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SuperBPE:
Superword Tokenization for 

Language Models



Tokens are sequences of characters used by LMs to understand text

By the way,

[3100, 248, 711, 11]

encode

[292, 651]LM

decode

 I am

[    ,     ,     ,    ]

Prompt or Context



Modern transformer-based LMs use subword tokenization

By the way, I am a fan of the Milky way.
• Character-level:

• Efficiency is bad: the number of tokens needed to represent text 
is quite large, which increases the input dimension of the model



By the way, I am a fan of the<UNK> Way.

By the way, I am a fan of the Milky way.
• Character-level:

• Word-level:

Modern transformer-based LMs use subword tokenization

• Much more efficient: 

• about 5 characters in English word on average


• but can encounter new words that is not in the vocab, which is represented by a 
special token <UNK>, since there are many more uncommon words



By the way, I am a fan of the<UNK> Way.

By the way, I am a fan of the Milky way.

By the way, I am a fan of the Milky Way.

• Character-level:

• Word-level:

• Subword-level:

Modern transformer-based LMs use subword tokenization



Why do we need to limit tokens to parts of words?

• Multi-word expressions
“by the way,” “by accident,” “for a living,” “in the long run”
 

• Some languages (e.g., Chinese) do not use whitespace at all!

“This is a really long sentence that goes on and on” → “这是⼀个很⻓的句⼦，没完没了”



Proof of the Milky Way 
consisting of many stars 
came in 1610 when  Galileo 
Galilei used a telescope to 
study the Milky Way and 
discovered that it is 
composed of a huge number 
of faint stars.

Training Data

Given training data D

Byte Pair Encoding (BPE)



{Proof, _of, _the, _Milky, 
_Way, _consisting, _of, 
_many, _stars, _came, _in, 
_1610, _when, _Galileo, 
_Galilei, _used, _a, 
_telescope, _to, _study, 
_the, _Milky, _Way, _and, 
_discovered, _that, _it, 
_is, _composed, _of, _a, 
_huge, _number, _of, 
_faint, _stars.}

Training Data

Pretokenize  by splitting on whitespaceD



Training Data

_ P r o o f, _ o f, _ t h 
e, _ M i l k y, _ W a y, _ 
c o n s i s t i n g, _ o f, 
_ m a n y, _ s t a r s, _ c 
a m e, _ i n, _ 1 6 1 0, _ 
w h e n, _ G a l i l e o, _ 
G a l i l e i, _ u s e d, _ 
a, _ t e l e s c o p e, _ t 
o, _ s t u d y, _ t h e, _ 
M i l k y, _ W a y, _ a n 
d, _ d i s c o v e r e d, _ 
t h a t, _ i t, _ i s, _ c 
o m p o s e d, _ o f, _ a, 
_ h u g e, _ n u m b e r, _ 
o f, _ f a i n t, _ s t a r 
s .

Split  into sequence of bytesD



Pair counts Vocabulary

_ t 12335282                                                                                            

t h
_ a
h e
i n
e r
a n
r e
o n
_ i

10067390                                                                                            

9319062

8771183

8024060

6517430

6315205

6031043

5261131

5209828

_ P r o o f, _ o f, _ t h 
e, _ M i l k y, _ W a y, _ 
c o n s i s t i n g, _ o f, 
_ m a n y, _ s t a r s, _ c 
a m e, _ i n, _ 1 6 1 0, _ 
w h e n, _ G a l i l e o, _ 
G a l i l e i, _ u s e d, _ 
a, _ t e l e s c o p e, _ t 
o, _ s t u d y, _ t h e, _ 
M i l k y, _ W a y, _ a n 
d, _ d i s c o v e r e d, _ 
t h a t, _ i t, _ i s, _ c 
o m p o s e d, _ o f, _ a, 
_ h u g e, _ n u m b e r, _ 
o f, _ f a i n t, _ s t a r 
s .

Training Data



Pair counts Vocabulary

t h
_ a
h e
i n
e r
a n
r e
o n
_ i

10067390                                                                                            

9319062

8771183

8024060

6517430

6315205

6031043

5261131

5209828

_ t 12335282                                                                                            _t

Training Data

_ P r o o f, _ o f, _ t h 
e, _ M i l k y, _ W a y, _ 
c o n s i s t i n g, _ o f, 
_ m a n y, _ s t a r s, _ c 
a m e, _ i n, _ 1 6 1 0, _ 
w h e n, _ G a l i l e o, _ 
G a l i l e i, _ u s e d, _ 
a, _ t e l e s c o p e, _ t 
o, _ s t u d y, _ t h e, _ 
M i l k y, _ W a y, _ a n 
d, _ d i s c o v e r e d, _ 
t h a t, _ i t, _ i s, _ c 
o m p o s e d, _ o f, _ a, 
_ h u g e, _ n u m b e r, _ 
o f, _ f a i n t, _ s t a r 
s .



Pair counts Vocabulary

t h
_ a
h e
i n
e r
a n
r e
o n
_ i

10067390                                                                                            

9319062

8771183

8024060

6517430

6315205

6031043

5261131

5209828

_ t 12335282                                                                                            _t

Training Data

_ P r o o f, _ o f, _t h e, 
_ M i l k y, _ W a y, _ c o 
n s i s t i n g, _ o f, _ m 
a n y, _ s t a r s, _ c a m 
e, _ i n, _ 1 6 1 0, _ w h 
e n, _ G a l i l e o, _ G a 
l i l e i, _ u s e d, _ a, 
_t e l e s c o p e, _t o, _ 
s t u d y, _t h e, _ M i l 
k y, _ W a y, _ a n d, _ d 
i s c o v e r e d, _t h a 
t, _ i t, _ i s, _ c o m p 
o s e d, _ o f, _ a, _ h u 
g e, _ n u m b e r, _ o f, 
_ f a i n t, _ s t a r s .



