαφρώς καλύτερη απόδοση στις μετρικές F1 όταν εφαρμόζεται στην
Καρνατική μουσική (βλ. Πίνακες 1 και 2). Η αμοιβαία αυτή μεταφερσιμότητα ενισχύει την

εγγύτητα μεταξύ των δύο μουσικών παραδόσεων, ιδίως λόγω της κοινής χρήσης των raga
και tala [24], παρά τις διαφορές στη μορφολογία της εκτέλεσης, τις μελωδικές κινήσεις και τα
όργανα που χρησιμοποιούνται.

Turkish-makam

HindustaniCarnatic

Lyra

FMA-medium MagnaTagATune

MERT-v1
CultureMERT
MakamMERT
CarnaticMERT
HindustaniMERT
LyraMERT
CultureMERT-TA

Σχήμα 5. Διαπολιτισμική Μεταφερσιμότητα. Απόδοση των προσαρμοσμένων

μοντέλων βάσει της μετρικής ROC-AUC σε όλα τα σύνολα δεδομένων, αναδεικνύοντας τάσεις
μεταφοράς γνώσης μεταξύ των μουσικών παραδόσεων που εξετάζονται. Το CultureMERT
γενικεύει αποτελεσματικά σε μη Δυτικά datasets, ενώ η συγχώνευση μοντέλων μέσω task
arithmetic επιτυγχάνει αντίστοιχη απόδοση στα ίδια σύνολα και υπερτερεί στα Δυτικά datasets
(FMA-medium, MTAT) καθώς και στο Lyra.

Σε γενικές γραμμές, παρατηρούμε ότι το cross-cultural transferability δεν είναι πάντοτε
συμμετρικό. Για παράδειγμα, ενώ το μοντέλο που έχει προσαρμοστεί στην Carnatic μουσι-
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κή γενικεύει ικανοποιητικά στην Hindustani, η αντίστροφη κατεύθυνση οδηγεί σε ελαφρώς
καλύτερες επιδόσεις μόνο σε ορισμένες μετρικές (π.χ., Macro-F1). Παρόμοιες ασυμμετρίες
έχουν καταγραφεί και στη βιβλιογραφία για το cross-lingual transferability [96, 97, 98]. Ιδια-
ίτερο ενδιαφέρον παρουσιάζει το γεγονός ότι το μοντέλο που έχει προσαρμοστεί στην Καρνα-

τική μουσική αναδεικνύεται ως το πιο σταθερά transferable μεταξύ όλων των single-culture
μοντέλων, επιτυγχάνοντας τις υψηλότερες μέσες επιδόσεις σε πολλαπλές μη Δυτικές μουσικές

παραδόσεις, σύμφωνα με τις μετρικές ROC-AUC, AP και F1. Εμφανίζει ισχυρή απόδοση όχι
μόνο εντός του ευρύτερου Ινδικού πολιτισμικού πλαισίου (ανάμεσα στις παραδόσεις Carnatic
και Hindustani), αλλά και γενικεύει αποτελεσματικά προς την Τουρκική κλασσική και την
Ελληνική παραδοσιακή μουσική.

Η Ελληνική παραδοσιακή μουσική συνιστά μια ιδιαίτερη «πρόκληση», καθώς ενσωματώνει

χαρακτηριστικά τόσο από μη Δυτικές όσο και από Δυτικές μουσικές παραδόσεις. Συγκε-

κριμένα, φέρει στοιχεία μελωδικού αυτοσχεδιασμού και μικροτονικής έκφρασης, κοινά με τις

παραδόσεις της Τουρκικής Μακάμ και της Ινδουστανικής μουσικής, ενώ παράλληλα αξιοποιεί

εναρμονίσεις επηρεασμένες από τη Δυτική κλασσική μουσική. Αυτός ο συνδυασμός τροπικών

και τονικών συστημάτων έχει αναλυθεί εκτενώς στην εθνομουσικολογική βιβλιογραφία, ιδια-

ίτερα στο πλαίσιο του Ρεμπέτικου τραγουδιού, το οποίο συνδυάζει μελωδίες βασισμένες σε

makam με αρμονικές πρακτικές της Δυτικής μουσικής σκέψης [99]. Στα πειράματά μας, παρα-
τηρούμε ότι το MERT-v1, το οποίο έχει αρχικά εκπαιδευτεί σε Δυτική μουσική, ήδη λειτουργεί

ως ένα ισχυρό baseline για το Lyra auto-tagging task. Επιπλέον, η περαιτέρω προσαρμογή
του μοντέλου — είτε με δεδομένα από μία μόνο μουσική παράδοση είτε από ένα ετερογενές,

πολυπολιτισμικό σύνολο — αποφέρει σταθερά τις μικρότερες βελτιώσεις στο Lyra, συγκριτικά
με όλες τις άλλες μη Δυτικές παραδόσεις, σε όλες τις μετρικές αξιολόγησης. Το εύρημα αυτό

υποδηλώνει ότι η μουσική δομή της Ελληνικής παραδοσιακής μουσικής ενδέχεται να ευθυ-

γραμμίζεται, τουλάχιστον εν μέρει, με τις Δυτικές προκαταλήψεις που φέρει ήδη το αρχικό

μοντέλο.

΄Οπως αναμενόταν, το προ-εκπαιδευμένο μοντέλο MERT-v1 παρουσιάζει υψηλή απόδοση σε

Δυτικοκεντρικά σύνολα δεδομένων, όπως τα MTAT και FMA-medium, γεγονός που αντα-
νακλά την αρχική προκατάληψή του υπέρ των Δυτικών μουσικών παραδόσεων. Αντιθέτως,

τα μοντέλα που έχουν προσαρμοστεί σε επιμέρους μη Δυτικές παραδόσεις (π.χ., MakamMERT,

HindustaniMERT κ.ά.) εμφανίζουν συχνά μειωμένη απόδοση σε αυτά τα Δυτικά benchmarks.
Το φαινόμενο αυτό αναδεικνύει το σημαντικό domain shift μεταξύ Δυτικών και μη Δυτι-
κών μουσικών συνόλων δεδομένων. Ωστόσο, η επίδραση αυτή μετριάζεται αισθητά από το

CultureMERT, και ακόμη περισσότερο από το CultureMERT-TA, των οποίων η έκθεση σε

ένα ευρύ φάσμα μουσικών παραδόσεων, είτε μέσω συνεχούς προ-εκπαίδευσης είτε μέσω συγ-

χώνευσης μοντέλων, τούς επιτρέπει να διατηρούν αποτελεσματικότερη γενίκευση τόσο σε μη

Δυτικές όσο και σε Δυτικές μουσικές παραδόσεις.

Ομοιότητα Μουσικών Παραδόσεων σε Επίπεδο Ακουστικών Tokens. Για
να μελετήσουμε σε μεγαλύτερο βάθος τις διαπολιτισμικές ομοιότητες στα δεδομένα μας, ανα-

λύουμε τη συχνότητα εμφάνισης κοινών ακουστικών tokens μεταξύ των συνόλων δεδομένων
που αντιπροσωπεύουν τις μουσικές παραδόσεις που μελετάμε, χρησιμοποιώντας δύο μετρικές:

την απόκλιση Jensen-Shannon (JSD) και την απόσταση συνημιτόνου (cosine distance) μετα-
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ξύ των κατανομών tokens που εξάγονται από το μοντέλο EnCodec [2], το οποίο λειτουργεί
ως audio tokenizer. Χαμηλότερες τιμές και στις δύο μετρικές υποδεικνύουν μεγαλύτερη ο-
μοιότητα. Η ανάλυσή μας, όπως παρουσιάζεται στο Σχήμα 6, αποκαλύπτει έντονη ομοιότητα

μεταξύ των μη Δυτικών μουσικών παραδόσεων, με ιδιαίτερα υψηλή εγγύτητα μεταξύ της Ιν-

δουστανικής και της Καρνατικής μουσικής. Αντίθετα, τα Δυτικά σύνολα δεδομένων (MTAT,
FMA-medium) παρουσιάζουν μεταξύ τους υψηλή ομοιότητα, αλλά εμφανίζουν σημαντικές α-
ποκλίσεις σε σχέση με τις μη Δυτικές παραδόσεις. Η Ελληνική παραδοσιακή μουσική (Lyra),
αν και είναι σχετικά πιο διακριτή, φαίνεται να είναι πιο κοντά με τις μη Δυτικές παραδόσεις

παρά με τις Δυτικές.

Tu
rk

ish
-m

ak
am

Hind
us

tan
i

Car
na

tic Ly
ra

MTA
T

FMA-m
ed

ium

Turkish-makam

Hindustani

Carnatic

Lyra

MTAT

FMA-medium

13.8%

12.8% 10.1%

18.6% 14.5% 16.1%

22.5% 19.8% 22.6% 19.4%

19.2% 18.0% 19.6% 19.0% 7.4%

8.6% 6.9% 16.1% 19.8% 13.8%
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Σχήμα 6. Ομοιότητα Ακουστικών Tokens μεταξύ Μουσικών Παραδόσεων.
Ζεύγη ομοιότητας μεταξύ των κατανομών ακουστικών tokens, όπως εξάγονται από το EnCodec
codec μοντέλο [2]. Οι τιμές ομοιότητας προκύπτουν ως μέσος όρος από 8 codebooks, καθένα
εκ των οποίων περιέχει 1024 διακριτά tokens. Και οι δύο μετρικές παρουσιάζουν παρόμοιες
τάσεις μεταξύ των dataset.

Τα παραπάνω ευρήματα παρουσιάζουν ισχυρή συσχέτιση με τα αποτελέσματα διαπολιτισμι-

κής μεταφοράς που αναλύθηκαν προηγουμένως. Αυτό υποδεικνύει ότι μετρικές ομοιότητας

μπορούν να αξιοποιηθούν ως ενδείξεις θετικής μεταφοράς γνώσης μεταξύ μουσικών παραδόσε-

ων. Η διαπίστωση αυτή έχει άμεσες πρακτικές προεκτάσεις: οι εν λόγω μετρικές μπορούν να

καθοδηγήσουν τόσο την επιλογή όσο και την αναλογία των δεδομένων κατά την εκπαίδευ-

ση. Το εύρημα αυτό είναι ιδιαίτερα κρίσιμο σε σενάρια περιορισμένων πόρων, όπου μουσικές

παραδόσεις με μικρή διαθεσιμότητα δεδομένων μπορούν να ενισχυθούν μέσω της αξιοποίησης

συγγενών, πολιτισμικά συναφών παραδόσεων με μεγαλύτερη διαθεσιμότητα.
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0.4.2 Επίδραση του Συντελεστή λ στην Τεχνική Task Arithmetic

Μια κρίσιμη παράμετρος στην τεχνική task arithmetic είναι η επιλογή του συντελεστή
συγχώνευσης λ. Προηγούμενες μελέτες [6, 94] έχουν δείξει ότι μη βέλτιστες τιμές του

λ μπορούν να υποβαθμίσουν σημαντικά την απόδοση κατά τη συγχώνευση. Για να μελε-

τήσουμε την επίδραση του λ, πραγματοποιούμε συστηματική αξιολόγηση διαφορετικών τιμών

(λ ∈ {0.1, 0.2, 0.25, 0.3, 0.5, 0.75, 1.0}), οι οποίες εφαρμόζονται ομοιόμορφα σε όλα τα task
vectors — δηλαδή, χρησιμοποιείται ο ίδιος συντελεστής για κάθε επιμέρους μοντέλο — σύμ-
φωνα με την απλοποιημένη διατύπωση της Εξίσωσης 2, συμπεριλαμβανομένης και της ειδικής

περίπτωσης του weight averaging (λ = 1/N = 0.25). Σε συμφωνία με προηγούμενες παρατη-

ρήσεις από τη βιβλιογραφία, διαπιστώνουμε ότι μη κατάλληλες τιμές, όπως λ = 1.0, οδηγούν

σε χαμηλές επιδόσεις σε όλα τα benchmarks, όπως φαίνεται στο Σχήμα 7.
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Σχήμα 7. Επίδραση του Συντελεστή Συγχώνευσης λ στην Απόδοση της
Τεχνικής Task Arithmetic. Οι τιμές της μετρικής ROC-AUC σε έξι διαφορετικές
εργασίες αυτόματης ταξινόμησης μουσικής από ποικίλες μουσικές παραδόσεις αναδεικνύουν

πώς η μεταβολή του λ επηρεάζει την απόδοση του task arithmetic κατά τη συγχώνευση των
τεσσάρων single-culture adapted μοντέλων.

0.4.3 Αποτελεσματικότητα της Προτεινόμενης Στρατηγικής Δύο

Σταδίων

Παρατηρούμε ότι η απλή συνέχιση της εκπαίδευσης με τον μειωμένο ρυθμό μάθησης του

αρχικού προ-εκπαιδευμένου μοντέλου, δηλαδή χωρίς learning rate re-warming, οδηγεί σε ανα-
ποτελεσματική προσαρμογή σε διαφορετικές μουσικές παραδόσεις, καθώς οι αναπαραστάσεις

που έχει μάθει το αρχικό μοντέλο δεν μεταβάλλονται επαρκώς. Αυτό γίνεται ιδιαίτερα εμ-

φανές στην περίπτωση της Τουρκικής Μακάμ μουσικής, όπου η συνεχής προ-εκπαίδευση σε

ένα μόνο στάδιο χωρίς re-warming δεν οδηγεί σε καμία βελτίωση απόδοσης. Η εφαρμογή re-
warming στο single-stage setup επιφέρει ήπια κέρδη προσαρμογής (+0.8%), αλλά συνοδεύεται

από σημαντική απώλεια γνώσης (forgetting) στο MTAT auto-tagging task (−3.6%), ακόμη
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και όταν ενσωματώνεται Δυτικά δεδομένα (20%) για την αντιμετώπιση αυτού του φαινομένου.

Αντίθετα, η προτεινόμενη two-stage στρατηγική συνεχούς προ-εκπαίδευσης επιτυγχάνει σημα-
ντικά καλύτερη προσαρμογή (+6.4%), ενώ ταυτόχρονα περιορίζει στο ελάχιστο το forgetting
(−0.4%), αποδεικνύοντας την αποτελεσματικότητά της στην εξισορρόπηση μεταξύ plasticity
και stability. Τέλος, εξετάζουμε τον ρόλο της ενσωμάτωσης δεδομένων που προέρχονται από
Δυτικές μουσικές παραδόσεις ως μηχανισμό μετριασμού του φαινομένου catastrophic forget-
ting. Αν και η χρήση τέτοιων δεδομένων συμβάλλει στη διατήρηση της απόδοσης στο MTAT,
εισάγει έναν συμβιβασμό μεταξύ προσαρμοστικότητας και διατήρησης πρότερης γνώσης: υ-

περβολικό replay Δυτικών δεδομένων μπορεί να εμποδίσει την αποτελεσματική πολιτισμική
προσαρμογή. Τα αποτελέσματά μας (Πίνακας 3) υποδεικνύουν ότι ο περιορισμός τουWestern
replay μόνο στο Στάδιο 1 προσφέρει τη βέλτιστη ισορροπία μεταξύ διατήρησης γνώσης και
επιτυχούς προσαρμογής.

CPT Strategy Western Replay Turkish-makam MTAT

MERT-v1 (Baseline) - 83.2 89.6

Single-stage (w/ re-warming) ✓ 83.8 86.0

Single-stage (w/o re-warming) ✓ 83.0 87.5

Two-stage (Ours) Stage 1 89.6 89.2

Two-stage (Ours) Both stages 88.6 89.4

Πίνακας 3. Σύγκριση Στρατηγικών Συνεχούς Προ-εκπαίδευσης (CPT).
Τιμές ROC-AUC στα σύνολα δεδομένων Turkish-makam καιMTAT. Η στρατηγική συνεχούς
προ-εκπαίδευσης δύο σταδίων υπερτερεί της single-stage προσαρμογής, ενώ ο περιορισμός
της ενσωμάτωσης Δυτικών δεδομένων (Western replay) μόνο στο Στάδιο 1 προσφέρει τον
βέλτιστο συμβιβασμό μεταξύ πολιτισμικής προσαρμογής και διατήρησης πρότερης γνώσης.

Σε όλα τα σενάρια CPT που προσθέτουμε Δυτικά δεδομένα, το 20% των συνολικών δεδομένων
εκπαίδευσης προέρχεται από το σύνολο Music4All [7].

0.5 Συμπεράσματα

0.5.1 Συζήτηση

Η παρούσα διπλωματική εργασία εξετάζει τη μάθηση αναπαραστάσεων για υποεκπροσωπο-

ύμενες μουσικές παραδόσεις και προτείνει το CultureMERT-95M, ένα πολυπολιτισμικά προσαρ-

μοσμένο foundation model, το οποίο αναπτύχθηκε μέσω συνεχούς προ-εκπαίδευσης (contin-
ual pre-training) σε διάφορες μη Δυτικές μουσικές παραδόσεις. Συγκεκριμένα, προτείνουμε
μια στρατηγική δύο σταδίων για τη συνεχή προ-εκπαίδευση, η οποία συνδυάζει «επαναθέρμαν-

ση» του ρυθμού μάθησης (learning rate re-warming) και σταδιακή προσαρμογή, επιτρέποντας
σταθερή εκπαίδευση ακόμη και υπό περιορισμένους υπολογιστικούς πόρους. Τα πειραματι-

κά αποτελέσματα δείχνουν ότι το CultureMERT υπερτερεί σταθερά του αρχικού μοντέλου

MERT-95M σε διάφορες εργασίες ταξινόμησης μουσικής για μη Δυτικά datasets, ξεπερνώντας
προηγούμενες state-of-the-art μεθόδους, ενώ ταυτόχρονα διατηρεί υψηλή απόδοση και σε
Δυτικά benchmarks.
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Επιπλέον, μελετάμε τη μεταφορά γνώσης μεταξύ μουσικών παραδόσεων, αναλύοντας την

απόδοση πολιτισμικά εξειδικευμένων μοντέλων σε άλλες μουσικές παραδόσεις. Τα ευρήματα

δείχνουν ότι η μεταφερσιμότητα (transferability) διαφέρει ανάλογα με την παράδοση και τα
δεδομένα εκπαίδευσης, αντανακλώντας γνωστές θεωρητικές συγγένειες από την εθνομουσι-

κολογία, ενώ συσχετίζεται επίσης με μέτρα ομοιότητας μεταξύ των συνόλων δεδομένων που

χρησιμοποιούμε σε επίπεδο ακουστικών token, προσφέροντας νέες υπολογιστικές προσεγ-
γίσεις για τη χαρτογράφηση των σχέσεων μεταξύ μουσικών παραδόσεων. Η πολυπολιτισμική

εκπαίδευση σε ενιαίο σύνολο δεδομένων που ενσωματώνει όλες τις μη Δυτικές παραδόσεις

οδηγεί σε συνολικά βελτιωμένη απόδοση, ενισχύοντας τη γενίκευση σε ποικίλα ρεπερτόρια.

