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A bst r a ct

A s m all s u bs et of di m e nsi o ns wit hi n l a n g u a g e
Tr a nsf or m ers’ r e pr es e nt ati o n s p a c es e m er g e as
" o utli ers " d uri n g pr etr ai ni n g, e n c o di n g criti c al
k n o wl e d g e s p ars el y. We e xt e n d pr e vi o us fi n d-
i n gs o n e m er g e nt o utli ers t o E n c o d er- D e c o d er
Tr a nsf or m ers a n d i nstr u cti o n- fi n et u n e d m o d-
els, a n d t a c kl e t h e pr o bl e m of distilli n g a st u-
d e nt Tr a nsf or m er fr o m a l ar g er t e a c h er Tr a ns-
f or m er. K n o wl e d g e distill ati o n r e d u c es m o d el
si z e a n d c ost b y tr a nsf erri n g k n o wl e d g e fr o m a
l ar g er t e a c h er t o a s m all er st u d e nt, n e c essit ati n g
a tr a d e- off a m o n g r e pr es e nt ati o n di m e nsi o ns.
We s h o w t h at e m er g e nt o utli er di m e nsi o ns c o n-
tri b ut e si g ni fi c a ntl y m or e t o z er o-s h ot p erf or-
m a n c e t h a n n o n- o utli er di m e nsi o ns. B as e d o n
t his, w e pr o p os e t h e E m er g e nt O utli er F o c us e d
Distill ati o n ( E O F D) m et h o d, w hi c h pri oriti z es
criti c al o utli er di m e nsi o ns i n distill ati o n usi n g
a w ei g ht e d M S E l oss. We e m piri c all y d e m o n-
str at e t h at E O F D o ut p erf or ms st at e- of-t h e- art
distill ati o n m et h o ds a n d g e n er ali z es w ell a cr oss
E n c o d er- o nl y B E R T, D e c o d er- o nl y G P T- 2, a n d
E n c o d er- D e c o d er T 5 ar c hit e ct ur es.

1 I nt r o d u cti o n a n d B a c k g r o u n d

E m er g e nt pr o p erti es i n l ar g e l a n g u a g e m o d els
( L L Ms) h a v e r e c e ntl y g ar n er e d gr e at i nt er est (Wei
et al. , 2 0 2 2 b ; Sri v ast a v a et al. , 2 0 2 3 ; S c h a eff er
et al. , 2 0 2 3 ). T h e y h a v e b e e n s h o w n t o eli cit
c o m pl e x c a p a biliti es i n L L Ms. E m er g e nt pr o p-
erti es a n d f e at ur es aris e s p o nt a n e o usl y i n t h es e
m o d els d uri n g s elf-s u p er vis e d pr etr ai ni n g, wit h-
o ut b ei n g e x pli citl y o pti mi z e d f or s p e ci ali z e d t as ks.
S p e ci fi c all y, it h as b e e n s h o w n ( K o v al e v a et al. ,
2 0 2 1 ; P u c c etti et al. , 2 0 2 2 ; D ett m ers et al. , 2 0 2 2 )
t h at, i n E n c o d er- o nl y B E R T f a mil y (D e vli n et al. ,
2 0 1 9 ) a n d i n D e c o d er- o nl y G P T f a mil y (R a df or d
et al. , 2 0 1 9 , 2 0 2 1 ; Br o w n et al. , 2 0 2 0 ; Z h a n g et al. ,
2 0 2 2 ) m o d els, a s m all s u bs et of di m e nsi o ns wit hi n
t h e hi g h- di m e nsi o n al r e pr es e nt ati o n s p a c es of l a n-
g u a g e Tr a nsf or m ers e m er g e as " o utli ers " d uri n g

pr etr ai ni n g: w ei g ht or n e ur o n a cti v ati o ns wit h u n-
us u all y l ar g e m a g nit u d es o ut of s e v er al st a n d ar d
d e vi ati o ns fr o m t h e m e a n. I nt er esti n gl y, t h es e e m er-
g e nt o utli er f e at ur es s e e m t o e n c o d e criti c al li n g uis-
ti c k n o wl e d g e i n a s p ars e w a y: m uti n g o nl y a f e w
o utli er di m e nsi o ns si g ni fi c a ntl y d et eri or at es l a n-
g u a g e m o d eli n g p erf or m a n c e.

I n t his w or k, w e b e gi n b y s yst e m ati c all y e xt e n d-
i n g pr e vi o us fi n di n gs a b o ut e m er g e nt o utli er pr o p er-
ti es o n pr etr ai n e d E n c o d er- o nl y a n d D e c o d er- o nl y
m o d els t o E n c o d er- D e c o d er T 5 m o d els ( R aff el
et al. , 2 0 2 0 ) a n d t o i nstr u cti o n- fi n et u n e d Fl a n- T 5
m o d els ( C h u n g et al. , 2 0 2 4 ) at s c al e, f or t h e first
ti m e. We dis c o v er t h at T 5- 1 1 B e x hi bits e m er g e nt
a cti v ati o n o utli ers wit h s ur prisi n g m a g nit u d es e x-
c e e di n g 1 0 5 , m u c h l ar g er t h a n t h e B E R T o utli ers
o bs er v e d b y K o v al e v a et al. (2 0 2 1 ); P u c c etti et al.
(2 0 2 2 ). F urt h er m or e, u nli k e t h e r a pi d e m er g e n c e
of G P T o utli ers ar o u n d a m o d el si z e of 6. 7 B as
f o u n d b y D ett m ers et al. (2 0 2 2 ), w e n oti c e t h at t h e
gr o wt h i n o utli er m a g nit u d e pri m aril y c o m es wit h
i n cr e asi n g l a y er d e pt h r at h er t h a n m o d el si z e: fr o m
T 5- L ar g e t o T 5- 3 B a n d t o T 5- 1 1 B, all wit h a s a m e
n u m b er of l a y ers, t h e o utli er m a g nit u d es a ct u all y
d e cr e as e as m o d el si z e i n cr e as es. We f urt h er fi n d
t h at, a gr e ei n g wit h pr e vi o us w or k, o utli er di m e n-
si o ns ar e c o nsist e nt a cr oss l a y ers wit hi n eit h er t h e
E n c o d er or D e c o d er st a c k; b ut, c o ntr ar y t o pr e vi o us
k n o wl e d g e, t h e o utli er di m e nsi o ns i n t h e E n c o d er
diff er fr o m t h os e i n t h e D e c o d er.

M or e o v er, c o nsist e nt wit h D ett m ers et al. (2 0 2 2 ),
w e n oti c e t h at o utli er f e at ur es s u d d e nl y b e c o m e cr u-
ci al t o p erf or m a n c e w h e n t h e m o d el si z e e x c e e ds
6. 7 B i n T 5: z er oi n g o ut o nl y 4 o utli er di m e nsi o ns
o ut of its 1 0 2 4 t ot al di m e nsi o ns ( o nl y 1 9 2 of its
t ot al 1 1 B p ar a m et ers) i n T 5- 1 1 B d e gr a d es a bs ol ut e
p erf or m a n c e b y 1 4. 7 %. H o w e v er, d es pit e t his a n d
D ett m ers et al. (2 0 2 2 ), f or i nstr u cti o n- fi n et u n e d
Fl a n- T 5, w e n oti c e t h at l ar g er m o d els li k e Fl a n- T 5-
X X L ar e r el ati v el y l ess s e nsiti v e t o i nt er v e nti o ns
o n o utli ers t h a n s m all er m o d els. N e v ert h el ess, w e
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c o n fir m t h at dis a bli n g o utli er di m e nsi o ns hi n d ers
p erf or m a n c e si g ni fi c a ntl y m or e t h a n dis a bli n g t h e
s a m e n u m b er of n o n- o utli er di m e nsi o ns, f or all o ur
diff er e nt s etti n gs. F or i nst a n c e, m uti n g as m u c h as
5 1 2 n o n- o utli er di m e nsi o ns i n Fl a n- T 5- X X L o nl y
dr o ps its p erf or m a n c e b y 0. 6 4 %.

L e v er a gi n g o ur fi n di n gs o n e m er g e nt o utli er
pr o p erti es, w e f urt h er t a c kl e t h e c h all e n gi n g pr o b-
l e m of distilli n g a st u d e nt l a n g u a g e m o d el fr o m a
l ar g er a n d str o n g er t e a c h er m o d el, b y f o c usi n g o n
t h es e criti c al pr o p erti es. Tr ai ni n g m assi v e m o d els
is c o m p ut ati o n all y d e m a n di n g a n d r e q uir es a v ast
tr e as ur e tr o v e of v ari e d d at a, b ot h of w hi c h ar e n ot
e asil y a v ail a bl e. A d diti o n all y, at i nf er e n c e, h osti n g
s u c h l ar g e m o d els als o g ets pr o gr essi v el y e x p e n-
si v e. T o miti g at e t his, k n o wl e d g e distill ati o n ( K D)
(Hi nt o n et al. , 2 0 1 5 ) ai ms at r e d u ci n g m o d el si z e
wit h o ut si g ni fi c a ntl y c o m pr o misi n g p erf or m a n c e
b y tr a nsf erri n g k n o wl e d g e fr o m a str o n g er t e a c h er
t o a s m all er st u d e nt b y mi ni mi zi n g t h e di v er g e n c e
of t h eir s oft r es p o ns es a n d i nt er m e di at e f e at ur es
(G o u et al. , 2 0 2 1 ). F or distilli n g t h es e i nt er m e di-
at e f e at ur es, c o n v e nti o n al m et h o ds tr e at diff er e nt
di m e nsi o ns e q u all y ( Ji a o et al. , 2 0 2 0 a ; F a n g et al. ,
2 0 2 1 ; Li a n g et al. , 2 0 2 3 a ; W u et al. , 2 0 2 3 a ).

H o w e v er, m at c hi n g st u d e nt’s i nt er m e di at e f e a-
t ur es t o t e a c h er’s is i n h er e ntl y i m p erf e ct, as st u d e nt
Tr a nsf or m ers t y pi c all y h a v e f e w er di m e nsi o ns of
r e pr es e nt ati o n t h a n t e a c h ers, n e c essit ati n g a tr a d e-
off a m o n g t h es e di m e nsi o ns. Gi v e n o ur dis c o v er y
t h at e m er g e nt o utli er di m e nsi o ns c o ntri b ut e m u c h
m or e t o p erf or m a n c e t h a n n o n- o utli er di m e nsi o ns,
w h e n distilli n g t h es e i nt er m e di at e r e pr es e nt ati o ns,
w e pr o p os e E m er g e nt O utli er F o c us e d Distill ati o n
( E O F D). T his a p pr o a c h pri oriti z es t h es e criti c al
o utli er di m e nsi o ns a n d d e pri oriti z es t h e l ess i m p a ct-
f ul n o n- o utli er di m e nsi o ns, a d dr essi n g t h e di m e n-
si o n tr a d e- off i n distill ati o n. S p e ci fi c all y, E O F D
c o m p ut es a w ei g ht e d M S E l oss t o w ei g ht m or e o n
t h e e m er g e nt o utli er di m e nsi o ns, r e c o g ni z e d b y t h e
st a n d ar d d e vi ati o ns of n e ur o n a cti v ati o ns.

O n t h e st a n d ar d b e n c h m ar k of distilli n g B E R T
o n t h e 8 t as ks a n d d at as ets i n t h e G e n er al L a n g u a g e
U n d erst a n di n g E v al u ati o n ( G L U E) ( Wa n g et al. ,
2 0 1 9 ) b e n c h m ar k, w e o ut p erf or m st at e- of-t h e- art
distill ati o n m et h o ds b y a l ar g e m ar gi n. O n t h e
r el ati v el y l ar g er d at as ets i n G L U E, st u d e nt m o d els
distill e d wit h E O F D o ut p erf or m t h e t e a c h er m o d els.
B e y o n d distilli n g E n c o d er- o nl y B E R T m o d els, w e
f urt h er d e m o nstr at e t h at E O F D g e n er ali z es w ell t o
ot h er ar c hit e ct ur es, i n cl u di n g D e c o d er- o nl y G P T- 2
a n d E n c o d er- D e c o d er T 5 m o d els. We als o pr o vi d e

d et ail e d a bl ati o n a n d a n al ysis. We dis c uss f urt h er
r el at e d w or ks i n A p p e n di x A .

O ur c o ntri b uti o ns ar e t w o-f ol d: ( 1) F or t h e first
ti m e, w e e xt e n d pr e vi o us fi n di n gs o n e m er g e nt
o utli ers t o E n c o d er- D e c o d er Tr a nsf or m ers a n d t o
i nstr u cti o n- fi n et u n e d m o d els at s c al e. We f urt h er
s yst e m ati c all y st u d y t h eir z er o-s h ot p erf or m a n c e
wit h i nt er v e nti o ns o n m uti n g r e pr es e nt ati o n di m e n-
si o ns b y f a ct ors of diff er e nt n u m b ers of dis a bl e d
o utli er/ n o n- o utli er di m e nsi o ns, v ar yi n g m o d el si z e,
a n d w h et h er or n ot t h e pr etr ai n e d m o d el is f ur-
t h er i nstr u cti o n- fi n et u n e d. ( 2) L e v er a gi n g o ur fi n d-
i n gs o n e m er g e nt o utli er pr o p erti es, w e pr o p os e
t h e E m er g e nt O utli er F o c us e d Distill ati o n ( E O F D)
m et h o d pri oriti zi n g t h es e criti c al o utli er di m e n-
si o ns t o a d dr ess t h e di m e nsi o n tr a d e- off i n k n o wl-
e d g e distill ati o n. We e m piri c all y s h o w t h at E O F D
o ut p erf or ms st at e- of-t h e- art distill ati o n m et h o ds.
We f urt h er s h o w t h at E O F D g e n er ali z es w ell a cr oss
t h e t as ks of distilli n g E n c o d er- o nl y B E R T, D e c o d er-
o nl y G P T- 2, a n d E n c o d er- D e c o d er T 5 m o d els.

2 A Cl os e r L o o k at E m e r g e nt O utli e rs i n
P r e-t r ai n e d L a n g u a g e M o d els

I n t his p a p er, w e us e pl ai n l o w er c as e l ett ers x f or
s c al ars, b ol d l o w er c as e l ett ers x f or v e ct ors, b ol d
u p p er c as e l ett ers X f or m atri c es, a n d X T f or tr a ns-
p os es. We i n d e x e a c h Tr a nsf or m er bl o c k/l a y er i n
a gi v e n Tr a nsf or m er b y l ∈ { 1 , · · · , L} , a n d e a c h
t o k e n i n t o k e n s e q u e n c e b y i ∈ { 1 , · · · , N} , as
ill ustr at e d i n Fi g. 3 . T y pi c all y, e a c h Tr a nsf or m er
bl o c k/l a y er c o nt ai ns a M ulti- H e a d Att e nti o n m o d-
ul e, a F e e d F or w ar d N et w or k ( F F N), a n d s o m e
L a y er- N or m ( L N) tr a nsf or m ati o ns. D e n ot e t h e di-
m e nsi o n of a Tr a nsf or m er as d m o d el as ill ustr at e d i n
Fi g. 3 ; s p e ci fi c all y, d e n ot e d t a n d d s f or t h e di m e n-
si o ns of a t e a c h er a n d a st u d e nt m o d el, r es p e cti v el y.
We c o nsi d er f or o nl y o n e d at a s a m pl e ( n ot b at c h e d)
f or n ot ati o n si m pli cit y u nl ess ot h er wis e s p e ci fi e d.

2. 1 R e c o g ni zi n g E m e r g e nt O utli e rs b y
M a g nit u d e i n P r e-t r ai n e d T 5 M o d els

E m er g e nt o utli ers ar e t h e w ei g ht e ntri es a n d t h e
n e ur o n a cti v ati o ns e m er g e d i n pr etr ai n e d Tr a ns-
f or m ers w hi c h e x hi bit s ur prisi n gl y l ar g e m a g ni-
t u d es o ut of s e v er al st a n d ar d d e vi ati o ns (K o v al e v a
et al. , 2 0 2 1 ; P u c c etti et al. , 2 0 2 2 ). I n Fi g. 1 ( b- e),
w e pl ot s o m e t y pi c al hist o gr a ms of w ei g ht/ a cti v a-
ti o n m a g nit u d es distri b uti o ns f or s o m e l a y ers i n T 5-
1 1 B m o d el. We r ef er " w ei g hts " as t h e pr etr ai n e d
p ar a m et ers, a n d " a cti v ati o ns " as t h e i nt er m e di at e
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( a)

( b) ( c)

( d) ( e)

Fi g ur e 1: ( a) T 5 a cti v ati o n o utli er m a g nit u d e b y l a y er d e pt h a n d m o d el si z e; ( b) A t y pi c al T 5- 1 1 B w ei g ht hist o gr a m
wit h o ut o utli ers; ( c) A T 5 L a y er- N or m w ei g ht γ hist o gr a m wit h o utli ers; ( d) A T 5- 1 1 B E n c o d er hi d d e n st at e
a cti v ati o n hist o gr a m wit h as y m m etri c o utli ers a n d m ulti pl e m o d es; ( e) A t y pi c al T 5- 1 1 B E n c o d er hi d d e n st at e
a cti v ati o n l o n g-t ail e d hist o gr a m wit h o utli ers u p t o a m a g nit u d e of 1 5 0 0 0 0. Y- a xis is l o g-s c al e d. E a c h of ( b- e) is a
hist o gr a m of w ei g ht/ a cti v ati o n m a g nit u d es wit hi n o n e l a y er. M or e s yst e m ati c pl ots ar e pr es e nt e d i n A p p e n di x E .

f e at ur es / hi d d e n st at es i n pr etr ai n e d Tr a nsf or m-
ers f or s o m e fi x e d t o k e ni z e d t e xt i n p ut, e. g. as i n
A p p e n di x F . S p e ci fi c all y, f or a cti v ati o ns, w e i n v es-
ti g at e t h e i nt er m e di at e pr es e nt ati o ns b et w e e n e a c h
Tr a nsf or m er bl o c k, as t h e p ur pl e b o x es i n Fi g. 3 :
F or a gi v e n l a y er l, w e d e n ot e h l,i ∈ R d m o d el f or t h e
i nt er m e di at e f e at ur e v e ct or of t h e i-t h t o k e n. F or
e a c h l a y er l, w e a n al y z e t h e a cti v ati o n m a g nit u d e
distri b uti o n of e a c h n e ur o n e ntr y i n t h e i nt er m e di-
at e f e at ur e v e ct ors f or all t o k e ns { h l,i} i= 1 ,··· , N .

I n Fi g. 1 ( a), w e a n al y z e a cti v ati o n o utli er s c al es
b y m o d el si z e r a n gi n g fr o m T 5- S m all ( 6 0 M) t o T 5-
1 1 B, b y E n c o d er/ D e c o d er, a n d b y l a y er d e pt h ( 0-t h
l a y ers ar e t o k e n e m b e d di n gs). Ar c hit e ct ur e d et ails
of t h es e m o d els ar e r e p ort e d i n A p p e n di x D . D e-
s pit e a r a pi d e m er g e n c e of G P T- 3 o utli ers at ar o u n d
t h e m o d el si z e of 6. 7 B f o u n d b y D ett m ers et al.
(2 0 2 2 ), h er e t h e pl ot s h o ws t h at t his gr o wt h pri m ar-
il y c o m es wit h t h e i n cr e asi n g l a y er d e pt h r at h er
t h a n m o d el si z e: F or a gi v e n m o d el si z e, o utli er
m a g nit u d es i n cr e as e b y l a y er d e pt h; W hil e fr o m
T 5- L ar g e t o T 5- 3 B a n d t o T 5- 1 1 B m o d el, t h e m a g-
nit u d e of o utli ers a ct u all y d e cr e as es as m o d el si z e
i n cr e as es, f or b ot h E n c o d er a n d D e c o d er st a c ks,
gi v e n t h at t h e 3 m o d els all h a v e t h e s a m e d e pt h of
2 4 + 2 4 l a y ers wit h diff er e nt d m o d el .

2. 2 E m e r g e nt O utli e r Di m e nsi o ns a r e S h a r e d
a c r oss L a y e rs i n T 5 a n d Fl a n- T 5 M o d els

I n t h e l ast s u bs e cti o n, w e s h o w t h at o utli ers wit h
s ur prisi n gl y l ar g e m a g nit u d es e m er g e i n pr etr ai n e d
l a n g u a g e m o d els, h er e w e f urt h er a n al y z e t h e p at-

t er ns of h o w t h es e o utli ers ar e str u ct ur e d t hr o u g h-
o ut t h e Tr a nsf or m ers. F or t h e i nt er m e di at e f e at ur e
v e ct ors f or all t o k e ns { h l,i} i= 1 ,··· , N ( p ur pl e b o x es
i n Fi g. 3 ) i n t h e l-t h l a y er, w e r ef er a " di m e nsi o n
# j " t o t h e j -t h e ntri es { h l,i, j } i= 1 ,··· , N of t h es e v e c-
t ors. Pr e vi o us w or k f o u n d t h at o utli er di m e nsi o ns
ar e s h ar e d a cr oss diff er e nt t o k e ns a n d l a y ers i n
E n c o d er- o nl y B E R T m o d els ( K o v al e v a et al. , 2 0 2 1 ;
P u c c etti et al. , 2 0 2 2 ) a n d i n D e c o d er- o nl y G P T- 3
m o d els l ar g er t h a n 6. 7 B ( D ett m ers et al. , 2 0 2 2 ), s o
w e c all a di m e nsi o n # j eit h er a n " o utli er di m e n-
si o n # j " ( gr e e n b o x i n Fi g. 3 ) or a " n o n- o utli er
di m e nsi o n # j " ( or a n g e b o x i n Fi g. 3 ). F or w ei g hts
i nst e a d of a cti v ati o ns, t h e y f o u n d t h at, f or a gi v e n
l a y er l, t h e j -t h w ei g ht o utli er di m e nsi o n γ l, j i n t h e
L a y er- N or m dir e ctl y c o n n e ct e d t o { h l,i, j } i= 1 ,··· , N

is cl os el y r el at e d t o t h e j -t h a cti v ati o n o utli er di-
m e nsi o n, as γ l, j d et er mi n es t h e m ulti pli c ati o n s c al e
of t h at a cti v ati o n di m e nsi o n:

B E R T : h l, i, j =
x l, i, j − u l, i

σ 2
l, i + ϵ

· γ l, j + β l, j ( 1)

T 5 : x l + 1 , i, j =
h l, i, j

σ 2
l, i + ϵ

· γ l, j ( 2)

w h er e x l,i, j d e n ot es t h e i nt er m e di at e f e at ur e wit hi n
t h e l-t h Tr a nsf or m er bl o c k ( bl u e b o x i n Fi g. 3 ); a n d
f or t h e l-t h bl o c k, (u l,i, σ2l,i) d e n ot e t h e m e a n a n d
v ari a n c e of a cti v ati o ns f or all di m e nsi o ns wit hi n
t h e i-t h t o k e n, (γ l, j , βl, j ) d e n ot e t h e l e ar n a bl e s c al e
a n d bi as p ar a m et ers f or e a c h di m e nsi o n j , a n d ϵ
d e n ot es a s m all n u m b er. N ot e t h at B E R T is of P ost-
L N ( P ost L a y er- N or m) st yl e, w hil e T 5 a n d G P T
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( a) ( b)

Fi g ur e 2: A v er a g e z er o-s h ot p erf or m a n c e of pr etr ai n e d T 5 a n d f urt h er i nstr u cti o n- fi n et u n e d Fl a n- T 5 b y m o d el si z e
a n d b y n u m b er of dis a bl e d o utli er/ n o n- o utli er di m e nsi o ns. F ull r es ults o n e a c h t as k wit h st a n d ar d err ors ar e r e p ort e d
i n Ta bl e 1 a n d i n A p p e n di x B . X- a xis is l o g-s c al e d f or b ot h s u b fi g ur es.

m o d els ar e of Pr e- L N st yl e; f or t h eir diff er e n c e, w e
r ef er r e a d ers t o Xi o n g et al. (2 0 2 0 ).

H er e, w e e xt e n d t h e fi n di n gs i n pr e vi o us w or k t o
E n c o d er- D e c o d er T 5 a n d t o i nstr u cti o n- fi n et u n e d
(O u y a n g et al. , 2 0 2 2 ; Wei et al. , 2 0 2 2 a ; S a n h et al. ,
2 0 2 2 ) Fl a n- T 5 (C h u n g et al. , 2 0 2 4 ) m o d els wit h
s o m e c orr e cti o n. B e c a us e of t h e cl os e r el ati o ns hi p
b et w e e n L a y er- N or m w ei g ht o utli ers a n d i nt er m e-
di at e a cti v ati o n o utli ers, f or e a c h l a y er l, w e i d e n-
tif y its o utli er di m e nsi o ns #j w h er e γ l, j is o ut of
3 st a n d ar d d e vi ati o ns ( 3-st d) of t h e distri b uti o n of
{ γ l, j } j = 1 ,··· , dm o d el

as i n P u c c etti et al. (2 0 2 2 ). We
r e p ort t h e f ull list of o bs er v e d o utli er di m e nsi o ns
# j gr o u p e d b y h o w m a n y ti m es t h e y ar e r e c o g ni z e d
as o utli er di m e nsi o ns a cr oss all t h e L l a y ers f or a
gi v e n Tr a nsf or m er i n A p p e n di x H , f or T 5- S m all
a n d Fl a n- T 5- S m all t o T 5- 1 1 B a n d Fl a n- T 5- X X L
m o d els. I n s h ort, w e fi n d t h at t h er e ar e s o m e c o m-
m o n o utli er di m e nsi o ns wit hi n eit h er t h e E n c o d er
or D e c o d er st a c k; b ut g e n er all y, t h e o utli er di m e n-
si o ns i n t h e E n c o d er st a c k ar e diff er e nt fr o m t h os e
di m e nsi o ns i n t h e D e c o d er st a c k. F or i nst a n c e,
di m # 5 5 0 is r e c o g ni z e d 2 3 ti m es as a n o utli er di-
m e nsi o n a cr oss all 2 4 D e c o d er l a y ers i n Fl a n- T 5
X X L; b ut is n e v er r e c o g ni z e d as a n o utli er di m e n-
si o n i n t h e E n c o d er l a y ers. T his mi g ht b e c a us e d b y
h o w r esi d u al c o n n e cti o n is i m pl e m e nt e d wit hi n a n d
a cr oss t h e E n c o d er/ D e c o d er st a c k. We als o fi n d
t h at D e c o d ers t e n d t o h a v e m or e o utli er di m e nsi o ns
t h a n E n c o d ers. N ot e t h at, d es pit e (D ett m ers et al. ,
2 0 2 2 ), w e als o o bs er v e s yst e mi c o utli er di m e nsi o ns
i n s m all m o d els: e. g., di m # 2 7 5 is r e c o g ni z e d 5
ti m es as a n o utli er di m e nsi o n a cr oss all 6 E n c o d er

l a y ers i n T 5- S m all.

2. 3 Z e r o-s h ot P e rf o r m a n c e of T 5 a n d Fl a n- T 5
M o d els wit h Dis a bl e d E m e r g e nt O utli e rs

A n ot h er d e fi ni n g c h ar a ct eristi cs f or o utli ers is t h eir
s ur prisi n gl y l ar g e c o ntri b uti o n t o m o d el p erf or-
m a n c e: m uti n g t h e o utli er di m e nsi o ns, w hi c h ar e
o nl y a v er y s m all pr o p orti o n of t ot al di m e nsi o ns,
h ar m p erf or m a n c e s eri o usl y ( K o v al e v a et al. , 2 0 2 1 ;
D ett m ers et al. , 2 0 2 2 ). We st u d y t his eff e ct m or e
s yst e m ati c all y at s c al e b y f a ct ors of diff er e nt n u m-
b er of dis a bl e d o utli er/ n o n- o utli er di m e nsi o ns, dif-
f er e nt m o d el si z e, a n d w h et h er or n ot t h e pr etr ai n e d
m o d el is f urt h er i nstr u cti o n- fi n et u n e d.