Pair counts Vocabulary

e r
a n
r e
o n
_ i

6517430

6315205

6031043

5261131

5209828

_ a
h e
i n

9319062

8771183

8024060

_t

Training Data

_ P r o o f, _ o f, _t h e, 
_ M i l k y, _ W a y, _ c o 
n s i s t i n g, _ o f, _ m 
a n y, _ s t a r s, _ c a m 
e, _ i n, _ 1 6 1 0, _ w h 
e n, _ G a l i l e o, _ G a 
l i l e i, _ u s e d, _ a, 
_t e l e s c o p e, _t o, _ 
s t u d y, _t h e, _ M i l 
k y, _ W a y, _ a n d, _ d 
i s c o v e r e d, _t h a 
t, _ i t, _ i s, _ c o m p 
o s e d, _ o f, _ a, _ h u 
g e, _ n u m b e r, _ o f, 
_ f a i n t, _ s t a r s .



Pair counts Vocabulary

e r
a n
r e
o n
_ i

6517430

6315205

6031043

5261131

5209828

_ a
h e
i n

9319062

8771183

8024060

_t h 7897058

_t

Training Data

_ P r o o f, _ o f, _t h e, 
_ M i l k y, _ W a y, _ c o 
n s i s t i n g, _ o f, _ m 
a n y, _ s t a r s, _ c a m 
e, _ i n, _ 1 6 1 0, _ w h 
e n, _ G a l i l e o, _ G a 
l i l e i, _ u s e d, _ a, 
_t e l e s c o p e, _t o, _ 
s t u d y, _t h e, _ M i l 
k y, _ W a y, _ a n d, _ d 
i s c o v e r e d, _t h a 
t, _ i t, _ i s, _ c o m p 
o s e d, _ o f, _ a, _ h u 
g e, _ n u m b e r, _ o f, 
_ f a i n t, _ s t a r s .



Pair counts Vocabulary

_ a
h e
i n

9319062

8771183

8024060

_t h 7897058

e r
a n
r e
o n
_ i

6517430

6315205

6031043

5261131

5209828

_ o 5163783

_t

Training Data

_ P r o o f, _ o f, _t h e, 
_ M i l k y, _ W a y, _ c o 
n s i s t i n g, _ o f, _ m 
a n y, _ s t a r s, _ c a m 
e, _ i n, _ 1 6 1 0, _ w h 
e n, _ G a l i l e o, _ G a 
l i l e i, _ u s e d, _ a, 
_t e l e s c o p e, _t o, _ 
s t u d y, _t h e, _ M i l 
k y, _ W a y, _ a n d, _ d 
i s c o v e r e d, _t h a 
t, _ i t, _ i s, _ c o m p 
o s e d, _ o f, _ a, _ h u 
g e, _ n u m b e r, _ o f, 
_ f a i n t, _ s t a r s .



Pair counts Vocabulary

_ a
h e
i n

9319062

8771183

8024060

_t h 7897058

e r
a n
r e
o n
_ i

6517430

6315205

6031043

5261131

5209828

_ o 5163783

_t

Training Data

_ P r o o f, _ o f, _t h e, 
_ M i l k y, _ W a y, _ c o 
n s i s t i n g, _ o f, _ m 
a n y, _ s t a r s, _ c a m 
e, _ i n, _ 1 6 1 0, _ w h 
e n, _ G a l i l e o, _ G a 
l i l e i, _ u s e d, _ a, 
_t e l e s c o p e, _t o, _ 
s t u d y, _t h e, _ M i l 
k y, _ W a y, _ a n d, _ d 
i s c o v e r e d, _t h a 
t, _ i t, _ i s, _ c o m p 
o s e d, _ o f, _ a, _ h u 
g e, _ n u m b e r, _ o f, 
_ f a i n t, _ s t a r s .



Pair counts Vocabulary

h e
i n

8771183

8024060

_t h 7897058

e r
a n
r e
o n
_ i

6517430

6315205

6031043

5261131

5209828

_ o 5163783

_ a 9319062

_a
_t

Training Data

_ P r o o f, _ o f, _t h e, 
_ M i l k y, _ W a y, _ c o 
n s i s t i n g, _ o f, _ m 
a n y, _ s t a r s, _ c a m 
e, _ i n, _ 1 6 1 0, _ w h 
e n, _ G a l i l e o, _ G a 
l i l e i, _ u s e d, _ a, 
_t e l e s c o p e, _t o, _ 
s t u d y, _t h e, _ M i l 
k y, _ W a y, _ a n d, _ d 
i s c o v e r e d, _t h a 
t, _ i t, _ i s, _ c o m p 
o s e d, _ o f, _ a, _ h u 
g e, _ n u m b e r, _ o f, 
_ f a i n t, _ s t a r s .



Pair counts Vocabulary

h e
i n

8771183

8024060

_t h 7897058

e r
a n
r e
o n
_ i

6517430

6315205

6031043

5261131

5209828

_ o 5163783

_ a 9319062

_a
_t

Training Data

_ P r o o f, _ o f, _t h e, 
_ M i l k y, _ W a y, _ c o 
n s i s t i n g, _ o f, _ m 
a n y, _ s t a r s, _ c a m 
e, _ i n, _ 1 6 1 0, _ w h 
e n, _ G a l i l e o, _ G a 
l i l e i, _ u s e d, _a, 
_t e l e s c o p e, _t o, _ 
s t u d y, _t h e, _ M i l 
k y, _ W a y, _a n d, _ d i 
s c o v e r e d, _t h a t, 
_ i t, _ i s, _ c o m p o s 
e d, _ o f, _a, _ h u g e, 
_ n u m b e r, _ o f, _ f a 
i n t, _ s t a r s .



