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A measurement-adaptive circuit is one where the gates applied after a certain point depend on the
outcome of a measurement taken during the circuit execution. Instead of running a fixed sequence of gates,
the circuit branches based on measurement outcomes and different branches apply different gates.

This is a substantial departure from the standard “prepare, evolve, measure” structure of quantum circuits.
In the standard model, measurements happen only at the end. In the adaptive model, measurements can
happen mid-circuit and influence subsequent gates. This is sometimes called mid-circuit measurement or
dynamic circuit execution.

Measurement-adaptive circuits are the quantum analogue of conditional execution in classical computing
— the if statement of quantum programming. They unlock several capabilities that static circuits cannot
match:

1. Quantum error correction — measure stabilizers, decode syndromes, apply correction operations.
Fundamentally requires mid-circuit measurement.

2. Measurement-based quantum computation (MBQC) — the whole computation is a sequence of
adaptive measurements.

3. Gate teleportation — move a gate from one qubit to another using an ancilla and a classically-
conditioned correction.

4. Adaptive state preparation — prepare a target state more reliably by measuring and conditionally
correcting.

5. Noise-adaptive VQAs — the VQA version: measure the environment mid-circuit and adapt the rest
of the circuit accordingly.

The hardware requirements are strict: fast (sub-microsecond) classical feedback, high-fidelity measurement,
and the ability to apply gates conditional on classical bits. Most superconducting platforms have added these
capabilities in 2023-2025. Trapped ions have had them for longer.

This node covers the principles, the VQA applications, and the emerging research on measurement-adaptive
VQAs.

The Hardware Requirement
For a measurement-adaptive circuit to work in practice, the hardware must support:

1. Mid-circuit measurement. You must be able to measure a qubit partway through a circuit without
destroying the rest of the computation.

2. Fast classical feedback. The measurement result must reach the classical controller and a decision
must be made fast enough to influence the next gates — before the remaining qubits have decohered.

3. Conditional gates. The hardware must support applying a gate conditional on a classical bit.



2026 hardware status:

o Superconducting (IBM, Google, Rigetti): all three capabilities are available with 100 ns - 1 us
feedback latency. This is fast enough to matter for circuits with longer coherence time.

o Trapped ions (IonQ, Quantinuum): feedback latency 100 us - 1 ms (slower). Usable for deep
circuits since ion coherence times are very long.

o Neutral atoms (QuEra): slower still, 1-10 ms. Usable for specific MBQC-style architectures.

e Silicon spin qubits: limited mid-circuit measurement availability.

The platform choice significantly affects what’s practical. IBM and Google’s superconducting platforms in
2026 are the best fit for most VQA applications of measurement-adaptive circuits.

The Formal Structure

A measurement-adaptive circuit has a structure that’s not easily captured by the standard “circuit = sequence
of unitaries” picture. Instead, think of it as a program:

prepare initial state [y _0)
apply U_1
apply U_2(0_1)
measure qubit g_1, result
if m_1 = 0:

apply U_3(0_2)
else:

apply U_4(0_3)
apply U_5(0_4)
measure qubit q_2, result
if m_ 2 = 0:

apply U_6(0_5)
else:

apply U_7(6_6)
measure remaining qubits
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The program tree is exponentially large in the worst case (each branch point doubles the number of paths),
but in practice the branches are shallow and well-structured.

Formally, a measurement-adaptive circuit is a quantum channel applied to the input state, where the
channel has Kraus operators parameterized by measurement outcomes:

E(p) = Z p(mi,my,...) - U(O;my,ma,...)pUt(0;m1,my,...),

where each U(6;m) is the unitary applied along the branch corresponding to outcome trajectory m, and p(m)
is the probability of that trajectory.

Why VQAs Want Adaptive Circuits

Several compelling reasons:

1. More expressive with less depth. An adaptive circuit can implement states that a fixed circuit of the
same depth cannot. The classical bits from mid-circuit measurement carry information that would otherwise
require more gates.

Concrete example: preparing a GHZ state. A non-adaptive circuit needs O(n) depth. An adaptive circuit
can do it in O(logn) depth using parallel preparation and classical correction.



2. Better noise tolerance. If a mid-circuit measurement detects an error, you can apply a correction
before the error propagates through the rest of the circuit. This is the error-correction paradigm applied
inside a variational algorithm.