As s u p p ort e d b y pr e vi o us s u bs e cti o n t h at o ut-
li er di m e nsi o ns ar e s h ar e d a cr oss t o k e ns a n d l a y ers
wit hi n t h e E n c o d er or wit hi n t h e D e c o d er st a c k, w e
dis a bl e c o m m o n di m e nsi o ns wit hi n E n c o d er/ D e-
c o d er st a c k, b ut tr e at E n c o d er a n d D e c o d er i n d e-
p e n d e ntl y. T o dis a bl e di m # j , w e z er o o ut t h e
s c ali n g f a ct or f or t h e j -t h di m e nsi o n i n L a y er-
N or m f or all l a y ers f or pr etr ai n e d T 5 a n d f or pr e-
tr ai n e d a n d i nstr u cti o n- fi n et u n e d Fl a n- T 5 m o d els:
γ l, j ← 0 , l ∈ { 1 , · · · , L} ; As i n E q. (1 ), f or
m o d els i n T 5 f a mil y, t his will r es ult i n m uti n g
di m # j i n a cti v ati o ns f or all l a y ers a n d t o k e ns:
x l,i, j ← 0 , l ∈ { 2 , · · · , L} , i ∈ { 1 , · · · , N} . I n
Fi g. 2 a a n d i n Ta bl e 5 , w e first s ort t h e di m e nsi o ns
d e cr e asi n gl y b y h o w m a n y ti m es t h e y ar e r e c o g-
ni z e d as o utli er di m e nsi o ns a cr oss diff er e nt l a y ers
as i n A p p e n di x H , t h e n dis a bl e t h e first 4 o utli er
di m e nsi o ns f or T 5- S m all t o T 5- 1 1 B m o d els ( gr e e n
li n e); As c o ntr ol c o m p aris o ns, w e als o r a n d o ml y
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M o d el C o n fi g ur ati o n M N LI Q N LI R T E S S T- 2 A v g ( %)

Fl a n- T 5- S m all

f ull m o d el 0. 4 2 4 3 ± 0. 0 0 5 0 0. 7 4 0 3 ± 0. 0 0 5 9 0. 6 0 2 9 ± 0. 0 2 9 5 0. 8 7 2 7 ± 0. 0 1 1 3 6 6. 0 0

n o n- o utli er dis a bl e d: 4 di ms 0. 4 0 9 2 ± 0. 0 0 5 0 0. 7 2 1 9 ± 0. 0 0 6 1 0. 6 0 6 5 ± 0. 0 2 9 4 0. 8 7 0 4 ± 0. 0 1 1 4 6 5. 2 0
n o n- o utli er dis a bl e d: 2 0 di ms 0. 4 2 5 4 ± 0. 0 0 5 0 0. 6 7 2 0 ± 0. 0 0 6 4 0. 6 1 7 3 ± 0. 0 2 9 3 0. 8 6 8 1 ± 0. 0 1 1 5 6 4. 5 7
n o n- o utli er dis a bl e d: 1 0 0 di ms 0. 3 7 4 9 ± 0. 0 0 4 9 0. 7 0 9 5 ± 0. 0 0 6 1 0. 5 0 5 4 ± 0. 0 3 0 1 0. 8 2 3 4 ± 0. 0 1 2 9 6 0. 3 3
n o n- o utli er dis a bl e d: 2 5 6 di ms 0. 3 4 2 8 ± 0. 0 0 4 8 0. 5 1 0 2 ± 0. 0 0 6 8 0. 5 0 5 4 ± 0. 0 3 0 1 0. 5 4 5 9 ± 0. 0 1 6 9 4 7. 6 1

o utli er dis a bl e d: 4 di ms 0. 3 8 1 7 ± 0. 0 0 4 9 0. 6 0 6 1 ± 0. 0 0 6 6 0. 5 1 6 2 ± 0. 0 3 0 1 0. 8 5 0 9 ± 0. 0 1 2 1 5 8. 8 7
o utli er dis a bl e d: 2 0 di ms 0. 3 3 3 2 ± 0. 0 0 4 8 0. 5 2 6 6 ± 0. 0 0 6 8 0. 4 5 8 5 ± 0. 0 3 0 0 0. 6 7 0 9 ± 0. 0 1 5 9 4 9. 7 3
o utli er dis a bl e d: 1 0 0 di ms N o e n o u g h o utli ers -

Fl a n- T 5- B as e

f ull m o d el 0. 6 6 7 4 ± 0. 0 0 4 8 0. 8 7 7 4 ± 0. 0 0 4 4 0. 7 8 7 0 ± 0. 0 2 4 6 0. 9 2 3 2 ± 0. 0 0 9 0 8 1. 3 7

n o n- o utli er dis a bl e d: 4 di ms 0. 6 5 5 6 ± 0. 0 0 4 8 0. 8 7 7 2 ± 0. 0 0 4 4 0. 7 6 5 3 ± 0. 0 2 5 5 0. 9 2 0 9 ± 0. 0 0 9 1 8 0. 4 8
n o n- o utli er dis a bl e d: 2 0 di ms 0. 6 8 0 6 ± 0. 0 0 4 7 0. 8 7 4 1 ± 0. 0 0 4 5 0. 7 6 5 3 ± 0. 0 2 5 5 0. 9 1 8 6 ± 0. 0 0 9 3 8 0. 9 7
n o n- o utli er dis a bl e d: 1 0 0 di ms 0. 4 7 2 4 ± 0. 0 0 5 0 0. 8 3 3 6 ± 0. 0 0 5 0 0. 6 7 8 7 ± 0. 0 2 8 1 0. 8 9 9 1 ± 0. 0 1 0 2 7 2. 1 0
n o n- o utli er dis a bl e d: 3 8 4 di ms 0. 3 2 8 5 ± 0. 0 0 4 7 0. 5 1 3 5 ± 0. 0 0 6 8 0. 4 9 4 6 ± 0. 0 3 0 1 0. 6 5 9 4 ± 0. 0 1 6 1 4 9. 9 0

o utli er dis a bl e d: 4 di ms 0. 6 5 1 3 ± 0. 0 0 4 8 0. 7 9 4 8 ± 0. 0 0 5 5 0. 7 8 3 4 ± 0. 0 2 4 8 0. 9 1 9 7 ± 0. 0 0 9 2 7 8. 7 3
o utli er dis a bl e d: 2 0 di ms 0. 3 1 8 7 ± 0. 0 0 4 7 0. 5 0 5 4 ± 0. 0 0 6 8 0. 5 0 1 8 ± 0. 0 3 0 1 0. 8 6 4 7 ± 0. 0 1 1 6 5 4. 7 7
o utli er dis a bl e d: 1 0 0 di ms N o e n o u g h o utli ers -

Fl a n- T 5- L ar g e

f ull m o d el 0. 7 2 3 8 ± 0. 0 0 4 5 0. 9 0 4 3 ± 0. 0 0 4 0 0. 8 7 3 7 ± 0. 0 2 0 0 0. 9 4 0 4 ± 0. 0 0 8 0 8 6. 0 5

n o n- o utli er dis a bl e d: 4 di ms 0. 7 2 9 2 ± 0. 0 0 4 5 0. 9 0 5 0 ± 0. 0 0 4 0 0. 8 7 7 3 ± 0. 0 1 9 8 0. 9 3 8 1 ± 0. 0 0 8 2 8 6. 2 4
n o n- o utli er dis a bl e d: 2 0 di ms 0. 7 3 2 3 ± 0. 0 0 4 5 0. 8 9 6 0 ± 0. 0 0 4 1 0. 8 7 7 3 ± 0. 0 1 9 8 0. 9 4 1 5 ± 0. 0 0 8 0 8 6. 1 8
n o n- o utli er dis a bl e d: 1 0 0 di ms 0. 6 9 3 0 ± 0. 0 0 4 7 0. 8 7 2 0 ± 0. 0 0 4 5 0. 8 6 6 4 ± 0. 0 2 0 5 0. 9 3 3 5 ± 0. 0 0 8 4 8 4. 1 2
n o n- o utli er dis a bl e d: 5 1 2 di ms 0. 3 5 7 9 ± 0. 0 0 4 8 0. 4 9 4 6 ± 0. 0 0 6 8 0. 5 2 3 5 ± 0. 0 3 0 1 0. 6 1 1 2 ± 0. 0 1 6 5 4 9. 6 8

o utli er dis a bl e d: 4 di ms 0. 7 2 0 9 ± 0. 0 0 4 5 0. 9 0 3 3 ± 0. 0 0 4 0 0. 8 7 0 0 ± 0. 0 2 0 2 0. 9 4 1 5 ± 0. 0 0 8 0 8 5. 8 9
o utli er dis a bl e d: 2 0 di ms 0. 6 9 3 5 ± 0. 0 0 4 7 0. 9 0 7 4 ± 0. 0 0 3 9 0. 8 2 6 7 ± 0. 0 2 2 8 0. 9 3 0 0 ± 0. 0 0 8 6 8 3. 9 4
o utli er dis a bl e d: 1 0 0 di ms 0. 3 2 9 0 ± 0. 0 0 4 7 0. 5 3 1 2 ± 0. 0 0 6 8 0. 5 4 1 5 ± 0. 0 3 0 0 0. 5 8 0 3 ± 0. 0 1 6 7 4 9. 5 5

Fl a n- T 5- X L

f ull m o d el 0. 7 2 7 9 ± 0. 0 0 4 5 0. 9 4 2 2 ± 0. 0 0 3 2 0. 8 6 2 8 ± 0. 0 2 0 7 0. 9 4 7 2 ± 0. 0 0 7 6 8 7. 0 0

n o n- o utli er dis a bl e d: 4 di ms 0. 7 2 8 4 ± 0. 0 0 4 5 0. 9 4 2 2 ± 0. 0 0 3 2 0. 8 6 6 4 ± 0. 0 2 0 5 0. 9 4 8 4 ± 0. 0 0 7 5 8 7. 1 4
n o n- o utli er dis a bl e d: 2 0 di ms 0. 7 4 0 4 ± 0. 0 0 4 4 0. 9 4 1 1 ± 0. 0 0 3 2 0. 8 6 2 8 ± 0. 0 2 0 7 0. 9 4 8 4 ± 0. 0 0 7 5 8 7. 3 2
n o n- o utli er dis a bl e d: 1 0 0 di ms 0. 7 3 1 3 ± 0. 0 0 4 5 0. 9 3 7 8 ± 0. 0 0 3 3 0. 8 6 2 8 ± 0. 0 2 0 7 0. 9 4 7 2 ± 0. 0 0 7 6 8 6. 9 8
n o n- o utli er dis a bl e d: 5 1 2 di ms 0. 6 2 2 0 ± 0. 0 0 4 9 0. 8 9 3 5 ± 0. 0 0 4 2 0. 7 9 7 8 ± 0. 0 2 4 2 0. 9 2 5 5 ± 0. 0 0 8 9 8 0. 9 7

o utli er dis a bl e d: 4 di ms 0. 6 6 6 6 ± 0. 0 0 4 8 0. 9 0 5 4 ± 0. 0 0 4 0 0. 8 4 4 8 ± 0. 0 2 1 8 0. 9 4 6 1 ± 0. 0 0 7 7 8 4. 0 7
o utli er dis a bl e d: 2 0 di ms 0. 6 5 5 3 ± 0. 0 0 4 8 0. 8 9 5 1 ± 0. 0 0 4 1 0. 8 4 1 2 ± 0. 0 2 2 0 0. 9 3 9 2 ± 0. 0 0 8 1 8 3. 2 7
o utli er dis a bl e d: 1 0 0 di ms 0. 3 3 0 7 ± 0. 0 0 4 7 0. 5 0 5 9 ± 0. 0 0 6 8 0. 4 9 8 2 ± 0. 0 3 0 1 0. 6 7 4 3 ± 0. 0 1 5 9 5 0. 2 3

Fl a n- T 5- X X L

f ull m o d el 0. 7 4 6 2 ± 0. 0 0 4 4 0. 9 2 7 9 ± 0. 0 0 3 5 0. 8 9 8 9 ± 0. 0 1 8 1 0. 9 5 8 7 ± 0. 0 0 6 7 8 8. 2 9

n o n- o utli er dis a bl e d: 4 di ms 0. 7 4 6 7 ± 0. 0 0 4 4 0. 9 2 8 8 ± 0. 0 0 3 5 0. 8 9 8 9 ± 0. 0 1 8 1 0. 9 5 8 7 ± 0. 0 0 6 7 8 8. 3 3
n o n- o utli er dis a bl e d: 2 0 di ms 0. 7 4 4 5 ± 0. 0 0 4 4 0. 9 2 5 9 ± 0. 0 0 3 5 0. 8 9 5 3 ± 0. 0 1 8 4 0. 9 5 7 6 ± 0. 0 0 6 8 8 8. 0 8
n o n- o utli er dis a bl e d: 1 0 0 di ms 0. 7 2 4 3 ± 0. 0 0 4 5 0. 9 3 0 3 ± 0. 0 0 3 4 0. 8 9 5 3 ± 0. 0 1 8 4 0. 9 5 8 7 ± 0. 0 0 6 7 8 7. 7 2
n o n- o utli er dis a bl e d: 5 1 2 di ms 0. 7 5 2 2 ± 0. 0 0 4 4 0. 9 1 5 4 ± 0. 0 0 3 8 0. 8 8 0 9 ± 0. 0 1 9 5 0. 9 5 7 6 ± 0. 0 0 6 8 8 7. 6 5

o utli er dis a bl e d: 4 di ms 0. 6 9 9 4 ± 0. 0 0 4 6 0. 9 2 2 6 ± 0. 0 0 3 6 0. 8 9 5 3 ± 0. 0 1 8 4 0. 9 5 8 7 ± 0. 0 0 6 7 8 6. 9 0
o utli er dis a bl e d: 2 0 di ms 0. 7 0 3 0 ± 0. 0 0 4 6 0. 9 2 4 8 ± 0. 0 0 3 6 0. 8 8 8 1 ± 0. 0 1 9 0 0. 9 5 9 9 ± 0. 0 0 6 7 8 6. 9 0
o utli er dis a bl e d: 1 0 0 di ms 0. 6 5 1 8 ± 0. 0 0 4 8 0. 9 1 0 5 ± 0. 0 0 3 9 0. 8 1 9 5 ± 0. 0 2 3 2 0. 9 5 3 0 ± 0. 0 0 7 2 8 3. 3 7

Ta bl e 1: D et ail e d z er o-s h ot p erf or m a n c e o n e a c h e v al u ati o n d at as et wit h st a n d ar d err or of pr etr ai n e d a n d i nstr u cti o n-
fi n et u n e d Fl a n- T 5 m o d els ( C h u n g et al. , 2 0 2 4 ) b y m o d el si z e a n d b y o ur i nt er v e nti o ns wit h diff er e nt n u m b ers of
dis a bl e d o utli er/ n o n- o utli er di m e nsi o ns. We s o m eti m es o bs er v e e v e n b ett er p erf or m a n c e of t h e m o d els w h e n s o m e
of t h eir n o n- o utli er di m e nsi o ns ar e dis a bl e d t h a n t h e f ull m o d els, es p e ci all y f or t h e l ar g er m o d els.

dis a bl e 4 n o n- o utli er di m e nsi o ns ( or a n g e li n e) i n-
st e a d. I n Fi g. 2 b a n d i n Ta bl e 1 , w e s ort a n d dis a bl e
t h e first 4 / 2 0 / 1 0 0 o utli er di m e nsi o ns f or Fl a n- T 5-
S m all t o Fl a n- T 5- X X L m o d els, or dis a bli n g s a m e
or m or e n o n- o utli er di m e nsi o ns i nst e a d. If t h er e
ar e n ot e n o u g h o utli ers i n eit h er E n c o d er or D e-
c o d er o ut of 3-st d i n m a g nit u d es, w e o nl y dis a bl e
t h os e o ut of 3-st d. We e v al u at e a n d pl ot t h e a v er-
a g e z er o-s h ot p erf or m a n c e of t h es e m o d els wit h
i nt er v e nti o ns o v er s e v er al l a n g u a g e u n d erst a n di n g

t as ks i n Fi g. 2 . We m e as ur e m o d el p erf or m a n c e
b y El e ut h er AI l a n g u a g e m o d el e v al u ati o n h ar n ess
(G a o et al. , 2 0 2 3 ).

Fi g ur e 2 a a n d Ta bl e 5 s h o w t h at, w h e n dis a bl e d
o nl y 4 o utli er di m e nsi o ns ( gr e e n), T 5 m o d els of all
si z es p erf or m si g ni fi c a ntl y w ors e t h a n f ull m o d el
( bl u e). M e a n w hil e, dis a bli n g t h e s a m e n u m b er
of n o n- o utli er di m e nsi o ns ( or a n g e) d o n ot m a k e
si g ni fi c a nt diff er e n c e i n z er o-s h ot p erf or m a n c e f or
all m o d el si z es. B esi d es, ali g ni n g wit h D ett m ers
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et al. (2 0 2 2 ), t his p erf or m a n c e d e gr a di n g p h e n o m-
e n a e m er g es es p e ci all y f or v er y l ar g e m o d els: dis-
a bli n g o nl y 4 o ut of 1 0 2 4 t ot al di m e nsi o ns ( o nl y
1 9 2 of its t ot al 1 1 B p ar a m et ers) i n T 5- 1 1 B r es ults
i n a 1 4. 7 % a bs ol ut e p erf or m a n c e dr o p fr o m t h e f ull
m o d el. Fi g ur e 2 b a n d Ta bl e 1 f urt h er s h o w t h at,
m uti n g o utli er di m e nsi o ns ( gr e e n) hi n d er t h e p erf or-
m a n c e of Fl a n- T 5 m o d els si g ni fi c a ntl y m or e t h a n
dis a bli n g t h e s a m e n u m b er of n o n- o utli er di m e n-
si o ns ( or a n g e), f or all m o d el si z es a n d f or diff er e nt
n u m b ers of dis a bli n g di m e nsi o ns. N ot e t h at, i n
c o ntr ast t o t h e fi n di n gs o n T 5 m o d els a n d d es pit e
D ett m ers et al. (2 0 2 2 ), f or i nstr u cti o n- fi n et u n e d
Fl a n- T 5 m o d els, l ar g er m o d els li k e Fl a n- T 5- X X L
ar e r el ati v el y l ess s e nsiti v e t o o utli ers t h a n s m all er
m o d els. F urt h er m or e, Fl a n- T 5- X X L is v er y r o b ust
t o n o n- o utli ers: dis a bli n g 5 1 2 n o n- o utli er di m e n-
si o ns i n Fl a n- T 5- X X L o nl y dr o ps its p erf or m a n c e
b y 0. 6 4 %.

3 Distilli n g Tr a nsf o r m e rs: B a c k g r o u n d

F or distilli n g Tr a nsf or m ers, L P R E D , L A T T , a n d
L HI D ar e c o m m o nl y a p pli e d t o tr a nsf er k n o wl e d g e
fr o m t h e t e a c h er t t o t h e st u d e nt s . T h e pr e di c-
ti o n l o gits distill ati o n l oss L P R E D mi ni mi z es t h e
di v er g e n c e b et w e e n t h e s oft r es p o ns e fr o m t a n d
s : L P R E D = C E (z s / τ d , z t / τ d ), w h er e τ d d e n ot es
t h e t e m p er at ur e, z s a n d z t r ef er t o t h e cl assi fi c ati o n
l o gits ( c o m m o nl y o v er t h e t o k e ns i n v o c a b ul ar y)
fr o m s a n d t, a n d C E d e n ot es Cr oss E ntr o p y, i. e.

p j =
e x p ( z j / τ d )

k e x p ( z k / τ d ) a n d L P R E D = j p t
j · l o g (p s

j ).

T h e att e nti o n m a p distill ati o n l oss L A T T mi ni-
mi z es t h e a v er a g e M e a n S q u ar e d Err or ( M S E) b e-
t w e e n t h e att e nti o n m atri c es of e a c h h e a d of t a n d
s : L A T T = 1

H
H
h = 1 M S E (A s

h , A t
h ) (Ji a o et al. ,

2 0 2 0 a ), w h er e H d e n ot es t h e n u m b er of att e nti o n
h e a ds, A h ∈ R N × N d e n ot es t h e att e nti o n m a p
of t h e h -t h h e a d, a n d N r ef ers t o t h e s e q u e n c e
l e n gt h of t o k e ns. T h e i nt er m e di at e r e pr es e nt ati o n
distill ati o n l oss L HI D mi ni mi z es t h e di v er g e n c e b e-
t w e e n t h e hi d d e n st at e m atri c es f or e a c h Tr a ns-
f or m er bl o c k, as i n E q. (3 ), a n d w e will i n v esti g at e
t his l oss b y o utli er or n o n- o utli er di m e nsi o ns.

4 E m e r g e nt O utli e r F o c us e d Distill ati o n

We h a v e j ust s h o w n t h at diff er e nt r e pr es e nt ati o n di-
m e nsi o ns i n pr etr ai n e d l a n g u a g e m o d els d o n ot c o n-
tri b ut e e q u all y t o p erf or m a n c e: M uti n g t h e o utli er
di m e nsi o ns h ar m p erf or m a n c e si g ni fi c a ntl y, w hil e
dis a bli n g as m u c h as 5 1 2 n o n- o utli er di m e nsi o ns
d o n ot f or Fl a n- T 5- X X L. T h er ef or e, w h e n distill-

i n g i nt er m e di at e r e pr es e nt ati o ns, w e pr o p os e t o
f o c us o n t h es e m or e i m p ort a nt o utli er di m e nsi o ns
a n d p a y r el ati v el y l ess att e nti o n t o t h e n o n- o utli er
di m e nsi o ns.

F or n ot ati o n cl arit y, w e c o nsi d er f or a si n gl e
d at a s a m pl e ( n ot b at c h e d) u nl ess s p e ci fi e d ot h er-
wis e. As i n Fi g. 3 , f or t h e l-t h l a y er, d e n ot e H t

l ∈
R N × d t f or t h e t e a c h er’s r e pr es e nt ati o ns c o m pris e d
of { (h t

l,i)
T } i= 1 ,··· , N , a n d d e n ot e H s

l ∈ R N × d s f or
t h e st u d e nt’s. C o n v e nti o n al i nt er m e di at e r e pr es e n-
t ati o n distill ati o n l oss c o m p ut es t h e M e a n S q u ar e d
Err or ( M S E) as b el o w, w h er e W pr oj ∈ R d s × d t is
a l e ar n a bl e pr oj e cti o n fr o m t h e st u d e nt’s hi d d e n
s p a c e t o t h e t e a c h er’s:

L HI D =

L

l= 1

M S E (H s
l W

pr oj , H t
l ) ( 3)

We pr o p os e t o c o m p ut e a w ei g ht e d M S E l oss,
t h e E m er g e nt O utli er F o c us e d Distill ati o n l oss
L E O F D , i nst e a d, w ei g hti n g m or e o n t h e o utli er di-
m e nsi o ns a n d w ei g hti n g l ess o n ot h er di m e nsi o ns,
r e c o g ni z e d b y t h e st a n d ar d d e vi ati o ns of a cti v ati o ns
of t h es e di m e nsi o ns i n t h e t e a c h er:

L E O F D =
1

N d t

L

l = 1

d t

j = 1

w e of d
l, j

N

i = 1

( H s
l W pr oj ) i j − ( H t

l ) i j
2

( 4)

w h er e (X ) i j ∈ R d e n ot es t h e e ntr y of t h e i-t h
r o w a n d t h e j -t h c ol u m n i n a m atri x X ; a n d f or
t h e l-t h l a y er, f or e a c h t e a c h er hi d d e n di m e nsi o n
# j ∈ { 1 , · · · , dt } , its e m er g e nt o utli er f o c us e d dis-
till ati o n w ei g ht w e of d

l, j ∈ R is d et er mi n e d b y t h e a c-
ti v ati o n st a n d ar d d e vi ati o ns (st d) of t h at di m e nsi o n.
Di m e nsi o ns wit h l ar g er st d ar e assi g n e d wit h l ar g er
w ei g hts a n d vi c e v ers a. N ot e t h at as i n E q. ( 1 ),
a di m e nsi o n # j wit h a l ar g e st d i n a cti v ati o ns is
cl os el y r el at e d t o a l ar g e s c al e f a ct or of t h at di m e n-
si o n # j i n L a y er- N or m: γ l, j ; a n d w e h a v e s h o w n i n
t h e pr e vi o us s e cti o n t h at t h es e ki n d of di m e nsi o ns
c o ntri b ut e m or e t o m o d el p erf or m a n c e. F or m all y,
w e c o m p ut e w e of d

l, j as f oll o ws:
F or a gi v e n l a y er l, w e first c o m p ut e t h e a cti v a-

ti o n st a n d ar d d e vi ati o n σ l, j f or e a c h t e a c h er hi d-
d e n di m e nsi o n # j . σ l, j is c o m p ut e d a cr oss all t h e
t o k e ns i n t h e s e q u e n c e a n d a cr oss all t h e d at a i n-
st a n c es i n t h e mi ni- b at c h: σ l, j = σ ({ ( b H t

l ) i, j |i ∈
{ 1 , · · · , N} , b ∈ { 1 , · · · , b at c h si z e } } ).

T o c o m p ut e w e of d
l, j , w e n or m ali z e σ l, j b y di vi di n g

it b y t h e m e a n of t h es e st a n d ar d d e vi ati o ns f or t h e
gi v e n l a y er l, s o t h at t h e n or m ali z e d σ l, j f or a gi v e n
l a y er l h as a m e a n of 1 . We t h e n r ais e its q u oti e nt
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Tr a n sf or m er Bl o c k 2
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 W pr oj )T  (H t

1 )T

O utli er- F o c u s e d

W ei g ht e d M S E L o s s

l ar g er w ei g ht w1, 3 0 8  o n o utli er di m # 3 0 8
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Fi g ur e 3: A n ill ustr ati o n of t h e pr o p os e d E m er g e nt O utli er F o c us e d Distill ati o n m et h o d.

t o t h e p o w er of p t o t u n e t h e str e n gt h of w ei g hti n g.
We us e p ∈ { 0 .5 , 1 } f or o ur e x p eri m e nts. N ot e t h at
w h e n p = 0 , wit h u nif or m w ei g hti n g of w e of d

l, j ≡ 1 ,
t h e E O F D l oss i n E q. (4 ) will b e d e gr a d e d t o t h e
v a nill a M S E l oss i n E q. ( 3 ):

w e of d
l, j =

σ l, j

d t
k = 1 σ l, k/ d t

p
( 5)

We pr o vi d e P y T or c h ( P as z k e et al. , 2 0 1 9 ) c o d e
f or t h e pr o p os e d E O F D l oss i n A p p e n di x I.

5 E x p e ri m e nts o n E O F D

We distill B E R T ( D e vli n et al. , 2 0 1 9 ), G P T- 2 (R a d-
f or d et al., 2 0 1 9 ) a n d T 5 (R a df or d et al. , 2 0 1 9 )
m o d els a n d e v al u at e o n t h e G e n er al L a n g u a g e U n-
d erst a n di n g E v al u ati o n ( G L U E) ( Wa n g et al. , 2 0 1 9 )
b e n c h m ar k. We r e p ort m o d el ar c hit e ct ur es a n d
d at as et d et ails i n A p p e n di x D .

5. 1 Distilli n g B E R T o n t h e G L U E b e n c h m a r k

F or f air c o m p aris o n wit h st at e- of-t h e- art k n o wl-
e d g e distill ati o n m et h o ds, w e first distill B E R T-
b as e ( D e vli n et al. , 2 0 1 9 ) t o a 6-l a y er s m all B E R T
m o d el E O F D- B E R T 6 a n d a 4-l a y er ti n y B E R T
m o d el E O F D- B E R T 4 o n t h e G L U E b e n c h m ar k.
We b uil d o ur c o d e u p o n Ti n y B E R T ( Ji a o et al. ,
2 0 2 0 a ) 1 . We i niti at e o ur st u d e nt m o d els wit h
t h eir pr etr ai n e d p ar a m et ers a n d c o n d u ct fi n et u n-
i n g distill ati o n wit h o ur pr o p os e d E O F D m et h o d.
I n fi n et u ni n g distill ati o n, w e a d o pt t h e s a m e d at a
pr e- pr o c essi n g a n d t w o-st e p distill ati o n pi p eli n e as
i n Ti n y B E R T. As t h e m, i n t h e first st e p, w e dis-
till t h e i nt er m e di at e r e pr es e nt ati o ns b y a p pl yi n g
t h e att e nti o n- m a p distill ati o n l oss L A T T a n d o ur
pr o p os e d l oss L E O F D o n all st u d e nt l a y ers ( all p ur-
pl e b o x es i n Fi g. 3 ). N ot e t h at B E R T- b as e h as
1 2 l a y ers, s o as Ji a o et al. (2 0 2 0 a ), w e distill t h e

1 htt ps:// git h u b. c o m/ h u a w ei- n o a h/ Pr etr ai n e d- L a n g u a g e-
M o d el/tr e e/ m ast er/ Ti n y B E R T

# { 2 , 4 , 6 , 8 , 1 0 , 1 2 } l a y ers i n t h e t e a c h er t o t h e 6
l a y ers i n E O F D- B E R T6 r es p e cti v el y, a n d distill
t h e #{ 3 , 6 , 9 , 1 2 } l a y ers t o t h e 4 l a y ers i n E O F D-
B E R T 4 r es p e cti v el y. We als o distill t h e t o k e n e m-
b e d di n g l a y er, as i n Ji a o et al. (2 0 2 0 a ), wit h L E O F D .
I n t h e s e c o n d st e p, w e distill t h e pr e di cti o n l o g-
its b y a p pl yi n g L P R E D t o m at c h t h e fi n al o ut p ut
l o gits b et w e e n t e a c h ers a n d st u d e nts. As i n Li a n g
et al. (2 0 2 3 a ), o n t h e ti n y d at as ets of R T E, M R P C,
a n d S T S- B, w e i niti at e o ur m o d els fr o m o ur M N LI
st e p- 1 fi n et u n e d m o d els. We r e p ort f urt h er d et ails
f or tr ai ni n g o ur t e a c h er a n d st u d e nt m o d els, e. g.
h y p er- p ar a m et ers, s e e ds, h ar d w ar e pl atf or ms, et c.
i n A p p e n di x G . We c o m p ar e wit h b as eli n e m o d els
a n d r e c e nt st at e- of-t h e- art k n o wl e d g e distill ati o n
m et h o ds of t h e t w o st u d e nt si z e s etti n gs i n Ta bl e 2 .
We r e p ort t h e p erf or m a n c e of S a n h et al. (2 0 1 9 ),
Wa n g et al. (2 0 2 0 a ), Wa n g et al. (2 0 2 1 ), Li a n g et al.
(2 0 2 3 a ) as w as r e p ort e d i n Li a n g et al. (2 0 2 3 a ). O ur
distill e d m o d els o ut p erf or m st at e- of-t h e- art p erf or-
m a n c e b y a l ar g e m ar gi n i n a v er a g e s c or e a n d o n
m ost of t h e d at as ets i n di vi d u all y f or b ot h st u d e nt
si z e s etti n gs.

