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BIRTH OF QC IDEA

• SIMULATING PHYSICAL PROCESSES

÷:*::÷÷:÷÷÷÷:::÷.
"

÷÷÷÷÷:÷:÷:÷÷ii÷÷:¥i÷:÷ooo YURI MANN
"

COMPUTABLE AND uncountable
" eggo

And
by golly ,

its a wonderful problem
because it does not look so easy

"

• PAUL BENIOFF 1980/1982
w

• DAVID DEUTSCH 1985

QUANTUM TURING MACHINE

1



BUT WHAT DOES
"

SIMULATING NATURE
"

MEAN

COMPUTATION OR

is

*

I ±

:i÷" i.
"

v!
EVOLUTION UNDER

PHYSICAL LAW
2



CLASSICAL SYSTEMS ( E.G .

SECOND ORDER ODE IN BAI (t) EIR
's

MEANT )
,
Haiti ,⑧hH ,

t ) )
-

- O )

QUANTUM SYSTEMS . .
. DESCRIBED BY WAVEFUNCTION (STATE VECTOR ) AHH )Sp

nd
FOR Physicists

.IM#ao9II*HtD=Hl4ltD
F

f T

REDUCED RANK CONSTANT HAMILTONIAN
WE WILL SET IT ⇒ GENERATOR OF

DYNAMIC)

To 1
. - -
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WHAT DO WE DO WITH SCHIZO
"

DINGER'S EQUATION

1-D INTUITION

t÷÷÷÷→÷:i÷÷14km> =fiHl4ttDdt
Assume H is diagonal H

-

- (
""

'

i. dm) ,
A-titi- th Xlt ) is an exponential

Ntl
-

- exploit ) t C

then> =/
""" "

'¥k""

e
!!
,
.am/l4ltiDxlti=exPki#txtnIt--tz-tn

. . .
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①FC
,
WORKS IN ALL BASES . - . RECALL FUNCTIONS of OPERATORS

YOU JUST NEED TO KNOW HOW TO COMPUTE FUNCTIONS OF OPERATORS
. . .

① SPECTRAL THEOREM t DIAGONAL CASE

= 1414 > =
exp ( i Hat ) 14ft . ) )

÷eii÷÷i÷:::i=

Udiaglei
"'t

,
. .

.
,e"
'"t

) ut

-

unitary operator : ①F¥ds¥÷£
5

vedrandunjko
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Pencil
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HAMlLT0MANSlMULATioN

=

given H
,
14h17

,

Atta -ti

COMPUTE : 14h)) :=exp( c' Hat ) 14ft ,) >

-

← w
"

classically
" "

Quantum

"
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THERE IS ALSO THE TIME INDEPENDENT SCHRODINGER EQUATION : -

t

tf 14) = E 147 EIGENVALUE EQUATION

A
H

"

energy

- eigenvalue
! ER ( because H=Ht )

o TYPICAL PROBLEM : FIND ( Low -ENERGY , GROWN'D) EIGENSTATES OF H
,

° ACTUALLY
,
DETECTING WIHETHE GROUND ENERGY ( = SMALLEST EIGENVALUE )

IS BELOW SOME Y is VERY CQMA) HARD

0 SUPER IMPORTANT ! HAM
.

SIM
.
WILL BE INSTRUMENTAL FOR THIS too.

° MUCH OF THE REMAINDER OF THE COURSE WILL BE ABOUT THIS
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HAMlLT0MANSlMULATioN

=
given H

,
14h )

,
over n Quoits

,
Atta -ti

COMPUTE : 142) : - exp (i Hat ) 14, )
-

"

classically
" "

QuantumLy

"

Takes dim (H) ) =L (export ) WELL . . . DEPENDS ON WHAT WE

MEAN .

To EVEN WRITE DOWN
1427

AS A VECTOR . . .

8
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HAMILTONIANSIMULATIONONAQFlnpu-i.io
An n - qubit quantum register in STATE 1147

( sometimes ,
V St . Ulf > = 14h ) )

• Ca) SUCCINT DESCRIPTION OF H (CLASSICAL )

( b) AN ORACLE FOR COMPUTING ENTRIES OF H

(USUALLY SPARSE)

→ time t

output : n - qubit quantum register IN THE STATE 14T)

ST
. 111427 - 14571121 E ( SUFFICIENTLY CLOSE)

SEE NIC 9.2
,
9.2.2

g



SANITY : GIVEN H
,
U SI . 0107=147 It THERE IS A

" BRUTE FORCE
"
Q - ALGORITHM WITH (HIGH ) Exp. RNNTIME .

