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Part 1:

Quantum Information
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Qubits and Qudits

Quantum Bit

& the Bloch Sphere
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The Bloch Sphere
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Pure quantum states (state vectors)
are like classical definite states --
e.g.“on” or “off” or “0” or
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Mixed quantum states (density matrices)

are like classical probability distributions.
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logic gates
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Quantum Logic Gates
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Noisy Quantum Operations
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Measurements & Born’s Rule

e States exist solely to predict outcomes of observations.

e Measurements (observations) are sets of possible events.

Simple (“pure” measurement) General (“POVM” measurement)
M = {{(d1],{(p2] ...} M={F,FEs... Fx}
Pr(k|) = [ {éxl) | Pr(k|p) = Tr(Eyp)
= Tr(|du XSl [VX¥) = (Ek|p)

Probability for a general experiment:

PT(SUCCGSS) — <<Esuccess‘ Gstuff ‘,0»
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Quantum Circuits

e (Quantum logic experiment on qubits = quantum circuit.
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e (lircuit on 1 qubit = gate sequence

v s
Pr(e) = (E|F; G*' Fi|p))

U.S. DEPARTMENT OF

EN ERGY AN Sandia National Laboratories

andia National s is @ multi-pre gamlb atory managed and oper: tdbyS ndia Corporatio wh olly
owned s bdrny kh ed Martin Corporation, for the U.S. Department of Energy’s National Nucleal S urity
Administration under contract DE-AC04-94AL 85000,




Part 2:
Quantum Statistical Inference

(okay, tomography)
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State Tomography

Goal: determine (estimate) a quantum

state that can be parameterized like this:

p) =5 1M)+a|X) +y|Y)+2|2)
' Sol’n: estimate each of the parameters
\ by estimating observable probabilities:
= (Z|p))

= (loxol|p) — (I1x1l]p)

1110 Jonio

z = Pr(0|p) — Pr(1{p)

...etc, etc, for y and z.

1/10

(and many more if the system is bigger
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Process Tomography

e (Quantum processes (a.k.a. operations or logic gates) can be

characterized in a very similar way to states.
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Why quantum is different:

Boundaries

negative tomographic
estimates
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Why quantum is different:

Choice of measurements

Bloch Sphere Geometry Tomography... ...Future observations
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Fisher Metric Geometry
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Why quantum is different:

Parameter overload!

Process tomography is the same for larger systems -- but
requires O(d?) different settings (16" for N qubits!)
¢ The plot shows results of a  (b)

3-qubit (Toffoli gate) process

tomography experiment
(Innsbruck).

e (4 x 64 matrices have a lot
of numbers in them! -- and
each number corresponds to

a different experimental

configuration.

e Process tomography gets
impractical very fast as N

lncreases.
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Why gates are not like states

e There is a famous theorem in QI called the Choi-

Jamiolkowsk: 1somorphism:

ps = (Gs ®1La) [ w) ]

where |U) =d~1/25" |kk)

e If you think this means that gates are isomorphic to states,
then you are missing something very important:
Gates can be repeated sequentially. ’

e If you realize this, then you can characterize a
gate with much higher precision (1/N) than the

corresponding Jamiolkowski state (1/v V).
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Part 3:
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The problem with
tomography
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Standard tomography relies on precalibrated gates...

..but we don’t have any of those in real hardware!
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Consequences of bad calibration

a d S)
. . 1 1
1) Estimated purity (length of | /l/
. . 509 |N)f, 0.9 f::!?‘“;i; ‘ 1LT) - 1L
Bloch vector) oscillates in a = g
very non-Markovian way. %, 508
g =0.7
'50'6 §
2) The tomographic estimate  =os 0.6
Of the State > ConSIStently 0.40 Ro?gtion Tim1ed?ns) 150 0.50 Ro?gtion Tim1ed(0ns) 150
outside of the Bloch sphere. 2 2

What went wrong? X andY R \
measurements are not native. NORY

. & > R\-.,,., X
They were implemented by gates X SR N » %)

that are not perfectly calibrated!

Figures and results courtesy of Oliver Dial:
M.D. Shulman et al, Science 336, 202-205 (2012)
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(Gate sets

e A gate setis a complete statistical

model for a quantum device o L

(e.g. qubit) treated as a black box.
LBl 1), G1.. G

e The gate set framework explicitly rules out “external”’ reference

measure
prepare

do experiments

frames -- the only way to interact with the quantum device is
by pushing buttons and reading L.E.D.s.

P HGHGHGHGHE |G
Everything we can “measure” O

is a probability of this form: p(‘) — <<E|G31 c e GSL ‘,0>>

23 U.S. DEPARTMENT OF

EN ERGY AN Sandia National Laboratories

Sandia National Laboratories is a multi-program laboratory managed and oper: tdbyS ndia Corporation, a wholly
owned s bdrny ckheed Martin Corporation, for the U.S. Department of Energy’s National Nuclea S urity
Administration under contract DE-AC04-! 94AL85000




Principles of GST

e A set of m gates has a few parameters (for 1 qubit, 16m+38).

e So we just measure (estimate) that many independent

experimental probabilities. In

principal, those should constraint
the gate set.

