


¥ So renove the Imposed cumbersome adering!




$ State of aQubit

¥ Longitude = phase

¥ Latitude => probahlity

¥ Bearirg => missing phase

¥ Giveni2=j2=k?=-1wherek = i ]

¥ Clj=jcosc+ksnc |

¥ Polar coordinates ,aeP¢"ji, a unit 3-vectol
¥ Icon doesnot scale well evento 2 qubits




Arrows =Category Theory

cateqory objects mor phisms
Matrix Theay counts MxN matrices
Linear Algelra Vecta Spaces | homomorphisms
Categry Theay |categries functors
Denotational Sem | domains comp. functions

Concep Charts

boxes arrons

alroOnNS

Endpoint Analysis

names

pairs of names




Categories

Vector representation Real
Spaces Matrices

math algebra

\ 4
Denotationa diagram
Semantics




[X Dom }
[fo:g ]

ODbjects

Boxes and other icons denote arbitran
domains generally dePned elsewhere
All items are painted by the domain
from which they are drawn, so every
item belongs only to one domain.
Two domains are therefore either the
same or disjoint, which is required for
strong typing.

Text within an icon names the domain
denoted by the icon.

Labels near an icon denote members
the domain denoted by the icon.

y

of




Morphisns

¥ Arrows denote domains

Dom—Rng =
{f: Cmb | x:Dom=>f x:Rng}

of functions, and as suc
are icons that denote
objects in this category.
All computable functions
that map the Prst domal
Into the second are
Included.

Members of any domair
are debPned only by thel
behaviors when applied
as functions,

—



Automorphisns

/ N ZIN /71N
/ Dom

The identity function
1 is a function within
any domain.

[ Domns J

Dom"S = Dom—Dom

P

{1} =\ Dom"s

The functions within
a domain map the
domain into itself.




Domain Lattice Opeaations

Domains form a lattice.

The domain intersection operation /\
denotes the largest common
subdomairof a family of domains.
The domain union operation \/ denot
the smallest commosuperdomairof a
family of domains.

Domain intersection allows piecewis
specibcation of functions: {f:A-B} =
N\ {x} —={f x}, over all x:A.

This Is better than using Cartesian
products for the same purpose.

€S
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DebPne: ones F =iff (Vk) F =1




Opaators

/ Dom \

x[ Dom ]

<+ DonPRng
f
RNgPPs =
Rng'Rng DomP"Rng =
FX Dom—-Rng"s
ﬂ
[ Rng Z
fxz




Dom>®d = )\
(DomP"RnQg)°"Rng

DomP"Rng =
Dom—Rng"s




Domain Variables

/ Dom \\

~oom | A;

X

The variables over a
domain are distinct
names that denote range
values in the domain.
The names themselves
| are not in the domain.

X0
[ Domvas } 1 '




Obsesvable Stdes

//

=SXO
Dom J
S
Obs
The state of a system
consists of a value of
A, the appropriate type
DO((\?ars for each of its
om

variables.




EXpressions

\

O )

/~ Dom
Dom
| s
C
1
Cl=#C ¥ _E V¥
Domexer J
#CS=C

Obs |S

N

W

A domain-valued expressio
IS a promise to compute the
value of the expression in
any given state, which
supplies a value for each
variable.




ASS|gnrrents

/" Dom  \\—— | An assignment maps each
~~+*BES=E (~B S) variable into an expression
+“~ EBS=E(~BS) of the same type. One

assignment (*) maps eact
variable into itself.
Substitutions are general.

—

AXS=SX
£;7:>ABXS:AX@BS)




Magic Constants

In lieu of arbitrary names the mmesof specikc
combinatars are canposed from ample ones

¥ tramsposition: ~fxy=fyx

¥ composition: *fgx=f1(gXx)

¥ alterration: fogxy=1tx(gy)

¥ substitution: *~EBS=*E(~B)S

¥ redbstitution: (~ABXS=:A(~-B) XS
¥ MY




Assignnent-Action Dudity

Functions on observable
states are isomorphic by
transposition duality to
assignmentdDeMorgan
laws relate substitution
(::~) to composition (*).