.

GOAL : ALGORITHMS WITH polycn ) ( polyloy (N )) RUNTIME . .
.

NEXT :

EFFICIENT ALGORITHMS FOR LOCAL

HAMILTONIANS ( TROTTERIZATION BASED )

TIME PERMITTING : ALGORITHMS FOR SPARSE HAMILTONIANS

AND
"

log ( Ve )
"

METHODS

to



PATH TO TROTTERIZATION - BASED ALGORITHMS FOR QUANTUM SIMULATION

1) HAMILTONIAN SIMULATION FOR It Z ,
# = X

O-3 DIGRESSION : GLOBAL VS RELATIVE PHASE

2) HAMILTONIAN SIMULATION FOR
"

PAUL STRINGS
"

,
E.G

. ]-L
-
- X Y 11 ④ E'

"
④ X

3) FROM PAULI STRINGS TO ARBITRARY HAMILTONIANS VIA TROTTERIZATION

O → DIGRESSION : VECTOR SPACES OF OPERATORS

71



SIMULATING SIMPLEST HAMILTONIANS

12



SIMPLEFSTIHAMILTOM.tt#

.
Assume G - { H ,

CNOT

,
Cz

,
2-¢ } 2-4=(1%0)

1) SIMULATING IE -- Z F- ( f : ) )

⇒ IT IS IN OUR TOOLBOX ( GATE SET )

expfiztl - e4[to e?phit3)
GLOBAL PHASE-

"

angle
" Zzt

I

USUALLY : exp f- it E) = ZE .

"

UP TO GLOBAL PHASE
"

13



GtOBALPHASE...REcA# DIGRESS.to
° QUANTUM STATE → UNIT VECTOR IN ④ IS NOT A- l

"

OBSERVABLE PROPERTY
"
→ I PHYSICAL MEANS To MEASURE

However eiY?5DID
to

,
t U

Pylil-lkiloxHIUtihxolo.org/--lei9Ikc'toastmaster's

ou-teiovin-itiesamewaylexelitttl-emlittttidto.ge#I:

÷I÷÷÷¥I¥!#✓ 14) vs Cit VIX ) RESULTS IN SAME STATE UP TO GLOBAL PHASE

NOT UNITARIES
. .

"

SPECIAL UNITARY GROUP
"

SUCN )
14



GLOBAL PHASE
. . .

RECALL . . . DIGRESS.IO#
TO AVOID CONFUSION . . .

RELATIVE V
-S . GLOBAL PHASE

o £1072107 ; ZH)
= H) NOT A GLOBAL PHASE OF unitary

147 teiolyt> 1-1107=111071-117 )
ZH> =L)"

→
"

RELATIVE PHASE
"

HH) = -12110) -H )) T F
'N STATE

-

ORTHOGONAL
. . .

OUTCOMES DIFFER MAXIMALLY.
ALSO:

MATHEMATICALLY : If [et
'

OU ] = GLOBAL PHASE

tf [ei0U ] = RELATIVE PHASE ⇒

[¥e÷q) = Ctrl
- fit U

eg : -11=11
;
but . - d-4- THI = 2- ④ 11%17

IT



°

CANBt.eu#.couw
DlGREss€T

FULL PHASES & ALL WILL BE OK
.

O
"

PROJECTIVE HILBERT SPACE
"

& Sulu )

o DENSITY MATRIX FORMALISM

÷t÷
""" """"""""""""""""

NB :

ei-014) → feit 147) Ky ) -- (ei) 14×41 TRUE 1-1 CORRESPONDENCE
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Simpletons G
-

- { H ,
CNOT

,C2 , 2-01 } Z¢= ( 1%0 )

1) f[
= Z → exp ( i Z 0/2 ) = ZO ( up to Global PHASE )

TRW

2) It
-

- P Peth
, x. 4,2-3

"
DID

LEMMA-tBASISCHANGE.HU/WtUlN1,exp(iUWUtt)--Uexp(iwt)U
⇒ H2pH=*p ⇒ expfix E) = HAH . -

-

ND U
,
U
'

S.T. F WE VIN)
,
U -- WU

-

wt ⇒ U
,
U
'
HAVE SAME SPECTRUM

.