5. 2 A n al ysis a n d A bl ati o n o n B E R T

We first a n al y z e o ur o utli er-f o c us e d distill ati o n
w ei g hts w e of d

l, j i n E q. (5 ) f or t h e B E R T distill a-
ti o n e x p eri m e nts i n t h e pr e vi o us s u bs e cti o n. Ta k e
t h e fi n al l a y er l = 6 f or i nst a n c e, as e x p e ct e d,
t h e pr o p os e d m et h o d f o c us es m or e o n distilli n g
t h e o utli er di m e nsi o ns: di m # 3 0 8, # 3 8 1, # 2 5 1,
# 5 3 9 ar e assi g n e d wit h t h e l ar g est w ei g hts w e of d

6 , j

of 8 .4 2 , 1 .6 1 , 1 .5 8 , 1 .5 8 , r es p e cti v el y; d u e t o t h e
l ar g est st a n d ar d d e vi ati o ns σ 6 , j of a cti v ati o n m a g-
nit u d es of t h es e di m e nsi o ns: 5 .0 4 , 0 .9 6 , 0 .9 5 , 0 .9 4 ,
c o m p ar e d wit h t h e m e di u m st d of all di m e nsi o ns
ar o u n d 0 .5 8 . T his als o ali g ns wit h t h e r e p ort e d
B E R T- b as e o utli er di m e nsi o ns of # 3 0 8 a n d # 3 8 1 i n
K o v al e v a et al. (2 0 2 1 ); P u c c etti et al. (2 0 2 2 ).
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B E R T M o d els ( D e vli n et al. , 2 0 1 9 )
P ar a ms M N LI Q Q P  Q N LI S S T- 2  C o L A  R T E  M R P C S T S- B A v g

( M) A c c ( m/ m m)  A c c/ F 1  A c c  A c c  A c c  A c c  A c c/ F 1 P/ S S c or e

B E R T- b as e (t e a c h er) 1 0 9 8 4. 6/ 8 5. 1 9 1. 3/ 8 8. 2 9 1. 8 9 3. 2 5 9. 1 8 1. 6 8 9. 2/ 9 2. 3 8 9. 3/ 8 9. 0 8 5. 0

Distil B E R T 6 (S a n h et al. , 2 0 1 9 ) 6 6 8 2. 4/ 8 2. 5 9 0. 4/ 8 7. 1 8 9. 2 9 0. 9 5 3. 5 7 5. 5 8 6. 5/ 9 0. 5 8 7. 9/ 8 7. 8 8 2. 1
T i n y B E R T6 - G D (Ji a o et al. , 2 0 2 0 a ) 6 6 8 3. 5/- 9 0. 6/- 9 0. 5 9 1. 6 4 2. 8 7 7. 3 8 8. 5/ 9 1. 6 8 9. 0/ 8 8. 9 8 1. 9
T i n y B E R T6 - G D + T D (Ji a o et al. , 2 0 2 0 a ) 6 6 8 4. 5/ 8 4. 5 9 1. 1/ 8 8. 0 9 1. 1 9 3. 0 5 4. 0 7 3. 4 8 6. 3/ 9 0. 6 9 0. 1 / 8 9. 6 8 3. 0
Mi ni L M 6 (Wa n g et al. , 2 0 2 0 a ) 6 6 8 4. 0/- 9 1. 0/- 9 1. 0 9 2. 0 4 9. 2 - -/- -/- -
Mi ni L M v 2 6 (Wa n g et al. , 2 0 2 1 ) 6 6 8 4. 0/- 9 1. 1/- 9 0. 8 9 2. 4 5 2. 5 7 8. 0 8 8. 7/ 9 2. 0 8 9. 3/ 8 9. 2 8 3. 6
H o m o B E R T- b as e ( Li a n g et al. , 2 0 2 3 a ) [I C L R] 6 5 8 4. 2/ 8 4. 3 9 1. 2/ 8 7. 9 9 0. 7 9 2. 7 5 5. 9 7 7. 6 8 9. 0 / 9 1. 9 8 9. 5/ 8 9. 2 8 3. 8
T E D- B E R T 6 (Li a n g et al. , 2 0 2 3 b ) [I C M L] 6 6 8 3. 4/ 8 4. 0 -/- - 9 1. 7 - 6 8. 8 -/- -/- -
S K D B E R T 6 (Di n g et al. , 2 0 2 3 a ) [ A A AI] 6 6 8 4. 1/ 8 3. 7 9 1. 0/ 8 7. 9 9 1. 4 9 2. 9 - 7 5. 5 8 9. 0 /9 2. 1 8 9. 2/ 8 8. 7 -
A D- K D (W u et al. , 2 0 2 3 b ) [ A C L] 6 6 8 3. 4/ 8 4. 2 9 1. 2/- 9 1. 2 9 1. 9 5 8. 3 7 0. 9 -/ 9 1. 2 8 9. 2/- 8 3. 5
WI D (W u et al. , 2 0 2 4 b ) [ N A A C L] 5 5 8 2. 9/- 9 1. 0/- 9 0. 1 9 2. 4 6 1. 7 7 0. 4 8 8. 2/- 8 7. 9/- -

O u rs E O F D- B E R T 6 6 6 8 4. 9 /8 5. 2 9 1. 5 /8 8. 7 9 1. 7 9 2. 3 5 6. 3 8 0. 1 8 8. 5/ 9 1. 9 8 9. 9/ 8 9. 7 8 4. 4

B E R T-s m all ( D e vli n et al. , 2 0 1 9 ) 2 8. 6 7 8. 8/ 7 8. 9 8 9. 9/ 8 6. 5 8 7. 0 8 8. 2 3 6. 1 7 0. 8 8 5. 8/ 9 0. 1 8 7. 7/ 8 7. 7 7 8. 1
Mi ni L M 3 (Wa n g et al. , 2 0 2 0 a ) 1 7. 0 7 8. 8/- 8 8. 8/ 8 5. 0 8 4. 7 8 9. 3 1 5. 8 6 6. 4 8 1. 9/ 8 8. 2 8 5. 4/ 8 5. 5 7 4. 1
T i n y B E R T4 - G D (Ji a o et al. , 2 0 2 0 a ) 1 4. 5 8 0. 4/ 8 0. 9 8 8. 7/ 8 5. 3 8 5. 7 8 9. 7 1 8. 6 7 1. 1 8 4. 6/ 8 9. 1 8 7. 0/ 8 7. 2 7 5. 8
T i n y B E R T4 - G D + T D (Ji a o et al. , 2 0 2 0 a ) 1 4. 5 8 2. 8 / 8 2. 9 -/- - - 5 0. 8 - 8 5. 8/- -/- -
H o m o B E R T-ti n y ( Li a n g et al. , 2 0 2 3 a ) [I C L R] 1 4. 1 8 1. 2/ 8 1. 3 8 9. 9/ 8 6. 6 8 7. 8 9 0. 1 3 7. 0 7 0. 8 8 7. 3/ 9 0. 7 8 7. 6/ 8 7. 5 7 9. 0
H o m o B E R T- xs m all ( Li a n g et al. , 2 0 2 3 a ) [I C L R] 1 5. 6 8 1. 5/ 8 1. 8 9 0. 0/ 8 6. 7 8 8. 0 9 0. 3 4 0. 8 7 1. 5 8 7. 7/ 9 1. 0 8 8. 3/ 8 8. 0 7 9. 8

O u rs E O F D- B E R T 4 1 4. 5 8 2. 6/ 8 3. 1 9 0. 6 /8 7. 5 8 9. 3 9 2. 2 3 8. 2 7 6. 9 8 8. 4 / 9 1. 9 8 8. 4 / 8 8. 2 8 0. 9

Ta bl e 2: Distill ati o n b e n c h m ar k p erf or m a n c e of B E R T m o d els o n G L U E t est- d e v s et.

Fi g ur e 4: A bl ati o n o n B E R T 4 wit h d m o d el = 3 1 2 , o nl y
distilli n g di m e nsi o ns wit h l ar g est or s m all est σ l, j .

We als o vis u ali z e t h e r e pr es e nt ati o n a cti v ati o n
hist o gr a ms of o ur distill e d E O F D- B E R T 6 m o d el
o n t h e M N LI d at as et, i n c o m p aris o n wit h t h at of
t h e Ti n y B E R T (Ji a o et al. , 2 0 2 0 a ) distill e d B E R T6
m o d el i n A p p e n di x C . T h e a cti v ati o n hist o gr a m
of o ur distill e d m o d el e x hi bits a m or e l o n g-t ail e d
distri b uti o n wit h s o m e o utli ers.

A n ot h er q u esti o n is t h at, if t h e o utli er di m e n-
si o ns c o ntri b ut e m u c h m or e t o p erf or m a n c e t h a n
n o n- o utli er di m e nsi o ns, a n d if w ei g hti n g t h e o ut-
li ers m or e w hil e distilli n g c a n b o ost p erf or m a n c e,
t h e n h o w will it p erf or m if w e o nl y distill t h e o ut-
li er di m e nsi o ns or o nl y distill t h e n o n- o utli er di-
m e nsi o ns ? T o a ns w er t his, w e c o n d u ct a n ot h er
a bl ati o n i n Fi g. 4 . I n t h e gr e e n li n e, f or e a c h l a y er
l, w e o nl y distill t h e r e pr es e nt ati o n di m e nsi o ns
{ j |σ l, j > α } wit h t h e l ar g est x ( %) st a n d ar d d e vi a-

ti o n σ l, j a m o n g all di m e nsi o ns; w hil e i n t h e or a n g e
li n e, w e o nl y distill t h e di m e nsi o ns { j |σ l, j < β }
wit h t h e s m all est x ( %) st d. T h e X- a xis r e pr es e nts
t h e t hr es h ol d r ati o x . W h e n x = 0 .0 w e d o n ot
distill a n y di m e nsi o n, a n d w h e n x = 1 .0 w e dis-
till all di m e nsi o ns. N o w ei g hti n g is a p pli e d i n t h e
M S E l oss, s o e a c h di m e nsi o n is tr e at e d e q u all y. We
al w a ys a p pl y L P R E D a n d d o n ot a p pl y L A T T i n t his
a bl ati o n. We a bl at e o n t h e S S T- 2 ( S o c h er et al. ,
2 0 1 3 ) d at as et, k e e p ot h er s etti n gs t h e s a m e as i n
t h e pr e vi o us s u bs e cti o n, a n d r e p ort t h e t est- d e v a c-
c ur a c y. Fi g. 4 s h o ws t h at ( x = 0 .0 5 , gr e e n): o nl y
distilli n g 5 % of t h e di m e nsi o ns wit h t h e l ar g est
st a n d ar d d e vi ati o ns (t h e o utli er di m e nsi o ns) c a n r e-
c o v er m ost of t h e distilli n g p erf or m a n c e; w hil e dis-
tilli n g t h e s a m e n u m b er of n o n- o utli er di m e nsi o ns
(x = 0 .0 5 , or a n g e) d o n ot b o ost p erf or m a n c e. B e-
si d es, distilli n g di m e nsi o ns wit h l ar g er st d ( gr e e n)
c o nsist e ntl y o ut p erf or ms distilli n g a s a m e n u m b er
of di m e nsi o ns wit h s m all er st d ( or a n g e).

5. 3 G e n e r ali z ati o n a n d A bl ati o n o n Distilli n g
G P T- 2 a n d T 5 M o d els

T o e v al u at e h o w o ur pr o p os e d m et h o d g e n er ali z es
t o ot h er m o d el f a mili es a n d f or f urt h er a bl ati o n, w e
als o distill t h e D e c o d er- o nl y G P T- 2- m e di u m ( R a d-
f or d et al., 2 0 1 9 ) t o G P T- 2 a n d distill t h e E n c o d er-
D e c o d er T 5- b as e ( R aff el et al. , 2 0 2 0 ) t o T 5-s m all
o n s e v er al d at as ets i n t h e G L U E b e n c h m ar k. We
a bl at e o n t h e eff e ct of gr o u n d-tr ut h ( G T) s u p er vi-
si o n wit h o ut distill ati o n, pr e di cti o n l o gits distill a-
ti o n L P R E D , c o n v e nti o n al hi d d e n st at e distill ati o n
L HI D , o ur pr o p os e d L E O F D , a n d t h e eff e ct of pr o x y
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G P T - 2 (R a df or d et al. , 2 0 1 9 )
P ar a ms G T L P R E D L HI D L E O F D L N- K D P T- K D M N LI A c c  Q Q P  Q N LI  C o L A A v g

( M) ( O urs) ( O urs) ( O urs) m m m  A c c F 1  A c c  A c c S c or e

G P T - 2- m e di u m (t e a c h er) 3 4 5 ✓ 8 4. 6 8 5. 3 9 1. 0 8 8. 1 9 0. 4 5 2. 9 7 9. 4

G P T - 2 1 1 7 ✓ 8 1. 6 8 2. 4 8 9. 7 8 6. 3 8 7. 4 4 1. 9 7 4. 8
G P T - 2 r e p ort e d b y Li et al. (2 0 2 1 ) 1 1 7 ✓ 8 2. 3 - 8 9. 5 - 8 8. 6 4 3. 2 -
Distill e d G P T- 2 1 1 7 ✓ 8 1. 8 8 2. 9 9 0. 0 8 6. 8 8 9. 0 4 3. 7 7 5. 9
Distill e d G P T- 2 1 1 7 ✓ ✓ 8 2. 4 8 2. 9 9 0. 3 8 7. 1 8 8. 9 4 3. 7 7 6. 0
Distill e d G P T- 2 w/ o ur E O F D 1 1 7 ✓ ✓ 8 3. 0 8 3. 1 9 0. 4 8 7. 2 8 8. 8 4 4. 2 7 6. 2
Distill e d G P T- 2 w/ o ur E O F D 1 1 7 ✓ ✓  ✓ 8 3. 2 8 3. 6 9 0. 5 8 7. 3 8 9. 4 4 4. 7 7 6. 6
Distill e d G P T- 2 w/ o ur E O F D 1 1 7 ✓ ✓  ✓  ✓ 8 3. 4 8 3. 8 9 0. 5 8 7. 3 8 9. 1 4 7. 4 7 7. 3

Ta bl e 3: A bl ati o n p erf or m a n c e of distilli n g G P T- 2 ( R a df or d et al. , 2 0 1 9 ) o n G L U E t est- d e v s et.

T 5 M o d els ( R a df or d et al. , 2 0 1 9 )
P ar a ms G T L P R E D L HI D L E O F D M N LI A c c  Q Q P  Q N LI S S T- 2  C o L A A v g

( M) ( O urs) m m m  A c c F 1  A c c  A c c  A c c S c or e

T 5- b as e r e p ort e d b y R aff el et al. (2 0 2 0 ) 2 2 0 ✓ 8 7. 1 8 6. 2 8 9. 4 7 2. 6 9 3. 7 9 5. 2 5 1. 1 8 2. 2
T 5- b as e r e pr o d u c e d (t e a c h er) 2 2 0 ✓ 8 6. 8 8 7. 1 9 1. 8 8 9. 0 9 2. 8 9 4. 7 5 8. 0 8 5. 7

T 5-s m all r e p ort e d b y R aff el et al. (2 0 2 0 ) 6 0 ✓ 8 2. 4 8 2. 3 8 8. 0 7 0. 0 9 0. 3 9 1. 8 4 1. 0 7 8. 0
T 5-s m all r e pr o d u c e d 6 0 ✓ 8 2. 2 8 2. 9 8 9. 4 8 5. 7 8 9. 1 9 1. 4 3 9. 5 8 0. 0
Distill e d T 5-s m all 6 0 ✓ 8 2. 9 8 3. 6 9 0. 1 8 6. 5 8 9. 8 9 1. 5 4 2. 2 8 0. 9
Distill e d T 5-s m all 6 0 ✓ ✓ 8 3. 4 8 3. 7 9 0. 7 8 7. 4 9 0. 1 9 1. 9 4 2. 6 8 1. 4
Distill e d T 5-s m all w/ o ur E O F D 6 0 ✓ ✓ 8 3. 5 8 4. 4 9 0. 8 8 7. 6 9 0. 5 9 2. 5 4 3. 1 8 1. 8

Ta bl e 4: A bl ati o n p erf or m a n c e of distilli n g T 5 ( R aff el et al. , 2 0 2 0 ) o n G L U E t est- d e v s et.

pr etr ai ni n g distill ati o n ( P T- K D) wit h E O F D, i n Ta-
bl e 3 a n d Ta bl e 4 . F or pr o x y pr etr ai ni n g, w e i niti-
at e fr o m t h e H u g gi n g F a c e ( H F) pr etr ai n e d G P T- 2
m o d el a n d c o nti n u e pr etr ai n it wit h c a us al l a n g u a g e
m o d eli n g l o gits distill ati o n l oss a n d t h e pr o p os e d
E O F D l oss o n t h e H F B o o k C or p us d at as et ( Z h u
et al. , 2 0 1 5 ) ( 3 G B) f or 3 e p o c hs. We b uil d o ur c o d e
u p o n t h e H F Tr a nsf or m ers r e p osit or y 2 (W olf et al. ,
2 0 2 0 ). We r e p ort tr ai ni n g d et ails i n A p p e n di x G .

N ot e t h at u nli k e B E R T m o d els, T 5 a n d G P T- 2
ar e pr e- L a y er- N or m ( pr e- L N) Tr a nsf or m ers ( Xi o n g
et al. , 2 0 2 0 ): t h eir i nt er m e di at e r e pr es e nt ati o ns
H l ( p ur pl e b o x es i n Fi g. 3 ) b et w e e n Tr a nsf or m er
bl o c ks ar e n ot n or m ali z e d. H e n c e, as w e a n al y z e d
i n S e cti o n 2. 1 , t h e y m a y c o nt ai n a cti v ati o n o utli ers
of v er y l ar g e m a g nit u d e t o t h e s c al e o v er 1 0 4 , as
s h o w n i n Fi g. 1 a ; a n d t h e s c al e b et w e e n t h e t e a c h er
f e at ur es H t

l a n d t h e st u d e nt f e at ur es H s
l m a y diff er

si g ni fi c a ntl y. T h er ef or e, s p e ci all y f or c o m p uti n g
t h e distilli n g l oss, i n s o m e a bl ati v e s etti n gs, f or
e a c h l a y er l, w e pr o p os e t o a p pl y a n a d diti o n al
l e ar n a bl e L a y er- N or m ( L N- K D) o n H s

l a n d a n a d-
diti o n al fr o z e n L a y er- N or m o n H t

l , t o m at c h t h e
s c al e diff er e n c e b ef or e a p pl yi n g E O F D:

h̃ s
l, i, j =

h s
l, i, j − u s

l, i

( σ s
l, i )

2 + ϵ
· γ l, j + β l, j ; h̃ t

l, i, j =
h t

l, i, j − u t
l, i

( σ t
l, i )

2 + ϵ

( 6)

2 h t t p s : / / g i t h u b . c o m / h u g g i n g f a c e / t r a n s f o r m e r s /
t r e e / m a i n / e x a m p l e s / p y t o r c h / t e x t - c l a s s i f i c a t i o n

6 C o n cl usi o n

We h a v e a n al y z e d t h e e m er g e nt o utli er p h e-
n o m e n o n a n d its eff e ct o n p erf or m a n c e f or pr e-
tr ai n e d T 5 a n d i nstr u cti o n- fi n et u n e d Fl a n- T 5 m o d-
els of si z e v ar yi n g fr o m 6 0 M t o 1 1 B. B as e d o n t h e
a n al ysis, w e h a v e pr o p os e d, f or t h e first ti m e, t o
l e v er a g e t h es e fi n di n gs o n o utli ers f or m or e eff e c-
ti v e k n o wl e d g e distill ati o n m et h o ds, a n d h a v e e m-
piri c all y s h o w n t h at o ur pr o p os e d E O F D m et h o d
a c hi e v es S O T A p erf or m a n c e.

7 Li mit ati o ns

D u e t o c o nstr ai nt of c o m p ut ati o n al r es o ur c e, o ur
distill ati o n e x p eri m e nts ar e li mit e d wit hi n 3 4 5 M
p ar a m et ers. A p art fr o m t h e e m er g e nt o utli er p h e-
n o m e n a, r e c e nt r es e ar c h es h a v e als o f o u n d s p o nt a-
n e o usl y e m er g e d s p arsit y Li et al. (2 0 2 2 b ), t o k e n-
s p e ci fi c l ar g e m a g nit u d e a cti v ati o n ( S u n et al. ,
2 0 2 4 ), a n d l o w-r a n k m e m or y st or a g e/ e diti n g m e c h-
a nis ms i n F F N ( M e n g et al. , 2 0 2 2 ; S h ar m a et al. ,
2 0 2 4 ) f or Tr a nsf or m ers. It still r e m ai ns a n o p e n
q u esti o n w h et h er t h es e p h e n o m e n a ar e r el at e d; a n d
t h e d y n a mi cs of h o w o utli ers ar e f or m e d d uri n g
pr etr ai ni n g is still u n v eil e d t h e or eti c all y. We h o p e
t o a d dr ess t h es e li mit ati o ns of o ur c urr e nt r es e ar c h
i n f ut ur e w or k.
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R ef e r e n c es

Ris h a b h A g ar w al, Ni n o Vi eill ar d, Yo n g c h a o Z h o u, Pi-
otr St a n c z y k, S a b el a R a m os G ar e a, M att hi e u G eist,
a n d Oli vi er B a c h e m. 2 0 2 4. O n- p oli c y distill ati o n
of l a n g u a g e m o d els: L e ar ni n g fr o m s elf- g e n er at e d
mist a k es . I n T h e T w elft h I nt er n ati o n al C o nf er e n c e
o n L e ar ni n g R e pr es e nt ati o ns .

AI @ M et a. 2 0 2 4. Ll a m a 3 m o d el c ar d .

Al e x A n d o ni a n, S hi xi n g C h e n, a n d R aff a y H a mi d.
2 0 2 2. R o b ust cr oss- m o d al r e pr es e nt ati o n l e ar ni n g
wit h pr o gr essi v e s elf- distill ati o n. I n Pr o c e e di n gs of
t h e I E E E/ C V F C o nf er e n c e o n C o m p ut er Visi o n a n d
P att er n R e c o g niti o n , p a g es 1 6 4 3 0 – 1 6 4 4 1.

R o h a n A nil, A n dr e w M. D ai, Or h a n Fir at, M el vi n J o h n-
s o n, D mitr y L e pi k hi n, Al e x a n dr e P ass os, Si a m a k
S h a k eri, E m a n u el Tar o p a, P ai g e B ail e y, Z hif e n g
C h e n, Eri c C h u, J o n at h a n H. Cl ar k, L a ur e nt El
S h af e y, Ya n pi n g H u a n g, K at h y M ei er- H ellst er n, G a u-
r a v Mis hr a, Eri c a M or eir a, M ar k O m er ni c k, K e vi n
R o bi ns o n, S e b asti a n R u d er, Yi Ta y, K ef a n Xi a o,
Yu a n z h o n g X u, Yuji n g Z h a n g, G ust a v o H er n a n d e z
A br e g o, J u n w h a n A h n, J a c o b A usti n, P a ul B ar h a m,
J a n B ot h a, J a m es Br a d b ur y, Si d d h art h a Br a h m a,
K e vi n Br o o ks, Mi c h el e C at ast a, Yo n g C h e n g, C oli n
C h err y, C hrist o p h er A. C h o q u ett e- C h o o, A a k a n ks h a
C h o w d h er y, Cl é m e nt Cr e p y, S h a c hi D a v e, M ost af a
D e h g h a ni, S u ni p a D e v, J a c o b D e vli n, M ar k Dí a z,
N a n D u, Et h a n D y er, Vl a d F ei n b er g, F a n g xi a o y u
F e n g, Vl a d Fi e n b er, M ar k us Fr eit a g, X a vi er G ar-
ci a, S e b asti a n G e hr m a n n, L u c as G o n z al e z, G u y G ur-
Ari, St e v e n H a n d, H a di H as h e mi, L e H o u, J os h u a
H o wl a n d, A n dr e a H u, J effr e y H ui, J er e m y H ur-
wit z, Mi c h a el Is ar d, A b e Itt y c h eri a h, M att h e w J a gi el-
s ki, We n h a o Ji a, K at hl e e n K e n e al y, M a xi m Kri k u n,
S n e h a K u d u g u nt a, C h a n g L a n, K at h eri n e L e e, B e n-
j a mi n L e e, Eri c Li, M usi c Li, Wei Li, Ya G u a n g Li,
Ji a n Li, H y e o nt a e k Li m, H a n z h a o Li n, Z h o n gt a o Li u,
Fr e d eri c k Li u, M ar c ell o M a g gi o ni, Ar o m a M a h e n dr u,
J os h u a M a y n e z, Ve d a nt Misr a, M a ys a m M o uss al e m,
Z a c h ar y N a d o, J o h n N h a m, Eri c Ni, A n dr e w N ys-
tr o m, Ali ci a P arris h, M ari e P ell at, M arti n P ol a c e k,
Al e x P ol o z o v, R ei n er P o p e, Si y u a n Qi a o, E mil y R eif,
Br y a n Ri c ht er, P ar k er Ril e y, Al e x C astr o R os, A u-
r k o R o y, Br e n n a n S a et a, R aj k u m ar S a m u el, R e n e e
S h el b y, A m br os e Sl o n e, D a ni el S mil k o v, D a vi d R.
S o, D a ni el S o h n, Si m o n T o k u mi n e, D as h a Valt er,
Vij a y Vas u d e v a n, Kir a n Vo dr a h alli, X u e z hi Wa n g,
Pi d o n g Wa n g, Zir ui Wa n g, Ta o Wa n g, J o h n Wi et-
i n g, Yu h u ai W u, K el vi n X u, Yu n h a n X u, Li nti n g
X u e, P e n g c h e n g Yi n, Ji a h ui Yu, Qi a o Z h a n g, St e v e n
Z h e n g, C e Z h e n g, Wei k a n g Z h o u, D e n n y Z h o u, Sl a v
P etr o v, a n d Y o n g h ui W u. 2 0 2 3. P al m 2 t e c h ni c al
r e p ort. Pr e pri nt , ar Xi v: 2 3 0 5. 1 0 4 0 3.

A nt hr o pi c. 2 0 2 4. T h e cl a u d e 3 m o d el f a mil y: O p us,
s o n n et, h ai k u .

L uis a B e nti v o gli, I d o D a g a n, H o a Tr a n g D a n g, D a nil o
Gi a m pi c c ol o, a n d B er n ar d o M a g ni ni. 2 0 0 9. T h e fift h
P A S C A L r e c o g ni zi n g t e xt u al e nt ail m e nt c h all e n g e.

T o m Br o w n, B e nj a mi n M a n n, Ni c k R y d er, M el a ni e
S u b bi a h, J ar e d D K a pl a n, Pr af ull a D h ari w al, Ar vi n d
N e el a k a nt a n, Pr a n a v S h y a m, Giris h S astr y, A m a n d a
As k ell, S a n d hi ni A g ar w al, Ari el H er b ert- Voss,
Gr et c h e n Kr u e g er, T o m H e ni g h a n, R e w o n C hil d,
A dit y a R a m es h, D a ni el Zi e gl er, J effr e y W u, Cl e m e ns
Wi nt er, C hris H ess e, M ar k C h e n, Eri c Si gl er, M a-
t e us z Lit wi n, S c ott Gr a y, B e nj a mi n C h ess, J a c k
Cl ar k, C hrist o p h er B er n er, S a m M c C a n dlis h, Al e c
R a df or d, Il y a S uts k e v er, a n d D ari o A m o d ei. 2 0 2 0.
L a n g u a g e m o d els ar e f e w-s h ot l e ar n ers . I n A d-
v a n c es i n N e ur al I nf or m ati o n Pr o c essi n g S yst e ms ,
v ol u m e 3 3, p a g es 1 8 7 7 – 1 9 0 1. C urr a n Ass o ci at es,
I n c.

D a ni el C er, M o n a Di a b, E n e k o A girr e, I ñi g o L o p e z-
G a z pi o, a n d L u ci a S p e ci a. 2 0 1 7. S e m E v al- 2 0 1 7
t as k 1: S e m a nti c t e xt u al si mil arit y m ultili n g u al a n d
cr ossli n g u al f o c us e d e v al u ati o n . I n Pr o c e e di n gs
of t h e 1 1t h I nt er n ati o n al W or ks h o p o n S e m a nti c
E v al u ati o n ( S e m E v al- 2 0 1 7) , p a g es 1 – 1 4, Va n c o u v er,
C a n a d a. Ass o ci ati o n f or C o m p ut ati o n al Li n g uisti cs.