Επιπλέον, εξετάζουμε τη μέθοδο task arithmetic ως εναλλακτική στρατηγική, συγχωνεύο-
ντας πολιτισμικά εξειδικευμένα μοντέλα στον χώρο των βαρών. Η προσέγγιση αυτή αποδίδει

συγκρίσιμα με το CultureMERT σε μη Δυτικά datasets, ενώ σε ορισμένες περιπτώσεις ξεπερνά
ακόμη και το αρχικό προ-εκπαιδευμένο μοντέλο σε Δυτικά σύνολα δεδομένων.

Συνολικά, η εργασία αυτή συμβάλλει στην ανάπτυξη πολιτισμικά ευαισθητοποιημένων

foundation models για τη μουσική και αποτελεί την πρώτη μελέτη που εφαρμόζει και αξιολο-
γεί τεχνικές συνεχούς προ-εκπαίδευσης και συγχώνευσης μοντέλων στο πεδίο της ανάκτησης

μουσικής πληροφορίας. Η μελέτη μας εντάσσεται σε μια ευρύτερη προσπάθεια ανάπτυξης

υπολογιστικών μεθόδων που σέβονται την πολιτισμική ποικιλομορφία και στοχεύουν στην

ενοποιημένη μάθηση καθολικών αναπαραστάσεων της μουσικής, ανοίγοντας προοπτικές για

περαιτέρω έρευνα στο πεδίο της διαπολιτισμικής ανάκτησης μουσικής πληροφορίας.

0.5.2 Μελλοντικές Κατευθύνσεις και Προεκτάσεις

Η παρούσα εργασία ανοίγει πολλαπλές προοπτικές για μελλοντική έρευνα και επεκτάσεις.

Μία βασική κατεύθυνση αφορά την κλιμάκωση της προσέγγισής μας σε περισσότερες μουσικές

παραδόσεις, μεγαλύτερα μοντέλα (π.χ. MERT-330M), καθώς και τη διερεύνηση εναλλακτικών
αρχιτεκτονικών, όπως τα MusicFM [19], MuQ [100] και SoniDo [101]. Μελλοντικές μελέτες
θα πρέπει επίσης να διερευνήσουν πώς η επιλογή των μουσικών παραδόσεων και οι αναλο-

γίες των αντίστοιχων δεδομένων κατά τη (συνεχή) προ-εκπαίδευση επηρεάζουν τη γενίκευση

των μοντέλων σε διαφορετικά tasks. Επιπλέον, η προσέγγισή μας μπορεί να επεκταθεί σε
άλλες κατηγορίες εφαρμογών, πέραν της αυτόματης ταξινόμησης μουσικής, όπως beat track-
ing, emotion recognition και source separation, καθώς και σε πολυτροπικά zero-shot σενάρια
και μοντέλα που συνδυάζουν μουσική και φυσική γλώσσα. Για παράδειγμα, η ενσωμάτωση

και περαιτέρω εκπαίδευση του CultureMERT σε τέτοια frameworks (όπως τα MuLan [95],
MusiLingo [102] και CLaMP 3 [71]) θα μπορούσε να ενισχύσει τη γενίκευση σε υποεκπρο-
σωπούμενες μουσικές παραδόσεις, σε εφαρμογές όπως η ανάκτηση μουσικών αποσπασμάτων

βάσει φυσικής γλώσσας. Τέλος, η ερμηνευσιμότητα και επεξηγησιμότητα των μοντέλων πα-

ραμένει κρίσιμο ζητούμενο. Μελλοντική έρευνα θα μπορούσε να επικεντρωθεί σε τεχνικές

επεξηγησιμότητας (XAI) για την κατανόηση και αιτιολόγηση των αποφάσεων των μοντέλων,
ιδίως σε πολιτισμικά ευαίσθητα πλαίσια, καθιστώντας τις αποφάσεις της τεχνητής νοημοσύνης

πιο διαφανείς και περισσότερο εναρμονισμένες με την ανθρώπινη μουσική αντίληψη.
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Chapter 1

Introduction

1.1 Motivation

Music is a fundamental aspect of human culture, universally present across societies
while taking diverse forms and expressions unique to each tradition [8, 9, 10]. Its func-
tions include emotional regulation, communication, and social bonding; it plays roles in
art, entertainment, worship, and advertising, and it constitutes a major global industry.
This dual role, as both a cultural artifact and an economic driver, presents opportuni-
ties to benefit society while also posing unique technical challenges when combined with
artificial intelligence (AI) [11]. Beyond practical applications, comprehension of music’s
semantics through deep learning (DL), particularly emphasizing interpretable approaches,
can also significantly contribute to theoretical insights across various fields, including eth-
nomusicology and music anthropology, music theory, and the study of music cognition.
For instance, by analyzing vast amounts of music data, computational models can uncover
musical patterns and cultural influences in music evolution, and relate these findings to
broader social and historical contexts. Furthermore, while music is often described as a
"universal language", this notion remains debated among scholars: certain elements may
transcend cultural boundaries [12], yet musical traditions have evolved with distinct char-
acteristics and culturally grounded semantics [13, 14]. This interplay between universality
and cultural specificity poses a complex challenge that music informatics and modern AI
approaches can provide a new perspective to explore [15].

Music information retrieval (MIR) refers to the field of research focusing on extracting
and analyzing information from music data [16, 11]. Computational methods in music
typically employ signal processing techniques to extract relevant features from audio sig-
nals, which are then utilized by machine learning (ML) models for music understanding
tasks, such as genre classification, beat tracking, key detection, source separation, and
music auto-tagging, among other tasks. Unlike speech and language, music is typically
polyphonic, often comprising multiple concurrent “voices” or instrumental layers, which
makes it fundamentally a multi-stream signal. Moreover, musical "meaning" is not usu-
ally grounded in direct references to real-world objects or concrete events, but is instead
abstract and often shaped by cultural context. Thus, music understanding presents sig-
nificant challenges due to the intricate and interwoven human-related concepts embedded
within the sequence of music signals, such as emotions, experiences, expressions, cultural
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identity, societal and historical contexts, communication, and creativity. Additionally, mu-
sic typically has a much longer duration and a higher sample rate compared to speech
or general audio, making it computationally demanding to model entire pieces effectively.
The key bottleneck is that modeling raw audio directly introduces extremely long-range
dependencies, making it computationally challenging to learn the high-level semantics of
music.

The term “foundation model” (FM) was introduced to refer to any pre-trained, versa-
tile machine learning architecture that, rather than being optimized for just one specific
purpose, functions as a central framework from which multiple specialized models can be
derived for a wide variety of downstream tasks [17]. The emergence of foundation models
has been driven by advancements in deep learning, including architectural innovations such
as the Transformer [18], as well as improvements in computational hardware. Foundation
models have recently emerged in the music domain [1, 19, 20, 11, 103, 58], offering powerful
general-purpose representations learned from large-scale audio data. These models capture
broad musical characteristics and have demonstrated state-of-the-art performance across
a range of music understanding tasks, reducing the need for task-specific training. By
leveraging self-supervised learning (SSL) on large amounts of unlabelled music data, foun-
dation models address data scarcity, reduce annotation costs, and improve generalization
in music information retrieval [11]. In general, SSL has emerged as a promising paradigm
in representation learning, enabling models to learn meaningful representations from large
unannotated datasets, without requiring explicit labels, by leveraging the inherent struc-
tures present in the data [104]. Similarly, it facilitates the extraction of generalizable
knowledge from extensive unlabelled datasets, thereby enhancing model performance on
downstream tasks where labeled data is scarce.

Despite these advances, most existing foundation models for music have been trained
primarily on Western-centric datasets, limiting their ability to represent diverse musical
styles [21, 3]. Critically, these models are also rarely evaluated on the world’s musical di-
versity, leaving their generalization ability to diverse musical traditions, especially under-
represented ones, largely unexplored. Many musical traditions, including Turkish, Indian,
and Greek traditional music, feature unique melodic structures, modal or tonal systems,
and rhythmic patterns that are not adequately captured by these models [22, 23, 24].
Unlike Western classical and popular music, which primarily rely on equal temperament
and harmony-based composition, these traditions incorporate microtonal intervals, dis-
tinct rhythmic cycles, and melodic improvisation. Failing to model such culture-specific
stylistic elements not only narrows the applicability of music foundation models, for ex-
ample, in region-specific recommendation systems [25] or cultural heritage preservation,
but also overlooks rich, culturally specific knowledge crucial for advancing MIR research
[11]. This bias reflects a broader historical trend of Westernisation, where the dominance
of Western music in computational models risks marginalizing and displacing local tradi-
tions. Accordingly, there is an urgent need to develop more inclusive and culturally aware
computational models [26], capable of generalizing beyond Western-centric traditions and
adapting effectively to diverse underrepresented musical cultures, a direction that has also
gained traction in other domains, such as natural language processing (NLP) [27] and
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speech recognition [28], through culturally adapted and multilingual foundation models.
One promising avenue for addressing these challenges is continual pre-training (CPT),

which has emerged as an effective and increasingly popular approach in large language
models (LLMs) [4, 29, 30, 105, 32, 88, 33, 34, 106, 107, 108] and multimodal learning
[31]. By enabling models to incrementally adapt to new domains, tasks, or languages,
CPT avoids the need for full re-training, which is often impractical and computationally
expensive [32, 4, 88, 106, 37]. Notably, it has been shown to match, or even surpass,
training from scratch in some cases [33, 34], while also leading to faster convergence [35]
and mitigating catastrophic forgetting [36]. CPT has also gained traction in the audio
domain, with recent work demonstrating its effectiveness in adapting pre-trained speech
models to both high- and low-resource languages [37, 28, 109, 38, 110].

Additionally, model merging [39, 40, 111, 112] has proven to be a simple yet effective
technique for adapting pre-trained models across multiple domains by combining domain-
specific parameters in weight space, without requiring additional training [41] or access to
the original training data [42]. A notable method within this paradigm is task arithmetic
(TA) [5], which constructs task vectors by computing the difference between the parameters
of an adapted model and its pre-trained counterpart, encoding domain-specific knowledge.
These task vectors can then be integrated into the pre-trained model via algebraic oper-
ations in Euclidean space to create a unified model from multiple independently adapted
models, offering a computationally efficient alternative to multi-task learning (MTL) [6].
Task arithmetic provides a modular framework for editing pre-trained models and fusing
knowledge across domains, enabling generalization across diverse tasks while preserving
information from both individual adaptations and the original pre-training.

Given the scarcity of culturally diverse, annotated music data, CPT provides a com-
putationally efficient solution for adapting foundation models to non-Western traditions
without requiring full re-training, while task arithmetic enables seamless model merging in
weight space, facilitating multi-cultural adaptation while mitigating catastrophic forget-
ting.

1.2 Research Objective and Contributions

While both continual pre-training and task arithmetic have been widely explored in
other domains, their application to MIR remains largely unexplored. We bridge this gap
by leveraging these techniques to adapt the MERT-v1-95M1 music foundation model [1],
originally trained on 1K hours of predominantly Western music [1, 43], to diverse musical
cultures from the Eastern Mediterranean and the Indian subcontinent, while preserving
performance on "Western"-centric benchmarks.

This process can be naturally framed as a domain adaptation (DA) [113] task, in which
a model trained on a Western source domain is adapted to perform effectively on culturally
distinct target domains. In this context, continual pre-training and model merging can be
viewed as strategies within the broader DA framework. While conventional DA approaches

1https://huggingface.co/m-a-p/MERT-v1-95M
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often involve aligning feature distributions or fine-tuning on the target domain, CPT entails
further training a pre-trained model, typically using the same self-supervised objective, on
domain-specific data to incrementally adapt it to a new target domain, whereas TA enables
multi-domain merging directly in parameter space without access to the original training
data.

A major challenge in adapting foundation models to diverse domains is ensuring efficient
adaptation while avoiding catastrophic forgetting [44], where previously learned knowledge
can be "lost" when the model is trained on new data [45]. To address this, we propose a
computationally efficient two-stage continual pre-training approach that integrates learning
rate re-warming [4] and staged adaptation, stabilizing training and enabling smoother,
effective adaptation.

This thesis makes the following contributions:

1. To the best of our knowledge, this is the first study to explore continual pre-
training and task arithmetic for cross-cultural adaptation in MIR, demonstrating
their effectiveness in music audio representation learning within the context of music
foundation models.

2. We propose a two-stage continual pre-training strategy that stabilizes train-
ing, mitigates catastrophic forgetting, and facilitates effective adaptation under con-
strained computational resources.

3. Our multi-cultural model, CultureMERT, outperforms the original MERT-v1 by an
average of 4.43% in ROC-AUC across diverse non-Western music tagging tasks,
alongside consistent average improvements of 5.4% in AP, 3.6% in Micro-F1, and
6.8% in Macro-F1, while exhibiting minimal forgetting on Western benchmarks.

4. Our culturally adapted models surpass previous state-of-the-art results across
all evaluated non-Western music tagging tasks.

5. We explore cross-cultural transferability, analyzing how models adapted to one
musical tradition (e.g., Turkish Makam) generalize to others (e.g., Greek folk). Our
results indicate that single-culture adaptations exhibit varying degrees of transfer
across cultural domains, with the multi-culturally adapted model yielding the best
generalization across cultures.

By addressing these challenges, this thesis contributes to the development of cultur-
ally aware foundation models for music that enable world music understanding and en-
hance cross-cultural music representation learning. Our work highlights the efficacy of
continual pre-training for cross-cultural adaptation in MIR, establishing CultureMERT-95M

as a state-of-the-art foundation model for diverse musical traditions. To support repro-
ducibility and further research on world music representation learning, we publicly release
CultureMERT-95M, along with the task arithmetic variant, CultureMERT-TA-95M.
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1.3 Outline

1.3 Outline

The remainder of this thesis is organized as follows:

• Chapter 2 reviews relevant literature on music representation learning and foundation
models for music, discusses MIR tasks and evaluation paradigms, and examines prior
work and challenges in cross-cultural MIR.

• Chapter 3 presents the methodology of this thesis, including a detailed overview of the
MERT architecture and its pre-training objective, the proposed two-stage continual
pre-training strategy for cultural adaptation, and task arithmetic as an alternative
approach to multi-cultural adaptation through model merging. This chapter also
describes the datasets used, the experimental setup, and the probing-based evaluation
protocol.

• Chapter 4 presents the experimental results and provides an in-depth discussion.
It evaluates the impact of continual pre-training and task arithmetic on cultur-
ally diverse music tagging tasks, analyzes cross-cultural transferability patterns, and
demonstrates the effectiveness of our proposed approach through detailed ablation
studies.

• Chapter 5 concludes the thesis by summarizing the main findings, highlighting the
limitations of the current study, and outlining promising extensions, directions, and
research avenues for future work.
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Chapter 2

Music Information Retrieval

Music information retrieval (MIR) is a multidisciplinary field that focuses on the com-
putational analysis, organization, and manipulation of music-related data [46]. The term
MIR is sometimes used interchangeably with music informatics or music information pro-
cessing [47]. It encompasses a wide range of tasks, including indexing, retrieval, recom-
mendation, transcription, source separation, and music generation. In recent years, MIR
research has become increasingly driven by advances in machine learning (ML), particu-
larly deep learning (DL) methods, which have enabled significant progress across many
subfields. In this chapter, we first review recent advances in music audio representation
learning and foundation models for music, followed by a discussion of MIR tasks and
evaluation paradigms. We conclude with an overview of cross-cultural MIR, highlighting
emerging datasets, methodologies, and ongoing challenges in this important area.

2.1 Music Representation Learning

The objective of representation learning is to discover and learn meaningful features
that facilitate downstream tasks while remaining robust to the complex variations inherent
in natural data [114]. Representation learning has gained popularity across many domains
due to its effectiveness, computational efficiency, and the simplicity of reusing pre-trained
model representations as features for a wide range of downstream tasks. This objective is
central to advancing artificial intelligence (AI), as learning good representations reduces
the need for task-specific engineering and enables knowledge transfer across tasks. A va-
riety of model architectures, training paradigms, and modalities have been employed to
learn representations that perform well on tasks such as classification, retrieval, and gen-
eration. In the context of music informatics, such learned representations can be leveraged
for downstream MIR tasks such as automatic classification, recommendation, generation,
and emotion recognition, among others. Ideally—especially in the case of foundation mod-
els—these representations should capture broad musical features such as rhythm, melody,
dynamics, timbre, pitch, and harmony, as well as higher-level abstractions, including com-
positional structure, arrangement, and cultural context. This makes them essential for
models designed to support a wide range of music understanding tasks, where a deep,
holistic representation of musical content is crucial.

Early music information retrieval relied on hand-crafted features (e.g., MFCCs, chroma
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Figure 2.1. Foundation models for music learn general-purpose representations through
large-scale pre-training, which can then be transferred to a wide range of downstream MIR
tasks.

features, or constant-Q representations) and classical machine learning algorithms. How-
ever, deep learning has since revolutionized music representation learning, achieving re-
markable success [48]. In particular, convolutional neural networks (CNNs) trained on la-
beled music tasks, such as music auto-tagging and genre classification, have become widely
adopted. For example, musicnn [115] offers pre-trained VGG-like CNNs that achieve high
accuracy on benchmarks such as MagnaTagATune. Transfer learning [116, 117] has further
improved performance by fine-tuning models pre-trained on large audio corpora, signifi-
cantly boosting results on downstream MIR tasks including instrument classification and
genre recognition. This approach also enables effective use of smaller annotated datasets,
which is particularly advantageous given the high cost and difficulty of manual labeling, es-
pecially in diverse or low-resource musical domains. More recently, an alternative strategy
for learning music representations leverages self-supervised learning (SSL), where models
are trained on proxy objectives derived directly from the input data, eliminating the need
for manual annotation. This approach enables the extraction of rich representations us-
ing automatically generated supervision signals. Several SSL-based models for music have
demonstrated strong performance across a range of downstream MIR tasks, effectively
closing the gap with supervised approaches [49, 50, 51, 52, 1, 53].