Pair counts Vocabulary

h e
i n

8771183

8024060

_t h 7897058

e r 6517430

_a

r e
o n
_ i

6031043

5261131

5209828

_ o 5163783

_t

Training Data

_ P r o o f, _ o f, _t h e, 
_ M i l k y, _ W a y, _ c o 
n s i s t i n g, _ o f, _ m 
a n y, _ s t a r s, _ c a m 
e, _ i n, _ 1 6 1 0, _ w h 
e n, _ G a l i l e o, _ G a 
l i l e i, _ u s e d, _a, 
_t e l e s c o p e, _t o, _ 
s t u d y, _t h e, _ M i l 
k y, _ W a y, _a n d, _ d i 
s c o v e r e d, _t h a t, 
_ i t, _ i s, _ c o m p o s 
e d, _ o f, _a, _ h u g e, 
_ n u m b e r, _ o f, _ f a 
i n t, _ s t a r s .



Pair counts Vocabulary

h e
i n

8771183

8024060

_t h 7897058

e r 6517430

_a

r e
o n
_ i

6031043

5261131

5209828

_ o 5163783

_ s 5035505

_ w 4523998

_a
_t

Training Data

_ P r o o f, _ o f, _t h e, 
_ M i l k y, _ W a y, _ c o 
n s i s t i n g, _ o f, _ m 
a n y, _ s t a r s, _ c a m 
e, _ i n, _ 1 6 1 0, _ w h 
e n, _ G a l i l e o, _ G a 
l i l e i, _ u s e d, _a, 
_t e l e s c o p e, _t o, _ 
s t u d y, _t h e, _ M i l 
k y, _ W a y, _a n d, _ d i 
s c o v e r e d, _t h a t, 
_ i t, _ i s, _ c o m p o s 
e d, _ o f, _a, _ h u g e, 
_ n u m b e r, _ o f, _ f a 
i n t, _ s t a r s .



Pair counts Vocabulary

h e
i n

8771183

8024060

_t h 7897058

e r 6517430

_a

r e
o n
_ i

6031043

5261131

5209828

_ o 5163783

_ s 5035505

_ w 4523998

_a
_t

Training Data

_ P r o o f, _ o f, _t h e, 
_ M i l k y, _ W a y, _ c o 
n s i s t i n g, _ o f, _ m 
a n y, _ s t a r s, _ c a m 
e, _ i n, _ 1 6 1 0, _ w h 
e n, _ G a l i l e o, _ G a 
l i l e i, _ u s e d, _a, 
_t e l e s c o p e, _t o, _ 
s t u d y, _t h e, _ M i l 
k y, _ W a y, _a n d, _ d i 
s c o v e r e d, _t h a t, 
_ i t, _ i s, _ c o m p o s 
e d, _ o f, _a, _ h u g e, 
_ n u m b e r, _ o f, _ f a 
i n t, _ s t a r s .



Pair counts Vocabulary

i n 8024060

_t h 7897058

e r 6517430

r e
o n
_ i

6031043

5261131

5209828

_ o 5163783

_ s 5035505

_ w 4523998

h e 8771183

_a
_t

he

Training Data

_ P r o o f, _ o f, _t h e, 
_ M i l k y, _ W a y, _ c o 
n s i s t i n g, _ o f, _ m 
a n y, _ s t a r s, _ c a m 
e, _ i n, _ 1 6 1 0, _ w h 
e n, _ G a l i l e o, _ G a 
l i l e i, _ u s e d, _a, 
_t e l e s c o p e, _t o, _ 
s t u d y, _t h e, _ M i l 
k y, _ W a y, _a n d, _ d i 
s c o v e r e d, _t h a t, 
_ i t, _ i s, _ c o m p o s 
e d, _ o f, _a, _ h u g e, 
_ n u m b e r, _ o f, _ f a 
i n t, _ s t a r s .



Pair counts Vocabulary

i n 8024060

_t h 7897058

e r 6517430

r e
o n
_ i

6031043

5261131

5209828

_ o 5163783

_ s 5035505

_ w 4523998

h e 8771183

_a
_t

he

Training Data

_ P r o o f, _ o f, _t he, 
_ M i l k y, _ W a y, _ c o 
n s i s t i n g, _ o f, _ m 
a n y, _ s t a r s, _ c a m 
e, _ i n, _ 1 6 1 0, _ w he 
n, _ G a l i l e o, _ G a l 
i l e i, _ u s e d, _a, _t 
e l e s c o p e, _t o, _ s 
t u d y, _t he, _ M i l k 
y, _ W a y, _a n d, _ d i s 
c o v e r e d, _t h a t, _ 
i t, _ i s, _ c o m p o s e 
d, _ o f, _a, _ h u g e, _ 
n u m b e r, _ o f, _ f a i 
n t, _ s t a r s .



Pair counts Vocabulary

_a
_t

he

i n 8024060

r e
o n
_ i

6031043

5261131

5209828

_ o 5163783

_ s 5035505

_ w 4523998

e r 6517430

Training Data

_ P r o o f, _ o f, _t he, 
_ M i l k y, _ W a y, _ c o 
n s i s t i n g, _ o f, _ m 
a n y, _ s t a r s, _ c a m 
e, _ i n, _ 1 6 1 0, _ w he 
n, _ G a l i l e o, _ G a l 
i l e i, _ u s e d, _a, _t 
e l e s c o p e, _t o, _ s 
t u d y, _t he, _ M i l k 
y, _ W a y, _a n d, _ d i s 
c o v e r e d, _t h a t, _ 
i t, _ i s, _ c o m p o s e 
d, _ o f, _a, _ h u g e, _ 
n u m b e r, _ o f, _ f a i 
n t, _ s t a r s .



