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    Qx - Quantum Computing Simulator for Elixir
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Qx is a quantum computing simulator built for Elixir that provides an intuitive API for creating and simulating quantum circuits. The primary goal of the project is to enhance my understanding of quantum computing concepts, quantum simulators and the Elixir Nx library. My hope is that it is eventualy valuable for others to learn quantum computing. It supports up to 20 qubits (an arbitrary number that I feel is useful but still below the memory cliff that would occurs around 30 qubits).
Features
	Simple API: Easy-to-use functions for quantum circuit creation and simulation
	Step-Through Inspection: Replay any circuit one operation at a time with Qx.steps/2 and watch the state evolve (great for learning!)
	Up to 20 Qubits: Supports quantum circuits with up to 20 qubits
	Statevector Simulation: Uses statevector method for accurate quantum state representation
	Optional Acceleration: Add EXLA or EMLX backends for speedup (CPU/GPU)
	Visualization: Built-in plotting capabilities with SVG and VegaLite support, plus circuit diagram generation
	Growing Range of Gates: Supports H, X, Y, Z, S, S†, T, T†, RX, RY, RZ, CNOT, CY, CZ, CP, CRX, CRY, CRZ, SWAP, iSWAP, U (general single-qubit unitary), CSWAP (Fredkin), and Toffoli gates
	Composite Patterns (Qx.Patterns): Whole-circuit and sub-register helpers (h_all, x_all, y_all, z_all, measure_all, cx_chain), plus state-prep appenders — Qx.bell_pair(qc, q0, q1) and Qx.ghz(qc, 1..3) — that entangle chosen qubits inside a larger circuit. Each _all helper accepts an optional list or range — e.g. Qx.h_all(qc, 0..2) — and Qx.barrier/2 spans a list or range of qubits
	Measurements: Quantum measurements with classical bit storage; basis-explicit Qx.measure_x/3, Qx.measure_y/3, Qx.measure_z/3 for X/Y/Z-basis measurement
	Conditional Operations: Mid-circuit measurement with classical feedback for quantum processes like teleportation and error correction
	OpenQASM 3.0 Round-Trip: Export Qx circuits to OpenQASM 3.0 and import OpenQASM 3.0 source produced by Qx, Qiskit, or IBM Quantum — directly from the facade: Qx.to_qasm/2, Qx.from_qasm/1, and Qx.from_qasm!/1
	Remote Execution: Run circuits on real IBM Quantum hardware via Qx.Hardware, with transpilation through the Qx Portal service
	LiveBook Integration: Full support with interactive visualizations in LiveBook

Installation
def deps do
  [
    {:qx, "~> 0.11", hex: :qx_sim}
  ]
end
Then run:
mix deps.get

Or install from GitHub for the latest development version:
def deps do
  [
    {:qx, github: "richarc/qx", branch: "main"}
  ]
end
This installs Qx with the default Nx.BinaryBackend, which works on all platforms but is slower for larger quantum circuits (10+ qubits).
Want better performance? See Performance & Acceleration to add optional EXLA (CPU/GPU) or EMLX (Apple Silicon GPU) backends.

Quick Start
iex> # Put a qubit in superposition and check the probabilities
iex> qc = Qx.create_circuit(1) |> Qx.h(0)
iex> Qx.get_probabilities(qc)
#Nx.Tensor<[0.5, 0.5]>

iex> # Build, measure, and run a Bell state circuit
iex> result =
...>   Qx.create_circuit(2, 2)
...>   |> Qx.h(0)
...>   |> Qx.cx(0, 1)
...>   |> Qx.measure_all()
...>   |> Qx.run()
iex> IO.inspect(result.counts)
%{"00" => 502, "11" => 522}

iex> # Visualize the results
iex> Qx.draw(result)
For the complete API, see the hexdocs.
Getting Started with LiveBook
LiveBook is the perfect environment for interactive quantum computing with Qx. The full tutorial series (quantum states through Grover's search, as downloadable notebooks) lives on the Qx Portal at qxquantum.com — it is the maintained home for learning material, and this repo deliberately carries no copies. To start a notebook of your own, add this in the setup cell:
Mix.install([
  {:qx, "~> 0.11", hex: :qx_sim},
  {:kino, "~> 0.12"},
  {:vega_lite, "~> 0.1.11"},
  {:kino_vega_lite, "~> 0.1.11"}
])
For interactive guides and tutorials, visit qxquantum.com/guides.
Try creating a Bell state and visualizing it:
circuit = Qx.create_circuit(2, 2)
          |> Qx.h(0)
          |> Qx.cx(0, 1)
          |> Qx.measure(0, 0)
          |> Qx.measure(1, 1)

result = Qx.run(circuit, shots: 1000)
Qx.draw_counts(result)
Tips for LiveBook users:
	Start with the basic setup for learning and small circuits, add acceleration when needed
	Use Qx.steps/2 to walk a circuit one operation at a time; each step prints as a readable state line
	Qx.draw_counts/1 returns VegaLite specs that render beautifully in LiveBook
	Use tap_state/2 and tap_probabilities/2 in pipelines for immediate feedback

Inspecting States
Circuits are recipes. Gates are recorded as you build, then applied when
you run. To watch the state change gate by gate, step through the
circuit with Qx.steps/2:
Qx.create_circuit(2)
|> Qx.h(0)
|> Qx.cx(0, 1)
|> Qx.steps()
|> Enum.each(&IO.inspect/1)
# #Qx.Step<0: h(0)  0.707|00⟩ + 0.707|10⟩>
# #Qx.Step<1: cx(0, 1)  0.707|00⟩ + 0.707|11⟩>
See Step Through a Circuit for measurements,
trajectories, and seeding. Qx.Step.show/1 gives the full display map
of any step: Dirac string, amplitudes, probabilities.
Upgrading from calc mode
Earlier releases documented a second, eager way to apply gates (calc
mode: Qx.Qubit / Qx.Register). Those modules still work, so old
notebooks keep running. But they're internal now: hidden from the docs,
no stability guarantee. The stepper covers the same ground:
# before (calc mode)
Qx.Qubit.new() |> Qx.Qubit.h() |> Qx.Qubit.show_state()

# now (circuit mode + stepper)
Qx.create_circuit(1) |> Qx.h(0) |> Qx.steps() |> Enum.at(-1) |> Qx.Step.show()
Circuit Mode
Building & Running Circuits
# Create a circuit with 2 qubits and 2 classical bits
qc = Qx.create_circuit(2, 2)
     |> Qx.h(0)           # Apply Hadamard gate to qubit 0
     |> Qx.cx(0, 1)       # Apply CNOT gate (control: 0, target: 1)
     |> Qx.measure(0, 0)  # Measure qubit 0, store in classical bit 0
     |> Qx.measure(1, 1)  # Measure qubit 1, store in classical bit 1

# Run the simulation
result = Qx.run(qc, shots: 1000)  # 1000 measurement shots

# Display results
IO.inspect(result.counts)
The Qx.run/2 function returns a SimulationResult struct with helper functions:
{most_common, count} = Qx.SimulationResult.most_frequent(result)
outcomes = Qx.SimulationResult.outcomes(result)
prob = Qx.SimulationResult.probability(result, "00")
For circuits without measurements, you can inspect the quantum state directly:
state = Qx.get_state(circuit)
probs = Qx.get_probabilities(circuit)
Pipeline-friendly tap functions allow inspecting circuits during construction:
result = Qx.create_circuit(2)
  |> Qx.h(0)
  |> Qx.tap_state(&IO.inspect(&1, label: "State after H"))
  |> Qx.cx(0, 1)
  |> Qx.tap_probabilities(fn p -> IO.puts("Bell state created!") end)
  |> Qx.run(shots: 1000)
Conditional Operations & Mid-Circuit Measurement
Qx.c_if/4 applies gates conditionally based on classical bit values, enabling quantum teleportation, error correction, and adaptive algorithms:
# Quantum teleportation with conditional corrections
qc = Qx.create_circuit(3, 3)
     |> Qx.x(0)                    # State to teleport
     |> Qx.h(1) |> Qx.cx(1, 2)     # Create Bell pair
     |> Qx.cx(0, 1) |> Qx.h(0)     # Bell measurement
     |> Qx.measure(0, 0)
     |> Qx.measure(1, 1)
     # Conditional corrections based on measurement
     |> Qx.c_if(1, 1, fn c -> Qx.x(c, 2) end)
     |> Qx.c_if(0, 1, fn c -> Qx.z(c, 2) end)
     |> Qx.measure(2, 2)

result = Qx.run(qc, shots: 1000)
# Qubit 2 now contains the teleported state!
Step Through a Circuit
Qx.steps/1 turns a circuit into a lazy stream of Qx.Step structs, one per
executed operation: the operation, the statevector right after it, and the
classical bits so far. Printing the steps of the teleportation circuit above
shows the whole story, collapse and corrections included:
qc |> Qx.steps(seed: 42) |> Enum.each(fn step -> IO.puts(inspect(step)) end)
# #Qx.Step<0: x(0)  1.000|100⟩  cbits: [0, 0, 0]>
# #Qx.Step<1: h(1)  0.707|100⟩ + 0.707|110⟩  cbits: [0, 0, 0]>
# #Qx.Step<2: cx(1, 2)  0.707|100⟩ + 0.707|111⟩  cbits: [0, 0, 0]>
# #Qx.Step<3: cx(0, 1)  0.707|101⟩ + 0.707|110⟩  cbits: [0, 0, 0]>
# #Qx.Step<4: h(0)  0.500|001⟩ + 0.500|010⟩ - 0.500|101⟩ - 0.500|110⟩  cbits: [0, 0, 0]>
# #Qx.Step<5: measure q0 → c0 ⇒ 0.707|001⟩ + 0.707|010⟩  cbits: [0, 0, 0]>
# #Qx.Step<6: measure q1 → c1 ⇒ 1.000|010⟩  cbits: [0, 1, 0]>
# #Qx.Step<7: c_if(c1==1) x(2) taken  1.000|011⟩  cbits: [0, 1, 0]>
# #Qx.Step<8: c_if(c0==1) not_taken  1.000|011⟩  cbits: [0, 1, 0]>
# #Qx.Step<9: measure q2 → c2 ⇒ 1.000|011⟩  cbits: [0, 1, 1]>
Measurement makes a circuit stochastic, so each pass through the stream
samples one fresh trajectory. The seed: option pins the trajectory down
for slides, tests, and teaching material; it never touches your process's
random state.
For the full display map of any step (Dirac string, amplitudes,
probabilities), use Qx.Step.show/1. See Qx.steps/2 for the trajectory
semantics and options.
Examples
Bell State
result =
  Qx.create_circuit(2, 2)
  |> Qx.h(0)
  |> Qx.cx(0, 1)
  |> Qx.measure_all()
  |> Qx.run(shots: 1000)

IO.inspect(result.counts)
# => %{"00" => ~500, "11" => ~500}
Qx.draw_counts(result)
GHZ-3 State (using Qx.Patterns)
# Linear CNOT cascade + bulk measurement using Qx.Patterns helpers
qc = Qx.create_circuit(3, 3)
     |> Qx.h(0)                    # Put qubit 0 in superposition
     |> Qx.cx_chain([0, 1, 2])     # CX(0,1) ; CX(1,2)
     |> Qx.measure_all()           # Measure every qubit into its bit

result = Qx.run(qc, shots: 1000)
IO.inspect(result.counts)
# => %{"000" => ~500, "111" => ~500}
Quantum Teleportation
# Teleport |1⟩ state from qubit 0 to qubit 2
qc = Qx.create_circuit(3, 3)
     |> Qx.x(0)                           # Prepare |1⟩ to teleport
     |> Qx.h(1)                           # Create Bell pair
     |> Qx.cx(1, 2)                       # between qubits 1 and 2
     |> Qx.cx(0, 1)                       # Bell measurement
     |> Qx.h(0)
     |> Qx.measure(0, 0)                  # Measure qubit 0
     |> Qx.measure(1, 1)                  # Measure qubit 1
     |> Qx.c_if(1, 1, fn c -> Qx.x(c, 2) end)  # Conditional corrections
     |> Qx.c_if(0, 1, fn c -> Qx.z(c, 2) end)
     |> Qx.measure(2, 2)                  # Measure teleported qubit

result = Qx.run(qc, shots: 1000)

# Analyze results
{most_common, count} = Qx.SimulationResult.most_frequent(result)
IO.puts("Most frequent: #{most_common} (#{count} times)")
# All outcomes should have rightmost bit = 1 (successful teleportation)

Qx.draw_counts(result)
Grover's Algorithm (Simplified)
# Simplified Grover's algorithm for 2 qubits
grover = Qx.create_circuit(2)
         |> Qx.h(0)        # Initialize superposition
         |> Qx.h(1)
         # Oracle (flip phase of target state)
         |> Qx.z(0)
         |> Qx.z(1)
         # Diffusion operator
         |> Qx.h(0)
         |> Qx.h(1)
         |> Qx.x(0)
         |> Qx.x(1)
         |> Qx.cx(0, 1)
         |> Qx.x(0)
         |> Qx.x(1)
         |> Qx.h(0)
         |> Qx.h(1)

result = Qx.run(grover)
Qx.draw(result)
Working with Quantum States
Circuit Mode:
# Create a 3-qubit GHZ state and examine its properties
ghz_circuit = Qx.ghz_state()

# Get the quantum state vector
state = Qx.get_state(ghz_circuit)
IO.inspect(Nx.to_flat_list(state))

# Get probabilities for all computational basis states
probs = Qx.get_probabilities(ghz_circuit)
Qx.draw_histogram(probs)
Step by step:
# Watch the state change after each gate
qc = Qx.create_circuit(1)
     |> Qx.h(0)
     |> Qx.z(0)

qc |> Qx.steps() |> Enum.each(&IO.inspect/1)
# #Qx.Step<0: h(0)  0.707|0⟩ + 0.707|1⟩>
# #Qx.Step<1: z(0)  0.707|0⟩ - 0.707|1⟩>

# Full display map of the final state
state_info = qc |> Qx.steps() |> Enum.at(-1) |> Qx.Step.show()
IO.puts(state_info.state)  # "0.707|0⟩ - 0.707|1⟩"
IO.inspect(state_info.probabilities)  # [{"|0⟩", 0.5}, {"|1⟩", 0.5}]
Visualization
Qx's visualization functions each return one artifact type that works everywhere: VegaLite chart specs, and SVG/table artifact structs that render themselves in Livebook (see "Using Qx outside Livebook" below for standalone use).
Results visualization:
result = Qx.bell_state() |> Qx.run(shots: 1000)

Qx.draw(result)                  # Probability distribution (VegaLite spec)
Qx.draw_counts(result)           # Measurement counts (VegaLite spec)
Every draw function returns one static artifact type in every
environment. Livebook renders charts through kino_vega_lite and the
SVG/table artifacts through Kino.Render; a standalone application
uses the returned value directly (see "Using Qx outside Livebook"
below).
Circuit diagrams:
circuit = Qx.create_circuit(2, 2)
          |> Qx.h(0)
          |> Qx.cx(0, 1)
          |> Qx.measure(0, 0)
          |> Qx.measure(1, 1)

image = Qx.draw_circuit(circuit, "Bell State")
File.write!("bell_state.svg", image.svg)
In Livebook a cell that simply returns a circuit renders the diagram
automatically.
Circuit diagrams support all quantum gates with proper IEEE notation, parametric gates with displayed angles, multi-qubit gates, barriers, and measurements with classical bit connections.
Bloch sphere (single qubit):
Qx.create_circuit(1) |> Qx.h(0) |> Qx.get_state() |> Qx.draw_bloch()
Probability histograms:
probs = Qx.get_probabilities(circuit)
Qx.draw_histogram(probs)     # VegaLite spec
Using Qx outside Livebook
Everything above works identically in a Mix application or a plain
script; the difference is what you do with the returned artifact:
	You have	In Livebook	Standalone
	VegaLite.t() (charts)	renders via kino_vega_lite	feed it to any Vega renderer
	Qx.Draw.Image (Bloch, circuit)	renders inline	File.write!("out.svg", image.svg)
	Qx.Draw.StateTable	renders as a table	table.text / .markdown / .html

The chart functions need the optional :vega_lite dependency and
raise Qx.MissingDependencyError naming the fix when it's absent.
You never add :kino yourself outside Livebook — the rich rendering
comes from Kino.Render implementations that activate only when
Livebook's runtime provides Kino.
Importing OpenQASM
Qx can read OpenQASM 3.0 source produced by itself, by Qiskit, or by IBM Quantum. Combined with Qx.to_qasm/1 this provides round-trip interoperability, straight from the facade.
Import a complete program
qasm = """
OPENQASM 3.0;
include "stdgates.inc";
qubit[2] q;
bit[2] c;
h q[0];
cx q[0], q[1];
c[0] = measure q[0];
c[1] = measure q[1];
"""

{:ok, circuit} = Qx.from_qasm(qasm)
result = Qx.run(circuit, shots: 1024)
Errors come back as typed exceptions:
	Qx.QasmParseError — grammar/syntax problems (with :line, :column, :snippet)
	Qx.QasmUnsupportedError — valid QASM that uses a feature outside the supported subset (multi-register, gate modifiers, else, …)

from_qasm!/1 is the bang variant.
Import a gate definition as an Elixir function
For storing user-defined gates as reusable circuit-transforming functions (e.g. in qxportal), use from_qasm_function/1:
qasm = """
OPENQASM 3.0;
include "stdgates.inc";
gate bell a, b {
  h a;
  cx a, b;
}
"""

{:ok, %{name: "bell", arity: 3, source: source}} =
  Qx.Export.OpenQASM.from_qasm_function(qasm)

# source is a self-contained module, e.g.
#   defmodule Qx.Generated.Bell_a1b2c3 do
#     def bell(circuit, a, b) do
#       circuit
#       |> Qx.h(a)
#       |> Qx.cx(a, b)
#     end
#   end

# Compile it and call the generated module directly — Code.compile_string/1
# hands back the module atom (interned safely, only when the module loads):
[{mod, _bin}] = Code.compile_string(source)
new_circuit = mod.bell(Qx.create_circuit(2), 0, 1)

# `module` in the result map is the module *name as a string* (for display or
# storage). Don't turn it into an atom yourself for untrusted input — eagerly
# interning one atom per incoming program risks atom-table exhaustion.
The signature is (circuit, params…, qubits…) — circuit first, then declared parameters in source order, then qubit arguments in source order.
Supported subset
See Qx.Export.OpenQASM module documentation for the full list of supported gates, decompositions, and explicitly-excluded features.
Running on IBM Quantum Hardware
Qx can submit circuits directly to IBM Quantum hardware via Qx.Hardware. Circuits are exported to OpenQASM 3.0, transpiled through the qxportal service, submitted to IBM, and results are returned as Qx.SimulationResult structs.
Prerequisites
	A qxportal account and API token.
	An IBM Cloud account with the Quantum service enabled — you'll need:	IBM Cloud API key
	Quantum service CRN (Cloud Resource Name)
	Region (e.g. "us-east")



Setup
The simplest path uses environment variables and Qx.Hardware.Config.from_env!/1:
export QX_PORTAL_URL=https://api.qxquantum.com
export QX_PORTAL_TOKEN=<your qxportal token>
export QX_IBM_API_KEY=<your IBM Cloud API key>
export QX_IBM_CRN=<your IBM Quantum service CRN>
export QX_IBM_REGION=us-east
export QX_IBM_BACKEND=ibm_brisbane

config = Qx.Hardware.Config.from_env!()
Or construct the struct directly:
{:ok, config} =
  Qx.Hardware.Config.new(
    portal_url: "https://api.qxquantum.com",
    portal_token: System.fetch_env!("QX_PORTAL_TOKEN"),
    ibm_api_key: System.fetch_env!("QX_IBM_API_KEY"),
    ibm_crn: System.fetch_env!("QX_IBM_CRN"),
    ibm_region: "us-east",
    backend: "ibm_brisbane",
    optimization_level: 1,
    shots: 4096
  )
Run a Circuit on Hardware
circuit =
  Qx.QuantumCircuit.new(2, 2)
  |> Qx.h(0)
  |> Qx.cx(0, 1)
  |> Qx.measure(0, 0)
  |> Qx.measure(1, 1)

{:ok, result} = Qx.Hardware.run(circuit, config, on_status: &IO.inspect/1)

IO.inspect(result.counts)
# => %{"00" => 2050, "11" => 2046}  (approximately)
Qx.Hardware.run/3 is synchronous: it blocks until the IBM job reaches a terminal status. Status callback events fire at each pipeline stage (authentication, transpile, submit, poll, results).
Lower-Level Entry Points
	Qx.Hardware.submit_qasm/3 — submit a hand-authored OpenQASM 3.0 program.
	Qx.Hardware.transpile/3 — transpile only (no submission), useful for inspection.
	Qx.Hardware.list_backends/2 — enumerate backends visible to the configured account.
	Qx.Hardware.cancel/3 — best-effort job cancellation.

Privacy invariant
Qx.Hardware uses two independent HTTP clients (Qx.Hardware.Portal for qxportal, Qx.Hardware.Ibm for IBM Cloud). The portal token never reaches IBM, and the IBM API key never reaches the portal — both clients read only their own fields from the shared Qx.Hardware.Config.
Performance & Acceleration
Qx works out-of-the-box with Nx.BinaryBackend on all platforms, but you can add acceleration backends for significant speedups, especially for circuits with 10+ qubits.
Choosing a Backend
	Backend	Platform	Compilation Required
	Nx.BinaryBackend	All	No (default)
	EXLA (CPU)	All	Yes (C++ compiler needed)
	EXLA (CUDA)	Linux/Windows + NVIDIA GPU	Yes + CUDA Toolkit
	EXLA (ROCm)	Linux + AMD GPU	Yes + ROCm
	EMLX (Metal)	macOS Apple Silicon	No (precompiled)

EXLA CPU (Recommended)
Best for: All platforms, no GPU required
EXLA provides significant speedup through XLA's LLVM optimizations.
Prerequisites:
	macOS: xcode-select --install
	Linux (Debian/Ubuntu): sudo apt install build-essential
	Linux (Fedora/RHEL): sudo dnf groupinstall "Development Tools"
	Windows: Visual Studio Build Tools with C++ support, or WSL2 (recommended)

Step 1: Add EXLA to mix.exs:
def deps do
  [
    {:qx, "~> 0.11", hex: :qx_sim},
    {:exla, "~> 0.12"}  # Add this line (match Qx's Nx version)
  ]
end
Step 2: Install and configure:
mix deps.get

Create or edit config/config.exs:
import Config
config :nx, :default_backend, EXLA.Backend
Note: First-time EXLA compilation takes several minutes. See EXLA installation guide if compilation fails.
Step 3: Verify:
iex> Nx.default_backend()
EXLA.Backend

EXLA + NVIDIA GPU (CUDA)
Best for: Linux/Windows with NVIDIA GPU
Step 1: Install CUDA Toolkit 11.8 or 12.0 and verify with nvcc --version.
Step 2: Set environment variable in your shell profile:
# For CUDA 11.x
export XLA_TARGET=cuda118

# For CUDA 12.x
export XLA_TARGET=cuda120

Step 3: Add EXLA to mix.exs (same as CPU above) and run mix deps.get.
Step 4: Configure in config/config.exs:
import Config
config :nx, :default_backend, {EXLA.Backend, client: :cuda}
Step 5: Verify GPU is detected:
iex> :cuda in EXLA.Client.get_supported_platforms()
true
Troubleshooting: If CUDA is not found, ensure XLA_TARGET is set correctly (echo $XLA_TARGET). For runtime errors, update NVIDIA drivers (nvidia-smi to check).

EXLA + AMD GPU (ROCm)
Best for: Linux with AMD GPU
Step 1: Install ROCm 5.4+ and verify with rocm-smi.
Step 2: Add EXLA to mix.exs (same as CPU above) and run mix deps.get.
Step 3: Configure in config/config.exs:
import Config
config :nx, :default_backend, {EXLA.Backend, client: :rocm}

EMLX + Apple Silicon (Metal)
Best for: macOS M1/M2/M3/M4, no compilation required
Note: EXLA does not support Metal GPU acceleration. For CPU-only acceleration on Apple Silicon, use EXLA CPU instead.
Step 1: Add EMLX to mix.exs:
def deps do
  [
    {:qx, "~> 0.11", hex: :qx_sim},
    {:emlx, github: "elixir-nx/emlx", branch: "main"}  # Add this line
  ]
end
Step 2: mix deps.get (EMLX downloads precompiled binaries automatically).
Step 3: Configure in config/config.exs:
import Config
config :nx, :default_backend, {EMLX.Backend, device: :gpu}
Notes:
	Metal does not support 64-bit floats, but Qx uses Complex64 which is fully supported
	For CPU-only acceleration on Apple Silicon, use EXLA CPU instead


Runtime Backend Selection
Starting with Qx v0.3.0, you can select backends at runtime without compile-time configuration:
qc = Qx.create_circuit(10) |> Qx.h(0) |> Qx.cx(0, 1)

# Run with EXLA backend (even if binary backend is default)
result = Qx.run(qc, backend: EXLA.Backend)

# Run with EXLA + CUDA
result = Qx.run(qc, backend: {EXLA.Backend, client: :cuda})

# Run with EMLX on Apple Silicon
result = Qx.run(qc, backend: {EMLX.Backend, device: :gpu})

# Combine with other options
result = Qx.run(qc, backend: EXLA.Backend, shots: 2048)
The :backend option also works with Qx.get_state/2 and Qx.get_probabilities/2.
You can combine both approaches: set a default in config/config.exs and override it at runtime when needed.

LiveBook Acceleration Snippets
For LiveBook, add the acceleration backend to your Mix.install call:
EXLA CPU (all platforms):
Mix.install([
  {:qx, "~> 0.11", hex: :qx_sim},
  {:exla, "~> 0.12"},
  {:kino, "~> 0.12"},
  {:vega_lite, "~> 0.1.11"},
  {:kino_vega_lite, "~> 0.1.11"}
])

Application.put_env(:nx, :default_backend, EXLA.Backend)
EMLX GPU (Apple Silicon):
Mix.install([
  {:qx, "~> 0.11", hex: :qx_sim},
  {:emlx, github: "elixir-nx/emlx", branch: "main"},
  {:kino, "~> 0.12"},
  {:vega_lite, "~> 0.1.11"},
  {:kino_vega_lite, "~> 0.1.11"}
])

Application.put_env(:nx, :default_backend, {EMLX.Backend, device: :gpu})
EXLA CUDA (NVIDIA GPU): Requires XLA_TARGET env var set (see CUDA setup).
Mix.install([
  {:qx, "~> 0.11", hex: :qx_sim},
  {:exla, "~> 0.12"},
  {:kino, "~> 0.12"},
  {:vega_lite, "~> 0.1.11"},
  {:kino_vega_lite, "~> 0.1.11"}
])

Application.put_env(:nx, :default_backend, {EXLA.Backend, client: :cuda})
Error Handling
Qx provides domain-specific exceptions for clear error messages:
try do
  circuit |> Qx.h(999)
rescue
  Qx.QubitIndexError -> IO.puts("Invalid qubit index!")
  Qx.GateError -> IO.puts("Gate operation failed!")
end
Exception types include QubitIndexError, StateNormalizationError, MeasurementError, ConditionalError, ClassicalBitError, GateError, QubitCountError, and MissingDependencyError. See the hexdocs for details.
Requirements & Limitations
	Elixir 1.18+, Nx 0.12+
	Optional: VegaLite 0.1+ (chart functions only), EXLA 0.12+ or EMLX for acceleration
	Maximum 20 qubits
	Statevector simulation only (no density matrix or noise modeling)

Roadmap
See ROADMAP.md for planned features and the strategic direction of Qx.
Contributing
	Fork the repository
	Create a feature branch (git checkout -b feature/amazing-feature)
	Make your changes and ensure tests pass (mix test)
	Run code quality checks (mix credo --strict)
	Commit and open a Pull Request

For maintainers preparing a release, see RELEASE.md.
License
This project is licensed under the Apache License 2.0.
Acknowledgments
	Built with Nx for numerical computations
	Visualization powered by VegaLite
	Inspired by quantum computing frameworks like Qiskit and Cirq

Version
Current version: 0.10.1
For detailed API documentation, see the hexdocs.


