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B EfHATN : XYM MH2l(NLP)2F Z2EE HIECV)HIA E2l Al

M=ol pd o3| &l

O T

B HEE HHLIS : NLPOIAl 2! AR AS| 2t et M8 E ==0te 2H 2 CV
WA a0l JEFC’:'OH/H A HEE F=ole =ME ol 2

B[S HEEEMLP): 2B HC = Ml 220A JIE B2 o5 Jtse Lictil
BHE E&goll, #AHdl & I 2E= st |2 HE dE= s40s = QUL

B Ol ==2 MNIST, CIFAR-10 & Hlgt=l &40 A ImageNetlt €2 Z2l AIEE
= CV #HIXI0I3E HAEGHH Jlx= HE=S +=Hot AL

B AE Z HestE EMALD O8I = MLP 80|, #E —’E_/.\_, & =AFE
= At=et 22 Ed O2IElX e RAlet 5= 2E0l/H, =5 &= KotAl
Al &) ZICH 90%DHAl LIHHDIEHE Y == Us= EWHFULL

* MNIST (Modified National Institute of Standards and Technology)
- MNISTE &2 M =X}0~9)2] A&0|AA € O|0|X|= O|FO{Tl HO|E A LTt O HOJHA2 KAl 2
DEo d5= E7I5t= o €2 ArE
* CIFAR-10 (Canadian Institute for Advanced Research)

- CIFAR-102 107H2| A2 CHE K| SeHAE Z2sSt= Z2| O|0|X| Ho| Al



"
Lsch

2UPYR
SOONCHUNHYA
UNIVERSITY

1. A&

s= 2L

<0

A

O

)OI LY.

St
2 EZHA I Ot7|ElX{(Vaswani et al, 2017)E

Ct
=

FEFOIE MES| AEH Z7((==aY 710

=

=]
=

0

El
o

HE

-

=
NE B

]

=
=

]

gl

ol
ofll
mis

ojN EBAZOE ChoE THE TZO|Ct

X
(|

7

=
(=]

| OfEI M 7 L]

O
—

gao|s

= 18iot=

OH
=1

g2 2

(MLP).

Ml
=

- St HIO|H S H|&



1. A&

SugLeR
SOONCHUNHYANG

UNIVERSITY

i
B HEA HALISUHCZE: S20 SES HE2 &8 5= UALHY,
MLPE HIHGI Oi2tOIE £29F HAHIES &8J|HOR =Y 4 Qlt= =0
Jtsottt
24 A It s4H(interpretability) St
CHIE &
EHte 2 AHICIE S30A2 84 2SIt =2 2IHEe 8= JtdE =
ULH.
B0 =22 02 &= EHALZN OPPIEH2 H48 Haestt dhZ2: Jitsst
ANE OlEA 24 48X HSS Soll Sot LA ot ) UL

v o I|Y
20|X/3t M2

M2 SoAM 220] 23 HO[E0f HF
HO|E{(AZ H|0|E EE= HAE HO|E)0|| CHS|A

A, 228 HIoOIHME =

Of E0{X|= oid

oA &

= M=
- OO



TANG \

SOONCHUNH

UNIVERSITY
SCH
SINCE 1978

Mg

™1 (Background and Related Work)

oy

KiJ

-
(D
5

oJ

o

oll

TN

= =0:

Odl
- TinyBERT, MobileBERT?t €2 2 &= BERT J|

B0 O &2 S(layen=

ci2| BERT 2

=Y

— O
—

- DistilBERT

i

A

MN==2
oo =

=2 X4 5F(knowledge distillation)E 0| & ot

ot 24

m 0|2



"

2UPYR

SOONCHUNHYANG

UNIVERSITY
ScH
SINCE 1978

L

FALE OENA

¢}

Al A

=

=

™1 (Background and Related Work)

2 A= EMALN L2 MLP(Feed-forward network)

=

¢ MLP HlIAH
@)

3
{ID

-
110

H = Ab(attention

0

Ol J1 <

=
=

[

=

ulE=;

=

{, Performer, Linformer, Reformer2} &

HE =
approximation)

IH



"

SOONCHUNHYA

UNIVERSITY
SCH
SINCE 1978

Mg

™1 (Background and Related Work)