2.2 Foundation Models for Music

Recent research has increasingly focused on developing foundation models for music [11,
103], inspired by analogous advances in natural language processing (NLP) and computer
vision [17]. These models are typically pre-trained on large-scale music corpora using SSL,
learning general-purpose representations that can transfer effectively to a wide range of
MIR tasks [11] (see Figure 2.1). After pre-training, they are fine-tuned and evaluated on
downstream tasks using much smaller labeled datasets, enabling effective transfer even
in low-resource or annotation-scarce scenarios. Notably, [101] shows that intermediate
features extracted from such pre-trained models can serve as general-purpose boosters for
task-specific models, particularly when training data is limited or computational resources
are constrained.
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One dominant pre-training paradigm is masked modeling (MM), adapted from BERT-
style pre-training in NLP [54]. MM works by randomly masking portions of the input and
training the model to infer the missing segments from surrounding context. This approach,
commonly employed in Transformer models, allows for effective modeling of sequential data
and long-range dependencies, as in the case of music audio signals. Music audio, typically
sampled at rates up to 48 kHz and spanning several minutes or more, results in extremely
long sequences that pose significant computational challenges, particularly during model
training. To address this, models employ tokenizers to compress audio signals into compact
latent representations with shorter sequence lengths.

In general, audio tokenization refers to the process of transforming raw audio into
sequences of "meaningful" units (i.e., tokens or codes) that can be used for language
modeling (e.g., masked prediction or auto-regressive generation), downstream tasks (e.g.,
text-to-speech synthesis [118, 119]), or audio compression. Unlike text, where tokens are in-
herently discrete (e.g., words, subwords, or characters), audio is a continuous waveform that
lacks natural segmentation boundaries. Earlier approaches relied on handcrafted features
such as spectrograms and cepstral coefficients (e.g., MFCCs), whereas more recent methods
learn token representations directly from data using models like vector-quantized autoen-
coders [2, 120, 121], which primarily capture acoustic representations, or self-supervised
audio encoders [1, 122, 123, 124], which aim to learn higher-level semantic representations.

Therefore, input sequences are typically tokenized into either continuous embeddings
or discrete integer tokens. The latter are often produced by neural audio codecs (NACs),
learnable vector-quantized models that discretize audio into compact, semantically mean-
ingful tokens at specific temporal resolutions [125]. These tokens can serve as inputs or tar-
gets for masked prediction and generation tasks in music foundation models [11]. Notable
examples include EnCodec [2], SoundStream [121], Descript Audio Codec (DAC) [120],
SpeechTokenizer [126], X-Codec [126], and, more recently, SemantiCodec [124], Pyramid-
Codec [127], and SAT [128], which combine fine-grained acoustic fidelity with the ability to
capture long-range semantic information via hierarchical tokenization. Depending on the
tokenization strategy, the masked prediction objective is formulated as either a regression
task, in the case of continuous masked modeling where models predict continuous targets
using typically the mean squared error (MSE) loss, or as a classification task, as in dis-
crete masked modeling where models predict token indices, typically using cross-entropy
losses. Finally, the choice of tokenization strategy can significantly impact the trade-off
between training efficiency, data requirements, and model capacity, an important yet un-
derexplored aspect in the development of music FMs. In particular, the segmentation of
raw audio into tokens is highly non-trivial, and future work may benefit from exploring
adaptive, content-aware tokenization schemes that better capture the temporal variability
of music (see Section 5.3 for a suggested research direction on this topic).

Overall, recent work highlights a clear trend: neural audio codecs—and audio tok-
enization more broadly—play a central role in state-of-the-art music foundation models by
providing compact, high-fidelity representations that support both language model-based
audio generation and understanding tasks, aligning the training paradigm of audio models
with the masked or auto-regressive language modeling paradigms used in NLP.
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Below, we review key foundation model architectures that have driven recent progress
in music audio representation learning, focusing on their pre-training paradigms (e.g.,
masked modeling, multimodal learning, generative modeling), architectural choices, and
audio tokenization strategies.

MERT [1] (Music undERstanding model with large-scale self-supervised Training) is a
prominent example, a BERT-style encoder built upon the HuBERT architecture [55] and
pre-trained on large-scale music audio using a masked language modeling (MLM) objec-
tive. MERT employs a dual-teacher strategy to generate pseudo-labels: an RVQ-VAE-
based “acoustic” teacher (specifically, the EnCodec audio tokenizer [2]) and a “musical”
teacher based on constant-Q transform (CQT) reconstruction. This combination enables
the model to learn both acoustic and harmonic characteristics of music. Available in
95M and 330M parameter variants, MERT achieves state-of-the-art performance across
14 diverse music understanding tasks, demonstrating the effectiveness of large-scale self-
supervised pre-training for unifying multiple MIR tasks in a single model. For further
architectural and pre-training details, refer to Section 3.2.

Music2Vec [123] is a lightweight and efficient self-supervised framework for learning
music audio representations directly from raw waveforms. Inspired by the data2vec ar-
chitecture [129], it adopts a teacher–student setup where both models share the same
architecture, comprising a 1-D CNN feature extractor followed by a 12-layer Transformer
encoder. The CNN maps 16 kHz audio into 50 Hz feature sequences, which are then passed
through the Transformer. The student is trained on masked input segments to predict the
contextualized representations generated by the teacher model, which are derived from the
outputs of all 12 Transformer layers. Importantly, the teacher’s parameters are updated
via exponential moving average of the student’s weights. Music2Vec is trained from scratch
on 1k hours of music audio and achieves competitive performance on several MIR tasks,
including music auto-tagging, genre classification, emotion regression, and key detection,
despite having fewer than 2% of the parameters of large models like Jukebox [20].

MusicFM [19] builds upon MERT by replacing its learned tokenization mechanism with
a non-trainable random projection quantizer, inspired by BEST-RQ [56]. This approach
removes the need for a separate representation learning stage (e.g., RVQ or k-means clus-
tering), as the tokenization process is entirely training-free. Specifically, MusicFM maps
log-mel spectral features into a latent space via random projection and discretizes them
using a randomly initialized codebook. Despite its simplicity, this tokenization strategy
achieves strong performance—particularly when sufficient training data is available—across
both sequence-level and token-level MIR tasks, including beat tracking, chord recognition,
and music tagging. These results suggest that random quantization can be a computation-
ally efficient and effective alternative to learned audio tokenizers for foundation models in
music informatics.
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MuQ [100] is a self-supervised foundation model for music audio representation learning
that introduces a novel tokenization method, Mel residual vector quantization (Mel-RVQ).
Unlike prior models that rely on random projections (e.g., MusicFM) or heavy neural
codecs (e.g., EnCodec in MERT), MuQ employs a lightweight residual quantizer trained
on Mel-spectrograms using simple linear projections. This approach provides both com-
putational efficiency and stable token generation, addressing the initialization sensitivity
of random quantizers and the resource demands of neural codecs. The model is trained to
predict these discrete Mel-RVQ tokens using a Conformer-based encoder under a masked
language modeling objective. Despite using only 0.9K hours of pre-training data, MuQ
outperforms larger models like MERT and MusicFM on a wide range of downstream MIR
tasks, including genre classification, instrument and key detection, and music structure
analysis. Further scaling to 160K hours and incorporating iterative training improves
performance even more. Additionally, MuQ supports multimodal extension through MuQ-
MuLan, a joint music-text embedding model that achieves state-of-the-art results on the
MagnaTagATune zero-shot music tagging task.

MULE [130] presents a comparative study of supervised and unsupervised strategies for
pre-training audio models specifically for music understanding. It explores how dataset do-
main (music vs. general audio) and training strategy (supervised vs. unimodal contrastive
unsupervised) affect the transferability of audio embeddings across a wide range of music
tasks. Notably, it demonstrates that supervised training on large-scale expert-annotated
music data achieves state-of-the-art performance across diverse tagging tasks, while unsu-
pervised learning on in-domain music audio yields highly generalizable embeddings with
strong performance on novel tasks.

Generative Pre-Training Generative modeling has also shown promise in music rep-
resentation learning. A seminal example is Jukebox [20], a large-scale (5B parameter)
auto-regressive Transformer model trained on over 1.2 million songs. Jukebox compresses
raw audio into discrete codes using three separately trained VQ-VAEs at different temporal
resolutions (each with a vocabulary size of 2048). To model long-range musical structure,
separate auto-regressive priors are trained for each level, and audio is generated hierarchi-
cally from coarse to fine resolution, with each level conditioned on the upsampled codes of
the coarser level. The model enables controllable generation by conditioning on metadata
such as genre, artist, timing, and optionally unaligned lyrics. While primarily designed
for music generation, JukeMIR [57] demonstrated that intermediate representations from
Jukebox can be repurposed for music understanding tasks, achieving strong performance
in music auto-tagging, genre classification, key detection, and emotion recognition.

Building upon this, SoniDo [101] proposes a two-stage hierarchical foundation model
tailored for both music understanding and generation. It uses a hierarchically quantized
VAE (HQ-VAE) in the first stage to extract coarse-to-fine latent tokens, and models their
distribution in the second stage using a stack of sparse Transformer decoders conditioned
on CLAP embeddings for multimodal alignment. Importantly, the token hierarchy in
SoniDo is jointly trained, unlike Jukebox, where each level is independently trained, which
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allows richer inter-level dependencies. SoniDo extracts task-agnostic representations from
intermediate Transformer layers, supporting a broad range of downstream tasks including
music auto-tagging, music transcription, music source separation, and music mixing.

Furthermore, while originally developed as a text- and melody-conditioned music gen-
eration model, MusicGen [58] has also been evaluated for music representation learning.
It employs a single-stage auto-regressive Transformer decoder trained on residual vector-
quantized (RVQ) tokens from EnCodec. In contrast to models like Jukebox or SoniDo,
which use multi-level hierarchies with multiple priors, MusicGen processes flattened or in-
terleaved parallel token streams from multiple codebooks. This design simplifies training
and improves efficiency by avoiding the computational costs of generating multiple code-
book streams. As demonstrated in the SoniDo paper, intermediate representations from
MusicGen can be repurposed for downstream MIR tasks such as genre classification, key
detection, and music transcription.

Additionally, AudioLM [131] introduces a multi-stage auto-regressive framework that
models long-term structure and fine-grained detail by combining semantic tokens extracted
from w2v-BERT (k-means-clustered representations) [122] with coarse and fine acoustic to-
kens derived from the SoundStream neural audio codec. Originally proposed for speech
and piano music continuation, AudioLM achieves coherent generation over long timescales
without requiring textual supervision, showcasing the power of hybrid tokenization in audio
foundation models. Building on this framework, MusicLM [132] extends AudioLM by incor-
porating text conditioning via MuLan embeddings, enabling high-fidelity and semantically
aligned music generation from textual descriptions. MusicLM demonstrates improvements
in both audio quality and adherence to text prompts, and supports additional conditioning
modalities such as melody inputs.

Most recently, YuE [133] introduced a family of open-source foundation models for
long-form lyrics-to-song generation. Built on the LLaMA2 architecture and trained on
trillions of tokens, YuE uses a two-stage hierarchical modeling framework with semantic-
acoustic fused tokenization and track-decoupled next-token prediction. The model enables
up to five-minute coherent generation with fine-grained control over lyrics, structure, and
style, while also demonstrating strong performance in music understanding tasks such as
the MARBLE benchmark, matching or exceeding previous state-of-the-art methods.

These foundation models fall under the umbrella of auto-regressive predictive coding
(APC), a pre-training paradigm where a model learns to predict future tokens (i.e., discrete
audio codes) in a sequence using an auto-regressive architecture.

Multimodal Learning Multimodal approaches extend music foundation models by in-
corporating modalities beyond audio, such as natural language. Typically, the text modal-
ity is processed using pre-trained embeddings from large NLP encoders or decoders. For
example, LLark [134] is an instruction-tuned multimodal model that integrates a pretrained
Jukebox-based audio encoder with a LLaMA-2 language model via a projection module,
following a prefix tuning strategy. It supports flexible (audio, text) input prompts and
produces text outputs, enabling tasks like music captioning, genre identification, and com-
positional reasoning. Evaluated on music understanding, captioning, and reasoning tasks,
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LLark achieves strong zero-shot performance, showcasing the benefits of instruction-tuned
training on open-source music datasets. Similarly, the JMLA model [135] also targets
zero-shot music tagging via a joint music and language attention mechanism to address
the open-set music tagging problem. It connects a pre-trained masked audio encoder to
a Falcon-7B decoder using a perceiver resampler and dense cross-attention layers across
encoder-decoder layers, allowing multi-level semantic information exchange. By leveraging
GPT-processed music descriptions for training, JMLA achieves competitive zero-shot per-
formance across multiple benchmarks, demonstrating the effectiveness of tight cross-modal
alignment in music tagging.

Furthermore, MusiLingo [102] bridges music and language with prefix tuning by align-
ing MERT music embeddings with a frozen large language model (Vicuna-7B) via a linear
projection, enabling captioning and instruction-following for music-related queries. Mus-
tango [80] further explores text-to-music generation through controllable diffusion mod-
eling, using musically enriched prompts to guide generation via chord, tempo, and key
information. LTU (Listen, Think, and Understand) [136] is a multimodal instruction-
following model for general audio understanding. It integrates a CAV-MAE-pretrained
AST audio encoder with a Vicuna-7B language model via LoRA adapters, and is trained
using a four-stage perception-to-understanding curriculum on the OpenAQA-5M dataset,
which combines closed- and open-ended (audio, question, answer) pairs. LTU demon-
strates strong generalization across audio tasks and exhibits emerging reasoning abilities,
including step-by-step inference, explanation, and uncertainty awareness.

Qwen-Audio [137] and its successor Qwen2-Audio [138] are large-scale audio-language
models that integrate a pre-trained audio encoder with a frozen large language model to
support universal audio understanding. Both models adopt a multi-task training strategy
across over 30 speech, sound, and music tasks, using next-token prediction. To mitigate in-
terference from heterogeneous datasets, Qwen-Audio conditions the decoder on hierarchical
label sequences to balance shared knowledge with task-specific signals, while Qwen2-Audio
replaces these with natural language prompts to improve generalization and alignment. It
scales up training data and demonstrates strong performance on tasks such as genre classi-
fication, instrument recognition, and emotion description, achieving state-of-the-art results
on the AIR-Bench music subset without task-specific fine-tuning.

Additionally, contrastive learning-based (CL) models such as MuLan [95], MusCALL
[139], and CLAP [140] align audio and text representations into a shared embedding space
using paired audio-text data, enabling zero-shot tagging and cross-modal retrieval. Mu-
Lan and CLAP scale to large datasets and leverage strong pre-trained encoders, while
MusCALL emphasizes lightweight training and robust contrastive alignment, introducing
a content-aware loss and exploring audio self-supervision through SimCLR. By leveraging
natural language supervision instead of fixed label taxonomies, these models offer greater
flexibility and semantic grounding for downstream MIR tasks.

In addition to text, some multimodal models also incorporate visual information, such
as album artwork, music video frames, or other associated visuals, as in recent models
like M2UGen [141], V2Meow [142], and VidMuse [143], to bridge the gap between visual
and audio modalities. Finally, AnyGPT [144] further pushes the boundary by enabling

55



Chapter 2. Music Information Retrieval

any-to-any multimodal generation across music, speech, image, and text using a unified
framework based on discrete tokenization. By leveraging modality-specific tokenizers and
a shared language model backbone (LLaMA-2 7B), AnyGPT achieves zero-shot general-
ization across diverse modality combinations without architectural changes.

We should note that while foundation models for music can be designed to process
various modalities—such as symbolic music representations (e.g., MIDI, ABC notations,
tokenized sequences), sheet music, and others—this thesis focuses primarily on music au-
dio representation learning, where the musical modality is the raw or preprocessed audio
signal. Therefore, our emphasis is on models that operate directly on audio input, aiming
to learn representations that capture both low-level acoustic features and high-level mu-
sical semantics. This focus aligns with recent trends in MIR research and self-supervised
learning [11]. Nonetheless, we acknowledge that many non-audio musical modalities re-
main underexplored in the development of foundation models [11], and future work could
benefit from addressing this gap. For example, ChatMusician [145] is a recent LLM trained
on ABC notation—a compact, text-compatible symbolic music format—that demonstrates
strong symbolic music understanding and generation capabilities. Built on LLaMA 2 via
continual pre-training and fine-tuning, it shows that treating music as a second language
allows LLMs to reason about music theory, compose structured scores, and outperform
GPT-4 on a college-level symbolic music benchmark.

Future work may benefit from integrating such symbolic modalities with audio-based
models in a multimodal setting, combining the structural "clarity" of symbolic representa-
tions with the expressive nuance and dynamics of raw audio signals. This could involve de-
veloping unified multimodal representations that incorporate symbolic music, audio, text,
and music score images within FM architectures [146]. Such fusion may enable models to
better capture the multifaceted nature of music by leveraging diverse sources of information
and mitigating the limitations of relying on a single modality. Very recently, the UniMuLM
framework [147] was proposed to address this challenge by unifying symbolic music, wave-
form audio, and textual instructions into a single language model. It introduces a bar-level
tokenizer that explicitly aligns symbolic and waveform representations. UniMuLM demon-
strates strong performance across diverse music tasks, including captioning, continuation,
inpainting, and music question answering, underscoring the potential of multimodal inte-
gration for advancing music understanding and generation. Similarly, Seed-Music [148] is
a unified multimodal music generation framework that combines text, audio, and symbolic
modalities. It combines MuLan-based text embeddings (including phonemes for lyrics),
an auto-regressive (LM-based) audio token generator, and a symbolic lead sheet generator
to produce high-quality, controllable music conditioned on multimodal inputs. In parallel,
incorporating domain knowledge, such as music theory, notation, and structural semantics,
into foundation model design could guide learning toward musically meaningful abstrac-
tions, potentially moving beyond architectural conventions inherited from other domains.
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2.3 MIR Tasks and Evaluation

Music information retrieval encompasses a wide range of tasks involving both audio
and symbolic music. As noted earlier, this thesis primarily focuses on the raw audio signal
as the musical modality. Common MIR tasks1 include:

• Tonality and Harmony: mode recognition, chord recognition, key estimation.