⇒ CAN SWITCH BETWEEN ALL PAULIE S
.

17



SimplesttHAN G
-

- { H ,
CNOT

,
CZ

,
2-to } Z¢= ( f Eid )

1) f[
= Z → exp ( i Z 0/2 ) = ZO ( up to Global PHASE )

2) 1-[ =P PE III
"

, X ,
Y
, ?y! LEMMA"BAsiscHANaE":fU,WtUNl,exp(iUwutt)=Uexp(iwt)U

3) It
-

- 11 p y

n- K - '

LEMMA LOCAL ACTION

V-Hexpt.in?k'oHol1on-ttntJ=tf0k&expLiHtJoyytOh-kt

If



SIMPLE HAMILTONIANS :

2)
"

Two - BODY TERMS
"

. .
.

FL -

- Z ④ z -
- ( I

'
- i? )

exp f- i 2- ⑦2- Ez )
-

-

(
"""""

ex!tite¥+io¥y
.

.am/--exeti%1f'
"""

'

'

exploit)

⇐ µ, z , ,µµ , µ, ,y , q.zq.y.q.gg

EQUAL

xzox
-

- feint
!
'

Eo )
4

UP TO PHASE
ly



WITH BASIS CHANGE :

t.DZ#tt.ttnIa:aE'tattie
⇒ t.EE#soIIa-

WITH LOCALITY & SWAPPING MY WORRIES AWAY .
- .

I④t④Y.
. .

(SWAY
,
# A) It ( swap,

.it/--ttxOXoxY*cm:..*!ZosIi.fq.e*liH9h-TF
= Zita '

exist

Yo -- S.H.zo.ly
.

.

St

Ht Lo



FOR N - BODY PAU
'

PRODUCTS . . .

Z
-

STRINGS

•

exp ( iz ZOE =I . . - expfizonoyzf.IE#6¥¥⇒¥ i¥¥

° Z - STRING t LOCAL BASIS CHANGE = ANY PAUL , string in { XY ,
23

o Z - STRING t LOCAL CHANGE t SWAPS =
ANY PAUL , string ( in {11,144,2 } )

⇒ HAM SIMULATION FOR ALL PAULI STRINGS

↳



DIGRESS.IO#

SOME TIME EVOLUTIONS ARE MORE
"

NATURAL
"

( EXPERIMENTALLY FRIENDLY

LEADING TO EXPERIMENTALLY FRIENDLY GATES

X-YINTERActioNH-HOXTY041-siswap.ci#4ft0ii
MOLNER - SORENSEN :

i④¥
M%eoY÷¥heoNRsi:"÷u..⇒

MORE ON SOME OF THESE LATER
. 22



BUT TAKEHOMEMESSAGE.IT

i CNOT t ZG t H suffice FOR

exp ( if P ) ,
P
-
-

"

Paul string
"

Py Pz
- - ④ Ph

Pk C- { 11111,4 ,
-2 }

DIRECTLY . Oh ) two qubit t 04h ) SINGLE QUBIT - - .

BTW : Z CAN BE EFFICIENTLY APPROXIMATED TO ANY PRECISION

WITH { H ,
D8 }

23



PAULI STRINGS ARE SPECIAL . . -

° A BASIS FOR ALL 2
"

XL

"

COMPLEX MATRICES

i
i i

o Lfc ) = { ① : ¢ → ¢ linear } IS ITSELF A VECTOR SPACE

° UNITARY SPACE : AIBELCE'T LA
, Bf.

= Tr ( At B) jTr( A B) =TrfA) - FCB )

o P
-

- Rox
-
-

B Pie ix. 4
, -23 NB : Tr ( Pil;) - 28g

'

⇒ 45,157=0 unless PIF '

45,57=2
"

, always . . .
note I 44=2

""

of them .
.
.

⇒ complete basis

⇒ Me Eq, I E- string
*

p -- {53
24



HERMITIAN MATRICES :(OPERATORS ( HAMILTONIANS )
i i

HERM (① ) E L ( Cl ) ALSO A VECF SPACE

H - Ex
,
P & xpE

PIP

THE SET OF h- qubit COMPLEX HAMILTONIANS ( HERMITIAN OP

,
?