Xi a ni n g C h e n, Qi o n g C a o, Yuji e Z h o n g, Ji n g Z h a n g,
S h e n g h u a G a o, a n d D a c h e n g Ta o. 2 0 2 2. D e ar k d:
D at a- ef fi ci e nt e arl y k n o wl e d g e distill ati o n f or visi o n
tr a nsf or m ers. I n Pr o c e e di n gs of t h e I E E E/ C V F C o n-
f er e n c e o n C o m p ut er Visi o n a n d P att er n R e c o g niti o n,
p a g es 1 2 0 5 2 – 1 2 0 6 2.

Zi h a n g C h e n, H o n g b o Z h a n g, Xi a oji Z h a n g, a n d L e qi
Z h a o. 2 0 1 7. Q u or a q u esti o n p airs .

H y u n g W o n C h u n g, L e H o u, S h a y n e L o n g pr e, B arr et
Z o p h, Yi Ta y, Willi a m F e d us, Yu n x u a n Li, X u e z hi
Wa n g, M ost af a D e h g h a ni, Si d d h art h a Br a h m a, et al.
2 0 2 4. S c ali n g i nstr u cti o n- fi n et u n e d l a n g u a g e m o d els.
J o ur n al of M a c hi n e L e ar ni n g R es e ar c h , 2 5( 7 0): 1 – 5 3.

K e vi n Cl ar k, Mi n h- T h a n g L u o n g, Q u o c V L e, a n d
C hrist o p h er D M a n ni n g. 2 0 2 0. El e ctr a: Pr e-tr ai ni n g
t e xt e n c o d ers as dis cri mi n at ors r at h er t h a n g e n er at ors.
I n I C L R.

Ti m D ett m ers, Mi k e L e wis, Yo u n es B el k a d a, a n d L u k e
Z ettl e m o y er. 2 0 2 2. G pt 3.i nt 8(): 8- bit m atri x m ulti-
pli c ati o n f or tr a nsf or m ers at s c al e . I n A d v a n c es i n
N e ur al I nf or m ati o n Pr o c essi n g S yst e ms , v ol u m e 3 5,
p a g es 3 0 3 1 8 – 3 0 3 3 2. C urr a n Ass o ci at es, I n c.

J a c o b D e vli n, Mi n g- Wei C h a n g, K e nt o n L e e, a n d
Kristi n a T o ut a n o v a. 2 0 1 9. B E R T: Pr e-tr ai ni n g of
d e e p bi dir e cti o n al tr a nsf or m ers f or l a n g u a g e u n d er-
st a n di n g . I n Pr o c e e di n gs of t h e 2 0 1 9 C o nf er e n c e of
t h e N ort h A m eri c a n C h a pt er of t h e Ass o ci ati o n f or
C o m p ut ati o n al Li n g uisti cs: H u m a n L a n g u a g e Te c h-
n ol o gi es, Vol u m e 1 ( L o n g a n d S h ort P a p ers) , p a g es
4 1 7 1 – 4 1 8 6, Mi n n e a p olis, Mi n n es ot a. Ass o ci ati o n f or
C o m p ut ati o n al Li n g uisti cs.

Zi xi a n g Di n g, G u o qi n g Ji a n g, S h u ai Z h a n g, Li n G u o,
a n d Wei Li n. 2 0 2 3 a. S k d b ert: C o m pr essi n g b ert
vi a st o c h asti c k n o wl e d g e distill ati o n . Pr o c e e di n gs
of t h e A A AI C o nf er e n c e o n Arti fi ci al I nt elli g e n c e ,
3 7( 6): 7 4 1 4 – 7 4 2 2.
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Zi xi a n g Di n g, G u o qi n g Ji a n g, S h u ai Z h a n g, Li n G u o,
a n d Wei Li n. 2 0 2 3 b. S k d b ert: C o m pr essi n g b ert
vi a st o c h asti c k n o wl e d g e distill ati o n . Pr o c e e di n gs
of t h e A A AI C o nf er e n c e o n Arti fi ci al I nt elli g e n c e ,
3 7( 6): 7 4 1 4 – 7 4 2 2.

Willi a m B D ol a n a n d C hris Br o c k ett. 2 0 0 5. A ut o m ati-
c all y c o nstr u cti n g a c or p us of s e nt e nti al p ar a p hr as es.
I n Pr o c e e di n gs of t h e T hir d I nt er n ati o n al W or ks h o p
o n P ar a p hr asi n g (I W P 2 0 0 5) .

Z hi y u a n F a n g, Ji a nf e n g Wa n g, Xi a o w ei H u, Lij u a n
Wa n g, Ye z h o u Ya n g, a n d Zi c h e n g Li u. 2 0 2 1. C o m-
pr essi n g vis u al-li n g uisti c m o d el vi a k n o wl e d g e dis-
till ati o n. I C C V.

Pr a k h ar G a n es h, Ya o C h e n, Xi n L o u, M o h a m m a d Ali
K h a n, Yi n Ya n g, H ass a n S ajj a d, Pr esl a v N a k o v, D e m-
i n g C h e n, a n d M ari a n n e Wi nsl ett. 2 0 2 1. C o m pr ess-
i n g l ar g e-s c al e tr a nsf or m er- b as e d m o d els: A c as e
st u d y o n b ert. Tr a ns a cti o ns of t h e Ass o ci ati o n f or
C o m p ut ati o n al Li n g uisti cs , 9: 1 0 6 1 – 1 0 8 0.

L e o G a o, J o n at h a n T o w, B a b er A b b asi, St ell a Bi d er m a n,
Si d Bl a c k, A nt h o n y Di P o fi, C h arl es F ost er, L a ur e n c e
G ol di n g, J effr e y Hs u, Al ai n L e N o a c’ h, H a o n a n Li,
K yl e M c D o n ell, Ni kl as M u e n ni g h off, C hris O ci e p a,
J as o n P h a n g, L ari a R e y n ol ds, H ail e y S c h o el k o pf,
A vi y a S k o wr o n, Li nt a n g S ut a wi k a, Eri c Ta n g, A n-
is h T hit e, B e n Wa n g, K e vi n Wa n g, a n d A n d y Z o u.
2 0 2 3. A fr a m e w or k f or f e w-s h ot l a n g u a g e m o d el
e v al u ati o n .

Ji a n pi n g G o u, B a os h e n g Yu, St e p h e n J M a y b a n k, a n d
D a c h e n g Ta o. 2 0 2 1.  K n o wl e d g e distill ati o n: A
s ur v e y. I nt er n ati o n al J o ur n al of C o m p ut er Visi o n,
1 2 9( 6): 1 7 8 9 – 1 8 1 9.

Xi u y e G u, Ts u n g- Yi Li n, Wei c h e n g K u o, a n d Yi n C ui.
2 0 2 1. O p e n- v o c a b ul ar y o bj e ct d et e cti o n vi a visi o n
a n d l a n g u a g e k n o wl e d g e distill ati o n. I n I C L R.

Yu xi a n G u, Li D o n g, F ur u Wei, a n d Mi nli e H u a n g. 2 0 2 4.
Mi ni L L M: K n o wl e d g e distill ati o n of l ar g e l a n g u a g e
m o d els . I n T h e T w elft h I nt er n ati o n al C o nf er e n c e o n
L e ar ni n g R e pr es e nt ati o ns .

R uif ei H e, S h u y a n g S u n, Ji h a n Ya n g, S o n g B ai, a n d
Xi a oj u a n Qi. 2 0 2 2. K n o wl e d g e distill ati o n as ef fi-
ci e nt pr e-tr ai ni n g: F ast er c o n v er g e n c e, hi g h er d at a-
ef fi ci e n c y, a n d b ett er tr a nsf er a bilit y. I n Pr o c e e di n gs
of t h e I E E E/ C V F C o nf er e n c e o n C o m p ut er Visi o n
a n d P att er n R e c o g niti o n , p a g es 9 1 6 1 – 9 1 7 1.

G e offr e y Hi nt o n, Ori ol Vi n y als, a n d J effr e y D e a n. 2 0 1 5.
Distilli n g t h e k n o wl e d g e i n a n e ur al n et w or k . I n
N e urI P S D e e p L e ar ni n g a n d R e pr es e nt ati o n L e ar n-
i n g W or ks h o p.

C h e n g- Y u Hsi e h, C h u n- Li a n g Li, C hi h- k u a n Ye h,
H o ot a n N a k h ost, Yas u his a F ujii, Al e x R at n er, R a nj a y
Kris h n a, C h e n- Yu L e e, a n d T o m as P fist er. 2 0 2 3. Dis-
tilli n g st e p- b y-st e p! o ut p erf or mi n g l ar g er l a n g u a g e
m o d els wit h l ess tr ai ni n g d at a a n d s m all er m o d el
si z es . I n Fi n di n gs of t h e Ass o ci ati o n f or C o m p u-
t ati o n al Li n g uisti cs: A C L 2 0 2 3, p a g es 8 0 0 3 – 8 0 1 7,

T or o nt o, C a n a d a. Ass o ci ati o n f or C o m p ut ati o n al Li n-
g uisti cs.

A n a n y a H ars h J h a, T o m S h er b or n e, E v a n P et e Wals h,
Dir k Gr o e n e v el d, E m m a Str u b ell, a n d I z B elt a g y.
2 0 2 3. H o w t o tr ai n y o ur ( c o m pr ess e d) l ar g e l a n g u a g e
m o d el . Pr e pri nt , ar Xi v: 2 3 0 5. 1 4 8 6 4.

Y u xi n Ji a n g, C h u n kit C h a n, Mi n g y a n g C h e n, a n d Wei
Wa n g. 2 0 2 3. Li o n: A d v ers ari al distill ati o n of pr o pri-
et ar y l ar g e l a n g u a g e m o d els . I n Pr o c e e di n gs of t h e
2 0 2 3 C o nf er e n c e o n E m piri c al M et h o ds i n N at ur al
L a n g u a g e Pr o c essi n g , p a g es 3 1 3 4 – 3 1 5 4, Si n g a p or e.
Ass o ci ati o n f or C o m p ut ati o n al Li n g uisti cs.

Xi a o qi Ji a o, Yi c h u n Yi n, Lif e n g S h a n g, Xi n Ji a n g, Xi a o
C h e n, Li nli n Li, F a n g Wa n g, a n d Q u n Li u. 2 0 2 0 a.
Ti n y b ert: Distilli n g b ert f or n at ur al l a n g u a g e u n d er-
st a n di n g. I n Fi n di n gs of t h e Ass o ci ati o n f or C o m p ut a-
ti o n al Li n g uisti cs: E M N L P 2 0 2 0, p a g es 4 1 6 3 – 4 1 7 4.

Xi a o qi Ji a o, Yi c h u n Yi n, Lif e n g S h a n g, Xi n Ji a n g, Xi a o
C h e n, Li nli n Li, F a n g Wa n g, a n d Q u n Li u. 2 0 2 0 b.
Ti n y B E R T: Distilli n g B E R T f or n at ur al l a n g u a g e u n-
d erst a n di n g . I n Fi n di n gs of t h e Ass o ci ati o n f or C o m-
p ut ati o n al Li n g uisti cs: E M N L P 2 0 2 0 , p a g es 4 1 6 3 –
4 1 7 4, O nli n e. Ass o ci ati o n f or C o m p ut ati o n al Li n-
g uisti cs.

J u n m o K a n g, Wei X u, a n d Al a n Ritt er. 2 0 2 3. Distill or
a n n ot at e ? c ost- ef fi ci e nt fi n e-t u ni n g of c o m p a ct m o d-
els . I n Pr o c e e di n gs of t h e 6 1st A n n u al M e eti n g of t h e
Ass o ci ati o n f or C o m p ut ati o n al Li n g uisti cs ( Vol u m e 1:
L o n g P a p ers) , p a g es 1 1 1 0 0 – 1 1 1 1 9, T or o nt o, C a n a d a.
Ass o ci ati o n f or C o m p ut ati o n al Li n g uisti cs.

Ol g a K o v al e v a, S a ur a b h K uls hr es ht h a, A n n a R o g ers,
a n d A n n a R u ms his k y. 2 0 2 1. B E R T b ust ers: O utli er
di m e nsi o ns t h at disr u pt tr a nsf or m ers . I n Fi n di n gs of
t h e Ass o ci ati o n f or C o m p ut ati o n al Li n g uisti cs: A C L-
I J C N L P 2 0 2 1, p a g es 3 3 9 2 – 3 4 0 5, O nli n e. Ass o ci ati o n
f or C o m p ut ati o n al Li n g uisti cs.

Mi k e L e wis, Yi n h a n Li u, N a m a n G o y al, M arj a n
G h a z vi ni n ej a d, A b d elr a h m a n M o h a m e d, O m er L e v y,
Ves St o y a n o v, L u k e Z ettl e m o y er, a n d Pr e-tr ai ni n g
B art. 2 0 2 0. B A R T: D e n oisi n g S e q u e n c e-t o- S e q u e n c e
Pr e-tr ai ni n g f or N at ur al L a n g u a g e G e n er ati o n, Tr a ns-
l ati o n, a n d C o m pr e h e nsi o n. I n A C L .

Li u ni a n H ar ol d Li, J a c k H ess el, Y o u n gj a e Yu, Xi a n g
R e n, K ai- Wei C h a n g, a n d Yeji n C h oi. 2 0 2 3. S y m-
b oli c c h ai n- of-t h o u g ht distill ati o n: S m all m o d els c a n
als o “t hi n k ” st e p- b y-st e p . I n Pr o c e e di n gs of t h e 6 1st
A n n u al M e eti n g of t h e Ass o ci ati o n f or C o m p ut ati o n al
Li n g uisti cs ( Vol u m e 1: L o n g P a p ers) , p a g es 2 6 6 5 –
2 6 7 9, T or o nt o, C a n a d a. Ass o ci ati o n f or C o m p ut a-
ti o n al Li n g uisti cs.

Ti a n d a Li, Yassir El M es b a hi, I v a n K o b y z e v, A h m a d
R as hi d, Atif M a h m u d, Nit hi n A n c h uri, H a bi b H aji-
m ol a h os ei ni, Ya n g Li u, a n d M e h di R e z a g h oli z a d e h.
2 0 2 1. A s h ort st u d y o n c o m pr essi n g d e c o d er- b as e d
l a n g u a g e m o d els. Ar Xi v , a bs/ 2 1 1 0. 0 8 4 6 0.
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Z h e n g Li, Ziji a n Wa n g, Mi n g Ta n, R a m es h N all a p ati,
P ar mi n d er B h ati a, A n dr e w Ar n ol d, Bi n g Xi a n g, a n d
D a n R ot h. 2 0 2 2 a. D q- b art: Ef fi ci e nt s e q u e n c e-t o-
s e q u e n c e m o d el vi a j oi nt distill ati o n a n d q u a nti z ati o n.
ar Xi v pr e pri nt ar Xi v: 2 2 0 3. 1 1 2 3 9 .

Z o n gli n Li, C h o n g Yo u, Sri n a d h B h oj a n a p alli, D ali a n g
Li, A n kit Si n g h R a w at, S as h a n k J. R e d di, K e n-
n et h Q Ye, F eli x C h er n, F eli x X. Yu, R ui qi G u o,
a n d S uri n d er K u m ar. 2 0 2 2 b. T h e l a z y n e ur o n p h e-
n o m e n o n: O n e m er g e n c e of a cti v ati o n s p arsit y i n
tr a nsf or m ers. I n I nt er n ati o n al C o nf er e n c e o n L e ar n-
i n g R e pr es e nt ati o ns.

C h e n Li a n g, H a o mi n g Ji a n g, Z h e n g Li, Xi a nf e n g Ta n g,
Bi n g Yi n, a n d T u o Z h a o. 2 0 2 3 a. H o m o distil: H o m o-
t o pi c t as k- a g n osti c distill ati o n of pr e-tr ai n e d tr a ns-
f or m ers. I n T h e El e v e nt h I nt er n ati o n al C o nf er e n c e
o n L e ar ni n g R e pr es e nt ati o ns .

C h e n Li a n g, Si mi a o Z u o, Qi n gr u Z h a n g, P e n g c h e n g
H e, Wei z h u C h e n, a n d T u o Z h a o. 2 0 2 3 b. L ess is
m or e: Tas k- a w ar e l a y er- wis e distill ati o n f or l a n g u a g e
m o d el c o m pr essi o n. I n I nt er n ati o n al C o nf er e n c e o n
M a c hi n e L e ar ni n g , p a g es 2 0 8 5 2 – 2 0 8 6 7. P M L R.

K e vi n J Li a n g, Weit u o H a o, Di n g h a n S h e n, Yuf a n Z h o u,
Wei z h u C h e n, C h a n g y o u C h e n, a n d L a wr e n c e C ari n.
2 0 2 1. Mi x k d: T o w ar ds ef fi ci e nt distill ati o n of l ar g e-
s c al e l a n g u a g e m o d els . Pr e pri nt , ar Xi v: 2 0 1 1. 0 0 5 9 3.

Z o n g y a n g M a, G u a n L u o, Ji n G a o, Li a n g Li, Yu xi n
C h e n, S h a or u Wa n g, C o n g x u a n Z h a n g, a n d Wei m-
i n g H u. 2 0 2 2. O p e n- v o c a b ul ar y o n e-st a g e d et e cti o n
wit h hi er ar c hi c al vis u al-l a n g u a g e k n o wl e d g e distil-
l ati o n. I n Pr o c e e di n gs of t h e I E E E/ C V F C o nf er e n c e
o n C o m p ut er Visi o n a n d P att er n R e c o g niti o n , p a g es
1 4 0 7 4 – 1 4 0 8 3.

L u ci e C h arl ott e M a gist er, J o n at h a n M alli ns o n, J a k u b
A d a m e k, Eri c M al mi, a n d Ali a ks ei S e v er y n. 2 0 2 3.
Te a c hi n g s m all l a n g u a g e m o d els t o r e as o n . I n Pr o-
c e e di n gs of t h e 6 1st A n n u al M e eti n g of t h e Ass o ci a-
ti o n f or C o m p ut ati o n al Li n g uisti cs ( Vol u m e 2: S h ort
P a p ers) , p a g es 1 7 7 3 – 1 7 8 1, T or o nt o, C a n a d a. Ass o ci-
ati o n f or C o m p ut ati o n al Li n g uisti cs.

K e vi n M e n g, D a vi d B a u, Al e x J A n d o ni a n, a n d Yo n at a n
B eli n k o v. 2 0 2 2. L o c ati n g a n d e diti n g f a ct u al ass o ci-
ati o ns i n G P T . I n A d v a n c es i n N e ur al I nf or m ati o n
Pr o c essi n g S yst e ms .

P a ul Mi c h el, O m er L e v y, a n d Gr a h a m N e u bi g. 2 0 1 9.
Ar e si xt e e n h e a ds r e all y b ett er t h a n o n e ? I n A d-
v a n c es i n N e ur al I nf or m ati o n Pr o c essi n g S yst e ms ,
v ol u m e 3 2. C urr a n Ass o ci at es, I n c.

O p e n AI, J os h A c hi a m, St e v e n A dl er, S a n d hi ni A g ar w al,
L a m a A h m a d, Il g e A k k a y a, Fl or e n ci a L e o ni Al e-
m a n, Di o g o Al m ei d a, J a n k o Alt e ns c h mi dt, S a m Alt-
m a n, S h y a m al A n a d k at, R e d A vil a, I g or B a b us c h ki n,
S u c hir B al aji, Val eri e B al c o m, P a ul B alt es c u, H ai m-
i n g B a o, M o h a m m a d B a v ari a n, J eff B el g u m, Ir-
w a n B ell o, J a k e B er di n e, G a bri el B er n a d ett- S h a pir o,
C hrist o p h er B er n er, L e n n y B o g d o n off, Ol e g B oi k o,

M a d el ai n e B o y d, A n n a- L uis a Br a k m a n, Gr e g Br o c k-
m a n, Ti m Br o o ks, Mil es Br u n d a g e, K e vi n B utt o n,
Tr e v or C ai, R osi e C a m p b ell, A n dr e w C a n n, Britt a n y
C ar e y, C h els e a C arls o n, R or y C ar mi c h a el, Br o o k e
C h a n, C h e C h a n g, F otis C h a nt zis, D er e k C h e n, S ull y
C h e n, R u b y C h e n, J as o n C h e n, M ar k C h e n, B e n
C h ess, C h est er C h o, C as e y C h u, H y u n g W o n C h u n g,
D a v e C u m mi n gs, J er e mi a h C urri er, Yu n xi n g D ai,
C or y D e c ar e a u x, T h o m as D e gr y, N o a h D e uts c h,
D a mi e n D e vill e, Ar k a D h ar, D a vi d D o h a n, St e v e
D o wli n g, S h eil a D u n ni n g, A dri e n E c off et, Att y El eti,
T y n a El o u n d o u, D a vi d F ar hi, Li a m F e d us, Ni k o F eli x,
Si m ó n P os a d a Fis h m a n, J ust o n F ort e, Is a b ell a F ul-
f or d, L e o G a o, Eli e G e or g es, C hristi a n Gi bs o n, Vi k
G o el, Tar u n G o gi n e ni, G a bri el G o h, R a p h a G o ntij o-
L o p es, J o n at h a n G or d o n, M or g a n Gr afst ei n, S c ott
Gr a y, R y a n Gr e e n e, J os h u a Gr oss, S hi xi a n g S h a n e
G u, Yuf ei G u o, C hris H all a c y, J ess e H a n, J eff H arris,
Yu c h e n H e, Mi k e H e at o n, J o h a n n es H ei d e c k e, C hris
H ess e, Al a n Hi c k e y, Wa d e Hi c k e y, P et er H o es c h el e,
Br a n d o n H o u g ht o n, K e n n y Hs u, S h e n gli H u, Xi n
H u, J o ost H ui zi n g a, S h a nt a n u J ai n, S h a w n J ai n,
J o a n n e J a n g, A n g el a Ji a n g, R o g er Ji a n g, H a o z h u n
Ji n, D e n n y Ji n, S hi n o J o m ot o, Billi e J o n n, H e e-
w o o J u n, T o m er K aft a n, Ł u k as z K ais er, Ali K a-
m ali, I n g m ar K a nits c h ei d er, Nitis h S hiris h K es k ar,
Ta b ar a k K h a n, L o g a n Kil p atri c k, J o n g W o o k Ki m,
C hristi n a Ki m, Y o n gji k Ki m, J a n H e n dri k Kir c h-
n er, J a mi e Kir os, M att K ni g ht, D a ni el K o k ot ajl o,
Ł u k as z K o n dr a ci u k, A n dr e w K o n dri c h, Aris K o n-
st a nti ni dis, K yl e K osi c, Gr et c h e n Kr u e g er, Vis h al
K u o, Mi c h a el L a m p e, I k ai L a n, Te d d y L e e, J a n
L ei k e, J a d e L e u n g, D a ni el L e v y, C h a k Mi n g Li,
R a c h el Li m, M oll y Li n, St e p h a ni e Li n, M at e us z
Lit wi n, T h er es a L o p e z, R y a n L o w e, P atri ci a L u e,
A n n a M a k a nj u, Ki m M alf a ci ni, S a m M a n ni n g, T o d or
M ar k o v, Ya ni v M ar k o vs ki, Bi a n c a M arti n, K ati e
M a y er, A n dr e w M a y n e, B o b M c Gr e w, S c ott M a y er
M c Ki n n e y, C hristi n e M c L e a v e y, P a ul M c Mill a n,
J a k e M c N eil, D a vi d M e di n a, A al o k M e ht a, J a c o b
M e ni c k, L u k e M et z, A n dr e y Mis h c h e n k o, P a m el a
Mis h ki n, Vi n ni e M o n a c o, E v a n M ori k a w a, D a ni el
M ossi n g, T o n g M u, Mir a M ur ati, Ol e g M ur k, D a vi d
M él y, As h vi n N air, R eii c hir o N a k a n o, R aj e e v N a y a k,
Ar vi n d N e el a k a nt a n, Ri c h ar d N g o, H y e o n w o o N o h,
L o n g O u y a n g, C ull e n O’ K e ef e, J a k u b P a c h o c ki, Al e x
P ai n o, J o e P al er m o, As hl e y P a nt uli a n o, Gi a m b at-
tist a P ar as c a n d ol o, J o el P aris h, E m y P ar p arit a, Al e x
P ass os, Mi k h ail P a vl o v, A n dr e w P e n g, A d a m P er el-
m a n, Fili p e d e A vil a B el b ut e P er es, Mi c h a el P etr o v,
H e nri q u e P o n d e d e Oli v eir a Pi nt o, Mi c h a el, P o k o-
r n y, Mi c h ell e P o kr ass, Vit c h yr H. P o n g, T oll y P o w-
ell, Al et h e a P o w er, B oris P o w er, Eli z a b et h Pr o e hl,
R a ul P uri, Al e c R a df or d, J a c k R a e, A dit y a R a m es h,
C a m er o n R a y m o n d, Fr a n cis R e al, K e n dr a Ri m b a c h,
C arl R oss, B o b R otst e d, H e nri R o uss e z, Ni c k R y-
d er, M ari o S alt ar elli, Te d S a n d ers, S hi b a ni S a nt ur k ar,
Giris h S astr y, H e at h er S c h mi dt, D a vi d S c h n urr, J o h n
S c h ul m a n, D a ni el S els a m, K yl a S h e p p ar d, T o ki
S h er b a k o v, J essi c a S hi e h, S ar a h S h o k er, Pr a n a v
S h y a m, S z y m o n Si d or, Eri c Si gl er, M a d di e Si m e ns,
J or d a n Sit ki n, K at ari n a Sl a m a, I a n S o hl, B e nj a mi n
S o k ol o ws k y, Ya n g S o n g, N at ali e St a u d a c h er, F e-
li p e P etr os ki S u c h, N at ali e S u m m ers, Il y a S uts k e v er,
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Ji e Ta n g, Ni k ol as Te z a k, M a d el ei n e B. T h o m ps o n,
P hil Till et, A mi n T o ot o o n c hi a n, Eli z a b et h Ts e n g,
Pr est o n T u g gl e, Ni c k T url e y, J err y T w or e k, J u a n F e-
li p e C er ó n Uri b e, A n dr e a Vall o n e, Ar u n Vij a y v er gi y a,
C h els e a Voss, C arr oll Wai n wri g ht, J usti n J a y Wa n g,
Al vi n Wa n g, B e n Wa n g, J o n at h a n War d, J as o n Wei,
CJ Wei n m a n n, A kil a Weli hi n d a, P et er Weli n d er, Ji-
a yi We n g, Lili a n We n g, M att Wi et h off, D a v e Will n er,
Cl e m e ns Wi nt er, S a m u el W olri c h, H a n n a h W o n g,
L a ur e n W or k m a n, S h er wi n W u, J eff W u, Mi c h a el
W u, K ai Xi a o, Ta o X u, S ar a h Y o o, K e vi n Yu, Qi m-
i n g Yu a n, W oj ci e c h Z ar e m b a, R o w a n Z ell ers, C h o n g
Z h a n g, M ar vi n Z h a n g, S h e n gji a Z h a o, Ti a n h a o
Z h e n g, J u nt a n g Z h u a n g, Willi a m Z h u k, a n d B ar-
r et Z o p h. 2 0 2 4. G pt- 4 t e c h ni c al r e p ort . Pr e pri nt ,
ar Xi v: 2 3 0 3. 0 8 7 7 4.

L o n g O u y a n g, J effr e y W u, X u Ji a n g, Di o g o Al m ei d a,
C arr oll Wai n wri g ht, P a m el a Mis h ki n, C h o n g Z h a n g,
S a n d hi ni A g ar w al, K at ari n a Sl a m a, Al e x R a y, J o h n
S c h ul m a n, J a c o b Hilt o n, Fr as er K elt o n, L u k e Mill er,
M a d di e Si m e ns, A m a n d a As k ell, P et er Weli n d er,
P a ul F C hristi a n o, J a n L ei k e, a n d R y a n L o w e. 2 0 2 2.
Tr ai ni n g l a n g u a g e m o d els t o f oll o w i nstr u cti o ns wit h
h u m a n f e e d b a c k . I n A d v a n c es i n N e ur al I nf or m ati o n
Pr o c essi n g S yst e ms , v ol u m e 3 5, p a g es 2 7 7 3 0 – 2 7 7 4 4.
C urr a n Ass o ci at es, I n c.

A d a m P as z k e, S a m Gr oss, Fr a n cis c o M ass a, A d a m
L er er, J a m es Br a d b ur y, Gr e g or y C h a n a n, Tr e v or
Kill e e n, Z e mi n g Li n, N at ali a Gi m els h ei n, L u c a
A nti g a, Al b a n D es m ais o n, A n dr e as K ö pf, E d w ar d
Ya n g, Z a c h D e Vit o, M arti n R ais o n, Al y k h a n Tej a ni,
S as a n k C hil a m k urt h y, B e n oit St ei n er, L u F a n g, J u n-
ji e B ai, a n d S o u mit h C hi nt al a. 2 0 1 9. P yt or c h: A n
i m p er ati v e st yl e, hi g h- p erf or m a n c e d e e p l e ar ni n g li-
br ar y . Pr e pri nt , ar Xi v: 1 9 1 2. 0 1 7 0 3.