• Melody and Pitch: melody extraction, pitch and multi-pitch estimation, note
tracking, automatic music transcription.

• Rhythm: onset detection, beat and downbeat tracking, metre estimation, tempo
estimation.

• Timbre and Instrumentation: musical instrument identification, playing tech-
nique detection.

• Temporal Alignment: score following, audio-to-score alignment.

• Temporal Segmentation: music/non-music detection, structural segmentation/struc-
ture analysis, time boundary identification.

• Source Separation: musical instrument source separation, harmonic-percussive
source separation.

• Performance-related Understanding: performer identification, technique iden-
tification, performance assessment, difficulty estimation.

• Clip-level Classification: auto-tagging2, genre classification, mood/emotion recog-
nition.

• Retrieval and Similarity: audio identification, audio matching, cover song detec-
tion.

• Vocal Understanding: singer identification, vocal technique detection, automatic
lyrics transcription and alignment, singing transcription, vocal source separation,
lyrics interpretation.

• Multimodal Understanding: cross-modal retrieval and recommendation, music
captioning, music instruction following, music question answering.

• Music Generation: text-to-music generation, symbolic music generation, mono-
phonic/polyphonic music generation, conditioned generation (chord sequences, melody,
video, text descriptions), melody harmonization, lyrics to singing, singing voice syn-
thesis, singing voice conversion.

1This list is indicative; constructing a complete MIR taxonomy is challenging and beyond the scope of
this thesis.

2Automatic music tagging, which refers to the automatic assignment of descriptive metadata to au-
dio tracks, encompassing attributes such as genre, mood, instrumentation, tempo, language, and even
contextual information such as geographic location, is typically referred to as music auto-tagging.
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MIR-based evaluation can be broadly categorized into two paradigms: probing-based
and language-based evaluation. The probing setup is typically employed for unimodal
models that learn audio representations, where the audio encoder is treated as a feature
extractor—either frozen or fine-tuned—and a lightweight probing head, typically a shal-
low multilayer perceptron (MLP), is trained on top with labeled data to perform the
downstream task. In contrast, multimodal models that incorporate both audio and text
modalities can be evaluated via natural language prompting: the model is provided with a
task-specific instruction (e.g., "What is the key of this song?"), and its generated response
(e.g., "This song is in F minor.") is mapped to a corresponding label for scoring—typically
in the case of closed-ended tasks.

Recently, several promising evaluation protocols have emerged for benchmarking learned
music representations. The most comprehensive among them is the MARBLE protocol
[149], which introduces a unified framework for evaluating music audio representations
across a wide range of MIR tasks. MARBLE organizes its evaluation into a four-level hi-
erarchical taxonomy: (i) acoustic-level, encompassing tasks such as singer identification,
instrument classification, and source separation that focus on low-level signal features;
(ii) performance-level, targeting expressive elements like vocal techniques and orna-
mentation; (iii) score-level, covering tasks such as pitch tracking, beat tracking, melody
extraction, chord estimation, and lyrics transcription; and (iv) high-level description,
which includes tasks like key detection, genre classification, music tagging, and emotion
recognition. The benchmark spans 18 tasks across 12 publicly available datasets and aims
to provide a standardized, reproducible, and fair evaluation protocol for pre-trained music
models.

In the domain of multimodal foundation models, which extend beyond traditional MIR
tasks, a broad spectrum of evaluation tasks has also been explored to assess music un-
derstanding. A particularly prominent one is cross-modal retrieval, which serves as a
standard benchmark for evaluating alignment capabilities across modalities. This task in-
volves retrieving samples in one modality (e.g., audio clips) based on a query in a different
modality (e.g., text or video), thereby testing the model’s ability to associate and align se-
mantically related content across modalities. Another complementary evaluation approach
centers around language generation, often used for open-ended tasks. This paradigm is
suited to models that take audio or audio-text pairs as input and generate free-form textual
outputs. Typical tasks include music captioning, commonly evaluated on the MusicCaps
dataset [150] or custom ad-hoc datasets, and music question answering, where performance
is assessed using automatic metrics (e.g., BLEU, METEOR, ROUGE), human evaluation,
or large language model (LLM)-based scoring.

However, evaluation in MIR remains an open and challenging research problem. De-
spite significant advances in model architectures and datasets, the field continues to grapple
with issues such as inconsistent evaluation protocols across studies—including differences
in datasets, metrics, experimental settings, and even task formulations—alongside concerns
of data leakage across train-test splits and model bias [151, 152]. Furthermore, existing
unified benchmarks for music representation learning are predominantly Western-centric
and lack cultural diversity, limiting the ability to assess the generalizability of learned
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representations across diverse musical traditions. Finally, comprehensive evaluation of
learned representations should go beyond downstream task-specific probing to assess in-
ternal structural properties of the latent space, such as robustness, invariance, safety, and
interpretability, as well as alignment with human preferences. While such holistic evalua-
tion protocols are gaining traction in other domains, notably with recent efforts proposing
standardized metrics to quantify informativeness, equivariance, invariance, and disentan-
glement of representations [153], they remain largely unexplored in the context of music
representation learning.

Another key consideration is the role of temporal resolution and granularity, along
with the distinction between sequence-level and token-level downstream MIR tasks, which
is essential in music representation learning. Temporal resolution refers to how finely the
input audio is segmented or represented over time (e.g., the number of tokens/frames per
second in language modeling approaches), determining how precisely a model can capture
the timing and dynamics of musical events at a fine temporal level. Downstream tasks in
MIR differ in their temporal granularity requirements: sequence-level tasks, such as music
auto-tagging or genre classification, require global understanding of the entire clip, while
token- or frame-level tasks demand fine-grained temporal precision, as in downbeat track-
ing, chord recognition, or instrument source separation. Importantly, temporal granularity
requirements vary not only across tasks, but also across musical cultures, where distinct
rhythmic structures, ornamentation, and expressive timing necessitate varying levels of
sensitivity. Designing a general-purpose foundation model that can flexibly adapt to such
variations remains a core challenge, particularly in cross-cultural contexts where both task
semantics and temporal structures differ significantly.

We should note that this study centers on music understanding and does not address
music generation, which is beyond our current scope.

2.4 Cross-Cultural MIR

MIR has traditionally centered on the analysis of Western musical forms, notably, main-
stream Euro-American popular music and Western classical repertoire. A growing body
of work highlights the strong Western bias in MIR research and emphasizes the need for
cross-cultural broadening [21, 11, 59, 60]. For instance, [61] introduced SAMBASET, a
40+ hour dataset of Brazilian samba music, specifically to challenge the dominant "West-
ern" focus. They argue that most MIR datasets, methodologies, and conclusions embed
substantial cultural bias, with non-Western music often being underrepresented, poorly
labeled, or even mislabeled. Similarly, [3] quantify this bias by showing that only 5.7%
of music generation data derives from non-Western traditions, underscoring their under-
representation and the urgent need for more culturally diverse datasets (see Figure 2.2).
While identifying Western bias is a necessary first step, addressing it requires practical ef-
forts to develop datasets, representations, and evaluations tailored to non-Western musical
traditions.
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Figure 2.2. Global distribution of music corpora by region. Pie charts illustrate genre
composition within each region.3 Reproduced from [3].

Datasets Several initiatives have emerged to bridge this gap by curating culturally spe-
cific music corpora from diverse regions. The CompMusic project [62] has been central to
this effort, offering an extensive collection of over 1,300 hours of music corpora spanning
various non-Western traditions. This includes large annotated datasets for Indian classi-
cal music, specifically Hindustani and Carnatic [86, 155], as well as corpora for Turkish
Makam [84, 85], Beijing Opera [156], and Arab-Andalusian [157] music. Complementing
this, KritiSamhita [65] offers a tonic-annotated Carnatic vocal dataset, while [158] present
a 191-hour Hindustani classical dataset labeled by raga and tonic.

As previously noted, for Latin-American music, [61] introduced SAMBASET, a 40-hour
dataset of Brazilian samba de enredo recordings with rich metadata and beat/downbeat an-
notations. Additional Latin-American datasets include annotated recordings of Uruguayan
candombe drumming for beat and downbeat tracking [159]; the Latin Music Database
(LMD) [160], which contains over 3,200 full-length recordings across ten Latin genres for
genre classification; the Brazilian Music Dataset (BMD) [161], focused on regional Brazil-
ian styles such as repente, brega, and MPB (Brazilian popular music); and the Brazilian
Rhythmic Instruments Dataset (BRID) [162], a dataset of Brazilian rhythmic instrument
recordings across styles like samba, samba de enredo, partido-alto, and capoeira, designed
for rhythmic pattern and microtiming analysis. For classical flamenco music from Southern
Spain, the corpusCOFLA [63] offers over 1,800 commercial recordings (approximately 95
hours) selected from canonical anthologies, accompanied by editorial metadata and sev-
eral test collections. These include manual and automatic annotations for tasks such as
vocal detection, vocal pitch extraction, automatic singing transcription, repeated melodic

3However, we acknowledge that genre categorization is subjective and music genre perception varies
significantly across cultures [154].
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pattern discovery, melodic similarity, and style classification, supporting computational
analysis of flamenco’s rich melodic ornamentation and vocal expressivity.

For Iranian traditional music, the Nava Dastgāh dataset [64] provides 1,786 solo vocal
excerpts (totalling approximately 55 hours), categorized into seven canonical dastgāhs and
labeled by expert performers. In addition, the KUG Dastgāhi Corpus (KDC) [163] offers a
growing collection of well-curated and annotated audio for computational analysis of Per-
sian modal music. Furthermore, a curated corpus of traditional Georgian a cappella vocal
music is provided by the Erkomaishvili Dataset [66], comprising 101 historic three-voice
overdubbed recordings performed by master chanter Artem Erkomaishvili. The dataset in-
cludes transcriptions in Western staff notation (in MusicXML), F0 trajectories for all three
vocal parts, and manually annotated note and rest onset positions. The recordings exhibit
not equal-tempered tuning and abundant pitch slides, reflecting the distinctive tuning prac-
tices and harmonic thinking of Georgian polyphony. These properties make the dataset
a valuable resource for MIR tasks such as multi-pitch estimation, onset detection, source
separation, and score-to-audio alignment, while also supporting musicological research on
traditional Georgian vocal music. Moreover, [67] introduced Lyra, an 80-hour corpus of
Greek traditional and folk music, annotated with rich metadata on genre, place of origin,
and instrumentation. For Chinese musical traditions, [68] proposed CCMusic, a unified
database integrating multiple Chinese music datasets, both published and unpublished,
with standardized structure, annotations, and evaluation protocols. In the Scandinavian
context, [164] released a corpus of Norwegian Hardanger fiddle recordings, annotated with
precise note and beat onsets by expert performers. Emerging efforts are also addressing
the under-representation of African music traditions in MIR. The Sotho-Tswana dataset
[69] is a multimodal collection of music video clips annotated for genre, sentiment, lyrics,
and visual features. Likewise, the Ndwom dataset [70] contains curated Akan music videos,
spanning genres such as Highlife, Gospel, Soul, and Asakaa, with multimodal annotations
(audio, lyrics, and video frames), curated and labeled by native Akan speakers.

Finally, very recently, [71] introduced M4-RAG, a web-scale dataset comprising 2.31
million music–text pairs, covering 160,000 hours of audio from 1.8 million tracks, with
rich metadata and multilingual annotations across 27 languages and 194 countries. They
also released WikiMT-X, a benchmark designed to support evaluation in multilingual and
cross-modal MIR, addressing critical gaps in globally representative, high-quality training
and evaluation resources. In parallel, the GlobalMood benchmark [15] provides a novel
cross-cultural dataset for music emotion recognition, comprising 1,180 songs from 59 coun-
tries and nearly one million mood ratings elicited through a bottom-up, participant-driven
tagging approach across five culturally and linguistically distinct regions. Fine-tuning mul-
timodal models like CLAP on this culturally grounded dataset significantly improves their
alignment with human judgments. It also demonstrates that mood perception is cultur-
ally grounded and highlights the need for localized descriptors and multilingual annotation
pipelines for building more representative and equitable music foundation models.

Methodologies Furthermore, recent years have seen growing interest in the computa-
tional analysis of non-Western musical traditions [72]. Notable work includes studies on
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Turkish makam recognition [73, 165], Indian classical music classification [74, 158], and
analysis of Iranian [75] and Korean [76] traditional music. Additionally, [77] present a
computational pitch analysis of traditional Ghanaian seperewa (Akan harp-lute) songs,
revealing systematic microtonal deviations from equal temperament in vocal tracks and
highlighting both the limitations and the implicit Western-centric biases of standard MIR
tools and assumptions when applied to culturally specific musical systems such as Ghana-
ian seperewa scales. While some recent efforts have explored music auto-tagging in cross-
cultural transfer settings [78] and addressed challenges in low-resource and imbalanced
world music datasets through few-shot learning [79], comprehensive evaluations or adap-
tations of foundation models in cross-cultural low-resource MIR contexts remain scarce.
Recently, CLaMP 3 [71] proposed a framework to align multiple musical modalities and
multilingual text in a shared representation space via contrastive learning, enabling cross-
modal alignment and generalization to unseen languages for MIR tasks, and demonstrated
state-of-the-art performance on tasks such as text-to-audio and text-to-symbolic music
retrieval. Recent efforts have also explored cultural adaptation in music generation. In
particular, [3] investigate parameter-efficient fine-tuning (PEFT) approaches and demon-
strate that culturally adapting MusicGen [58] and Mustango [80] with low-resource corpora
improves performance on Hindustani classical and Turkish Makam music, highlighting both
the potential and the challenges of cross-cultural adaptation.

Challenges Still, despite these promising developments, addressing cultural imbalance
in MIR requires more than simply diversifying datasets, as [81] argue. The field must
critically reflect on its foundational assumptions, epistemological, ontological, method-
ological, and axiological, by reconsidering what music is, how it is understood, and how
it should be studied in ways that acknowledge and respect diverse cultural knowledge
systems. The very definition of music, the boundaries between music and other cultural
expression, and the values attached to musical sound can differ radically across cultures.
They also call for greater interdisciplinarity with ethnomusicology, as well as the inclusion
of domain experts, to incorporate non-Western musical concepts and values. In prac-
tice, several recurring challenges hinder progress in cross-cultural MIR. Data scarcity is
foremost: many musical cultures lack large annotated corpora, resulting in long-tail label
distributions and unseen tags during evaluation. Model bias is another key issue: models
trained on Western-centric data often reflect WEIRD (Western, Educated, Industrialized,
Rich, Democratic) assumptions [26], and may also encode inductive biases implicitly tuned
to Western musical structures, genres, and semantics, thereby limiting their generalizabil-
ity to non-Western traditions. These biases are often compounded, as Western-oriented
data and modeling assumptions mutually reinforce one another, producing systems that
underperform, or even misrepresent, music from other cultural contexts. To address these
limitations, culturally diverse benchmarks, evaluation metrics, and protocols are essential
for uncovering and mitigating bias in computational models and for quantifying progress
toward truly universal music representations. This includes rethinking ground-truth anno-
tations, adapting evaluation criteria to align with the epistemologies of different musical
traditions, and co-developing models in collaboration with local experts and practitioners.
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Methodology

In this chapter, we first review the architecture and pre-training objective of MERT
(Music undERstanding model with large-scale self-supervised Training), and then present
our continual pre-training strategy for cultural adaptation. Finally, we investigate task
arithmetic, an alternative approach to multi-cultural adaptation that merges culturally spe-
cialized models in weight space to construct a unified multi-cultural model, CultureMERT-TA.
Our experiments are conducted on a diverse collection of Western and non-Western music
datasets, with model evaluation performed on corresponding music auto-tagging tasks, as
detailed in the following section.

3.1 Datasets

For our experiments, we use a diverse set of music datasets spanning both Western
and non-Western traditions. Specifically, we adopt the MagnaTagATune (MTAT) [82] and
FMA-medium [83] datasets to represent "Western"1 music. For non-Western traditions,
we incorporate the Lyra corpus [67], featuring Greek traditional and folk music, along
with three collections from the CompMusic Corpora2 [62]: Turkish-makam [84, 85], which,
together with Lyra, represent music of the Eastern Mediterranean; and Hindustani and
Carnatic music [86], representing North and South Indian classical traditions, respectively.

We assess our models on both Western and non-Western music tagging tasks for cross-
cultural evaluation, using standard multi-label classification metrics, including the area
under the receiver operating characteristic curve (ROC-AUC), average precision (AP),
and F1 scores (both micro-averaged and macro-averaged). Following [78, 79], we utilize the
top-k tags relevant to each dataset: 50 tags for MTAT (spanning genre, instruments, and
mood), 20 hierarchical genre tags for FMA-medium, 30 tags for Turkish-makam (covering
makam, usul, and instruments), 20 tags for Hindustani and Carnatic (primarily reflecting
raga, tala, instruments, and forms), and 30 tags for Lyra (related to genre, place, and
instruments metadata).

All audio is resampled to 24 kHz, and we adopt the same data splits as [78]. To prepare
our data for continual pre-training, we extract 30-second segments from each training split
of the non-Western datasets. Given the varying dataset sizes, we balance the pre-training

1We use the term “Western” to refer to music styles predominantly rooted in Western cultures, including
pop, rock, and Western classical.