IS A 4h - dimensional BREAK HILBERT SPACE .
. . Go figure

ALL HAMILTONIANS CAN BE EXPRESSED AS WEIGTED Sums ( WER )

of Paul - strikes

ftp.Ex-epy.EEY.it#f!iH#
er



DlGRESS

ANOTHER WAY TO UNDERSTAND ALL TH's

column n

Vec : ¢

" ""

→ ①

h
"

" a

→ #
column

r

i:#itt coin!
Vec ( x At PD) = a recta) t Svec CB)

Tr ( At B) = Lvecfttllreclb))

PAULI STRINGS → " Colum- basis
"

BUT DOES NOT MAKE MATH SIMPLER . . .

26



Physically & COMPUTATIONALLY (MOST ) RELEVANT HAMILTONIANS

k-LOCALHamiu-onin-NSH-EHIHiisk.gg#
LOCALITY HAS MANY MEANINGS

→ NON- LOCALITY OF QM

-

→ RELATIVISTIC locality HERE : h- qubit If
= 2- Hi

CEOMETRICCOCAl.it# IS K - LOCAL IF EACH

H, Hi Hz H , H=EHi
Hi

"

ACTS NON-TRIVIAL4 ON Ek - sites( H Hi
-

-

Exe
Pi |

Ht Hn each PE has 3h- k identity ops .

.
-



(NEARLY) ALL SPIN HAMILTONIANS You will HAVE SEEN

ARE LOCAL :

111 Ising : H -- §.
wi; Xi Xi t Eh; Xk

(2) HEISENBERG HI - t E ( Ix X
,

X
;
t
1702;

t Jg 4,07.
'- h2
, )

( ALSO GEOMETRICALLY LOCAL)

(3) MY MODEL H =
- E)iff. X;

t 4,04;)

(4) AKCT

( J ) KITAEV HAMILTONIAN H = - i Xi t¥µYi ( LATTICE )

( NY" I = 4 or SIMILAR
28



K - local Hamiltonians HAVE ( Yc ) 4k terms at most

° POLYNOMIAL IN h . . V
.
S
, GENERAL 4

"

.

. . .
CHANCE ! !

FµR0Mpqys!MfYAmT£N9PAU4-STRiN9SToLocAcHamiltonian

So . -- H
-

- E Hi Hi = X - Pauli string I

I

⇒ exp ( Lt P ) ⇐ THIS WE

KNOW HOW

TO DO
.¥

Now exp [i Ht )
-

- expfi EH; t)

= exp (Eli Hitt )
Hnmm . . e'

"

Lexie
"
-
- sooo . . - Ijtexplitljt) Done .

FAIL
. 2g

vedrandunjko
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Exp ( ATB) =Exp(A)
' EXPCB) IFF AB - BA . . .

FOR commuting HAMILTONIANS HAM Sim is EAS
:

IMPLEMENT HAMSIM FOR EACH TERM ( PAULI STRING) SEPARATELY IN

ANY ORDER
,

ASSUME ft ,B]= AB - BATO

exp (A) - exp (B) = exp ( c ) ( = At Bt -ftAiB]t¥tA,EAiB3) - EBIEAIBD -
-
.

(BAKER- CAMPBELL - HAUSDORFF FORMULA) - -

ZASSENHAUJ i

expftlxty ) ) - expftxlexpltylexpf - Itt ,y )) expftff . - - - . ) ) -
- -

30



FIRST ORDER TROTTER - SUZUKI APPROXIMATION

µ eAtB= EA - EB te
; HEHEOFHAH - 111311 )A

error

operator

= nyt )
"

.fi#-EH=feE.eEtEa)
"

=

HEKHEOFHAH -1113111¥ )

LM . Let U -
- Vivian . - U, V -

- VIVI
. .

- - Tn
; Hk HUK -UIHSE

THEN HU -OKEKE
y



He
't .e¥ - e'¥'ll C- Of ( assuming HAH -1113114)

⇒ Hitler . - eat 'll C- Ofrxt )
-

- Off )
=

=) Goes To ¢ IN r

⇒ GENERALIZING To H - Hj

e-
int
= ei

"

Yt f) ( E)←ma*eit small

=

( I
,

eitlint )¥t + Off at)%
""

,

vedrandunjko
Pencil



SINCE ERROR is O ( tf ) IF TEO ( te )

WE OBTAIN 0 ( %) IN APPROXIMATION

time of evolution

+

locality of Hamiltonian ( Gate - cost of

Pauli string simulation)to

complexity : O ( the X K x C ) le n )
x T

error # terms in H

IT IS POSSIBLE TO DO BETTER IN t &

EXPONENTIALLY BETTER IN E

l l

33



CIRCUIT :

it
.