3. Native support for symmetry enforcement. Measure the conserved quantity mid-circuit, reject or
correct if it’s wrong, continue. More efficient than post-processing-only symmetry verification.

4. Access to non-unitary dynamics. Open-system dynamics, dissipative state preparation, measurement-
based cooling — all require adaptive measurements. VQAs that target non-unitary targets can use adaptive
circuits directly.

5. Entanglement at a distance. Gate teleportation via Bell pair distribution lets you apply two-qubit
gates between arbitrary qubits (not just adjacent ones), relaxing the hardware connectivity constraint.

Adaptive Measurement Inside VQA Optimization

A natural VQA design question: where should the adaptive measurements go, and how should the controller
(classical feedback) decide what to do?

Case 1 — Pre-programmed branches. The branches are fixed (part of the ansatz); only the parameter
values are variational. The VQA’s parameters 6 include parameters used in each branch. The cost function
averages over measurement outcomes.

Cost function:

C(e) = Zp(m|0) : <H>branch m-

Case 2 — Learned branches. The branches are themselves parameterized by a classical decision function
that’s learned alongside the ansatz parameters. The decision function takes the measurement outcome and
produces a gate choice.

Case 3 — Fully adaptive (MBQC-style). Every gate in the circuit is a measurement, and the parameters
0 are the measurement angles. The computation is defined by the graph of entanglement + measurement
sequence.

VQA literature as of 2026 uses mostly Case 1 (fixed branches), with Cases 2 and 3 as emerging research
directions.

Gradients Through Adaptive Circuits

An important technical issue: how do you compute gradients through a measurement-adaptive
circuit?

The parameter-shift rule works for unitaries, not for measurements. When the circuit has mid-circuit

measurements, the standard parameter-shift rule needs modification.

Approach 1 — Branch-wise parameter shift. For each branch, compute the gradient using parameter
shift on the unitaries within that branch. Sum the gradients weighted by the branch probabilities.

Approach 2 — Parameter-shift for measurement angles. For MBQC-style circuits with measurement
angle parameters, a specialized parameter-shift rule exists (the measurement angle is analogous to a rotation
angle).

Approach 3 — Finite differences. Numerically differentiate by running the circuit at # + € and 6 — e.
Works but higher variance than parameter-shift.



Approach 4 — Policy gradient (for learned decision functions). Treat the classical decision function
as a policy and use REINFORCE-style policy gradient estimators. Introduces additional variance but handles
discrete decisions naturally.

Most VQA libraries (Qiskit, PennyLane) support Approach 1 for simple adaptive circuits as of 2026. Approach
4 is a research-stage technique.

Example: GHZ Preparation With Adaptive Circuits
A classic example of adaptive circuit speedup.
Goal. Prepare the n-qubit GHZ state |[GHZ) = (|0---0) +|1---1))/v/2.

Non-adaptive circuit. Starting from |0---0): apply H to qubit 0, then CNOT(0,1), CNOT(1,2), ...,
CNOT(n-2, n-1). Depth: n.

Adaptive circuit. Starting from [0---0): 1. Apply H to all n qubits. 2. Measure all qubits in the Bell basis
(pairwise CNOT + Hadamard + Z measurement). 3. Based on measurement outcomes, apply corrections to
turn the post-measurement state into GHZ.

The depth is O(logn) (from the measurement circuit) plus classical feedback. For n = 100, this is a factor-10
reduction.

Practical caveat. The adaptive version requires a feedback loop with fast classical decisions, which
introduces its own latency. For short coherence time hardware, the wall-clock advantage may be smaller than
the gate-count argument suggests.

Adaptive VQAs For Open-System Dynamics

One of the strongest use cases: simulating open-system dynamics (Lindblad evolution) via adaptive
VQAs.

Setup. The target is e“*(py) where £ is a Lindblad superoperator. This is a non-unitary evolution and
cannot be realized by any unitary circuit.

Adaptive circuit approach. Use the quantum jump unraveling: the Lindblad dynamics is equivalent
to averaging over pure-state trajectories, each of which consists of deterministic Hamiltonian evolution
punctuated by stochastic “jumps” triggered by measurements of the jump operators.

A VQA for Lindblad simulation can use a parameterized circuit that implements Hamiltonian evolution plus
adaptive measurements that simulate the jumps. Averaging over many trajectories recovers the target density
matrix.