2https://compmusic.upf.edu/corpora
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duration across cultures to ensure proportional representation by extracting 200 hours each
from the Turkish-makam, Carnatic, and Hindustani datasets, and 50 hours from Lyra due
to its smaller size. Additionally, we combine these subsets to construct a unified 650-hour
dataset integrating all four traditions for multi-cultural continual pre-training. While Lyra
is of limited volume compared to the other datasets, its inclusion in the multi-cultural
data mix serves two key purposes: (i) our preliminary experiments indicate that even
a small amount of diverse data enhances overall generalization performance, and (ii) it
ensures the multi-cultural model is exposed to all non-Western traditions it is evaluated
on, maintaining consistency in evaluation.

3.2 MERT Pre-Training Objective

Our continual pre-training objective follows the self-supervised masked language mod-
eling (MLM) objective of MERTRVQ-VAE, where two teacher models provide the pseudo-labels:

• (i) an acoustic teacher, the EnCodec codec model [2], which discretizes/tokenizes
audio into tokens from K = 8 residual vector quantization (RVQ) codebooks, each
containing C = 1024 codewords, and

• (ii) a musical teacher, based on constant-Q transform (CQT) spectrogram recon-
struction, encoding pitch and harmonic structure.

MERT-v1-95M follows the HuBERT architecture [55], comprising a CNN-based feature
extractor that encodes raw 24 kHz waveforms into 75 Hz frame-level representations, fol-
lowed by a 12-layer Transformer encoder, producing 768-dimensional contextual embed-
dings (see Figure 3.1). During training, a subset of frame embeddings is masked, and
the model is optimized using a multi-task learning (MTL) objective, combining masked
acoustic token prediction and spectrogram reconstruction.

The overall training objective is:

L = αLRVQ + LCQT, (3.1)

where the acoustic MLM loss LRVQ encourages the model to predict masked RVQ-VAE
tokens from K codebooks, using a noise-contrastive estimation (NCE) [166] loss:

LRVQ =

K∑
k=1

∑
t∈M

log pθ(ct,k|x′
t), (3.2)

with M denoting the set of masked time frames, ct,k the ground-truth discrete codeword
from the k-th codebook at time frame t extracted via the EnCodec tokenizer, and pθ the
model’s predicted token distribution:

pθ(c|x′
t) =

exp(sim(T (ot), ec)/τ)∑C
c′=1 exp(sim(T (ot), ec′)/τ)

. (3.3)

Here, x′
t is the masked input feature, ot is the model’s output representation, T (ot) projects
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Figure 3.1. MERT Pre-Training Framework [1].

it to the codeword embedding space, ec is the embedding of codeword c ∈ Ck, where
k ∈ {1, . . . ,K}, sim(·, ·) denotes cosine similarity, and τ = 0.1 is a temperature scaling
parameter.

The musical MLM CQT reconstruction loss LCQT minimizes the mean squared error
(MSE) between the model’s predicted ẑCQT,t and ground-truth zCQT,t frame-level CQT
features:

LCQT =
∑
t∈M

∥zCQT,t − ẑCQT,t∥22 . (3.4)

The hyperparameter α controls the relative importance of the acoustic MLM token
prediction loss LRVQ and the musical MLM spectrogram reconstruction loss LCQT. By
jointly optimizing these objectives, MERT pre-training balances acoustic and musical rep-
resentation learning.

3.3 Two-Stage Continual Pre-Training Strategy

To adapt the MERT foundation model to diverse musical traditions, we employ contin-
ual pre-training, which extends the training of a pre-trained model on new data, aiming to
adapt it to a shifted domain or task while retaining prior knowledge, without re-training
from scratch. In our case, this involves continually pre-training the MERT-v1-95M model,
using the same pre-training objective, on culturally diverse data that introduce a signifi-
cant distribution shift, as it was initially trained on predominantly Western music [1, 43].
Given this shift, naively continuing to train the model, i.e., adapting all parameters at
once without resetting the learning rate, can lead to catastrophic forgetting [44] and poor
adaptation [4], as confirmed by our preliminary experiments (see Section 4.6). To address
this, we propose a two-stage strategy that stabilizes training through:

• (i) learning rate re-warming and re-decaying [4, 31, 34, 88, 89], and
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Learning Rate Re-Warming

1% Warm-up

Learning Rate Re-Warming

10% Warm-up

Stage 1
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Codeword Embeddings 🔥

❄️

Transformer Encoder
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Codeword Embeddings 🔥

Figure 3.2. Two-Stage Continual Pre-Training Strategy for CultureMERT. In Stage
1, a subset of parameters (the 1D CNN feature extractor and codeword embeddings) is
trained on 100 hours of multi-cultural data for multiple epochs, with 20% Western music
for stabilization. In Stage 2, all parameters are unfrozen and trained on the full 650-hour
dataset. Learning rate re-warming and re-decaying is applied in both stages for smooth and
stable adaptation.

• (ii) staged adaptation.

The overall framework of our approach is illustrated in Figure 3.2, which depicts the
two-stage continual pre-training strategy for CultureMERT.

Staged Adaptation In our preliminary experiments, we observed an initial performance
drop during CPT, followed by a slow recovery phase, a phenomenon known as the stability
gap [90, 167, 31]. This instability arises due to the abrupt adaptation of model parameters
to a substantially shifted data distribution, which can temporarily degrade previously
learned representations before stabilizing. To mitigate this, rather than full-parameter
adaptation on the entire dataset in a single epoch, which induces a large plasticity gradient
for a long period [167], we split training into two stages to reduce instability and ensure
smoother adaptation, as illustrated in Figure 3.2:

• Stage 1 Stabilization Phase: We first train on a smaller subset of the data [90],
updating only the CNN-based feature extractor and the codeword embedding layer
while keeping the Transformer encoder frozen. To reduce the distribution gap and
mitigate forgetting [88, 109, 35], we incorporate a fraction of Music4All data [7],
which is primarily of Western origin, into the pre-training mix, accounting for 20%
of the total training data (Western replay).
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• Stage 2 Full Adaptation: We unfreeze the Transformer encoder and continue training
on the full dataset. While Western replay (e.g., including a portion of Music4All data)
can also be applied at this stage to further mitigate forgetting, it introduces a trade-off
between cultural adaptation and knowledge preservation, i.e., the stability–plasticity
dilemma [91] (see Section 4.6).

This two-stage approach is particularly motivated by computational constraints, specif-
ically the batch size mismatch between pre-training and adaptation. MERT-v1-95M was
originally trained with batch sizes of 1.5 hours per step, whereas we use a significantly
smaller effective batch size of 160 seconds per step due to memory limitations. Training
with this reduced batch size directly on the entire dataset with full-parameter adaptation
resulted in unstable training and frequent crashes, degrading performance on both Western
and non-Western benchmarks.

By structuring adaptation in two stages, we strike to balance plasticity (adaptation
to non-Western traditions) and stability (retaining knowledge on Western datasets), a
challenge known as the stability-plasticity dilemma [91, 92, 93]. Intuitively, the initial
stabilization phase allows lower-level acoustic representations, captured by the CNN-based
feature extractor and the codeword embeddings, to adapt first and calibrate to the shifted
distribution before updating high-level Transformer representations.

Learning Rate Re-Warming and Re-Decaying To further improve adaptation sta-
bility during continual pre-training, we apply learning rate re-warming and re-decaying
in both stages. Continual pre-training on a shifted distribution can lead to poor conver-
gence and forgetting if the learning rate is not adjusted properly [4, 34]. Prior work has
shown that resetting the learning rate schedule, i.e., re-warming the model, during contin-
ual pre-training is crucial for effective adaptation and mitigating catastrophic forgetting
[4, 31, 34, 88, 89]. The learning rate schedule significantly impacts the training dynamics
and efficacy of CPT and re-warming is necessary for efficient adaptation to new data.

We adopt a two-phase learning rate schedule comprising a linear warm-up followed by
cosine annealing (see Figure 3.3), following prior work [4, 88]. The learning rate ηt at
timestep t is defined as:

(1) Linear warm-up (for t ≤ Twarmup):

ηt = ηmax ·
t

Twarmup
(3.5)

(2) Cosine annealing (for tann ≤ t ≤ tend):

ηt = ηmin +
ηmax − ηmin

2
·
(
cos

(
π · t− tann

tend − tann

)
+ 1

)
(3.6)

where:
ηmax is the maximum learning rate, ηmin is the minimum learning rate, Twarmup is the

warm-up duration, tann = Twarmup is the start of cosine annealing, and tend = Tann + tann

is the total training duration.
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Warm-up durations in prior work typically range between 0.1%–2% of total training
steps. In the audio domain, HuBERT base uses a warm-up phase of 8% during initial
pre-training. Models using shorter warm-up phases tend to forget and adapt more quickly
in early training due to the faster learning rate increase. However, over longer training
durations, this effect becomes less impactful on overall forgetting and adaptation, as noted
in [4]. The choice of learning rate re-warming strategy depends on the training objective
and the task at hand. The selection of warm-up duration and maximum learning rate also
reflects a trade-off between stability and plasticity. Carefully designed warm-up and decay
schemes are crucial for effective continual adaptation [31]. In our preliminary experiments,
we extensively tested different warm-up and decay durations, as well as learning rate values;
the final values used in each stage are reported in Section 3.5.3. Finally, the learning rate
is typically annealed down to 0.1× the maximum learning rate, consistent with prior cosine
decay schedules, where the maximum learning rate is initialized to match the ηmax of the
original pre-trained model.

Figure 3.3. Linear warm-up and cosine annealing schedule. Reproduced from [4].

• In Stage 1, we adopt a moderately aggressive warm-up and decay schedule to en-
courage early adaptation of low-level representations.

• In Stage 2, a less aggressive schedule balances plasticity and stability during full-
model training, reducing also training instabilities.

Following this two-stage CPT strategy, we develop two types of culturally adapted
models:

• (i) a multi-culturally adapted model, CultureMERT, trained on a culturally di-
verse mix spanning all four non-Western musical traditions (Turkish-makam, Hin-
dustani, Carnatic, and Lyra); and

• (ii) single-culture adapted models, each continually pre-trained on data from
a single tradition, resulting in MakamMERT, HindustaniMERT, CarnaticMERT, and
LyraMERT.
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3.4 Task Arithmetic for Cross-Cultural Adaptation

Figure 3.4. Merging Models via Task Arithmetic. Adapted from [5] and [6].

As an alternative to continual pre-training on multi-cultural data, we explore task
arithmetic [5], a model merging method that combines culturally specialized models in
weight space to construct a unified multi-cultural model. Model merging [40] has recently
emerged as a promising approach for integrating multiple independently fine-tuned or task-
specific models into a single model without requiring access to training data or additional
re-training. Task arithmetic operates by algebraically merging model parameters through
weight vector addition and subtraction in Euclidean space, as illustrated in Figure 3.4.
Specifically, it treats the difference between a task-adapted model and its pre-trained base
as a task vector in weight space. Linear combinations of such task vectors have been
shown to effectively steer model behavior and enable knowledge transfer across domains
[94, 5]. For example, adding a task vector to a base model can improve its performance
on the corresponding task, while combining multiple task vectors supports multi-task gen-
eralization. Notably, task vectors exhibit a form of compositionality : expressions such as
τD = τC + (τB − τA) can yield improved performance on a target task D, even without
direct training data—enhancing domain generalization and revealing analogical structure
in model space (e.g., "A is to B as C is to D"). Furthermore, negating task vectors enables
the removal of specific "behaviors" from a model, offering a mechanism for targeted for-
getting. These properties highlight task arithmetic as an efficient, modular, and data-free
strategy for domain adaptation (DA), and a lightweight tool for model editing.

In our setting, we obtain task vectors by computing the element-wise difference between
the parameters of the single-culture continually pre-trained models—i.e., the culturally
specialized models—and those of the MERT-v1 model. Formally, given the initial pre-
trained model with parameters θpre and a continually pre-trained model θi adapted to a
cultural dataset Di, the task vector for culture i is given by τi = θi − θpre, capturing the
parameter shift induced by culture-specific adaptation. For multi-cultural adaptation, we
construct a unified model θmerged by merging N single-culture adapted models via task
arithmetic, summing their respective task vectors τi with corresponding scaling factors λi:

θmerged = θpre +
N∑
i=1

λiτi, (3.7)

where λi ∈ R are scalar hyperparameters that control the contribution of each task vector,
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typically determined using held-out validation sets.
Prior work on task arithmetic typically uses a single scaling factor λ for all task vectors,

i.e., λi = λ, ∀i, reducing Equation 3.7 to:

θmerged = θpre + λ
N∑
i=1

τi. (3.8)

In the special case where λ = 1/N , this further simplifies to:

θmerged = θpre +
1

N

N∑
i=1

(θi − θpre) =
1

N

N∑
i=1

θi, (3.9)

which corresponds to weight averaging [111, 112, 39], where the adapted models are merged
by directly averaging their parameters.

Here, we merge N = 4 single-culture adapted models—MakamMERT, HindustaniMERT,
CarnaticMERT, and LyraMERT—to construct a unified multi-cultural model, referred to as
CultureMERT-TA. Details on the choice of scaling factor λ are provided in Section 4.4.

3.5 Experimental Setup

3.5.1 Implementation Details

In all continual pre-training setups, we initialize our models from the publicly available
MERT-v1-95M3 pre-trained checkpoint. Training was conducted using the fairseq4 frame-
work on a single NVIDIA GeForce GTX TITAN X GPU with 12 GB of memory. All models
were trained with half-precision (FP16), using 5-second audio segments as input context,
randomly cropped from the extracted 30-second pre-training audio data. The weight of
the acoustic loss in the pre-training objective is set to α = 10.0. The EnCodec neural au-
dio codec (NAC) model [2], which tokenizes audio into discrete codewords, remains frozen
during continual pre-training, as in [1]. To enhance representation robustness, we apply
in-batch noise mixture augmentation with a mixup probability of 0.5 (see Section 4.6.2 for
a complete discussion), and use pre-layer normalization (Pre-LN) [168] for training stabil-
ity, following [1]. The impact of mixup augmentation is further examined in Section 4.6.2
(Table 4.4). Other training settings mirror those of the MERT-v1-95M setup; further details
are provided in Appendix A.1.

3.5.2 Probing-Based Evaluation

Following [57, 1, 19], we adopt a probing-based [87] evaluation rather than fine-tuning,
keeping the pre-trained models frozen as deep feature extractors while training only a shal-
low multilayer perceptron (MLP) with a single 512-dimensional hidden layer for sequence-
level tasks. Our evaluation follows the MARBLE protocol [149] under constrained settings,
and we apply it to both Western and non-Western music tagging tasks for cross-cultural

3https://huggingface.co/m-a-p/MERT-v1-95M
4https://github.com/facebookresearch/fairseq
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3.5.3 Continual Pre-Training Settings

evaluation. To process long-duration audio files, we segment them into 30-second chunks
using a sliding window approach and aggregate the chunk-level predictions by averaging to
obtain the final prediction for the entire audio file. For Turkish-makam, Hindustani, and
Carnatic tasks, we apply a maximum duration cut5 as in [78]. Evaluation hyperparameters
are detailed in Appendix A.2.

3.5.3 Continual Pre-Training Settings

Multi-Cultural CPT In Stage 1, training runs for 2,250 steps with a 10% linear warm-
up period, using 100 hours of the dataset, where 20% of the mix consists of Western music
from Music4All [7]. Optimization follows AdamW [169] with β1 = 0.9, β2 = 0.999, and
ϵ = 1e−5. Training employs an effective batch size of 32 recordings (160 seconds) with
gradient accumulation over 8 steps. The maximum learning rate is set to ηmax = 5e−4,
followed by a cosine decay to a minimum of ηmin = 5e−5. Gradient clipping is applied with
a norm of 1.0 to prevent exploding gradients. In Stage 2, training extends to 14,625 steps
with a 1% warm-up period, using the full 650-hour dataset. Optimization follows AdamW
with β1 = 0.9, β2 = 0.95, and ϵ = 1e−5, maintaining the same batch size as Stage 1. The
learning rate decays from a maximum value of ηmax = 5e−5 to ηmin = 5e−6. Gradient
clipping remains at 1.0.

Single-Culture CPT In Stage 1, we train on 60 hours, with 20% of the mix allocated
to Music4All, for a total of 1,350 training steps. In Stage 2, we expand training to the full
200-hour dataset for 4,500 steps. We employ the same optimizers, batch size settings, and
learning rate schedules as in the multi-cultural CPT. For Lyra, due to its smaller size (50
hours), we train on 20 hours in Stage 1 (450 steps) and then on the full dataset in Stage
2 (1,125 steps).

5This is done to ensure comparability with previous state-of-the-art results reported in [78].
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Chapter 4

Results and Discussion

In this chapter, we present and analyze the empirical findings of our study. We begin
with the evaluation results of our culturally adapted models across diverse music auto-
tagging tasks, highlighting the effectiveness of multi-cultural continual pre-training and
model merging via task arithmetic. We then examine patterns of cross-cultural transfer,
focusing on how cultural proximity influences cross-cultural generalization of single-culture
adapted models. This is followed by an analysis of token-level similarity across musical
traditions as a potential predictor of positive transferability. We also explore the sensitivity
of task arithmetic to the scaling factor and layer-wise probing performance. Finally, we
provide an in-depth evaluation and analyze the training dynamics of our proposed two-
stage adaptation strategy through detailed ablations, demonstrating its effectiveness in
mitigating catastrophic forgetting, stabilizing training, and enhancing cultural adaptation.

4.1 Evaluation Results

As shown in Tables 4.1 and 4.2, CultureMERT, adapted via multi-cultural continual pre-
training, consistently outperforms the initial MERT-v1 model across all non-Western tasks
and evaluation metrics. It also surpasses the single-culture adapted models on average,
suggesting that incorporating culturally diverse data during CPT benefits all non-Western
traditions by improving the quality of representations computed for each individual cul-
ture, thereby enhancing generalization. This finding aligns with observations in multi-
lingual NLP and speech recognition, where pre-training on diverse multilingual corpora,
such as in XLM-R [170] and XLS-R [171], has been shown to improve cross-lingual trans-
fer and performance [97, 172], particularly in low-resource or unseen language settings
[98]. Notably, CultureMERT achieves this with minimal forgetting on Western benchmarks
(−0.05% average drop in ROC-AUC and AP), demonstrating the efficacy of our approach.
Furthermore, it shows better retention of prior Western knowledge compared to single-
culture models, which suffer greater performance drops when evaluated on FMA-medium
and MagnaTagATune (MTAT).