  

    Changelog

All notable changes to this project will be documented in this file.
The format is based on Keep a Changelog,
and this project adheres to Semantic Versioning.
[0.11.0] - 2026-07-13
Release theme — API Review Follow-Through. The API consistency
review's non-breaking follow-through, moved here from ROADMAP.md on
release: the typed-error and docs sweeps, the additive surface the
review called for (circuit appenders, native tdg, OpenQASM facade
delegates), producer hygiene (single instruction-producer surface),
the from_qasm_function/1 module-ergonomics resolution, the
deprecation batch whose removal window opens this minor, the
StateInit/Math tier trim, the principles-doc post-review edits (Iron
Law #6 now driven by moduledoc tier annotations), and the manual-test
Livebook rewrite. A minor release: additive and internal, no breaking
changes (those wait for the 1.0 gate list in the ROADMAP backlog).
Added
	Qx.bell_pair/4 and Qx.ghz/2 — circuit appenders that add
state-preparation gates onto an existing circuit at caller-chosen
qubits (e.g. circuit |> Qx.bell_pair(1, 2) or circuit |> Qx.ghz(0..3)),
complementing the existing Qx.bell_state/1 / Qx.ghz_state/1
creators which build a fresh circuit. bell_pair/4 selects the Bell
state via a which option (default :phi_plus); ghz/2 accepts a
list or range of at least two qubits. The zero-/one-arg creators are
now thin wrappers over these appenders — no behaviour change (output
circuits and raised errors are byte-identical). Purely additive,
non-breaking.
	Qx.tdg/2 — native T† (T-dagger) gate, completing the {s, sdg, t, tdg} phase-gate family. Full support across run/2/steps/2
simulation, circuit drawing ("T†"), and OpenQASM export/import
round-trip.
	Qx.to_qasm/2, Qx.from_qasm/1, Qx.from_qasm!/1 — facade delegates
to Qx.Export.OpenQASM, so OpenQASM interop is reachable directly from
the top-level Qx module. (from_qasm_function/1 remains on
Qx.Export.OpenQASM pending a separate atom-vs-string change.)
	Qx.barrier/2 now accepts a range (e.g. Qx.barrier(qc, 0..3)) as well
as a list — the same single-barrier instruction either way.
	Qx.QuantumCircuit.initial_state/1 — returns the circuit's initial (|0…0⟩)
state vector, a clearly-named replacement for the misleadingly-named
get_state/1 (see Deprecated).

Changed
	OpenQASM import (from_qasm) now maps the tdg stdgate to a native
:tdg instruction instead of decomposing it to phase(-π/4).
Semantically identical simulation result; enables an instruction-exact
tdg round-trip. Fixed the circuit-drawing labels for sdg ("S†")
and tdg ("T†") — sdg previously raised {:unsupported_gate, :sdg}
when drawn.

Deprecated
Deprecation batch (findings T1-04/06/08/14, R-02, B-01/05/06/07) — the v0.11
window opens; all still work, removals at 1.0:
	Qx.barrier_all/2 → use Qx.barrier/2 (now accepts a list or range; the two
produce the same single-barrier instruction). barrier_all/1 (barrier over
every qubit) stays.
	Qx.superposition/1 → use Qx.create_circuit(n) |> Qx.h_all().
	Qx.QuantumCircuit.get_state/1 → use Qx.QuantumCircuit.initial_state/1. The
old name was misleading: it returns the circuit's initial recipe state, not
a run result (Qx.get_state/1 runs the circuit). reset/1/depth/1 cover the
other intents.
	Passing a Qx.Register to Qx.draw_state/2 / Qx.Draw.state_table/2 — emits
a runtime warning; use circuit mode (Qx.get_state/1 or a Qx.Step).
	Soft (documentation-only, no warning): Qx.run/2's bare-integer shots
shorthand Qx.run(qc, 1000) — prefer Qx.run(qc, shots: 1000). Still fully
supported; the integer overload may be removed in Qx 1.0.

The v0.11 StateInit/Math tier trim (findings R-07/R-08/R-13): both
modules stay public with a trimmed supported surface — StateInit
keeps basis_state/2,3; Math keeps normalize/1 and
probabilities/1. Everything below still works but is @deprecated
and will be removed in Qx 1.0:
	Qx.StateInit named-state constructors (9) — named states are
prepared in circuit mode:	zero_state/1,2 → basis_state(0, Integer.pow(2, num_qubits))
(circuits already start in |0…0⟩)
	one_state/0,1 → basis_state(1, 2)
	plus_state/0,1 → Qx.create_circuit(1) |> Qx.h(0)
	minus_state/0,1 → Qx.create_circuit(1) |> Qx.x(0) |> Qx.h(0)
	superposition_state/1,2 → Qx.Patterns.superposition_circuit/1
	bell_state_vector/0,1,2 → Qx.bell_state/1
	ghz_state_vector/1,2 → Qx.ghz_state/0
	random_state/1,2, w_state/1,2 → no replacement (recipes in the
deprecation notices)


	Qx.Math linear-algebra helpers (8) — drop-in Nx/Complex
equivalents:	apply_gate/2 → Nx.dot/2
	identity/1 → Nx.eye/1
	complex/1,2 → Complex.new/2
	kron/2, inner_product/2, outer_product/2, trace/1 →
one-line Nx pipelines (in the deprecation notices)
	unitary?/1 → direct U†U ≈ I check (recipe in the docs)



Removed
	Qx.Math.complex_to_tensor/1 and Qx.Math.tensor_to_complex/1 —
dead internal @doc false converters (never part of the public API;
the gate-matrix builders use complex_matrix/1).

Changed
	Qx.Behaviours.QuantumState demoted to internal (@moduledoc false,
no stability guarantee) per finding R-13 — its sole implementor is
the internal calc-engine register; Qx.QuantumCircuit follows the
shape only by convention. Callbacks are intact and removal is
deferred to 1.0, following the v0.10 calc-mode demotion precedent.
	Qx.SimulationResult.filter_by_probability/2 now accepts any number
in 0..1 for the threshold — the integers 0 and 1 are valid
probabilities (previously only floats were accepted; integer 1
crashed). Additive/non-breaking; the @spec widened from float()
to number().
	Qx.rx/ry/rz/phase (and the Qx.Operations equivalents) now validate
their angle/phase parameter at build time, raising
Qx.ParameterError immediately rather than letting a non-numeric
parameter detonate later inside the simulator. Non-breaking (matches
the existing u/cp/crx/cry/crz behaviour).
	Docs sweep: the Qx.rx/ry/rz/phase angle-parameter @specs widened
from float() to number(), matching the already-number()
u/cp/crx/cry/crz family and the runtime behaviour (integer angles
have always been accepted). Additive/non-breaking; documents an
existing contract, no version bump.

Documentation
	test/qx_manual_test.livemd rewritten onto the tier-1 circuit surface and
expanded from a gate gallery into a full manual test suite: §1's Bloch cells
moved off the demoted calc-mode Qx.Qubit API (the U cell now exercises the
real Qx.u/5), the deprecated Qx.superposition/1 preset replaced with its
create_circuit |> h_all idiom, and S†/T† round-trip cells added. Five new
sections: Step-Through Inspection (incl. a seeded deterministic trajectory),
Composite Patterns & Appenders (bell_pair/ghz at offset qubits),
OpenQASM Round-Trip (incl. the native tdg and from_qasm_function
codegen), Measurement Bases (measure_x/y/z eigenstate contrasts), and a
Quantum Teleportation capstone (Bell pair + mid-circuit measurement + two
c_if corrections, verified at state level with a seeded run). All 61
content cells verified headlessly; every checkable # Expected: claim asserted
numerically.
	Principles-doc post-review edits (findings T1-09/17/18, B-13; tension #7):
spec/api-design-principles.md §6 gains naming-family rows for
run/steps, c_if, barrier, *_chain, and the prep appenders
(bell_pair, ghz), plus a Documented exceptions subsection
(Qx.version/0, the measure_z/3 basis-teaching alias, and
Qx.get_state/2's typed raise on measured circuits); tensions #6/#7/#8
recorded as adjudicated. Iron Law #6's covered surface is now defined by
each module's moduledoc tier annotation (§3) instead of a
hand-maintained flat list — tier openers added to the five modules that
lacked one (StateInit, Math, Hardware.Config, Draw.Image,
Draw.StateTable).
	Qx.Export.OpenQASM.from_qasm_function/1: documented the safe way to obtain
the callable generated module — compile source and use the module atom that
Code.compile_string/1 returns ([{mod, _bin}] = Code.compile_string(source))
— with an explicit caveat against interning the module string into an atom
yourself on untrusted input (atom-table exhaustion). Moduledoc + README.
	Docs sweep across the tier-1/2 surface (findings
B-08/B-15/R-12/R-15/T1-11/15/16): mechanical, non-breaking.	Added @spec to the 47 supported public functions that lacked one
(Qx.Operations gate builders, Qx.QuantumCircuit, Qx.Draw,
Qx.Math.normalize/1 + probabilities/1, Qx.StateInit.basis_state/3,
Qx.Export.OpenQASM.to_qasm/2). The declared-public surface is now
fully specced except the @deprecated orphans (removed at 1.0).
	Added a one-line ## Returns section to the 55 Qx facade functions
that lacked one, and grounded ## Raises sections to the 18 facade
functions that raise a typed error but did not document it.
	The tier-2 utility modules Operations, Patterns, Simulation,
Draw, Export.OpenQASM, and Hardware now open their moduledoc
with the §3 tier marker ("Utility module: reached from Qx.* in
normal use"). Math and StateInit keep the trimmed-supported-
surface framing they got in the v0.11 tier trim. The tier-1 struct
modules (QuantumCircuit, SimulationResult, Step) open with a
tier-1 marker instead.
	The tap_state/tap_probabilities "executes all instructions —
use sparingly" warning is now on the Qx facade docs, not only the
Qx.Operations docs.
	Fixed stale Qx.Export.OpenQASM doc examples (Qx.circuit →
Qx.create_circuit, Qx.cnot → Qx.cx).



Fixed
	Typed-error sweep #3 (findings B-09/B-14/T1-10/R-04/R-09/R-10):
public functions that leaked a raw FunctionClauseError on invalid
input now raise a typed Qx.*Error. Non-breaking — every input
below already crashed; only the exception type improves:	Qx.create_circuit/1,2 — non-integer qubit count →
Qx.QubitCountError; non-integer/negative classical-bit count →
Qx.ClassicalBitError
	single- and two-qubit gate builders (Qx.h/x/y/z/rx/…, Qx.cx/…)
— non-integer qubit index → Qx.QubitIndexError
	Qx.bell_state/1 (Qx.Patterns.bell_state_circuit/1) — unknown
selector → Qx.OptionError
	Qx.ghz_state / Qx.Patterns.ghz_state_circuit/1 — count < 2 or
non-integer → Qx.QubitCountError
	Qx.Operations.c_if/4 — non-integer classical bit →
Qx.ClassicalBitError
	Qx.StateInit.basis_state/2,3 — non-integer/negative index,
index >= dimension, or non-positive dimension → Qx.BasisError
	Qx.SimulationResult.filter_by_probability/2 — out-of-range or
non-number threshold → Qx.OptionError


	Qx.Math.normalize/1 on an all-zero vector previously returned a
silent NaN tensor; it now raises Qx.StateNormalizationError
(finding R-09). Valid-input behaviour is unchanged, and the
simulation renormalization hot path is untouched (it uses an internal
unchecked kernel that never sees a zero-norm state).

[0.10.1] - 2026-07-04
Fixed
	README corrected against the released 0.10 surface (docs-only
release; no code changes). The install snippets were broken outright
({:qx_sim, "~> 0.8.0"} is the wrong app atom; Livebook cells
pinned ~> 0.6.0), the Bell quick-start showed counts a
measurement-free circuit can never produce, the GHZ example showed
pre-0.10 list-shaped counts keys, and the from_qasm_function/1
recipe predated the 0.9 full-module source shape. Also: nonexistent
RemoteError replaced with MissingDependencyError, Nx floor
corrected to 0.12, VegaLite documented as optional, and the stale
QxServer naming replaced with Qx.Hardware + Qx Portal. Every
corrected example was executed against 0.10.0 before landing.

[0.10.0] - 2026-07-04
The "Step-Through API & Public-API Streamlining" minor: circuit mode
becomes inspectable one operation at a time, and the public surface is
cleaned up around it, including a clean-break rework of the Draw layer
decided while v0.10 was still unpublished.
Added
	Qx.draw_circuit/2: facade delegate for circuit diagrams (the README
no longer needs tier-2 Qx.Draw.circuit/2). Returns a
Qx.Draw.Image.
	Qx.Draw.Image and Qx.Draw.StateTable: artifact structs returned
by draw_bloch/draw_circuit and draw_state. Plain data with one
static shape everywhere — Inspect for IEx, raw SVG/text/markdown/
HTML fields for standalone use, and rich Livebook rendering via
Kino.Render.
	Kino.Render implementations (active only when Livebook provides
the optional kino dependency) for Qx.QuantumCircuit (a cell
returning a circuit renders its diagram), Qx.SimulationResult
(counts table), Qx.Step (state table), Qx.Draw.Image, and
Qx.Draw.StateTable.
	Qx.MissingDependencyError: typed error naming the exact deps line
to add when an optional dependency is required.

Changed
	Breaking (pre-release, v0.10 never shipped): every draw function
now returns one static type in every environment. Qx.draw/2,
draw_counts/2, draw_histogram/2 return VegaLite.t() only;
draw_bloch/2 returns Qx.Draw.Image; draw_state/2 returns
Qx.Draw.StateTable. The :format option is gone everywhere, and
draw_state no longer sniffs for Kino at runtime (the same call
returned %Kino.Markdown{} in Livebook and a string in a release).
	Breaking: tier-2 Qx.Draw names now follow the facade
(Qx.draw_X delegates to Qx.Draw.X): plot_counts is now
counts, bloch_sphere is now bloch.
	vega_lite is now an optional dependency: only the three
VegaLite-returning chart functions need it, and they raise
Qx.MissingDependencyError when it's absent.
	The docs and README now teach one path: build a circuit, run it, and
step through it with Qx.steps/2 / Qx.Step.show/1 when you want to
see the state evolve. The "Which h am I calling?" grid, the
two-modes framing, and the calc-mode README sections are gone; a
short migration note in the README maps old calc-mode pipelines onto
the stepper.
	Breaking (pre-release): Qx.Draw.circuit/2 (and the new
Qx.draw_circuit/2) returns a Qx.Draw.Image instead of a raw SVG
string. Where 0.8.x docs said File.write!(path, svg), write
image.svg.

Deprecated
	Qx.Qubit and Qx.Register (calc mode) are demoted to an internal
engine: hidden from the generated docs, dropped from the declared
public surface, and carrying no stability guarantee from here on.
Both modules still compile, run, and pass their tests, so existing
notebooks keep working. Removal or restructuring is deferred to v1.0.

Removed
	The hand-rolled SVG chart renderer (format: :svg on
draw/draw_counts/draw_histogram): a usage inventory found no
consumer anywhere. SVG remains the artifact for Bloch spheres and
circuit diagrams via Qx.Draw.Image.

	The VegaLite Bloch-sphere projection: the SVG Bloch renderer is the
single Bloch path (its visual upgrade is scheduled for v0.11).

	Qx.steps/1,2 and %Qx.Step{}: a lazy stream of per-operation steps for
walking through a circuit's execution. Works on circuits with mid-circuit
measurement and c_if (one stochastic trajectory per materialisation;
seed: reproduces a trajectory without touching the caller's process
:rand state). Each step carries the operation, the statevector after it,
its probabilities, the classical bits so far, and a taken/not-taken flag on
conditional steps.

	Qx.Step.show/1: the Qx.Register.show_state/1 display map (Dirac string,
amplitudes, probabilities) for any step, plus a readable single-line
Inspect rendering.

	Qx.tap_state/2 and Qx.tap_probabilities/2 now share the stepper's
execution path internally. No behaviour change: same values, same
Qx.MeasurementError contract on measured/conditional prefixes.

	Qx.StateInit.bell_state/0,1,2 and Qx.StateInit.ghz_state/1,2, the
deprecated state-vector aliases: use bell_state_vector/0,1,2 and
ghz_state_vector/1,2. The circuit-returning Qx.bell_state/0,1 and
Qx.ghz_state/0 facades are unaffected. Deprecated through 0.8.x;
window closed.

	Qx.Math.basis_state/2, the f32 shim deprecated in 0.8.x: use
Qx.StateInit.basis_state/3 (c64, matching the quantum-state surface).

	Qx.histogram/1,2: use Qx.draw_histogram/1,2, in place since one
minor before this release.


Fixed
	SimulationResult.counts keys are now the binary strings the docs
always promised (%{"10" => 507}), instead of the bit-lists
(%{[1, 0] => 507}) the simulator actually emitted since its first
release. The type, every doc, and every doctest specified string
keys; the engine never produced them, and helpers like
Qx.SimulationResult.probability(result, "0") could never match a
real result. Hardware (QPU) results already used string keys, so the
two run paths now share one contract. Keys join each shot's
classical bits in measurement order — identical to the labels
Qx.draw_counts/2 renders, so charts are unchanged. Behaviour change: code that
pattern-matches list keys out of result.counts must switch to
strings (counts[[1, 0]] → counts["10"]). result.classical_bits
still holds per-shot bit lists, as documented.

	Circuits containing a barrier no longer raise
Qx.GateError: Unsupported gate: :barrier when executed. Every
barrier producer (Qx.barrier/2, Qx.barrier_all/1,2, OpenQASM
import) stores the instruction with the spanned qubit list, but the
simulation engine only treated the 0-qubit shape (which nothing
produces) as a no-op, so run/2, get_state/2, and steps/2 all
raised. Barriers are now a no-op at any arity and do not advance the
renormalize: n gate counter; Qx.steps/2 still yields a step for
them with the state unchanged.

	Qx.tap_state/2 and Qx.tap_probabilities/2 (and their Qx.Operations
counterparts) now execute the circuit's instructions before invoking the
inspection function. Previously they read the circuit's stored initial
state, so the tap always saw |0...0⟩ regardless of the gates applied
before it, contradicting their documentation. Both taps now raise
Qx.MeasurementError when the circuit so far contains measurements or
conditionals, matching Qx.Simulation.get_state/2; tap before the first
measure/3 or c_if/4 in the pipeline.


0.9.0 - 2026-07-01
Changed
	The IBM Quantum client now retries transient GET failures
(retry: :safe_transient) instead of failing on the first blip, and raises
the /results receive timeout to 60 s for multi-MB Sampler V2 results.
Qx.Hardware.Portal GETs retry transiently too; POST requests (IAM exchange,
job submission, transpile) are never auto-replayed.

	Raised minimum runtime dependency versions: nx ~> 0.12 (was ~> 0.10),
complex ~> 0.7 (was ~> 0.6, now required by nx 0.12), and req ~> 0.6
(was ~> 0.5). No Qx API or numerical changes; Nx 0.12 renders float32
tensors at native precision, so two Qx.Math doctests were updated to match.


Security
	Qx.Hardware.Ibm and Qx.Hardware.Portal HTTP error tuples
({:error, {:http, status, body}}) no longer echo the full decoded response
body, which could carry echoed request context. The body is reduced to a
recognised error message or a generic marker, bounded to ~256 characters.
Behaviour change: the third element is now a bounded string rather than
the raw response map/body.

	Qx.Hardware.Config now rejects plaintext http:// URLs to non-loopback
hosts for portal_url, base_url, and iam_url. These carry the portal
bearer token and route IBM IAM token exchange, so a remote http URL would
expose them in cleartext. http:// stays valid for loopback hosts
(localhost, 127.0.0.1, ::1) so local mocks and dev are unaffected.
Behaviour change: a config with a remote http URL now raises
Qx.Hardware.ConfigError instead of being accepted.

	The OpenQASM importer now caps parenthesis nesting depth (64) before parsing.
The expression grammar recurses one frame per (, so a ((((…)))) chain
within the 1 MB source cap could exhaust the stack (:enomem); deeply nested
input now raises Qx.QasmParseError.

	Qx.Export.OpenQASM.from_qasm_function/1 now wraps the generated code in a
unique Qx.Generated.<Name>_<hash> module instead of returning a bare def,
so a downstream Code.compile_string/1 can no longer inject an
attacker-named helper into the caller's module. Behaviour change: the
returned source is a defmodule, and the result map gains a :module key.


0.8.1 - 2026-06-27
Added
	Qx.draw_histogram/2, replacing Qx.histogram/2. The new name
matches the rest of the Qx.draw* family (Qx.draw/2,
Qx.draw_counts/2, Qx.draw_bloch/2, Qx.draw_state/2).

	Qx.StateInit.bell_state_vector/2 and Qx.StateInit.ghz_state_vector/2,
the canonically-named state-vector constructors. The _vector suffix
names the return type, disambiguating these from the circuit-returning
Qx.bell_state/1 and Qx.ghz_state/0.


Deprecated
	Qx.StateInit.bell_state/2 and Qx.StateInit.ghz_state/2 in favour of
the _vector-suffixed names above. Both keep working through 0.8.x —
they delegate verbatim to the new functions — and are scheduled for
removal in v0.9.

Changed
	Qx.Patterns.bell_state_circuit/1 and Qx.Patterns.ghz_state_circuit/1 are
now @doc false. The documented entry points for these circuits are the
Qx.bell_state/1 and Qx.ghz_state/1 facades, which delegate to them; the
Patterns functions remain callable (no API change), they just no longer
appear as separate HexDocs pages.

	Public API surface is now declared explicitly (no API change). Iron
Law #6 now guards the modules README and the tutorials actually treat as
primary surface: Qx.Qubit, Qx.Register, Qx.StateInit, Qx.Patterns,
Qx.Math, Qx.Hardware, Qx.Hardware.Config, Qx.Export.OpenQASM, and
Qx.Draw (alongside the previously-declared Qx, Qx.QuantumCircuit,
Qx.Operations, Qx.Simulation, Qx.SimulationResult, Qx.Behaviours.*).
Internal helpers no longer appear in the published docs — Qx.Validation,
the Qx.Draw.SVG.* and Qx.Export.OpenQASM.* sub-modules, and
Qx.Hardware.Ibm / Qx.Hardware.Portal are now @moduledoc false. Every
function stays callable; the typed Qx.*Error exceptions remain part of the
public contract.

	Typed errors for the last raw ArgumentErrors in Qx.Validation
(plan: iron-law-7-followon). Completes the Iron Law #7 pass begun
in 0.8.0. Qx.Validation now raises typed exceptions instead of
ArgumentError:
	a non-numeric gate parameter raises the new Qx.ParameterError
(carries the offending :value);
	duplicate qubit indices raise Qx.QubitIndexError;
	a state-vector shape mismatch raises Qx.StateShapeError.

Observable on the public rotation/phase gates Qx.rx/3, ry/3,
rz/3, u/5, cp/4, crx/4, cry/4, crz/4 (and their
Qx.Operations equivalents): a non-numeric angle now raises
Qx.ParameterError rather than ArgumentError. Code rescuing the
old ArgumentError must be updated.

	Typed errors across the rest of the public surface
(plan: iron-law-7-sweep). Clears the remaining raw ArgumentErrors
and one stray FunctionClauseError from the public API, finishing the
Iron Law #7 work begun in 0.8.0. Two new exceptions:
	Qx.RegisterError — register construction input (an empty list, a
malformed qubit, or a renderer handed a non-register); carries a
:reason.
	Qx.BasisError — a computational basis value that is not 0 or 1;
carries the offending :value.

Retyped surfaces — code rescuing the old ArgumentError /
FunctionClauseError must be updated:
	Qx.Register.new/1 and Qx.Register.from_basis_states/1 →
Qx.RegisterError / Qx.BasisError;
	the register two-qubit distinctness gates (cx, cz, cy,
ccx, swap, iswap, cswap, and the controlled-target gates)
→ Qx.QubitIndexError;
	Qx.Qubit.from_basis/1 → Qx.BasisError;
	Qx.Draw.* plots and Qx.Draw.Tables.render/2 with an invalid
:format → Qx.OptionError; a non-register input →
Qx.RegisterError;
	Qx.Export.OpenQASM.to_qasm/2 with an invalid :version →
Qx.OptionError;
	Qx.Draw.circuit/2 on a malformed circuit →
Qx.QubitCountError / Qx.GateError / Qx.QubitIndexError /
Qx.ClassicalBitError;
	Qx.u/5 with an out-of-range qubit now raises
Qx.QubitIndexError instead of FunctionClauseError, matching
rx/ry/rz/cp.



Deprecated
	Qx.histogram/2 is deprecated. Use Qx.draw_histogram/2 instead.
Emits a compile-time warning and is hidden from ExDoc. Scheduled
for removal in v1.0.

0.8.0 - 2026-05-22
Added
	Full calc-mode gate parity on Qx.Register
(plan: api-cleanup-phase-b). Eight gates that previously existed
only in circuit mode are now available on Qx.Register as direct
state-vector evolutions:
	Qx.Register.cy/3: controlled-Y
	Qx.Register.crx/4, cry/4, crz/4: controlled rotations
	Qx.Register.cp/4: controlled-phase
	Qx.Register.swap/3, iswap/3: two-qubit swaps
	Qx.Register.cswap/4: Fredkin (controlled-SWAP)
	Qx.Register.u/5: general single-qubit unitary

All five controlled-target gates (cy, crx, cry, crz, cp)
share an apply_controlled_target/4 internal helper that lifts a
2×2 gate matrix into the full controlled two-qubit unitary via the
internal Qx.Gates.controlled_gate factory and applies it to
register.state.

	Basis-explicit measurement on Qx.Qubit
(plan: api-cleanup-phase-b). Qx.Qubit.measure_x/1, measure_y/1,
and measure_z/1 return the probability distribution in the X, Y,
and Z bases respectively (the Z form is an alias of the existing
measure_probabilities/1 for symmetry). Maps directly to QAAL Mx,
My, Mz. Implementation reuses the existing single-qubit gate
pipeline (H for X-basis, Sdg ; H for Y-basis).

	Named circuit recipes consolidated under Qx.Patterns
(plan: api-cleanup-phase-b). New helpers
Qx.Patterns.bell_state_circuit/1, ghz_state_circuit/1, and
superposition_circuit/1. The top-level Qx.bell_state,
Qx.ghz_state, and Qx.superposition now delegate to these
helpers (no break: old call sites continue to work). Two of the
three got new optional arguments: Qx.ghz_state(num_qubits \\ 3)
and Qx.superposition(num_qubits \\ 1): previously hardcoded to
3 and 1 qubits respectively.


Changed
	Qx.Behaviours.QuantumState now has callbacks (and an
implementor). Previously a dead behaviour that no module
implemented: Qx.Register now declares @behaviour Qx.Behaviours.QuantumState and provides every required callback.
The callback list grew to cover the full Phase B gate surface
(sdg, u, cy, swap, iswap, cp, crx, cry, crz,
ccx, cswap); the new callbacks are listed under
@optional_callbacks so future implementors with smaller surfaces
(e.g. a 2-qubit-only subset) don't need to provide them. Going
forward, adding a gate to the multi-qubit calc-mode surface is
compile-time-enforced to update both the behaviour and Qx.Register.
Single-qubit Qx.Qubit is not an implementor: its functions
take (state) rather than (state, qubit_index), so the
signature is structurally incompatible. Unifying both paradigms
under one behaviour is a v1.0 redesign and is documented in the
behaviour's @moduledoc.

	Qx.Validation.validate_gate_name!/1 removed. It was dead code
(called only from its own tests) with a stale known-gates list
(missing CY/CRx/CRy/CRz/CP added in qaal-parity). The
corresponding test block is removed from validation_test.exs.

	Qx.Validation removed from mix.exs groups_for_modules.
After Phase A's @doc false sweep, only valid_qubit?/2 and
valid_register?/2 remain visible: too thin to warrant a top-level
group. The module page itself is still reachable; the renamed
"Utilities" group lists Qx.Math and Qx.StateInit.

	Internal-only functions hidden from documentation
(plan: api-cleanup-phase-a). A public-API audit found that several
modules labelled "Low-Level Operations" or "Validation & Utilities"
in mix.exs were exporting def functions that are used only inside
the library. The following are now @moduledoc false or
per-function @doc false:
	Qx.Gates, Qx.Calc, Qx.CalcFast, Qx.Format, Qx.ResultBuilder:
entire modules tagged @moduledoc false. Removed from mix.exs
groups_for_modules. Functions remain callable for advanced users;
they just no longer appear in ExDoc or IDE auto-complete.
	Qx.QuantumCircuit.add_gate, add_two_qubit_gate,
add_three_qubit_gate, add_measurement: @doc false. The
user-facing API is Qx.h(qc, 0) etc.; these are internal helpers.
	Qx.Validation validate_*! family (10 functions): @doc false.
Internal Iron Law #7 contracts. The user-facing predicates
Qx.Validation.valid_qubit?/2 and valid_register?/2 remain
public.
	Qx.Math.complex_to_tensor, tensor_to_complex, complex_matrix:
@doc false. The rest of Qx.Math (complex/2, identity/1,
unitary?/1, probabilities/1) stays public.

No call site breaks. Existing tests pass unchanged.

	Qx.Qubit.draw_bloch/2 converted from a def wrapper to a
defdelegate. Behaviour unchanged.

	Qx.Error @moduledoc rewritten to be accurate. The previous
text described it as a "base exception" Qx users could rescue to
catch any Qx error. Elixir exceptions do not inherit, so
rescue Qx.Error catches nothing today: the docstring now says
so explicitly and lists every typed exception users actually need
to rescue.


Deprecated
	Qx.Math.basis_state/2 is deprecated: use
Qx.StateInit.basis_state/3 instead. The two functions returned
different types (Math was f32, StateInit is c64), and the StateInit
form is the canonical one. The deprecated function emits a
compile-time warning and is hidden from ExDoc; it will be removed
in v1.0.

Fixed
	Qx.QuantumCircuit.new now enforces the documented 1..20-qubit cap
at both bounds (plan: api-cleanup-phase-a, finding D3). Previously:
new(25) silently created an over-cap circuit (upper bound unchecked
on this path); new(0) raised FunctionClauseError via a guard
(lower bound untyped). Both paths now raise Qx.QubitCountError
consistently: the function calls the internal validate_num_qubits!
validator on every input. Closes Iron Law #7 holes at both bounds,
surfaced by .claude/plans/public-api-audit/plan.md.