Pair counts Vocabulary

_a
_ti n 8024060

o n
_ i

5261131

5209828

_ o 5163783

_ s 5035505

_ w 4523998

r e 6031043

e r 5279258

_t he 5605612 he

Training Data

_ P r o o f, _ o f, _t he, 
_ M i l k y, _ W a y, _ c o 
n s i s t i n g, _ o f, _ m 
a n y, _ s t a r s, _ c a m 
e, _ i n, _ 1 6 1 0, _ w he 
n, _ G a l i l e o, _ G a l 
i l e i, _ u s e d, _a, _t 
e l e s c o p e, _t o, _ s 
t u d y, _t he, _ M i l k 
y, _ W a y, _a n d, _ d i s 
c o v e r e d, _t h a t, _ 
i t, _ i s, _ c o m p o s e 
d, _ o f, _a, _ h u g e, _ 
n u m b e r, _ o f, _ f a i 
n t, _ s t a r s .



Pair counts Vocabulary

_a
_ti n 8024060

r e 6031043

_t he
e r 5279258

o n
_ i

5261131

5209828

_ o 5163783

_ s 5035505

_ w 4523998

a t 4424733

5605612 he

Training Data

_ P r o o f, _ o f, _t he, 
_ M i l k y, _ W a y, _ c o 
n s i s t i n g, _ o f, _ m 
a n y, _ s t a r s, _ c a m 
e, _ i n, _ 1 6 1 0, _ w he 
n, _ G a l i l e o, _ G a l 
i l e i, _ u s e d, _a, _t 
e l e s c o p e, _t o, _ s 
t u d y, _t he, _ M i l k 
y, _ W a y, _a n d, _ d i s 
c o v e r e d, _t h a t, _ 
i t, _ i s, _ c o m p o s e 
d, _ o f, _a, _ h u g e, _ 
n u m b e r, _ o f, _ f a i 
n t, _ s t a r s .



Pair counts Vocabulary

_a
_t

he

i n 8024060

r e 6031043

_t he
e r 5279258

o n
_ i

5261131

5209828

_ o 5163783

_ s 5035505

_ w 4523998

a t 4424733

5605612

Training Data

_ P r o o f, _ o f, _t he, 
_ M i l k y, _ W a y, _ c o 
n s i s t i n g, _ o f, _ m 
a n y, _ s t a r s, _ c a m 
e, _ i n, _ 1 6 1 0, _ w he 
n, _ G a l i l e o, _ G a l 
i l e i, _ u s e d, _a, _t 
e l e s c o p e, _t o, _ s 
t u d y, _t he, _ M i l k 
y, _ W a y, _a n d, _ d i s 
c o v e r e d, _t h a t, _ 
i t, _ i s, _ c o m p o s e 
d, _ o f, _a, _ h u g e, _ 
n u m b e r, _ o f, _ f a i 
n t, _ s t a r s .



Pair counts Vocabulary

_a
_t

he
r e 6031043

_t he
e r 5279258

o n
_ i

5261131

5209828

_ o 5163783

_ s 5035505

_ w 4523998

a t 4424733

5605612

in

Training Data

_ P r o o f, _ o f, _t he, 
_ M i l k y, _ W a y, _ c o 
n s i s t i n g, _ o f, _ m 
a n y, _ s t a r s, _ c a m 
e, _ i n, _ 1 6 1 0, _ w he 
n, _ G a l i l e o, _ G a l 
i l e i, _ u s e d, _a, _t 
e l e s c o p e, _t o, _ s 
t u d y, _t he, _ M i l k 
y, _ W a y, _a n d, _ d i s 
c o v e r e d, _t h a t, _ 
i t, _ i s, _ c o m p o s e 
d, _ o f, _a, _ h u g e, _ 
n u m b e r, _ o f, _ f a i 
n t, _ s t a r s .

i n 8024060



Pair counts Vocabulary

_a
_t

he

i n 8024060

r e 6031043

_t he
e r 5279258

o n
_ i

5261131

5209828

_ o 5163783

_ s 5035505

_ w 4523998

a t 4424733

5605612

in

Training Data

_ P r o o f, _ o f, _t he, 
_ M i l k y, _ W a y, _ c o 
n s i s t in g, _ o f, _ m 
a n y, _ s t a r s, _ c a m 
e, _ in, _ 1 6 1 0, _ w he 
n, _ G a l i l e o, _ G a l 
i l e i, _ u s e d, _a, _t 
e l e s c o p e, _t o, _ s 
t u d y, _t he, _ M i l k 
y, _ W a y, _a n d, _ d i s 
c o v e r e d, _t h a t, _ 
i t, _ i s, _ c o m p o s e 
d, _ o f, _a, _ h u g e, _ 
n u m b e r, _ o f, _ f a 
in t, _ s t a r s .



Pair counts Vocabulary

_a
_tr e 6031043

_t he
e r 5279258

o n 5261131

5605612

_ o 5163783

_ s 5035505

_ w 4523998

a t 4424733

o r 4162447

e s 4010515

he
in

Training Data

_ P r o o f, _ o f, _t he, 
_ M i l k y, _ W a y, _ c o 
n s i s t in g, _ o f, _ m 
a n y, _ s t a r s, _ c a m 
e, _ in, _ 1 6 1 0, _ w he 
n, _ G a l i l e o, _ G a l 
i l e i, _ u s e d, _a, _t 
e l e s c o p e, _t o, _ s 
t u d y, _t he, _ M i l k 
y, _ W a y, _a n d, _ d i s 
c o v e r e d, _t h a t, _ 
i t, _ i s, _ c o m p o s e 
d, _ o f, _a, _ h u g e, _ 
n u m b e r, _ o f, _ f a 
in t, _ s t a r s .