We further observe that single-culture adapted models tend to achieve the best per-
formance on their respective in-domain tasks, particularly for well-resourced traditions,
reaffirming the effectiveness of continual pre-training for domain-specific adaptation [32].
This trend holds consistently across all evaluation metrics. Interestingly, even low-resource
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Dataset Turkish-makam Hindustani Carnatic Lyra FMA-medium MTAT
Avg.

Metrics ROC AP ROC AP ROC AP ROC AP ROC AP ROC AP

MERT-v1 83.20.08 53.30.12 82.40.04 52.90.19 74.90.05 39.70.15 85.70.10 56.50.18 90.70.04 48.10.11 89.60.07 35.90.15 66.1

MakamMERT 88.70.11 58.80.22 84.50.16 57.80.18 77.60.14 42.70.16 84.60.12 53.20.17 90.30.12 47.10.16 89.00.07 35.60.12 67.5

CarnaticMERT 88.40.06 58.40.16 87.00.06 60.20.14 78.80.13 44.00.17 85.40.11 55.80.16 90.20.10 46.70.09 89.20.10 35.30.11 68.3

HindustaniMERT 88.30.12 58.20.16 87.40.11 60.30.16 77.00.12 42.70.16 84.20.13 52.00.15 90.20.13 46.10.10 89.10.09 35.80.13 67.6

LyraMERT 86.70.07 56.80.13 85.90.08 57.40.13 76.40.09 40.10.13 85.00.11 53.50.14 90.00.08 46.00.16 88.90.05 35.10.14 66.8

CultureMERT 89.60.09 60.60.21 88.20.20 63.50.24 79.20.18 43.10.22 86.90.10 56.70.20 90.70.09 48.10.13 89.40.09 35.90.16 69.3

CultureMERT-TA 89.00.12 61.00.18 87.50.10 59.30.13 79.10.11 43.30.13 87.30.08 57.30.19 90.80.06 49.10.15 89.60.10 36.40.14 69.1

(Previous) SOTA 87.7 [78] 57.7 [78] 86.5 [78] 63.1 [78] 77.0 [78] 43.9 [78] 85.4 [78] 54.3 [78] 92.4 [78] 53.7 [78] 92.7 [95] 41.4 [57] -

Table 4.1. Evaluation Results (ROC-AUC and AP) of Pre-Trained and Cul-
turally Adapted MERT Models on Diverse Music Auto-Tagging Tasks (1/2).
We report averages across five random seeds with standard deviations as subscripts. The
"Avg." column represents the average performance across all datasets and evaluation met-
rics for each model. The results highlight the impact of multi-cultural CPT (CultureMERT)
and multi-cultural model merging via task arithmetic (CultureMERT-TA) on cross-cultural
adaptation and transfer.

adaptation, as in the case of LyraMERT trained on just 50 hours of Greek folk music, leads
to noticeable gains across other non-Western tasks, indicating that even limited cultural
exposure can significantly enhance cross-cultural generalization beyond Western datasets.
This finding is consistent with recent work in low-resource NLP [32] and speech recogni-
tion [38], where in the latter continually pre-training with as little as 10 hours of target
language data yielded substantial improvements over unadapted models. Improvements
in Macro-F1 scores across non-Western datasets are particularly noteworthy, highlighting
that cross-cultural adaptation not only enhances overall accuracy but also improves recog-
nition of less frequent tags among the top-k most common labels used in our evaluation.
This is particularly important for ethnomusicological datasets [79], where even within the
top-k evaluated tags, frequency distributions remain imbalanced and capturing a wider
diversity of musical concepts is crucial.

Moreover, multi-cultural model merging via task arithmetic achieves comparable perfor-
mance to CultureMERT on non-Western tasks and even surpasses it on Western benchmarks
and Lyra, demonstrating that weight-space merging of culturally specialized models can
serve as an effective, training-free alternative to multi-cultural CPT, provided such mod-
els are available. Interestingly, task arithmetic also outperforms the original pre-trained
model on average across Western tasks, further reinforcing its ability to balance adaptation
and retention. Finally, CultureMERT and CultureMERT-TA surpass previous state-of-the-
art (SOTA) results (ROC-AUC and AP) on all non-Western music tagging tasks, with the
best task arithmetic variant obtained using λ = 0.2 (see Figures 4.4 and 4.6). Notably,
only the multi-cultural models, CultureMERT and CultureMERT-TA, outperform the orig-
inal MERT-v1 on Lyra, albeit with the smallest margin compared to other non-Western
tasks. This observation aligns with the fact that MERT-v1, pre-trained on Western mu-

74



4.2 Cross-Cultural Transfer

Dataset Turkish-makam Hindustani Carnatic Lyra FMA-medium MTAT
Avg.

Metrics (F1) Micro Macro Micro Macro Micro Macro Micro Macro Micro Macro Micro Macro

MERT-v1 73.0 38.9 71.1 33.2 80.1 30.0 72.4 42.6 57.0 36.9 35.7 21.2 49.3

MakamMERT 77.5 44.0 74.0 37.6 81.0 31.4 70.8 40.2 57.2 35.4 34.2 20.5 50.3

CarnaticMERT 76.8 44.0 76.2 46.3 81.6 32.4 72.9 42.8 57.3 35.3 33.3 22.5 51.8

HindustaniMERT 76.5 43.9 78.9 46.9 81.0 33.0 70.1 40.6 55.1 33.8 34.4 20.9 51.3

LyraMERT 75.9 42.1 75.9 44.9 80.9 29.6 71.3 41.1 56.2 33.9 33.8 21.2 50.6

CultureMERT 77.4 45.8 77.8 50.4 82.7 32.5 73.1 43.1 58.3 36.6 35.6 22.9 52.9

CultureMERT-TA 76.9 45.4 74.2 45.0 82.5 32.1 73.0 45.3 59.1 38.2 35.7 21.5 52.4

Table 4.2. Evaluation Results (Micro-F1 and Macro-F1) of Pre-Trained
and Culturally Adapted MERT Models on Diverse Music Auto-Tagging Tasks
(2/2). The "Avg." column represents the average performance across all datasets and
both Micro-F1 and Macro-F1 for each model. The results further highlight the impact of
multi-cultural CPT (CultureMERT) and multi-cultural model merging via task arithmetic
(CultureMERT-TA) on cross-cultural adaptation and transfer.

sic, already serves as a strong baseline for Lyra, surpassing previous SOTA, potentially
reflecting certain underlying similarities between Greek folk music and Western musical
traditions. Overall, these results further underscore the effectiveness of multi-cultural
adaptation, especially in low-resource and transfer settings.
We next analyze these quantitative findings in greater depth by examining patterns of
cross-cultural transfer and cross-cultural generalization of culturally adapted models.

4.2 Cross-Cultural Transfer

As illustrated in Figures 4.1 and 4.2, continual pre-training on one musical tradition
can benefit others to varying degrees, revealing differing levels of cross-cultural transfer ef-
fectiveness. For instance, we observe strong transfer between Turkish-makam and Carnatic
music, with models adapted to either tradition generalizing well to the other. This aligns
with both maqam (Makam) and raga (Carnatic) being modal systems that emphasize
microtonal pitch variation, ornamentation, and improvisation, serving similar functions
within their respective musical cultures [173].

Additionally, we observe strong cross-cultural transfer between the Carnatic and Hin-
dustani traditions. Specifically, the Carnatic-adapted model achieves high scores across all
metrics when evaluated on the Hindustani auto-tagging task, while the Hindustani-adapted
model shows slightly stronger transfer in F1 scores when evaluated on Carnatic music (see
Tables 4.1 and 4.2). This mutual transferability reinforces the musical proximity between
these traditions, particularly in their shared use of raga (melodic mode) and tala (rhythmic
framework) [24], despite differences in performance structure, melodic movements, and the
types of instruments used. Moreover, despite some shared musical characteristics, such
as modal improvisation and microtonality, Turkish-makam models do not generalize well
to Hindustani music. This gap highlights that theoretical similarity may not necessarily
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Figure 4.1. ROC-AUC Comparison Across Culturally Adapted Models on
Diverse Music Auto-Tagging Tasks. Continual pre-training on multi-cultural data
(CultureMERT) consistently achieves the highest performance across most datasets, par-
ticularly for non-Western traditions, surpassing both single-culture adaptations and model
merging via task arithmetic (CultureMERT-TA). However, the latter demonstrates particu-
larly strong results on Lyra and Western-centric auto-tagging tasks.

translate to practical transferability. In general, we observe that cross-cultural transfer is
not always symmetric. For instance, while the Carnatic-adapted model generalizes well to
Hindustani music, the reverse direction yields slightly better results in certain metrics (e.g.,
Macro-F1). Such asymmetries have also been observed in cross-lingual transfer research
[96, 97, 98]. We encourage further exploration of (a)symmetric cross-cultural transfer pat-
terns in the context of music representation learning.

Interestingly, the model adapted to Carnatic music appears to be the most consistently
transferable among all single-culture adaptations, achieving the highest average scores
across multiple non-Western traditions in ROC-AUC, AP, and F1 metrics. It performs
strongly not only within Indian classical traditions but also generalizes well to Turkish-
makam and Lyra, suggesting a particularly robust capacity for cross-cultural generalization.
This observation aligns with findings in cross-lingual NLP [98], where certain high-resource
“super-donor” languages consistently boost performance across diverse low-resource lan-
guages, often irrespective of linguistic proximity.

Greek traditional and folk music presents a unique challenge, as it theoretically shares
elements with both non-Western and Western traditions. It exhibits melodic improvisation
similar to Turkish-makam and Hindustani music, while also employing harmonic accom-
paniment influenced by Western classical and folk traditions. This blending of modal and
tonal frameworks has been extensively discussed in ethnomusicological studies, particu-
larly in the context of "Rebetiko", which integrates makam-based melodies with Western
chordal harmony [99]. In our experiments, we observe that MERT-v1, originally trained on
Western music, already serves as a strong baseline when evaluated on the Lyra auto-tagging
task. Moreover, adapting the initial model, whether using data from a single tradition or
from a diverse multi-cultural mix, consistently yields the smallest gains on Lyra across
all evaluation metrics among the non-Western tasks. This suggests that the underlying
musical structure of Greek folk music may partially align with the Western biases already
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present in the foundation model.

Turkish-makam

HindustaniCarnatic

Lyra

FMA-medium MagnaTagATune

MERT-v1
CultureMERT
MakamMERT
CarnaticMERT
HindustaniMERT
LyraMERT
CultureMERT-TA

Figure 4.2. Cross-Cultural Transferability. Relative ROC-AUC performance across
datasets, highlighting key trends in cross-cultural transfer. CultureMERT generalizes well
to non-Western datasets, while task arithmetic performs on par in these settings and even
surpasses both the pre-trained and multi-culturally adapted models on Western benchmarks
(FMA-medium, MTAT) and Lyra.

As expected, the pre-trained MERT-v1 model performs strongly on Western-centric
datasets such as MTAT and FMA-medium, reflecting its initial training bias toward West-
ern musical traditions. In contrast, models adapted to individual non-Western cultures
(e.g., MakamMERT, HindustaniMERT, etc.) often exhibit reduced performance on these West-
ern benchmarks. This highlights the substantial domain shift between Western and non-
Western musical audio representations. However, this effect is substantially mitigated by
CultureMERT, and even more so by CultureMERT-TA, whose exposure to a diverse range of
musical traditions during continual pre-training or model merging enables them to better
retain generalization across both non-Western and Western domains.

The efficacy of task arithmetic in cross-cultural transfer mirrors recent findings in cross-
lingual transfer learning. Notably, [94] demonstrated that combining language- and task-
specific models via arithmetic operations significantly improves performance across both
high-resource and low-resource languages.

Overall, these results emphasize that cultural proximity, shared musical structures, and
the internal diversity of traditions all play critical roles in cross-cultural transferability.
It is important to note, however, that our analysis is based on continual pre-training
starting from a Western-biased foundation model, rather than training from scratch for each
tradition. Thus, the observed cross-cultural transfer patterns may partly reflect how these
musical cultures are projected into the representational space shaped by prior Western-
centric pre-training.
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4.3 Token-Level Culture Similarity

To further examine cross-cultural similarities in our data, we analyze token overlap
across musical traditions using both the Jensen-Shannon divergence (JSD) and cosine dis-
tance between token distributions extracted from the EnCodec codec model [2], which
serves as our audio tokenizer. These pseudo-tokens represent discrete acoustic represen-
tations that are also used as masked prediction targets in the acoustic MLM pre-training
objective of MERT (Section 3.2). Lower values in both metrics indicate greater simi-
larity. Our analysis, as shown in Figure 4.3, reveals strong token-level similarity among
non-Western traditions, particularly between Hindustani and Carnatic music. In contrast,
Western datasets (MTAT, FMA-medium) are highly similar to each other but notably
dissimilar from non-Western traditions. Greek folk music (Lyra), while distinct, aligns
more closely with non-Western traditions than Western ones. These findings underscore
the need for cultural adaptation to address distributional shifts in audio representations.

Figure 4.3. Token Similarity Across Cultures. Pairwise similarity between acoustic
token distributions extracted from the EnCodec NAC model [2]. Similarity scores are aver-
aged across 8 codebooks, each containing 1024 discrete codewords (acoustic pseudo-tokens).
Both measures—JSD and cosine distance—show consistent trends across cultures.

Interestingly, these findings correlate with our results on cross-cultural transfer (Sec-
tion 4.2), suggesting that token-level similarity metrics can serve as predictors of positive
cross-cultural transfer. This insight has practical implications: such similarity metrics
can help guide the selection and refinement of mixture proportions of pre-training data dur-
ing CPT, or inform the adjustment of arithmetic operations when combining models via
task arithmetic. This is particularly valuable in low-resource scenarios, where limited data
for an underrepresented culture can be complemented by leveraging similar, higher-resource
cultures as effective "donors", an approach supported by recent findings in low-resource
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speech recognition [38] and NLP [98]. Similar approaches for quantifying language sim-
ilarity and predicting positive cross-lingual transfer, based on the similarity of extracted
linguistic or acoustic tokens, have been explored in both the text [105, 32, 174, 96, 98] and
speech domains [38]. Finally, these observations are consistent with known ethnomusico-
logical similarities and resonate with findings from prior work in multilingual adaptation
[38, 175], where cross-lingual similarities, and, in turn, positive cross-lingual transfer, were
often associated with historical, structural, and social proximity between languages, such
as shared linguistic roots or sustained contact.

We should note that the EnCodec audio tokenizer used for extracting acoustic token
distributions was originally trained on Western musical data and was kept frozen during our
experiments. While this could introduce a Western-centric bias in how token similarities are
measured, it is actually aligned with the inductive biases of the MERT-v1 foundation model,
which was also trained predominantly on Western music. Following arguments made in
recent low-resource speech adaptation research [38], using a similarity measure grounded
in the pre-trained model’s internal representations, rather than relying on external notions
of similarity, is often more predictive of positive transfer in CPT settings. Thus, despite
potential biases, the EnCodec-derived token similarity remains a suitable and meaningful
predictor of cross-cultural transferability in our setting. Additionally, an alternative strat-
egy could involve following the Acoustic Token Distribution Similarity (ATDS) approach
proposed in [38], by extracting frame-level contextual embeddings from a transformer layer
of the pre-trained model, clustering them to induce deep semantic tokens, and computing
token distribution similarities based on the resulting semantic token frequency vectors.
Such model-internal representations could offer an even more tailored and task-specific
measure of cultural proximity, closely aligned with the inductive biases of the model be-
ing adapted. Furthermore, it would be interesting to derive semantic token similarities
from our culturally adapted models using the same approach, and compare them to those
from the original MERT-v1 pre-trained model and the EnCodec acoustic tokens, to better
understand how cultural adaptation shifts internal representations of musical proximity.

However, it remains an open question which aspects of similarity most effectively pre-
dict cross-domain or cross-cultural transfer relative to the target task. This echoes recent
findings in multilingual NLP, where the most predictive notion of similarity varies depend-
ing on the downstream task. For instance, [96] demonstrate that syntactic similarity best
predicts cross-lingual transfer in POS tagging and parsing, while lexical and n-gram overlap
are stronger predictors for topic classification. Their study also considers a wide array of
similarity measures, including grammatical structure, phonological and phonetic features,
phylogenetic relatedness, geographic proximity, and dataset-level token overlap. Inspired
by this, we suggest that future work in music understanding should investigate which di-
mensions of similarity, whether captured via acoustic tokens, semantic representations, or
external musicological knowledge, best align with task-specific performance in transfer set-
tings. Moreover, diverse and representative music corpora could support the construction
of phylogenetic trees or networks based on various similarity measures to further explore
cross-cultural relationships. Finally, exploring audio tokenizers trained on globally diverse
corpora may also yield a more holistic and "unbiased" view of cross-cultural proximity.
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4.4 Task Arithmetic Scaling Factor

A key consideration in task arithmetic is the choice of the scaling factor λ, which con-
trols the balance between task vectors. Prior work [6, 94] has shown that suboptimal val-
ues can significantly degrade performance in multi-task model merging. We systematically
evaluate different values of a shared scaling factor λ ∈ {0.1, 0.2, 0.25, 0.3, 0.5, 0.75, 1.0}, ap-
plied uniformly across all task vectors, following the simplified formulation in Equation 3.8,
including the special case of weight averaging (λ = 0.25). Consistently with prior observa-
tions, we find that ill-suited values, such as λ = 1.0, result in poor performance across all
benchmarks, as shown in Figures 4.4 and 4.6.
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Figure 4.4. Effect of Scaling Factor λ on Task Arithmetic Performance. The
ROC-AUC scores across six diverse music tagging tasks demonstrate how varying λ impacts
task arithmetic when merging the four non-Western single-culture adapted models.

AWD [176] suggests that this sensitivity arises because inter-task interference is ampli-
fied when task vectors are scaled up. This is consistent with our observations: as the scaling
factor λ increases, performance systematically degrades across all evaluated auto-tagging
tasks (Figure 4.4). Such interference stems from task vectors not being orthogonal [176],
a hypothesis further supported by measuring the cosine similarity between task vectors
(Figure 4.5). In line with this, other studies have noted that naive linear merging via task
arithmetic can suffer from parameter conflicts. For instance, TIES-Merging [177] identi-
fies two key sources of cross-task interference: (a) redundant small-magnitude parameters
that introduce noise when merged, and (b) sign conflicts where models "disagree" on the
direction of parameter changes.