BREAKING
	Typed errors at public API boundaries (Iron Law #7). Out-of-range
qubit indices, duplicate qubit indices, classical-bit OOR, invalid
conditional values, and unsupported gates now raise the matching
Qx.*Error exception instead of FunctionClauseError, ArgumentError,
or RuntimeError. Resolves C1/C2/C3 of
.claude/audit/reports/arch-review.md.
	Qx.QuantumCircuit.add_gate/4, add_two_qubit_gate/5,
add_three_qubit_gate/6, add_measurement/3 now raise
Qx.QubitIndexError for out-of-range or duplicate qubits, and
Qx.ClassicalBitError for out-of-range classical-bit indices.
	Qx.Operations.barrier/2 now raises Qx.QubitIndexError.
	Qx.Operations.c_if/4 now raises Qx.ClassicalBitError
(out-of-range bit) and Qx.ConditionalError (invalid value,
non-function gate_fn, nested conditional).
	Qx.Simulation.run/2 (and the Qx.run/2 delegate) now raises
Qx.GateError, {:unsupported_gate, gate_name} instead of
RuntimeError for unsupported gate names at any arity.
	Qx.QuantumCircuit.set_state/2 now raises Qx.StateShapeError
instead of ArgumentError on size or rank mismatch.
	Qx and Qx.Operations docstring ## Raises sections updated
accordingly.

Migration: rescue clauses matching FunctionClauseError,
ArgumentError, or RuntimeError at these public call sites must
be updated to the matching Qx.*Error exception. The same try
block can rescue Qx.Error to catch any Qx-raised exception.
Known deferred (not fixed in 0.8.0): Qx.Validation
(validate_qubits_different!, validate_state_shape!,
validate_parameter!) still raises bare ArgumentError; Qx.Qubit
and Qx.Register still raise ArgumentError from public functions;
Qx.Operations.u/5 still fires FunctionClauseError for OOR qubit
(its own bounds guard). These map to arch-review findings H1, M3,
M4, M5 and are scheduled for a follow-on Iron Law #7 sweep.


Added
	Qx.StateShapeError: new exception type raised by
Qx.QuantumCircuit.set_state/2 when the supplied state vector's
shape doesn't match {2^num_qubits}. Carries :actual and
:expected size fields.

	Qx.QubitIndexError {:duplicate, qubits} constructor. New
exception/1 clause to raise on distinct-indices violations (e.g.
CNOT with control == target, Toffoli with repeated qubits).
Message: "Qubit indices must be distinct, got: [...]".

	Controlled rotations: Qx.cy/3, Qx.crx/4, Qx.cry/4, Qx.crz/4
(plan: qaal-parity). Standard controlled-Pauli-Y and controlled
rotation gates, mapping directly to QAAL CY/CRx/CRy/CRz and
OpenQASM 3 cy/crx/cry/crz. Simulation handlers reuse the
existing two-qubit controlled_gate/4 contraction. The OpenQASM
importer (Qx.Export.OpenQASM.from_qasm/1) now also recognises these
gates: previously they were in the unsupported-stdgates set.

	Basis-explicit measurement: Qx.measure_x/3, Qx.measure_y/3,
Qx.measure_z/3 (plan: qaal-parity). Match QAAL Mx/My/Mz
classical-outcome semantics: measure_x lowers to H ; Mz,
measure_y lowers to Sdg ; H ; Mz, measure_z is an alias of
measure/3 for symmetry. Note: Qx's simulator samples in the
computational basis at end-of-circuit, so the post-measurement
quantum state stays Z-basis-aligned (not rotated back into the
X-/Y-basis eigenstate): the classical outcome is what tutorials
care about and matches QAAL.

	Qx.Patterns sub-register overload (/2 arity)
(plan: qaal-parity). h_all/2, x_all/2, y_all/2, z_all/2,
measure_all/2, barrier_all/2 accept a list or Range of qubit
indices in addition to the existing whole-circuit /1 form. Lets
tutorials operate on a sub-register without re-deriving qubit ranges
by hand: Qx.h_all(qc, 0..2), Qx.measure_all(qc, [0, 2]). Empty
list/range is a no-op.

	Qx.Patterns: composite circuit-building helpers. New module
providing seven thin wrappers over Qx.Operations for the recurring
"apply to every qubit" / "CNOT chain" motifs that appear in tutorials
(Grover diffuser, Bernstein-Vazirani oracle, GHZ preparation):
	Qx.Patterns.h_all/1, x_all/1, y_all/1, z_all/1: apply the
single-qubit gate to every qubit in the circuit.
	Qx.Patterns.measure_all/1: measure qubit i into classical bit
i for all qubits. Raises Qx.ClassicalBitError if
num_classical_bits < num_qubits (caller owns circuit shape: no
auto-grow).
	Qx.Patterns.barrier_all/1: single barrier across every qubit.
	Qx.Patterns.cx_chain/2: linear CNOT cascade
(cx(q0,q1) → cx(q1,q2) → …) along the supplied qubit list;
[] and [q] are deliberate no-ops.

All seven are also exposed at the top level (Qx.h_all/1,
Qx.measure_all/1, …) via defdelegate. Purely additive: no
breaking change. Out-of-range qubit indices propagate the existing
typed Qx.QubitIndexError inherited from
Qx.QuantumCircuit.add_* / Qx.Validation.

	Configurable statevector renormalization + dev/test norm-drift
guard in Qx.Simulation.run/2 / Qx.run/2 (qx-53v). New
:renormalize option (default false: fully backwards compatible,
zero cost when off): true renormalizes at measurement-time; a
positive integer N renormalizes every N gates and at
measurement-time; any other value raises the new typed
Qx.OptionError. A compile-time-gated assertion
(Application.compile_env(:qx, :assert_norm, false), on in :test,
off in :prod/:dev) fails fast if a circuit's total probability
drifts beyond 1.0e-6. Note: states are :c64 (float32), so the
practical norm-accuracy floor is ~1e-7; renormalization bounds drift
rather than eliminating it.


0.7.1 - 2026-05-16
Fixed
	Qx.Hardware.connect/2 now supports discovery before a backend is
chosen. It previously hard-validated backend ∈ backends_list and
returned a Qx.Hardware.ConfigError on a blank backend, which broke
the connect-then-pick flow (e.g. a UI populating a backend dropdown
from the connect result). Blank (nil/""/whitespace) backend now
skips the membership check and returns the populated config; a
set backend is still validated (catches typos early). run/3,
run!/3, and submit_qasm/3 now reject a blank backend up front
with a clear ConfigError instead of failing deep in an IBM call.

Security
	Qx.Hardware.Config no longer leaks credentials via inspect/1
(qx-o9h). Added @derive {Inspect, except: [...]} so :portal_token,
:ibm_api_key, :ibm_crn, and :access_token are redacted in all
inspect output (Logger, BEAM crash reports, error tuples embedding
the struct). Non-secret fields remain visible.

0.7.0 - 2026-05-15
BREAKING
	Removed Qx.Remote, Qx.Remote.Config, and Qx.RemoteError. The qx_server-based hardware path has been replaced by direct-to-IBM execution via Qx.Hardware. There is no shim; the credential shape and call sites are different.
Migration:
# before (0.6.x)
config = Qx.Remote.Config.new!(url: "...", api_key: "...")
{:ok, result} = Qx.Remote.run(circuit, config, backend: "ibm_brisbane", shots: 4096)

# after (0.7.x)
config =
  Qx.Hardware.Config.new!(
    portal_url: "https://api.qxquantum.com",
    portal_token: "<qxportal token>",
    ibm_api_key: "<ibm cloud api key>",
    ibm_crn: "<ibm quantum service crn>",
    ibm_region: "us-east",
    backend: "ibm_brisbane",
    shots: 4096
  )

{:ok, result} = Qx.Hardware.run(circuit, config)
The new Qx.Hardware.Config.from_env!/1 reads QX_PORTAL_URL, QX_PORTAL_TOKEN, QX_IBM_API_KEY, QX_IBM_CRN, QX_IBM_REGION, QX_IBM_BACKEND for a one-liner setup.


Added
	Qx.Hardware: public namespace owning the full direct-to-IBM execution pipeline (IAM exchange → qxportal transpile → IBM submit → poll → result-build).
	Qx.Hardware.Config: credential + execution-preference struct (portal_url, portal_token, ibm_api_key, ibm_crn, ibm_region, backend, optimization_level, shots). Validates region against the IBM allowlist, optimization_level 0..3, shots 1..100_000, portal URL scheme.
	Qx.Hardware.Ibm: Req-based client for IBM Quantum (Qiskit Runtime REST API). IAM exchange + 401-refresh-retry, backends list, backend configuration, Sampler V2 submission, poll loop with Pascal-Case status allowlist, sample-aggregation to counts, best-effort cancel.
	Qx.Hardware.Portal: Req-based client for the qxportal /api/v1/me and /api/v1/transpile endpoints. Atomize allowlist for response keys.
	Qx.Hardware.NoMeasurementsError: raised when a circuit submitted to hardware has no measure/2 instructions.
	Qx.Hardware.ConfigError: typed validation error for Qx.Hardware.Config.
	Privacy invariant: two independent HTTP clients; the portal token never reaches IBM, and the IBM API key/CRN never reach the portal.
	Status callback: pipeline progress events ({:portal, :transpiling}, {:ibm, :polling, status}, …). All atoms literal (Iron Law #1: no String.to_atom on caller input).

Removed
	Qx.Remote, Qx.Remote.Config, Qx.RemoteError (see BREAKING above).
	examples/remote/: superseded by examples/hardware/run_on_ibm.exs.

Dependencies
	New test-only dep: {:bypass, "~> 2.1"} (HTTP stubbing for portal + IBM tests).
	Explicit pin: {:jason, "~> 1.4"} (previously transitive via Req/Plug).

0.6.0 - 2026-05-04
Added
	OpenQASM 3.0 import: Qx.Export.OpenQASM.from_qasm/1 and from_qasm!/1 parse OpenQASM 3 source produced by Qx itself, by Qiskit, or by IBM Quantum and return a %Qx.QuantumCircuit{}. Round-trips with to_qasm/1 (statevectors match within 1e-10).
	Gate definition codegen: Qx.Export.OpenQASM.from_qasm_function/1 (and the bang variant) parses a gate name(p1, …) a, b { … } definition and returns %{name, arity, source}, where source is an Elixir def … string that compiles via Code.compile_string/1. Function signature: (circuit, params…, qubits…).
	Supported gate set on import: direct mappings for h, x, y, z, s, sdg, t, rx, ry, rz, p, phase, u, u3, cx, CX, cz, swap, iswap, cp, cphase, ccx, cswap. Decompositions for tdg → phase(-π/4), sx → u(π/2, -π/2, π/2), u1(λ) → phase(λ), u2(φ, λ) → u(π/2, φ, λ). id is dropped.
	Typed import errors: Qx.QasmParseError (line/column/snippet) and Qx.QasmUnsupportedError (feature/line/hint) for grammar failures and out-of-scope features respectively.
	Qx.cp/4: controlled-phase gate applying e^(i·θ) to the |11⟩ basis state, required for QFT and QPE circuits
	Qx.swap/3: SWAP gate exchanging the quantum states of two qubits; includes circuit diagram rendering (× symbols connected by a line) and OpenQASM 3 export
	Qx.iswap/3: iSWAP gate exchanging qubit states with an i phase factor on the swapped components; native to superconducting hardware; includes circuit diagram rendering (labelled iSW boxes) and OpenQASM 3 export
	Qx.u/5: general single-qubit unitary gate U(θ,φ,λ) per IBM/OpenQASM 3 convention; subsumes X, Y, Z, H, RX, RY, RZ as special cases; includes circuit diagram rendering and OpenQASM 3 export
	Qx.cswap/4: Fredkin (controlled-SWAP) gate; swaps two target qubits when the control is |1⟩; universal reversible gate used in quantum multiplexers and arithmetic circuits; includes circuit diagram rendering and OpenQASM 3 export

Not supported on import (raises Qx.QasmUnsupportedError)
	Multi-register programs (Qx models a single quantum + single classical register)
	else branches on if (refactor as two if statements)
	Gate modifiers inv @, pow(N) @, ctrl @, negctrl @
	def, for, while, switch, classical types beyond bit, defcal, let, pragma, extern, box, delay, reset
	stdgates cy, ch, crx, cry, crz, cu (no Qx equivalent yet)
	Qiskit-extension gates rxx, ryy, rzz, rzx (not in stdgates.inc)
	Discarded measure q[i]; (Qx requires a classical bit target)
	Complex boolean conditions (&&, ||)

Dependencies
	New runtime dependency: nimble_parsec ~> 1.4 (compile-time parser generator)

0.5.2 - 2026-04-11
Added
	Bell State Extensions - Qx.bell_state/2 now supports all four Bell states: phi_plus (default), phi_minus, psi_plus, and psi_minus

Fixed
	Circuit diagram: measurement arrowhead now terminates at the classical register double line instead of extending 8 px past it
	Bloch sphere rendering: improved wireframe contrast, white halos on axis and state labels, and equatorial projection indicator for clearer visualization

0.5.1 - 2026-03-07
Added
	S-dagger (Sdg) Gate - New sdg gate implementing the S† operation (-π/2 phase rotation on |1⟩)	Qx.sdg/2 for Circuit Mode: adds an sdg gate to a quantum circuit
	Qx.Operations.sdg/2 for direct operations API
	Qx.Qubit.sdg/1 for Calculation Mode on single qubits
	Qx.Register.sdg/2 for Calculation Mode on multi-qubit registers
	Full simulation support in Qx.Simulation (mapped to Qx.Gates.s_dagger/0)
	OpenQASM 3.0 export support (sdg q[0];)
	Validation support for the :sdg gate atom
	Full test coverage including matrix correctness, S·S† = I identity verification, and circuit export


	New LiveBook Tutorials - Expanded tutorial collection at examples/tutorials/	quantum_state_and_qubit.livemd - Introduction to quantum states and single-qubit operations
	quantum_measurement.livemd - Quantum measurement concepts and examples
	systems_of_qubits_and_entanglement.livemd - Multi-qubit systems and entanglement
	quantum_algorithms.livemd - Common quantum algorithms with Qx



0.5.0 - 2026-02-17
Added
	Remote Execution via QxServer - Run quantum circuits on real hardware through QxServer	New Qx.Remote module for submitting circuits, polling job status, and retrieving results
	New Qx.Remote.Config for configuring QxServer connection (URL, API key, timeout)
	New Qx.ResultBuilder for constructing Qx.SimulationResult structs from hardware counts data
	New Qx.RemoteError exception type for remote execution errors
	Example script at examples/remote/run_on_hardware.exs


	Quantum Operations Tutorial - New comprehensive LiveBook tutorial covering quantum gates, Bloch sphere, and two-qubit operations at examples/tutorials/quantum_operations_tutorial.livemd

Changed
	README Restructure - Major reorganization for better new-user experience	Moved Performance & Acceleration section (~380 lines) from between Installation and Quick Start to the end
	Removed API Reference section (duplicated by hexdocs) and Module Structure section
	Added "Understanding the Two Modes" orientation section with comparison table
	Added consolidated Visualization section
	Added links to hexdocs and LiveBook guides
	Reduced README from 1,308 to ~750 lines



Fixed
	Qx.Qubit.draw_bloch/2 now correctly defaults to :vega_lite format (was ignoring the default and using :svg)
	Draw functions (Qx.Draw.plot_counts/2, Qx.Draw.plot/2) now correctly handle SimulationResult structs from hardware backends where counts keys are binary strings
	OpenQASM export formatting improvements

0.4.0 - 2025-12-23
Added
	OpenQASM 3.0 Export - Export quantum circuits to OpenQASM format for real quantum hardware execution	Full support for OpenQASM 3.0 syntax including conditionals
	Export via Qx.Export.OpenQASM.to_qasm/2 with customizable options
	Supports all quantum gates, measurements, barriers, and conditional operations
	Enables seamless integration with IBM Quantum, Rigetti, and other quantum hardware platforms


	Error Handling Documentation (qx-gd5) - Comprehensive CONTRIBUTING.md with error handling philosophy and best practices	Detailed guidelines for error types, messages, and recovery strategies
	Error handling patterns for library developers
	Examples of proper error propagation and context enrichment
	Documentation of all custom error types and their use cases


	Test Coverage Integration (qx-xbf) - Complete test coverage metrics and CI/CD integration	Added ExCoveralls dependency for code coverage reporting
	Achieved 66.4% test coverage across the codebase
	Integrated coverage reporting into CI/CD pipeline
	Configured multiple coverage output formats (HTML, JSON, Cobertura)
	Added GitHub Actions integration for coverage tracking



Changed
	Predicate Function Conventions (qx-7iw) - Enhanced predicate naming and specifications	Added @spec type specifications to all predicate functions
	Improved naming conventions for boolean-returning functions
	Enhanced documentation for predicate function usage patterns
	Better consistency across module APIs


	Module Documentation (qx-sdb) - Verified comprehensive module documentation	Confirmed all modules have proper @moduledoc documentation
	Ensured consistent documentation style across the codebase
	Enhanced module-level descriptions and usage examples



Fixed
	Credo strict mode compliance in OpenQASM export module	Refactored complex pattern matching to reduce cyclomatic complexity
	Used Enum.map_join/3 for better performance
	Added inline Credo exception for legitimate gate mapping complexity



Improved
	Development workflow with better error handling guidelines
	Code quality with comprehensive type specifications
	Test coverage visibility and tracking
	Documentation completeness and consistency
	Hardware integration capabilities via OpenQASM export

0.3.0 - 2025-12-21
Added
	Runtime Backend Selection - Major new feature allowing backend specification at runtime without compile-time configuration	Added :backend option to Qx.run/2, Qx.get_state/2, and Qx.get_probabilities/2
	Users can now specify different backends for different circuits: Qx.run(circuit, backend: EXLA.Backend)
	Supports all Nx backends including EXLA (CPU/CUDA/ROCm) and EMLX (Apple Silicon GPU)
	Combines with other options: Qx.run(circuit, backend: EXLA.Backend, shots: 2048)
	Maintains full backward compatibility with existing code
	Implemented using Nx.with_default_backend/2 for proper scoped execution
	Comprehensive documentation added to README.md with usage examples and best practices



Changed
	Draw Module Refactoring - Reorganized visualization code for better maintainability and clarity	Split large 1,531-line Qx.Draw module into 5 focused sub-modules:	Qx.Draw.VegaLite - VegaLite chart generation for LiveBook (178 lines)
	Qx.Draw.SVG.Charts - SVG histogram and bar charts (199 lines)
	Qx.Draw.SVG.Bloch - Bloch sphere visualization with 3D projection (267 lines)
	Qx.Draw.SVG.Circuit - Quantum circuit diagrams with IEEE notation (596 lines)
	Qx.Draw.Tables - State table formatting with Kino support (196 lines)


	Qx.Draw now serves as a clean API facade, delegating to specialized sub-modules
	Maintains 100% backward compatibility - no API changes required
	Improved code organization following single responsibility principle
	Better separation of concerns between rendering formats and visualization types
	All 557 tests continue to pass



Fixed
	Fixed Nx backend configuration anti-pattern where library imposed compile-time backend choices on users
	Eliminated warnings about undefined Nx.default_backend/2 function

0.2.5 - 2025-12-16
Fixed
	More fixes to the pipeline

0.2.4 - 2025-12-16
Fixed
	More automation of the release and build process
	pipeline fixes

0.2.3 - 2025-12-14
Fixed
	Simplified application configuration to resolve Nx.Defn compilation issues
	Removed unnecessary application dependencies that were causing compile-time conflicts

0.2.2 - 2025-12-14
Fixed
	Added nx and complex to extra_applications in mix.exs to fix compilation errors when using the Hex package
	Ensures dependencies are loaded before qx_sim compiles

Changed
	Published to Hex.pm as qx_sim (package name "qx" was already taken)
	Updated installation instructions to use Hex.pm syntax
	Added Hex.pm badges to README

0.2.1 - 2025-11-26
Changed
	Improved readability of Bloch sphere labels
	Refactored code and tidied up documentation
	Cleaned up old test files
	Updated README.md

Fixed
	Fixed CNOT gate error
	Fixed dependencies
	Fixed mix.exs configuration

0.2.0 - 2025-11-01
Added
Core Quantum Computing Features
	Full quantum circuit API with chainable operations via Qx module
	Support for 20+ quantum gates including:	Single-qubit gates: H, X, Y, Z, S, T, Sdg, Tdg
	Parametric rotation gates: RX, RY, RZ with arbitrary angles
	Two-qubit gates: CNOT (CX), CZ (Controlled-Z), SWAP
	Multi-qubit support up to 20 qubits


	Measurement operations with classical bit storage and reset capabilities
	Conditional operations based on classical measurement results
	Statevector simulation using Nx tensors with Complex64 format
	Direct state access via Qx.get_state/1

Visualization
	Circuit diagram generation with Qx.Draw.circuit/2 for publication-quality SVG output
	State visualization using VegaLite: bar charts, probability distributions, Bloch sphere
	SVG export capability for all visualization types
	Example visualization scripts in examples/ directory including circuit_visualization_example.exs

Performance & Acceleration
	EXLA backend integration for CPU acceleration (~100x speedup vs Binary)
	EMLX backend support for Apple Silicon GPU acceleration (M1/M2/M3/M4)
	Automatic backend detection and configuration
	JIT compilation support via Nx.Defn

Benchmarking Suite
	Professional benchmarking infrastructure using Benchee
	GHZ state scaling benchmarks (5, 10, 15, 20 qubits)
	Backend comparison benchmarks (Binary, EXLA CPU, EMLX GPU, EXLA CUDA/ROCm)
	HTML report generation with interactive graphs
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Utility module: reached from Qx.* in normal use — export/import is the
documented tier-2 escape hatch for OpenQASM interop.
Export Qx quantum circuits to OpenQASM format and import OpenQASM 3.0
source back into a Qx.QuantumCircuit.
Return shapes
Export and import deliberately report failure differently:
	to_qasm/2 returns a String.t() and raises on failure
(Qx.GateError, Qx.ConditionalError, or Qx.OptionError). Its failure
modes are all caller-controlled (an unsupported gate in the circuit you
built, or a bad :version option) and are known before the call, so there
is no {:ok, _} variant to handle.
	from_qasm/1 returns {:ok, circuit} | {:error, reason}, because it parses
external source whose validity cannot be guaranteed; a parse failure is an
expected, recoverable outcome. Use from_qasm!/1 when you already trust the
source and want it to raise instead.


Importing OpenQASM (since v0.6.0)
from_qasm/1 parses OpenQASM 3 source produced by Qx, by Qiskit, or by
IBM Quantum into a circuit:
{:ok, circuit} = Qx.Export.OpenQASM.from_qasm(qasm_source)
Round-trips with to_qasm/1 — any program emitted by to_qasm/1 parses
back to a circuit with a matching state vector.
from_qasm_function/1 parses a gate name(p) a, b { … } definition and
returns Elixir source for an equivalent function:
{:ok, %{name: "bell", arity: 3, module: module, source: source}} =
  Qx.Export.OpenQASM.from_qasm_function(qasm_with_gate)
source is a self-contained defmodule Qx.Generated.<Name>_<hash> do … end
wrapping a def name(circuit, params…, qubits…) that composes Qx.h/2,
Qx.cx/3, etc. via the |> pipeline. Code.compile_string/1-ing it defines
that isolated module (named by module), so the helper can never be injected
into the caller's own module.
To call the generated function, compile source and use the module atom
that Code.compile_string/1 hands back:
[{mod, _bin}] = Code.compile_string(source)
circuit = mod.bell(Qx.create_circuit(2), 0, 1)
module in the result map is that module's name as a string — for display
or storage. Do not convert it to an atom yourself (e.g. String.to_atom/1
or Module.concat/1) for untrusted input: compiling source interns the atom
safely and only when the module actually loads, whereas eagerly interning one
atom per distinct incoming program risks atom-table exhaustion.
Supported gate set on import
Direct mappings: h, x, y, z, s, sdg, t, tdg, rx, ry, rz, p, phase, u, u3, cx, CX, cz, swap, iswap, cp, cphase, ccx, cswap.
Decompositions: sx → u(π/2, -π/2, π/2), u1(λ) → phase(λ),
u2(φ, λ) → u(π/2, φ, λ). id is dropped.
Not supported (raises Qx.QasmUnsupportedError)
Multi-register programs, gate modifiers (inv/pow/ctrl/negctrl),
else branches, complex boolean conditions, classical types beyond
bit, def, for, while, switch, defcal, let, pragma,
extern, box, delay, reset, the stdgates ch/cu/rxx/ryy/rzz/rzx,
and the Qiskit extensions rxx/ryy/rzz/rzx.
Exporting
This module provides functionality to convert Qx quantum circuits into OpenQASM
code that can be executed on real quantum hardware platforms including:
	IBM Quantum (IBM Q)
	AWS Braket
	Google Cirq (via OpenQASM import)
	Rigetti (via AWS Braket)
	IonQ (via AWS Braket or Azure Quantum)

Supports both OpenQASM 2.0 and 3.0 specifications.
OpenQASM Versions
	OpenQASM 2.0: Legacy version, widely supported, no conditional operations
	OpenQASM 3.0: Modern version with conditionals, mid-circuit measurements, and control flow

Supported Features
	Single-qubit gates (H, X, Y, Z, S, T, RX, RY, RZ, Phase)
	Multi-qubit gates (CNOT/CX, CZ, Toffoli/CCX)
	Measurements and classical bits
	Conditional operations (OpenQASM 3.0 only)
	Barriers for visualization organization

Examples
# Export a Bell state circuit to OpenQASM 3.0
circuit = Qx.create_circuit(2)
  |> Qx.h(0)
  |> Qx.cx(0, 1)
  |> Qx.measure(0, 0)
  |> Qx.measure(1, 1)

qasm = Qx.Export.OpenQASM.to_qasm(circuit)
File.write!("bell_state.qasm", qasm)

# Export to OpenQASM 2.0 (no conditionals)
qasm2 = Qx.Export.OpenQASM.to_qasm(circuit, version: 2)

# Export with custom options
qasm = Qx.Export.OpenQASM.to_qasm(circuit,
  version: 3,
  include_comments: true,
  gate_style: :verbose
)
Platform Compatibility
	Platform	Version	Mid-circuit Measurement	Conditionals
	IBM Quantum	2.0, 3.0	3.0 only	3.0 only
	AWS Braket	3.0	Yes	Yes
	Google Cirq	2.0	No	No
	Rigetti	2.0, 3.0	3.0 only	3.0 only

Limitations
	Circuits with conditionals cannot be exported to OpenQASM 2.0
	Custom gate definitions are expanded to standard gates
	Qubit ordering follows MSB convention (qubit 0 is leftmost)
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    Functions
  


    
      
        from_qasm(source)

      


        Parses OpenQASM 3.0 source and returns a Qx.QuantumCircuit.



    


    
      
        from_qasm!(source)

      


        Like from_qasm/1 but raises on error.



    


    
      
        from_qasm_function(source)

      


        Parses an OpenQASM 3.0 program containing a gate definition and
returns Elixir source code for an equivalent function.



    


    
      
        from_qasm_function!(source)

      


        Like from_qasm_function/1 but raises on error.



    


    
      
        to_qasm(circuit, options \\ [])

      


        Converts a Qx quantum circuit to OpenQASM format.
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          @spec from_qasm(String.t()) :: {:ok, Qx.QuantumCircuit.t()} | {:error, Exception.t()}


      


Parses OpenQASM 3.0 source and returns a Qx.QuantumCircuit.
Round-trips with to_qasm/1: any program produced by to_qasm/1 parses
back to a circuit that simulates to the same state vector.
Returns
	{:ok, %Qx.QuantumCircuit{}} on success
	{:error, %Qx.QasmParseError{}} on grammar/syntax failures
	{:error, %Qx.QasmUnsupportedError{}} for valid QASM that uses
features Qx does not yet support (multi-register programs, gate
modifiers, else branches, classical types beyond bit, …)
	{:error, %Qx.QubitIndexError{}} / {:error, %Qx.ClassicalBitError{}}
for index validation failures

Examples
iex> qasm = ~s"""
...> OPENQASM 3.0;
...> include "stdgates.inc";
...> qubit[2] q;
...> bit[2] c;
...> h q[0];
...> cx q[0], q[1];
...> c[0] = measure q[0];
...> c[1] = measure q[1];
...> """
iex> {:ok, circuit} = Qx.Export.OpenQASM.from_qasm(qasm)
iex> circuit.num_qubits
2
Supported features
See the module doc for the supported gate set, decompositions, and the
list of QASM 3 features deliberately excluded from v1 (each raises a
typed Qx.QasmUnsupportedError).

  



  
    
      
    
    
      from_qasm!(source)



        
          
        

    

  


  

      

          @spec from_qasm!(String.t()) :: Qx.QuantumCircuit.t()


      


Like from_qasm/1 but raises on error.

