eaching gquantum computing for second
ear students In science and englneerlng

Job Status: job has successfully run

Out[30]: _ : 0.6
[30] 1.00 e sim /‘\ /\
0.854 BN belem
BEm santiago

0.75 - 0.681 < X >
v
)
=
Q l
< 0.50
Q
o)
&

0.25

w%u 0.152
0.083 '
0.13 0.75
0.00
8 Sf o ~
~ ~ S
for sample, energy, num occurrences, chaln 1in response.data():
print(sample, "Energy: ", energy, "Occurrences: ", num occurrences)
In [35]): # Why the devices have so much noise? Actually there is a simple reason. The native gates in belem an
d
# santiago are: {0: 1, 1: 1, 2¢: -1, 3: -1, 4: 1, 5: 1, 6: -1, 7: -1, 8: -1, 9: 1} Energy: -5.909999999999999 Occurr
g : ences: 138

ancillag » 2 {0: -1, 1: -1, 2: 1, 3: 1, 4: -1, 5: -1, 6: 1, 7: 1, 8: 1, 9: -1} Energy: -5.909999999999999 Occurr
ences: 327
{0: 1, 1: 1, 2¢: -1, 3: -1, 4: 1, 5: 1, 6: -1, 7: 1, 8: -1, 9: 1} Energy: -5.69 Occurrences: 47

a1 i B B EREE l:«f E B F,:f ; ? ; {0: -1, 1: -1, 2: 1, 3: 1, 4: -1, 5: -1, 6: 1, 7: -1, 8: 1, 9: -1} Energy: -5.69 Occurrences: 185
go » 0 —R28 S50 SR2N Nt Rz__;_Rz Rz i é VX — Rz
. s " i e e i ﬂ 5 e The best answer has E=-5.909999999999999 and the QPU finds this 138+327=465 out of 1000 runs (46.5%).
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Pre-requisites and audience

Course taught Spring 2020, 2021

 The only pre-req was linear algebra. No background in quantum theory or Python
required.

e “Quantum hype”: Class starts overbooked (20 students) and when students realize
It's serious work it decreases to 10.

Spring 2020 Spring 2021

# students
N

Eng&CS Phys Math Year2 Year3 Year4 Eng&CSPhys Math EOS Year 2 Year 3 Year 4 Grad.



Learning goals

1. Proficiency in quantum theory applied to qubits: Dirac's notation, unitary transformations, superposition,
entanglement, measurement.

2. Ability to write a quantum circuit that prepares a specific few qubit state. Explain the notions of universality
and circuit depth.

3. Demonstrate basic quantum algorithms and the speed up they achieve: Deutch's, Simon's, Quantum
phase estimation. “Trade off” between parallelism and measurement. Debunk popular vulgarization that QC
can solve 2" inputs in one go.

4. Demonstrate simple cryptography and quantum key distribution using BB84. Teleportation and elementary
error correction (bit-flip code with 3 qubits).

5. Ability to code any quantum circuit using IBM's Qiskit. Make appropriate measurements and interpret data
for simulators and real devices. Explain limitations of real devices: Noise, basic notion of guantum volume.

6. Elementary demonstration of adiabatic qguantum computing: Hamiltonian operator, ground and excited
energy eigenstates. Application to the 3-SAT problem. Quantum annealing as heuristic-non-universal AQC.

/. Ability to minimize a general QUBO using D-Wave Leap. Impact of device topology, chaining, embedding.



How | did it

1.
2.

Introduced quantum theory (Stern-Gerlach, analogy with polarization of light).

Tools of the trade: Linear algebra with complex numbers, Dirac’s notation, unitary
operators.

. Quantum measurement and the meaning of a quantum state.

. Quantum circuits and simple algorithms (Deutch’s, Bernstein-Vazirani, Simon’s,
BB84, teleportation, 3-bit flip error correction, phase estimation without QFT).

Experiential learning with IBM-Q.

. Adiabatic quantum computing: A hook to introduce Hamiltonians and
Schrbedinger’s eqn.; quantum annealing as heuristic.

. Experiential learning with D-Wave Leap.



Textbooks and sources of inspiration

My take: "Theoretical QC" is mature, and there are a lot of materials out there.
What is not mature is "experiential QC": Write code, submit jobs to hardware and

Interpret results on noisy devices. Also teaching applications that seem to be
useful in the real world.

* Suggested textbook to complement lectures:

A First Introduction to Quantum Computing and Information, Zygelman (available
for free as ebook from libraries with Springer Link).