While multi-cultural continual pre-training jointly learns representations across mul-
tiple musical cultures, task arithmetic offers a post-hoc merging strategy by combining
culturally specialized models without requiring additional training or access to original
data, provided such models are already trained. In our experiments, the best-performing
task arithmetic variant was obtained with a scaling factor of λ = 0.2, a result that was
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Figure 4.5. Cosine Similarity Between Task Vectors. The values highlight sig-
nificant overlap (non-orthogonality) among task vectors, which contributes to inter-task
interference during model merging with task arithmetic.

consistent across all evaluated music auto-tagging tasks (Figure 4.4). Although task arith-
metic offers a strong alternative, its effectiveness depends critically on the careful tuning of
scaling factors and may be more sensitive to inter-task interference, particularly when task
vectors are highly correlated. In future work, we plan to investigate more robust model
merging methods and task arithmetic variants that better mitigate parameter interferences
and task conflicts, including adaptive scaling strategies, task- and layer-weighted merging,
and interference-robust optimization techniques (see Section 5.3 for suggested future work).
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Figure 4.6. Task Arithmetic vs. Multi-Cultural CPT. Average ROC-AUC
performance across benchmarks for different task arithmetic scaling factors, compared
against multi-cultural continual pre-training (CultureMERT) and the pre-trained baseline
(MERT-v1). The best average task arithmetic performance is achieved with a scaling factor
of λ = 0.2.
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4.5 Layer-wise Cultural Encoding in CultureMERT

Probing-based evaluation (for details see Appendix A.2) reveals that different trans-
former layers in CultureMERT provide the most effective representations for different cul-
tural auto-tagging tasks (see Figure 4.7). Interestingly, these optimal layers not only vary
across tasks but also differ from those observed in MERT-v1, indicating a "reorganization"
of cultural knowledge during multi-cultural continual pre-training. This suggests that cul-
turally relevant information may be encoded at varying depths within the multi-culturally
adapted model, rather than being uniformly distributed across layers. Such variation re-
flects the diversity of musical representations learned through CPT and highlights the
importance of task-aware feature extraction and layer-wise selection for culture-specific
modeling. The following list summarizes the transformer layers that yielded the best per-
formance via probing for each evaluation dataset:

• Turkish-makam: layer 6

• Hindustani: layer 7

• Carnatic: layer 7

• Lyra: layer 8

• FMA-medium: weighted sum over all layers (all)

• MagnaTagATune: weighted sum over all layers (all)

As shown in Figure 4.7, intermediate transformer layers in CultureMERT yield the best
representations for most tasks, particularly for non-Western traditions. The optimal layers
for these datasets range from layers 5 to 8, indicating that culture-specific information
may be encoded at the mid-network layers after continual pre-training. Interestingly, the
Hindustani and Carnatic auto-tagging tasks both achieve peak performance at layer 7,
aligning with prior observations of cross-cultural similarity and transfer between these
two traditions. In contrast, Western benchmarks such as FMA-medium and MTAT ex-
hibit more uniform performance across layers. The learnable weighted sum over all layers
(all) performs robustly across all datasets and achieves the best results on Western-centric
benchmarks. This pattern may reflect the impact of multi-cultural continual pre-training
on a Western-biased model: while Western benchmarks retain broadly distributed repre-
sentations from the base model, non-Western datasets benefit from localized adaptation,
with culture-specific features emerging more strongly at specific intermediate layers. No-
tably, representations extracted from the lower layers of the transformer encoder, and
especially from the pre-transformer 1-D CNN feature extractor (layer 0), result in consis-
tently lower performance across all evaluated tasks, suggesting that they primarily encode
low-level acoustic characteristics insufficient for semantic-level tasks. Finally, top trans-
former layers (e.g., layer 11 and layer 12) underperform slightly across most datasets,
likely because they specialize more in the masked modeling pre-training objective rather
than providing features relevant for downstream tasks.
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Figure 4.7. Layer-wise Probing Performance of CultureMERT across Datasets.
ROC-AUC scores across layers for each evaluation dataset, obtained via probing of repre-
sentations extracted from the frozen backbone.

These findings are consistent with prior work in speech representation learning [178],
computer vision [179], and NLP [180, 181], where task- or language-specific information
tends to be concentrated at different layers of transformer models, and the most informative
and transferable features often lie in the middle of the network. A similar trend was also
observed in the original MERT-v1 model across different music understanding tasks, showing
also that intermediate layers tended to cluster music examples by genre or content, whereas
the top layers focused more on the MLM-style pre-training task [1]. Our findings also res-
onate with recent layer-wise analyses in music foundation models such as MuQ [100], which
show that acoustic tasks (e.g., pitch or instrument classification) tend to benefit from lower
layers, while semantic tasks (e.g., genre classification or structure analysis) perform best
at higher layers. In contrast, comprehensive tasks such as music tagging distribute across
layers. These observations suggest that different MIR tasks, and by extension, cultur-
ally diverse musical content, may require representations extracted from different network
depths. Such insights reinforce the importance of task-specific representation selection and
motivate future work exploring more adaptive, culturally aware, and interpretable layer
aggregation strategies to further illuminate how musical and culturally-specific attributes
are distributed across the network [182].

4.6 Two-Stage Adaptation Strategy

In this section, we evaluate the effectiveness of our proposed two-stage continual pre-
training strategy, which incorporates learning rate re-warming, and compare it against
single-stage CPT baselines that perform full-parameter adaptation in a single step, with
and without re-warming. Our empirical analysis supports the core design choices of the
two-stage approach, focusing on three key aspects: (i) mitigation of catastrophic forgetting,
(ii) effectiveness of cultural adaptation, and (iii) training stability.
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4.6.1 Mitigating Catastrophic Forgetting

Figure 4.8 shows the ROC-AUC performance on the Western MagnaTagATune (MTAT)
dataset during two-stage continual pre-training. We observe a performance drop in Stage
1, followed by gradual recovery in Stage 2, evidence of catastrophic forgetting due to a
distributional shift, as well as the effectiveness of staged adaptation. Specifically, Stage
1 plays a critical role in mitigating forgetting by adapting only low-level representations
using a re-warmed learning rate, while keeping the Transformer encoder frozen. This
controlled adaptation sets the stage for smoother full-parameter training in Stage 2, where
a decayed learning rate promotes more stable optimization. The initial drop in Stage
1 is partially alleviated by Western replay, i.e., injecting training data resembling the
original pre-training distribution of MERT-v1. As shown in Table 4.3, this two-stage setup,
particularly when Western replay is restricted to Stage 1, yields the best trade-off between
cultural adaptation and knowledge retention.
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Figure 4.8. Catastrophic Forgetting on the MTAT Dataset. ROC-AUC perfor-
mance during two-stage continual pre-training shows an initial drop in Stage 1, followed
by recovery in Stage 2. This demonstrates how staged adaptation with learning rate re-
warming and Western replay (20%) mitigates catastrophic forgetting.

4.6.2 Cross-Cultural Adaptation Effectiveness

We observe that naively continuing pre-training with the reduced learning rate from the
original pre-trained model (i.e., without re-warming) fails to adapt effectively to different
cultures, as the pre-trained representations are not sufficiently shifted. This is evident in
the Turkish-makam case, where single-stage CPT without learning rate re-warming yields
no performance improvement. Applying re-warming in the single-stage setup results in
minor adaptation gains (+0.8%), but this comes at the expense of substantial forgetting
on the MTAT task (−3.6%), even when Western replay (20%) is included. In contrast, the
two-stage CPT strategy achieves significantly greater adaptation (+6.4%) while minimizing

84



4.6.2 Cross-Cultural Adaptation Effectiveness

forgetting (−0.4%), highlighting its effectiveness in balancing plasticity and stability. Fi-
nally, we examine the role of Western data replay as a mechanism for mitigating forgetting.
While incorporating Western data helps preserve performance on MTAT, it introduces a
stability–plasticity trade-off: excessive replay can inhibit effective cultural adaptation. Our
results (Table 4.3) suggest that restricting replay to Stage 1 offers the best overall balance
between knowledge retention and effective adaptation.

CPT Strategy Western Replay Turkish-makam MTAT

MERT-v1 (Baseline) - 83.2 89.6

Single-stage (w/ re-warming) ✓ 83.8 86.0

Single-stage (w/o re-warming) ✓ 83.0 87.5

Two-stage (Ours) Stage 1 89.6 89.2

Two-stage (Ours) Both stages 88.6 89.4

Table 4.3. CPT Strategy Comparison. ROC-AUC scores on Turkish-makam and
MTAT datasets. Two-stage CPT outperforms single-stage adaptation, with Western replay
limited to Stage 1 yielding the best trade-off between cultural adaptation and knowledge
retention. All CPT setups involving Western replay sample 20% of the total training data
from the Music4All dataset [7].

To further compare in-depth the two-stage approach versus single-stage full-parameter
adaptation, we examine the training loss dynamics during CPT.

Musical MLM loss. Figure 4.10 shows the musical CQT MLM loss curves across
different cultural adaptations and CPT strategies. Subfigure 4.10b compares two-stage and
single-stage CPT on the multi-cultural dataset. The two-stage strategy consistently con-
verges to a lower loss and demonstrates substantially less variance throughout training. In
contrast, single-stage CPT exhibits noisier optimization dynamics, with slower convergence
and a higher final loss. These observations support our hypothesis that Stage 1 enables
smoother adaptation by first calibrating lower-level features to new data. This stage likely
reduces representational shock, facilitating more stable and effective full-parameter train-
ing in Stage 2. In Subfigure 4.10a, we observe that convergence behavior varies across
musical cultures: CarnaticMERT and LyraMERT reach the lowest final loss, followed by
HindustaniMERT and MakamMERT. This variation suggests varying degrees of alignment be-
tween the original pre-trained model and each target cultural distribution. Notably, Greek
and South Indian traditions appear more aligned, possibly due to greater overlap in pitch
structure or spectral content as captured by the CQT representation.

Acoustic MLM loss. Figure 4.11 presents the corresponding results for acoustic
MLM loss. Once again, two-stage CPT outperforms the single-stage baseline in both
convergence speed and final loss values. Interestingly, the breakdown by codebook in
Figure 4.11a reveals that codebooks 0–2, particularly codebook 0, consistently reach lower
loss values, whereas deeper codebooks (e.g., codebooks 6 and 7) plateau at significantly
higher levels. Since we use a pre-trained EnCodec tokenizer to discretize each waveform
into eight parallel streams of quantized indices, one per residual codebook, these trends
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reflect the relative predictability of each token stream. More specifically, the results suggest
that tokens from later codebooks are far less predictable. This observation aligns with the
structure of residual vector quantization. Lower codebooks capture coarse-grained acoustic
features such as pitch and broad timbral envelopes, as well as rich semantic information like
melody and vocal content [133]. In contrast, higher codebooks encode fine-grained, high-
frequency residuals that are more variable [183]. These deep codebook tokens exhibit higher
entropy and lower contextual redundancy, making them harder to model under a masked
language modeling (MLM) objective. Moreover, since acoustic MLM loss is computed
independently for each codebook and summed to obtain the final loss, this hierarchy in
representational difficulty becomes particularly evident. This behavior was also reflected in
preliminary experiments, where training with only the first four codebooks (codebook 0-3)
yielded nearly identical downstream performance. This further motivated our exploration
of using only four randomly selected codebooks per batch during multi-cultural continual
pre-training (Table 4.4). Despite the reduced supervision signal per batch, this variant
achieves comparable downstream performance with lower GPU memory utilization.

In-Batch
Noise Mixture

Probability

Acoustic
Target Class

Turkish-makam

ROC-AUC AP

0.5 1024 × 8 all codebooks 89.55 60.62

✗ 1024 × 8 all codebooks 88.71 59.54

0.5 1024 × 4 random codebooks 88.45 59.24

✗ 1024 × 4 random codebooks 88.14 58.31

Table 4.4. Mixup Augmentation and Codebook Usage Ablation. This ablation
study examines the effect of in-batch noise mixture augmentation and acoustic target class
selection during multi-cultural continual pre-training, evaluated on the Turkish-makam
auto-tagging task. Using a 0.5 probability for mixup consistently improves performance.
Sampling four randomly selected codebooks per batch (instead of predicting targets from
all 8 codebooks) offers a more memory-efficient alternative with only minor performance
degradation, albeit with slower convergence [1] due to reduced supervision per update step.

We also explore the impact of in-batch noise mixture augmentation introduced
in the original MERT framework, which adds short, randomly selected audio segments
from the same batch to the input waveform with a fixed probability. This augmentation
encourages the model to learn robust, invariant representations by exposing it to perturbed
inputs during pre-training. In our multi-cultural continual pre-training setting, we apply
this augmentation with a 0.5 probability and observe consistent gains across downstream
tasks (see Table 4.4). We hypothesize the mixup acts as a regularizer that enhances gen-
eralization, especially when learning from diverse cultural audio sources in multi-cultural
pre-training.
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4.6.3 Training Stability

We finally examine training stability by analyzing the gradient norm during continual
pre-training. As shown in Figure 4.9, the two-stage CPT strategy exhibits significantly
more stable gradient dynamics compared to the single-stage variant. In the multi-cultural
adaptation setup, Stage 1 rapidly stabilizes gradients at low magnitudes, which enables
Stage 2 to proceed with smoother full-parameter updates. In contrast, single-stage CPT
displays sharp oscillations and frequent gradient spikes, particularly during the early stages
of training. This instability often results in gradient explosions, which in turn cause fre-
quent crashes and degraded convergence.

Figure 4.9. Gradient Norm Comparison: Two-stage vs. Single-stage CPT.
The two-stage CPT strategy stabilizes gradient updates more effectively, maintaining con-
sistently lower and smoother gradient norms throughout training. In contrast, single-stage
CPT exhibits sharp oscillations and occasional spikes, indicating unstable optimization and
potential gradient explosions that can lead to training crashes.

Overall, our proposed two-stage training strategy with re-warmed learning rates proves
crucial in our setting for maintaining training stability when adapting to culturally diverse
data distributions, without exhibiting forgetting.
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(a) Musical MLM Loss Across Cultures. CQT reconstruction loss curves during two-stage
CPT (Stage 2) across different single-culture adaptations. Convergence behavior varies by dataset,
with Carnatic and Lyra achieving the lowest final loss.

(b) Two-stage vs. Single-stage Multi-Cultural CPT. The two-stage ap-
proach achieves lower and more stable loss due to the initial Stage 1 stabilization
phase, which enables smoother full-parameter training in Stage 2. In contrast, full-
parameter adaptation at once exhibits greater fluctuations and higher final loss, in-
dicating less stable convergence.

Figure 4.10. Musical MLM Loss During Continual Pre-Training. Subfigure (a)
shows loss curves for two-stage CPT across different cultures, while (b) compares overall
training dynamics between single-stage and two-stage CPT on the multi-cultural dataset.

88



4.6.3 Training Stability

(a) Acoustic MLM Loss per Codebook. Loss curves for individual codebooks
reveal varying convergence behavior in multi-cultural CPT, with earlier codebooks
(e.g., codebooks 0–2) achieving lower losses, while deeper codebooks (e.g., codebooks
6 and 7) plateau at higher values, indicating greater modeling difficulty.

(b) Two-stage vs. Single-stage Multi-Cultural CPT. The second stage in the
two-stage approach enables further loss reduction, as Stage 1 calibrates representa-
tions for smoother initialization. In contrast, single-stage adaptation exhibits higher
final loss and slower convergence.

Figure 4.11. Acoustic MLM Loss During Continual Pre-Training. Subfigure (a)
illustrates loss behavior across individual EnCodec codebooks, while (b) compares overall
training dynamics between single-stage and two-stage CPT on the multi-cultural dataset.
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Chapter 5

Conclusions, Limitations, and Future Work

5.1 Conclusions

In this thesis, we explore cross-cultural music representation learning and introduce
CultureMERT-95M, a multi-culturally adapted foundation model developed via continual
pre-training (CPT) on diverse non-Western musical traditions. We propose a two-stage
CPT strategy that incorporates learning rate re-warming and staged adaptation, en-
abling stable training under limited computational resources. Our results demonstrate
that CultureMERT consistently outperforms the initial pre-trained MERT-95M model across
diverse non-Western music tagging tasks, surpassing previously reported state-of-the-art,
while preserving performance on "Western"-centric benchmarks.

We further examine how models adapted to specific cultural datasets perform and
transfer to other cultural domains. Interestingly, cross-cultural evaluation reveals that
transferability varies across musical traditions and aligns with known theoretical similari-
ties from ethnomusicology, offering a novel computational perspective on cultural relation-
ships. Notably, these results correlate with token-level similarity metrics between cultural
datasets, such as Jensen-Shannon divergence and cosine distance computed over acoustic
token distributions extracted from the EnCodec codec model, suggesting that such metrics
can predict positive cross-cultural transfer, in line with findings from prior work in text
and speech domains. These similarity metrics may also serve as heuristics for refining the
composition of pre-training data in continual pre-training, tailored to the target evaluation
task or cultural context.

Continual pre-training on a culturally diverse dataset comprising all studied non-
Western traditions (i.e., CultureMERT) consistently yields the best overall performance,
enhancing cross-cultural generalization compared to single-culture adaptations. Addition-
ally, we investigate task arithmetic, which offers a strong alternative to multi-cultural
CPT, effectively merging culturally specialized models, obtained via single-culture contin-
ual pre-training, in weight space and mitigating catastrophic forgetting. Task arithmetic,
CultureMERT-TA, performs on par with CultureMERT on non-Western tasks, while also
demonstrating strong performance on Western datasets, interestingly even surpassing the
original pre-trained model in some cases.