Pair counts Vocabulary

_a
_tr e 6031043

_t he
e r 5279258

o n 5261131

5605612

_ o 5163783

_ s 5035505

_ w 4523998

a t 4424733

o r 4162447

e s 4010515

he
in

Training Data

_ P r o o f, _ o f, _t he, 
_ M i l k y, _ W a y, _ c o 
n s i s t in g, _ o f, _ m 
a n y, _ s t a r s, _ c a m 
e, _ in, _ 1 6 1 0, _ w he 
n, _ G a l i l e o, _ G a l 
i l e i, _ u s e d, _a, _t 
e l e s c o p e, _t o, _ s 
t u d y, _t he, _ M i l k 
y, _ W a y, _a n d, _ d i s 
c o v e r e d, _t h a t, _ 
i t, _ i s, _ c o m p o s e 
d, _ o f, _a, _ h u g e, _ 
n u m b e r, _ o f, _ f a 
in t, _ s t a r s .



Pair counts Vocabulary

_a
_t

_t he
e r 5279258

o n 5261131

5605612

_ o 5163783

_ s 5035505

_ w 4523998

a t 4424733

o r 4162447

e s 4010515

he
in
re

Training Data

_ P r o o f, _ o f, _t he, 
_ M i l k y, _ W a y, _ c o 
n s i s t in g, _ o f, _ m 
a n y, _ s t a r s, _ c a m 
e, _ in, _ 1 6 1 0, _ w he 
n, _ G a l i l e o, _ G a l 
i l e i, _ u s e d, _a, _t 
e l e s c o p e, _t o, _ s 
t u d y, _t he, _ M i l k 
y, _ W a y, _a n d, _ d i s 
c o v e r e d, _t h a t, _ 
i t, _ i s, _ c o m p o s e 
d, _ o f, _a, _ h u g e, _ 
n u m b e r, _ o f, _ f a 
in t, _ s t a r s .

r e 6031043



Pair counts Vocabulary

_a
_tr e 6031043

_t he
e r 5279258

o n 5261131

5605612

_ o 5163783

_ s 5035505

_ w 4523998

a t 4424733

o r 4162447

e s 4010515

he
in
re

Training Data

_ P r o o f, _ o f, _t he, 
_ M i l k y, _ W a y, _ c o 
n s i s t in g, _ o f, _ m 
a n y, _ s t a r s, _ c a m 
e, _ in, _ 1 6 1 0, _ w he 
n, _ G a l i l e o, _ G a l 
i l e i, _ u s e d, _a, _t 
e l e s c o p e, _t o, _ s 
t u d y, _t he, _ M i l k 
y, _ W a y, _a n d, _ d i s 
c o v e re d, _t h a t, _ i 
t, _ i s, _ c o m p o s e 
d, _ o f, _a, _ h u g e, _ 
n u m b e r, _ o f, _ f a 
in t, _ s t a r s .



Pair counts Vocabulary

_a
_t

he

_t he 5605612

o n 5261131

_ o 5163783

_ s 5035505

e r 4754849

_ w 4523998

a t 4424733

o u 3838417

_ c 3831635

n d 3811435

in
re

Training Data

_ P r o o f, _ o f, _t he, 
_ M i l k y, _ W a y, _ c o 
n s i s t in g, _ o f, _ m 
a n y, _ s t a r s, _ c a m 
e, _ in, _ 1 6 1 0, _ w he 
n, _ G a l i l e o, _ G a l 
i l e i, _ u s e d, _a, _t 
e l e s c o p e, _t o, _ s 
t u d y, _t he, _ M i l k 
y, _ W a y, _a n d, _ d i s 
c o v e re d, _t h a t, _ i 
t, _ i s, _ c o m p o s e 
d, _ o f, _a, _ h u g e, _ 
n u m b e r, _ o f, _ f a 
in t, _ s t a r s .



Pair counts Vocabulary

_a
_t

he

_t he 5605612

o n 5261131

_ o 5163783

_ s 5035505

e r 4754849

_ w 4523998

a t 4424733

o u 3838417

_ c 3831635

n d 3811435

in
re

Training Data

_ P r o o f, _ o f, _t he, 
_ M i l k y, _ W a y, _ c o 
n s i s t in g, _ o f, _ m 
a n y, _ s t a r s, _ c a m 
e, _ in, _ 1 6 1 0, _ w he 
n, _ G a l i l e o, _ G a l 
i l e i, _ u s e d, _a, _t 
e l e s c o p e, _t o, _ s 
t u d y, _t he, _ M i l k 
y, _ W a y, _a n d, _ d i s 
c o v e re d, _t h a t, _ i 
t, _ i s, _ c o m p o s e 
d, _ o f, _a, _ h u g e, _ 
n u m b e r, _ o f, _ f a 
in t, _ s t a r s .



Pair counts Vocabulary

_a
_t

he
o n 5261131

_ o 5163783

_ s 5035505

e r 4754849

_ w 4523998

a t 4424733

o u 3838417

_ c 3831635

n d 3811435

in
re

_the

Training Data

_ P r o o f, _ o f, _t he, 
_ M i l k y, _ W a y, _ c o 
n s i s t in g, _ o f, _ m 
a n y, _ s t a r s, _ c a m 
e, _ in, _ 1 6 1 0, _ w he 
n, _ G a l i l e o, _ G a l 
i l e i, _ u s e d, _a, _t 
e l e s c o p e, _t o, _ s 
t u d y, _t he, _ M i l k 
y, _ W a y, _a n d, _ d i s 
c o v e re d, _t h a t, _ i 
t, _ i s, _ c o m p o s e 
d, _ o f, _a, _ h u g e, _ 
n u m b e r, _ o f, _ f a 
in t, _ s t a r s .