~*FG)=:~(~F) (- G)
~(~AB)="(-A)(-B)

A B ~B

*FGS=F(GS) ~ABXS=AX(~BS)




Programmlng Conaepts

Dom \\___
AX(~BS)
ES[ Dom J< —
A SX "
< 1
vV E Vv
DomexPr J g
AX B
[ Domvas J A B ~B

&;7:>ABXS:AxeBS)




SingIeQupit States




Quantum Staes

/7 Amp \

T

(D |

Obs |S

Given: nf=1{"

+EFS=*(ES)(FS)

EF= (SE)* (sF)




Small BNF Syntx

This gammar includes nost constructs In the
mathematics d physics:

¥ R:=|RESep

¥ E:=|EXR

¥ X ::=Wrd | Lft R Rgt

Sep = &0 endline E }

Wrd = {30GQOQO~QE }

Lft = {QOJOXOE }

Rgt {QQJOGOE }




Supesaipts

¥ A number Is afunction that Iterates:
nfx=f"(x)

¥ A syersaipt/inPx operator I1s afunction:
xPy=opxy

¥ Debne extensionally for al suypersaipts:
x OP = op X



Extensiona Equivdence




Extensiondly Distinct




Composition

Extensionally equivalent:

¥ gen compositor: ¢ abc=a (bc)
¥ functional canposition: j f g x =1 (g X)
¥ multiplication: fm* Ny = MMy

¥ samefunction used for many symbols.

Extensionally distinct:

¥tersor product:  E' F = (gE)* (sF)
¥same gymbols used for many functions.




Catenaion

Extensionally equivalent:
¥ gen caterata: ¢+abcd=ac (bcd

¥ disjunction:  yed'cnay = yed(yenay)
¥ addition: fM" Ny = M)
¥ cateration: opL "Raf = opl(opRaf)

¥ samefunction used for many symbols.

Extensionally distinct:
¥vecta sum: VW = (V) + (W)
¥same gymbol usedfor many functions.




Nulls

Extersionally equivalen:
¥ gennull: ¢0ab=Db

¥ zero: fOx = x
¥ nil: opnildf = df

Extensionally distinct:
yerovecta: k0=
¥same g/mbols usedfor many values




SingleQubit Rotaions

-bi




/ Roots




Hadamard Transform

(b+a)+(b-a)i
1 2

b+a <=7~

Ibxa} = B+A+2bé,

2
bsaf HoEP




Stae of Two Qubits




Coupling Two Qubits

CNOT reverses

last segment.

Reversed CNOT
reverses middle
segment.




Plot amplitudes
In some order

P .7
on complex plane | = '

Grey binary name 101>
for vertices of a Q

One amplitude
for each corne

of an n-cube.

Hamiltonian path.

Cube axes and
faces marlgubits
and their values.

r



Plot amplitudes
in some order \

Entangled
End Qubits

One amplitud

/ for each corner

on complex plane /\ of an n-cube.
1000

\

Grey binary name
for vertices of a
Hamiltonian path.

<

Cube axes and
faces marlqubits
and their values.




Entangled End Qubits

¥ Consider: |000>+|010> + |101>+|111>
¥ Not the tensa product of two superpositions

¥ But the middle qubit Is ot entangled with
the end qubits.

¥ The presumed order interferes.

¥ An order-independent formulation is needed
for aprime factorization theorem.



Quantum Staes

/7 Amp \

T

(D |

V E v
[Mix = AmpeXpr]

()

CNOT XY

Obs |S

v

CNOT XY E S =¥¥l¥




Three Entangled Qubits

An erntangled state a1 n
gubits is always the 3um of
up to 2" tersor products

Given |P|+|Q| entangled R

T

\ 1 |01>D|[10> e|l> + n|0>
-e|100> -n|101> #3 #2
L e O |0O0># 6 |= 11>
e=el e=-1, 2| 1115k 6 - 0>
n=e=e-1
et =|n1]= 1.5 Tensa Decomposition



L egget@ Legacy

Infer Hamiltonian from Classical Behavior

Microscopic
Hamiltonian
o.'
law /" .~ stats
- Inference law
Classical Quantum

Behavior Behavior