Advantage over non-adaptive methods. Alternatives (Stinespring dilation, variational density matrix
methods) require more qubits or more gates. The adaptive approach is typically 2-10x more efficient.

Research direction. This is one of the 2024-2026 active frontiers in VQA research. Campbell et al. (2024)
demonstrated a 6-qubit Lindblad simulation on IBM hardware using adaptive circuits.

Structural Role

This node introduces measurement-adaptive circuits as a substantial extension of the VQA framework. It
covers the formal structure, hardware requirements, VQA motivations, gradient computation, and applications
(GHZ preparation, open-system simulation).



It feeds into node 10.5 (closing the loop), where adaptive circuits are one of the mechanisms for implementing
the closed-loop VQA architecture. It also feeds node 10.8 (measurement-optimizer co-design), which takes
the adaptive circuit to its logical conclusion.

Relations to Other Concepts

o Briegel et al. (2009) — Measurement-based quantum computation review.

o Raussendorf, Browne, Briegel (2003) — one-way quantum computer.

o Campbell et al. (2024) — Lindblad VQA via adaptive circuits.

o Wiseman, Milburn (2010) — quantum measurement and feedback control.

o Module 9.4 (Symmetry verification) — the simpler version of adaptive error rejection.

e Module 10.5 (Closing the loop) — where adaptive circuits become part of the full feedback
architecture.

Worked Example — Adaptive Symmetry Correction For Chemistry VQE

Setup. An 8-qubit chemistry VQE with particle number conservation (4 electrons expected). Normal
symmetry verification discards shots with wrong particle number. An adaptive version instead corrects them
mid-circuit.

Adaptive circuit.

1. Apply the ansatz up to the final gate.

2. Measure a total-number-operator estimator (a parity check on N bits) without collapsing the state.

3. If the result is “particle number wrong by 1,” apply a correction — a specific single-fermion transfer
that restores the right number.

4. If correction succeeds, continue. Otherwise, discard and retry.

5. Measure the energy normally.

Results (simulated). - Non-adaptive: 15% shots rejected via post-processing symmetry verification.
Effective shot rate: 85%. - Adaptive: 8% shots rejected (correction succeeds in ~half of cases). Effective shot
rate: 92%. - Per-iteration energy improvement: ~30% larger with adaptive correction.

Hardware cost. The adaptive version needs mid-circuit measurement and conditional gates. Adds ~10%
runtime overhead but improves effective shot count more than that.

Verdict. Adaptive correction is worth it for VQEs with clean symmetry structure and fast-feedback hardware.

Visualization

Pending. A diagram of a measurement-adaptive circuit: parameterized gates, followed by a mid-circuit
measurement, followed by a conditional branch (two possible gate paths based on outcome), followed by more
gates and final measurement. Dashed arrow from the mid-circuit measurement to the classical controller and
back to the branch point. Caption: “Adaptive circuit: classical decision inside the quantum program.”

Exercises

1. For a 3-qubit adaptive GHZ preparation, explicitly write down the sequence of gates, measurements,
and corrections. What is the depth compared to the non-adaptive version?



2. For a single mid-circuit measurement with two branches, derive the gradient formula for the VQA cost
with respect to a parameter in the post-measurement part of the circuit. How does it depend on the
branch probabilities?

3. (VQA) For a 6-qubit Lindblad simulation, sketch an adaptive circuit that implements 2 quantum jumps
using parameterized Hamiltonian evolution segments.

Research Extensions

e Parameter-shift rules for adaptive circuits — formalizing the branch-wise version.

« MBQC-style VQAs — fully measurement-based variational algorithms.

e Adaptive ansatz families — learning the decision function alongside the unitary parameters.
e« Compilation for adaptive circuits — optimizing the circuit and decision logic jointly.

e Error mitigation for adaptive circuits — how ZNE, CDR extend to branched circuits.

Cross-links to Other Courses

e Module 10.1 (Adaptive VQA architectures) — the parent framework.

e Module 10.5 (Closing the loop) — the full deployment.

o Module 10.8 (Measurement-optimizer co-design) — the extreme case.

e Quantum Error Correction — mid-circuit measurement’s home domain.

« MBQC (Raussendorf-Briegel) — the measurement-based computation paradigm.
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