_t he 5605612



Pair counts Vocabulary

_a
_t

he

_t he 5605612

o n 5261131

_ o 5163783

_ s 5035505

e r 4754849

_ w 4523998

a t 4424733

o u 3838417

_ c 3831635

n d 3811435

in
re

_the

Training Data

_ P r o o f, _ o f, _the, _ 
M i l k y, _ W a y, _ c o n 
s i s t in g, _ o f, _ m a 
n y, _ s t a r s, _ c a m 
e, _ in, _ 1 6 1 0, _ w he 
n, _ G a l i l e o, _ G a l 
i l e i, _ u s e d, _a, _t 
e l e s c o p e, _t o, _ s 
t u d y, _the, _ M i l k y, 
_ W a y, _a n d, _ d i s c 
o v e re d, _t h a t, _ i 
t, _ i s, _ c o m p o s e 
d, _ o f, _a, _ h u g e, _ 
n u m b e r, _ o f, _ f a 
in t, _ s t a r s .



Pair counts Vocabulary

_a
_t

he

_ w 4523998

a t 4424733

o u 3838417

_ c 3831635

n d 3811435

o r 3661288

in
re

_the

o n 5261131

_ o 5163783

_ s 5035505

e r 4754849

Training Data

_ P r o o f, _ o f, _the, _ 
M i l k y, _ W a y, _ c o n 
s i s t in g, _ o f, _ m a 
n y, _ s t a r s, _ c a m 
e, _ in, _ 1 6 1 0, _ w he 
n, _ G a l i l e o, _ G a l 
i l e i, _ u s e d, _a, _t 
e l e s c o p e, _t o, _ s 
t u d y, _the, _ M i l k y, 
_ W a y, _a n d, _ d i s c 
o v e re d, _t h a t, _ i 
t, _ i s, _ c o m p o s e 
d, _ o f, _a, _ h u g e, _ 
n u m b e r, _ o f, _ f a 
in t, _ s t a r s .



Pair counts Vocabulary

_a
_t

he

_ w 4523998

a t 4424733

o u 3838417

_ c 3831635

n d 3811435

o r 3661288

in
re

_the

o n 5261131

_ o 5163783

_ s 5035505

e r 4754849

Training Data

_ P r o o f, _ o f, _the, _ 
M i l k y, _ W a y, _ c o n 
s i s t in g, _ o f, _ m a 
n y, _ s t a r s, _ c a m 
e, _ in, _ 1 6 1 0, _ w he 
n, _ G a l i l e o, _ G a l 
i l e i, _ u s e d, _a, _t 
e l e s c o p e, _t o, _ s 
t u d y, _the, _ M i l k y, 
_ W a y, _a n d, _ d i s c 
o v e re d, _t h a t, _ i 
t, _ i s, _ c o m p o s e 
d, _ o f, _a, _ h u g e, _ 
n u m b e r, _ o f, _ f a 
in t, _ s t a r s .

until we reach 
desired vocab size T

…



Trade-off between vocab size and efficiency

courtesy of https://github.com/openai/tiktoken

GPT-2 Tokenizer: vocab size 50k 
and not trained on coding data

GPT-4 Tokenizer: vocab size 100k 
and trained on coding data

• Why can we not arbitrarily increase the vocab size?

• Question: How do we know what training data these closed-source tokenizers are 

trained on? [“Data Mixture Inference Attack: BPE Tokenizers Reveal Training Data Compositions”, NeurIPS 2024] 

https://github.com/openai/tiktoken


Trade-off between vocab size and efficiency



Fundamental limit of subword tokenization

Average number of  
characters in  
an English word



SuperBPE
• Phase 1: Run BPE with whitespace barrier from pretokenization until t<T


• Phase 2: Run BPE without whitespace barrier until T


• Intuition: learn the basic units of meaning (words) in the first phase,  
and then merge common word sequences (superwords)



SuperBPE
• Phase 1: Run BPE with whitespace barrier from pretokenization until t<T


• Phase 2: Run BPE without whitespace barrier until T


• Intuition: learn the basic units of meaning (words) in the first phase,  
and then merge common word sequences (superwords)

POS tag #   Random examples

NN, IN 906   _case_of, _depend_on, _availability_of, _emphasis_on, _distinction_between

VB, DT 566   _reached_a, _discovered_the, _identify_the, _becomes_a, _issued_a

DT, NN 498   _this_month, _no_idea, _the_earth, _the_maximum, _this_stuff

IN, NN 406   _on_top, _by_accident, _in_effect, _for_lunch, _in_front

IN, DT, NN 333   _for_a_living, _by_the_way, _into_the_future, _in_the_midst

IN, DT, NN, IN 33   _at_the_time_of, _in_the_presence_of, _in_the_middle_of, _in_a_way_that



Proof of the Milky Way 
consisting of many stars 
came in 1610 when  Galileo 
Galilei used a telescope to 
study the Milky Way and 
discovered that it is 
composed of a huge number 
of faint stars.

Training Data



{Proof_of_the_Milky_Way_co
nsisting_of_many_stars_cam
e_in_, 1610, 
_when_Galileo_Galilei_used
_a_telescope_to_study_the_
Milky_Way_and_discovered_t
hat_it_is_composed_of_a_hu
ge_number_of_faint_stars.}

Training Data

• 2nd phase: 
• Skip whitespace pretokenization
• but can still use other pretokenization 

rules, e.g., numbers



{P r o o f _ o f _ t h e _ 
M i l k y _ W a y _ c o n s 
i s t i n g _ o f _ m a n y 
_ s t a r s _ c a m e _ i 
n, _ 1 6 1 0, _ w h e n _ G 
a l i l e o _ G a l i l e i 
_ u s e d _ a _ t e l e s c 
o p e _ t o _ s t u d y _ t 
h e _ M i l k y _ W a y _ a 
n d _ d i s c o v e r e d _ 
t h a t _ i t _ i s _ c o m 
p o s e d _ o f _ a _ h u g 
e _ n u m b e r _ o f _ f a 
i n t _ s t a r s .}