  



  
    
      
    
    
      from_qasm_function(source)



        
          
        

    

  


  

      

          @spec from_qasm_function(String.t()) :: {:ok, map()} | {:error, Exception.t()}


      


Parses an OpenQASM 3.0 program containing a gate definition and
returns Elixir source code for an equivalent function.
The result map is
%{name: String.t(), arity: pos_integer(), module: String.t(), source: String.t()}
where source is a self-contained defmodule Qx.Generated.<Name>_<hash> do … end
(named by module) that can be compiled via Code.compile_string/1 (or
stored verbatim by callers like qxportal). The wrapping module means the
generated helper is never injected into the caller's own module. The function
takes (circuit, params..., qubits...) and returns the new circuit.
When the source contains multiple gate definitions, the last is
treated as the "main" function — earlier ones are usually helpers
which the main one references. Since user-defined gate references
inside a gate body are rejected (Qx.QasmUnsupportedError), helpers
themselves cannot be code-generated through this entry point.
If no gate definition is present, returns {:error, %Qx.QasmParseError{}}.
Example
iex> qasm = ~s"""
...> OPENQASM 3.0;
...> include "stdgates.inc";
...> gate bell a, b {
...>   h a;
...>   cx a, b;
...> }
...> """
iex> {:ok, %{name: "bell", arity: 3, source: source}} =
...>   Qx.Export.OpenQASM.from_qasm_function(qasm)
iex> source =~ "defmodule Qx.Generated.Bell" and source =~ "def bell(circuit, a, b)"
true

  



  
    
      
    
    
      from_qasm_function!(source)



        
          
        

    

  


  

      

          @spec from_qasm_function!(String.t()) :: map()


      


Like from_qasm_function/1 but raises on error.

  



    

  
    
      
    
    
      to_qasm(circuit, options \\ [])



        
          
        

    

  


  

      

          @spec to_qasm(
  Qx.QuantumCircuit.t(),
  keyword()
) :: String.t()


      


Converts a Qx quantum circuit to OpenQASM format.
Parameters
	circuit - A Qx.QuantumCircuit struct
	options - Keyword list of options (default: [])

Options
	:version - OpenQASM version (2 or 3, default: 3)
	:include_comments - Add descriptive comments (default: false)
	:gate_style - Gate naming style (:standard or :verbose, default: :standard)

Returns
A string containing the OpenQASM program.
Raises
	Qx.GateError - If circuit contains unsupported gates
	Qx.ConditionalError - If circuit has conditionals but version is 2
	Qx.OptionError - If the :version option is not 2 or 3

Examples
circuit = Qx.create_circuit(2) |> Qx.h(0) |> Qx.cx(0, 1)
qasm = Qx.Export.OpenQASM.to_qasm(circuit)

# Output:
# OPENQASM 3.0;
# include "stdgates.inc";
#
# qubit[2] q;
# bit[2] c;
#
# h q[0];
# cx q[0], q[1];

  


        

      


  

    
Qx 
    



      
Qx - A Quantum Computing Simulator for Elixir
Qx provides a simple and intuitive API for quantum computing simulations.
It supports up to 20 qubits with statevector simulation using Nx as the
computational backend for efficient processing.
Applying gates
Gate functions like Qx.h/2 record onto a Qx.QuantumCircuit; run the
finished circuit with Qx.run/2.
Want the state after each operation? Qx.steps/2 replays the circuit
one instruction at a time, and Qx.Step.show/1 turns any step into
amplitudes plus probabilities.
Earlier releases also documented a calc mode (eager per-gate state
evolution, no circuit). Those modules are now an internal engine:
still present and functional, hidden from these docs, no stability
guarantee.
Example Usage
# Create a Bell state circuit
qc = Qx.create_circuit(2, 2)
|> Qx.h(0)
|> Qx.cx(0, 1)
|> Qx.measure(0, 0)
|> Qx.measure(1, 1)

result = Qx.run(qc)
Qx.draw(result)
Modules
The Qx library consists of several modules:
	Qx - Main API (this module)
	Qx.QuantumCircuit - Quantum circuit creation and management
	Qx.Operations - Quantum gate operations, including basis-explicit
measurement (measure_x/measure_y/measure_z) and controlled
rotations (cy, crx, cry, crz)
	Qx.Patterns - Composite circuit-building patterns. Each _all helper
accepts either no second arg (whole-circuit) or a list/range of qubit
indices (sub-register) — e.g. Qx.h_all(qc, 0..2).
	Qx.Simulation - Circuit execution and simulation
	Qx.SimulationResult - Struct returned by Qx.run/2 (statevector + counts)
	Qx.Step - One executed operation from Qx.steps/2 (step-through
inspection of a running circuit, mid-circuit measurement included)
	Qx.Draw - Visualization of results
	Qx.Math - Core mathematical functions for quantum mechanics
	Qx.StateInit - Basis-state vector constructor
	Qx.Export.OpenQASM - Export circuits to OpenQASM for real quantum hardware
	Qx.Hardware - Run circuits on cloud QPUs (e.g. IBM Quantum)
	Qx.Hardware.Config - Hardware backend configuration (IBM Quantum via qxportal)

Exporting to Real Quantum Hardware
Qx can export circuits to OpenQASM format for execution on real quantum computers:
# Create a Bell state circuit
circuit = Qx.create_circuit(2, 2)
  |> Qx.h(0)
  |> Qx.cx(0, 1)
  |> Qx.measure(0, 0)
  |> Qx.measure(1, 1)

# Export to OpenQASM 3.0
qasm = Qx.Export.OpenQASM.to_qasm(circuit)
File.write!("bell_state.qasm", qasm)
See Qx.Export.OpenQASM for more details and examples.

      


      
        Summary
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        bell_state_type()

      


    


    
      
        circuit()

      


    


    
      
        simulation_result()

      


    





  
    Functions
  


    
      
        barrier(circuit, qubits)

      


        Adds a barrier across the given qubits.



    


    
      
        barrier_all(circuit)

      


        Adds a single barrier instruction spanning every qubit.



    


    
      
        barrier_all(circuit, qubits)

          deprecated

      


        Adds a single barrier spanning the given list or range of qubits.



    


    
      
        bell_pair(circuit, q0, q1, which \\ :phi_plus)

      


        Appends the gates that entangle qubits q0 and q1 into one of the four
Bell states onto an existing circuit.



    


    
      
        bell_state(which \\ :phi_plus)

      


        Creates one of the four Bell-state circuits (maximally entangled
two-qubit states). See Qx.Patterns.bell_state_circuit/1.



    


    
      
        c_if(circuit, classical_bit, value, gate_fn)

      


        Applies gates conditionally based on a classical bit value.



    


    
      
        ccx(circuit, control1, control2, target)

      


        Applies a controlled-controlled-X (CCNOT/Toffoli) gate.



    


    
      
        cp(circuit, control_qubit, target_qubit, theta)

      


        Applies a controlled-phase (CP) gate.



    


    
      
        create_circuit(num_qubits)

      


        Creates a new quantum circuit with only qubits (no classical bits).



    


    
      
        create_circuit(num_qubits, num_classical_bits)

      


        Creates a new quantum circuit with specified qubits and classical bits.



    


    
      
        crx(circuit, control_qubit, target_qubit, theta)

      


        Applies a controlled rotation about the X-axis. See Qx.Operations.crx/4.



    


    
      
        cry(circuit, control_qubit, target_qubit, theta)

      


        Applies a controlled rotation about the Y-axis. See Qx.Operations.cry/4.



    


    
      
        crz(circuit, control_qubit, target_qubit, theta)

      


        Applies a controlled rotation about the Z-axis. See Qx.Operations.crz/4.



    


    
      
        cswap(circuit, control, target_a, target_b)

      


        Applies a Fredkin (controlled-SWAP) gate.



    


    
      
        cx(circuit, control_qubit, target_qubit)

      


        Applies a controlled-X (CNOT) gate.



    


    
      
        cx_chain(circuit, qubits)

      


        Applies a linear cascade of CNOTs along qubits.



    


    
      
        cy(circuit, control_qubit, target_qubit)

      


        Applies a controlled-Y (CY) gate. See Qx.Operations.cy/3.



    


    
      
        cz(circuit, control_qubit, target_qubit)

      


        Applies a controlled-Z (CZ) gate.



    


    
      
        draw(result, options \\ [])

      


        Visualizes probability distribution from simulation results.



    


    
      
        draw_bloch(qubit, options \\ [])

      


        Visualizes a single qubit state on the Bloch sphere.



    


    
      
        draw_circuit(circuit, title \\ nil)

      


        Draws a quantum circuit diagram.



    


    
      
        draw_counts(result, options \\ [])

      


        Visualizes measurement counts as a bar chart.



    


    
      
        draw_histogram(probabilities, options \\ [])

      


        Creates a histogram from a raw probability tensor.



    


    
      
        draw_state(register_or_state, options \\ [])

      


        Displays a quantum state as a formatted table.



    


    
      
        from_qasm(source)

      


        Parses an OpenQASM program string into a Qx.QuantumCircuit. See
Qx.Export.OpenQASM.from_qasm/1.



    


    
      
        from_qasm!(source)

      


        Like from_qasm/1 but returns the circuit directly and raises on error.
See Qx.Export.OpenQASM.from_qasm!/1.



    


    
      
        get_probabilities(circuit, options \\ [])

      


        Gets probability distribution for computational basis states.



    


    
      
        get_state(circuit, options \\ [])

      


        Executes a circuit and returns only the final quantum state.



    


    
      
        ghz(circuit, qubits)

      


        Appends the GHZ-preparation gates over qubits onto an existing circuit.



    


    
      
        ghz_state(num_qubits \\ 3)

      


        Creates an n-qubit GHZ-state preparation circuit. Default is 3 qubits.



    


    
      
        h(circuit, qubit)

      


        Applies a Hadamard gate to the specified qubit.



    


    
      
        h_all(circuit)

      


        Applies a Hadamard gate to every qubit in the circuit.



    


    
      
        h_all(circuit, qubits)

      


        Applies a Hadamard gate to every qubit in the given list or range.
See Qx.Patterns.h_all/2.



    


    
      
        iswap(circuit, qubit_a, qubit_b)

      


        Applies an iSWAP gate, exchanging qubit states while applying an i phase factor
to the swapped components.



    


    
      
        measure(circuit, qubit, classical_bit)

      


        Adds a measurement operation to the circuit.



    


    
      
        measure_all(circuit)

      


        Measures every qubit into its same-index classical bit.



    


    
      
        measure_all(circuit, qubits)

      


        Measures every qubit in the given list or range into its same-index
classical bit. See Qx.Patterns.measure_all/2.



    


    
      
        measure_x(circuit, qubit, classical_bit)

      


        Performs an X-basis measurement. See Qx.Operations.measure_x/3.



    


    
      
        measure_y(circuit, qubit, classical_bit)

      


        Performs a Y-basis measurement. See Qx.Operations.measure_y/3.



    


    
      
        measure_z(circuit, qubit, classical_bit)

      


        Performs a Z-basis (computational) measurement. Alias of measure/3 for
symmetry with measure_x/3 and measure_y/3. See Qx.Operations.measure_z/3.



    


    
      
        phase(circuit, qubit, phi)

      


        Applies a phase gate with specified phase.



    


    
      
        run(circuit, options \\ [])

      


        Executes the quantum circuit and returns simulation results.



    


    
      
        rx(circuit, qubit, theta)

      


        Applies a rotation around the X-axis.



    


    
      
        ry(circuit, qubit, theta)

      


        Applies a rotation around the Y-axis.



    


    
      
        rz(circuit, qubit, theta)

      


        Applies a rotation around the Z-axis.



    


    
      
        s(circuit, qubit)

      


        Applies an S gate (phase gate with π/2 phase).



    


    
      
        sdg(circuit, qubit)

      


        Applies an S† (S-dagger) gate (-π/2 phase on |1⟩).



    


    
      
        steps(circuit, opts \\ [])

      


        Steps through a circuit: a lazy stream of Qx.Step structs, one per
executed operation.



    


    
      
        superposition(num_qubits \\ 1)

          deprecated

      


        Creates an n-qubit equal-superposition circuit (Hadamard on every
qubit). Default is 1 qubit.



    


    
      
        swap(circuit, qubit_a, qubit_b)

      


        Applies a SWAP gate, exchanging the quantum states of two qubits.



    


    
      
        t(circuit, qubit)

      


        Applies a T gate (phase gate with π/4 phase).



    


    
      
        tap_circuit(circuit, fun)

      


        Inspects the circuit without breaking the pipeline.



    


    
      
        tap_probabilities(circuit, fun)

      


        Inspects measurement probabilities without breaking the pipeline.



    


    
      
        tap_state(circuit, fun)

      


        Inspects the current quantum state without breaking the pipeline.



    


    
      
        tdg(circuit, qubit)

      


        Applies a T† (T-dagger) gate — the adjoint of t/2 (−π/4 phase on |1⟩).



    


    
      
        to_qasm(circuit, options \\ [])

      


        Exports circuit to an OpenQASM program string. See
Qx.Export.OpenQASM.to_qasm/2 for options and the supported gate set.



    


    
      
        u(circuit, qubit, theta, phi, lambda)

      


        Applies the general single-qubit unitary gate U(θ,φ,λ).



    


    
      
        version()

      


        Returns version information for the Qx library.



    


    
      
        x(circuit, qubit)

      


        Applies a Pauli-X gate (bit flip) to the specified qubit.



    


    
      
        x_all(circuit)

      


        Applies a Pauli-X gate to every qubit in the circuit.



    


    
      
        x_all(circuit, qubits)

      


        Applies a Pauli-X gate to every qubit in the given list or range.
See Qx.Patterns.x_all/2.



    


    
      
        y(circuit, qubit)

      


        Applies a Pauli-Y gate to the specified qubit.



    


    
      
        y_all(circuit)

      


        Applies a Pauli-Y gate to every qubit in the circuit.



    


    
      
        y_all(circuit, qubits)

      


        Applies a Pauli-Y gate to every qubit in the given list or range.
See Qx.Patterns.y_all/2.



    


    
      
        z(circuit, qubit)

      


        Applies a Pauli-Z gate (phase flip) to the specified qubit.



    


    
      
        z_all(circuit)

      


        Applies a Pauli-Z gate to every qubit in the circuit.



    


    
      
        z_all(circuit, qubits)

      


        Applies a Pauli-Z gate to every qubit in the given list or range.
See Qx.Patterns.z_all/2.
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          @type bell_state_type() :: Qx.Patterns.bell_state_type()


      



  



  
    
      
    
    
      circuit()



        
          
        

    

  


  

      

          @type circuit() :: Qx.QuantumCircuit.t()


      



  



  
    
      
    
    
      simulation_result()



        
          
        

    

  


  

      

          @type simulation_result() :: Qx.Simulation.simulation_result()


      



  


        

      

      
        Functions


        


  
    
      
    
    
      barrier(circuit, qubits)



        
          
        

    

  


  

      

          @spec barrier(circuit(), [non_neg_integer()] | Range.t()) :: circuit()


      


Adds a barrier across the given qubits.
Barriers are pure visualisation markers with no effect on the
quantum state. Used to group logical sections of a circuit when
generating diagrams.
See Qx.Operations.barrier/2. For a barrier across every qubit,
see Qx.barrier_all/1.
Returns
The updated Qx.QuantumCircuit with the barrier appended.
Examples
iex> qc = Qx.create_circuit(3) |> Qx.barrier([0, 2])
iex> Qx.QuantumCircuit.get_instructions(qc)
[{:barrier, [0, 2], []}]

iex> qc = Qx.create_circuit(3) |> Qx.barrier(0..2)
iex> Qx.QuantumCircuit.get_instructions(qc)
[{:barrier, [0, 1, 2], []}]
Raises
	Qx.QubitIndexError - If any qubit index is out of range


  



  
    
      
    
    
      barrier_all(circuit)



        
          
        

    

  


  

      

          @spec barrier_all(circuit()) :: circuit()


      


Adds a single barrier instruction spanning every qubit.
Returns
The updated Qx.QuantumCircuit with the barrier appended.
Examples
iex> qc = Qx.create_circuit(3) |> Qx.barrier_all()
iex> Qx.QuantumCircuit.get_instructions(qc)
[{:barrier, [0, 1, 2], []}]

  



  
    
      
    
    
      barrier_all(circuit, qubits)



        
          
        

    

  


    
      This function is deprecated. Use `Qx.barrier/2`, which now accepts a list or range. Will be removed in Qx 1.0.
    


  

      

          @spec barrier_all(circuit(), Qx.Patterns.qubits()) :: circuit()


      


Adds a single barrier spanning the given list or range of qubits.
Deprecated
Use Qx.barrier/2, which now accepts a list or range and produces the
same single-barrier instruction. barrier_all/2 is redundant and will be
removed in Qx 1.0. (barrier_all/1 — barrier over every qubit — stays.)
Returns
The updated Qx.QuantumCircuit with the barrier appended.
Raises
	Qx.QubitIndexError - If any listed qubit index is out of range


  



    

  
    
      
    
    
      bell_pair(circuit, q0, q1, which \\ :phi_plus)



        
          
        

    

  


  

      

          @spec bell_pair(
  circuit(),
  non_neg_integer(),
  non_neg_integer(),
  Qx.Patterns.bell_state_type()
) ::
  circuit()


      


Appends the gates that entangle qubits q0 and q1 into one of the four
Bell states onto an existing circuit.
Where Qx.bell_state/1 creates a fresh 2-qubit circuit, bell_pair/4
appends onto circuit at caller-chosen qubits, so it composes inside a
larger pipeline. See Qx.Patterns.bell_pair/4 for the per-which gate
sequence.
Returns
The updated Qx.QuantumCircuit, so calls chain in a pipeline.
Examples
iex> qc = Qx.create_circuit(3) |> Qx.bell_pair(1, 2)
iex> Qx.QuantumCircuit.get_instructions(qc)
[{:h, [1], []}, {:cx, [1, 2], []}]
Raises
	Qx.QubitIndexError - If q0 or q1 is out of range, or if q0 == q1
	Qx.OptionError - If which is not one of :phi_plus, :phi_minus, :psi_plus, :psi_minus


  



    

  
    
      
    
    
      bell_state(which \\ :phi_plus)



        
          
        

    

  


  

      

          @spec bell_state(bell_state_type()) :: circuit()


      


Creates one of the four Bell-state circuits (maximally entangled
two-qubit states). See Qx.Patterns.bell_state_circuit/1.
	Atom	State

	:phi_plus	`	Φ+⟩ = (	00⟩ +	11⟩)/√2` (default)
	:phi_minus	`	Φ-⟩ = (	00⟩ -	11⟩)/√2`
	:psi_plus	`	Ψ+⟩ = (	01⟩ +	10⟩)/√2`
	:psi_minus	`	Ψ-⟩ = (	01⟩ -	10⟩)/√2`

Returns
A Qx.QuantumCircuit that prepares the selected Bell state.
Examples
iex> bell_circuit = Qx.bell_state()
iex> bell_circuit.num_qubits
2

iex> bell_circuit = Qx.bell_state(:psi_minus)
iex> bell_circuit.num_qubits
2
Raises
	Qx.OptionError - If which is not one of :phi_plus, :phi_minus, :psi_plus, :psi_minus

See Also
	Qx.StateInit.bell_state_vector/2 — returns a state vector, not a
circuit (deprecated, removal at 1.0 — run this circuit and
Qx.get_state/1 instead).


  



  
    
      
    
    
      c_if(circuit, classical_bit, value, gate_fn)



        
          
        

    

  


  

      

          @spec c_if(circuit(), non_neg_integer(), 0 | 1, (circuit() -> circuit())) :: circuit()


      


Applies gates conditionally based on a classical bit value.
Enables mid-circuit measurement with classical feedback - a key capability
for quantum error correction, quantum teleportation, and adaptive algorithms.
Parameters
	circuit - Quantum circuit
	classical_bit - Classical bit index to check (must have been measured)
	value - Value to compare (0 or 1)
	gate_fn - Function that applies gates when condition is true

Returns
The updated Qx.QuantumCircuit, so calls chain in a pipeline.
Examples
# Apply X gate to qubit 1 if classical bit 0 equals 1
iex> qc = Qx.create_circuit(2, 2)
...> |> Qx.h(0)
...> |> Qx.measure(0, 0)
...> |> Qx.c_if(0, 1, fn c -> Qx.x(c, 1) end)
iex> length(Qx.QuantumCircuit.get_instructions(qc))
3

# Multiple gates in conditional block
iex> qc = Qx.create_circuit(3, 2)
...> |> Qx.measure(0, 0)
...> |> Qx.c_if(0, 1, fn c ->
...>      c |> Qx.x(1) |> Qx.h(2)
...>    end)
iex> length(Qx.QuantumCircuit.get_instructions(qc))
2
Raises
	Qx.ClassicalBitError - If classical_bit is not a valid classical bit index
	Qx.ConditionalError - If value is not 0 or 1, the block nests another conditional, or gate_fn is not a 1-arity function

See Also
	OpenQASM 3.0 if-statements for hardware compatibility
	Quantum teleportation example in documentation


  



  
    
      
    
    
      ccx(circuit, control1, control2, target)



        
          
        

    

  


  

      

          @spec ccx(circuit(), non_neg_integer(), non_neg_integer(), non_neg_integer()) ::
  circuit()


      


Applies a controlled-controlled-X (CCNOT/Toffoli) gate.
Flips target qubit if and only if both control qubits are |1⟩
Parameters
	circuit - Quantum circuit
	control1 - First control qubit index
	control2 - Second control qubit index
	target - Target qubit index

Returns
The updated Qx.QuantumCircuit, so calls chain in a pipeline.
Examples
iex> qc = Qx.create_circuit(3) |> Qx.ccx(0, 1, 2)
iex> length(Qx.QuantumCircuit.get_instructions(qc))
1
Raises
	Qx.QubitIndexError - If qubit indices are out of range or equal


  



  
    
      
    
    
      cp(circuit, control_qubit, target_qubit, theta)



        
          
        

    

  


  

      

          @spec cp(circuit(), non_neg_integer(), non_neg_integer(), number()) :: circuit()


      


Applies a controlled-phase (CP) gate.
Applies a phase of e^(i*theta) to the |11⟩ basis state only.
All other basis states are unchanged.
Parameters
	circuit - Quantum circuit
	control_qubit - Control qubit index
	target_qubit - Target qubit index
	theta - Phase angle in radians

Returns
The updated Qx.QuantumCircuit, so calls chain in a pipeline.
Examples
iex> qc = Qx.create_circuit(2) |> Qx.cp(0, 1, :math.pi())
iex> length(Qx.QuantumCircuit.get_instructions(qc))
1
Raises
	Qx.QubitIndexError - If qubit indices are out of range or equal
	Qx.ParameterError - If theta is not a number


  



  
    
      
    
    
      create_circuit(num_qubits)



        
          
        

    

  


  

      

          @spec create_circuit(pos_integer()) :: circuit()


      


Creates a new quantum circuit with only qubits (no classical bits).
Parameters
	num_qubits - Number of qubits (1-20 recommended)

Returns
A new Qx.QuantumCircuit initialised in the |0…0⟩ state.
Examples
iex> qc = Qx.create_circuit(3)
iex> qc.num_qubits
3
iex> qc.num_classical_bits
0
Raises
	Qx.QubitCountError - If num_qubits is not an integer, or is an integer outside the supported range (1..20)


  



  
    
      
    
    
      create_circuit(num_qubits, num_classical_bits)



        
          
        

    

  


  

      

          @spec create_circuit(pos_integer(), non_neg_integer()) :: circuit()


      


Creates a new quantum circuit with specified qubits and classical bits.
Parameters
	num_qubits - Number of qubits (1-20 recommended)
	num_classical_bits - Number of classical bits for measurements

Returns
A new Qx.QuantumCircuit initialised in the |0…0⟩ state.
Examples
iex> qc = Qx.create_circuit(2, 2)
iex> qc.num_qubits
2
iex> qc.num_classical_bits
2
Raises
	Qx.QubitCountError - If num_qubits is not an integer, or is an integer outside the supported range (1..20)
	Qx.ClassicalBitError - If num_classical_bits is not a non-negative integer


  



  
    
      
    
    
      crx(circuit, control_qubit, target_qubit, theta)



        
          
        

    

  


  

      

          @spec crx(circuit(), non_neg_integer(), non_neg_integer(), number()) :: circuit()


      


Applies a controlled rotation about the X-axis. See Qx.Operations.crx/4.
Returns
The updated Qx.QuantumCircuit, so calls chain in a pipeline.
Examples
iex> qc = Qx.create_circuit(2) |> Qx.crx(0, 1, :math.pi() / 2)
iex> length(Qx.QuantumCircuit.get_instructions(qc))
1
Raises
	Qx.QubitIndexError - If qubit indices are out of range or equal
	Qx.ParameterError - If theta is not a number


  



  
    
      
    
    
      cry(circuit, control_qubit, target_qubit, theta)



        
          
        

    

  


  

      

          @spec cry(circuit(), non_neg_integer(), non_neg_integer(), number()) :: circuit()


      


Applies a controlled rotation about the Y-axis. See Qx.Operations.cry/4.
Returns
The updated Qx.QuantumCircuit, so calls chain in a pipeline.
Examples
iex> qc = Qx.create_circuit(2) |> Qx.cry(0, 1, :math.pi() / 2)
iex> length(Qx.QuantumCircuit.get_instructions(qc))
1
Raises
	Qx.QubitIndexError - If qubit indices are out of range or equal
	Qx.ParameterError - If theta is not a number


  



  
    
      
    
    
      crz(circuit, control_qubit, target_qubit, theta)



        
          
        

    

  


  

      

          @spec crz(circuit(), non_neg_integer(), non_neg_integer(), number()) :: circuit()


      


Applies a controlled rotation about the Z-axis. See Qx.Operations.crz/4.
Returns
The updated Qx.QuantumCircuit, so calls chain in a pipeline.
Examples
iex> qc = Qx.create_circuit(2) |> Qx.crz(0, 1, :math.pi() / 2)
iex> length(Qx.QuantumCircuit.get_instructions(qc))
1
Raises
	Qx.QubitIndexError - If qubit indices are out of range or equal
	Qx.ParameterError - If theta is not a number


  



  
    
      
    
    
      cswap(circuit, control, target_a, target_b)



        
          
        

    

  


  

      

          @spec cswap(circuit(), non_neg_integer(), non_neg_integer(), non_neg_integer()) ::
  circuit()


      


Applies a Fredkin (controlled-SWAP) gate.
Swaps the quantum states of target_a and target_b when the control qubit is |1⟩.
When the control qubit is |0⟩, the targets are unchanged.
Parameters
	circuit - Quantum circuit
	control - Control qubit index (0-based)
	target_a - First target qubit index (0-based)
	target_b - Second target qubit index (0-based)

Returns
The updated Qx.QuantumCircuit, so calls chain in a pipeline.
Examples
iex> qc = Qx.create_circuit(3) |> Qx.cswap(0, 1, 2)
iex> [{:cswap, [0, 1, 2], []}] = Qx.QuantumCircuit.get_instructions(qc)
iex> :ok
:ok
Raises
	Qx.QubitIndexError - If any two qubit indices are equal or any index is out of range


  



  
    
      
    
    
      cx(circuit, control_qubit, target_qubit)



        
          
        

    

  


  

      

          @spec cx(circuit(), non_neg_integer(), non_neg_integer()) :: circuit()


      


Applies a controlled-X (CNOT) gate.
Flips target qubit if and only if control qubit is |1⟩
Parameters
	circuit - Quantum circuit
	control_qubit - Control qubit index
	target_qubit - Target qubit index

Returns
The updated Qx.QuantumCircuit, so calls chain in a pipeline.
Examples
iex> qc = Qx.create_circuit(2) |> Qx.cx(0, 1)
iex> length(Qx.QuantumCircuit.get_instructions(qc))
1
Raises
	Qx.QubitIndexError - If qubit indices are out of range or equal


  



  
    
      
    
    
      cx_chain(circuit, qubits)



        
          
        

    

  


  

      

          @spec cx_chain(circuit(), [non_neg_integer()]) :: circuit()


      


Applies a linear cascade of CNOTs along qubits.
For qubits = [q0, q1, …, qk], emits cx(q0, q1) → cx(q1, q2) → …. Empty
and single-element lists are no-ops. See Qx.Patterns.cx_chain/2.
Returns
The updated Qx.QuantumCircuit, so calls chain in a pipeline.
Examples
iex> qc = Qx.create_circuit(3) |> Qx.h(0) |> Qx.cx_chain([0, 1, 2])
iex> length(Qx.QuantumCircuit.get_instructions(qc))
3
Raises
	Qx.QubitIndexError - If any qubit index is out of range


  



  
    
      
    
    
      cy(circuit, control_qubit, target_qubit)



        
          
        

    

  


  

      

          @spec cy(circuit(), non_neg_integer(), non_neg_integer()) :: circuit()


      


Applies a controlled-Y (CY) gate. See Qx.Operations.cy/3.
Returns
The updated Qx.QuantumCircuit, so calls chain in a pipeline.
Examples
iex> qc = Qx.create_circuit(2) |> Qx.cy(0, 1)
iex> length(Qx.QuantumCircuit.get_instructions(qc))
1
Raises
	Qx.QubitIndexError - If qubit indices are out of range or equal