RO
il
K
Ol
i}
H

I

= J0lA AEELILE

LS &

n

uln

&)
KiJ

0lJ
il
H

I

o0

KIO

-

— Ltet0lEe =2t A

100
0y
<H
0l

Ol

-

X
A,

[ & AHHIE 22

10
i
<

—r

~J

Ui
K

]

%
o

w

Al Jts

0

0

{H

o)



gD

SOONCHUNHYANG \
UNIVERSITY
SCH

PIEXN & 222 =8 Met
SINCE 1978

3. Ee AL
(Transformer Architecture and Our Modifications)
¢ Jlz= EAHAEN 22
EdAZH= EEHECZE & A =2 44 4= 0[f0HA =5= ¢l Ji &0t
&= LILCE:
1. HEIE HZ (Attention Layer)
— 28 42 M HES ottd, A 2l(Q), 2I(K), t(V) HHE M=ot 24
E2 2t 2HE AHbtELILH
2. I|EXRAE HZ= (Feed-Forward Network, = MLP)
- HEIEC=FH €2 28 duztoll &&otes &= gLt
2 =52 Usd €2 =A=2 Hel&E Ll
LayerNorm — Attention — LayerNorm — MLP
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1. LayerNorm (2100 E=h

LayerNorm2 R3S 2ot sts2 HE=tA|7| 11, 2 SoM el =8gt0] Y8st 22X
£ A5 gL
2. Attention (O HIM)

OElM A LE=2 2E0| ¥8 HO|HoM 523t &
ZIH DEOAM OHIME ES| Self-AttentionO| 2t 22|00, 2+ &
AOfL) 23O A=K| ALSHY, 32 EO O 2 7FSX[E 2L L
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(Transformer Architecture and Our Modifications)

1. LayerNorm (20|10 Ert=})
LayerNorm2 Y S Hieold] ef5S
=2 E ZEE o

2. Attention (Of €I M)

OEMd HALE2 20| & Ho|HoM 523t &
EdATZE DEOM OEINZ ES
2

CHE 29 |40 ZOfL

L
P

3. LayerNorm (2|0|0f Et=}

CHE=tAlZ| A, 2+ SO A2

| Self-AttentionO| 2}
U=X| ALSHH, 529t ™
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F HW LayerNorm2 OHIM HAE AL = Z21S CHA| =0l Z22 =85 24
oiotH, R} HM Szt & ZHO| 5ot S950| Srt=tel JEOAM T HAE T
2 T UAE =L
4. MLP (5 HEEE)
MLP= H|9Y Higls sdot= (14T 9 40|, MLP= &UEHE olef 72
=HS= Lo, 4 S5 SdtotHN 28s gz HESH £l
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0l =R0llAE= EMALZMNE 40t QAE £ RE HAHGIHU HESEO2N FXE 2AS6E SLUCH
1. MLP A,
+ U229 EdAZN SS0A 4842 Iet0IEHE MLPUIA Z4ELICH,
+ OEIHBIOZE HIHdEHS S25] &&g + ACD 6L, MLPE 283| MHELICH,
- OIZ Qlaf HAZD HI2 AEZ0 2 222 248U,
2. Q=K=V SH&,
+ BIEOZ Q, K, VE MZ U2 JtEXl gEgs Sol 448U,
+ GiXIBt OIES otLil B8 &8 W SEGH0 : Q=K=V=XW,
« — Ol ot OHHE== I Al HHOIA & HHEEWSLICH.
3. EHQ FAIE A& =&,
+ JIEY QKTE HIUHAHY SAEE 488 = AN, 2™ 2 SAE K40l SIS &= ASLICH.
+ OIS JHASHl fioh otehet 22 HE |RAESE ST,
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4. A (Experiments)
43 240t E =4 l_ﬁ
¢ HES (Accuracy)
* MINIST
- Full Transformer: 2t 99.3% Minimal Transformer: 2 99.2%
* CIFAR-10

- Full Transformer: £ 71.5% Minimal Transformer: 2 70.8%
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ts B2E Tots EAYLCLH 2= 2 ©o H S 2 2[0|5HH,

:B_g I = a
WYVol WOL ztzt dig| Z7h Bisle o #HQUL|ICEH 2t Y=ol IIFK|= a2 LIEILHOY, O] 7}
S

as; = Softmax(sy;)