Training Data

Split  into sequence of bytesD



Training Data

Apply tokenizer learned so far

{Proof _of _the _Milky _Way 
_consisting _of _many 
_stars _came _in_, 1 610, 
_when _Gal ileo _Galilei 
_used _a _telescope _to 
_study _the _Milky _Way 
_and _discovered _that _it 
_is _composed _of _a _huge 
_number _of _faint _stars.}



Pair counts Vocabulary
_t
_a
he
in
re

_the

_Aleg
' t 247975

. _The 232178

, _the 226412

_to _the 222524

, _but 200360

_on _the 164233

_of _the 517482

' s 456028

, _and 413189

_in _the 362529 …

Training Data

st
ag

e 
1

{Proof _of _the _Milky _Way 
_consisting _of _many 
_stars _came _in_, 1 610, 
_when _Gal ileo _Galilei 
_used _a _telescope _to 
_study _the _Milky _Way 
_and _discovered _that _it 
_is _composed _of _a _huge 
_number _of _faint _stars.}



Pair counts Vocabulary
_t
_a
he
in
re

_the

_Aleg
' t 247975

. _The 232178

, _the 226412

_to _the 222524

, _but 200360

_on _the 164233

' s 456028

, _and 413189

_in _the 362529 …

Training Data

st
ag

e 
1_of _the 517482

_of _the

{Proof _of _the _Milky _Way 
_consisting _of _many 
_stars _came _in_, 1 610, 
_when _Gal ileo _Galilei 
_used _a _telescope _to 
_study _the _Milky _Way 
_and _discovered _that _it 
_is _composed _of _a _huge 
_number _of _faint _stars.}
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_t
_a
he
in
re

_the

_Aleg
' t 247975

. _The 232178

, _the 226412

_to _the 222524

, _but 200360

_on _the 164233

' s 456028

, _and 413189

_in _the 362529 …

Training Data

st
ag

e 
1_of _the 517482

_of _the

{Proof _of_the _Milky _Way 
_consisting _of _many 
_stars _came _in_, 1 610, 
_when _Gal ileo _Galilei 
_used _a _telescope _to 
_study _the _Milky _Way 
_and _discovered _that _it 
_is _composed _of _a _huge 
_number _of _faint _stars.}



Pair counts Vocabulary
_t
_a
he
in
re

_the

_Aleg

…

Training Data

st
ag

e 
1

_of _the

' t 247975

. _The 232178

, _the 226412

_to _the 222524

, _but 200360

_on _the 164233

' s 456028

, _and 413189

_in _the 362529

. _I 159471

{Proof _of_the _Milky _Way 
_consisting _of _many 
_stars _came _in_, 1 610, 
_when _Gal ileo _Galilei 
_used _a _telescope _to 
_study _the _Milky _Way 
_and _discovered _that _it 
_is _composed _of _a _huge 
_number _of _faint _stars.}



Pair counts Vocabulary
_t
_a
he
in
re

_the

_Aleg

…

Training Data

st
ag

e 
1

_of _the

' t 247975

. _The 232178

, _the 226412

_to _the 222524

, _but 200360

_on _the 164233

' s 456028

, _and 413189

_in _the 362529

. _I 159471

{Proof _of_the _Milky _Way 
_consisting _of _many 
_stars _came _in_, 1 610, 
_when _Gal ileo _Galilei 
_used _a _telescope _to 
_study _the _Milky _Way 
_and _discovered _that _it 
_is _composed _of _a _huge 
_number _of _faint _stars.}



Pair counts Vocabulary
_t
_a
he
in
re

_the

_Aleg

…

Training Data

st
ag

e 
1

_of _the

' t 247975

. _The 232178

, _the 226412

_to _the 222524

, _but 200360

_on _the 164233

, _and 413189

_in _the 362529

. _I 159471

' s 456028

' s

{Proof _of_the _Milky _Way 
_consisting _of _many 
_stars _came _in_, 1 610, 
_when _Gal ileo _Galilei 
_used _a _telescope _to 
_study _the _Milky _Way 
_and _discovered _that _it 
_is _composed _of _a _huge 
_number _of _faint _stars.}
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he
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_the

_Aleg

…

Training Data

st
ag

e 
1

_of _the

' s

' t 247975

. _The 232178

, _the 226412

_to _the 222524

, _but 200360

_on _the 164233

, _and 413189

_in _the 362529

. _I 159471

? _ 148101

{Proof _of_the _Milky _Way 
_consisting _of _many 
_stars _came _in_, 1 610, 
_when _Gal ileo _Galilei 
_used _a _telescope _to 
_study _the _Milky _Way 
_and _discovered _that _it 
_is _composed _of _a _huge 
_number _of _faint _stars.}
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_t
_a
he
in
re

_the

_Aleg

…

Training Data

st
ag

e 
1

_of _the

' s

' t 247975
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, _the 226412

_to _the 222524

, _but 200360

_on _the 164233

, _and 413189

_in _the 362529

. _I 159471

? _ 148101

{Proof _of_the _Milky _Way 
_consisting _of _many 
_stars _came _in_, 1 610, 
_when _Gal ileo _Galilei 
_used _a _telescope _to 
_study _the _Milky _Way 
_and _discovered _that _it 
_is _composed _of _a _huge 
_number _of _faint _stars.}
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, _and 413189
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' s
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{Proof _of_the _Milky _Way 
_consisting _of _many 
_stars _came _in_, 1 610, 
_when _Gal ileo _Galilei 
_used _a _telescope _to 
_study _the _Milky _Way 
_and _discovered _that _it 
_is _composed _of _a _huge 
_number _of _faint _stars.}
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, _the 226412
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, _but 200360
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. _I 159471