* |nvaluable sources of materials and inspiration:
 Modern Quantum Mechanics, Sakurai (Yes, distilled for 2nd year’s!)
* Quantum Computation and Quantum Information, Nielsen & Chuang
* Quantum Computer Science: An Introduction, Mermin

» Albash and Lidar, Adiabatic QC, Rev. Mod. Phys. 90, 015002 (2018)



Introducing quantum theory

Sakurai’s Ch. 1 distilled for 2nd years: Stern-Gerlach experiment, electron spin and
analogy with polarization of light.

What is the result of this experiment? Explanation of S-G: Analogy with polarization of light

Separate into groups of 5 and discuss.
P Jroup S, + atoms <— x-polarized light

\ Hints: S, — atoms <+— y-polarized light

- The Ag atoms come out of the oven R y
with random magnetic orientation.

» The force that the shaped magnet
Induces on each atom is proportional X
to the projection of the atom’s
magnetic moment along the vertical.

)

S, + atoms <— x’-polarized light

S, — atoms <«— y’-polarized light

* But, for light we know that:

1
Eoz' cos (kz — wt) = Ey | —=Z cos (kz — wt) + —=7 cos (kz — wt)

V2

* This suggests the following conjecture:
1 1
SQU; +) =T Sz; =)
‘ ) V2 | > V2




Tools of the trade

Linear algebra with complex numbers, Dirac’s notation, unitary operators

What we learned from S-G: Quantum two-level
syst$ms (e.g. spin of the electron) exist in nature

iSz,> 0)

Spin of electron is a
"natural" qubit

S,,—) = |1)

'.@= Quantum two-level system. S-G shows that they can be in any
state described by SuperAITIon oF |50 BND \\7

1) = al0) + /1)

o, B E 6\

V

* We say that "spin is quantized". If we "read-out" the state of the spir
qubit we will get "0" with probabilit@nd "1" with probabili

LA PRICENTS ARE comfLEt NUMBELS

* The qubit's C@>vecto\

Linear algebra with Dirac's notation

* A simple vector space: IR

y

Y- ()ea ()=

/ <y — -
J ¥

X

* The vector space for one qubit, @2. This is where the "ket" lives:

) = ()_dgq —o<\07»<(5“7
=4ry "'l\)
ual space, where the "bra" lives:
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= o) =)



Quantum measurement, “collapse" of state, and meaning

Quantum measurement in the computational basis Another example
&STUM&‘- 1
 Each time a qubit is measured, the outcome is either 0 or 1, and the state of e Consider | +14) = 7 (10) +2[1))
the qubit collapses to |0) or \1 . I
- - | —i) = —=(10) —]1))
z = 0 with probability] |(0[@)|7 = || NG
— ‘O + o3I | M ‘CB |2 =1 with probabilitleTj:\o(\\ p(O)
_ * Measure in the computational basis:» .
e For n qubits: =[ [« ¥l =1 p(l) =
* Measure in the {|+),|—) } basis: ——>{ (+
p(—

' I 17) with prob. L{\]EJ_HQ :\o(y\1

1+ =cH) * These states are indistinguishable in both basis! That’s strange since | + ;) look
50 similar to +). The difference is the relatlve phase between |p) and |1). It
has a large effect on the state!

* This implies normalization: Z&H"/)\ sV Z<'H17<1\‘|‘> &(th)

— 1 ZZmea) ' Z;/(‘Pl*) il °I

v

 Meaning of quantum state: Mermin’s IQ test analogy.



Quantum circuits

Circuit for keeping a bit secret (with "one-try eavesdrop")

z) — Ry(0) = @)+ ) s )%)
N=0)\ T %= Pl
"V o€ [o)T) s M)

{ P00): o' (%)

* Eavesdropper:
x) — Ry(0) A

* Unlock with the "key" O:

) —{ Ry (0) | Ry A= |

o) = )

Y(‘L):r\
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Time to

*Fill up the table
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Midterm exam

4. (/6) Probability outcomes for a one-qubit circuit.— What are the probability outcomes
p(x) for the circuit

0) — Re(0) — Z [ Ru(—0) A= ® (4)

5. (/6) Probability outcomes for a two-qubit circuit.— What are the probability outcomes
p(x1,z2) for the circuit:

0) — H i R,(6) l A= T (5)

1>_H NP NP /74:5[32

Hint: The easiest way is to compute the state atter each gate is applied, using Dirac’s notation.