B a o y u n P e n g, Xi a o Ji n, Ji a h e n g Li u, D o n gs h e n g Li,
Yi c h a o W u, Yu Li u, S h u nf e n g Z h o u, a n d Z h a o ni n g
Z h a n g. 2 0 1 9. C orr el ati o n c o n gr u e n c e f or k n o wl e d g e
distill ati o n. I n Pr o c e e di n gs of t h e I E E E/ C V F I n-
t er n ati o n al C o nf er e n c e o n C o m p ut er Visi o n, p a g es
5 0 0 7 – 5 0 1 6.

Gi o v a n ni P u c c etti, A n n a R o g ers, Al e ks a n dr Dr o z d, a n d
F eli c e D ell’ Orl ett a. 2 0 2 2. O utli er di m e nsi o ns t h at
disr u pt tr a nsf or m ers ar e dri v e n b y fr e q u e n c y . I n Fi n d-
i n gs of t h e Ass o ci ati o n f or C o m p ut ati o n al Li n g uisti cs:
E M N L P 2 0 2 2 , p a g es 1 2 8 6 – 1 3 0 4, A b u D h a bi, U nit e d
Ar a b E mir at es. Ass o ci ati o n f or C o m p ut ati o n al Li n-
g uisti cs.

Al e c R a df or d, J o n g W o o k Ki m, C hris H all a c y, A dit y a
R a m es h, G a bri el G o h, S a n d hi ni A g ar w al, Giris h S as-
tr y, A m a n d a As k ell, P a m el a Mis h ki n, J a c k Cl ar k,
et al. 2 0 2 1. L e ar ni n g tr a nsf er a bl e vis u al m o d els
fr o m n at ur al l a n g u a g e s u p er visi o n. ar Xi v pr e pri nt
ar Xi v: 2 1 0 3. 0 0 0 2 0 .

Al e c R a df or d, J effr e y W u, R e w o n C hil d, D a vi d L u a n,
D ari o A m o d ei, Il y a S uts k e v er, et al. 2 0 1 9. L a n g u a g e
m o d els ar e u ns u p er vis e d m ultit as k l e ar n ers. O p e n AI
bl o g , 1( 8): 9.

C oli n R aff el, N o a m S h a z e er, A d a m R o b erts, K at h er-
i n e L e e, S h ar a n N ar a n g, Mi c h a el M at e n a, Ya n qi
Z h o u, Wei Li, a n d P et er J. Li u. 2 0 2 0. E x pl ori n g t h e
li mits of tr a nsf er l e ar ni n g wit h a u ni fi e d t e xt-t o-t e xt
tr a nsf or m er. J o ur n al of M a c hi n e L e ar ni n g R es e ar c h ,
2 1( 1 4 0): 1 – 6 7.

Pr a n a v R aj p ur k ar, Ji a n Z h a n g, K o nst a nti n L o p yr e v, a n d
P er c y Li a n g. 2 0 1 6. S Q u A D: 1 0 0, 0 0 0 + q u esti o ns f or
m a c hi n e c o m pr e h e nsi o n of t e xt . I n Pr o c e e di n gs of
t h e 2 0 1 6 C o nf er e n c e o n E m piri c al M et h o ds i n N at u-
r al L a n g u a g e Pr o c essi n g , p a g es 2 3 8 3 – 2 3 9 2, A usti n,
Te x as. Ass o ci ati o n f or C o m p ut ati o n al Li n g uisti cs.

Vi ct or S a n h, L ys a n dr e D e b ut, J uli e n C h a u m o n d, a n d
T h o m as W olf. 2 0 1 9. Distil b ert, a distill e d v ersi o n
of b ert: s m all er, f ast er, c h e a p er a n d li g ht er. ar Xi v
pr e pri nt ar Xi v: 1 9 1 0. 0 1 1 0 8 .

Vi ct or S a n h, Al b ert We bs o n, C oli n R aff el, St e p h e n
B a c h, Li nt a n g S ut a wi k a, Z ai d Al y af e ai, A nt oi n e
C h af fi n, Ar n a u d Sti e gl er, Ar u n R aj a, M a n a n D e y,
M S aif ul B ari, C a n w e n X u, Ur mis h T h a k k er,
S h a n y a S h ar m a S h ar m a, Eli z a S z c z e c hl a, Ta e w o o n
Ki m, G u nj a n C h h a bl a ni, Ni h al N a y a k, D e b aj y oti
D att a, J o n at h a n C h a n g, Mi k e Ti a n-Ji a n Ji a n g, H a n
Wa n g, M att e o M a ni c a, S h e n g S h e n, Z h e n g Xi n Yo n g,
H ars hit P a n d e y, R a c h el B a w d e n, T h o m as Wa n g, Tr-
is h al a N e er aj, J os R o z e n, A b h e es ht S h ar m a, A n-
dr e a S a ntilli, T hi b a ult F e vr y, J as o n Al a n Fri es, R y a n
Te e h a n, Te v e n L e S c a o, St ell a Bi d er m a n, L e o G a o,
T h o m as W olf, a n d Al e x a n d er M R us h. 2 0 2 2. M ulti-
t as k pr o m pt e d tr ai ni n g e n a bl es z er o-s h ot t as k g e n er-
ali z ati o n . I n I nt er n ati o n al C o nf er e n c e o n L e ar ni n g
R e pr es e nt ati o ns .

R yl a n S c h a eff er, Br a n d o Mir a n d a, a n d S a n mi K o y ej o.
2 0 2 3. Ar e e m er g e nt a biliti es of l ar g e l a n g u a g e m o d-
els a mir a g e ? I n T hirt y-s e v e nt h C o nf er e n c e o n N e u-
r al I nf or m ati o n Pr o c essi n g S yst e ms .

Pr at y us h a S h ar m a, J or d a n T. As h, a n d Di p e n dr a Misr a.
2 0 2 4. T h e tr ut h is i n t h er e: I m pr o vi n g r e as o ni n g i n
l a n g u a g e m o d els wit h l a y er-s el e cti v e r a n k r e d u cti o n.
I n T h e T w elft h I nt er n ati o n al C o nf er e n c e o n L e ar ni n g
R e pr es e nt ati o ns .

Ri c h ar d S o c h er, Al e x P er el y gi n, J e a n W u, J as o n
C h u a n g, C hrist o p h er D M a n ni n g, A n dr e w N g, a n d
C hrist o p h er P otts. 2 0 1 3. R e c ursi v e d e e p m o d els f or
s e m a nti c c o m p ositi o n alit y o v er a s e nti m e nt tr e e b a n k.
I n Pr o c e e di n gs of t h e 2 0 1 3 c o nf er e n c e o n e m piri-
c al m et h o ds i n n at ur al l a n g u a g e pr o c essi n g , p a g es
1 6 3 1 – 1 6 4 2.

A ar o hi Sri v ast a v a, A b hi n a v R ast o gi, A b his h e k R a o,
A b u A w al M d S h o e b, A b u b a k ar A bi d, A d a m Fis c h,
A d a m R. Br o w n, A d a m S a nt or o, A dit y a G u pt a,
A dri à G arri g a- Al o ns o, A g ni es z k a Kl us k a, Ait or
L e w k o w y c z, A ks h at A g ar w al, Al et h e a P o w er, Al e x
R a y, Al e x Warst a dt, Al e x a n d er W. K o c ur e k, Ali
S af a y a, Ali Ta z ar v, Ali c e Xi a n g, Ali ci a P arris h,
All e n Ni e, A m a n H uss ai n, A m a n d a As k ell, A m a n d a
Ds o u z a, A m br os e Sl o n e, A m e et R a h a n e, A n a n-
t h ar a m a n S. I y er, A n d ers J o h a n A n dr e ass e n, A n-
dr e a M a d ott o, A n dr e a S a ntilli, A n dr e as St u hl m üll er,
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A n dr e w M. D ai, A n dr e w L a, A n dr e w L a m pi n e n,
A n d y Z o u, A n g el a Ji a n g, A n g eli c a C h e n, A n h
V u o n g, A ni m es h G u pt a, A n n a G ott ar di, A nt o ni o
N or elli, A n u Ve n k at es h, Ar as h G h ol a mi d a v o o di,
Arf a Ta b ass u m, Ar ul M e n e z es, Ar u n Kir u b ar a-
j a n, As h er M ull o k a n d o v, As his h S a b h ar w al, A usti n
H erri c k, A vi a Efr at, A y k ut Er d e m, A yl a K ar a k a ş,
B. R y a n R o b erts, B a o S h e n g L o e, B arr et Z o p h,
B artł o mi ej B oj a n o ws ki, B at u h a n Ö z y urt, B e h n a m
H e d a y at ni a, B e h n a m N e ys h a b ur, B e nj a mi n I n d e n,
B e n n o St ei n, B er k E k m e k ci, Bill Yu c h e n Li n, Bl a k e
H o w al d, Br y a n Ori ni o n, C a m er o n Di a o, C a m er o n
D o ur, C at h eri n e Sti ns o n, C e dri c k Ar g u et a, C es ar
F erri, C h a n d a n Si n g h, C h arl es R at h k o pf, C h e nli n
M e n g, C hitt a B ar al, C hi y u W u, C hris C allis o n-
B ur c h, C hrist o p h er Wait es, C hristi a n Voi gt, C hrist o-
p h er D M a n ni n g, C hrist o p h er P otts, Ci n d y R a mir e z,
Cl ar a E. Ri v er a, Cl e m e n ci a Sir o, C oli n R aff el, C o urt-
n e y As h cr aft, Cristi n a G ar b a c e a, D a mi e n Sil e o,
D a n G arr ett e, D a n H e n dr y c ks, D a n Kil m a n, D a n
R ot h, C. D a ni el Fr e e m a n, D a ni el K h as h a bi, D a ni el
L e v y, D a ni el M os e g uí G o n z ál e z, D a ni ell e P ers z y k,
D a n n y H er n a n d e z, D a n qi C h e n, D a p h n e I p p olit o,
D ar Gil b o a, D a vi d D o h a n, D a vi d Dr a k ar d, D a vi d J u-
r g e ns, D e b aj y oti D att a, D e e p G a n g uli, D e nis E m eli n,
D e nis Kl e y k o, D e ni z Yur et, D er e k C h e n, D er e k
Ta m, Di e u w k e H u p k es, Di g a nt a Misr a, Dil y ar B u z a n,
Di mitri C o el h o M oll o, Di yi Ya n g, D o n g- H o L e e,
D yl a n S c hr a d er, E k at eri n a S h ut o v a, E ki n D o g us
C u b u k, El a d S e g al, El e a n or H a g er m a n, Eli z a b et h
B ar n es, Eli z a b et h D o n o w a y, Elli e P a vli c k, E m a n u el e
R o d ol à, E m m a L a m, Eri c C h u, Eri c Ta n g, Er k ut
Er d e m, Er ni e C h a n g, Et h a n A C hi, Et h a n D y er,
Et h a n J er z a k, Et h a n Ki m, E u ni c e E n g ef u M a n y asi,
E v g e nii Z h elt o n o z hs kii, F a n y u e Xi a, F at e m e h Si ar,
F er n a n d o M artí n e z- Pl u m e d, Fr a n c es c a H a p p é, Fr a n-
c ois C h oll et, Fri e d a R o n g, G a ur a v Mis hr a, G e nt a I n-
dr a Wi n at a, G er ar d d e M el o, G er m á n Kr us z e ws ki,
Gi a m b attist a P ar as c a n d ol o, Gi or gi o M ari a ni, Gl o-
ri a Xi n y u e Wa n g, G o n z al o J ai m o vit c h- L o p e z, Gr e g or
B et z, G u y G ur- Ari, H a n a G alij as e vi c, H a n n a h Ki m,
H a n n a h R as h ki n, H a n n a n e h H ajis hir zi, H ars h M e ht a,
H a y d e n B o g ar, H e nr y Fr a n cis A nt h o n y S h e vli n, Hi n-
ri c h S c h u et z e, Hir o m u Ya k ur a, H o n g mi n g Z h a n g,
H u g h M e e W o n g, I a n N g, Is a a c N o bl e, J a a p J u m el et,
J a c k G eissi n g er, J a c ks o n K er ni o n, J a c o b Hilt o n, J a e-
h o o n L e e, J ai m e F er n á n d e z Fis a c, J a m es B Si m o n,
J a m es K o p p el, J a m es Z h e n g, J a m es Z o u, J a n K o c o n,
J a n a T h o m ps o n, J a n ell e Wi n g fi el d, J ar e d K a pl a n,
J ar e m a R a d o m, J as c h a S o hl- Di c kst ei n, J as o n P h a n g,
J as o n Wei, J as o n Yosi ns ki, J e k at eri n a N o vi k o v a, J ell e
B oss c h er, J e n nif er M ars h, J er e m y Ki m, J er o e n Ta al,
J ess e E n g el, J es uj o b a Al a bi, Ji a c h e n g X u, Ji a mi n g
S o n g, Jilli a n Ta n g, J o a n Wa w er u, J o h n B ur d e n, J o h n
Mill er, J o h n U. B alis, J o n at h a n B at c h el d er, J o n at h a n
B er a nt, J ör g Fr o h b er g, J os R o z e n, J os e H er n a n d e z-
Or all o, J os e p h B o u d e m a n, J os e p h G u err, J os e p h
J o n es, J os h u a B. Te n e n b a u m, J os h u a S. R ul e, J o y c e
C h u a, K a mil K a n cl er z, K ar e n Li v es c u, K arl Kr a ut h,
K art hi k G o p al a kris h n a n, K at eri n a I g n at y e v a, K atj a
M ar k ert, K a ust u b h D h ol e, K e vi n Gi m p el, K e vi n
O m o n di, K or y Wall a c e M at h e ws o n, Krist e n C hi a-
f ull o, Ks e ni a S h k ar ut a, K u m ar S hri d h ar, K yl e M c-
D o n ell, K yl e Ri c h ar ds o n, L ari a R e y n ol ds, L e o G a o,

Li Z h a n g, Li a m D u g a n, Li a n h ui Qi n, Li di a C o ntr er as-
O c h a n d o, L o uis- P hili p p e M or e n c y, L u c a M os c h ell a,
L u c as L a m, L u c y N o bl e, L u d wi g S c h mi dt, L u h e n g
H e, L uis Oli v er os- C ol ó n, L u k e M et z, L üt fi K er e m
S e n el, M a art e n B os m a, M a art e n S a p, M a artj e Ter
H o e v e, M a h e e n F ar o o qi, M a n a al F ar u q ui, M a nt as
M a z ei k a, M ar c o B at ur a n, M ar c o M ar elli, M ar c o
M ar u, M ari a J os e R a mir e z- Q ui nt a n a, M ari e T ol ki e h n,
M ari o Gi uli a n elli, M art h a L e wis, M arti n P ott h ast,
M att h e w L L e a vitt, M att hi as H a g e n, M át y ás S c h u-
b ert, M e di n a Or d u n a B ait e mir o v a, M el o d y Ar n a u d,
M el vi n M c Elr at h, Mi c h a el A n dr e w Ye e, Mi c h a el C o-
h e n, Mi c h a el G u, Mi c h a el I v a nits ki y, Mi c h a el St ar-
ritt, Mi c h a el Str u b e, Mi c h ał S w ę dr o ws ki, Mi c h el e
B e vil a c q u a, Mi c hi hir o Yas u n a g a, Mi hir K al e, Mi k e
C ai n, Mi m e e X u, Mir a c S u z g u n, Mit c h Wal k er,
M o Ti w ari, M o hit B a ns al, M oi n A mi n n as eri, M or
G e v a, M o z h d e h G h ei ni, M u k u n d Var m a T, N a n y u n
P e n g, N at h a n A n dr e w C hi, N a y e o n L e e, N et a G ur-
Ari Kr a k o v er, Ni c h ol as C a m er o n, Ni c h ol as R o b erts,
Ni c k D oir o n, Ni c ol e M arti n e z, Ni kit a N a n gi a, Ni kl as
D e c k ers, Ni kl as M u e n ni g h off, Nitis h S hiris h K es k ar,
Ni v e dit h a S. I y er, N o a h C o nst a nt, N o a h Fi e d el,
N u a n We n, Oli v er Z h a n g, O m ar A g h a, O m ar El-
b a g h d a di, O m er L e v y, O w ai n E v a ns, P a bl o A nt o-
ni o M or e n o C as ar es, P art h D os hi, P as c al e F u n g,
P a ul P u Li a n g, P a ul Vi c ol, P e g a h Ali p o or m ol a b as hi,
P ei y u a n Li a o, P er c y Li a n g, P et er W C h a n g, P e-
t er E c k ersl e y, P h u M o n Ht ut, Pi n y u H w a n g, Pi otr
Mił k o ws ki, Pi y us h P atil, P o u y a P e z es h k p o ur, Priti
Oli, Qi a o z h u M ei, Qi n g L y u, Qi nl a n g C h e n, R a-
bi n B a nj a d e, R a c h el Ett a R u d ol p h, R a ef er G a bri el,
R a h el H a b a c k er, R a m o n Ris c o, R a p h a ël Milli èr e,
R h yt h m G ar g, Ri c h ar d B ar n es, Rif A. S a ur o us, Ri k u
Ar a k a w a, R o b b e R a y m a e k ers, R o b ert Fr a n k, R o-
h a n Si k a n d, R o m a n N o v a k, R o m a n Sit el e w, R o-
n a n L e Br as, R os a n n e Li u, R o w a n J a c o bs, R ui
Z h a n g, R uss S al a k h ut di n o v, R y a n A n dr e w C hi,
S e u n gj a e R y a n L e e, R y a n St o v all, R y a n Te e h a n,
R yl a n Ya n g, S a hi b Si n g h, S aif M. M o h a m m a d,
S aj a nt A n a n d, S a m Dill a v o u, S a m S hl eif er, S a m
Wis e m a n, S a m u el Gr u ett er, S a m u el R. B o w m a n,
S a m u el St er n S c h o e n h ol z, S a n g h y u n H a n, S a nj e e v
K w atr a, S ar a h A. R o us, S ari k G h a z ari a n, S a y a n
G h os h, S e a n C as e y, S e b asti a n Bis c h off, S e b asti a n
G e hr m a n n, S e b asti a n S c h ust er, S e pi d e h S a d e g hi,
S h a di H a m d a n, S h ar o n Z h o u, S h as h a n k Sri v ast a v a,
S h err y S hi, S hi k h ar Si n g h, S hi m a As a a di, S hi xi-
a n g S h a n e G u, S h u b h P a c h c hi g ar, S h u b h a m T os h-
ni w al, S h y a m U p a d h y a y, S h y a m oli m a S h a m mi e
D e b n at h, Si a m a k S h a k eri, Si m o n T h or m e y er, Si-
m o n e M el zi, Si v a R e d d y, S n e h a Pris cill a M a ki ni,
S o o- H w a n L e e, S p e n c er T or e n e, Sri h ars h a H at w ar,
St a nisl as D e h a e n e, St ef a n Di vi c, St ef a n o Er m o n,
St ell a Bi d er m a n, St e p h a ni e Li n, St e p h e n Pr as a d,
St e v e n Pi a nt a d osi, St u art S hi e b er, S u m m er Mis h-
er g hi, S v etl a n a Kirit c h e n k o, S w ar o o p Mis hr a, Tal
Li n z e n, Tal S c h ust er, Ta o Li, Ta o Yu, Tari q Ali,
Tats u n ori H as hi m ot o, Te- Li n W u, T h é o D es b or-
d es, T h e o d or e R ot hs c hil d, T h o m as P h a n, Ti a nl e
Wa n g, Ti b eri us N ki n yili, Ti m o S c hi c k, Ti m of ei K o-
r n e v, Tit us T u n d u n y, T o bi as G erst e n b er g, Tr e nt o n
C h a n g, Tris h al a N e er aj, T us h ar K h ot, T yl er S h ult z,
Uri S h a h a m, Ve d a nt Misr a, Ver a D e m b er g, Vi ct o-
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ri a N y a m ai, Vi k as R a u n a k, Vi n a y Ve n k at es h R a-
m as es h, vi n a y u d a y pr a b h u, Vis h a k h P a d m a k u m ar,
Vi v e k Sri k u m ar, Willi a m F e d us, Willi a m S a u n d ers,
Willi a m Z h a n g, W o ut Voss e n, Xi a n g R e n, Xi a o y u
T o n g, Xi nr a n Z h a o, Xi n yi W u, X u d o n g S h e n, Ya d ol-
l a h Ya g h o o b z a d e h, Yair L a kr et z, Ya n g qi u S o n g,
Yas a m a n B a hri, Yeji n C h oi, Yi c hi Ya n g, Yi di n g
H a o, Yif u C h e n, Y o n at a n B eli n k o v, Yu H o u, Yu-
f a n g H o u, Yu nt a o B ai, Z a c h ar y S ei d, Z h u o y e Z h a o,
Ziji a n Wa n g, Ziji e J. Wa n g, Zir ui Wa n g, a n d Zi yi
W u. 2 0 2 3. B e y o n d t h e i mit ati o n g a m e: Q u a ntif yi n g
a n d e xtr a p ol ati n g t h e c a p a biliti es of l a n g u a g e m o d els .
Tr a ns a cti o ns o n M a c hi n e L e ar ni n g R es e ar c h .

Mi n gji e S u n, Xi nl ei C h e n, J. Zi c o K olt er, a n d Z h u a n g
Li u. 2 0 2 4. M assi v e a cti v ati o ns i n l ar g e l a n g u a g e
m o d els. ar Xi v pr e pri nt ar Xi v: 2 4 0 2. 1 7 7 6 2 .

Z hi qi n g S u n, H o n g k u n Yu, Xi a o d a n S o n g, R e nji e Li u,
Yi mi n g Ya n g, a n d D e n n y Z h o u. 2 0 2 0. M o bil e B E R T:
a c o m p a ct t as k- a g n osti c B E R T f or r es o ur c e-li mit e d
d e vi c es . I n Pr o c e e di n gs of t h e 5 8t h A n n u al M e et-
i n g of t h e Ass o ci ati o n f or C o m p ut ati o n al Li n g uisti cs,
p a g es 2 1 5 8 – 2 1 7 0, O nli n e. Ass o ci ati o n f or C o m p ut a-
ti o n al Li n g uisti cs.

S hi c h e n g Ta n, We n g L a m Ta m, Yu a n c h u n Wa n g, We n-
w e n G o n g, S h u Z h a o, P e n g Z h a n g, a n d Ji e Ta n g.
2 0 2 3. Ar e i nt er m e di at e l a y ers a n d l a b els r e all y n e c-
ess ar y ? a g e n er al l a n g u a g e m o d el distill ati o n m et h o d .
I n Fi n di n gs of t h e Ass o ci ati o n f or C o m p ut ati o n al
Li n g uisti cs: A C L 2 0 2 3 , p a g es 9 6 7 8 – 9 6 9 6, T or o nt o,
C a n a d a. Ass o ci ati o n f or C o m p ut ati o n al Li n g uisti cs.

H u g o T o u vr o n, L o uis M arti n, K e vi n R. St o n e, P et er
Al b ert, A mj a d Al m a h airi, Yas mi n e B a b a ei, Ni k ol a y
B as hl y k o v, S o u m y a B atr a, Pr ajj w al B h ar g a v a, S hr uti
B h os al e, D. Bi k el, L u k as Bl e c h er, Cristi a n C a nt ó n
F err er, M o y a C h e n, G uill e m C u c ur ull, D a vi d Esi o b u,
J u d e F er n a n d es, J er e m y F u, We n yi n F u, Bri a n F ull er,
C y nt hi a G a o, Ve d a n uj G os w a mi, N a m a n G o y al,
A. H arts h or n, S a g h ar H oss ei ni, R ui H o u, H a k a n I n a n,
M ar ci n K ar d as, Vi kt or K er k e z, M a di a n K h a bs a, Is-
a b el M. Kl o u m a n n, A. K or e n e v, P u nit Si n g h K o ur a,
M ari e- A n n e L a c h a u x, T hi b a ut L a vril, J e n y a L e e, Di-
a n a Lis k o vi c h, Yi n g h ai L u, Yu ni n g M a o, X a vi er M ar-
ti n et, T o d or Mi h a yl o v, P us h k ar Mis hr a, I g or M ol y-
b o g, Yi xi n Ni e, A n dr e w P o ult o n, J er e m y R ei z e n-
st ei n, R as hi R u n gt a, K al y a n S al a di, Al a n S c h elt e n,
R u a n Sil v a, Eri c Mi c h a el S mit h, R. S u br a m a ni a n,
Xi a Ta n, Bi n h Ta n g, R oss Ta yl or, A di n a Willi a ms,
Ji a n Xi a n g K u a n, P u xi n X u, Z h e n g x u Ya n, Ili y a n
Z ar o v, Y u c h e n Z h a n g, A n g el a F a n, M el a ni e K a m-
b a d ur, S h ar a n N ar a n g, A ur eli e n R o dri g u e z, R o b ert
St oj ni c, S er g e y E d u n o v, a n d T h o m as S ci al o m. 2 0 2 3.
Ll a m a 2: O p e n f o u n d ati o n a n d fi n e-t u n e d c h at m o d-
els . Ar Xi v , a bs/ 2 3 0 7. 0 9 2 8 8.

Fr e d T u n g a n d Gr e g M ori. 2 0 1 9. Si mil arit y- pr es er vi n g
k n o wl e d g e distill ati o n . I n 2 0 1 9 I E E E/ C V F I nt er n a-
ti o n al C o nf er e n c e o n C o m p ut er Visi o n (I C C V), p a g es
1 3 6 5 – 1 3 7 4.

As his h Vas w a ni, N o a m S h a z e er, Ni ki P ar m ar, J a k o b
Us z k or eit, Lli o n J o n es, Ai d a n N G o m e z, Ł u k as z

K ais er, a n d Illi a P ol os u k hi n. 2 0 1 7. Att e nti o n is all
y o u n e e d. A d v a n c es i n n e ur al i nf or m ati o n pr o c essi n g
s yst e ms , 3 0.

Al e x Wa n g, A m a n pr e et Si n g h, J uli a n Mi c h a el, F eli x
Hill, O m er L e v y, a n d S a m u el R. B o w m a n. 2 0 1 9.
G L U E: A m ulti-t as k b e n c h m ar k a n d a n al ysis pl at-
f or m f or n at ur al l a n g u a g e u n d erst a n di n g. I n I nt er n a-
ti o n al C o nf er e n c e o n L e ar ni n g R e pr es e nt ati o ns.

We n h ui Wa n g, H a n g b o B a o, S h a o h a n H u a n g, Li D o n g,
a n d F ur u Wei. 2 0 2 1. Mi ni L M v 2: M ulti- h e a d s elf-
att e nti o n r el ati o n distill ati o n f or c o m pr essi n g pr e-
tr ai n e d tr a nsf or m ers. I n Fi n di n gs of t h e Ass o ci ati o n
f or C o m p ut ati o n al Li n g uisti cs: A C L-I J C N L P 2 0 2 1,
p a g es 2 1 4 0 – 2 1 5 1, O nli n e. Ass o ci ati o n f or C o m p ut a-
ti o n al Li n g uisti cs.

We n h ui Wa n g, F ur u Wei, Li D o n g, H a n g b o B a o, N a n
Ya n g, a n d Mi n g Z h o u. 2 0 2 0 a. Mi ni L M: D e e p s elf-
att e nti o n distill ati o n f or t as k- a g n osti c c o m pr essi o n
of pr e-tr ai n e d tr a nsf or m ers. I n Pr o c e e di n gs of t h e
3 4t h I nt er n ati o n al C o nf er e n c e o n N e ur al I nf or m ati o n
Pr o c essi n g S yst e ms , N e urI P S’ 2 0, R e d H o o k, N Y,
U S A. C urr a n Ass o ci at es I n c.

We n h ui Wa n g, F ur u Wei, Li D o n g, H a n g b o B a o, N a n
Ya n g, a n d Mi n g Z h o u. 2 0 2 0 b. Mi nil m: D e e p s elf-
att e nti o n distill ati o n f or t as k- a g n osti c c o m pr essi o n
of pr e-tr ai n e d tr a nsf or m ers. A d v a n c es i n N e ur al I n-
f or m ati o n Pr o c essi n g S yst e ms ( N e urI P S).

Z h e c a n Wa n g, N o el C o d ell a, Ye n- C h u n C h e n, L u o w ei
Z h o u, Xi y a n g D ai, Bi n Xi a o, Ji a n w ei Ya n g, H a o x-
u a n Yo u, K ai- Wei C h a n g, S hi h-f u C h a n g, et al. 2 0 2 2.
M ulti m o d al a d a pti v e distill ati o n f or l e v er a gi n g u ni-
m o d al e n c o d ers f or visi o n-l a n g u a g e t as ks. ar Xi v
pr e pri nt ar Xi v: 2 2 0 4. 1 0 4 9 6 .

Al e x Warst a dt, A m a n pr e et Si n g h, a n d S a m u el R B o w-
m a n. 2 0 1 9. N e ur al n et w or k a c c e pt a bilit y j u d g m e nts.
Tr a ns a cti o ns of t h e Ass o ci ati o n f or C o m p ut ati o n al
Li n g uisti cs , 7: 6 2 5 – 6 4 1.