? _ 148101

_to _be 147449

_on _the

{Proof _of_the _Milky _Way 
_consisting _of _many 
_stars _came _in_, 1 610, 
_when _Gal ileo _Galilei 
_used _a _telescope _to 
_study _the _Milky _Way 
_and _discovered _that _it 
_is _composed _of _a _huge 
_number _of _faint _stars.}
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st
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222524

, _but 200360

_on _the 164233

_in _the 362529

. _I 159471

? _ 148101

_to _be 147449

_to _the

{Proof _of_the _Milky _Way 
_consisting _of _many 
_stars _came _in_, 1 610, 
_when _Gal ileo _Galilei 
_used _a _telescope _to 
_study _the _Milky _Way 
_and _discovered _that _it 
_is _composed _of _a _huge 
_number _of _faint _stars.}
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st
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1

, _and

_of _the

' s

' t 247975

. _The 232178
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222524

, _but 200360

_on _the 164233

. _I 159471

? _ 148101

_to _be 147449

_in _the 362529

_in _the

_to _the

{Proof _of_the _Milky _Way 
_consisting _of _many 
_stars _came _in_, 1 610, 
_when _Gal ileo _Galilei 
_used _a _telescope _to 
_study _the _Milky _Way 
_and _discovered _that _it 
_is _composed _of _a _huge 
_number _of _faint _stars.}
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222524

, _but 200360

_on _the 164233

. _I 159471

? _ 148101

_to _be 147449

_in _the 362529

_in _the

until we reach 
desired vocab size T

…

_to _the

{Proof _of_the _Milky _Way 
_consisting _of _many 
_stars _came _in_, 1 610, 
_when _Gal ileo _Galilei 
_used _a _telescope _to 
_study _the _Milky _Way 
_and _discovered _that _it 
_is _composed _of _a _huge 
_number _of _faint _stars.}



SuperBPE encodes text more efficiently



SuperBPE encodes text more efficiently



SuperBPE encodes text more efficiently



Changing tokenizer requires pretraining LLM

Baseline:

• Tokenizer: BPE with 200k tokens
• Model size: 8B parameters
• Train data: 330B tokens from OLMO2
• Evaluation

• Average performance on 30 tasks



In a fair comparison, SuperBPE outperforms in 30 downstream tasks

Baseline: BPE 8B (Olmo2 @ 330B tokens)

SuperBPE 8B

model size 8B

training compute is the same
inference compute (35% less)

amount of text seen (41% more)

train data 330B tokens OLMO2



Is this fair?

 BPE

SuperBPE

model size   *       train tokens         =     train compute

train tokens        *  Bytes per Token  =        train text  

SuperBPE

 BPE

330B8B

8B 330B

1.75e22 FLOPs

1.75e22 FLOPs

330B

330B

4.5

6.1

1485B

2013B



Is this fair?

 BPE

SuperBPE

model size   *       train tokens         =     train compute

train tokens        *  Bytes per Token  =        train text  

SuperBPE

 BPE

330B8B

11B 243B

1.75e22 FLOPs

1.75e22 FLOPs

330B

243B

4.5

6.1

1485B

1485B



Baseline: BPE 8B (Olmo2 @ 330B tokens)

In a fair comparison, SuperBPE outperforms in 30 downstream tasks

SuperBPE 11B

model size 11B (39% bigger)

training data 330B tokens

inference compute: same
amount of text seen: same

train compute is the same



BPB Distribution 

Mean BPB is very close 
(SuperBPE behind by 0.0017)
But SuperBPE distributes loss 
more uniformly over tokens



BPB Distribution 

SuperBPE has fewer very-
high-loss tokens:
May explain why we win on 
evals (evals are hard)
Even after models plateau in 
loss, they keep getting better 
at evals

Same Pretraining Loss, Better Downstream (Liu et al., 2023)

https://proceedings.mlr.press/v202/liu23ao.html


Takeaways
• SuperBPE extends subword BPE to let tokens include superwords,  

or (parts of) multiple words


• SuperBPE needs about 33% less tokens to encode the same context


• Given same amount of compute, we can pretrain on more text to achieve 
improved downstream performance 



In this era of data-centric AI, pretaining data for LLMs is a trade secret

• Typical attacks to reveal something about the pertaining (or fine-tuning) data 
attempt to identify the membership, i.e., answer a question like 
                                “Is Harry Potter used in training?” 
due to its importance in privacy and copyright.


• This is a very challenging question with mixed results: 



Membership inference 
from Language Models 
 
Dataset mixture inference  
from BPE tokenizers







 The learned merge list is (very) sensitive to the mixture ratio of data distributions



 The learned merge list is (very) sensitive to the mixture ratio of data distributions



Each token gives a specific linear condition that  and  need to satisfy, for example:  
 
         6  + 13055   

αEn αPy

αEn αPy ≥ max
token != _ _

{ αEnC(1)
En,token + αPyC(1)

Py,token }
αEn

αPy

1

1



Each token gives a specific linear condition that  and  need to satisfy, for example:  
 
         2  + 4792   

αEn αPy

αEn αPy ≥ max
token != __ __

{ αEnC(2)
En,token + αPyC(2)

Py,token }
αEn

αPy

1

1



Each token gives a specific linear condition that  and  need to satisfy, for example:  
 
         1774  +1083   

αEn αPy

αEn αPy ≥ max
token != i n

{ αEnC(3)
En,token + αPyC(3)

Py,token }

αEn

αPy

1

1











random guess 
baseline

























Takeaways
• Pretraining dataset is a trade secret


• Dataset mixture inference from BPE tokenizer reliably recovers the mixture 
weights, allowing us to peak into what choices were made in the evolution of 
language models
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SuperBPE downstream performance

knowledge
math / reasoning

code
reading 

comprehension
commonsense

language 
understanding

string 
manipulation



Efficiency scaling for non-English languages