  



  
    
      
    
    
      cz(circuit, control_qubit, target_qubit)



        
          
        

    

  


  

      

          @spec cz(circuit(), non_neg_integer(), non_neg_integer()) :: circuit()


      


Applies a controlled-Z (CZ) gate.
Applies a Z gate to the target qubit if and only if the control qubit is |1⟩.
This is a symmetric two-qubit gate that applies a phase flip when both qubits are |1⟩.
Parameters
	circuit - Quantum circuit
	control_qubit - Control qubit index
	target_qubit - Target qubit index

Returns
The updated Qx.QuantumCircuit, so calls chain in a pipeline.
Examples
iex> qc = Qx.create_circuit(2) |> Qx.cz(0, 1)
iex> length(Qx.QuantumCircuit.get_instructions(qc))
1
Raises
	Qx.QubitIndexError - If qubit indices are out of range or equal


  



    

  
    
      
    
    
      draw(result, options \\ [])



        
          
        

    

  


  

      

          @spec draw(
  simulation_result(),
  keyword()
) :: VegaLite.t()


      


Visualizes probability distribution from simulation results.
Convenience function for quickly plotting the probability distribution
from a simulation result. The probabilities are automatically extracted
from the result map.
For plotting raw probability tensors (e.g., from get_probabilities/1),
use draw_histogram/2 instead.
Returns a VegaLite.t() chart spec in every environment; Livebook
renders it via kino_vega_lite, standalone apps feed it to any Vega
renderer.
Parameters
	result - Simulation result from run/1 or run/2
	options - Optional plotting parameters

Options
	:title - Plot title
	:width - Plot width (default: 400)
	:height - Plot height (default: 300)

Returns
A VegaLite.t() chart specification.
Raises
	Qx.MissingDependencyError - if the optional :vega_lite
dependency is not available

Examples
iex> qc = Qx.create_circuit(2) |> Qx.h(0) |> Qx.cx(0, 1)
iex> result = Qx.run(qc)
iex> plot = Qx.draw(result)
iex> is_struct(plot, VegaLite)
true
See Also
	draw_histogram/2 - For plotting raw probability tensors
	draw_counts/2 - For plotting measurement counts


  



    

  
    
      
    
    
      draw_bloch(qubit, options \\ [])



        
          
        

    

  


  

      

          @spec draw_bloch(
  Nx.Tensor.t(),
  keyword()
) :: Qx.Draw.Image.t()


      


Visualizes a single qubit state on the Bloch sphere.
The Bloch sphere provides a geometric representation of a pure qubit state.
Handy for seeing what a single-qubit gate did to the state.
Parameters
	qubit - Single-qubit state tensor (2 amplitudes), e.g. from
Qx.get_state/1 on a 1-qubit circuit or from a Qx.Step
	options - Optional plotting parameters

Returns a Qx.Draw.Image artifact in every environment: Livebook
renders it inline (via Kino.Render), standalone applications read
the SVG from image.svg.
Options
	:title - Plot title (default: "Bloch Sphere")
	:size - Sphere size (default: 400)

Returns
A Qx.Draw.Image struct carrying the SVG.
Examples
# Visualize |0⟩ state
iex> state = Qx.create_circuit(1) |> Qx.get_state()
iex> image = Qx.draw_bloch(state)
iex> is_struct(image, Qx.Draw.Image)
true

# Visualize superposition state
iex> state = Qx.create_circuit(1) |> Qx.h(0) |> Qx.get_state()
iex> image = Qx.draw_bloch(state, title: "Superposition State")
iex> String.contains?(image.svg, "<svg")
true
See Also
	draw_state/2 - Display multi-qubit state as table
	Qx.steps/2 - State after each operation of a circuit


  



    

  
    
      
    
    
      draw_circuit(circuit, title \\ nil)



        
          
        

    

  


  

      

          @spec draw_circuit(circuit(), String.t() | nil) :: Qx.Draw.Image.t()


      


Draws a quantum circuit diagram.
Returns a Qx.Draw.Image artifact in every environment: Livebook
renders the diagram inline (via Kino.Render — a cell that simply
returns a circuit already renders it), standalone applications read
the SVG from image.svg.
Parameters
	circuit - The quantum circuit to visualize
	title - Optional diagram title (default: nil)

Returns
A Qx.Draw.Image struct carrying the SVG diagram.
Examples
iex> qc = Qx.create_circuit(2) |> Qx.h(0) |> Qx.cx(0, 1)
iex> image = Qx.draw_circuit(qc, "Bell")
iex> String.contains?(image.svg, "<svg")
true
See Also
	draw_state/2 - The state the circuit produces, as a table


  



    

  
    
      
    
    
      draw_counts(result, options \\ [])



        
          
        

    

  


  

      

          @spec draw_counts(
  simulation_result(),
  keyword()
) :: VegaLite.t()


      


Visualizes measurement counts as a bar chart.
Returns a VegaLite.t() chart spec in every environment; Livebook
renders it via kino_vega_lite. Works with results from both local
simulation and Qx.Hardware execution.
Parameters
	result - Simulation result containing measurement data
	options - Optional plotting parameters (:title, :width, :height)

Returns
A VegaLite.t() chart specification.
Raises
	Qx.MissingDependencyError - if the optional :vega_lite
dependency is not available

Examples
iex> qc = Qx.create_circuit(2, 2) |> Qx.h(0) |> Qx.measure(0, 0)
iex> result = Qx.run(qc)
iex> plot = Qx.draw_counts(result)
iex> is_struct(plot, VegaLite)
true

  



    

  
    
      
    
    
      draw_histogram(probabilities, options \\ [])



        
          
        

    

  


  

      

          @spec draw_histogram(
  Nx.Tensor.t(),
  keyword()
) :: VegaLite.t()


      


Creates a histogram from a raw probability tensor.
Use this function when you have a probability tensor and want to visualize it.
This is useful for:
	Plotting probabilities from get_probabilities/1 without running simulation
	Visualizing custom or theoretical probability distributions
	Comparing different probability distributions

For quick visualization of simulation results, use draw/2 instead.
Parameters
	probabilities - Nx tensor of probabilities (should sum to 1.0)
	options - Optional plotting parameters

Returns
A VegaLite.t() chart specification.
Examples
# Visualize probabilities without full simulation
iex> qc = Qx.create_circuit(2) |> Qx.h(0)
iex> probs = Qx.get_probabilities(qc)
iex> hist = Qx.draw_histogram(probs)
iex> is_struct(hist, VegaLite)
true
Raises
	Qx.MissingDependencyError - If the optional :vega_lite dependency is not available

See Also
	draw/2 - For plotting from simulation results
	get_probabilities/1 - To obtain probability tensors


  



    

  
    
      
    
    
      draw_state(register_or_state, options \\ [])



        
          
        

    

  


  

      

          @spec draw_state(
  Nx.Tensor.t(),
  keyword()
) :: Qx.Draw.StateTable.t()


      


Displays a quantum state as a formatted table.
Shows basis states with their amplitudes and probabilities. Useful for
inspecting a multi-qubit state without running the full circuit.
Returns a Qx.Draw.StateTable artifact in every environment:
Livebook renders the markdown table (via Kino.Render), IEx prints
the text form, and the :text/:markdown/:html fields carry the
renderings for standalone use.
Parameters
	state - state tensor, e.g. from Qx.get_state/1
	options - Optional display parameters

Options
	:precision - Decimal places (default: 3)
	:hide_zeros - Hide zero-amplitude states (default: false)

Returns
A Qx.Draw.StateTable struct.
Examples
# Display Bell state
iex> state = Qx.create_circuit(2) |> Qx.h(0) |> Qx.cx(0, 1) |> Qx.get_state()
iex> table = Qx.draw_state(state)
iex> table.text =~ "Basis State"
true

# Hide zero states
iex> state = Qx.create_circuit(3) |> Qx.h(0) |> Qx.get_state()
iex> table = Qx.draw_state(state, hide_zeros: true)
iex> table.text =~ "|111⟩"
false
See Also
	draw_bloch/2 - Bloch sphere visualization for single qubits
	Qx.Step.show/1 - The same view for one step of Qx.steps/2


  



  
    
      
    
    
      from_qasm(source)



        
          
        

    

  


  

      

          @spec from_qasm(String.t()) :: {:ok, circuit()} | {:error, Exception.t()}


      


Parses an OpenQASM program string into a Qx.QuantumCircuit. See
Qx.Export.OpenQASM.from_qasm/1.
Returns
	{:ok, circuit} on success
	{:error, exception} on a parse/lowering failure

Examples
iex> {:ok, circuit} = Qx.from_qasm("OPENQASM 3.0;\nqubit[1] q;\nh q[0];\n")
iex> Qx.QuantumCircuit.get_instructions(circuit)
[{:h, [0], []}]

  



  
    
      
    
    
      from_qasm!(source)



        
          
        

    

  


  

      

          @spec from_qasm!(String.t()) :: circuit()


      


Like from_qasm/1 but returns the circuit directly and raises on error.
See Qx.Export.OpenQASM.from_qasm!/1.
Returns
The parsed Qx.QuantumCircuit.
Examples
iex> circuit = Qx.from_qasm!("OPENQASM 3.0;\nqubit[1] q;\ntdg q[0];\n")
iex> Qx.QuantumCircuit.get_instructions(circuit)
[{:tdg, [0], []}]
Raises
	Qx.QasmParseError / Qx.QasmUnsupportedError - On invalid or unsupported input


  



    

  
    
      
    
    
      get_probabilities(circuit, options \\ [])



        
          
        

    

  


  

      

          @spec get_probabilities(
  circuit(),
  keyword()
) :: Nx.Tensor.t()


      


Gets probability distribution for computational basis states.
Parameters
	circuit - Quantum circuit
	options - Optional parameters

Options
	:backend - Nx backend to use, e.g. Nx.BinaryBackend (default) or
{EXLA.Backend, client: :host} if EXLA is added to your deps (see README)

Returns
An Nx.Tensor of real probabilities over the 2^n basis states.
Examples
iex> qc = Qx.create_circuit(1) |> Qx.h(0)
iex> probs = Qx.get_probabilities(qc)
iex> Nx.shape(probs)
{2}

# Specify backend at runtime
# Qx.get_probabilities(qc, backend: {EXLA.Backend, client: :host})
Raises
	Qx.MeasurementError - If circuit contains measurements or conditionals


  



    

  
    
      
    
    
      get_state(circuit, options \\ [])



        
          
        

    

  


  

      

          @spec get_state(
  circuit(),
  keyword()
) :: Nx.Tensor.t()


      


Executes a circuit and returns only the final quantum state.
Parameters
	circuit - Quantum circuit to execute
	options - Optional parameters

Options
	:backend - Nx backend to use, e.g. Nx.BinaryBackend (default) or
{EXLA.Backend, client: :host} if EXLA is added to your deps (see README)

Returns
An Nx.Tensor statevector (complex :c64) of length 2^n.
Examples
iex> qc = Qx.create_circuit(1) |> Qx.h(0)
iex> state = Qx.get_state(qc)
iex> Nx.shape(state)
{2}

# Specify backend at runtime
# Qx.get_state(qc, backend: {EXLA.Backend, client: :host})
Raises
	Qx.MeasurementError - If circuit contains measurements or conditionals


  



  
    
      
    
    
      ghz(circuit, qubits)



        
          
        

    

  


  

      

          @spec ghz(circuit(), Qx.Patterns.qubits()) :: circuit()


      


Appends the GHZ-preparation gates over qubits onto an existing circuit.
Where Qx.ghz_state/1 creates a fresh n-qubit circuit over 0..n-1,
ghz/2 appends onto circuit at caller-chosen qubits (a list or range of
at least two indices). See Qx.Patterns.ghz/2 for the gate sequence.
Returns
The updated Qx.QuantumCircuit, so calls chain in a pipeline.
Examples
iex> qc = Qx.create_circuit(4) |> Qx.ghz(1..3)
iex> Qx.QuantumCircuit.get_instructions(qc)
[{:h, [1], []}, {:cx, [1, 2], []}, {:cx, [2, 3], []}]
Raises
	Qx.QubitCountError - If fewer than two qubits are given
	Qx.QubitIndexError - If any qubit index is out of range


  



    

  
    
      
    
    
      ghz_state(num_qubits \\ 3)



        
          
        

    

  


  

      

          @spec ghz_state(pos_integer()) :: circuit()


      


Creates an n-qubit GHZ-state preparation circuit. Default is 3 qubits.
Returns a circuit that prepares |GHZ⟩ = (|0…0⟩ + |1…1⟩)/√2 on a
|0…0⟩ input. See Qx.Patterns.ghz_state_circuit/1.
Returns
A Qx.QuantumCircuit that prepares the n-qubit GHZ state.
Examples
iex> ghz_circuit = Qx.ghz_state()
iex> ghz_circuit.num_qubits
3

iex> ghz_circuit = Qx.ghz_state(5)
iex> ghz_circuit.num_qubits
5
Raises
	Qx.QubitCountError - If num_qubits is not an integer in the range 2..20

See Also
	Qx.StateInit.ghz_state_vector/2 — returns a state vector, not a
circuit (deprecated, removal at 1.0 — run this circuit and
Qx.get_state/1 instead).


  



  
    
      
    
    
      h(circuit, qubit)



        
          
        

    

  


  

      

          @spec h(circuit(), non_neg_integer()) :: circuit()


      


Applies a Hadamard gate to the specified qubit.
Creates superposition: |0⟩ → (|0⟩ + |1⟩)/√2, |1⟩ → (|0⟩ - |1⟩)/√2
Parameters
	circuit - Quantum circuit
	qubit - Target qubit index

Returns
The updated Qx.QuantumCircuit, so calls chain in a pipeline.
Examples
iex> qc = Qx.create_circuit(1) |> Qx.h(0)
iex> length(Qx.QuantumCircuit.get_instructions(qc))
1
Raises
	Qx.QubitIndexError - If qubit index is out of range


  



  
    
      
    
    
      h_all(circuit)



        
          
        

    

  


  

      

          @spec h_all(circuit()) :: circuit()


      


Applies a Hadamard gate to every qubit in the circuit.
Convenience for the recurring Enum.reduce(0..(n - 1), qc, &Qx.h(&2, &1))
motif (Grover diffuser, Bernstein-Vazirani oracle, equal-superposition
preparation). See Qx.Patterns for the full set of composite patterns.
Returns
The updated Qx.QuantumCircuit, so calls chain in a pipeline.
Examples
iex> qc = Qx.create_circuit(3) |> Qx.h_all()
iex> length(Qx.QuantumCircuit.get_instructions(qc))
3

  



  
    
      
    
    
      h_all(circuit, qubits)



        
          
        

    

  


  

      

          @spec h_all(circuit(), Qx.Patterns.qubits()) :: circuit()


      


Applies a Hadamard gate to every qubit in the given list or range.
See Qx.Patterns.h_all/2.
Returns
The updated Qx.QuantumCircuit, so calls chain in a pipeline.
Examples
iex> qc = Qx.create_circuit(5) |> Qx.h_all(0..2)
iex> length(Qx.QuantumCircuit.get_instructions(qc))
3
Raises
	Qx.QubitIndexError - If any listed qubit index is out of range


  



  
    
      
    
    
      iswap(circuit, qubit_a, qubit_b)



        
          
        

    

  


  

      

          @spec iswap(circuit(), non_neg_integer(), non_neg_integer()) :: circuit()


      


Applies an iSWAP gate, exchanging qubit states while applying an i phase factor
to the swapped components.
Native to superconducting qubit hardware (Google Sycamore, Rigetti).
Unlike SWAP, applying iSWAP twice is not the identity — it produces a -1 phase.
Parameters
	circuit - Quantum circuit
	qubit_a - Index of the first qubit
	qubit_b - Index of the second qubit

Returns
The updated Qx.QuantumCircuit, so calls chain in a pipeline.
Examples
iex> qc = Qx.create_circuit(2) |> Qx.iswap(0, 1)
iex> length(Qx.QuantumCircuit.get_instructions(qc))
1
Raises
	Qx.QubitIndexError - If qubit indices are out of range or equal


  



  
    
      
    
    
      measure(circuit, qubit, classical_bit)



        
          
        

    

  


  

      

          @spec measure(circuit(), non_neg_integer(), non_neg_integer()) :: circuit()


      


Adds a measurement operation to the circuit.
Parameters
	circuit - Quantum circuit
	qubit - Qubit index to measure
	classical_bit - Classical bit index to store result

Returns
The updated Qx.QuantumCircuit with the measurement appended.
Examples
iex> qc = Qx.create_circuit(2, 2) |> Qx.measure(0, 0)
iex> length(Qx.QuantumCircuit.get_measurements(qc))
1
Raises
	Qx.QubitIndexError - If qubit index is out of range
	Qx.ClassicalBitError - If classical_bit index is out of range


  



  
    
      
    
    
      measure_all(circuit)



        
          
        

    

  


  

      

          @spec measure_all(circuit()) :: circuit()


      


Measures every qubit into its same-index classical bit.
Raises Qx.ClassicalBitError if circuit.num_classical_bits < num_qubits —
the caller owns the circuit shape (see Qx.Patterns.measure_all/1).
Returns
The updated Qx.QuantumCircuit with the measurement appended.
Examples
iex> qc = Qx.create_circuit(3, 3) |> Qx.measure_all()
iex> length(Qx.QuantumCircuit.get_measurements(qc))
3
Raises
	Qx.ClassicalBitError - If num_classical_bits < num_qubits


  



  
    
      
    
    
      measure_all(circuit, qubits)



        
          
        

    

  


  

      

          @spec measure_all(circuit(), Qx.Patterns.qubits()) :: circuit()


      


Measures every qubit in the given list or range into its same-index
classical bit. See Qx.Patterns.measure_all/2.
Returns
The updated Qx.QuantumCircuit with the measurement appended.
Raises
	Qx.ClassicalBitError - If any listed qubit has no corresponding
classical bit


  



  
    
      
    
    
      measure_x(circuit, qubit, classical_bit)



        
          
        

    

  


  

      

          @spec measure_x(circuit(), non_neg_integer(), non_neg_integer()) :: circuit()


      


Performs an X-basis measurement. See Qx.Operations.measure_x/3.
Returns
The updated Qx.QuantumCircuit with the measurement appended.
Examples
iex> qc = Qx.create_circuit(1, 1) |> Qx.measure_x(0, 0)
iex> length(Qx.QuantumCircuit.get_instructions(qc))
2
Raises
	Qx.QubitIndexError - If qubit index is out of range
	Qx.ClassicalBitError - If classical bit index is out of range


  



  
    
      
    
    
      measure_y(circuit, qubit, classical_bit)



        
          
        

    

  


  

      

          @spec measure_y(circuit(), non_neg_integer(), non_neg_integer()) :: circuit()


      


Performs a Y-basis measurement. See Qx.Operations.measure_y/3.
Returns
The updated Qx.QuantumCircuit with the measurement appended.
Examples
iex> qc = Qx.create_circuit(1, 1) |> Qx.measure_y(0, 0)
iex> length(Qx.QuantumCircuit.get_instructions(qc))
3
Raises
	Qx.QubitIndexError - If qubit index is out of range
	Qx.ClassicalBitError - If classical bit index is out of range


  



  
    
      
    
    
      measure_z(circuit, qubit, classical_bit)



        
          
        

    

  


  

      

          @spec measure_z(circuit(), non_neg_integer(), non_neg_integer()) :: circuit()


      


Performs a Z-basis (computational) measurement. Alias of measure/3 for
symmetry with measure_x/3 and measure_y/3. See Qx.Operations.measure_z/3.
Returns
The updated Qx.QuantumCircuit with the measurement appended.
Examples
iex> qc = Qx.create_circuit(1, 1) |> Qx.measure_z(0, 0)
iex> length(Qx.QuantumCircuit.get_measurements(qc))
1
Raises
	Qx.QubitIndexError - If qubit index is out of range
	Qx.ClassicalBitError - If classical bit index is out of range


  



  
    
      
    
    
      phase(circuit, qubit, phi)



        
          
        

    

  


  

      

          @spec phase(circuit(), non_neg_integer(), number()) :: circuit()


      


Applies a phase gate with specified phase.
Parameters
	circuit - Quantum circuit
	qubit - Target qubit index
	phi - Phase angle in radians

Returns
The updated Qx.QuantumCircuit, so calls chain in a pipeline.
Examples
iex> qc = Qx.create_circuit(1) |> Qx.phase(0, :math.pi/4)
iex> length(Qx.QuantumCircuit.get_instructions(qc))
1
Raises
	Qx.ParameterError - If phi is not a number (validated at build time)
	Qx.QubitIndexError - If qubit index is out of range or not an integer


  



    

  
    
      
    
    
      run(circuit, options \\ [])



        
          
        

    

  


  

      

          @spec run(circuit(), pos_integer() | keyword()) :: Qx.SimulationResult.t()


      


Executes the quantum circuit and returns simulation results.
Parameters
	circuit - Quantum circuit to execute
	options - A keyword list of options (see below). Passing a bare integer
as the number of shots (Qx.run(qc, 1000)) is a soft-deprecated
shorthand for Qx.run(qc, shots: 1000): it still works exactly as before
(no warning), but prefer the keyword form — the integer overload may be
removed in Qx 1.0.

Options
	:shots - Number of measurement shots (default: 1024)
	:backend - Nx backend to use, e.g. Nx.BinaryBackend (default) or
{EXLA.Backend, client: :host} if EXLA is added to your deps (see README)
	:renormalize - Counter unitary float drift (default: false).
false = off; true = renormalize at measurement-time;
positive integer N = renormalize every N gates and at
measurement-time. Other values raise Qx.OptionError. See
Qx.Simulation.run/2 for the float32 accuracy note.

Returns
A Qx.SimulationResult struct with these fields:
	:probabilities - real probability tensor |ψ|² over all
2^n basis states
	:classical_bits - one classical-bit vector per shot, each
a list of 0 / 1 values
	:state - final statevector (complex-valued :c64 tensor)
	:shots - number of shots simulated
	:counts - frequency map of outcome strings to counts
(keys are binary strings like "01")

Helpers on the struct: Qx.SimulationResult.most_frequent/1,
Qx.SimulationResult.outcomes/1,
Qx.SimulationResult.probability/2.
Examples
iex> qc = Qx.create_circuit(1) |> Qx.h(0)
iex> %Qx.SimulationResult{shots: shots} = Qx.run(qc)
iex> shots
1024

# Specify backend at runtime
# Qx.run(qc, backend: {EXLA.Backend, client: :host})

# Backward compatible: pass shots as integer
# Qx.run(qc, 2048)

  



  
    
      
    
    
      rx(circuit, qubit, theta)



        
          
        

    

  


  

      

          @spec rx(circuit(), non_neg_integer(), number()) :: circuit()


      


Applies a rotation around the X-axis.
Parameters
	circuit - Quantum circuit
	qubit - Target qubit index
	theta - Rotation angle in radians

Returns
The updated Qx.QuantumCircuit, so calls chain in a pipeline.
Examples
iex> qc = Qx.create_circuit(1) |> Qx.rx(0, :math.pi/2)
iex> length(Qx.QuantumCircuit.get_instructions(qc))
1
Raises
	Qx.ParameterError - If theta is not a number (validated at build time)
	Qx.QubitIndexError - If qubit index is out of range or not an integer


  



  
    
      
    
    
      ry(circuit, qubit, theta)



        
          
        

    

  


  

      

          @spec ry(circuit(), non_neg_integer(), number()) :: circuit()


      


Applies a rotation around the Y-axis.
Parameters
	circuit - Quantum circuit
	qubit - Target qubit index
	theta - Rotation angle in radians

Returns
The updated Qx.QuantumCircuit, so calls chain in a pipeline.
Examples
iex> qc = Qx.create_circuit(1) |> Qx.ry(0, :math.pi/2)
iex> length(Qx.QuantumCircuit.get_instructions(qc))
1
Raises
	Qx.ParameterError - If theta is not a number (validated at build time)
	Qx.QubitIndexError - If qubit index is out of range or not an integer


  



  
    
      
    
    
      rz(circuit, qubit, theta)



        
          
        

    

  


  

      

          @spec rz(circuit(), non_neg_integer(), number()) :: circuit()


      


Applies a rotation around the Z-axis.
Parameters
	circuit - Quantum circuit
	qubit - Target qubit index
	theta - Rotation angle in radians

Returns
The updated Qx.QuantumCircuit, so calls chain in a pipeline.
Examples
iex> qc = Qx.create_circuit(1) |> Qx.rz(0, :math.pi/2)
iex> length(Qx.QuantumCircuit.get_instructions(qc))
1
Raises
	Qx.ParameterError - If theta is not a number (validated at build time)
	Qx.QubitIndexError - If qubit index is out of range or not an integer


  



  
    
      
    
    
      s(circuit, qubit)



        
          
        

    

  


  

      

          @spec s(circuit(), non_neg_integer()) :: circuit()


      


Applies an S gate (phase gate with π/2 phase).
Parameters
	circuit - Quantum circuit
	qubit - Target qubit index

Returns
The updated Qx.QuantumCircuit, so calls chain in a pipeline.
Examples
iex> qc = Qx.create_circuit(1) |> Qx.s(0)
iex> length(Qx.QuantumCircuit.get_instructions(qc))
1
Raises
	Qx.QubitIndexError - If qubit index is out of range


  



  
    
      
    
    
      sdg(circuit, qubit)



        
          
        

    

  


  

      

          @spec sdg(circuit(), non_neg_integer()) :: circuit()


      


Applies an S† (S-dagger) gate (-π/2 phase on |1⟩).
Rotates the Y-basis back to the X-basis. The inverse of s/2.
Parameters
	circuit - Quantum circuit
	qubit - Target qubit index

Returns
The updated Qx.QuantumCircuit, so calls chain in a pipeline.
Examples
iex> qc = Qx.create_circuit(1) |> Qx.sdg(0)
iex> length(Qx.QuantumCircuit.get_instructions(qc))
1
Raises
	Qx.QubitIndexError - If qubit index is out of range


  



    

  
    
      
    
    
      steps(circuit, opts \\ [])



        
          
        

    

  


  

      

          @spec steps(
  circuit(),
  keyword()
) :: Enumerable.t()


      


Steps through a circuit: a lazy stream of Qx.Step structs, one per
executed operation.
Each step carries the operation just applied, the statevector right
after it, its probabilities, and the classical bits so far. Print a
step to get a readable one-liner; call Qx.Step.show/1 for the full
display map.
Unlike get_state/2, stepping works on circuits with mid-circuit
measurement and c_if, so you can walk through teleportation:
Qx.create_circuit(3, 3)
|> Qx.x(0)                                # the state to teleport
|> Qx.h(1)
|> Qx.cx(1, 2)                            # Bell pair
|> Qx.cx(0, 1)
|> Qx.h(0)                                # Bell measurement basis
|> Qx.measure(0, 0)
|> Qx.measure(1, 1)
|> Qx.c_if(1, 1, fn c -> Qx.x(c, 2) end)  # corrections
|> Qx.c_if(0, 1, fn c -> Qx.z(c, 2) end)
|> Qx.measure(2, 2)
|> Qx.steps()
|> Enum.to_list()
# one readable line per step, e.g.
# #Qx.Step<5: measure q0 → c0 ⇒ 0.707|010⟩ + 0.707|011⟩  cbits: [0, 0, 0]>
Measurement steps show the collapsed state and record the outcome in
classical_bits; each gate inside a taken c_if block yields its own
step, and a block that doesn't run yields one step flagged
:not_taken.
One trajectory at a time
A circuit with measurements is stochastic. Each materialisation of the
stream samples one fresh trajectory, so two Enum.to_list/1 calls can
collapse differently, and a single trajectory is a different thing
from the 1024-shot ensemble run/2 reports. Pass seed: when you
need the same trajectory every time (slides, doctests, regression
tests). Seeding never touches your process's :rand state.
One caveat for measure_x/3 and measure_y/3: they lower to
basis-change gates plus a Z-measurement, and the post-measurement
state deliberately stays Z-aligned. Mid-circuit that means a step
shows |1⟩ where the math says |−⟩. See Qx.Operations.measure_x/3.
Options
	:seed - integer; reproduces the trajectory (default: fresh
entropy per materialisation)
	:backend - Nx backend, same pass-through as run/2
	:renormalize - same contract as run/2 (default: false)

Returns
A lazy Enumerable of Qx.Step structs, one per executed operation.
Examples
iex> qc = Qx.create_circuit(2) |> Qx.h(0) |> Qx.cx(0, 1)
iex> steps = qc |> Qx.steps() |> Enum.to_list()
iex> Enum.map(steps, & &1.operation)
[{:h, [0], []}, {:cx, [0, 1], []}]
iex> steps |> List.last() |> Qx.Step.show() |> Map.get(:state)
"0.707|00⟩ + 0.707|11⟩"

  



    

  
    
      
    
    
      superposition(num_qubits \\ 1)



        
          
        

    

  


    
      This function is deprecated. Use `Qx.create_circuit(n) |> Qx.h_all()`. Will be removed in Qx 1.0.
    