# students

# students

Midterm 2020

16-20 21-25 26-30
Grade (Max = 30)

Midterm 2021

16-20 21-25 26-30
Grade (Max = 30)



Simple algorithms

* Concept of universality for both classical and quantum computers. lrreversible vs.
reversible gates.

Programming a QC to evaluate Boolean f(x)

) — U, )

) — 'y ® f(x))

* Deutch’s algorithm: Quantum parallelism with “trade-off” due to measurement.

Deutch’s algorithm for f:{0,1}->{0,1}

n:o# lls coNST-
‘O> — H i " '\ H ‘\\ /74: {-.ts\ D LS BAANCED
f
1) — H { { H [
%) \+) D <n)



Other algorithms: Simon’s, Q. key dist. with BB84

Quantum key distribution: BB84 protocol (Bennet, Brassard 1984)

* Problem: How can Alice and Bob share a key remotely without allowing Eve to

Let’s work a particular case learn the key? Quantum mechafggscgsgg\cljgjsi_gmldOO% secure method for that!
* For n=3, choose your favourite “a” and “f(x)”. Work through Simon’s. i @ g
Allce _ _ 1:_. ‘ o
' ',L \ L(‘.‘) |¢3> . Quanw uniejnnm |
w.n A =110 — = , « BB84: Alice sends Bob a sequence of qubits randomly chosen to be in one of
1) Choose “a ::T\_‘_’\\—‘ o0 0y — & L = four states:
I
2) Write down the table ot? \\_\—,ol - o 0), (1), H1[0), H [1
N | | — 0
for f(x) IPAREN o T, ! Tave b Tyee R
3) Assume a particular “y” e : IR
0) — A= Yo |
outcome, Calculate |¢3> and [1)4) WI >  As each qubit arrives Bob randomly decides whether to measure in the type-1
4) Assume a particular “z” outcome, \S‘r \QVN\ bLolT ‘}_ Y 4 basis (with an x-polarizer) or in the type-H basis (with a 450 polarizer).
reduce “a 4> = \ﬁ; (lon) N ||.|7)
5) Repeat until you find “a” W BBa4
[-’(‘,_‘7 - ' i (~Y) l&? * After Bob measured all the qubits (and recorded his sequence of Os and 15s),
T 470 Alice tells him over an insecure channel which qubits were sent type-1 and
|oso) + -\) loo\7 1.(.\) |, ‘oy+(~\) "“)) which type-H. However, she does not reveal which state she prepared for each
( ST NP4 Te Ger VSR ’}' qubit: Whether it was |0>, |1>, or H|0>, H| 1>.

* On average, half of Bob’s choice of basis will coincide with Alice’s choice of basis.
For those qubits (the “coincidence qubits”), Bob will learn the actual random bit
0 or 1 that Alice chose to send. Finally, Bob tells Alice over an insecure channel
which qubits coincided (without revealing their state!). Now they both share a

list of ~ n/2 random bits that thev can use as a one-time pad!
1 2 3 4 5 6 7 8 9 ...

atice: T '1 b [‘,“l Hers one-Timé PAD:
T sater 0 (1|0 110 1 [0] 0>
’ S: l d l O bl SRS
Measure-
) mee H |H[|H|] 1 1| H 1 )1 1
Bob: ment type: |

Outcome: 1 . 1//0 0 ‘I‘ 1 1 0 0 « -



Experiential learning with IBM-Q

a1 H H
i | i
do — g —RHE—S : Y : : st — H
Introduction to Quantum Computing C 2 ﬂl 0
Assignment 5 - Due March 26
. . In [28]: # Try this in a real device to see how it goes:
Quantum algorlthms with IBM-Q job_belem = execute(circ_s, backend=backend belem)
job _monitor(job belem)
result belem = job belem.result()
. . . counts belem = result belem.get counts(circ_s)
5. Three-blt phase estimation. plot histogram([counts local,counts belem], legend=['sim', 'belem'])
Job Status: job has successfully run
(a) Implement the circuit below for U = R,(6) with -~ exactly represented by three 0ut[28]: (.60 —
base-2 decimals, % = 0.j1J273 (your choice of j;1j573). Note that % is the associ- 0489 0511 == belem
ated phase ¢, for |u) = |—1i), since o2
Ry (0) |=i) = o5 |—i) = e*>ix | —i) (5)
5 0.30 1
: . o, . . o — 0.225
Input |¢p) = |—1), and run the circuit in the simulator and a real device to compare. £ '
0.152
(b) Run the circuit again for % = 0.71J293 — €, with € small. If you run the circuit 0135
many times does it return the 0.717273 closest to the correct answer % ? How
does the real device compare to the simulator? 0.00 - 0 0
S S S ~
| _ 7T _ T L A In [37]: # So the transpiled circuit looks quite complicated:
’O> }y_ * }i— }{x( ‘4) }{x( 2) /,%l J1 from qiskit import transpile
l transpile(circ_s,backend belem).draw(reverse bits=True)
‘O> — g ® H Rx(_%) /743: j2 Out[37]:  Global Phase: 3n/4
l ancilla; » 4
‘0> — H T H ¢ /743: J3 ancilla; » 3
' ancillag » 2
%) Ur—U?— U u) , , ,