J as o n Wei, M a art e n B os m a, Vi n c e nt Z h a o, K el vi n G u u,
A d a ms Wei Y u, Bri a n L est er, N a n D u, A n dr e w M.
D ai, a n d Q u o c V L e. 2 0 2 2 a. Fi n et u n e d l a n g u a g e
m o d els ar e z er o-s h ot l e ar n ers . I n I nt er n ati o n al C o n-
f er e n c e o n L e ar ni n g R e pr es e nt ati o ns.

J as o n Wei, Yi Ta y, Ris hi B o m m as a ni, C oli n R aff el,
B arr et Z o p h, S e b asti a n B or g e a u d, D a ni Y o g at a m a,
M a art e n B os m a, D e n n y Z h o u, D o n al d M et zl er, E d H.
C hi, Tats u n ori H as hi m ot o, Ori ol Vi n y als, P er c y
Li a n g, J eff D e a n, a n d Willi a m F e d us. 2 0 2 2 b. E m er-
g e nt a biliti es of l ar g e l a n g u a g e m o d els . Tr a ns a cti o ns
o n M a c hi n e L e ar ni n g R es e ar c h . S ur v e y C erti fi c a-
ti o n.

Xi u yi n g Wei, Yu n c h e n Z h a n g, Yu h a n g Li, Xi a n g g u o
Z h a n g, R ui h a o G o n g, Ji n y a n g G u o, a n d Xi a n gl o n g
Li u. 2 0 2 3. O utli er s u p pr essi o n +: A c c ur at e q u a nti-
z ati o n of l ar g e l a n g u a g e m o d els b y e q ui v al e nt a n d
eff e cti v e s hifti n g a n d s c ali n g . I n Pr o c e e di n gs of t h e
2 0 2 3 C o nf er e n c e o n E m piri c al M et h o ds i n N at ur al
L a n g u a g e Pr o c essi n g , p a g es 1 6 4 8 – 1 6 6 5, Si n g a p or e.
Ass o ci ati o n f or C o m p ut ati o n al Li n g uisti cs.
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Xi u yi n g Wei, Yu n c h e n Z h a n g, Xi a n g g u o Z h a n g, R ui h a o
G o n g, S h a n g h a n g Z h a n g, Qi Z h a n g, F e n g w ei Yu, a n d
Xi a n gl o n g Li u. 2 0 2 2 c. O utli er s u p pr essi o n: P us hi n g
t h e li mit of l o w- bit tr a nsf or m er l a n g u a g e m o d els.
A d v a n c es i n N e ur al I nf or m ati o n Pr o c essi n g S yst e ms ,
3 5: 1 7 4 0 2 – 1 7 4 1 4.

A di n a Willi a ms, Ni kit a N a n gi a, a n d S a m u el B o w m a n.
2 0 1 8. A br o a d- c o v er a g e c h all e n g e c or p us f or s e n-
t e n c e u n d erst a n di n g t hr o u g h i nf er e n c e. I n Pr o c e e d-
i n gs of t h e 2 0 1 8 C o nf er e n c e of t h e N ort h A m eri c a n
C h a pt er of t h e Ass o ci ati o n f or C o m p ut ati o n al Li n-
g uisti cs: H u m a n L a n g u a g e Te c h n ol o gi es, Vol u m e 1
( L o n g P a p ers), p a g es 1 1 1 2 – 1 1 2 2. Ass o ci ati o n f or
C o m p ut ati o n al Li n g uisti cs.

T h o m as W olf, L ys a n dr e D e b ut, Vi ct or S a n h, J uli e n
C h a u m o n d, Cl e m e nt D el a n g u e, A nt h o n y M oi, Pi er-
ri c Cist a c, Ti m R a ult, R é mi L o uf, M or g a n F u nt o w-
i c z, J o e D a vis o n, S a m S hl eif er, P atri c k v o n Pl at e n,
Cl ar a M a, Ya ci n e J er nit e, J uli e n Pl u, C a n w e n X u,
Te v e n L e S c a o, S yl v ai n G u g g er, M ari a m a Dr a m e,
Q u e nti n L h o est, a n d Al e x a n d er M. R us h. 2 0 2 0. H u g-
gi n gf a c e’s tr a nsf or m ers: St at e- of-t h e- art n at ur al l a n-
g u a g e pr o c essi n g . Pr e pri nt , ar Xi v: 1 9 1 0. 0 3 7 7 1.

H ai y a n W u, Y uti n g G a o, Yi n qi Z h a n g, S h a o h ui Li n,
Yu a n Xi e, Xi n g S u n, a n d K e Li. 2 0 2 2 a. S elf-
s u p er vis e d m o d els ar e g o o d t e a c hi n g assist a nts f or
visi o n tr a nsf or m ers . I n I C M L.

K a n W u, Ji n ni a n Z h a n g, H o u w e n P e n g, M e n g c h e n Li u,
Bi n Xi a o, Ji a nl o n g F u, a n d L u Yu a n. 2 0 2 2 b. Ti n y vit:
F ast pr etr ai ni n g distill ati o n f or s m all visi o n tr a ns-
f or m ers. I n E C C V , p a g es 6 8 – 8 5. S pri n g er.

Mi n g h a o W u, A b d ul Wa h e e d, C hi y u Z h a n g, M u h a m-
m a d A b d ul- M a g e e d, a n d Al h a m Aji. 2 0 2 4 a. L a Mi ni-
L M: A di v ers e h er d of distill e d m o d els fr o m l ar g e-
s c al e i nstr u cti o ns . I n Pr o c e e di n gs of t h e 1 8t h C o nf er-
e n c e of t h e E ur o p e a n C h a pt er of t h e Ass o ci ati o n f or
C o m p ut ati o n al Li n g uisti cs ( Vol u m e 1: L o n g P a p ers) ,
p a g es 9 4 4 – 9 6 4, St. J uli a n’s, M alt a. Ass o ci ati o n f or
C o m p ut ati o n al Li n g uisti cs.

Qi a n h ui W u, H ui qi a n g Ji a n g, H a o n a n Yi n, B örj e F.
K arlss o n, a n d C hi n- Ye w Li n. 2 0 2 3 a. M ulti-l e v el
k n o wl e d g e distill ati o n f or o ut- of- distri b uti o n d et e c-
ti o n i n t e xt. I n T h e 6 1st A n n u al M e eti n g of t h e Ass o-
ci ati o n f or C o m p ut ati o n al Li n g uisti cs ( A C L 2 0 2 3) .

Si y u e W u, H o n g z h a n C h e n, Xi a oj u n Q u a n, Qif a n Wa n g,
a n d R ui Wa n g. 2 0 2 3 b. A d- k d: Attri b uti o n- dri v e n
k n o wl e d g e distill ati o n f or l a n g u a g e m o d el c o m pr es-
si o n . I n A n n u al M e eti n g of t h e Ass o ci ati o n f or C o m-
p ut ati o n al Li n g uisti cs .

Tai qi a n g W u, C h e n g H o u, S h a ns h a n L a o, Ji a yi Li, N g ai
W o n g, Z h e Z h a o, a n d Yuji u Ya n g. 2 0 2 4 b. Wei g ht-
i n h erit e d distill ati o n f or t as k- a g n osti c B E R T c o m-
pr essi o n . I n Fi n di n gs of t h e Ass o ci ati o n f or C o m-
p ut ati o n al Li n g uisti cs: N A A C L 2 0 2 4 , p a g es 1 3 – 2 8,
M e xi c o Cit y, M e xi c o. Ass o ci ati o n f or C o m p ut ati o n al
Li n g uisti cs.

R ui bi n Xi o n g, Yu n c h a n g Ya n g, Di H e, K ai Z h e n g,
S h u xi n Z h e n g, C h e n Xi n g, H uis h u ai Z h a n g, Ya n y a n
L a n, Li w ei Wa n g, a n d Ti e- Ya n Li u. 2 0 2 0. O n l a y er
n or m ali z ati o n i n t h e tr a nsf or m er ar c hit e ct ur e. I n Pr o-
c e e di n gs of t h e 3 7t h I nt er n ati o n al C o nf er e n c e o n
M a c hi n e L e ar ni n g , I C M L’ 2 0. J M L R. or g.

Z h e n d o n g Ya n g, Z h e Li, Xi a o h u Ji a n g, Yu a n G o n g,
Z e h u a n Yu a n, D a n p ei Z h a o, a n d C h u n Yu a n. 2 0 2 2.
F o c al a n d gl o b al k n o wl e d g e distill ati o n f or d et e c-
t ors. I n Pr o c e e di n gs of t h e I E E E/ C V F C o nf er e n c e
o n C o m p ut er Visi o n a n d P att er n R e c o g niti o n , p a g es
4 6 4 3 – 4 6 5 2.

Z hili n Ya n g, Zi h a n g D ai, Yi mi n g Ya n g, J ai m e C ar-
b o n ell, R uss R S al a k h ut di n o v, a n d Q u o c V L e. 2 0 1 9.
Xl n et: G e n er ali z e d a ut or e gr essi v e pr etr ai ni n g f or l a n-
g u a g e u n d erst a n di n g. I n N e urI P S .

S er g e y Z a g or u y k o a n d Ni k os K o m o d a kis. 2 0 1 7. P a yi n g
m or e att e nti o n t o att e nti o n: I m pr o vi n g t h e p erf or-
m a n c e of c o n v ol uti o n al n e ur al n et w or ks vi a att e nti o n
tr a nsf er. I C L R.

S us a n Z h a n g, St e p h e n R oll er, N a m a n G o y al, Mi k el
Art et x e, M o y a C h e n, S h u o h ui C h e n, C hrist o p h er D e-
w a n, M o n a Di a b, Xi a n Li, Xi Vi ct ori a Li n, T o d or Mi-
h a yl o v, M yl e Ott, S a m S hl eif er, K urt S h ust er, D a ni el
Si mi g, P u nit Si n g h K o ur a, A nj ali Sri d h ar, Ti a nl u
Wa n g, a n d L u k e Z ettl e m o y er. 2 0 2 2. O pt: O p e n
pr e-tr ai n e d tr a nsf or m er l a n g u a g e m o d els . Pr e pri nt ,
ar Xi v: 2 2 0 5. 0 1 0 6 8.

Ti a n y a n g Z h a o, K u n w ar Yas hr aj Si n g h, Sri k ar A p-
p al ar aj u, P e n g Ta n g, Vij a y M a h a d e v a n, R. M a n-
m at h a, a n d Yi n g Ni a n W u. 2 0 2 4. N o h e a d l eft b e hi n d
– m ulti- h e a d ali g n m e nt distill ati o n f or tr a nsf or m ers .
Pr o c e e di n gs of t h e A A AI C o nf er e n c e o n Arti fi ci al
I nt elli g e n c e, 3 8( 7): 7 5 1 4 – 7 5 2 4.

X u n y u Z h u, Ji a n Li, Y o n g Li u, C a n M a, a n d Wei pi n g
Wa n g. 2 0 2 3. A s ur v e y o n m o d el c o m pr essi o n f or
l ar g e l a n g u a g e m o d els. Pr e pri nt , ar Xi v: 2 3 0 8. 0 7 6 3 3.

Yu k u n Z h u, R y a n Kir os, Ri c h Z e m el, R usl a n S al a k h ut-
di n o v, R a q u el Urt as u n, A nt o ni o T orr al b a, a n d S a nj a
Fi dl er. 2 0 1 5. Ali g ni n g b o o ks a n d m o vi es: T o w ar ds
st or y-li k e vis u al e x pl a n ati o ns b y w at c hi n g m o vi es
a n d r e a di n g b o o ks. I n T h e I E E E I nt er n ati o n al C o n-
f er e n c e o n C o m p ut er Visi o n (I C C V).
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A A p p e n di x: F u rt h e r R el at e d W o r ks

E m e r g e nt O utli e rs i n P r e-t r ai n e d L a n g u a g e
Tr a nsf o r m e rs. Alt h o u g h pr e vi o us st u di es h a v e
s h o w n t h at Tr a nsf or m ers ( Vas w a ni et al. , 2 0 1 7 ) ar e
r o b ust t o pr u ni n g (Mi c h el et al. , 2 0 1 9 ; G a n es h et al. ,
2 0 2 1 ), K o v al e v a et al. (2 0 2 1 ); P u c c etti et al. (2 0 2 2 )
s h o w t h at, i n c o ntr ar y, pr etr ai n e d Tr a nsf or m ers ar e
s ur prisi n gl y fr a gil e t o t h e r e m o v al of a v er y s m all
n u m b er of p arti c ul ar f e at ur es i n t h e l a y er o ut p uts.
T h e y o bs er v e t his p h e n o m e n a i n B E R T-f a mil y m o d-
els, i n cl u di n g B E R T ( D e vli n et al. , 2 0 1 9 ), B A R T
(L e wis et al. , 2 0 2 0 ), X L N et (Ya n g et al. , 2 0 1 9 ),
E L E C T R A ( Cl ar k et al. , 2 0 2 0 ); a n d als o i n G P T- 2
m o d el ( R a df or d et al. , 2 0 1 9 ). T h e y i d e ntif y t h at
t h es e f e at ur es ar e o utli ers of t h e s c ali n g f a ct ors a n d
bi as es i n L a y er- N or m of hi g h- m a g nit u d e. K o v al-
e v a et al. (2 0 2 1 ) s h o w t h at, i n B E R T, t h es e o ut-
li ers e m er g e d uri n g pr etr ai ni n g a n d r e m ai n i n t h e
s a m e di m e nsi o n al p ositi o n t hr o u g h o ut t h e m o d el.
P u c c etti et al. (2 0 2 2 ) f urt h er s h o w t h at, i n B E R T,
t h e m a g nit u d es of t h es e o utli er di m e nsi o ns c orr e-
l at e wit h t h e fr e q u e n c y of t o k e ns i n t h e pr etr ai n-
i n g c or p us, a n d t h e y als o c o ntri b ut e t o t h e s elf-
att e nti o n p att er n t o f o c us o n s o m e s p e ci al t o k e ns.
T h es e t w o w or ks b ot h st u d y o utli ers i n Tr a nsf or m-
ers at t h e s c al e ar o u n d 1 0 0 M p ar a m et ers. D ett m ers
et al. (2 0 2 2 ) s c al e u p t h e st u d y of o utli ers t o 1 7 5 B
D e c o d er- o nl y O P T m o d els ( Z h a n g et al. , 2 0 2 2 ),
a n d o bs er v e t h at o utli er m a g nit u d e a n d i n fl u e n c e
s yst e m ati c all y e m er g e f or all l a y ers at a n d b e y o n d
6. 7 B p ar a m et ers. T h e y pr o p os e t o q u a nti z e t h es e
o utli ers s e p ar at el y f or q u a nti z ati o n pr e cisi o n. Wei
et al. (2 0 2 2 c , 2 0 2 3 ), alt er n ati v el y, m a n a g e t o s u p-
pr ess o utli ers f or q u a nti zi n g l ar g e Tr a nsf or m ers.

K n o wl e d g e Distill ati o n. K n o wl e d g e distill ati o n
( K D) is wi d el y a p pli e d f or tr ai ni n g m or e c o m p a ct
visi o n m o d els ( Z a g or u y k o a n d K o m o d a kis , 2 0 1 7 ;
P e n g et al. , 2 0 1 9 ; T u n g a n d M ori , 2 0 1 9 ; Ya n g et al. ,
2 0 2 2 ; C h e n et al. , 2 0 2 2 ; W u et al. , 2 0 2 2 b ; A n d o-
ni a n et al. , 2 0 2 2 ; H e et al. , 2 0 2 2 ; W u et al. , 2 0 2 2 a ),
l a n g u a g e m o d els (S a n h et al. , 2 0 1 9 ; Wa n g et al. ,
2 0 2 0 b ; Ji a o et al. , 2 0 2 0 b ; S u n et al. , 2 0 2 0 ; Li a n g
et al. , 2 0 2 1 ; Li et al. , 2 0 2 2 a ; Di n g et al. , 2 0 2 3 b ), a n d
visi o n-l a n g u a g e m o d els ( F a n g et al. , 2 0 2 1 ; Wa n g
et al. , 2 0 2 2 ; G u et al. , 2 0 2 1 ; M a et al. , 2 0 2 2 ; Z h a o
et al. , 2 0 2 4 ). Wit h t h e r e c e nt e m er g e n c e of l ar g e
l a n g u a g e m o d els (T o u vr o n et al. , 2 0 2 3 ; A nil et al. ,
2 0 2 3 ; O p e n AI et al. , 2 0 2 4 ; AI @ M et a , 2 0 2 4 ; A n-
t hr o pi c, 2 0 2 4 ), gr e at eff orts h a v e b e e n m a d e t o
distill s o m e of t h es e L L Ms i nt o s m all er o n es ( Z h u
et al. , 2 0 2 3 ; Hsi e h et al. , 2 0 2 3 ; M a gist er et al. , 2 0 2 3 ;

W u et al. , 2 0 2 3 a ; Ta n et al. , 2 0 2 3 ; K a n g et al. , 2 0 2 3 ;
J h a et al. , 2 0 2 3 ; Li et al. , 2 0 2 3 ; Ji a n g et al. , 2 0 2 3 ;
W u et al. , 2 0 2 4 a ; G u et al. , 2 0 2 4 ; A g ar w al et al. ,
2 0 2 4 ), f or f ast er i nf er e n c e, l o w er m e m or y f o ot pri nt,
a n d l o w er c ost.

B A p p e n di x: D et ail e d T 5 P e rf o r m a n c e
wit h St a n d a r d E r r o r

C A p p e n di x: A cti v ati o n M a g nit u d e
Hist o g r a ms f o r Distill e d B E R T M o d els

8 4 9 1



M o d el C o n fi g ur ati o n M N LI Q N LI R T E S S T- 2 A v g ( %)

T 5- S m all
f ull m o d el 0. 3 5 4 4 ± 0. 0 0 4 8 0. 5 4 0 4 ± 0. 0 0 6 7 0. 5 3 4 3 ± 0. 0 3 0 0 0. 7 0 9 9 ± 0. 0 1 5 4 5 3. 4 7
n o n- o utli er dis a bl e d: 4 di ms 0. 3 5 5 4 ± 0. 0 0 4 8 0. 5 2 4 8 ± 0. 0 0 6 8 0. 5 0 1 8 ± 0. 0 3 0 1 0. 7 9 5 9 ± 0. 0 1 3 7 5 4. 4 5
o utli er dis a bl e d: 4 di ms 0. 3 3 0 3 ± 0. 0 0 4 7 0. 4 8 4 3 ± 0. 0 0 6 8 0. 4 7 2 9 ± 0. 0 3 0 1 0. 7 3 8 5 ± 0. 0 1 4 9 5 0. 6 5

T 5- B as e
f ull m o d el 0. 5 6 7 3 ± 0. 0 0 5 0 0. 5 0 3 8 ± 0. 0 0 6 8 0. 6 1 3 7 ± 0. 0 2 9 3 0. 5 7 3 4 ± 0. 0 1 6 8 5 6. 4 5
n o n- o utli er dis a bl e d: 4 di ms 0. 5 6 7 1 ± 0. 0 0 5 0 0. 5 0 3 9 ± 0. 0 0 6 8 0. 6 2 0 9 ± 0. 0 2 9 2 0. 5 7 5 7 ± 0. 0 1 6 7 5 6. 6 9
o utli er dis a bl e d: 4 di ms 0. 5 1 4 2 ± 0. 0 0 5 0 0. 5 0 2 8 ± 0. 0 0 6 8 0. 5 5 9 6 ± 0. 0 2 9 9 0. 6 3 5 3 ± 0. 0 1 6 3 5 5. 3 0

T 5- L ar g e
f ull m o d el 0. 6 1 2 9 ± 0. 0 0 4 9 0. 5 0 6 1 ± 0. 0 0 6 8 0. 7 9 7 8 ± 0. 0 2 4 2 0. 5 0 2 3 ± 0. 0 1 6 9 6 0. 4 8
n o n- o utli er dis a bl e d: 4 di ms 0. 6 1 5 9 ± 0. 0 0 4 9 0. 5 0 5 9 ± 0. 0 0 6 8 0. 8 0 1 4 ± 0. 0 2 4 0 0. 5 0 4 6 ± 0. 0 1 6 9 6 0. 7 0
o utli er dis a bl e d: 4 di ms 0. 6 1 2 2 ± 0. 0 0 4 9 0. 5 0 7 0 ± 0. 0 0 6 8 0. 7 6 1 7 ± 0. 0 2 5 6 0. 5 0 1 1 ± 0. 0 1 6 9 5 9. 5 5

T 5- 3 B
f ull m o d el 0. 5 0 6 0 ± 0. 0 0 5 1 0. 5 7 1 7 ± 0. 0 0 6 7 0. 6 6 7 9 ± 0. 0 2 8 3 0. 8 7 5 0 ± 0. 0 1 1 2 6 5. 5 1
n o n- o utli er dis a bl e d: 4 di ms 0. 5 0 4 6 ± 0. 0 0 5 0 0. 5 7 8 3 ± 0. 0 0 6 7 0. 6 4 9 8 ± 0. 0 2 8 7 0. 8 7 5 0 ± 0. 0 1 1 2 6 5. 1 9
o utli er dis a bl e d: 4 di ms 0. 3 7 8 0 ± 0. 0 0 4 9 0. 5 5 9 6 ± 0. 0 0 6 7 0. 6 6 0 6 ± 0. 0 2 8 5 0. 8 4 9 8 ± 0. 0 1 2 1 6 1. 2 0

T 5- 1 1 B
f ull m o d el 0. 5 7 0 3 ± 0. 0 0 5 0 0. 5 8 1 9 ± 0. 0 0 6 7 0. 6 2 4 6 ± 0. 0 2 9 2 0. 8 7 6 2 ± 0. 0 1 1 2 6 6. 3 2
n o n- o utli er dis a bl e d: 4 di ms 0. 5 5 3 0 ± 0. 0 0 5 0 0. 5 7 7 0 ± 0. 0 0 6 7 0. 6 1 3 7 ± 0. 0 2 9 3 0. 8 7 6 1 ± 0. 0 1 1 2 6 5. 5 0
o utli er dis a bl e d: 4 di ms 0. 4 0 0 0 ± 0. 0 0 4 9 0. 4 5 2 3 ± 0. 0 0 6 7 0. 5 3 0 7 ± 0. 0 3 0 0 0. 6 8 2 3 ± 0. 0 1 5 8 5 1. 6 3

Ta bl e 5: D et ail e d z er o-s h ot p erf or m a n c e o n e a c h e v al u ati o n d at as et wit h st a n d ar d err or of pr etr ai n e d T 5 m o d els
(R aff el et al. , 2 0 2 0 ) b y m o d el si z e a n d b y w h et h er or n ot wit h o ur i nt er v e nti o ns of dis a bl e d o utli er/ n o n- o utli er
di m e nsi o ns. C orr es p o n di n g p erf or m a n c e of Fl a n T 5 m o d els ar e r e p ort e d i n Ta bl e 1 .

( a) ( b)

Fi g ur e 5: N e ur al a cti v ati o n m a g nit u d e hist o gr a ms f or distill e d B E R T m o d els, w/ o E O F D a n d w/ E O F D, r es p e cti v el y.
( a) T h e a cti v ati o n m a g nit u d e hist o gr a m f or B E R T 6 aft er pr e-tr ai ni n g distill ati o n b y Ti n y B E R T ( Ji a o et al. , 2 0 2 0 a ),
wit h o ut E O F D; ( b) T h e a cti v ati o n m a g nit u d e hist o gr a m f or o ur E O F D- B E R T 6 m o d el wit h E m er g e nt O utli er
F o c us e d Distill ati o n o n t h e M N LI d at as et. T h e a cti v ati o n m a g nit u d e hist o gr a m of t h e m o d el distill e d wit h o ur
E O F D e xi bi hits a m or e l o n g-t ail e d distri b uti o n.
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D A p p e n di x: M o d el a n d D at as et D et ails

T h e H u g gi n g F a c e T 5 ( R aff el et al. , 2 0 2 0 ),
H u g gi n g F a c e Fl a n- T 5 ( C h u n g et al. , 2 0 2 4 ),
a n d H u g gi n g F a c e B E R T ( D e vli n et al. ,
2 0 1 9 ) m o d els ar e wit h A p a c h e 2. 0 Li c e ns e
htt p:// w w w. a p a c h e. or g/li c e ns es/ ; H u g gi n g F a c e
G P T- 2 ( R a df or d et al. , 2 0 1 9 ) m o d els is wit h m o di-
fi e d MI T Li c e ns e htt ps:// git h u b. c o m/ o p e n ai/ g pt-
2/ bl o b/ m ast er/ LI C E N S E . T h e Ti n y B E R T (Ji a o
et al. , 2 0 2 0 a ) m o d el is wit h A p a c h e 2. 0 Li c e ns e.

E A p p e n di x: E m e r g e nt O utli e rs i n T 5
A cti v ati o n M a g nit u d e Hist o g r a ms
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M o d el P ar a m et ers # l a y ers d m o d el d f f d k v # h e a ds

T 5- S m all 6 0 M 6 + 6 5 1 2 2 0 4 8 6 4 8
T 5- B as e 2 2 0 M 1 2 + 1 2 7 6 8 3 0 7 2 6 4 1 2
T 5- L ar g e 7 7 0 M 2 4 + 2 4 1 0 2 4 4 0 9 6 6 4 1 6
T 5- 3 B 3 B 2 4 + 2 4 1 0 2 4 1 6 3 8 4 1 2 8 3 2
T 5- 1 1 B 1 1 B 2 4 + 2 4 1 0 2 4 6 5 5 3 6 1 2 8 1 2 8

Fl a n- T 5- S m all 8 0 M 8 + 8 5 1 2 1 0 2 4 6 4 6
Fl a n- T 5- B as e 2 5 0 M 1 2 + 1 2 7 6 8 2 0 4 8 6 4 1 2
Fl a n- T 5- L ar g e 7 8 0 M 2 4 + 2 4 1 0 2 4 2 8 1 6 6 4 1 6
Fl a n- T 5- X L 3 B 2 4 + 2 4 2 0 4 8 5 1 2 0 6 4 3 2
Fl a n- T 5- X X L 1 1 B 2 4 + 2 4 4 0 9 6 1 0 2 4 0 6 4 6 4

B E R T 4 1 4. 5 M 4 3 1 2 1 2 0 0 - 1 2
B E R T 6 6 6 M 6 7 6 8 3 0 7 2 - 1 2
B E R T- B as e 1 0 9 M 1 2 7 6 8 3 0 7 2 - 1 2

G P T - 2- M e di u m 3 4 5 M 2 4 1 0 2 4 4 0 9 6 - 1 6
G P T- 2 1 1 7 M 1 2 7 6 8 3 0 7 2 - 1 2

Ta bl e 6: M o d el si z e v ari a nts

C o r p us T as k # Tr ai n # D e v # Test # L a b el  M etri cs

Si n gl e- S e nt e n c e Cl assi fi c ati o n ( G L U E)

C o L A (Warst a dt et al. , 2 0 1 9 ) A c c e pt a bilit y 8. 5 k 1 k 1 k 2  M att h e ws c orr

S S T - 2 (S o c h er et al. , 2 0 1 3 ) S e nti m e nt 6 7 k 8 7 2 1. 8 k 2  A c c ur a c y

P air wis e Te xt Cl assi fi c ati o n ( G L U E)

M N LI (Willi a ms et al. , 2 0 1 8 ) N LI 3 9 3 k 2 0 k 2 0 k 3  A c c ur a c y

R T E ( B e nti v o gli et al. , 2 0 0 9 ) N LI 2. 5 k 2 7 6 3 k 2  A c c ur a c y

Q Q P (C h e n et al. , 2 0 1 7 ) P ar a p hr as e 3 6 4 k 4 0 k 3 9 1 k 2  A c c ur a c y/ F 1

M R P C (D ol a n a n d Br o c k ett , 2 0 0 5 ) P ar a p hr as e 3. 7 k 4 0 8 1. 7 k 2  A c c ur a c y/ F 1

Q N LI (R aj p ur k ar et al. , 2 0 1 6 ) Q A/ N LI 1 0 8 k 5. 7 k 5. 7 k 2  A c c ur a c y

T e xt Si mil arit y ( G L U E)

S T S- B (C er et al. , 2 0 1 7 ) Si mil arit y 7 k 1. 5 k 1. 4 k 1 P e ars o n/ S p e ar m a n c orr

Ta bl e 7: S u m m ar y of t h e ei g ht d at as ets i n t h e G L U E b e n c h m ar k. T his t a bl e is r e vis e d fr o m ( Li a n g et al. , 2 0 2 3 a ).
T h e Li c e ns e is c ust o mis e d at t his w e b p a g e htt ps:// gl u e b e n c h m ar k. c o m/f a q .

8 4 9 4



( a) ( b) ( c)

( d) ( e) (f)

Fi g ur e 6: T 5- S m all E n c o d er hi d d e n-st at e a cti v ati o n m a g nit u d e hist o gr a ms fr o m s h all o w er l a y ers t o d e e p er l a y ers.
We vis u ali z e t h e 0t h ( e m b e d di n g), 1st, 2 n d, 3r d, 4t h, 5t h l a y er, r es p e cti v el y, i n s u b fi g ur e ( a-f); T h e 6t h l a y er is
a p pli e d wit h a n a d diti o n al fi n al L a y er N or m tr a nsf or m ati o n t h us h as a m u c h s m all er s c al e of m a g nit u d es. E m er g e nt
o utli ers g et l ar g er i n m a g nit u d es as l a y er d e pt h i n cr e as es.