÷÷m¥÷÷÷÷÷÷
F-
Acuff Ii'm

34
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STILL 0 ( tyg X K x C ) IS POLYNOMIAL IN n

FOR ALL LOCAL HAMILTONIANS SINCE kE0(PolyCh ) ) IN THAT CASE

AND eE0( 1)

SIMPLE , NEEDS NO ANCILLA QUBITS

sr



OUTLOOK : MORE GENERAL Q
. SIMULATION

it # tutty
-

- H 14ft )) -4¥. it # 14ft)) - Htt) HAD

• e. g .
H ( t) = ( t - F) Hot # HT ⇒ ADIABATIC Q . C .

,
ADIABATIC OPTIMIZATION

e.Y '

Ho -- X④h ; Hye -24; §.
ADIABATIC THEOREM

- HOI-- - - Htt

i 14¥
.

)- 144: )
NP - HARD !

IF SLOW ENOUGH

86



OUTLOOK : MORE GENERAL Q
. SIMULATION

it # lych )
-

- H 14ft )) -4¥. it # 14ft)) -_ HAHAH

• e. g .
Hft ) -- ( t - F) Hot # HT

HAMILTONIAN SIMULATION : TROTTERIZATION

INTUITION : -DISCRETIZE TIME : to .tn - - tf
,
CONSIDER Htj

= (t - ¥ ) Hot Hy Time - INDEP

- SEQUENTIALLY SIMULATE Hto
,
Ht, - - Htp .

- EACH WILL consist in [exp ( i Hos't ) . exp ( i HT S'T )) TERMS WITH DIFFERENT TIMES

37



IMPROVEMENTS & GENERALIZATIONS

(1) EFFICIENCY IN ALL PARAMETERS
,
ESPECIALLY ERROR O( Me )

(2) MORE GENERAL HAMILTONIANS

BOTH (t) & (2) MOVE US AWAY FROM TROTTERNATION METHODS

AND TO DIFFERENT MODELS

38



BEYOND LOCAL HAMILTONIANS

SPARSE HAMILTONIANS
.

H is S - Crowl column )
- SPARSE IF

EACH ROW / COLUMN HAS AT MOST S . NON- ZERO ELEMENTS

f
# qubits

SPARSE i either s C- OH) ok Se Ofpolylog ( dim H ) ) =

Of pokglnl )

Pdyloy = poly ( loyal ) , eg
. log

"
( x)

NOTE i STILL 0 ( exp (n)) non - zero elements possible
!

I

E. G , DIAGONAL MATRIX . . .
2
"

elements
,
1- SPARSE

Local Hamiltonian poly (ul - sparse ( but also only poly fu) elements in

Pauli Basis )

sparsE PROVE LOCAL ARE SPARSE

gg



HOW DO you

"

LOAD
"

Exp
. Many coefficients ? ?

HOW DO WE
"

INPUT
"

THE MATRIX ? ( C.f ,
TROTTERIZATIOW METHODS )

DEF :

"

SPARSE ( ACCESS ) ORACLE
"

lip > lots → liiislmij > but also :

links-t]- Ii ,e7N ! )
T

V = row of ethno -zero element of 5th column
( Elo . - du}

→

NOTE : SPARSE ORACLE ALSO INCLUDES
"

EFFICIENTLY ROW COMPUTABLE
"

MATRICES
.

Go



BIG PICTURE OF NEW METHODS :
"

LINEAR - ALGEBRAIC
"

QC
. .

IDEA :

expfi Ht ) = Ea
; HI

= FOURIER

= OTHER FORMAL SERIES .
- -

ND EVEN IF AGES to f- (H ) linveritble )

F g St gfffthlxexpcit.tt )

WHAT DOES QC GIVE ME ?

U=UyUz - - Vu
. . products . - - of unitaries

41



BIG PICTURE OF NEW METHODS :
"

LINEAR - ALGEBRAIC
"

QC
. .