* a,+t Softmax &8 Soll AlLtkl= 7tE5X| &
HolH, s, = EX™ el EENCE EZ

Al Lkg L Ck,

{QIL|C}. Softmax &%= Zt CHojo| EQ L &
X

E -
o RAI=E LIEIW &= 2 LICE O & Sdll 7t5

=

. T4 3):
s_{sij} = x_{si} WAQ_s WAK_s"T x_{sj}

o sy HEl E2 z,; o OHE EZ z,; 742l RALZE LEHELICH o7|M Wo WEE 22 ¥
o|et 7| Bigt HHO|H, o] HE S| LHHE Sl FAEE ALtELC
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4 (4)
H
0]
Z Z ashzg msg Wsh
h=1
o O $A12 "HE| & O{EHIM"O|M ALRELICE 02 S|C8 ALRSI0] 22t SYNOZ A &
ADtE BALCH Z sles W2, WK, WY, WOets dzo| Bzt #2g AL AAE L
Ct.
=41 (5): *‘

ashi = Softmax(ssn;)

o S ENAML 7HFX agn = Softmax = A LELICE sg,= 4 G200 CHl AlLtEl FALE
w22, 0|8 St slld dlEel SR8 ZFLIC
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x4 (6):
s_{shij} = x_{si} WAQ_{sh} WAK_{sh}*T x_{sj}

o O =42 EF F2| EZ o, CHE EZ z,; 42 RALZE A MSte =2 YLICH o 7| A W:ﬁ
ot WK&= ztzt 72|t 7| Bt $H 2, O|§2 AIB3I0] & EF 71| RALEE AHAHELICH
=4 ()
hsz’ = f (Zsiws(l) + bgl))
o O 42 5 T EE(Multi-Layer Perceptron, MLP)Q| A HHR{| & LtEFHLICE z,= 52
BIS WE{Z o WEO ThH 7tEX B WiVa e e pVE Mestn, O Zato) uMY

()& H835t0 hy,E ALterLICh ojmf H|ME gt f()& LEH S E Gaussian Error Linear
Unit (GELU)7H A& E LI Tt
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m EE| 5= OHI-M(Multi-Head Attention).
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3. = o= 4

When stacking the attention modules, the matrices
WYO concatenate to their product over s = 1,...,S.
Then, they collapse into a single matrix

s=1

9)

Since every sum Ej-: | Asij 18 equal to unity (as a re-
sult of the softmax operation), every successive trans-
former layer performs a weighted mean of stacked in-
puts xi ;.

The total number of parameters with § matrices
WX and a single matrix WV is (S + 1)N?, only
slightly more than 25 % of the original size without
MLP. So far, all this is possible without losing any ex-
pressive power of the single-head transformer without
MLP — only obsolete parameters are deleted.
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Offii 258 We I, ¥¥ W0, s =1,...,50 el 150| o= 00T 18 2 0|
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X
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« T4 (9
S
wYo=][[w"o.
s=1
o 0] =Al2 S7Ho OjHIM nES He = 0|2 WH WVO,7} stitel BH= S5 e L
EMHLICH ZF OfElMd B EO| 7}E £ 9l £ 88 WV0,= HE5Noz MK ENAzD oY
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]
8l = Z Ui jXsj
g1

The output embedding zg; is a convex combina-

tion of input embeddings x;;. In other words, it is a

member of the convex set spanned by xy;.

This concept has been implemented in the Keras
framework by setting the matrices WY and WC to
unit matrices. Collapsing WEWXT to WEZX has been
reached by setting the matrix WX to a unit matrix. The
newly defined matrix w2K replaces matrix we.
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SKX ag;= 2 YUY AU Fof sl A LHE JHSXE Q0L ol O{EHA HHLBHM &
YH|Eo| Szt S grdshs UL
=7t 2%
o EE =g 2= Y YHIE S VIS BX0|H, 0|22 £8 HY 2,2 BRX|= 25 2T 58
LChL ol EBAZOOIM 2 Yo 2T AYe 2Yst= 528 /HE Lt
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4. MULTI-HEAD CONFIGURATION

The relationships of Section 3 are valid wherever the
matrices WY, WS, WS, and WX are square. This may
also apply to multiple heads. However, it is usual to
commit to a reduced dimension per head. With H > 1
heads, it is common to map the embedding vector to a
narrower vector of width N/n, assumed to be integer.