  

      

          @spec superposition(pos_integer()) :: circuit()


      


Creates an n-qubit equal-superposition circuit (Hadamard on every
qubit). Default is 1 qubit.
Deprecated
Use Qx.create_circuit(n) |> Qx.h_all() — it is the same circuit, expressed
through the primary gate surface. superposition/1 will be removed in Qx 1.0.
Returns
A Qx.QuantumCircuit that prepares the equal superposition.
Examples
iex> sup_circuit = Qx.superposition()
iex> sup_circuit.num_qubits
1

iex> sup_circuit = Qx.superposition(3)
iex> length(Qx.QuantumCircuit.get_instructions(sup_circuit))
3

  



  
    
      
    
    
      swap(circuit, qubit_a, qubit_b)



        
          
        

    

  


  

      

          @spec swap(circuit(), non_neg_integer(), non_neg_integer()) :: circuit()


      


Applies a SWAP gate, exchanging the quantum states of two qubits.
Both qubits are treated symmetrically — there is no control/target distinction.
Parameters
	circuit - Quantum circuit
	qubit_a - Index of the first qubit
	qubit_b - Index of the second qubit

Returns
The updated Qx.QuantumCircuit, so calls chain in a pipeline.
Examples
iex> qc = Qx.create_circuit(2) |> Qx.swap(0, 1)
iex> length(Qx.QuantumCircuit.get_instructions(qc))
1
Raises
	Qx.QubitIndexError - If qubit indices are out of range or equal


  



  
    
      
    
    
      t(circuit, qubit)



        
          
        

    

  


  

      

          @spec t(circuit(), non_neg_integer()) :: circuit()


      


Applies a T gate (phase gate with π/4 phase).
Parameters
	circuit - Quantum circuit
	qubit - Target qubit index

Returns
The updated Qx.QuantumCircuit, so calls chain in a pipeline.
Examples
iex> qc = Qx.create_circuit(1) |> Qx.t(0)
iex> length(Qx.QuantumCircuit.get_instructions(qc))
1
Raises
	Qx.QubitIndexError - If qubit index is out of range


  



  
    
      
    
    
      tap_circuit(circuit, fun)



        
          
        

    

  


  

      

          @spec tap_circuit(circuit(), (circuit() -> any())) :: circuit()


      


Inspects the circuit without breaking the pipeline.
See Qx.Operations.tap_circuit/2 for full documentation.
Debugging aid. Runs fun for its side effects and returns the
circuit unchanged. Unlike tap_state/2 it does not execute the
circuit, so it carries no simulation cost.
Returns
The original Qx.QuantumCircuit, unchanged — the tap is transparent in a pipeline.
Examples
# Inspect instructions while building circuit
circuit = Qx.create_circuit(2)
  |> Qx.h(0)
  |> Qx.tap_circuit(fn c -> IO.puts("Gates: #{length(c.instructions)}") end)
  |> Qx.cx(0, 1)

  



  
    
      
    
    
      tap_probabilities(circuit, fun)



        
          
        

    

  


  

      

          @spec tap_probabilities(circuit(), (Nx.Tensor.t() -> any())) :: circuit()


      


Inspects measurement probabilities without breaking the pipeline.
See Qx.Operations.tap_probabilities/2 for full documentation.
Important: This executes all instructions so far to get the current
probabilities. Use sparingly in performance-critical code.
Returns
The original Qx.QuantumCircuit, unchanged — the tap is transparent in a pipeline.
Examples
# Inspect probabilities while building circuit
circuit = Qx.create_circuit(2)
  |> Qx.h(0)
  |> Qx.tap_probabilities(fn p -> IO.puts("Probs: #{inspect(Nx.shape(p))}") end)
  |> Qx.cx(0, 1)
Raises
	Qx.MeasurementError - If the circuit so far contains measurements or conditionals (tap before the first measure/3 or c_if/4)


  



  
    
      
    
    
      tap_state(circuit, fun)



        
          
        

    

  


  

      

          @spec tap_state(circuit(), (Nx.Tensor.t() -> any())) :: circuit()


      


Inspects the current quantum state without breaking the pipeline.
See Qx.Operations.tap_state/2 for full documentation.
Important: This executes all instructions so far to get the current
state. Use sparingly in performance-critical code.
Returns
The original Qx.QuantumCircuit, unchanged — the tap is transparent in a pipeline.
Examples
# Inspect quantum state while building circuit
circuit = Qx.create_circuit(1)
  |> Qx.h(0)
  |> Qx.tap_state(fn s -> IO.puts("State shape: #{inspect(Nx.shape(s))}") end)
  |> Qx.z(0)
Raises
	Qx.MeasurementError - If the circuit so far contains measurements or conditionals (tap before the first measure/3 or c_if/4)


  



  
    
      
    
    
      tdg(circuit, qubit)



        
          
        

    

  


  

      

          @spec tdg(circuit(), non_neg_integer()) :: circuit()


      


Applies a T† (T-dagger) gate — the adjoint of t/2 (−π/4 phase on |1⟩).
Parameters
	circuit - Quantum circuit
	qubit - Target qubit index

Returns
The updated Qx.QuantumCircuit, so calls chain in a pipeline.
Examples
iex> qc = Qx.create_circuit(1) |> Qx.tdg(0)
iex> [{gate, qubits, _params}] = Qx.QuantumCircuit.get_instructions(qc)
iex> {gate, qubits}
{:tdg, [0]}
Raises
	Qx.QubitIndexError - If qubit index is out of range


  



    

  
    
      
    
    
      to_qasm(circuit, options \\ [])



        
          
        

    

  


  

      

          @spec to_qasm(
  circuit(),
  keyword()
) :: String.t()


      


Exports circuit to an OpenQASM program string. See
Qx.Export.OpenQASM.to_qasm/2 for options and the supported gate set.
Returns
The OpenQASM program as a String.t().
Examples
iex> qasm = Qx.create_circuit(2) |> Qx.h(0) |> Qx.cx(0, 1) |> Qx.to_qasm()
iex> qasm =~ "OPENQASM 3.0;"
true
Raises
	Qx.OptionError - If :version is not a supported QASM version


  



  
    
      
    
    
      u(circuit, qubit, theta, phi, lambda)



        
          
        

    

  


  

      

          @spec u(circuit(), non_neg_integer(), number(), number(), number()) :: circuit()


      


Applies the general single-qubit unitary gate U(θ,φ,λ).
U(θ,φ,λ) = [[cos(θ/2),             -e^(iλ)·sin(θ/2) ],
         [e^(iφ)·sin(θ/2),  e^(i(φ+λ))·cos(θ/2) ]]
Follows the OpenQASM 3.0 specification built-in U gate /
Qiskit qiskit.circuit.library.UGate convention.
Decomposition identity: U(θ,φ,λ) = RZ(φ)·RY(θ)·RZ(λ) up to the
global phase e^{i(φ+λ)/2}. For the X/H/I/Y special cases the
result is exact — Qiskit's UGate carries no extra global phase.
Parameters
	circuit - Quantum circuit
	qubit - Target qubit index (0-based)
	theta (θ) - Polar rotation angle in radians
	phi (φ) - Phase angle in radians
	lambda (λ) - Phase angle in radians

Returns
The updated Qx.QuantumCircuit, so calls chain in a pipeline.
Examples
iex> qc = Qx.create_circuit(1) |> Qx.u(0, :math.pi(), 0, :math.pi())
iex> [{:u, [0], params}] = Qx.QuantumCircuit.get_instructions(qc)
iex> length(params)
3
Raises
	Qx.ParameterError - If theta, phi, or lambda is not a number
	Qx.QubitIndexError - If qubit index is out of range


  



  
    
      
    
    
      version()



        
          
        

    

  


  

      

          @spec version() :: String.t()


      


Returns version information for the Qx library.
Returns
The Qx version string (or unknown if the application spec is unavailable).
Examples
iex> version = Qx.version()
iex> is_binary(version)
true

  



  
    
      
    
    
      x(circuit, qubit)



        
          
        

    

  


  

      

          @spec x(circuit(), non_neg_integer()) :: circuit()


      


Applies a Pauli-X gate (bit flip) to the specified qubit.
Flips |0⟩ ↔ |1⟩
Parameters
	circuit - Quantum circuit
	qubit - Target qubit index

Returns
The updated Qx.QuantumCircuit, so calls chain in a pipeline.
Examples
iex> qc = Qx.create_circuit(1) |> Qx.x(0)
iex> length(Qx.QuantumCircuit.get_instructions(qc))
1
Raises
	Qx.QubitIndexError - If qubit index is out of range


  



  
    
      
    
    
      x_all(circuit)



        
          
        

    

  


  

      

          @spec x_all(circuit()) :: circuit()


      


Applies a Pauli-X gate to every qubit in the circuit.
Returns
The updated Qx.QuantumCircuit, so calls chain in a pipeline.
Examples
iex> qc = Qx.create_circuit(2) |> Qx.x_all()
iex> length(Qx.QuantumCircuit.get_instructions(qc))
2

  



  
    
      
    
    
      x_all(circuit, qubits)



        
          
        

    

  


  

      

          @spec x_all(circuit(), Qx.Patterns.qubits()) :: circuit()


      


Applies a Pauli-X gate to every qubit in the given list or range.
See Qx.Patterns.x_all/2.
Returns
The updated Qx.QuantumCircuit, so calls chain in a pipeline.
Raises
	Qx.QubitIndexError - If any listed qubit index is out of range


  



  
    
      
    
    
      y(circuit, qubit)



        
          
        

    

  


  

      

          @spec y(circuit(), non_neg_integer()) :: circuit()


      


Applies a Pauli-Y gate to the specified qubit.
Combines bit flip and phase flip transformations.
Parameters
	circuit - Quantum circuit
	qubit - Target qubit index

Returns
The updated Qx.QuantumCircuit, so calls chain in a pipeline.
Examples
iex> qc = Qx.create_circuit(1) |> Qx.y(0)
iex> length(Qx.QuantumCircuit.get_instructions(qc))
1
Raises
	Qx.QubitIndexError - If qubit index is out of range


  



  
    
      
    
    
      y_all(circuit)



        
          
        

    

  


  

      

          @spec y_all(circuit()) :: circuit()


      


Applies a Pauli-Y gate to every qubit in the circuit.
Returns
The updated Qx.QuantumCircuit, so calls chain in a pipeline.
Examples
iex> qc = Qx.create_circuit(2) |> Qx.y_all()
iex> length(Qx.QuantumCircuit.get_instructions(qc))
2

  



  
    
      
    
    
      y_all(circuit, qubits)



        
          
        

    

  


  

      

          @spec y_all(circuit(), Qx.Patterns.qubits()) :: circuit()


      


Applies a Pauli-Y gate to every qubit in the given list or range.
See Qx.Patterns.y_all/2.
Returns
The updated Qx.QuantumCircuit, so calls chain in a pipeline.
Raises
	Qx.QubitIndexError - If any listed qubit index is out of range


  



  
    
      
    
    
      z(circuit, qubit)



        
          
        

    

  


  

      

          @spec z(circuit(), non_neg_integer()) :: circuit()


      


Applies a Pauli-Z gate (phase flip) to the specified qubit.
Leaves |0⟩ unchanged, applies -1 phase to |1⟩
Parameters
	circuit - Quantum circuit
	qubit - Target qubit index

Returns
The updated Qx.QuantumCircuit, so calls chain in a pipeline.
Examples
iex> qc = Qx.create_circuit(1) |> Qx.z(0)
iex> length(Qx.QuantumCircuit.get_instructions(qc))
1
Raises
	Qx.QubitIndexError - If qubit index is out of range


  



  
    
      
    
    
      z_all(circuit)



        
          
        

    

  


  

      

          @spec z_all(circuit()) :: circuit()


      


Applies a Pauli-Z gate to every qubit in the circuit.
Returns
The updated Qx.QuantumCircuit, so calls chain in a pipeline.
Examples
iex> qc = Qx.create_circuit(2) |> Qx.z_all()
iex> length(Qx.QuantumCircuit.get_instructions(qc))
2

  



  
    
      
    
    
      z_all(circuit, qubits)



        
          
        

    

  


  

      

          @spec z_all(circuit(), Qx.Patterns.qubits()) :: circuit()


      


Applies a Pauli-Z gate to every qubit in the given list or range.
See Qx.Patterns.z_all/2.
Returns
The updated Qx.QuantumCircuit, so calls chain in a pipeline.
Raises
	Qx.QubitIndexError - If any listed qubit index is out of range


  


        

      


  

    
Qx.Operations 
    



      
Utility module: reached from Qx.* in normal use — every gate here has a
Qx.* facade delegate (Qx.h/2 fronts h/2, Qx.rx/3 fronts rx/3).
Quantum gate operations for quantum circuits.
This module provides functions for applying quantum gates to quantum circuits,
including single-qubit gates (H, X, Y, Z, S, S†, T, Rx, Ry, Rz, phase, U),
basis-explicit measurement (measure_x/3, measure_y/3, measure_z/3),
two-qubit gates (CNOT, CY, CZ, CP, CRx, CRy, CRz, SWAP, iSWAP), and
three-qubit gates (CCNOT/Toffoli, CSWAP/Fredkin).
For composite "apply to every qubit" / "CNOT chain" patterns, see
Qx.Patterns.

      


      
        Summary


  
    Functions
  


    
      
        barrier(circuit, qubits)

      


        Adds a barrier to the circuit for visualization purposes.



    


    
      
        c_if(circuit, classical_bit, value, gate_fn)

      


        Applies gates conditionally based on a classical bit value.



    


    
      
        ccx(circuit, control1, control2, target)

      


        Applies a controlled-controlled-X (CCNOT/Toffoli) gate.



    


    
      
        cp(circuit, control_qubit, target_qubit, theta)

      


        Applies a controlled-phase (CP) gate.



    


    
      
        crx(circuit, control_qubit, target_qubit, theta)

      


        Applies a controlled rotation about the X-axis (CRx) gate.



    


    
      
        cry(circuit, control_qubit, target_qubit, theta)

      


        Applies a controlled rotation about the Y-axis (CRy) gate.



    


    
      
        crz(circuit, control_qubit, target_qubit, theta)

      


        Applies a controlled rotation about the Z-axis (CRz) gate.



    


    
      
        cswap(circuit, control, target_a, target_b)

      


        Applies a Fredkin (controlled-SWAP) gate.



    


    
      
        cx(circuit, control_qubit, target_qubit)

      


        Applies a controlled-X (CNOT) gate.



    


    
      
        cy(circuit, control_qubit, target_qubit)

      


        Applies a controlled-Y (CY) gate.



    


    
      
        cz(circuit, control_qubit, target_qubit)

      


        Applies a controlled-Z (CZ) gate.



    


    
      
        h(circuit, qubit)

      


        Applies a Hadamard gate to the specified qubit.



    


    
      
        iswap(circuit, qubit_a, qubit_b)

      


        Applies an iSWAP gate, exchanging qubit states while applying an i phase factor
to the swapped components.



    


    
      
        measure(circuit, qubit, classical_bit)

      


        Adds a measurement operation to the circuit.



    


    
      
        measure_x(circuit, qubit, classical_bit)

      


        Performs an X-basis measurement of qubit, storing the outcome in
classical_bit (0 ↔ |+⟩, 1 ↔ |−⟩).



    


    
      
        measure_y(circuit, qubit, classical_bit)

      


        Performs a Y-basis measurement of qubit, storing the outcome in
classical_bit (0 ↔ |+i⟩, 1 ↔ |−i⟩).



    


    
      
        measure_z(circuit, qubit, classical_bit)

      


        Performs a Z-basis (computational basis) measurement of qubit, storing
the outcome in classical_bit.



    


    
      
        phase(circuit, qubit, phi)

      


        Applies a phase gate with the specified phase.



    


    
      
        rx(circuit, qubit, theta)

      


        Applies a rotation around the X-axis by the specified angle.



    


    
      
        ry(circuit, qubit, theta)

      


        Applies a rotation around the Y-axis by the specified angle.



    


    
      
        rz(circuit, qubit, theta)

      


        Applies a rotation around the Z-axis by the specified angle.



    


    
      
        s(circuit, qubit)

      


        Applies an S gate (phase gate with π/2 phase).



    


    
      
        sdg(circuit, qubit)

      


        Applies an S† (S-dagger) gate (-π/2 phase on |1⟩).



    


    
      
        swap(circuit, qubit_a, qubit_b)

      


        Applies a SWAP gate, exchanging the quantum states of two qubits.



    


    
      
        t(circuit, qubit)

      


        Applies a T gate (phase gate with π/4 phase).



    


    
      
        tap_circuit(circuit, fun)

      


        Inspects the circuit without breaking the pipeline.



    


    
      
        tap_probabilities(circuit, fun)

      


        Inspects measurement probabilities without breaking the pipeline.



    


    
      
        tap_state(circuit, fun)

      


        Inspects the current quantum state without breaking the pipeline.



    


    
      
        tdg(circuit, qubit)

      


        Applies a T† (T-dagger) gate (−π/4 phase on |1⟩) — the adjoint of t/2.



    


    
      
        u(circuit, qubit, theta, phi, lambda)

      


        Applies the general single-qubit unitary gate U(θ,φ,λ).



    


    
      
        x(circuit, qubit)

      


        Applies a Pauli-X gate (bit flip) to the specified qubit.



    


    
      
        y(circuit, qubit)

      


        Applies a Pauli-Y gate to the specified qubit.



    


    
      
        z(circuit, qubit)

      


        Applies a Pauli-Z gate (phase flip) to the specified qubit.



    





      


      
        Functions


        


  
    
      
    
    
      barrier(circuit, qubits)



        
          
        

    

  


  

      

          @spec barrier(Qx.QuantumCircuit.t(), [non_neg_integer()] | Range.t()) ::
  Qx.QuantumCircuit.t()


      


Adds a barrier to the circuit for visualization purposes.
Barriers are used to group operations and improve circuit readability.
They do not affect the quantum state.
Parameters
	circuit - The quantum circuit
	qubits - A list or range of qubit indices the barrier spans

Examples
iex> qc = Qx.QuantumCircuit.new(3, 0)
iex> qc = Qx.Operations.barrier(qc, [0, 1, 2])
iex> [{gate, qubits, _params}] = Qx.QuantumCircuit.get_instructions(qc)
iex> {gate, qubits}
{:barrier, [0, 1, 2]}

iex> qc = Qx.QuantumCircuit.new(3, 0)
iex> qc = Qx.Operations.barrier(qc, 0..2)
iex> [{gate, qubits, _params}] = Qx.QuantumCircuit.get_instructions(qc)
iex> {gate, qubits}
{:barrier, [0, 1, 2]}

  



  
    
      
    
    
      c_if(circuit, classical_bit, value, gate_fn)



        
          
        

    

  


  

      

          @spec c_if(Qx.QuantumCircuit.t(), non_neg_integer(), 0 | 1, (Qx.QuantumCircuit.t() ->
                                                         Qx.QuantumCircuit.t())) ::
  Qx.QuantumCircuit.t()


      


Applies gates conditionally based on a classical bit value.
The conditional block executes during simulation only if the specified
classical bit equals the given value at runtime.
Parameters
	circuit - The quantum circuit
	classical_bit - Classical bit index to check (0-based)
	value - Value to compare (0 or 1)
	gate_fn - Function that applies gates: (circuit -> circuit)

Examples
iex> qc = Qx.QuantumCircuit.new(2, 2)
iex> qc = qc |> Qx.Operations.h(0) |> Qx.Operations.measure(0, 0)
iex> qc = Qx.Operations.c_if(qc, 0, 1, fn c -> Qx.Operations.x(c, 1) end)
iex> instructions = Qx.QuantumCircuit.get_instructions(qc)
iex> length(instructions)
2
Constraints
	Classical bit must be valid for the circuit
	Value must be 0 or 1
	Gates in conditional block cannot contain measurements
	No nesting of conditional blocks


  



  
    
      
    
    
      ccx(circuit, control1, control2, target)



        
          
        

    

  


  

      

          @spec ccx(
  Qx.QuantumCircuit.t(),
  non_neg_integer(),
  non_neg_integer(),
  non_neg_integer()
) ::
  Qx.QuantumCircuit.t()


      


Applies a controlled-controlled-X (CCNOT/Toffoli) gate.
The CCNOT gate flips the target qubit if and only if both control qubits are |1⟩.
Parameters
	circuit - The quantum circuit
	control1 - First control qubit index
	control2 - Second control qubit index
	target - Target qubit index

Examples
iex> qc = Qx.QuantumCircuit.new(3, 0)
iex> qc = Qx.Operations.ccx(qc, 0, 1, 2)
iex> [{gate, qubits, _params}] = Qx.QuantumCircuit.get_instructions(qc)
iex> {gate, qubits}
{:ccx, [0, 1, 2]}

  



  
    
      
    
    
      cp(circuit, control_qubit, target_qubit, theta)



        
          
        

    

  


  

      

          @spec cp(Qx.QuantumCircuit.t(), non_neg_integer(), non_neg_integer(), number()) ::
  Qx.QuantumCircuit.t()


      


Applies a controlled-phase (CP) gate.
The CP gate applies a phase of e^(i*theta) to the |11⟩ basis state only.
All other basis states are unchanged.
Parameters
	circuit - The quantum circuit
	control_qubit - Control qubit index
	target_qubit - Target qubit index
	theta - Phase angle in radians

Examples
iex> qc = Qx.QuantumCircuit.new(2, 0)
iex> qc = Qx.Operations.cp(qc, 0, 1, :math.pi())
iex> [{gate, qubits, _params}] = Qx.QuantumCircuit.get_instructions(qc)
iex> {gate, qubits}
{:cp, [0, 1]}
Raises
	Qx.QubitIndexError - If qubit indices are out of range or equal
	Qx.ParameterError - If theta is not a number


  



  
    
      
    
    
      crx(circuit, control_qubit, target_qubit, theta)



        
          
        

    

  


  

      

          @spec crx(Qx.QuantumCircuit.t(), non_neg_integer(), non_neg_integer(), number()) ::
  Qx.QuantumCircuit.t()


      


Applies a controlled rotation about the X-axis (CRx) gate.
Applies Rx(theta) to the target qubit if and only if the control qubit
is |1⟩. Maps directly to QAAL CRx(α) q, t and OpenQASM 3 crx(θ) q[c], q[t];.
Parameters
	circuit - The quantum circuit
	control_qubit - Control qubit index
	target_qubit - Target qubit index
	theta - Rotation angle in radians

Examples
iex> qc = Qx.QuantumCircuit.new(2, 0)
iex> qc = Qx.Operations.crx(qc, 0, 1, :math.pi() / 2)
iex> [{gate, qubits, params}] = Qx.QuantumCircuit.get_instructions(qc)
iex> {gate, qubits, length(params)}
{:crx, [0, 1], 1}
Raises
	Qx.QubitIndexError - If qubit indices are out of range or equal
	Qx.ParameterError - If theta is not a number


  



  
    
      
    
    
      cry(circuit, control_qubit, target_qubit, theta)



        
          
        

    

  


  

      

          @spec cry(Qx.QuantumCircuit.t(), non_neg_integer(), non_neg_integer(), number()) ::
  Qx.QuantumCircuit.t()


      


Applies a controlled rotation about the Y-axis (CRy) gate.
Applies Ry(theta) to the target qubit if and only if the control qubit
is |1⟩. Maps directly to QAAL CRy(α) q, t and OpenQASM 3 cry(θ) q[c], q[t];.
Parameters
	circuit - The quantum circuit
	control_qubit - Control qubit index
	target_qubit - Target qubit index
	theta - Rotation angle in radians

Examples
iex> qc = Qx.QuantumCircuit.new(2, 0)
iex> qc = Qx.Operations.cry(qc, 0, 1, :math.pi() / 2)
iex> [{gate, qubits, params}] = Qx.QuantumCircuit.get_instructions(qc)
iex> {gate, qubits, length(params)}
{:cry, [0, 1], 1}
Raises
	Qx.QubitIndexError - If qubit indices are out of range or equal
	Qx.ParameterError - If theta is not a number


  



  
    
      
    
    
      crz(circuit, control_qubit, target_qubit, theta)



        
          
        

    

  


  

      

          @spec crz(Qx.QuantumCircuit.t(), non_neg_integer(), non_neg_integer(), number()) ::
  Qx.QuantumCircuit.t()


      


Applies a controlled rotation about the Z-axis (CRz) gate.
Applies Rz(theta) to the target qubit if and only if the control qubit
is |1⟩. Maps directly to QAAL CRz(α) q, t and OpenQASM 3 crz(θ) q[c], q[t];.
Note that Qx.Operations.cp/4 (controlled-phase) is a closely-related
gate that differs from crz/4 by a global phase on the controlled
subspace — they are not interchangeable for arbitrary theta.
Parameters
	circuit - The quantum circuit
	control_qubit - Control qubit index
	target_qubit - Target qubit index
	theta - Rotation angle in radians

Examples
iex> qc = Qx.QuantumCircuit.new(2, 0)
iex> qc = Qx.Operations.crz(qc, 0, 1, :math.pi() / 2)
iex> [{gate, qubits, params}] = Qx.QuantumCircuit.get_instructions(qc)
iex> {gate, qubits, length(params)}
{:crz, [0, 1], 1}
Raises
	Qx.QubitIndexError - If qubit indices are out of range or equal
	Qx.ParameterError - If theta is not a number


  



  
    
      
    
    
      cswap(circuit, control, target_a, target_b)



        
          
        

    

  


  

      

          @spec cswap(
  Qx.QuantumCircuit.t(),
  non_neg_integer(),
  non_neg_integer(),
  non_neg_integer()
) ::
  Qx.QuantumCircuit.t()


      


Applies a Fredkin (controlled-SWAP) gate.
Swaps the quantum states of target_a and target_b when the control qubit is |1⟩.
When the control qubit is |0⟩, the targets are left unchanged.
Parameters
	circuit - The quantum circuit
	control - Control qubit index
	target_a - First target qubit index
	target_b - Second target qubit index

Examples
iex> qc = Qx.QuantumCircuit.new(3, 0)
iex> qc = Qx.Operations.cswap(qc, 0, 1, 2)
iex> [{gate, qubits, _params}] = Qx.QuantumCircuit.get_instructions(qc)
iex> {gate, qubits}
{:cswap, [0, 1, 2]}
Raises
	Qx.QubitIndexError - If any two qubit indices are equal or any index is out of range


  



  
    
      
    
    
      cx(circuit, control_qubit, target_qubit)



        
          
        

    

  


  

      

          @spec cx(Qx.QuantumCircuit.t(), non_neg_integer(), non_neg_integer()) ::
  Qx.QuantumCircuit.t()


      


Applies a controlled-X (CNOT) gate.
The CNOT gate flips the target qubit if and only if the control qubit is |1⟩.
Parameters
	circuit - The quantum circuit
	control_qubit - Control qubit index
	target_qubit - Target qubit index

Examples
iex> qc = Qx.QuantumCircuit.new(2, 0)
iex> qc = Qx.Operations.cx(qc, 0, 1)
iex> [{gate, qubits, _params}] = Qx.QuantumCircuit.get_instructions(qc)
iex> {gate, qubits}
{:cx, [0, 1]}

  



  
    
      
    
    
      cy(circuit, control_qubit, target_qubit)



        
          
        

    

  


  

      

          @spec cy(Qx.QuantumCircuit.t(), non_neg_integer(), non_neg_integer()) ::
  Qx.QuantumCircuit.t()


      


Applies a controlled-Y (CY) gate.
The CY gate applies a Pauli-Y operation to the target qubit if and only if
the control qubit is |1⟩. Maps directly to QAAL CY q, t and OpenQASM 3
cy q[c], q[t];.
Parameters
	circuit - The quantum circuit
	control_qubit - Control qubit index
	target_qubit - Target qubit index

Examples
iex> qc = Qx.QuantumCircuit.new(2, 0)
iex> qc = Qx.Operations.cy(qc, 0, 1)
iex> [{gate, qubits, _params}] = Qx.QuantumCircuit.get_instructions(qc)
iex> {gate, qubits}
{:cy, [0, 1]}
Raises
	Qx.QubitIndexError - If qubit indices are out of range or equal


  



  
    
      
    
    
      cz(circuit, control_qubit, target_qubit)



        
          
        

    

  


  

      

          @spec cz(Qx.QuantumCircuit.t(), non_neg_integer(), non_neg_integer()) ::
  Qx.QuantumCircuit.t()


      


Applies a controlled-Z (CZ) gate.
The CZ gate applies a phase of -1 if and only if both qubits are |1⟩.
Parameters
	circuit - The quantum circuit
	control_qubit - Control qubit index
	target_qubit - Target qubit index

Examples
iex> qc = Qx.QuantumCircuit.new(2, 0)
iex> qc = Qx.Operations.cz(qc, 0, 1)
iex> [{gate, qubits, _params}] = Qx.QuantumCircuit.get_instructions(qc)
iex> {gate, qubits}
{:cz, [0, 1]}

  



  
    
      
    
    
      h(circuit, qubit)



        
          
        

    

  


  

      

          @spec h(Qx.QuantumCircuit.t(), non_neg_integer()) :: Qx.QuantumCircuit.t()


      


Applies a Hadamard gate to the specified qubit.
The Hadamard gate creates superposition, transforming |0⟩ to (|0⟩ + |1⟩)/√2
and |1⟩ to (|0⟩ - |1⟩)/√2.
Parameters
	circuit - The quantum circuit
	qubit - Target qubit index