Overall, this investigation contributes to the development of culturally aware founda-
tion models for music and is, to our knowledge, the first to apply and validate continual
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pre-training and model merging techniques—originally introduced in other domains—in
the context of music audio representation learning, paving the way toward universal mu-
sic representations. Our study aligns with the broader goal of creating computational
methods that respect cultural diversity and ethical considerations, while offering a lens
for comparison and knowledge transfer across world music traditions. Finally, this work
lays a foundation for future cross-cultural MIR research, encouraging the development of
inclusive foundation models that generalize across underrepresented musical traditions.

5.2 Limitations

5.2.1 Model and Scaling Considerations

While our exploration shows promising results, several limitations remain. The MERT
model relies on the frozen EnCodec audio tokenizer for its self-supervised acoustic MLM
pre-training, which is trained on Western music, making it potentially suboptimal for
encoding culturally diverse musical languages. This limitation could affect the represen-
tational granularity for non-Western traditions, motivating future work on adapting or
re-training audio tokenizers to better align with cultural diversity. Furthermore, we pro-
pose a computationally efficient two-stage continual pre-training strategy. However, while
effective and crucial under constrained resources, future work could explore whether such
staged adaptation remains necessary when scaling to larger computational budgets (e.g.,
increased batch sizes) or model sizes. Additionally, our continual pre-training strategy is
specifically tailored to the MERT architecture, and future work should explore extending
and applying the proposed two-stage CPT framework to other foundation models for music.
This study also did not explore the effects of pre-training with more extensive datasets; a
more fine-grained investigation into the impact of data volume, increased context lengths,
and scaling model size (e.g., using the 330M MERT variant), could yield deeper insights
into data–model trade-offs. Following [1], the input context length during pre-training was
limited to 5 seconds, constraining the model’s ability to capture the long-range dependen-
cies inherent in music signals. This limitation may hinder performance on tasks requiring
extended musical context (for example, music structure analysis), highlighting the need for
future research into long-sequence modeling in FMs. Moreover, examining the impact of
cultural composition in the pre-training data, such as training on specific subsets of musical
traditions (e.g., Carnatic-Hindustani data mix), would help clarify how different cultural
combinations influence transferability and performance in cross-cultural adaptation. An-
alyzing transfer behavior and synergy among cultural pairs, especially in relation to the
token-level similarity metrics we examined, could illuminate which traditions benefit most
from co-training, particularly in low-resource settings where underrepresented traditions
may gain from leveraging culturally related data.

5.2.2 Datasets and Evaluation

Our investigation focuses on four non-Western musical traditions, Carnatic, Hindus-
tani, Turkish-makam, and Greek folk, leaving other genres within the CompMusic Corpora
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[184, 62], such as Beijing Opera and Andalusi classical music, unexplored. Furthermore,
our evaluation is limited to sequence-level tasks, focusing specifically on the music auto-
matic tagging task. However, many MIR applications require predictions at finer (e.g.,
frame-level) temporal resolutions. In this context, robust foundation models for music
should also demonstrate strong capabilities in token-level classification tasks [19], such as
beat/downbeat tracking, structure analysis, and chord recognition, which also typically re-
quire modeling longer-term temporal contexts. For non-Western traditions, several existing
CompMusic datasets offer opportunities for such evaluations: the Carnatic Music Rhythm
Dataset and Hindustani Music Rhythm Dataset include time-aligned taala and taal cy-
cle markers, respectively, which are useful for rhythm analysis; the Mridangam Stroke
Dataset provides individual percussive stroke recordings suitable for stroke classification
tasks; the Tabla Solo Dataset offers time-aligned syllabic scores and audio recordings of
solo performances, facilitating studies in syllabic percussion patterns and structural seg-
mentation; and the Turkish Makam Melodic Phrase Dataset and Annotated Jingju Arias
Dataset contain structural phrase-level annotations for segmentation and phrase boundary
detection. Additional culturally diverse datasets reviewed in Section 2.4, including those
from Chinese, Persian, African, and other musical traditions, present further opportunities
for expanding cross-cultural evaluation. Collectively, these resources open up promising
directions for extending foundation model evaluation beyond tagging in culturally diverse
settings.

It is also important to acknowledge that evaluation practices in MIR have been criticized
for inconsistencies in experimental protocols, data leakage, and weak construct validity, fac-
tors that can undermine the generalizability and interpretability of models’ performance
[151]. In particular, data leakage can significantly impact a model’s performance by ar-
tificially inflating its evaluation results. While we follow standard evaluation protocols
by adhering to dataset-provided train/test splits for continual pre-training and probing,
recent work on transfer learning has shown that subtle forms of data leakage may still
arise even under seemingly valid partitioning strategies [152]. For example, overlaps in
musical artists, recording conditions, or culturally specific instrumentation between train-
ing and evaluation domains may unintentionally introduce spurious correlations, leading
to shortcut learning [185]. As such, exploring more robust evaluation designs that avoid
any cross-contamination between training and testing domains remains an important open
challenge.

5.2.3 Cultural Framing and Interpretive Scope

We acknowledge the limitations of framing music within a "Western" versus "non-
Western" dichotomy. While such terminology is commonly used in computational research
for convenience, it risks oversimplifying the diversity of musical traditions. The concept
of "non-Western" inherently groups together vastly different cultures, where categorizing
"Western" music as a singular entity neglects its own internal diversity. Musical cultures
exist on a continuum shaped by historical exchanges and regional adaptations rather than
strict geographical divisions, and such classifications should be interpreted with caution.
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Additionally, this work does not aim to establish or analyze cross-cultural similarities from
an ethnomusicological perspective. Computational approaches inherently operate within
a data-driven framework and are not explicitly informed by the historical, theoretical, or
cultural knowledge embedded in the studied traditions. Nevertheless, our study may offer
a novel lens on cross-cultural transfer patterns that emerge directly from the data through
deep learning methods, contributing also to the development of more robust and culturally
aware computational models for music. Moreover, our analysis on cross-cultural transfer-
ability should be considered in light of potential limitations in the representativeness and
coverage of the datasets used. For example, as highlighted by [186], the datasets used in
this thesis for Carnatic and Hindustani music may lack crucial aspects of these traditions,
including instrumental compositions, improvisational elements, and performance context,
leading to an incomplete representation in computational studies.

5.3 Future Work

Several interesting avenues for future research and potential extensions of this work
can be identified:

• Scale up to more cultures, more data, and larger models (MERT-330M large).
Experiment with other model architectures beyond MERT, for example, MusicFM
[19], MuQ [100], SoniDo [101], and YuE [133]. Conduct more ablations and explore
scaling laws in music audio foundation models.

• Train from scratch multicultural foundation models for music by exploring large-
scale pre-training strategies across diverse musical traditions, and compare their per-
formance to continual pre-training and model merging approaches. Future work
should also examine how cultural selection and data mixture proportions during
(continual) pre-training influence downstream generalization, akin to recent work in
cross-lingual transfer [97, 98, 172]. This includes analyzing cross-cultural trans-
fer dynamics at scale and identifying potential “super-donor” and “super-recipient”
musical traditions that consistently enhance or benefit from transfer.

• Evaluate culturally adapted models beyond sequence-level tasks, such as music auto-
tagging. Extend to token-level tasks (e.g., beat tracking, source separation) and
multimodal tasks (e.g., music–language models such as MusiLingo [102], LLark
[134], and CLaMP 3 [71]) in zero-shot settings and culturally diverse contexts. A
promising direction is to construct a joint music–text embedding model using our
culturally adapted music encoders as audio backbones, fine-tuned via contrastive
learning in the style of MuLan [95]. Replacing the frozen MERT audio encoder in
frameworks like CLaMP 3 with CultureMERT could improve generalization to under-
represented musical cultures. Such models could support zero-shot cultural music un-
derstanding tasks such as culturally informed captioning, retrieval, and cross-modal
tagging. Moreover, they would advance interpretability and open new directions for
cross-cultural music–language alignment. Additionally, since the use of pre-trained
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encoders is common in modern generative models, CultureMERT could also serve as
a conditioning audio encoder in generative frameworks such as MusicGen or SoniDo.

• Future work could explore parameter-efficient fine-tuning (PEFT) techniques
(e.g., adapter-based methods such as LoRA [187]) as lightweight alternatives to
full-parameter adaptation in CPT, or as complementary approaches, particularly
for supervised fine-tuning (SFT) after the CPT phase, instead of relying solely on
probing-based evaluation [188]. In this context, few-shot and low-resource setups
could be further investigated through multi-label few-shot learning approaches, such
as "LC-Protonets" [79], which has demonstrated strong performance under chal-
lenging evaluation settings on low-resource world music tagging tasks. Additionally,
future work could explore mixed-objective training strategies that combine self-
supervised learning and supervised fine-tuning in a joint multi-task learning frame-
work, similar to the M2DS2 [189] and UDALM [190] approaches proposed in the
speech and text domains.

• Adapt existing audio tokenizers to non-Western music. Current models (for exam-
ple, EnCodec used in this study, DAC [120]) are trained on Western data, which may
limit their effectiveness in encoding culturally diverse musical languages, especially
when integrated into model architectures as audio tokenizers [144, 191, 58, 131], or
as acoustic teachers [1, 192]. Recently, UniCodec [193] introduced a single-domain-
adaptive codebook and domain Mixture-of-Experts strategy to unify audio modeling
across speech, music, and environmental sound, representing a promising direction
for culturally adaptive tokenization.

• Explore different music teachers for self-supervision: The current 336-bin CQT
reconstruction loss with 48 bins/octave encodes Western assumptions like octave
equivalence and equal temperament, which may bias self-supervision against non-
Western traditions with microtonality or unequal tuning. Future work could explore
culturally appropriate alternatives such as trainable filterbanks [194], non-stationary
Gabor transforms with variable resolution [195], or data-driven frequency scales de-
rived from pitch distributions in each culture [196], to provide richer and less biased
supervisory signals for cross-cultural music representation learning.

• Current audio tokenization schemes (e.g., NACs such as EnCodec [2], or wav2vec2-
style feature extractors [1]) tokenize audio into fixed-length frames (e.g., 13.3 ms per
token at a 75 Hz frame rate), imposing a uniform temporal resolution that may
fail to capture the adaptive timing structures characteristic of many musical tradi-
tions. This rigidity is particularly limiting in expressive performance styles involving
tempo rubato, improvisation, or free rhythm, especially in non-Western traditions,
where timing naturally deviates from a strict metrical grid. Moreover, fixed-rate to-
kenization can over-segment "musically predictable" or slow-evolving passages (e.g.,
a sustained tone or steady rhythmic pulse), while lacking the flexibility to compress
or expand time dynamically based on musical content, thereby introducing unnec-
essary computational overhead in regions with low information density. Many music
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traditions also differ in their temporal structure and rhythmic granularity, further
motivating the need for adaptive tokenization strategies. An interesting and novel
research direction would be to adapt the Byte Latent Transformer (BLT) [197]
to music, enabling variable-length adaptive music tokenization with entropy patch-
ing. BLT could allow models to allocate more attention to complex or unpredictable
musical segments (e.g., ornaments, modulations), better handling regions of different
information densities, and improving representation fidelity. Moreover, it could
learn variable-length patterns specific to each tradition and avoid fixed-token biases
from Western-trained audio tokenizers. Finally, BLT’s representation may be more
interpretable in terms of musical structure compared to low-level acoustic tokens.
This interpretability could be explored by analyzing whether the model’s learned
patch boundaries align with known musical event boundaries, such as phrase transi-
tions, onsets, or changes in instrumentation or harmony. Such an architecture could
be adapted and utilized for both music understanding tasks and generation.

• Investigate advanced model merging techniques and task arithmetic variants that
address task conflicts and parameter interference (e.g., AdaMerging [6], TIES [177],
DELLA [198], CART [111], AWD [176], Adaptive Projective Gradient Descent [199],
OPCM [200], TSV-Merge [201], AdaRank [202]) to combine specialized models more
effectively. These methods utilize adaptive, task- and layer-wise scaling fac-
tors for task arithmetic, rather than a fixed global λ, whose selection is often sen-
sitive—as demonstrated in our findings—thus better managing merging conflicts.
Additionally, they incorporate techniques such as pruning, orthogonalization and
disentanglement, and low-rank subspace methods to mitigate parameter interference
and improve multi-task compatibility. These techniques could also be applied to
merge models trained on different music understanding tasks (for example, combin-
ing beat tracking and music auto-tagging expert models).

• Explore dynamic data mixtures during continual pre-training (e.g., DoGE [203],
DoReMi [204], RegMix [205], D-CPT [206]) to balance domain influence. Addition-
ally, compare multi-cultural CPT with curriculum/incremental learning strate-
gies [31] progressively adapting the model to different musical cultures (e.g., Lyra
→ Hindustani → Carnatic → . . . ). In such staged settings, infinite or meta
learning rate schedules [31] could be employed to improve training stability and
reduce unwanted forgetting. Moreover, curriculum-based CPT could be evaluated
against model merging approaches, such as task arithmetic explored in this the-
sis, which in general eliminate the need for multiple adaptation steps [207], or hy-
brid approaches such as MagMax [208], BECAME [209], and Branch-and-Merge
[210], which combine sequential adaptation with model merging to consolidate cross-
cultural knowledge more effectively and mitigate catastrophic forgetting.

• Extend to training and adaptation of music generation models [58, 3, 101, 133]
and explore the applicability of our paradigm in the context of multimodal models
(e.g., music–language models) in cross-cultural settings.
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• Despite their effectiveness, foundation models for music often function as black boxes.
However, interpretability is essential for fair, ethical, and trustworthy AI, especially
in cultural contexts. As shown in Section 4.5, we observed that different transformer
layers in CultureMERT yielded the best results when evaluated via probing on music
tagging tasks across different musical cultures, suggesting that culturally relevant
information may be encoded at varying depths within the adapted multi-cultural
model. Possible research directions on the interpretability of music FMs include
using probing classifiers and intervention techniques [211], saliency maps, attention
analysis, and clustering learned embeddings (e.g., by abstract cross-cultural musi-
cal concepts, or culture-specific elements). Furthermore, recently, [212] proposed
transforming CLAP audio embeddings into sparse, concept-based representations
aligned with human-interpretable audio concepts, shown to retain or even improv-
ing performance on downstream tasks. Applying similar post-hoc transformations to
CultureMERT could provide insight into how cultural information is semantically en-
coded and which interpretable dimensions drive predictions across musical traditions.
Moreover, exploring explainable AI (XAI) techniques tailored to the music do-
main, such as counterfactual explanations (audio-level, latent-space, or generative),
could further enhance our understanding of these models and make AI decisions more
transparent and aligned with human musical understanding [158].
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Chapter 6

Ethics Statement and Responsible Use

Careful consideration is advised before deploying the models developed and presented in
this work in real-world contexts, as they may still reflect cultural and dataset-specific biases.
Some of the datasets used are not publicly available and were accessed under research-
use agreements. Any released models should not be used for commercial or generative
applications without explicit attention to cultural representation, appropriate licensing,
and the consent of the relevant communities or dataset curators.
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Appendix A

Training and Evaluation Settings for MERT-v1-95M

This appendix details the training settings and hyperparameters used for training the
MERT-v1-95M model, as well as the downstream evaluation on music auto-tagging tasks
under the MARBLE constrained protocol.

A.1 Training Settings

The core settings for training MERT-v1-95M are summarized as follows:

• Audio sampling rate: 24 kHz

• Input segment length: 5 seconds, randomly cropped during training

• Feature extractor: 7-layer 1D CNN with GELU activations and GroupNorm in
the first layer; no internal dropout. Architecture: [(512,10,5)] + [(512,3,2)]×4 +
[(512,2,2)]×2, producing frame-level representations at 75 Hz

• Transformer encoder: 12-layer Transformer with 768-dimensional embeddings, 12
attention heads, and 3072-dimensional feed-forward layers

• Projection layers: CNN outputs are projected to the transformer input dimension
(768) via a linear layer; transformer outputs are projected to a 64-dimensional space
to match the dimensionality of codeword embeddings; separate final projections are
used for each codebook

• Positional embeddings: One convolutional positional embedding layer with 128
filters and 16 groups

• Masking: Random masking applied at the frame level (after the CNN feature ex-
tractor), with 80% probability and a mask length of 5 frames; loss is computed only
on masked frames

• CQT prediction: Auxiliary objective to predict CQT spectrograms with 336 bins
from masked frames

• Gradient scaling: Feature extractor gradients are scaled by a factor of 0.1 during
training
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• Dropout settings: 0.1 for input, features, encoder layers, and attention modules;
0.0 for activation; encoder layerdrop probability is set to 0.05.

• Codebook usage: All 8 codebooks are jointly predicted during masked prediction,
instead of randomly accessing a subset of codebooks per batch, leading to faster con-
vergence. An ablation on random 4-codebook sampling is presented in Section 4.6.2
(Table 4.4).

• Temperature scaling: Fixed at 0.1 for contrastive prediction loss

• Data augmentation: In-batch noise mixture augmentation applied with probabil-
ity 0.5

A.2 Evaluation Settings

Evaluation follows the MARBLE probing-based constrained protocol: backbone mod-
els are frozen, probing heads are shallow (single-layer MLP), and hyperparameters are
selected from a restricted grid search space. Performance on auto-tagging tasks is mea-
sured using macro-averaged ROC-AUC, mean Average Precision (mAP), Micro-F1, and
Macro-F1 scores. The detailed evaluation settings are:

• Classifier: Single-layer MLP with 512 hidden units and ReLU activation, trained
on top of frozen MERT representations

• Backbone feature extraction: Task-specific selection of either a single transformer
layer or a learnable weighted sum over all layers (see Section 4.5 for details and
discussion on task-specific feature selection)

• Batch size: 64

• Learning rate: Chosen per task from {5e-5, 1e-4, 5e-4, 1e-3, 5e-3, 1e-2}

• Dropout probability: 0.2

• Optimizer: Adam [213] with default parameters (β1 = 0.9, β2 = 0.999, ϵ = 10−8)

• Learning rate scheduler: ReduceLROnPlateau, with patience typically set to 3
epochs (task-specific)

• Early stopping: Enabled, with patience typically set to 10 epochs (task-specific)

• Training epochs: Up to 100

Hyperparameters and training strategies that are explicitly discussed in Section 3 (e.g.,
optimizer settings and learning rate schedules during continual pre-training) are not re-
peated here for brevity.
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