In such cases, the matrices Wy, WO, WS, and WX

are not square but of dimension (N,N/H). SCollapsing

WS%WSI,S T to WS%K 1s then no longer efficient since WS%K
is of dimension (N,N) and has thus N? parameters
while W2 and WX together have 2V*/u, which is a

smaller or equal nsllllmber for H > 1.

Moreover, it is impossible to equivalently concate-
nate the value/projection matrices WS‘ZO to a unique
product because of varying index i along various
paths through the heads.

Nevertheless, omitting the WSZO at all would have
the same justification as for single-head configura-
tion: the output embedding zs; would become a con-
vex combination of input embeddings x1;, which can
be expected to correspond to a meaningful word or
token.
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5. SYMMETRY OF SIMILARITY

The expression Eq. (3) measures the similarity be-
tween queries and keys. The general concept of char-
acterizing similarity between vectors by their product
is symmetric: a is equally similar to b as is b to a.

However, the similarity between a key and a query 12 #2Iet 7| 2] SMEE o ,WIWhT2l & S B7h=i0, ol HitfEX YL 1 0
evaluated with the help of x;WIWXT x x/; is asymmet- Wihet W7t e2Ee tadl neey
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This asymmet‘ry leads to different similarities be- O] HICHEH=2 €2 THOM =Xz HEoHE £ USLCH F2[et 7| d&0| CHE X 0|0{0f oitCt= A
tween x;; gnd Xsj in the .roles of key and query: xy; IS o grors 287t obuLIC DLt M M2 1 AlRS SJEH OIS 4+ olaL|ch
not as similar to x,; as is xy; to xz. The vector xg; is
also not the most similar to itself. The matrix product

W, WKT is generally not positive definite, so it is not ©°l %
even guaranteed that the similarity of xg; to itself is
positive.

The asymmetry can be deliberate and justified
from some viewpoints. It is not a matter of course that
the roles of queries and keys are symmetric. How-
ever, some of the mentioned properties can make its
use harmful.
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The symmetry can be guaranteed by simply set-

ting WS% = WS‘E . Then, half of the parameters ded-
icated to the query and key matrices can be econo-
mized. In the single-head case, the same effect is
reached by a symmetric matrix wEK | with identical
. . : 0K
parameters mirrored over the diagonal, i.e., w3, =

SiJ
wgﬂ . Another possibility 1s to parameterize a lower

triangular matrix 72% and to multiply it by its trans-
pose, getting

WK = rORTOKT (11)

This amounts to the well-known Cholesky decompo-
sition (Cholesky, 1924) of a symmetric matrix.
With both methods, the number of parameters is

N—(A;“) instead of N2, or even 2N? of the original ver-

sion without collapsing W< and WX.
The symmetry is implemented by reusing W< 5, as
WK, omitting the use of WX at all.
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6.1 Results for MNIST \— SINCE 1978

Following the arguments of Sections 2 to 5, the fol-
lowing reduced transformer variants have been tested:

e with and without an MLP in each transformer-
encoder,

e with 1 and 4 heads,

» with the original matrix configuration as well ma-
trix pair W€ and WX collapsed into one matrix,
WY and W€ omitted (one head variants only), and
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H 16 L= 12008 As= EdALN QDG 2 21320 dOoIE 1 £=
442 OelE 8| =& At=el &= HIOIEH A(MNIST & CIFAR-10)0l A 2] 1601 &l &2 1t

2t 91D HIOI0f LHOILA I 2 MLPE AFESHHLE MLPE 2X5| 25t A0 AH
2t DUS MEGF| 500 (= SO B = 2 HES} AS MEN HE A
Heol YDE L

Dataset #Encs-#Heads MLP? Q Trainloss Val.loss Train. acc. [%] Val. acc. [%]

6-1 yes 215 00067  0.0747 99.78 98.38

6-1 no 646 00277  0.1023 99.07 97.49

6-4 yes  2.09 00018  0.0739 99.95 98.26

6-4 no 591 00021  0.0912 99.92 08.29

MNET 12-1 yes 108 00052  0.0652 99.81 98.71
12-1 no 329 00117  0.0970 99.62 97.94