Examples
iex> qc = Qx.QuantumCircuit.new(2, 0)
iex> qc = Qx.Operations.h(qc, 0)
iex> [{gate, qubits, _params}] = Qx.QuantumCircuit.get_instructions(qc)
iex> {gate, qubits}
{:h, [0]}

  



  
    
      
    
    
      iswap(circuit, qubit_a, qubit_b)



        
          
        

    

  


  

      

          @spec iswap(Qx.QuantumCircuit.t(), non_neg_integer(), non_neg_integer()) ::
  Qx.QuantumCircuit.t()


      


Applies an iSWAP gate, exchanging qubit states while applying an i phase factor
to the swapped components.
Parameters
	circuit - The quantum circuit
	qubit_a - Index of the first qubit
	qubit_b - Index of the second qubit

Examples
iex> qc = Qx.QuantumCircuit.new(2, 0)
iex> qc = Qx.Operations.iswap(qc, 0, 1)
iex> [{gate, qubits, _params}] = Qx.QuantumCircuit.get_instructions(qc)
iex> {gate, qubits}
{:iswap, [0, 1]}
Raises
	Qx.QubitIndexError - If qubit indices are out of range or equal


  



  
    
      
    
    
      measure(circuit, qubit, classical_bit)



        
          
        

    

  


  

      

          @spec measure(Qx.QuantumCircuit.t(), non_neg_integer(), non_neg_integer()) ::
  Qx.QuantumCircuit.t()


      


Adds a measurement operation to the circuit.
Parameters
	circuit - The quantum circuit
	qubit - Qubit index to measure
	classical_bit - Classical bit index to store the result

Examples
iex> qc = Qx.QuantumCircuit.new(2, 2)
iex> qc = Qx.Operations.measure(qc, 0, 0)
iex> [{qubit, classical_bit}] = Qx.QuantumCircuit.get_measurements(qc)
iex> {qubit, classical_bit}
{0, 0}

  



  
    
      
    
    
      measure_x(circuit, qubit, classical_bit)



        
          
        

    

  


  

      

          @spec measure_x(Qx.QuantumCircuit.t(), non_neg_integer(), non_neg_integer()) ::
  Qx.QuantumCircuit.t()


      


Performs an X-basis measurement of qubit, storing the outcome in
classical_bit (0 ↔ |+⟩, 1 ↔ |−⟩).
Lowers to H q ; Mz q -> r. The classical outcome matches QAAL
Mx q -> r, but note Qx's simulator samples in the computational
basis at end-of-circuit, so the post-measurement quantum state stays
Z-basis-aligned (i.e. |0⟩ if the classical outcome was 0, |1⟩
if 1) — it is not rotated back into the X-basis eigenstate. For
algorithmic transcription of QAAL programs this is observationally
indistinguishable as long as q is not used after the X-basis
measurement (the common case).
Parameters
	circuit - The quantum circuit
	qubit - Qubit index to measure
	classical_bit - Classical bit index to store the result

Examples
iex> qc = Qx.QuantumCircuit.new(1, 1) |> Qx.Operations.measure_x(0, 0)
iex> length(Qx.QuantumCircuit.get_instructions(qc))
2
Raises
	Qx.QubitIndexError - If qubit index is out of range
	Qx.ClassicalBitError - If classical bit index is out of range


  



  
    
      
    
    
      measure_y(circuit, qubit, classical_bit)



        
          
        

    

  


  

      

          @spec measure_y(Qx.QuantumCircuit.t(), non_neg_integer(), non_neg_integer()) ::
  Qx.QuantumCircuit.t()


      


Performs a Y-basis measurement of qubit, storing the outcome in
classical_bit (0 ↔ |+i⟩, 1 ↔ |−i⟩).
Lowers to Sdg q ; H q ; Mz q -> r. Same deferred-sample caveat as
measure_x/3: the post-measurement state is |0⟩/|1⟩ aligned, not
rotated back into the Y-basis eigenstate. The classical outcome is
what QAAL My q -> r produces.
Parameters
	circuit - The quantum circuit
	qubit - Qubit index to measure
	classical_bit - Classical bit index to store the result

Examples
iex> qc = Qx.QuantumCircuit.new(1, 1) |> Qx.Operations.measure_y(0, 0)
iex> length(Qx.QuantumCircuit.get_instructions(qc))
3
Raises
	Qx.QubitIndexError - If qubit index is out of range
	Qx.ClassicalBitError - If classical bit index is out of range


  



  
    
      
    
    
      measure_z(circuit, qubit, classical_bit)



        
          
        

    

  


  

      

          @spec measure_z(Qx.QuantumCircuit.t(), non_neg_integer(), non_neg_integer()) ::
  Qx.QuantumCircuit.t()


      


Performs a Z-basis (computational basis) measurement of qubit, storing
the outcome in classical_bit.
This is an alias of measure/3 provided for symmetry with measure_x/3
and measure_y/3. Maps directly to QAAL Mz q -> r.
Examples
iex> qc = Qx.QuantumCircuit.new(1, 1) |> Qx.Operations.measure_z(0, 0)
iex> Qx.QuantumCircuit.get_measurements(qc)
[{0, 0}]

  



  
    
      
    
    
      phase(circuit, qubit, phi)



        
          
        

    

  


  

      

          @spec phase(Qx.QuantumCircuit.t(), non_neg_integer(), number()) ::
  Qx.QuantumCircuit.t()


      


Applies a phase gate with the specified phase.
Parameters
	circuit - The quantum circuit
	qubit - Target qubit index
	phi - Phase angle in radians

Examples
iex> qc = Qx.QuantumCircuit.new(1, 0)
iex> qc = Qx.Operations.phase(qc, 0, :math.pi/4)
iex> [{gate, qubits, params}] = Qx.QuantumCircuit.get_instructions(qc)
iex> {gate, qubits, length(params)}
{:phase, [0], 1}
Raises
	Qx.ParameterError - If phi is not a number (validated at build time)
	Qx.QubitIndexError - If qubit index is out of range or not an integer


  



  
    
      
    
    
      rx(circuit, qubit, theta)



        
          
        

    

  


  

      

          @spec rx(Qx.QuantumCircuit.t(), non_neg_integer(), number()) :: Qx.QuantumCircuit.t()


      


Applies a rotation around the X-axis by the specified angle.
Parameters
	circuit - The quantum circuit
	qubit - Target qubit index
	theta - Rotation angle in radians

Examples
iex> qc = Qx.QuantumCircuit.new(1, 0)
iex> qc = Qx.Operations.rx(qc, 0, :math.pi/2)
iex> [{gate, qubits, params}] = Qx.QuantumCircuit.get_instructions(qc)
iex> {gate, qubits, length(params)}
{:rx, [0], 1}
Raises
	Qx.ParameterError - If theta is not a number (validated at build time)
	Qx.QubitIndexError - If qubit index is out of range or not an integer


  



  
    
      
    
    
      ry(circuit, qubit, theta)



        
          
        

    

  


  

      

          @spec ry(Qx.QuantumCircuit.t(), non_neg_integer(), number()) :: Qx.QuantumCircuit.t()


      


Applies a rotation around the Y-axis by the specified angle.
Parameters
	circuit - The quantum circuit
	qubit - Target qubit index
	theta - Rotation angle in radians

Examples
iex> qc = Qx.QuantumCircuit.new(1, 0)
iex> qc = Qx.Operations.ry(qc, 0, :math.pi/2)
iex> [{gate, qubits, params}] = Qx.QuantumCircuit.get_instructions(qc)
iex> {gate, qubits, length(params)}
{:ry, [0], 1}
Raises
	Qx.ParameterError - If theta is not a number (validated at build time)
	Qx.QubitIndexError - If qubit index is out of range or not an integer


  



  
    
      
    
    
      rz(circuit, qubit, theta)



        
          
        

    

  


  

      

          @spec rz(Qx.QuantumCircuit.t(), non_neg_integer(), number()) :: Qx.QuantumCircuit.t()


      


Applies a rotation around the Z-axis by the specified angle.
Parameters
	circuit - The quantum circuit
	qubit - Target qubit index
	theta - Rotation angle in radians

Examples
iex> qc = Qx.QuantumCircuit.new(1, 0)
iex> qc = Qx.Operations.rz(qc, 0, :math.pi/2)
iex> [{gate, qubits, params}] = Qx.QuantumCircuit.get_instructions(qc)
iex> {gate, qubits, length(params)}
Raises
	Qx.ParameterError - If theta is not a number (validated at build time)
	Qx.QubitIndexError - If qubit index is out of range or not an integer


  



  
    
      
    
    
      s(circuit, qubit)



        
          
        

    

  


  

      

          @spec s(Qx.QuantumCircuit.t(), non_neg_integer()) :: Qx.QuantumCircuit.t()


      


Applies an S gate (phase gate with π/2 phase).
Parameters
	circuit - The quantum circuit
	qubit - Target qubit index

Examples
iex> qc = Qx.QuantumCircuit.new(1, 0)
iex> qc = Qx.Operations.s(qc, 0)
iex> [{gate, qubits, _params}] = Qx.QuantumCircuit.get_instructions(qc)
iex> {gate, qubits}
{:s, [0]}

  



  
    
      
    
    
      sdg(circuit, qubit)



        
          
        

    

  


  

      

          @spec sdg(Qx.QuantumCircuit.t(), non_neg_integer()) :: Qx.QuantumCircuit.t()


      


Applies an S† (S-dagger) gate (-π/2 phase on |1⟩).
Parameters
	circuit - The quantum circuit
	qubit - Target qubit index

Examples
iex> qc = Qx.QuantumCircuit.new(1, 0)
iex> qc = Qx.Operations.sdg(qc, 0)
iex> [{gate, qubits, _params}] = Qx.QuantumCircuit.get_instructions(qc)
iex> {gate, qubits}
{:sdg, [0]}

  



  
    
      
    
    
      swap(circuit, qubit_a, qubit_b)



        
          
        

    

  


  

      

          @spec swap(Qx.QuantumCircuit.t(), non_neg_integer(), non_neg_integer()) ::
  Qx.QuantumCircuit.t()


      


Applies a SWAP gate, exchanging the quantum states of two qubits.
Parameters
	circuit - The quantum circuit
	qubit_a - Index of the first qubit
	qubit_b - Index of the second qubit

Examples
iex> qc = Qx.QuantumCircuit.new(2, 0)
iex> qc = Qx.Operations.swap(qc, 0, 1)
iex> [{gate, qubits, _params}] = Qx.QuantumCircuit.get_instructions(qc)
iex> {gate, qubits}
{:swap, [0, 1]}
Raises
	Qx.QubitIndexError - If qubit indices are out of range or equal


  



  
    
      
    
    
      t(circuit, qubit)



        
          
        

    

  


  

      

          @spec t(Qx.QuantumCircuit.t(), non_neg_integer()) :: Qx.QuantumCircuit.t()


      


Applies a T gate (phase gate with π/4 phase).
Parameters
	circuit - The quantum circuit
	qubit - Target qubit index

Examples
iex> qc = Qx.QuantumCircuit.new(1, 0)
iex> qc = Qx.Operations.t(qc, 0)
iex> [{gate, qubits, _params}] = Qx.QuantumCircuit.get_instructions(qc)
iex> {gate, qubits}
{:t, [0]}

  



  
    
      
    
    
      tap_circuit(circuit, fun)



        
          
        

    

  


  

      

          @spec tap_circuit(Qx.QuantumCircuit.t(), (Qx.QuantumCircuit.t() -> any())) ::
  Qx.QuantumCircuit.t()


      


Inspects the circuit without breaking the pipeline.
The provided function receives the circuit and can perform
any side-effect (logging, printing, assertions), but the
return value is ignored and the original circuit is returned.
Parameters
	circuit - The quantum circuit
	fun - Function to execute: (circuit -> any())

Examples
iex> circuit = Qx.QuantumCircuit.new(2, 0)
...> |> Qx.Operations.h(0)
...> |> Qx.Operations.tap_circuit(&IO.inspect(&1.instructions, label: "After H"))
...> |> Qx.Operations.cx(0, 1)
After H: [{:h, [0], []}]
%Qx.QuantumCircuit{...}

# Create circuit and inspect depth/qubits
circuit = Qx.QuantumCircuit.new(3, 0)
  |> Qx.Operations.h(0)
  |> Qx.Operations.tap_circuit(fn circ ->
       IO.puts("Depth: #{Qx.QuantumCircuit.depth(circ)}")
       IO.puts("Qubits: #{circ.num_qubits}")
     end)
  |> Qx.Operations.x(1)
# Outputs:
# Depth: 1
# Qubits: 3
See Also
	tap_state/2 - Inspect quantum state
	tap_probabilities/2 - Inspect measurement probabilities


  



  
    
      
    
    
      tap_probabilities(circuit, fun)



        
          
        

    

  


  

      

          @spec tap_probabilities(Qx.QuantumCircuit.t(), (Nx.Tensor.t() -> any())) ::
  Qx.QuantumCircuit.t()


      


Inspects measurement probabilities without breaking the pipeline.
Convenience function that computes probabilities and passes them
to your inspection function.
Important: This executes all instructions so far to get the
current probabilities. Use sparingly in performance-critical code.
Parameters
	circuit - The quantum circuit
	fun - Function to execute: (Nx.Tensor.t() -> any())

Examples
iex> circuit = Qx.QuantumCircuit.new(2, 2)
...> |> Qx.Operations.h(0)
...> |> Qx.Operations.cx(0, 1)
...> |> Qx.Operations.tap_probabilities(&IO.inspect/1)
...> |> Qx.Operations.measure(0, 0)
#Nx.Tensor<
  f32[4]
  [0.5, 0.0, 0.0, 0.5]
>
%Qx.QuantumCircuit{...}

# Create circuit and inspect probabilities
circuit = Qx.QuantumCircuit.new(1, 0)
  |> Qx.Operations.h(0)
  |> Qx.Operations.tap_probabilities(fn probs ->
       prob_list = Nx.to_list(probs)
       IO.puts("P(|0⟩) = #{Enum.at(prob_list, 0)}")
       IO.puts("P(|1⟩) = #{Enum.at(prob_list, 1)}")
     end)
# Outputs:
# P(|0⟩) = 0.5
# P(|1⟩) = 0.5
Raises
	Qx.MeasurementError - If the circuit so far contains measurements or
conditionals (same contract as Qx.Simulation.get_probabilities/2).
Tap before the first measure/3 or c_if/4 in the pipeline.

See Also
	tap_state/2 - Inspect full quantum state
	tap_circuit/2 - Inspect circuit metadata


  



  
    
      
    
    
      tap_state(circuit, fun)



        
          
        

    

  


  

      

          @spec tap_state(Qx.QuantumCircuit.t(), (Nx.Tensor.t() -> any())) ::
  Qx.QuantumCircuit.t()


      


Inspects the current quantum state without breaking the pipeline.
Important: This executes all instructions so far to get
the current state. Use sparingly in performance-critical code.
Parameters
	circuit - The quantum circuit
	fun - Function to execute: (Nx.Tensor.t() -> any())

Examples
iex> circuit = Qx.QuantumCircuit.new(1, 0)
...> |> Qx.Operations.h(0)
...> |> Qx.Operations.tap_state(&IO.inspect(&1, label: "After H gate"))
...> |> Qx.Operations.z(0)
After H gate: #Nx.Tensor<...>
%Qx.QuantumCircuit{...}

iex> circuit = Qx.QuantumCircuit.new(2, 0)
...> |> Qx.Operations.h(0)
...> |> Qx.Operations.tap_state(fn state ->
...>      probs = Qx.Math.probabilities(state)
...>      IO.inspect(Nx.to_list(probs), label: "Probabilities")
...>    end)
...> |> Qx.Operations.cx(0, 1)
Probabilities: [0.5, 0.5, 0.0, 0.0]
%Qx.QuantumCircuit{...}
Raises
	Qx.MeasurementError - If the circuit so far contains measurements or
conditionals (same contract as Qx.Simulation.get_state/2). Tap before
the first measure/3 or c_if/4 in the pipeline.

See Also
	tap_circuit/2 - Inspect circuit metadata
	tap_probabilities/2 - Inspect measurement probabilities directly


  



  
    
      
    
    
      tdg(circuit, qubit)



        
          
        

    

  


  

      

          @spec tdg(Qx.QuantumCircuit.t(), non_neg_integer()) :: Qx.QuantumCircuit.t()


      


Applies a T† (T-dagger) gate (−π/4 phase on |1⟩) — the adjoint of t/2.
Parameters
	circuit - The quantum circuit
	qubit - Target qubit index

Returns
The updated Qx.QuantumCircuit, so calls chain in a pipeline.
Examples
iex> qc = Qx.QuantumCircuit.new(1, 0)
iex> qc = Qx.Operations.tdg(qc, 0)
iex> [{gate, qubits, _params}] = Qx.QuantumCircuit.get_instructions(qc)
iex> {gate, qubits}
{:tdg, [0]}
Raises
	Qx.QubitIndexError - If qubit is out of range


  



  
    
      
    
    
      u(circuit, qubit, theta, phi, lambda)



        
          
        

    

  


  

      

          @spec u(Qx.QuantumCircuit.t(), non_neg_integer(), number(), number(), number()) ::
  Qx.QuantumCircuit.t()


      


Applies the general single-qubit unitary gate U(θ,φ,λ).
U(θ,φ,λ) = [[cos(θ/2),             -e^(iλ)·sin(θ/2) ],
         [e^(iφ)·sin(θ/2),  e^(i(φ+λ))·cos(θ/2) ]]
Follows the OpenQASM 3.0 specification built-in U gate /
Qiskit qiskit.circuit.library.UGate convention.
Decomposition identity: U(θ,φ,λ) = RZ(φ)·RY(θ)·RZ(λ) up to the
global phase e^{i(φ+λ)/2}. For the X/H/I/Y special cases below the
result is exact — Qiskit's UGate carries no extra global phase.
Special cases:
	U(π, 0, π) = X gate
	U(π/2, 0, π) = H gate
	U(0, 0, 0) = I gate
	U(π, π/2, π/2) = Y gate (up to global phase)

Parameters
	circuit - The quantum circuit
	qubit - Target qubit index
	theta (θ) - Polar rotation angle in radians
	phi (φ) - Phase angle in radians
	lambda (λ) - Phase angle in radians

Examples
iex> qc = Qx.QuantumCircuit.new(1, 0)
iex> qc = Qx.Operations.u(qc, 0, :math.pi(), 0, :math.pi())
iex> [{gate, qubits, params}] = Qx.QuantumCircuit.get_instructions(qc)
iex> {gate, qubits, length(params)}
{:u, [0], 3}
Raises
	Qx.ParameterError - if theta, phi, or lambda is not a number
	Qx.QubitIndexError - if qubit index is out of range


  



  
    
      
    
    
      x(circuit, qubit)



        
          
        

    

  


  

      

          @spec x(Qx.QuantumCircuit.t(), non_neg_integer()) :: Qx.QuantumCircuit.t()


      


Applies a Pauli-X gate (bit flip) to the specified qubit.
The X gate flips |0⟩ to |1⟩ and |1⟩ to |0⟩.
Parameters
	circuit - The quantum circuit
	qubit - Target qubit index

Examples
iex> qc = Qx.QuantumCircuit.new(2, 0)
iex> qc = Qx.Operations.x(qc, 0)
iex> [{gate, qubits, _params}] = Qx.QuantumCircuit.get_instructions(qc)
iex> {gate, qubits}
{:x, [0]}

  



  
    
      
    
    
      y(circuit, qubit)



        
          
        

    

  


  

      

          @spec y(Qx.QuantumCircuit.t(), non_neg_integer()) :: Qx.QuantumCircuit.t()


      


Applies a Pauli-Y gate to the specified qubit.
The Y gate applies both bit flip and phase flip transformations.
Parameters
	circuit - The quantum circuit
	qubit - Target qubit index

Examples
iex> qc = Qx.QuantumCircuit.new(2, 0)
iex> qc = Qx.Operations.y(qc, 0)
iex> [{gate, qubits, _params}] = Qx.QuantumCircuit.get_instructions(qc)
iex> {gate, qubits}
{:y, [0]}

  



  
    
      
    
    
      z(circuit, qubit)



        
          
        

    

  


  

      

          @spec z(Qx.QuantumCircuit.t(), non_neg_integer()) :: Qx.QuantumCircuit.t()


      


Applies a Pauli-Z gate (phase flip) to the specified qubit.
The Z gate leaves |0⟩ unchanged and applies a phase of -1 to |1⟩.
Parameters
	circuit - The quantum circuit
	qubit - Target qubit index

Examples
iex> qc = Qx.QuantumCircuit.new(2, 0)
iex> qc = Qx.Operations.z(qc, 0)
iex> [{gate, qubits, _params}] = Qx.QuantumCircuit.get_instructions(qc)
iex> {gate, qubits}
{:z, [0]}

  


        

      


  

    
Qx.QuantumCircuit 
    



      
Tier 1: a core Qx type. Circuits are created and threaded by the Qx.*
facade (Qx.create_circuit/2, the gate builders, Qx.run/2); direct use
of this module is rarely needed.
Functions for creating and managing quantum circuits.
This module provides the core structure for quantum circuits, maintaining
circuit state and instruction lists that can be passed to the simulator
for execution.

      


      
        Summary


  
    Types
  


    
      
        instruction()

      


    


    
      
        measurement()

      


    


    
      
        t()

      


    





  
    Functions
  


    
      
        depth(circuit)

      


        Gets the depth (number of instruction layers) of the circuit.



    


    
      
        get_instructions(circuit)

      


        Gets the list of instructions in the circuit.



    


    
      
        get_measurements(circuit)

      


        Gets the list of measurements in the circuit.



    


    
      
        get_state(circuit)

          deprecated

      


        Gets the initial quantum state of the circuit.



    


    
      
        initial_state(circuit)

      


        Returns the circuit's initial state vector — the |0…0⟩ recipe start,
not the result of running the circuit.



    


    
      
        measured?(circuit, qubit)

      


        Checks if a qubit has been measured.



    


    
      
        new(num_qubits)

      


        Creates a new quantum circuit with only qubits (no classical bits).



    


    
      
        new(num_qubits, num_classical_bits)

      


        Creates a new quantum circuit with specified number of qubits and classical bits.



    


    
      
        reset(circuit)

      


        Resets the circuit to its initial state, clearing all instructions and measurements.



    


    
      
        set_state(circuit, state)

      


        Sets the quantum state of the circuit.



    





      


      
        Types


        


  
    
      
    
    
      instruction()



        
          
        

    

  


  

      

          @type instruction() :: {atom(), list(), list()}


      



  



  
    
      
    
    
      measurement()



        
          
        

    

  


  

      

          @type measurement() :: {integer(), integer()}


      



  



  
    
      
    
    
      t()



        
          
        

    

  


  

      

          @type t() :: %Qx.QuantumCircuit{
  instructions: [instruction()],
  measured_qubits: MapSet.t(),
  measurements: [measurement()],
  num_classical_bits: integer(),
  num_qubits: integer(),
  state: Nx.Tensor.t()
}


      



  


        

      

      
        Functions


        


  
    
      
    
    
      depth(circuit)



        
          
        

    

  


  

      

          @spec depth(t()) :: non_neg_integer()


      


Gets the depth (number of instruction layers) of the circuit.
Examples
iex> qc = Qx.create_circuit(2) |> Qx.h(0) |> Qx.x(1)
iex> Qx.QuantumCircuit.depth(qc)
2

  



  
    
      
    
    
      get_instructions(circuit)



        
          
        

    

  


  

      

          @spec get_instructions(t()) :: [instruction()]


      


Gets the list of instructions in the circuit.
Examples
iex> qc = Qx.create_circuit(2) |> Qx.h(0)
iex> [{gate_name, qubits, _params}] = Qx.QuantumCircuit.get_instructions(qc)
iex> {gate_name, qubits}
{:h, [0]}

  



  
    
      
    
    
      get_measurements(circuit)



        
          
        

    

  


  

      

          @spec get_measurements(t()) :: [measurement()]


      


Gets the list of measurements in the circuit.
Examples
iex> qc = Qx.create_circuit(2, 2) |> Qx.measure(0, 0)
iex> [{qubit, classical_bit}] = Qx.QuantumCircuit.get_measurements(qc)
iex> {qubit, classical_bit}
{0, 0}

  



  
    
      
    
    
      get_state(circuit)



        
          
        

    

  


    
      This function is deprecated. Use `initial_state/1` (this returns the circuit's INITIAL state, not a run result; `Qx.get_state/1` runs the circuit). Will be removed in Qx 1.0.
    


  

      

          @spec get_state(t()) :: Nx.Tensor.t()


      


Gets the initial quantum state of the circuit.
Examples
iex> qc = Qx.QuantumCircuit.new(1, 0)
iex> state = Qx.QuantumCircuit.get_state(qc)
iex> Nx.shape(state)
{2}

  



  
    
      
    
    
      initial_state(circuit)



        
          
        

    

  


  

      

          @spec initial_state(t()) :: Nx.Tensor.t()


      


Returns the circuit's initial state vector — the |0…0⟩ recipe start,
not the result of running the circuit.
A Qx.QuantumCircuit is a recipe: gates are recorded, then applied when you
run it. This returns the stored starting state (circuit.state). To get the
state after the gates, run the circuit: Qx.get_state/1 (1-qubit) or
Qx.run/2 + Qx.SimulationResult. See also reset/1 and depth/1.
Returns
The initial state vector as an Nx.Tensor of shape {2^n}.
Examples
iex> qc = Qx.QuantumCircuit.new(1, 0)
iex> state = Qx.QuantumCircuit.initial_state(qc)
iex> Nx.shape(state)
{2}

  



  
    
      
    
    
      measured?(circuit, qubit)



        
          
        

    

  


  

      

          @spec measured?(t(), non_neg_integer()) :: boolean()


      


Checks if a qubit has been measured.
Examples
iex> qc = Qx.create_circuit(2, 2) |> Qx.measure(0, 0)
iex> Qx.QuantumCircuit.measured?(qc, 0)
true
iex> Qx.QuantumCircuit.measured?(qc, 1)
false

  



  
    
      
    
    
      new(num_qubits)



        
          
        

    

  


  

      

          @spec new(pos_integer()) :: t()


      


Creates a new quantum circuit with only qubits (no classical bits).
Parameters
	num_qubits - Number of qubits in the circuit

Examples
iex> qc = Qx.QuantumCircuit.new(3)
iex> qc.num_qubits
3
iex> qc.num_classical_bits
0

  



  
    
      
    
    
      new(num_qubits, num_classical_bits)



        
          
        

    

  


  

      

          @spec new(pos_integer(), non_neg_integer()) :: t()


      


Creates a new quantum circuit with specified number of qubits and classical bits.
All qubits are initialized in the |0⟩ state, and all classical bits are
initialized to 0.
Parameters
	num_qubits - Number of qubits in the circuit
	num_classical_bits - Number of classical bits for measurement storage

Examples
iex> qc = Qx.QuantumCircuit.new(2, 2)
iex> qc.num_qubits
2
iex> qc.num_classical_bits
2

  



  
    
      
    
    
      reset(circuit)



        
          
        

    

  


  

      

          @spec reset(t()) :: t()


      


Resets the circuit to its initial state, clearing all instructions and measurements.
Note: this clears the entire circuit (instructions + measurements + state),
not a single qubit. A future mid-circuit qubit reset (ROADMAP v0.9) will
add a distinct operation; this function may be renamed to clear/1 at
that point to disambiguate.
Examples
iex> qc = Qx.create_circuit(2, 2) |> Qx.h(0) |> Qx.measure(0, 0)
iex> qc_reset = Qx.QuantumCircuit.reset(qc)
iex> length(qc_reset.instructions)
0
iex> length(qc_reset.measurements)
0

  



  
    
      
    
    
      set_state(circuit, state)



        
          
        

    

  


  

      

          @spec set_state(t(), Nx.Tensor.t()) :: t()


      


Sets the quantum state of the circuit.
The state must be a valid quantum state vector with dimension 2^n
where n is the number of qubits.
Parameters
	circuit - The quantum circuit
	state - New quantum state vector

Examples
iex> qc = Qx.QuantumCircuit.new(1, 0)
iex> new_state = Nx.tensor([Complex.new(0.0, 0.0), Complex.new(1.0, 0.0)], type: :c64)
iex> qc = Qx.QuantumCircuit.set_state(qc, new_state)
iex> Nx.shape(qc.state)
{2}

  


        

      


  

    
Qx.Patterns 
    



      
Utility module: reached from Qx.* in normal use — the _all, cx_chain,
and state-prep helpers front Qx.h_all/1, Qx.cx_chain/2, Qx.bell_state/1, etc.
Composite circuit-building patterns: thin wrappers that emit multiple
instructions in one call.
Where Qx.Operations emits exactly one instruction per call (one gate, one
qubit), this module bundles the recurring "apply X to every qubit" /
"measure every qubit" / "CNOT chain" motifs that appear in tutorials and
algorithm circuits (Grover diffuser, Bernstein-Vazirani oracle, GHZ
preparation, etc.).
All helpers are additive over Qx.Operations and Qx.QuantumCircuit; they
introduce no new exception types. Out-of-range qubit indices or insufficient
classical bits surface the existing typed errors (Qx.QubitIndexError,
Qx.ClassicalBitError) from the underlying primitives.
Each _all helper has two arities:
	/1 — apply to every qubit in the circuit (whole-circuit form).
	/2 — apply to a sub-list or range of qubits (sub-register form), e.g.
Qx.Patterns.h_all(qc, 0..2) or Qx.Patterns.h_all(qc, [0, 2, 4]).