g~ 1

Qo 0-Rz_yx—R__yx_ Rz

R
n2 n2 2 .
; ; ; vX — Rz
Snfa 3n2 i 3m2 n2 i E n2
2 1 0

In [ ]: # The hardware does not have native H, S, and R y gates, so these must be build from the \sqrt(X) and
R z.




Adiabatic quantum computing

A "hook" to introduce Hamiltonians and Schroedinger’s eqn.

The Hamiltonian operator: Represents energy in
theory

* We learned that Hermitian operators describe “observables”: things that we can
measure. ENERGY is described by an operator called “Hamiltonian”, denoted ‘H

(H in calligraphic font — not to be confused with Hadamard!).

* Example: Single qubit, like an “artificial atom”.

wts = E.=0
A _rl,.,c QN“‘?’ LEF _
Hi= (I~ 2)=hw (8 0) vou G¢T THE™ €, =50
2 WwHEN Yol MemURe TRE

* Two qubits: Artificial molecule.

P waJd FIES):

/

quantum
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\1\)

\
\ ﬁlE,_):v\iacD-r\\"?)
\ ~€)) =\oo

J/4 0 0 0
| 0 w=J/9 J/2 0
=1 o0 J/2 (w— J/4) 0

0 0 0 (2w + J/4)

7E°=’\-b
eyl
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To GeT This |:,7 VSING CLRLVIT mopél "

I
* The other states with higher energy are called excited states.\

___“I}\e.?

N2

H(t) with slow time dependence

* But what if H changes in time? Sol. of Schréedinger's eqn is much more difficult.
But at each time t we have “instantaneous eigenstates” |E;(t)) satisfying

H(t) |E;(t) = E;(t) [ E5(t))

. Assume #(t) changes very slowly (adiabatic) and the energy levels E; do not

coincide with each other. In this case, if at t=0 the qubits are in one of the
eigenstates 1£5(0)) ofH(t =0) , they will remain in the

“instantaneous eigenstate” |E;(t)). Example: E‘- /\
H(t) = —w{[l —s(t)] Z + s(f\)X} i
(k) \S caLLép OSCNEULE PME.
S ) AT x> N(*:G)’; -WZ o :

—>
izg‘f’;\:: e.6- ST —}_; AT #=%, (%) s —w) xz0 tex X
? WPVT (V) =\0) S Him))= 1Y)

AD(AW'( MDMNLD . |NOUT l-‘.o(c))-'o'“? $‘H*‘_)).7\—> -W \/




AQC for 3-satisfiability and quantum annealing as heuristic

The 3-satisfiability (3-SAT) problem

« 3-SAT: Find the n-bit string z_ ,z ...z, that satisfies a set of 3-bit constraint

clauses. Each clause involves 3 bits i, j, k and the constraint is that one of the
3 bits must have value 1 and the other two must be O:

c(t,5,k)=2z+2;+2,—1=0

AQC algorithm for 3-SAT E. Farhi et al, Science 292, 472 (2001)
I4 PAVLI- Acrmé oN 1 —

quBIT A - Rea) THIS (P You ARE Berép ()

('S A GREMT 'APHJ,)

a) Starting Hamiltonian:

I - X,
H(t=0) = —WZ< 9 >\€g(')77\'\'" -4’)
b) Final Hamiltonian:

Sy ) () ]| 3 MO am) =

all C(ij.k) D|E ) 13 avswer To 3-54T

c) Picture shows median t required to get the

right answer with prob. 1/8 using exact
integration of Schroedinger eqgn for linear s(t): 60 ; T T ; T T x