( a) ( b) ( c) ( d)

( e) (f) ( g)

Fi g ur e 7: T 5- S m all D e c o d er hi d d e n-st at e a cti v ati o n m a g nit u d e hist o gr a ms fr o m s h all o w er l a y ers t o d e e p er l a y ers.
We vis u ali z e t h e 0t h ( e m b e d di n g), 1st, 2 n d, 3r d, 4t h, 5t h, 6t h l a y er, r es p e cti v el y, i n s u b fi g ur e ( a- g); T h e 6t h l a y er is
a p pli e d wit h a n a d diti o n al fi n al L a y er N or m tr a nsf or m ati o n t h us h as a m u c h s m all er s c al e of m a g nit u d es. E m er g e nt
o utli ers g et l ar g er i n m a g nit u d es as l a y er d e pt h i n cr e as es.
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( a) ( b) ( c)

( d) ( e) (f)

Fi g ur e 8: T 5- L ar g e E n c o d er hi d d e n-st at e a cti v ati o n m a g nit u d e hist o gr a ms fr o m s h all o w er l a y ers t o d e e p er l a y ers.
We vis u ali z e t h e 0t h ( e m b e d di n g), 5t h, 1 0t h, 1 5t h, 2 0t h, 2 3r d l a y er, r es p e cti v el y, i n s u b fi g ur e ( a-f); T h e 2 4t h l a y er is
a p pli e d wit h a n a d diti o n al fi n al L a y er N or m tr a nsf or m ati o n t h us h as a m u c h s m all er s c al e of m a g nit u d es. E m er g e nt
o utli ers g et l ar g er i n m a g nit u d es as l a y er d e pt h i n cr e as es.

( a) ( b) ( c)

( d) ( e) (f)

Fi g ur e 9: T 5- L ar g e D e c o d er hi d d e n-st at e a cti v ati o n m a g nit u d e hist o gr a ms fr o m s h all o w er l a y ers t o d e e p er l a y ers.
We vis u ali z e t h e 0t h ( e m b e d di n g), 5t h, 1 0t h, 1 5t h, 2 0t h, 2 3r d l a y er, r es p e cti v el y, i n s u b fi g ur e ( a-f); T h e 2 4t h l a y er is
a p pli e d wit h a n a d diti o n al fi n al L a y er N or m tr a nsf or m ati o n t h us h as a m u c h s m all er s c al e of m a g nit u d es. E m er g e nt
o utli ers g et l ar g er i n m a g nit u d es as l a y er d e pt h i n cr e as es.
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( a) ( b) ( c)

( d) ( e) (f)

Fi g ur e 1 0: T 5- 1 1 B E n c o d er hi d d e n-st at e a cti v ati o n m a g nit u d e hist o gr a ms fr o m s h all o w er l a y ers t o d e e p er l a y ers.
We vis u ali z e t h e 0t h ( e m b e d di n g), 5t h, 1 0t h, 1 5t h, 2 0t h, 2 3r d l a y er, r es p e cti v el y, i n s u b fi g ur e ( a-f); T h e 2 4t h l a y er is
a p pli e d wit h a n a d diti o n al fi n al L a y er N or m tr a nsf or m ati o n t h us h as a m u c h s m all er s c al e of m a g nit u d es. E m er g e nt
o utli ers g et l ar g er i n m a g nit u d es as l a y er d e pt h i n cr e as es.

( a) ( b) ( c)

( d) ( e) (f)

Fi g ur e 1 1: T 5- 1 1 B D e c o d er hi d d e n-st at e a cti v ati o n m a g nit u d e hist o gr a ms fr o m s h all o w er l a y ers t o d e e p er l a y ers.
We vis u ali z e t h e 0t h ( e m b e d di n g), 5t h, 1 0t h, 1 5t h, 2 0t h, 2 3r d l a y er, r es p e cti v el y, i n s u b fi g ur e ( a-f); T h e 2 4t h l a y er is
a p pli e d wit h a n a d diti o n al fi n al L a y er N or m tr a nsf or m ati o n t h us h as a m u c h s m all er s c al e of m a g nit u d es. E m er g e nt
o utli ers g et l ar g er i n m a g nit u d es as l a y er d e pt h i n cr e as es. T h e r e as o n w h y w e h a v e a l ar g er s c al e of fr e q u e n c y i n
E n c o d ers t h a n D e c o d ers is t h at i n t h es e c as es, w e ar e pr o m pti n g T 5 m o d els wit h a Q u esti o n- A ns w eri n g ( Q A) t as k,
w h er e t h e E n c o d ers d e als wit h a l o n g er s e q u e n c e l e n gt h t h a n t h e D e c o d ers, a n d h e n c e h a v e m or e t o k e ns.
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F A p p e n di x: I n p ut Te xt F o r A cti v ati o n
Pl ots

q u esti o n: W h at d o es i n cr e as e d o x y g e n c o n c e ntr a-
ti o ns i n t h e p ati e nt’s l u n gs dis pl a c e ? c o nt e xt: H y-
p er b ari c ( hi g h- pr ess ur e) m e di ci n e us es s p e ci al o x y-
g e n c h a m b ers t o i n cr e as e t h e p arti al pr ess ur e of O
2 ar o u n d t h e p ati e nt a n d, w h e n n e e d e d, t h e m e di c al
st aff. C ar b o n m o n o xi d e p ois o ni n g, g as g a n gr e n e,
a n d d e c o m pr essi o n si c k n ess (t h e ’ b e n ds’) ar e s o m e-
ti m es tr e at e d usi n g t h es e d e vi c es. I n cr e as e d O 2
c o n c e ntr ati o n i n t h e l u n gs h el ps t o dis pl a c e c ar b o n
m o n o xi d e fr o m t h e h e m e gr o u p of h e m o gl o bi n.
O x y g e n g as is p ois o n o us t o t h e a n a er o bi c b a ct eri a
t h at c a us e g as g a n gr e n e, s o i n cr e asi n g its p arti al
pr ess ur e h el ps kill t h e m. D e c o m pr essi o n si c k n ess
o c c urs i n di v ers w h o d e c o m pr ess t o o q ui c kl y af-
t er a di v e, r es ulti n g i n b u b bl es of i n ert g as, m ostl y
nitr o g e n a n d h eli u m, f or mi n g i n t h eir bl o o d. I n-
cr e asi n g t h e pr ess ur e of O 2 as s o o n as p ossi bl e is
p art of t h e tr e at m e nt.

( Tar g et a ns w er: c ar b o n m o n o xi d e)
We us e t h e a b o v e i n p ut f or t h e a cti v ati o n a n al-

ysis a n d pl ots. T his i n p ut is o n e of t h e T 5 ori gi-
n al p a p er ( R aff el et al. , 2 0 2 0 ) e x a m pl es, wit h o ut
c h err y- pi c ki n g. T h e i n p ut c o ul d b e f o u n d i n ( R af-
f el et al., 2 0 2 0 ) P a g e 5 3, D. 1 5, e xtr a ct e d fr o m t h e
S Q u A D d at as et ( R aj p ur k ar et al. , 2 0 1 6 ).

G A p p e n di x: Tr ai ni n g D et ails f o r
Distilli n g B E R T, T 5, a n d G P T- 2
M o d els

All of o ur c o d e ar e i m pl e m e nt e d wit h P y T or c h
(P as z k e et al. , 2 0 1 9 ). We c o n d u ct e x p eri m e nts
o n 8 N VI DI A A 1 0 0 G P Us. We pr o vi d e tr ai ni n g
d et ails f or distilli n g B E R T, T 5, a n d G P T- 2 m o d els
i n t h e f oll o wi n g t a bl es, i n cl u di n g tr ai ni n g b ot h o ur
t e a c h ers a n d st u d e nts.
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H y p er - p ar a m et ers M N LI Q Q P  Q N LI S S T- 2  C o L A  R T E  M R P C S T S- B

L e ar ni n g R at es 7 e- 5 7 e- 5 4 e- 5 5 e- 5 3 e- 5 3 e- 5 3. 5 e- 5 2 e- 5
B at c h Si z e 2 5 6 2 5 6 2 5 6 2 5 6 2 5 6 2 5 6 6 4 1 6
Tr ai ni n g E p o c hs 3 3 6 6 4 0 3 0 5 0 3
L e ar ni n g R at e D e c a y Li n e ar
L e ar ni n g R at e War m u p 0
M a x S e q u e n c e L e n gt h 1 2 8
W ei g ht D e c a y 0
A d a m β 1 0 .9
A d a m β 2 0 .9 9 9
A d a m ϵ 1 × 1 0 − 8

Gr a di e nt Cli p pi n g 1 .0
I niti ali z ati o n fr o m M N LI ✓ ✓
R a n d o m S e e d 4 2

Ta bl e 8: B est h y p er- p ar a m et er c o n fi g ur ati o ns f or fi n e-t u ni n g o ur B E R T t e a c h er m o d els o n t h e G L U E b e n c h m ar k.
We fi n et u n e b y o urs el v es fr o m t h e H u g gi n g F a c e pr etr ai n e d b ert- b as e- u n c as e d m o d el htt ps:// h u g gi n gf a c e. c o/ g o o gl e-
b ert/ b ert- b as e- u n c as e d wit h t his H u g gi n g F a c e P y T or c h s cri pt f or all d at as ets e x c e pt t h e S T S- B:
htt ps:// git h u b. c o m/ h u g gi n gf a c e/tr a nsf or m ers/ bl o b/ m ai n/ e x a m pl es/ p yt or c h/t e xt- cl assi fi c ati o n/r u n _ gl u e. p y . F or
r e gr essi o n t as k S T S- B, w e us e t his c o m m u nit y fi n et u n e d m o d el i nst e a d of fi n et u ni n g b y o urs el v es:
htt ps:// h u g gi n gf a c e. c o/ g c h h a bl a ni/ b ert- b as e- c as e d- fi n et u n e d-sts b . C o m pl eti n g e a c h fi n et u ni n g tr ai ni n g j o b t a k es
wit hi n o n e t o t w o h o urs.

H y p er - p ar a m et ers M N LI Q Q P  Q N LI S S T- 2  C o L A  R T E  M R P C S T S- B

L e ar ni n g R at es 8 e- 5
B at c h Si z e 5 1 2
T r ai ni n g E p o c hs 1 0 1 0 1 5 2 0 2 0 3 0 3 0 3 0
L e ar ni n g R at e D e c a y W ar m- u p Li n e ar
L e ar ni n g R at e War m u p 0. 1
M a x S e q u e n c e L e n gt h 1 2 8 1 2 8 1 2 8 6 4 6 4 1 2 8 1 2 8 1 2 8
Wei g ht D e c a y 1 e- 4
A d a m β 1 0 .9
A d a m β 2 0 .9 9 9
A d a m ϵ 1 × 1 0 − 6

Gr a di e nt Cli p pi n g 1 .0
E O F D p o w er p { 0. 5, 1. 0 }
I niti ali z ati o n fr o m M N LI ✓ ✓  ✓
R a n d o m S e e d 4 2

Ta bl e 9: H y p er- p ar a m et er c o n fi g ur ati o ns f or st e p- 1 fi n e-t u ni n g distill ati o n of o ur B E R T 6 m o d els o n t h e G L U E
b e n c h m ar k. We b uil d o ur c o d e u p o n t h e o p e n s o ur c e c o d e of Ti n y B E R T ( Ji a o et al. , 2 0 2 0 a ) wit h mi ni m al r e visi o ns,
a n d w e f oll o w t h eir pr o c e d ur es of d at as et pr e- pr o c essi n g, d at a a u g m e nt ati o n, a n d t h e 2-st e p distill ati o n pi p eli n e f or
distilli n g all B E R T m o d els, f or f air c o m p aris o n. S a m e t o t h e m, n o d at a a u g m e nt ati o n is c o n d u ct e d o n t h e S T S- B
d at as et. We c o n d u ct fi n et u ni n g distill ati o n aft er l o a di n g t h eir r el e as e d B E R T 6 pr etr ai n e d m o d el c h e c k p oi nts f or f air
c o m p aris o n: htt ps:// h u g gi n gf a c e. c o/ h u a w ei- n o a h/ Ti n y B E R T _ G e n er al _ 6 L _ 7 6 8 D . A tr ai ni n g j o b o n a l ar g er d at as et
li k e M N LI t a k es ar o u n d a d a y, a n d a tr ai ni n g j o b o n a s m all er d at as et t a k es wit hi n o n e t o t w o h o urs.
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H y p er - p ar a m et ers M N LI Q Q P  Q N LI S S T- 2  C o L A  R T E  M R P C S T S- B

L e ar ni n g R at es 3 e- 5
B at c h Si z e 5 1 2 5 1 2 5 1 2 5 1 2 5 1 2 5 1 2 6 4 5 1 2
Tr ai ni n g E p o c hs 3 3 6 9 2 0 2 0 4 0 5 0
L e ar ni n g R at e D e c a y W ar m- u p Li n e ar
L e ar ni n g R at e War m u p 0. 3
M a x S e q u e n c e L e n gt h 1 2 8 1 2 8 1 2 8 6 4 6 4 1 2 8 1 2 8 1 2 8
Wei g ht D e c a y 1 e- 4
A d a m β 1 0 .9
A d a m β 2 0 .9 9 9
A d a m ϵ 1 × 1 0 − 6

Gr a di e nt Cli p pi n g 1 .0
T e m p er at ur e τ d 1. 0
R a n d o m S e e d 4 2

Ta bl e 1 0: H y p er- p ar a m et er c o n fi g ur ati o ns f or st e p- 2 fi n e-t u ni n g distill ati o n of o ur B E R T 6 m o d els o n t h e G L U E
b e n c h m ar k.

H y p er - p ar a m et ers M N LI Q Q P  Q N LI S S T- 2  C o L A  R T E  M R P C S T S- B

L e ar ni n g R at es 7 e- 5
B at c h Si z e 3 8 4
T r ai ni n g E p o c hs 1 0 1 0 1 5 2 0 2 0 3 0 3 0 3 0
L e ar ni n g R at e D e c a y W ar m- u p Li n e ar
L e ar ni n g R at e War m u p 0. 1
M a x S e q u e n c e L e n gt h 1 2 8 1 2 8 1 2 8 6 4 6 4 1 2 8 1 2 8 1 2 8
Wei g ht D e c a y 1 e- 4
A d a m β 1 0 .9
A d a m β 2 0 .9 9 9
A d a m ϵ 1 × 1 0 − 6

Gr a di e nt Cli p pi n g 1 .0
E O F D p o w er p { 0. 5, 1. 0 }
I niti ali z ati o n fr o m M N LI ✓ ✓  ✓
R a n d o m S e e d 4 2

Ta bl e 1 1: H y p er- p ar a m et er c o n fi g ur ati o ns f or st e p- 1 fi n e-t u ni n g distill ati o n of o ur B E R T 4 m o d els o n t h e G L U E
b e n c h m ar k. We b uil d o ur c o d e u p o n t h e o p e n s o ur c e c o d e of Ti n y B E R T ( Ji a o et al. , 2 0 2 0 a ) wit h mi ni m al
r e visi o ns. We c o n d u ct fi n et u ni n g distill ati o n aft er l o a di n g t h eir r el e as e d B E R T 4 pr etr ai n e d m o d el c h e c k p oi nt f or
f air c o m p aris o n: htt ps:// h u g gi n gf a c e. c o/ h u a w ei- n o a h/ Ti n y B E R T _ G e n er al _ 4 L _ 3 1 2 D .
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H y p er - p ar a m et ers M N LI Q Q P  Q N LI S S T- 2  C o L A  R T E  M R P C S T S- B

L e ar ni n g R at es 3 e- 5
B at c h Si z e 5 1 2 5 1 2 5 1 2 5 1 2 5 1 2 5 1 2 6 4 1 2 8
Tr ai ni n g E p o c hs 3 3 6 6 2 0 2 0 4 0 5 0
L e ar ni n g R at e D e c a y W ar m- u p Li n e ar
L e ar ni n g R at e War m u p 0. 3
M a x S e q u e n c e L e n gt h 1 2 8 1 2 8 1 2 8 6 4 6 4 1 2 8 1 2 8 1 2 8
Wei g ht D e c a y 1 e- 4
A d a m β 1 0 .9
A d a m β 2 0 .9 9 9
A d a m ϵ 1 × 1 0 − 6

Gr a di e nt Cli p pi n g 1 .0
T e m p er at ur e τ d 1. 0
R a n d o m S e e d 4 2

Ta bl e 1 2: H y p er- p ar a m et er c o n fi g ur ati o ns f or st e p- 2 fi n e-t u ni n g distill ati o n of o ur B E R T 4 m o d els o n t h e G L U E
b e n c h m ar k.

H y p er - p ar a m et ers M N LI Q Q P  Q N LI  C o L A

L e ar ni n g R at es 1 e- 4 2 e- 4 5 e- 5 1 e- 4
B at c h Si z e 5 1 2
T r ai ni n g E p o c hs 3 6 6 9
L e ar ni n g R at e D e c a y Li n e ar
L e ar ni n g R at e War m u p 0
M a x S e q u e n c e L e n gt h 1 2 8
W ei g ht D e c a y 0
A d a m β 1 0 .9
A d a m β 2 0 .9 9 9
A d a m ϵ 1 × 1 0 − 8

Gr a di e nt Cli p pi n g 1 .0
R a n d o m S e e d 4 2

Ta bl e 1 3: B est h y p er- p ar a m et er c o n fi g ur ati o ns f or fi n e-t u ni n g o ur G P T- 2 M e di u m t e a c h er m o d els o n t h e
G L U E b e n c h m ar k.  We fi n et u n e b y o urs el v es fr o m t h e H u g gi n g F a c e pr etr ai n e d G P T- 2- m e di u m m o d el
htt ps:// h u g gi n gf a c e. c o/ o p e n ai- c o m m u nit y/ g pt 2- m e di u m wit h t his H u g gi n g F a c e P y T or c h s cri pt f or all d at as ets list e d
b el o w: htt ps:// git h u b. c o m/ h u g gi n gf a c e/tr a nsf or m ers/ bl o b/ m ai n/ e x a m pl es/ p yt or c h/t e xt- cl assi fi c ati o n/r u n _ gl u e. p y .
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H y p er - p ar a m et ers M N LI Q Q P  Q N LI  C o L A

L e ar ni n g R at es 7 e- 5
B at c h Si z e 6 4
T r ai ni n g E p o c hs 9 9 9 1 2
Hi d d e n St at e R ati o λ 1 e- 4 1 e- 4 1 e- 4 1 e- 5
L e ar ni n g R at e D e c a y Li n e ar
L e ar ni n g R at e War m u p 0
M a x S e q u e n c e L e n gt h 1 2 8
W ei g ht D e c a y 0
A d a m β 1 0 .9
A d a m β 2 0 .9 9 9
A d a m ϵ 1 × 1 0 − 8

Gr a di e nt Cli p pi n g 1 .0
E O F D p o w er p 0. 5
T e m p er at ur e τ d 1. 0
R a n d o m S e e d 4 2

Ta bl e 1 4:  H y p er- p ar a m et er c o n fi g ur ati o ns f or fi n e-t u ni n g distill ati o n of o ur G P T- 2 st u d e nt m o d-
els o n t h e G L U E b e n c h m ar k.  O ur G P T- 2 distill ati o n c o d e is r e vis e d fr o m wit h t his H u g-
gi n g F a c e P y T or c h s cri pt: htt ps:// git h u b. c o m/ h u g gi n gf a c e/tr a nsf or m ers/ bl o b/ m ai n/ e x a m pl es/ p yt or c h/t e xt-
cl assi fi c ati o n/r u n _ gl u e _ n o _tr ai n er. p y . We c o n d u ct fi n et u ni n g distill ati o n fr o m t h e H u g gi n g F a c e pr etr ai n e d G P T- 2
m o d el htt ps:// h u g gi n gf a c e. c o/ o p e n ai- c o m m u nit y/ g pt 2 . F or distilli n g G P T a n d T 5 m o d els, w e c o n d u ct i nt e gr at e d
o n e st e p distill ati o n, wit h t h e t ot al l oss of L = L P R E D + λ L E O F D ( or L = L P R E D + λ L HI D , or o nl y L = L P R E D , f or
s o m e a bl ati o ns). λ is a p pli e d t o m at c h t h e s c al es b et w e e n t h e l oss es.

H y p er - p ar a m et ers M N LI Q Q P  Q N LI S S T- 2  C o L A

L e ar ni n g R at es 1. 5 e- 4 4 e- 4 3 e- 4 6 e- 4 7 e- 4
B at c h Si z e 2 5 6 5 1 2 5 1 2 5 1 2 5 1 2
Tr ai ni n g E p o c hs 6 6 6 3 9
L e ar ni n g R at e D e c a y Li n e ar
L e ar ni n g R at e War m u p 0
M a x S e q u e n c e L e n gt h 1 2 8
W ei g ht D e c a y 0
A d a m β 1 0 .9
A d a m β 2 0 .9 9 9
A d a m ϵ 1 × 1 0 − 8

Gr a di e nt Cli p pi n g 1 .0
R a n d o m S e e d 4 2

Ta bl e 1 5:  B est h y p er- p ar a m et er c o n fi g ur ati o ns f or fi n e-t u ni n g o ur T 5- b as e t e a c h er m o d els o n t h e
G L U E b e n c h m ar k.  We fi n et u n e b y o urs el v es fr o m t h e H u g gi n g F a c e pr etr ai n e d T 5- b as e m o d el
htt ps:// h u g gi n gf a c e. c o/ g o o gl e-t 5/t 5- b as e wit h t his H u g gi n g F a c e P y T or c h s cri pt f or all d at as ets list e d b el o w:
htt ps:// git h u b. c o m/ h u g gi n gf a c e/tr a nsf or m ers/ bl o b/ m ai n/ e x a m pl es/ p yt or c h/t e xt- cl assi fi c ati o n/r u n _ gl u e. p y .

8 5 0 2



H y p er - p ar a m et ers M N LI Q Q P  Q N LI S S T- 2  C o L A

L e ar ni n g R at es 6 e- 4 6 e- 4 4 e- 4 3 e- 4 6 e- 4
B at c h Si z e 1 2 8
T r ai ni n g E p o c hs 6 6 3 6 6
Hi d d e n St at e R ati o λ 1 e- 4
L e ar ni n g R at e D e c a y Li n e ar
L e ar ni n g R at e War m u p 0
M a x S e q u e n c e L e n gt h 1 2 8
W ei g ht D e c a y 0
A d a m β 1 0 .9
A d a m β 2 0 .9 9 9
A d a m ϵ 1 × 1 0 − 8

Gr a di e nt Cli p pi n g 1 .0
E O F D p o w er p 0. 5
T e m p er at ur e τ d 1. 0
R a n d o m S e e d 4 2

Ta bl e 1 6:  H y p er- p ar a m et er c o n fi g ur ati o ns f or fi n e-t u ni n g distill ati o n of o ur T 5-s m all st u d e nt
m o d els o n t h e G L U E b e n c h m ar k.  O ur T 5 distill ati o n c o d e is r e vis e d fr o m wit h t his H u g gi n g
F a c e P y T or c h s cri pt: htt ps:// git h u b. c o m/ h u g gi n gf a c e/tr a nsf or m ers/ bl o b/ m ai n/ e x a m pl es/ p yt or c h/t e xt-
cl assi fi c ati o n/r u n _ gl u e _ n o _tr ai n er. p y . We c o n d u ct fi n et u ni n g distill ati o n fr o m t h e H u g gi n g F a c e pr etr ai n e d
T 5-s m all m o d el htt ps:// h u g gi n gf a c e. c o/ g o o gl e-t 5/t 5-s m all . We c o n d u ct i nt e gr at e d o n e st e p distill ati o n, wit h t h e
t ot al l oss of L = L P R E D + λ L E O F D ( or L = L P R E D + λ L HI D , or o nl y L = L P R E D , f or s o m e a bl ati o ns). λ is a p pli e d
t o m at c h t h e s c al es b et w e e n t h e l oss es.
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H A p p e n di x: T 5 a n d Fl a n- T 5 O utli e r
Di m e nsi o ns A c r oss L a y e rs

H. 1 T 5- S m all

H. 1. 1 E n c o d e r

• Di m e nsi o ns (I D) r e c o g ni z e d as o utli er di m e nsi o ns f or 5
ti m es a cr oss all 6 l a y ers: 2 7 5;

• Di m e nsi o ns (I D) r e c o g ni z e d as o utli er di m e nsi o ns f or 4
ti m es a cr oss all 6 l a y ers: 4 2, 3 3 9;

• Di m e nsi o ns (I D) r e c o g ni z e d as o utli er di m e nsi o ns f or 3
ti m es a cr oss all 6 l a y ers: 1 5 9, 3 2 4, 5 0 5;

• Di m e nsi o ns (I D) r e c o g ni z e d as o utli er di m e nsi o ns f or 2
ti m es a cr oss all 6 l a y ers: 1 9 0, 2 6 0, 3 6 7;

• Di m e nsi o ns (I D) r e c o g ni z e d as o utli er di m e nsi o ns f or 1
ti m es a cr oss all 6 l a y ers: 1 4, 2 3, 8 9, 1 4 7, 2 6 3, 2 6 4, 3 0 8,
3 3 0;

H. 1. 2 D e c o d e r

• Di m e nsi o ns (I D) r e c o g ni z e d as o utli er di m e nsi o ns f or 5
ti m es a cr oss all 6 l a y ers: 2 0 6;

• Di m e nsi o ns (I D) r e c o g ni z e d as o utli er di m e nsi o ns f or 4
ti m es a cr oss all 6 l a y ers: 1 8 2;

• Di m e nsi o ns (I D) r e c o g ni z e d as o utli er di m e nsi o ns f or 2
ti m es a cr oss all 6 l a y ers: 2 4 5, 2 6 8, 3 0 8;

• Di m e nsi o ns (I D) r e c o g ni z e d as o utli er di m e nsi o ns f or 1
ti m es a cr oss all 6 l a y ers: 1, 7, 1 4, 2 3, 3 1, 4 6, 5 9, 8 9, 9 8,
1 0 2, 1 1 5, 1 2 5, 1 3 7, 1 4 9, 1 5 9, 1 8 3, 1 9 0, 2 1 3, 2 3 4, 2 3 9,
2 9 4, 3 1 2, 3 2 9, 3 9 7, 4 1 0, 4 1 7, 4 7 5, 4 9 0;

H. 2 T 5- 1 1 B

H. 2. 1 E n c o d e r

• Di m e nsi o ns (I D) r e c o g ni z e d as o utli er di m e nsi o ns f or
1 3 ti m es a cr oss all 2 4 l a y ers: 8 6 9;

• Di m e nsi o ns (I D) r e c o g ni z e d as o utli er di m e nsi o ns f or 5
ti m es a cr oss all 2 4 l a y ers: 6 8 0;

• Di m e nsi o ns (I D) r e c o g ni z e d as o utli er di m e nsi o ns f or 4
ti m es a cr oss all 2 4 l a y ers: 5 5, 1 1 9, 1 6 5, 2 0 4, 5 1 8, 5 5 4,
6 0 7, 6 7 5, 6 9 3, 7 0 5, 7 5 3, 8 2 2, 9 2 4, 9 3 6, 1 0 0 8;

• Di m e nsi o ns (I D) r e c o g ni z e d as o utli er di m e nsi o ns f or 3
ti m es a cr oss all 2 4 l a y ers: 4 3, 7 0, 2 9 3, 2 9 5, 4 1 1, 5 7 2,
7 1 9, 9 2 5;

• Di m e nsi o ns (I D) r e c o g ni z e d as o utli er di m e nsi o ns f or
2 ti m es a cr oss all 2 4 l a y ers: 4, 7 6, 1 5 5, 2 0 3, 2 2 6, 3 5 0,
5 1 2, 5 9 5, 8 5 7, 8 7 8;

• Di m e nsi o ns (I D) r e c o g ni z e d as o utli er di m e nsi o ns f or 1
ti m es a cr oss all 2 4 l a y ers: 2, 1 3, 2 7, 1 4 1, 1 5 4, 1 7 6, 2 7 6,
3 9 6, 4 0 2, 4 2 1, 4 3 3, 4 3 5, 5 5 3, 6 8 7, 7 2 2, 8 1 0, 8 3 2, 9 0 8,
9 2 9, 9 6 8, 9 7 2;

H. 2. 2 D e c o d e r
• Di m e nsi o ns (I D) r e c o g ni z e d as o utli er di m e nsi o ns f or 8

ti m es a cr oss all 2 4 l a y ers: 1 4 6;

• Di m e nsi o ns (I D) r e c o g ni z e d as o utli er di m e nsi o ns f or 7
ti m es a cr oss all 2 4 l a y ers: 2 0 1, 3 2 1, 8 9 4;

• Di m e nsi o ns (I D) r e c o g ni z e d as o utli er di m e nsi o ns f or 6
ti m es a cr oss all 2 4 l a y ers: 4 7 0, 9 1 3;

• Di m e nsi o ns (I D) r e c o g ni z e d as o utli er di m e nsi o ns f or 5
ti m es a cr oss all 2 4 l a y ers: 1 0 9, 4 4 3, 5 7 5;

