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Open Research Challenges

Turn open questions into bounded studies with explicit assumptions and falsifiable tests.

Research 22 min lesson Dr. Charith Jayasekara

By the end, you’ll be able to

Separate theoretical, engineering and empirical unknowns.

Design an estimation study with a known small reference.

Draw a conclusion limited to the evidence collected.

Turn an open question into a testable project

Quantum algorithms contain established theorems, conditional complexity results, practical engineering questions and

heuristic research proposals. A useful research question identifies which kind of uncertainty it addresses. “Can quantum

computing solve this?” is usually too broad. “Does this encoding and algorithm improve this observable estimate under

these access and precision assumptions?” is a question that can be investigated.

Prerequisites: complexity, resource estimation and benchmarking. This chapter closes the core algorithm volume by

showing how to read a claim critically and design a small study with an honest conclusion. It is not a list of promises

that future hardware will necessarily fulfil.
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An estimation research question

STEP 1

Target probability

error: 0.01

STEP 2

10,000 shots: SE ≈

0.005 at p=1/2

STEP 3

Compare coherent

access costs

STEP 4

Report crossover or

bottleneck

At p = 1/2, frequency standard deviation is 1/(2√shots). A coherent estimation proposal must also count preparation, inverse access,

precision and reliability.
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Separate four kinds of unknown

A mathematical unknown concerns whether an algorithm or lower bound exists under a formal model. An

implementation unknown concerns whether the required operations can be built reliably and efficiently. An empirical

unknown concerns performance on a specified dataset or device. An application unknown concerns whether the output

is useful to a real decision. Evidence resolving one does not automatically resolve the others.

For example, a query theorem may already be settled while the cost of constructing an application oracle remains

uncertain. A device may execute a circuit successfully while a classical method still solves the application more

cheaply. A low-energy sample may be scientifically interesting without establishing a commercial optimisation

advantage.

Worked example: an estimation project

Suppose an application needs the probability of an event within absolute error 0.01. Ordinary independent sampling at

probability one half has frequency standard deviation one divided by twice the square root of the shot count. Ten

thousand samples give a standard deviation of 0.005, so a rough two-standard-deviation scale is 0.01. A rigorous

confidence target would require a chosen interval or concentration bound.

Amplitude-estimation methods can improve query scaling under coherent preparation and inverse-access assumptions.

The research question is whether those subroutines are cheap and reliable enough in this application to offset longer

coherent circuits, precision and error handling. Comparing only the number of abstract queries would leave the central

implementation uncertainty unanswered.

Build a toy distribution with a known answer. Verify both estimators, count state-preparation calls and include inverse

operations. Then vary event probability, precision and a stated error model. If the coherent method loses at tested sizes,

report the crossover conditions or bottleneck rather than selecting a single favourable run.

The sampling standard deviation makes the project’s precision target concrete.

 counts independent event samples. Twice this standard deviation is  in the example, but a guaranteed

confidence statement needs a chosen interval or concentration result rather than an informal two-sigma description.

Useful algorithmic research directions

One direction is improving input interfaces: structured state preparation, efficient block encodings and reversible

predicate construction. Another is improving precision dependence or reducing condition-number sensitivity for a

defined task. A third is exploiting problem-specific structure so the quantum algorithm’s output aligns with an

application need.

Modern matrix-transformation research provides a powerful framework, but its benefits still depend on access, scale

and output assumptions. Gilyén and colleagues. A project can contribute by tightening one subroutine or clarifying when

its assumptions hold, without claiming a new universal algorithm.

Trainability and noise are separate research axes

For variational methods, ask whether a circuit family is expressive, trainable and statistically learnable under the chosen

measurement budget. These are different properties. Barren-plateau research identifies specific gradient-concentration

mechanisms, motivating careful architecture and cost design. McClean and colleagues.

σ ​ =
​p ​, p =​

S

p(1 − p)
​, S =

2
1

10 :4 σ ​ =
​p 0.005.

S 0.01

Quantum Computing · Dr. Charith Jayasekara · quantumcompbook.web.app 2

https://arxiv.org/abs/1806.01838
https://arxiv.org/abs/1803.11173


For noisy execution, distinguish approximation bias, physical noise and finite-shot variation. Error mitigation may reduce

a chosen estimator’s bias while increasing variance. Error correction aims to protect logical information under a code

and fault model. A study should test the mechanism it claims, rather than using a generic noise slider as a substitute for

a physical explanation.

Classical progress belongs in the research loop

A proposed quantum advantage should invite strong classical alternatives. Improved classical simulation, problem-

specific heuristics or data-access methods can clarify which quantum resource matters. A result that narrows or

removes an apparent advantage is useful evidence. Research aims to understand the task, not to guarantee that one

technology wins.

State whether a classical comparison uses equivalent input access and output accuracy. If a quantum routine assumes

amplitude-encoded data, investigate how that data is prepared and whether analogous structured classical access

helps a baseline. If the output is a small observable, compare with classical methods estimating that observable rather

than unnecessarily reconstructing an entire state.

A project protocol students can follow

Choose a question small enough to calculate on paper for at least one instance. Write the input, promise, output and

resource task description. Identify a primary result and separate its theorem from your hypothesis. Implement an exact

reference and a candidate method. Design tests that could reveal a plausible wrong explanation. Fix evaluation rules

before inspecting final results.

Collect parameters, seeds, circuit definitions and uncertainty estimates. Perform a sensitivity study rather than one

demonstration. Explain which assumptions dominate. Conclude with the strongest statement supported by the data,

including negative or inconclusive results. A clear limited result is more valuable than an expansive claim that the

experiment cannot distinguish from alternatives.

Reading a primary paper efficiently

First find the problem definition and theorem assumptions. Identify what the algorithm outputs and what resource its

complexity counts. Then inspect the representation or oracle construction, precision dependence and success

mechanism. Use a small numerical example to check your understanding before reading every proof detail. Finally ask

which parts are established and which are conjectured or empirical.

For resource papers, record architecture, code, error and timing assumptions alongside headline counts. Contemporary

RSA estimates illustrate how different algorithmic and architectural choices change those numbers. Gidney, Webster

and colleagues. A changing estimate is a reason to examine assumptions, not a reason to invent a universal forecast.

Exercises and worked answers

Exercise 1. Rewrite “QAOA solves scheduling faster” as a testable research question.
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Check the worked answer

Specify an instance family, encoding, depth, training budget, target feasibility and objective gap, hardware or

simulation model, and classical baselines. For example, ask whether a frozen method improves time-to-target

on held-out instances under a declared end-to-end accounting rule.

Exercise 2. An experiment disagrees with a theoretical prediction. List three distinct hypotheses to test before rejecting

the theorem.

Check the worked answer

The implementation may use a wrong convention or circuit; the tested input may violate the theorem’s promise;

or approximation, sampling or physical errors may exceed the assumed budget. Design separate checks for

those possibilities. A disagreement becomes informative when its cause is localised.

The goal is a durable research habit: preserve the chain from question to assumptions to calculation to

evidence. That habit lets a beginning student engage with state-of-the-art work while recognising which

advanced details require further mathematics, better experiments or unresolved theory.

Check your understanding

PAUSE & THINK

What should be checked first when an experiment disagrees with a theorem?

Assume quantum mechanics failed

Implementation, promise and error-budget assumptions

Delete the disagreeing runs

Answer: Implementation, promise and error-budget assumptions. A wrong convention, violated promise or

excessive approximation/sampling/physical error can explain the disagreement. Design separate checks before

rejecting a mathematical result.

Sources

Gilyén and colleagues

McClean and colleagues

Gidney

Webster and colleagues
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