A5

.|

>
:2
# - o
w4
Get Probability 1/8

w Quadratic Fit -
ld Quadrat |

Median Time 10 G

t t ol |
(’H(t) = (1 — —) H(0) + 7—[(1)\ | o
tf tf T |I{ 11: |ll 14 1S |lo Il‘f 1l:~ T

= Number of BllS) ”\

Annealing Method

Find a way to quickly fit all the pieces by first
shaking the whole system, then gradually
reducing the shaking

@ﬁ’@@

When exploring optimal solutions, first search
all solutions including those far from optimal,
and then gradually close in to an optimal

solution

. cQ
- FUJITSU

Quantum annealing (QA) as heuristic AQC

* In Quantum annealing, one performs a "loose run" of the 3-SAT AQC for
particular choices of s(t) and t;, without worrying whether the system stays in the

ground state or not. One experiments with s(t) and t; with the goal of optimizing

the probability of getting the right answer to the problem. There are no
guarantees that QA works in all cases, it's trial and error (heuristics)!

* Why QA may have "quantum advantage" over cIassmeI annealmg algorithms:

Energy landscape metaphor: qiaL pinésL W " oAl w@“nue“ us.orﬂ“'
M Tl W ots Sl o
Energy neddl =¥ 1o d
\[ S e ¥ PKE
X /\ <~ @U‘m::: \jo¥ w 6“:.6




Experiential learning with D-Wave Leap

Learn to map problem to device architecture.

N VN
Minor-embedding: How to implement 3-qubit 3-SAT ‘< >'< >‘

e To implement the simplest 3-SAT we need the QU BO: . (a) Let's define the Ising problem by setting J=weights and h=0,0,... : :‘ i
E(z)=(a+b+c—1)=—(a+b+c)+2(ab+ac+bc)+1 2 S N
L ( ) ( ) ( ) ( ) ] /2/ \< l;‘fordi EI(’J)G.HOdeS.‘ # \( A
— #

h.update({i: 0})

N ; \
-1/ b > C |-
In [24]: chainstrength = 2

numruns = 1000

# Run the QUBO on the solver from your config file
* Chimera does not have a closed 3-qubit loop. However, it does have a closed sampler = EmbeddingComposite (DWaveSampler())

\ response = sampler.sample ising(h, J,
|00p Of 4 qu|tS 0-5-1-4- O @ C,AN“) chain strength=chainstrength,
7

num reads=numruns)

In [28]: | # Print results
for sample, energy, num occurrences, chain in response.data():
print(sample, "Energy: ", energy, "Occurrences: ", num occurrences)

{0: 1, 1: 1, 2¢: -1, 3: -1, 4: 1, 5: 1, 6: -1, 7: -1, 8: -1, 9: 1} Energy: =-5.909999999999999 Occurr
ences: 138

{0: -1, 1 -1, 2: 1, 3: 1, 4: -1, 5: -1, 6: 1, 7: 1, 8: 1, 9: -1} Energy: =-5.909999999999999 Occurr
ences: 327

{0: 1, 1: 1, 2: -1, 3: -1, 4: 1, 5: 1, 6: -1, 7: 1, 8: -1, 9: 1} Energy: -5.69 Occurrences: 47

{0: -1, 1¢: -1, 2: 1, 3: 1, 4: -1, 5: -1, 6: 1, 7: -1, 8: 1, 9: -1} Energy: -5.69 Occurrences: 185
{0 -1, 1: 1, 2: 1, 3: 1, 4: -1, 5: -1, 6: 1, 7: 1, 8: 1, 9: -1} Energy: -5.43 Occurrences: 58

The best answer has E=-5.909999999999999 and the QPU finds this 138+327=465 out of 1000 runs (46.5%).



Final Exam Final Exam 2020

4. (/ 10) Four-bit phase estimation - Generalize the phase estimation eircuit in Problem 5

(a) Measure the phase of the operator U = R,(0) Wlth 1= exactly represented by four base-2
decimals, 2 = = 0.j1j2J3ja (your choice of jij273j4). Note that 7 is the associated phase
¢, for |u) = |—1), since 1
Ry (0) |=i) = e¥% |—i) = e*27r |—i) (4) 0

N W A

# students

Input [¢p) = |—7), and run the circuit in the simulator and a real device to compare. 36-40 46-50
(b) Run the circuit again for % = 0.719293J4 — €, with € small. If you run the circuit many
times does it return the 0.71727374 closest to the correct answer E ? How does the real Grade (Max = 50)

device compare to the simulator?