• Di m e nsi o ns (I D) r e c o g ni z e d as o utli er di m e nsi o ns f or 4
ti m es a cr oss all 2 4 l a y ers: 5 3, 1 8 9, 2 4 7, 4 7 6, 6 3 2, 8 6 2,
1 0 1 5;

• Di m e nsi o ns (I D) r e c o g ni z e d as o utli er di m e nsi o ns f or
3 ti m es a cr oss all 2 4 l a y ers: 6 8, 8 4, 9 8, 1 1 9, 1 2 4, 2 1 0,
2 6 8, 3 2 7, 3 6 0, 4 3 2, 5 1 5, 5 2 6, 6 4 5, 6 5 0, 6 7 7, 7 5 7, 9 2 4,
1 0 0 8;

• Di m e nsi o ns (I D) r e c o g ni z e d as o utli er di m e nsi o ns f or 2
ti m es a cr oss all 2 4 l a y ers: 1 2, 3 0, 6 5, 7 2, 1 4 9, 1 7 9, 1 9 3,
2 4 8, 2 6 0, 2 7 6, 4 1 5, 4 2 3, 5 1 0, 5 3 6, 5 8 1, 5 8 4, 6 1 8, 7 3 5,
7 8 8, 8 0 5, 8 1 4, 8 4 9, 8 5 4, 8 6 3, 9 0 7, 9 6 9, 9 7 5, 9 9 4, 1 0 1 4;

• Di m e nsi o ns (I D) r e c o g ni z e d as o utli er di m e nsi o ns f or 1
ti m es a cr oss all 2 4 l a y ers: 1, 3 3, 4 9, 5 7, 8 0, 8 5, 9 7, 1 0 6,
1 2 3, 1 2 8, 1 3 7, 1 6 5, 1 6 6, 1 7 8, 1 8 8, 1 9 4, 1 9 7, 2 0 7, 2 3 0,
2 4 3, 2 4 6, 2 5 8, 2 6 2, 2 9 9, 3 1 5, 3 2 9, 3 5 1, 3 6 2, 3 6 6, 3 6 7,
3 7 9, 3 8 7, 3 9 0, 3 9 2, 3 9 5, 4 0 0, 4 0 6, 4 1 4, 4 2 4, 4 3 1, 4 3 7,
4 3 8, 4 4 0, 4 4 8, 4 5 0, 4 7 1, 4 7 4, 4 9 2, 4 9 3, 4 9 9, 5 1 3, 5 3 2,
5 4 6, 5 5 0, 5 6 8, 5 7 7, 6 0 5, 6 0 9, 6 1 6, 6 2 7, 6 3 5, 6 4 1, 6 4 3,
6 4 9, 6 7 6, 6 8 0, 6 8 2, 6 8 6, 6 9 1, 7 0 3, 7 0 8, 7 2 6, 7 2 7, 7 3 3,
7 3 4, 7 3 8, 7 5 6, 7 8 9, 7 9 3, 7 9 7, 8 0 4, 8 1 8, 8 2 3, 8 2 4, 8 2 7,
8 4 2, 8 5 3, 8 7 1, 8 9 1, 8 9 3, 8 9 9, 9 1 0, 9 1 4, 9 1 7, 9 3 4, 9 3 8,
9 5 6, 9 9 3, 1 0 0 1;

H. 3 Fl a n- T 5- S m all

H. 3. 1 E n c o d e r
• Di m e nsi o ns (I D) r e c o g ni z e d as o utli er di m e nsi o ns f or 8

ti m es a cr oss all 8 l a y ers: 1 3 6;

• Di m e nsi o ns (I D) r e c o g ni z e d as o utli er di m e nsi o ns f or 7
ti m es a cr oss all 8 l a y ers: 5 1 1;

• Di m e nsi o ns (I D) r e c o g ni z e d as o utli er di m e nsi o ns f or 6
ti m es a cr oss all 8 l a y ers: 3 2;

• Di m e nsi o ns (I D) r e c o g ni z e d as o utli er di m e nsi o ns f or 5
ti m es a cr oss all 8 l a y ers: 1 6 3, 4 1 4;

• Di m e nsi o ns (I D) r e c o g ni z e d as o utli er di m e nsi o ns f or 4
ti m es a cr oss all 8 l a y ers: 3 6 7;

• Di m e nsi o ns (I D) r e c o g ni z e d as o utli er di m e nsi o ns f or 3
ti m es a cr oss all 8 l a y ers: 6, 1 1, 7 8, 4 1 2;

• Di m e nsi o ns (I D) r e c o g ni z e d as o utli er di m e nsi o ns f or 1
ti m es a cr oss all 8 l a y ers: 6 4;

H. 3. 2 D e c o d e r
• Di m e nsi o ns (I D) r e c o g ni z e d as o utli er di m e nsi o ns f or 7

ti m es a cr oss all 8 l a y ers: 2 4 7, 5 1 1;

• Di m e nsi o ns (I D) r e c o g ni z e d as o utli er di m e nsi o ns f or 6
ti m es a cr oss all 8 l a y ers: 1 2 2, 3 9 6;
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• Di m e nsi o ns (I D) r e c o g ni z e d as o utli er di m e nsi o ns f or 5
ti m es a cr oss all 8 l a y ers: 0, 2 3 1, 2 4 2, 4 2 8, 4 7 3;

• Di m e nsi o ns (I D) r e c o g ni z e d as o utli er di m e nsi o ns f or 4
ti m es a cr oss all 8 l a y ers: 6 7, 7 2;

• Di m e nsi o ns (I D) r e c o g ni z e d as o utli er di m e nsi o ns f or 3
ti m es a cr oss all 8 l a y ers: 3 8 9, 4 5 6;

• Di m e nsi o ns (I D) r e c o g ni z e d as o utli er di m e nsi o ns f or 2
ti m es a cr oss all 8 l a y ers: 1 5, 7 0, 9 7, 1 7 3, 2 3 3, 2 8 0, 3 0 5,
4 7 9;

• Di m e nsi o ns (I D) r e c o g ni z e d as o utli er di m e nsi o ns f or
1 ti m es a cr oss all 8 l a y ers: 3 3, 4 5, 1 3 2, 1 3 6, 1 6 3, 1 7 5,
1 9 3, 2 4 0, 2 4 6, 2 6 8, 2 7 5, 2 7 6, 2 8 8, 3 2 9, 3 8 5, 3 9 3, 4 0 1,
4 1 5, 4 1 7;

H. 4 Fl a n- T 5- X X L

H. 4. 1 E n c o d e r
• Di m e nsi o ns (I D) r e c o g ni z e d as o utli er di m e nsi o ns f or

1 2 ti m es a cr oss all 2 4 l a y ers: 2 6 9 6;

• Di m e nsi o ns (I D) r e c o g ni z e d as o utli er di m e nsi o ns f or
1 1 ti m es a cr oss all 2 4 l a y ers: 1 4 6 3;

• Di m e nsi o ns (I D) r e c o g ni z e d as o utli er di m e nsi o ns f or 9
ti m es a cr oss all 2 4 l a y ers: 4 5 6;

• Di m e nsi o ns (I D) r e c o g ni z e d as o utli er di m e nsi o ns f or 8
ti m es a cr oss all 2 4 l a y ers: 2 4 8, 2 3 1 3, 2 4 6 3, 2 8 3 0, 2 8 3 3,
3 0 0 1;

• Di m e nsi o ns (I D) r e c o g ni z e d as o utli er di m e nsi o ns f or 7
ti m es a cr oss all 2 4 l a y ers: 3 4, 1 0 7 2, 1 2 8 4, 1 8 4 5, 3 8 9 8;

• Di m e nsi o ns (I D) r e c o g ni z e d as o utli er di m e nsi o ns f or 6
ti m es a cr oss all 2 4 l a y ers: 2 9 7, 1 0 1 2, 1 3 2 7, 1 9 8 8, 2 2 8 3,
2 6 8 0, 2 7 0 7, 3 7 8 9;

• Di m e nsi o ns (I D) r e c o g ni z e d as o utli er di m e nsi o ns f or 5
ti m es a cr oss all 2 4 l a y ers: 8 5 4, 9 7 9, 1 0 2 8, 1 2 0 2, 2 3 0 3,
3 0 4 6;

• Di m e nsi o ns (I D) r e c o g ni z e d as o utli er di m e nsi o ns f or
4 ti m es a cr oss all 2 4 l a y ers: 2 9 5, 3 7 9, 5 8 6, 7 9 2, 9 0 0,
1 3 0 1, 1 5 8 3, 2 7 9 5, 3 0 0 2;

• Di m e nsi o ns (I D) r e c o g ni z e d as o utli er di m e nsi o ns f or 3
ti m es a cr oss all 2 4 l a y ers: 1 8 1, 7 3 9, 1 1 5 4, 1 4 7 8, 1 6 0 1,
1 8 9 1, 1 9 4 1, 2 0 2 0, 2 0 2 3, 2 0 8 2, 2 2 1 8, 2 5 0 8, 2 5 3 8, 2 6 7 3,
2 7 7 5, 3 2 6 6, 3 6 5 1, 3 6 6 0, 3 7 6 6, 3 9 0 9, 3 9 8 2;

• Di m e nsi o ns (I D) r e c o g ni z e d as o utli er di m e nsi o ns f or 2
ti m es a cr oss all 2 4 l a y ers: 1 9, 3 5, 1 2 4, 2 5 1, 5 4 0, 7 4 9,
9 9 8, 1 2 0 8, 1 2 9 1, 1 5 9 9, 1 7 7 6, 2 1 7 5, 2 2 4 4, 2 8 2 6, 3 1 0 7,
3 1 5 2, 3 4 8 3, 3 6 2 4, 3 6 3 3, 3 7 4 3, 3 9 0 7;

• Di m e nsi o ns (I D) r e c o g ni z e d as o utli er di m e nsi o ns f or
1 ti m es a cr oss all 2 4 l a y ers: 1 0 5, 1 6 8, 1 7 1, 2 0 4, 2 0 6,
2 4 4, 2 8 5, 3 0 7, 4 1 8, 4 3 1, 4 6 5, 5 2 7, 5 7 9, 5 9 5, 6 4 5, 8 2 6,
8 9 2, 9 1 2, 9 2 4, 9 9 4, 9 9 7, 1 0 2 4, 1 0 9 3, 1 0 9 9, 1 1 0 7, 1 1 1 6,
1 1 5 8, 1 2 5 8, 1 3 7 5, 1 3 7 6, 1 3 9 2, 1 4 3 0, 1 5 4 4, 1 5 6 3, 1 5 8 9,
1 5 9 7, 1 6 0 3, 1 6 4 0, 1 6 8 4, 1 7 0 2, 1 7 4 1, 1 7 4 7, 1 7 8 8, 1 8 5 0,
1 8 9 5, 1 9 0 1, 1 9 6 4, 2 0 0 1, 2 0 1 8, 2 0 7 6, 2 1 4 2, 2 1 4 4, 2 1 4 9,
2 1 6 2, 2 1 6 7, 2 2 0 0, 2 2 1 2, 2 3 2 1, 2 4 0 5, 2 4 1 7, 2 4 5 2, 2 4 9 1,
2 6 1 2, 2 6 9 8, 2 7 3 0, 2 8 1 6, 2 8 4 5, 2 8 6 1, 2 8 7 4, 2 8 9 1, 2 9 5 8,
2 9 9 3, 2 9 9 9, 3 0 2 5, 3 0 3 7, 3 1 5 3, 3 1 6 3, 3 2 2 2, 3 2 4 0, 3 2 8 5,
3 2 9 6, 3 3 2 7, 3 3 5 3, 3 3 7 2, 3 5 0 9, 3 5 9 4, 3 7 0 2, 3 7 7 4, 3 7 7 8,
3 7 8 2, 3 7 9 7, 3 8 0 1, 3 8 5 7, 3 8 7 3, 3 9 4 0, 3 9 5 1, 3 9 6 1, 3 9 6 8,
3 9 8 0, 3 9 9 1;

H. 4. 2 D e c o d e r
• Di m e nsi o ns (I D) r e c o g ni z e d as o utli er di m e nsi o ns f or

2 3 ti m es a cr oss all 2 4 l a y ers: 5 5 0;

• Di m e nsi o ns (I D) r e c o g ni z e d as o utli er di m e nsi o ns f or
2 1 ti m es a cr oss all 2 4 l a y ers: 3 2 8 0;

• Di m e nsi o ns (I D) r e c o g ni z e d as o utli er di m e nsi o ns f or
2 0 ti m es a cr oss all 2 4 l a y ers: 2 2 9 7;

• Di m e nsi o ns (I D) r e c o g ni z e d as o utli er di m e nsi o ns f or
1 5 ti m es a cr oss all 2 4 l a y ers: 1 1 2, 3 3 9;

• Di m e nsi o ns (I D) r e c o g ni z e d as o utli er di m e nsi o ns f or
1 4 ti m es a cr oss all 2 4 l a y ers: 3 3 2 7;

• Di m e nsi o ns (I D) r e c o g ni z e d as o utli er di m e nsi o ns f or
1 3 ti m es a cr oss all 2 4 l a y ers: 3 8 7 4;

• Di m e nsi o ns (I D) r e c o g ni z e d as o utli er di m e nsi o ns f or
1 2 ti m es a cr oss all 2 4 l a y ers: 3 0 3, 4 3 3, 2 5 7 6, 3 5 7 9,
3 8 3 5;

• Di m e nsi o ns (I D) r e c o g ni z e d as o utli er di m e nsi o ns f or
1 0 ti m es a cr oss all 2 4 l a y ers: 1 4 2 6, 2 2 5 7, 2 3 1 6, 3 6 0 4;

• Di m e nsi o ns (I D) r e c o g ni z e d as o utli er di m e nsi o ns f or 9
ti m es a cr oss all 2 4 l a y ers: 1 0 9 3, 1 4 1 6, 2 6 2 7;

• Di m e nsi o ns (I D) r e c o g ni z e d as o utli er di m e nsi o ns f or 8
ti m es a cr oss all 2 4 l a y ers: 7 8 4, 9 6 1, 1 1 5 4, 1 3 1 0, 1 4 2 1,
1 7 9 9, 2 0 0 8, 2 3 3 9, 2 7 2 4;

• Di m e nsi o ns (I D) r e c o g ni z e d as o utli er di m e nsi o ns f or 7
ti m es a cr oss all 2 4 l a y ers: 4 5, 9 8, 1 0 9, 7 6 5, 9 2 7, 1 4 0 9,
1 7 2 3, 2 6 8 5, 3 4 6 2;

• Di m e nsi o ns (I D) r e c o g ni z e d as o utli er di m e nsi o ns f or
6 ti m es a cr oss all 2 4 l a y ers: 7 0 3, 7 4 7, 9 0 9, 9 8 4, 1 2 7 9,
1 7 1 3, 3 0 5 4, 3 7 8 2, 3 9 2 0;

• Di m e nsi o ns (I D) r e c o g ni z e d as o utli er di m e nsi o ns f or
5 ti m es a cr oss all 2 4 l a y ers: 3 2 4, 6 0 0, 7 2 6, 8 7 7, 9 7 4,
1 1 9 7, 1 4 5 6, 1 5 0 3, 1 8 5 0, 2 0 0 5, 2 4 8 5, 2 5 3 4, 2 6 2 4, 2 8 3 0,
2 8 7 4, 3 0 8 4, 3 2 3 2, 3 4 1 0, 3 4 6 6, 3 6 4 6, 3 8 6 6, 3 9 6 4;

• Di m e nsi o ns (I D) r e c o g ni z e d as o utli er di m e nsi o ns f or
4 ti m es a cr oss all 2 4 l a y ers: 1 9, 4 1 0, 7 0 9, 9 6 2, 1 0 8 8,
1 6 5 8, 1 7 6 0, 1 9 0 0, 2 2 9 9, 2 4 9 3, 2 5 1 4, 2 6 9 3, 2 9 3 8, 3 1 5 8,
3 1 6 9, 3 5 8 8, 3 6 2 7, 3 9 0 3, 3 9 1 7, 4 0 2 7, 4 0 7 2;

• Di m e nsi o ns (I D) r e c o g ni z e d as o utli er di m e nsi o ns f or
3 ti m es a cr oss all 2 4 l a y ers: 2 5 7, 2 7 7, 4 8 9, 5 5 3, 6 2 8,
6 6 8, 8 3 1, 8 6 9, 8 7 6, 8 9 1, 1 0 4 8, 1 0 6 7, 1 0 7 9, 1 1 7 5, 1 2 4 8,
1 3 2 0, 1 3 9 6, 1 4 1 3, 1 4 3 8, 1 5 2 9, 1 5 6 6, 1 6 6 5, 1 8 1 3, 1 9 0 1,
1 9 1 1, 1 9 1 5, 1 9 4 5, 2 0 3 5, 2 1 4 3, 2 1 5 8, 2 2 4 7, 2 3 3 7, 2 5 8 8,
2 6 3 3, 2 6 3 6, 2 6 6 9, 2 8 0 0, 2 9 0 4, 2 9 0 5, 3 0 1 5, 3 0 2 0, 3 0 5 0,
3 0 6 1, 3 0 6 9, 3 2 1 6, 3 4 6 4, 3 4 8 8, 3 4 9 1, 3 5 6 2, 3 5 8 4, 3 6 5 6,
3 6 9 1, 3 8 2 4, 3 8 6 2, 3 9 0 2, 3 9 6 2, 3 9 9 2;

• Di m e nsi o ns (I D) r e c o g ni z e d as o utli er di m e nsi o ns f or 2
ti m es a cr oss all 2 4 l a y ers: 1 0, 1 8, 1 3 9, 2 0 6, 2 5 6, 2 6 5,
3 0 0, 3 2 8, 3 5 9, 3 6 7, 4 0 1, 4 1 8, 4 4 5, 4 4 8, 5 7 5, 6 0 8, 6 6 0,
6 6 1, 7 9 5, 8 1 9, 8 5 1, 8 5 6, 8 9 8, 9 4 3, 9 5 0, 9 6 8, 1 0 9 8, 1 1 0 7,
1 1 1 6, 1 1 9 8, 1 2 3 2, 1 2 5 9, 1 3 0 2, 1 4 4 1, 1 4 4 2, 1 4 7 2, 1 5 0 5,
1 5 1 9, 1 5 3 4, 1 5 9 7, 1 6 2 4, 1 6 4 2, 1 6 8 6, 1 7 1 2, 1 7 4 0, 1 8 1 6,
1 8 2 5, 1 8 4 9, 1 8 5 3, 1 8 8 7, 2 0 5 4, 2 0 7 9, 2 0 8 0, 2 0 8 1, 2 1 2 2,
2 1 4 2, 2 1 4 6, 2 2 0 5, 2 2 3 2, 2 2 3 6, 2 2 5 5, 2 3 3 6, 2 3 5 8, 2 4 5 2,
2 4 6 4, 2 5 0 0, 2 5 5 6, 2 5 6 3, 2 6 6 5, 2 7 0 5, 2 7 1 1, 2 7 2 1, 2 8 0 4,
2 8 1 5, 2 8 3 3, 2 8 5 9, 2 9 6 4, 3 1 3 8, 3 1 9 2, 3 2 0 7, 3 2 1 7, 3 2 2 6,
3 2 2 8, 3 2 8 5, 3 2 9 4, 3 3 3 8, 3 3 4 2, 3 3 9 7, 3 3 9 8, 3 4 1 8, 3 4 2 6,
3 5 5 3, 3 6 2 4, 3 8 1 8, 3 8 3 6, 3 8 5 5, 3 8 8 6, 3 9 1 3, 4 0 0 0, 4 0 3 6,
4 0 5 1, 4 0 6 3, 4 0 8 0;
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• Di m e nsi o ns (I D) r e c o g ni z e d as o utli er di m e nsi o ns f or
1 ti m e a cr oss all 2 4 l a y ers: 0, 4, 1 4, 2 6, 2 8, 4 8, 5 0, 5 2,
5 3, 5 5, 5 7, 8 1, 9 1, 1 0 8, 1 1 3, 1 1 4, 1 2 1, 1 3 1, 1 4 6, 1 5 6,
1 9 5, 1 9 9, 2 1 9, 2 4 0, 2 4 8, 2 5 0, 2 9 5, 3 0 2, 3 4 0, 3 6 3, 3 7 2,
3 7 6, 4 0 6, 4 1 1, 4 3 4, 4 3 7, 4 4 1, 4 5 4, 4 5 5, 4 6 7, 4 7 1, 4 7 5,
4 7 6, 4 8 7, 4 9 8, 5 2 6, 5 2 7, 5 2 8, 5 4 1, 5 6 6, 5 8 4, 5 9 6, 6 5 8,
6 6 9, 6 8 6, 6 9 7, 7 0 6, 7 1 9, 7 2 8, 7 4 3, 7 6 6, 7 7 2, 7 9 8, 8 2 1,
8 3 7, 8 4 4, 8 4 7, 8 8 4, 8 9 2, 9 1 4, 9 3 7, 9 4 0, 9 4 2, 9 4 8, 9 6 9,
9 7 3, 9 7 9, 9 8 3, 9 9 3, 9 9 8, 1 0 0 9, 1 0 2 4, 1 0 3 8, 1 0 3 9, 1 0 4 3,
1 0 4 4, 1 0 6 9, 1 0 8 1, 1 0 8 2, 1 1 1 1, 1 1 3 1, 1 1 3 7, 1 1 6 9, 1 1 7 7,
1 1 7 8, 1 1 8 5, 1 1 9 1, 1 2 8 5, 1 2 9 8, 1 3 0 3, 1 3 1 4, 1 3 1 5, 1 3 3 6,
1 3 4 4, 1 3 5 0, 1 3 6 4, 1 3 7 2, 1 3 8 1, 1 3 9 9, 1 4 1 2, 1 4 2 9, 1 4 3 5,
1 4 4 7, 1 4 6 6, 1 4 7 8, 1 4 8 1, 1 5 0 6, 1 5 1 1, 1 5 2 6, 1 5 2 7, 1 5 4 0,
1 5 4 5, 1 5 5 6, 1 5 8 0, 1 5 8 5, 1 5 8 6, 1 6 0 8, 1 6 1 4, 1 6 3 1, 1 6 3 3,
1 6 4 6, 1 6 6 7, 1 6 8 3, 1 6 9 9, 1 7 0 0, 1 7 0 6, 1 7 2 1, 1 7 3 4, 1 7 4 5,
1 7 6 8, 1 7 8 5, 1 7 8 7, 1 7 9 3, 1 7 9 4, 1 8 1 7, 1 8 2 4, 1 8 2 6, 1 8 3 7,
1 8 4 3, 1 8 4 6, 1 8 4 7, 1 8 6 5, 1 8 6 7, 1 8 7 4, 1 8 8 5, 1 9 1 7, 1 9 2 9,
1 9 5 2, 2 0 0 1, 2 0 0 7, 2 0 1 5, 2 0 1 7, 2 0 3 9, 2 0 4 0, 2 0 6 0, 2 0 7 1,
2 0 8 3, 2 0 9 0, 2 1 0 0, 2 1 0 9, 2 1 1 2, 2 1 1 5, 2 1 2 4, 2 1 7 0, 2 1 8 7,
2 1 9 0, 2 2 1 1, 2 2 1 4, 2 2 1 8, 2 2 4 3, 2 2 4 5, 2 2 5 9, 2 2 6 2, 2 2 7 8,
2 2 8 7, 2 3 0 0, 2 3 1 5, 2 3 2 0, 2 3 2 5, 2 3 5 4, 2 3 5 7, 2 3 7 2, 2 3 7 4,
2 3 7 8, 2 3 9 0, 2 4 0 5, 2 4 7 0, 2 4 9 6, 2 5 0 1, 2 5 3 0, 2 5 6 9, 2 5 8 6,
2 5 8 7, 2 5 9 0, 2 6 0 7, 2 6 2 6, 2 6 5 2, 2 6 6 0, 2 6 7 0, 2 6 7 7, 2 6 8 4,
2 6 8 9, 2 6 9 0, 2 6 9 4, 2 6 9 6, 2 6 9 8, 2 7 0 8, 2 7 1 2, 2 7 1 4, 2 7 2 2,
2 7 4 3, 2 7 4 8, 2 7 5 1, 2 7 7 7, 2 7 9 1, 2 7 9 2, 2 8 0 3, 2 8 1 0, 2 8 1 8,
2 8 3 7, 2 8 5 6, 2 8 6 3, 2 8 7 6, 2 8 8 7, 2 8 9 8, 2 9 0 7, 2 9 1 7, 2 9 1 8,
2 9 4 7, 2 9 8 9, 3 0 1 6, 3 0 2 5, 3 0 3 6, 3 0 7 5, 3 0 7 8, 3 0 8 5, 3 0 8 6,
3 0 9 4, 3 1 0 6, 3 1 0 7, 3 1 2 1, 3 1 5 4, 3 1 7 2, 3 1 7 3, 3 1 7 9, 3 1 8 2,
3 2 0 2, 3 2 1 1, 3 2 2 7, 3 2 4 0, 3 2 4 6, 3 2 5 2, 3 3 1 3, 3 3 1 8, 3 3 2 2,
3 3 5 3, 3 3 6 7, 3 4 1 2, 3 4 3 5, 3 4 3 6, 3 4 5 2, 3 4 5 3, 3 4 6 7, 3 4 8 1,
3 4 9 5, 3 5 3 5, 3 5 4 7, 3 5 5 9, 3 5 6 7, 3 5 6 9, 3 5 7 7, 3 5 8 6, 3 6 0 9,
3 6 3 7, 3 6 3 8, 3 6 7 0, 3 6 9 2, 3 7 0 4, 3 7 1 2, 3 7 1 7, 3 7 1 8, 3 7 1 9,
3 7 2 1, 3 7 3 9, 3 7 4 4, 3 7 4 6, 3 7 4 7, 3 7 5 3, 3 7 7 5, 3 7 9 3, 3 7 9 4,
3 8 0 6, 3 8 1 0, 3 8 2 1, 3 8 2 5, 3 8 4 1, 3 8 7 9, 3 8 8 0, 3 8 8 2, 3 8 9 2,
3 9 1 0, 3 9 2 9, 3 9 3 1, 3 9 7 6, 3 9 8 0, 3 9 8 2, 4 0 2 8, 4 0 5 6, 4 0 5 8,
4 0 6 1, 4 0 7 7;

I A p p e n di x: C o d e f o r t h e E m e r g e nt
O utli e r F o c us e d Distill ati o n L oss
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d e f o u t l i e r _ f o c u s e d _ d i s t i l l a t i o n _ l o s s ( s t u d e n t , t e a c h e r , p o w e r = 0 . 5 ) :
# C o m p u t e E O F D l o s s f o r a g i v e n l a y e r l .
# I n p u t : b a t c h e d t e a c h e r a n d s t u d e n t i n t e r m e d i a t e r e p r e s e n t a t i o n
# ( H ^ t _ l a n d H ^ s _ l ) t e n s o r s o f s h a p e ( B , N , d _ t o r d _ s )
# I n p u t : E O F D p o w e r p

w e i g h t s = c a l c u l a t e _ w e i g h t ( t e a c h e r , p o w e r = p o w e r )

s q u a r e d _ d i f f = ( s t u d e n t - t e a c h e r ) * * 2
w e i g h t e d _ s q u a r e d _ d i f f = s q u a r e d _ d i f f * w e i g h t s
w e i g h t e d _ m s e _ l o s s = w e i g h t e d _ s q u a r e d _ d i f f . m e a n ( )
r e t u r n w e i g h t e d _ m s e _ l o s s

d e f c a l c u l a t e _ w e i g h t ( t e a c h e r , p o w e r ) :
# t e a c h e r t e n s o r o f s h a p e ( B , N , d _ t )
( b a t c h _ s i z e , s e q u e n c e _ l e n g t h , h i d d e n _ s i z e ) = t e a c h e r . s h a p e

s t d _ h i d d e n = t e a c h e r . s t d ( d i m = ( 0 , 1 ) )
# o f s h a p e ( d _ t )

m e a n _ s t d = s t d _ h i d d e n . m e a n ( )

s t d _ s c a l e d = s t d _ h i d d e n / m e a n _ s t d
# o f s h a p e ( d _ t )

# S c a l i n g , i f p o w e r = 0 , s h o u l d b e v a n i l l a M S E l o s s
s t d _ s c a l e d = s t d _ s c a l e d * * p o w e r

# o f s h a p e ( d _ t )

# B r o a d c a s t i n g t h e n e w w e i g h t s t o t h e o r i g i n a l s h a p e
s t d _ s c a l e d _ u n s q u e e z e d = s t d _ s c a l e d . u n s q u e e z e ( 0 ) . u n s q u e e z e ( 0 )

# o f s h a p e ( 1 , 1 , d _ t )
w e i g h t s = s t d _ s c a l e d _ u n s q u e e z e d . e x p a n d ( b a t c h _ s i z e , \

s e q u e n c e _ l e n g t h , h i d d e n _ s i z e )
# o f s h a p e ( B , N , d _ t )

r e t u r n w e i g h t s

Fi g ur e 1 2: P y T or c h C o d e f or t h e pr o p os e d E m er g e nt O utli er F o c us e d Distill ati o n ( E O F D) L oss.
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