12-4 yes 108 00025  0.0656 99.92 98.70

12-4 no 329 00026  0.1002 99.93 98.10

& yes 174 01533 22418 94.63 60.24

61 no 493 09341  1.3590 66.16 55.30

6-4 yes 174 01109  2.4033 96.01 60.46

6-4 no 492 05621  1.6984 30.82 52.37

kil 12-1 yes 089 23026  2.3026 9.82 10.00
12-1 no 252 05604 17219 79.48 54.06

12-4 yes  0.89 00632  2.6379 97.92 58.02

12-4 no 2.52 0.1787 2.3200 93.59 55.60
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Figure 1: Training and validation losses attained by vari-
ous reduced transformer-encoders with six encoder layers
on MNIST.
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Table 2: Loss and accuracy for different variants of transformer-encoder modifications on MNIST: 1 or 4 heads, with or
without the MLP, with a single W, matrix, no value and projection matrices, or a symmetric similarity measurement.

# Heads MLP? Modification # Parameters Q Trainloss Val.loss Train. acc. [%] Val. acc. [%]
1 yes unchanged 279,106 2.13 0.0067 0.0747 99.78 98.38
4 yes unchanged 287,746 2.09 0.0018 0.0739 99.95 08.26
1 yes Wqk 257,506 2.33 0.0037 0.0794 99.89 08.43
1 yes Wgk+noWv,Vo 212,866 2.82 0.0063 0.0951 99.78 98.27
1 no unchanged 92,890 6.46 0.0277 0.1023 99.07 97.49
4 no unchanged 101,530 5.91 0.0021 0.0912 99.92 98.29
1 no symmetry 69,910 8.58 0.0331 0.0783 98.85 97.80
4 no symmetry 69,910 8.58 0.0158 0.0762 99.46 98.24
1 no Wgk 70,570 8.50 0.0374 0.0996 98.70 97.60
1 no Wgk+noWv,Vo 26,650 22.51 0.1697 0.1536 94.82 95.32
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- o= == (# Heads): 20| AtEotl= HEIE ol=2 =& LILL &80AM= 1 L= 442

a1

A BHUA AtEE S8 gHasS LIEHELICH WE S0, "Wak'= RcI2 I dE=S
e dE = AtEole BHEs Qllotl, "HEA"2 HE S FAE S8= Alset BHE=s
ojolerLlt

- tet0le == 220lA ArESE & Uity =& LILH

- QUL 28 "HlE= UEUH, 280] E0tLE =0l 2EE/A=A2 HE=E M

(Train loss): & OIOIEHOU A HAtE =4 gt LILL 220 && AE
OfLE & Sts & A=Al LIEFE LI

Val. loss): 2& GIOIEHOA H&tE =4 gfZLILE 222 28ttt d= OILh

Y
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22 ZEE (Train acc): Z2 MENA 22O Mt TLICH
S HEE (Val acc): 25 NEWM 222 T eLIC
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He mretdld = 1Q 24 &4 |HS &4
= %] BT (%)

HECAX ES 279,106 215 10.0067 0.0747 99.78 98.38

HILX @S 287,746 2.09 10.0018 0.0739 99.95 98.26

Wak 257,506 233 |0.0037 0.0794 99.89 9843

Wgk + noWy, Vo 212,866 2.82 10.0063 0.0951 99.78 98.27

HALX @S 92,890 6.46 |0.0277 0.1023 99.07 97.49

HILKX HS 101,530 591 10.0021 0.0912 99.92 98.29

= 69,910 8.58 10.0331 0.0783 98.85 97.80

&d 69,910 8.58 /0.0158 0.0762 99.46 98.24

Wak 70,570 8.50 10.0374 0.0996 98.70 97.60

Wgk + noWy, Vo 26,650 22.55 0.1697 0.1536 94.82 95.32

el EAL HHO0| MNIST LIOIEHAOIA HEHN d5= Z2lot=Al

SLICL MLPOF e 281 gle 2E€9 d= X0f, 12l 2 BHE o
ot ds0l et &= = = UAsLILL MLPJF e 222 2EHS
2 ds= 2E0/AIE, MLPJE 8l2 E%2 U A2 licllY ==&k dH&E=2
ol 32k US=S & = UsLIL