5. (/8) Minimizing a quadratic polynomial with D-Wave Leap.— Consider a four-bit F|n al Exam 2021

representation for the real number z € [0, 1):

z = 0.j1j0dajs = %+;§+;§+;—i:%, forn=012 .. 15 (5) ) 4
and the polynomial -IGC: 3
p(z) = —2* + (0.94)z. (6) 'g 2
(a) Use matplotlib.pyplot to plot p(x) for the 16 allowed values of x. Locate the global E 1
and local minima.
(b) Write an Ocean-SDK code that finds the x that minimizes the polynomial p(z) in the 0
QPU. Run 1000 times and determine the fraction of times the QPU finds the global <31 36-40 46-50

minimum, the fraction of time it gets stuck in the local minimum, and the fraction of

times it ends up in neither. Grade (MaX — 50)



Final course grade

Final grade 2020 Final grade 2021

# students
# students

<60 61-70 71-80 81-85 86-90 91-95 96-100 <60 61-70 71-80 81-85 86-90 91-95 96-100
Grade (Max = 100) Grade (Max = 100)



2020

6. The course provided relevant skills and
information (e.g. to other courses, your future
career, or other contexts)

Very Poor (0%)
Poor (0%)
Adequate (14%) !_J
Good (14%) !|
Excellent (71%) |

[ Total (7)]
0 50% 100%

7. Overall, the course offered an effective learning
experience

Very Poor (0%)
Poor (09%)
Adequate (14%) |
Good (0%)
Excellent (86%) | I
[ Total (7)]

0 50% 100%
Relative to other courses | have taken at UVic, the workload in this course was

Extremely heavy (0)

Somewhat heavy (1) |
Average (4) - —

Somewhat light (2) -
Extremely light (0)

[ Total (7) ]

0 1 2 3 4
As a result of my experience in this course, my interest in the material:

Decreased (1)
Stayed the same (0)

Increased (6 ) - | ——
[ Total (7)] -
0 2 - 6

Student feedback

6. The course provided relevant skills and information (e.g. to

2021

other courses, your future career, or other contexts)
Very Poor (0) 0%
Poor (0) 0%
Adequate (2) [T 29%
Good (3) I 43%
Excellent (2) | | 29%
[ Total (7) ]
0 50% 100%

7. Overall, the course offered an effective learning experience

Very Poor (0) 0%
Poor (0) 0%
Adequate (0) 0%
Good (2) N 29%
Excellent (5) | | : | V1%
[ Total (7) ]
0 50% 100%

Relative to other courses | have taken at UVic, the workload in this course was

Extremely heavy (0%) O

Somewhat heavy (14%) 1
Average (71%) [ s
Somewhat light (14%) I 1
Extremely light (0%) 0
[ Total (7)]

Decreased (0%) O
Stayed the same (0%) O
Increased (100%) [ 1
[ Total (7) ]
. 0 2 4 6



Student feedback: Two representative comments

2020:

“Having a small class, and allotting time in class to work through problems with
other students, as well as on the IBMQ and D-Wave systems was very
appreciated! My interest in quantum computing has soared after taking this class,
and | think it will be interesting to relate what | have learned to other computer
science and physics courses.”

2021:

“Group work is an excellent way to facilitate learning, but it seems to be less
effective with such small group of students (sometimes only two). In a course this
size, | might suggest letting the entire class work together on a problem to achieve
a good group dynamic with more frequent exchanges of ideas.”



Conclusions, open questions

“Gentle" approach for teaching QC to 2nd year students with only linear algebra
as pre-req. Did it work”? Need help from Phys. Education researchers to give a quantum
proficiency test!

Allotting time in-class for students to work on problems as a group seemed to work quite well.
Lots of opportunity to do this with simple theory problems, IBM-Q, D-Wave Leap coding, etc.

| felt that “hands-on” with IBM-Q and D-Wave Leap was useful to crystallize concepts and
formalism. Requires effort to design assignments and exams, e.g. quantum phase estimation
without Q Fourier transform. How to quantify the benefit of NISQ devices on Q education?

Teaching adiabatic QC opens student’s minds to QC models other than gate model, and is a
great hook for teaching Hamiltonians and Schroedinger’s egn. Hands-on with D-Wave Leap
reinforced the concept of Hamiltonians, ground state, and problem embedding into Hamiltonian
that fits device architecture.

Can "Intro to QC” for 2nd years be used as an alternative to the usual “historic intro” to quantum
theory?

Can we get rid of linear algebra pre-req (Would allow e.g. Chemistry students to take the course).