INGREDIENTS

(d) A TYPE OF
"
BLOCK - ENCODING

"

(2) APPROXIMATIONS OF FUNCTIONS OF (BLOCKS ) OF OPERATORS

VIA AN EFFECTIVE FORMAL SERIES

Intuition
'

tf MATRIX A F V SI.

~

✓ ⇐ ( A. ! ) ; I -- XA Block ENCODING .

42



BIG PICTURE OF NEW METHODS :
"

LINEAR - ALGEBRAIC'
"

QC
. .

INGREDIENTS

(d) A TYPE OF
"
BLOCK - ENCODING

"

(2) APPROXIMATIONS OF FUNCTIONS OF (BLOCKS ) OF OPERATORS

VIA AN EFFECTIVE FORMAL SERIES

Intuition :

( 7 : )k= (
A
"

!
rest

?
'

) text. -2;xi . . .

§
y; (

A
. :)

'
'

= (
Edi
!
" + rest?

! ) LINEAR combination of (POWERS )

UNITARIES
43



FOR ( POWER ) SERIES NEED :

PIERS &
Sumy

PRODUCTS

MULTI QUBIT BLOCK ENCODING ALLOWS MULTIPLICATION

NB

E- ( ¥ ) ⇒ Kolo.tt/UflosoxA )

"
.

⇐"" www.t.is.UAB

44



Sums :

UATB = UA TUB

T

NOT IN QC ! DETERMINISTICALLY . . .

CONSIDER Ctrl - VA & Ctrl - UD

""

i:i¥±÷÷
"

4107414) till )UB14)

LH

→ it ( Huai- NB) 147 )
45



A NEW PARADIGM ( 2012
,

lol4)

• Suppose Vo - - Um, are known unitaries
. .

( 0107=2

• can construct Muti - controlled - V :

Doe-la

""

Fyi
=

'"

¥
' '"

"" " '

ne,¥④
Ur tires dy

on input
4 4
2

46



• Assume to . - ram
. .

are amplitudes ,
14) : Eti ti )

, 970

and Have Wto ) -- 14 ) ;
W'
'

141=18 )
t

For simplicity

to)fW]-qI#IF
-

"

project onto 107
"

M) -TF

Ear; Ii > vile> → Era; 1024¥
> Ville )

-

-HE9)

LINEAR COMBINATION OF UNITARIES
.

LET A- 244 Then prob P( lost = "

47



BY COMBINING BLOCK - ENCODED MUTIPLICATION & LCU

WE CAN
, PROBABILISTICALLY

IMPLEMENT FUNCTIONS OF

THE BLOCK- ENCODED OPERATOR

→ ODIOUSLY TAYLOR . BUT BETTER METHODS EXIST .

THEOREM ( Gillen )

sina.iiiii.ii.iwiie.im?.:::i:..:i:::÷:÷:::iUSING S CALLS TO UM
,
UM
"

,
I CALL TO CTRL - UM

AND A SMALL NUMBER OF OTHER 2- QUBIT GATES

⇒ the degree exponentially improves approximation . . .

48



BUT HOW DO WE BLOCK ENCODE SPARSE ORACLES ?

BLOCK ENCODING OF SPARSE MATRICES ( de Wolf lecture notes )

→

Szegedy construction
SPARSE ORACLE d- SPARSE A :

Loca : 15 ,e> → Ijn lie ) )
✓ .

f- th NON - ZERO ENTRY

+ READOUT
. - -

4g



Positions OF

q
d-A £

Locations of

Wy 1071071 's ) =
I
lo) Ik> Ij )

nonzero entries
⑥ Keo

in rows &

K: Ak ,j¥O Columns

,
←

'W'stollotli ) -- Fa
b) I' lisle>

e : Nieto

ASSUME

We :(0714J> → Ak
, ; 10714J) tag'T 1111k , ;)

( "AHH )

l"

amplitude imprinting .
.

Jo



THEN It is EASY TO PROVE THAT

U - Wj
'

Nz Ny IS SUCH THAT

KEI A) Uftosoxtt)
-

- E
T

htt

on



Applications

o essentially optimal HAM. SIM
.

TROTTERIZATION Stine

Y=dxHHHma×xt ADUATAGE IN # ANCILCAS
.

- ri 't :;!m)
- achieved in 2016

.

o

"
QUANTUM LINEAR ALGEBRA

"

Effectively car implement f- (M ) 14in)
- f- (Ml can be MY

- Low - rank projection
- MOORE - PENROSE

TL