Estimate the entire outcome

gate set at once. /

measure

prepare

do experiments
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Linear GST

(1) Choose a set of fiducial sequences:

{Fb F27 F37 F4} e.:g.{Gla G27 G37 G%}
(2) Do “tomography” by measuring:

(Gi)in = (B|F; Gi P |p)  (PHEHGHEHDS
and 1y = (E| F; Fi|p) E)g

(3) Use linear algebra to get the estimate:

G, =1 "G;. etc. = ;=B 'G,B, (E| = (E|B, |p) = B~'|p)

(4) Transform the estimated gateset by a gauge transformation to
make it as close as possible to the desired target gateset:

Gi — S7'G;S and (E| — (E|S and |p) — S™1|p)

ﬂ1 Sandia National Laboratories




The Gauge

e Let T be invertible. CD HG1HG2HG1HG3HG2HG1H E)

Transform the gateset:

P(E) = (E|Gi...G1|p)

(0 HE MO8 HE5HEHEH E)

(E'|Gy -Gy lp)
— (B|TT'GyTT™' ... TT'\G,TT " |p))
_ P(E)

P(E")

e All observable probabilities are left unchanged!
—=> { Gy} and { G’} are different descriptions

of exactly the same physical device.
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Long circuit GST

e ‘Traditional” tomography is linear -- observable probabilities
are linear functions of the parameters (e.g., elements of Gy).

e This no longer holds for GST. Even in
LGST, probabilities involve multiple Gt.

e So can we get an advantage from going whole-hog and using
really nonlinear probabilities (many uses of G}, at once?)

PHFHGHGHGHGHGHGHGHG-GHGHGHF;-E |8

e Yes! Long circuits can amplify small errors.

(1) What long circuit experiments should we perform?

(2) How do we fit a gateset to the resulting data?
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Part 4:

Hyperaccuracy

Error-amplifying circuits
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Basics of Error Amplification

e Simple toy example: 10
Goal: estimate 0. G — €

e N observations of (E|G |p) yield 0 = 6 + O(1/vN).

e DBut N observations of {(E|G*¥ |p)) yield

ZE’:L@::O(l/\/N) — é:[/z\@/LZQIZO(l/L\/N)

e Problem: branch cuts. We only observe rotations
modulo 2x, so if 86=n/2, is 8 equal to n/16 or 57/167

e Solution: gather data at many scales: L=1,2.4.8....

Sandia National Laboratories
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Germs and Germ-powers

e If gates were scalars (e.g. Gj, = e'%%) we could just estimate
sequences Gil for L=1,2.4.8... and infer the Gj from them.

e But the Gy are matrices... which make things more complex!

X(1v2)

e Repeating G (i.e., Gi*) only amplifies

etgenvalues ot Gi.

e In early experiments, we got great precision

in rotation angles... but inaccurate rotation axes.

e Solution: we do many repetitions not just of single gates

but of short germs -- e.g. G:G2-- that generate long
sequences like (G;G2)t. We call these germ power sequences.
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Completeness

e A set of experiments is informationally complete (1C) if its
observable results constrain every parameter of the model

(for gatesets, “every non-gauge parameter”).

e We want not just IC -- even LGST is IC. We want every
parameter amplified proportional to L (sequence length).

e Designing IC germ sets is something of a black art right now
(it’s a condition on the rank of a Jacobian), but we can do it

-Z

for any given gate set. Example:
{Gxa Gy7 sz G]l7 G:EGya G:L'GZ7
¢,G,, .G, Gy, GGG, G,G,G,, G,G,G}
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eLGST and LSGST

e We need to fit a gateset {p, E, Gi} to long-sequence data.

o [Fixtended LGST: fast, simple, reasonably accurate
1. Do LGST using short sequences to get a rough estimate.
2. Use long sequences of the form Fi(germ)“F; to get LGST estimates
of the quantum operation for (germ)v.

3. Iteratively tweak the rough estimate to agree with estimated germ-
powers of length L=2, 4, 8, ... Lpax.

o Least-squares GST: most accurate & statistically justified

1. Do LGST using short sequences to get a rough estimate.
2. Iteratively improve the rough estimate by doing a weighted least-
squares fit (minimize y?) to the same sequences used for eLGST.
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Hyperaccuracy: Simulations
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Efficiency: counting clicks

£
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Part 4:

Experimental Results
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Extracting Error Rates

Worst-case error rate, extrapolated from smallest eigenvalue of each direct-LGST estimate
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Non-Markovian noise

Worst-case error rate, extrapolated from smallest eigenvalue of each direct-LGST estimate
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Debugging: Improved Gates

Worst-case error rate, extrapolated from smallest eigenvaluegf#&ach Bigect-LGST estimate
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Conclusions & Future

There’s no excuse for doing the “old” tomography any more --
assuming precalibrated gates is unsafe and unnecessary.

GST can achieve unprecedented accuracy & efficiency by leveraging
long circuits that amplify gate errors.

Every (?7) qubit has significant non-Markovian noise.

Serious statistical techniques are becoming more and more
important for quantum device characterization. We rely critically
on goodness-of-fit, and model selection is rapidly becoming an
essential concept.

Quantum statistical inference is (after all) just another application

of statistics... but with some near-unique caveats and challenges!
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