See also:
	Qx.Operations — one-instruction-per-call gate API.
	Qx.StateInit — sibling module for composite state-vector recipes
(Bell state, GHZ state, W state). Qx.Patterns is the circuit-instruction
analogue.
	Qx.bell_state/1 and Qx.ghz_state/1 — the documented entry points for
the Bell- and GHZ-preparation circuits. bell_state_circuit/1 and
ghz_state_circuit/1 here are their delegated-to implementations and carry
@doc false; call them through the Qx facade.

Examples
# Equal superposition over all qubits (replaces a private `apply_h_all`
# helper used in tutorials).
iex> qc = Qx.create_circuit(3) |> Qx.Patterns.h_all()
iex> length(Qx.QuantumCircuit.get_instructions(qc))
3

# Equal superposition over a sub-register.
iex> qc = Qx.create_circuit(5) |> Qx.Patterns.h_all(0..2)
iex> length(Qx.QuantumCircuit.get_instructions(qc))
3

# Measure every qubit into its same-index classical bit.
iex> qc = Qx.create_circuit(2, 2) |> Qx.Patterns.measure_all()
iex> Qx.QuantumCircuit.get_instructions(qc)
[{:measure, [0, 0], []}, {:measure, [1, 1], []}]

# GHZ-style linear CNOT chain.
iex> qc = Qx.create_circuit(4) |> Qx.Patterns.cx_chain([0, 1, 2, 3])
iex> length(Qx.QuantumCircuit.get_instructions(qc))
3

      


      
        Summary


  
    Types
  


    
      
        bell_state_type()

      


        Selector for which of the four Bell states a recipe builds.



    


    
      
        qubits()

      


        A list or range of non-negative qubit indices.



    





  
    Functions
  


    
      
        barrier_all(circuit)

      


        Adds a single barrier instruction spanning every qubit in circuit.



    


    
      
        barrier_all(circuit, qubits)

      


        Adds a single barrier instruction spanning the given list or range of
qubits.



    


    
      
        bell_pair(circuit, q0, q1, which \\ :phi_plus)

      


        Appends the gates that entangle qubits q0 and q1 into one of the four
Bell states onto an existing circuit.



    


    
      
        cx_chain(circuit, qubits)

      


        Applies a linear cascade of CNOTs along qubits.



    


    
      
        ghz(circuit, qubits)

      


        Appends the GHZ-preparation gates over qubits onto an existing circuit.



    


    
      
        h_all(circuit)

      


        Applies a Hadamard gate to every qubit in circuit.



    


    
      
        h_all(circuit, qubits)

      


        Applies a Hadamard gate to every qubit in the given list or range.



    


    
      
        measure_all(circuit)

      


        Measures every qubit into its same-index classical bit.



    


    
      
        measure_all(circuit, qubits)

      


        Measures every qubit in the given list or range into its same-index
classical bit (qubit i → classical bit i).



    


    
      
        superposition_circuit(num_qubits \\ 1)

      


        Builds an n-qubit equal-superposition circuit: H applied to every
qubit, on a |0…0⟩ input the result is the uniform superposition.
Default is 1 qubit.



    


    
      
        x_all(circuit)

      


        Applies a Pauli-X gate to every qubit in circuit.



    


    
      
        x_all(circuit, qubits)

      


        Applies a Pauli-X gate to every qubit in the given list or range.



    


    
      
        y_all(circuit)

      


        Applies a Pauli-Y gate to every qubit in circuit.



    


    
      
        y_all(circuit, qubits)

      


        Applies a Pauli-Y gate to every qubit in the given list or range.



    


    
      
        z_all(circuit)

      


        Applies a Pauli-Z gate to every qubit in circuit.



    


    
      
        z_all(circuit, qubits)

      


        Applies a Pauli-Z gate to every qubit in the given list or range.



    





      


      
        Types


        


  
    
      
    
    
      bell_state_type()



        
          
        

    

  


  

      

          @type bell_state_type() :: :phi_plus | :phi_minus | :psi_plus | :psi_minus


      


Selector for which of the four Bell states a recipe builds.

  



  
    
      
    
    
      qubits()



        
          
        

    

  


  

      

          @type qubits() :: [non_neg_integer()] | Range.t()


      


A list or range of non-negative qubit indices.
Used as the second argument to the /2 form of h_all, x_all, y_all,
z_all, measure_all, and barrier_all to select a sub-register, and as
the qubit selector for ghz/2.

  


        

      

      
        Functions


        


  
    
      
    
    
      barrier_all(circuit)



        
          
        

    

  


  

      

          @spec barrier_all(Qx.QuantumCircuit.t()) :: Qx.QuantumCircuit.t()


      


Adds a single barrier instruction spanning every qubit in circuit.
Equivalent to Qx.Operations.barrier(circuit, Enum.to_list(0..(n - 1))).
Examples
iex> qc = Qx.create_circuit(3) |> Qx.Patterns.barrier_all()
iex> Qx.QuantumCircuit.get_instructions(qc)
[{:barrier, [0, 1, 2], []}]

  



  
    
      
    
    
      barrier_all(circuit, qubits)



        
          
        

    

  


  

      

          @spec barrier_all(Qx.QuantumCircuit.t(), qubits()) :: Qx.QuantumCircuit.t()


      


Adds a single barrier instruction spanning the given list or range of
qubits.
An empty list or empty range is a no-op (returns circuit unchanged).
Examples
iex> qc = Qx.create_circuit(4) |> Qx.Patterns.barrier_all([0, 2])
iex> Qx.QuantumCircuit.get_instructions(qc)
[{:barrier, [0, 2], []}]

  



    

  
    
      
    
    
      bell_pair(circuit, q0, q1, which \\ :phi_plus)



        
          
        

    

  


  

      

          @spec bell_pair(
  Qx.QuantumCircuit.t(),
  non_neg_integer(),
  non_neg_integer(),
  bell_state_type()
) ::
  Qx.QuantumCircuit.t()


      


Appends the gates that entangle qubits q0 and q1 into one of the four
Bell states onto an existing circuit.
Unlike Qx.bell_state/1 (which creates a fresh 2-qubit circuit), this
builder appends onto circuit at the caller-chosen qubits, so it composes
inside a larger pipeline. The gate sequence per which (with q0 the
control and q1 the target of the final CX):
	which	Gates appended
	:phi_plus	h(q0), cx(q0, q1) (default)
	:phi_minus	x(q0), h(q0), cx(q0, q1)
	:psi_plus	x(q1), h(q0), cx(q0, q1)
	:psi_minus	x(q0), x(q1), h(q0), cx(q0, q1)

Parameters
	circuit - The Qx.QuantumCircuit to append onto.
	q0 - Control qubit of the entangling CX (and the Hadamard target).
	q1 - Target qubit of the entangling CX.
	which - Which Bell state to prepare (default :phi_plus).

Returns
The updated Qx.QuantumCircuit, so calls chain in a pipeline.
Examples
iex> qc = Qx.QuantumCircuit.new(3) |> Qx.Patterns.bell_pair(1, 2)
iex> Qx.QuantumCircuit.get_instructions(qc)
[{:h, [1], []}, {:cx, [1, 2], []}]
Raises
	Qx.QubitIndexError - If q0 or q1 is out of range, or if q0 == q1
(surfaced by the composed Qx.Operations.cx/3).
	Qx.OptionError - If which is not one of :phi_plus, :phi_minus,
:psi_plus, :psi_minus.


  



  
    
      
    
    
      cx_chain(circuit, qubits)



        
          
        

    

  


  

      

          @spec cx_chain(Qx.QuantumCircuit.t(), [non_neg_integer()]) :: Qx.QuantumCircuit.t()


      


Applies a linear cascade of CNOTs along qubits.
For qubits = [q0, q1, q2, ..., qk], emits CNOTs cx(q0, q1), cx(q1, q2), …, cx(q_{k-1}, q_k) — i.e. each qubit controls the next. This is the
shape used to build GHZ states (e.g. H(0) → cx(0,1) → cx(1,2)).
Lists of length 0 or 1 are deliberate no-ops and return circuit
unchanged.
Examples
iex> qc = Qx.create_circuit(4) |> Qx.Patterns.cx_chain([0, 1, 2, 3])
iex> Qx.QuantumCircuit.get_instructions(qc)
[{:cx, [0, 1], []}, {:cx, [1, 2], []}, {:cx, [2, 3], []}]

iex> qc = Qx.create_circuit(2) |> Qx.Patterns.cx_chain([])
iex> Qx.QuantumCircuit.get_instructions(qc)
[]

iex> qc = Qx.create_circuit(2) |> Qx.Patterns.cx_chain([0])
iex> Qx.QuantumCircuit.get_instructions(qc)
[]

  



  
    
      
    
    
      ghz(circuit, qubits)



        
          
        

    

  


  

      

          @spec ghz(Qx.QuantumCircuit.t(), qubits()) :: Qx.QuantumCircuit.t()


      


Appends the GHZ-preparation gates over qubits onto an existing circuit.
Applies a Hadamard to the first qubit in qubits, then a linear CNOT chain
(cx_chain/2) along the rest — the |GHZ⟩ = (|0…0⟩ + |1…1⟩)/√2 recipe.
Where Qx.ghz_state/1 creates a fresh n-qubit circuit over 0..n-1,
this builder appends onto circuit at the caller-chosen qubits.
qubits may be a list or a range and must name at least two qubits — a GHZ
state needs two qubits to entangle.
Parameters
	circuit - The Qx.QuantumCircuit to append onto.
	qubits - A list or range of at least two qubit indices; the first is
the Hadamard/root qubit, and the chain follows the given order.

Returns
The updated Qx.QuantumCircuit, so calls chain in a pipeline.
Examples
iex> qc = Qx.QuantumCircuit.new(4) |> Qx.Patterns.ghz(1..3)
iex> Qx.QuantumCircuit.get_instructions(qc)
[{:h, [1], []}, {:cx, [1, 2], []}, {:cx, [2, 3], []}]
Raises
	Qx.QubitCountError - If fewer than two qubits are given.
	Qx.QubitIndexError - If any qubit index is out of range (surfaced by
the composed Qx.Operations.h/2 and cx_chain/2).


  



  
    
      
    
    
      h_all(circuit)



        
          
        

    

  


  

      

          @spec h_all(Qx.QuantumCircuit.t()) :: Qx.QuantumCircuit.t()


      


Applies a Hadamard gate to every qubit in circuit.
Equivalent to Enum.reduce(0..(n - 1), circuit, &Qx.h(&2, &1)) where n is
circuit.num_qubits, but expresses the intent directly.
Examples
iex> qc = Qx.create_circuit(3) |> Qx.Patterns.h_all()
iex> Qx.QuantumCircuit.get_instructions(qc)
[{:h, [0], []}, {:h, [1], []}, {:h, [2], []}]

  



  
    
      
    
    
      h_all(circuit, qubits)



        
          
        

    

  


  

      

          @spec h_all(Qx.QuantumCircuit.t(), qubits()) :: Qx.QuantumCircuit.t()


      


Applies a Hadamard gate to every qubit in the given list or range.
Examples
iex> qc = Qx.create_circuit(5) |> Qx.Patterns.h_all([0, 2, 4])
iex> Qx.QuantumCircuit.get_instructions(qc)
[{:h, [0], []}, {:h, [2], []}, {:h, [4], []}]

iex> qc = Qx.create_circuit(5) |> Qx.Patterns.h_all(1..3)
iex> Qx.QuantumCircuit.get_instructions(qc)
[{:h, [1], []}, {:h, [2], []}, {:h, [3], []}]

  



  
    
      
    
    
      measure_all(circuit)



        
          
        

    

  


  

      

          @spec measure_all(Qx.QuantumCircuit.t()) :: Qx.QuantumCircuit.t()


      


Measures every qubit into its same-index classical bit.
Emits n measurement instructions where n = circuit.num_qubits, each
mapping qubit i to classical bit i.
Raises Qx.ClassicalBitError if circuit.num_classical_bits < num_qubits —
the circuit shape is the caller's decision (made at create_circuit/2),
and no auto-grow happens.
Examples
iex> qc = Qx.create_circuit(3, 3) |> Qx.Patterns.measure_all()
iex> Qx.QuantumCircuit.get_instructions(qc)
[{:measure, [0, 0], []}, {:measure, [1, 1], []}, {:measure, [2, 2], []}]

  



  
    
      
    
    
      measure_all(circuit, qubits)



        
          
        

    

  


  

      

          @spec measure_all(Qx.QuantumCircuit.t(), qubits()) :: Qx.QuantumCircuit.t()


      


Measures every qubit in the given list or range into its same-index
classical bit (qubit i → classical bit i).
Examples
iex> qc = Qx.create_circuit(3, 3) |> Qx.Patterns.measure_all([0, 2])
iex> Qx.QuantumCircuit.get_instructions(qc)
[{:measure, [0, 0], []}, {:measure, [2, 2], []}]

  



    

  
    
      
    
    
      superposition_circuit(num_qubits \\ 1)



        
          
        

    

  


  

      

          @spec superposition_circuit(pos_integer()) :: Qx.QuantumCircuit.t()


      


Builds an n-qubit equal-superposition circuit: H applied to every
qubit, on a |0…0⟩ input the result is the uniform superposition.
Default is 1 qubit.
Examples
iex> qc = Qx.Patterns.superposition_circuit()
iex> qc.num_qubits
1

iex> qc = Qx.Patterns.superposition_circuit(3)
iex> length(Qx.QuantumCircuit.get_instructions(qc))
3

  



  
    
      
    
    
      x_all(circuit)



        
          
        

    

  


  

      

          @spec x_all(Qx.QuantumCircuit.t()) :: Qx.QuantumCircuit.t()


      


Applies a Pauli-X gate to every qubit in circuit.
Examples
iex> qc = Qx.create_circuit(2) |> Qx.Patterns.x_all()
iex> Qx.QuantumCircuit.get_instructions(qc)
[{:x, [0], []}, {:x, [1], []}]

  



  
    
      
    
    
      x_all(circuit, qubits)



        
          
        

    

  


  

      

          @spec x_all(Qx.QuantumCircuit.t(), qubits()) :: Qx.QuantumCircuit.t()


      


Applies a Pauli-X gate to every qubit in the given list or range.
Examples
iex> qc = Qx.create_circuit(4) |> Qx.Patterns.x_all([0, 3])
iex> Qx.QuantumCircuit.get_instructions(qc)
[{:x, [0], []}, {:x, [3], []}]

  



  
    
      
    
    
      y_all(circuit)



        
          
        

    

  


  

      

          @spec y_all(Qx.QuantumCircuit.t()) :: Qx.QuantumCircuit.t()


      


Applies a Pauli-Y gate to every qubit in circuit.
Examples
iex> qc = Qx.create_circuit(2) |> Qx.Patterns.y_all()
iex> Qx.QuantumCircuit.get_instructions(qc)
[{:y, [0], []}, {:y, [1], []}]

  



  
    
      
    
    
      y_all(circuit, qubits)



        
          
        

    

  


  

      

          @spec y_all(Qx.QuantumCircuit.t(), qubits()) :: Qx.QuantumCircuit.t()


      


Applies a Pauli-Y gate to every qubit in the given list or range.
Examples
iex> qc = Qx.create_circuit(3) |> Qx.Patterns.y_all(0..1)
iex> Qx.QuantumCircuit.get_instructions(qc)
[{:y, [0], []}, {:y, [1], []}]

  



  
    
      
    
    
      z_all(circuit)



        
          
        

    

  


  

      

          @spec z_all(Qx.QuantumCircuit.t()) :: Qx.QuantumCircuit.t()


      


Applies a Pauli-Z gate to every qubit in circuit.
Examples
iex> qc = Qx.create_circuit(2) |> Qx.Patterns.z_all()
iex> Qx.QuantumCircuit.get_instructions(qc)
[{:z, [0], []}, {:z, [1], []}]

  



  
    
      
    
    
      z_all(circuit, qubits)



        
          
        

    

  


  

      

          @spec z_all(Qx.QuantumCircuit.t(), qubits()) :: Qx.QuantumCircuit.t()


      


Applies a Pauli-Z gate to every qubit in the given list or range.
Examples
iex> qc = Qx.create_circuit(3) |> Qx.Patterns.z_all([2])
iex> Qx.QuantumCircuit.get_instructions(qc)
[{:z, [2], []}]

  


        

      


  

    
Qx.Simulation 
    



      
Utility module: reached from Qx.* in normal use — Qx.run/2, Qx.steps/2,
Qx.get_state/1, and Qx.get_probabilities/1 front this engine.
Simulation engine for executing quantum circuits with full complex number support.
This module runs circuit instructions and applies quantum gates to evolve the
quantum state, then provides measurement probabilities and classical bit results.
All quantum states and operations properly support complex number arithmetic.
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    Functions
  


    
      
        get_probabilities(circuit, options \\ [])

      


        Gets the probability distribution for all computational basis states.



    


    
      
        get_state(circuit, options \\ [])

      


        Executes a quantum circuit without measurements, returning only the final state.



    


    
      
        run(circuit, options \\ [])

      


        Executes a quantum circuit and returns the simulation results.



    


    
      
        steps(circuit, options \\ [])

      


        Returns a lazy stream of %Qx.Step{} structs, one per executed
operation.
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          @type simulation_result() :: Qx.SimulationResult.t()
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      get_probabilities(circuit, options \\ [])



        
          
        

    

  


  

      

          @spec get_probabilities(
  Qx.QuantumCircuit.t(),
  keyword()
) :: Nx.Tensor.t()


      


Gets the probability distribution for all computational basis states.
Note: This function only works for circuits without measurements or conditionals.
For circuits with measurements, use run/2 and access the probabilities from the result.
Parameters
	circuit - The quantum circuit
	options - Optional keyword list (default: [])

Options
	:backend - Nx backend to use for computation (default: current Nx default)

Examples
iex> qc = Qx.QuantumCircuit.new(1, 0) |> Qx.Operations.h(0)
iex> probs = Qx.Simulation.get_probabilities(qc)
iex> Nx.shape(probs)
{2}
Raises
	Qx.MeasurementError - If circuit contains measurements or conditionals


  



    

  
    
      
    
    
      get_state(circuit, options \\ [])



        
          
        

    

  


  

      

          @spec get_state(
  Qx.QuantumCircuit.t(),
  keyword()
) :: Nx.Tensor.t()


      


Executes a quantum circuit without measurements, returning only the final state.
Note: This function only works for circuits without measurements or conditionals.
For circuits with measurements, use run/2 instead to get the simulation result.
Parameters
	circuit - The quantum circuit to execute
	options - Optional keyword list (default: [])

Options
	:backend - Nx backend to use for computation (default: current Nx default)

Examples
iex> qc = Qx.QuantumCircuit.new(1, 0) |> Qx.Operations.h(0)
iex> state = Qx.Simulation.get_state(qc)
iex> Nx.shape(state)
{2}
Raises
	Qx.MeasurementError - If circuit contains measurements or conditionals


  



    

  
    
      
    
    
      run(circuit, options \\ [])



        
          
        

    

  


  

      

          @spec run(
  Qx.QuantumCircuit.t(),
  keyword()
) :: simulation_result()


      


Executes a quantum circuit and returns the simulation results.
Parameters
	circuit - The quantum circuit to execute
	options - Optional keyword list (default: [])

Options
	:shots - Number of measurement shots (default: 1024)

	:backend - Nx backend to use for computation (default: current Nx default)

	:renormalize - Counter unitary float drift by renormalizing the
statevector (default: false). Accepts:
	false — no renormalization (current behaviour, zero cost)
	true — renormalize once at measurement-time (before
probabilities are computed)
	positive integer N — renormalize every N gates and at
measurement-time
Any other value raises Qx.OptionError.

Note: states are :c64 (complex float32, ε≈1.2e-7). Even
immediately after renormalization the total probability deviates
from 1.0 by ~1e-7, so renormalization bounds drift but does not
eliminate it; do not expect sub-1e-7 accuracy in this backend.


Backend Selection
You can specify which Nx backend to use for this simulation:
# Use EXLA for GPU/CPU acceleration. EXLA is not a Qx dependency; add it
# to your own project first (see the README's "Performance &
# Acceleration" section), then pass its backend here.
Qx.Simulation.run(circuit, backend: EXLA.Backend)

# Force binary backend (no acceleration)
Qx.Simulation.run(circuit, backend: Nx.BinaryBackend)

# Use default backend
Qx.Simulation.run(circuit)
Examples
iex> qc = Qx.QuantumCircuit.new(2, 2)
iex> qc = qc |> Qx.Operations.h(0) |> Qx.Operations.cx(0, 1)
iex> result = Qx.Simulation.run(qc)
iex> is_map(result)
true

# With custom shots
iex> result = Qx.Simulation.run(qc, shots: 2048)
iex> result.shots
2048

# Renormalize every 8 gates to counter long-circuit float drift
iex> result = Qx.Simulation.run(qc, renormalize: 8)
iex> is_map(result)
true
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          @spec steps(
  Qx.QuantumCircuit.t(),
  keyword()
) :: Enumerable.t()


      


Returns a lazy stream of %Qx.Step{} structs, one per executed
operation.
Unlike get_state/2, this works on circuits with mid-circuit
measurement and c_if: measurements collapse the state and record
their outcome in classical_bits, and each gate inside a taken
c_if block yields its own step. A block that doesn't run yields a
single step flagged :not_taken.
A circuit with measurements is stochastic, so each materialisation of
the stream samples one fresh trajectory. Pass seed: to reproduce a
trajectory. Seeding never touches the caller's process :rand state.
Options
	:seed - integer seed for the trajectory's random measurement
outcomes (default: fresh entropy per materialisation)
	:backend - Nx backend to use for computation, same pass-through
as run/2 (default: current Nx default)
	:renormalize - same contract as run/2; the every-n cadence
counts gates inside c_if blocks exactly like run/2 does
(default: false)

Examples
iex> qc = Qx.create_circuit(2) |> Qx.h(0) |> Qx.cx(0, 1)
iex> steps = Qx.Simulation.steps(qc) |> Enum.to_list()
iex> length(steps)
2
iex> Enum.map(steps, & &1.operation)
[{:h, [0], []}, {:cx, [0, 1], []}]
Raises
Materialising the stream raises the same typed errors run/2 raises:
Qx.GateError on an unsupported instruction, Qx.OptionError on a
bad :renormalize value.

  


        

      


  

    
Qx.SimulationResult 
    



      
Tier 1: a core Qx type — the struct Qx.run/2 hands back. Inspect it with
its own helpers (most_frequent/1, outcomes/1, probability/2).
Result of quantum circuit simulation.
This struct encapsulates all information from a circuit execution,
including quantum state, measurement outcomes, and statistics.
Fields
	:probabilities - Probability amplitudes as Nx tensor
	:classical_bits - List of measurement outcomes for each shot
	:state - Final quantum state vector (Nx tensor)
	:shots - Number of simulation shots executed
	:counts - Frequency map of measurement outcomes

Examples
iex> circuit = Qx.create_circuit(2, 2)
...> |> Qx.x(0)
...> |> Qx.measure(0, 0)
...> |> Qx.measure(1, 1)
iex> result = Qx.run(circuit, shots: 1000)
iex> result.shots
1000
iex> Qx.SimulationResult.most_frequent(result)
{"10", 1000}
Keys of :counts are outcome strings joining each shot's classical
bits in measurement order, the same labels Qx.draw_counts/2 renders.
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    Functions
  


    
      
        filter_by_probability(simulation_result, threshold)

      


        Get outcomes above a probability threshold.



    


    
      
        most_frequent(simulation_result)

      


        Get the most frequent measurement outcome.



    


    
      
        outcomes(simulation_result)

      


        Get all unique outcomes that occurred.



    


    
      
        probability(simulation_result, outcome)

      


        Get the probability of a specific outcome.



    


    
      
        to_map(result)

      


        Convert result to a simplified map (for backwards compatibility).
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          @type t() :: %Qx.SimulationResult{
  classical_bits: [[integer()]],
  counts: %{required(String.t()) => non_neg_integer()},
  probabilities: Nx.Tensor.t(),
  shots: pos_integer(),
  state: Nx.Tensor.t()
}
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          @spec filter_by_probability(t(), number()) :: %{
  required(String.t()) => non_neg_integer()
}


      


Get outcomes above a probability threshold.
Filters measurement outcomes to only those that occurred with at least
the specified probability.
Parameters
	result - Simulation result
	threshold - Minimum probability, any number in 0..1 (the integers
0 and 1 are accepted as well as floats)

Returns
A map of outcomes that meet the threshold.
Examples
iex> result = %Qx.SimulationResult{
...>   probabilities: Nx.tensor([0.5, 0.5, 0.0, 0.0]),
...>   classical_bits: [[0, 0], [1, 1], [0, 0]],
...>   state: Nx.tensor([0.707, 0.0, 0.0, 0.707]),
...>   shots: 100,
...>   counts: %{"00" => 52, "11" => 48}
...> }
iex> Qx.SimulationResult.filter_by_probability(result, 0.5)
%{"00" => 52}
Raises
	Qx.OptionError - If threshold is not a number in 0..1


  



  
    
      
    
    
      most_frequent(simulation_result)



        
          
        

    

  


  

      

          @spec most_frequent(t()) :: {String.t(), non_neg_integer()}


      


Get the most frequent measurement outcome.
Returns
A tuple of {outcome, count} where outcome is a binary string like "01"
and count is the number of times it occurred.
Examples
iex> result = %Qx.SimulationResult{
...>   probabilities: Nx.tensor([0.5, 0.5, 0.0, 0.0]),
...>   classical_bits: [[0, 0], [1, 1], [0, 0]],
...>   state: Nx.tensor([0.707, 0.0, 0.0, 0.707]),
...>   shots: 100,
...>   counts: %{"00" => 52, "11" => 48}
...> }
iex> Qx.SimulationResult.most_frequent(result)
{"00", 52}

  



  
    
      
    
    
      outcomes(simulation_result)



        
          
        

    

  


  

      

          @spec outcomes(t()) :: [String.t()]


      


Get all unique outcomes that occurred.
Examples
iex> result = %Qx.SimulationResult{
...>   probabilities: Nx.tensor([0.5, 0.5]),
...>   classical_bits: [[0], [1], [0]],
...>   state: Nx.tensor([0.707, 0.707]),
...>   shots: 100,
...>   counts: %{"0" => 52, "1" => 48}
...> }
iex> Qx.SimulationResult.outcomes(result)
["0", "1"]

  



  
    
      
    
    
      probability(simulation_result, outcome)



        
          
        

    

  


  

      

          @spec probability(t(), String.t()) :: float()


      


Get the probability of a specific outcome.
Examples
iex> result = %Qx.SimulationResult{
...>   probabilities: Nx.tensor([0.5, 0.5]),
...>   classical_bits: [[0], [1]],
...>   state: Nx.tensor([0.707, 0.707]),
...>   shots: 100,
...>   counts: %{"0" => 52, "1" => 48}
...> }
iex> Qx.SimulationResult.probability(result, "0")
0.52
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          @spec to_map(t()) :: map()


      


Convert result to a simplified map (for backwards compatibility).
Examples
iex> result = %Qx.SimulationResult{
...>   probabilities: Nx.tensor([1.0]),
...>   classical_bits: [[0]],
...>   state: Nx.tensor([1.0]),
...>   shots: 1,
...>   counts: %{"0" => 1}
...> }
iex> map = Qx.SimulationResult.to_map(result)
iex> map |> Map.keys() |> Enum.sort()
[:classical_bits, :counts, :probabilities, :shots, :state]

  


        

      


  

    
Qx.Step 
    



      
Tier 1: a core Qx type — the struct Qx.steps/2 yields, one per executed
operation. Render it with Qx.Step.show/1.
One executed operation from Qx.steps/2: what ran, where in the
circuit, and the state right after it.
The struct is raw data. inspect/1 gives you the readable one-liner,
and show/1 a display map (Dirac string, amplitudes, probabilities),
so printing each step of Qx.steps(qc) is already a usable circuit
walkthrough.
Steps come in 3 kinds:
	:gate - a unitary gate was applied
	:measurement - a qubit was measured and the state collapsed;
classical_bits holds the outcome
	:conditional - a gate inside a c_if block; condition says
which classical bit was tested and whether the block ran

A word on measured circuits: each step carries the state of one
sampled trajectory. After a measurement step the state is collapsed,
so what you see differs from the ensemble probabilities Qx.run/2
reports. That's the point of stepping, but don't confuse the two.
Displaying a step reads all 2^n amplitudes host-side. Cheap at
teaching scale; noticeable when you print steps of a 20-qubit circuit
in a tight loop.
Fields
	kind - :gate, :measurement, or :conditional
	operation - the instruction just applied, as
{gate, qubits, params}; nil for a not-taken conditional block
	index - 0-based position in the executed timeline
	state - the statevector after this step (:c64 tensor, same
shape Qx.get_state/1 returns)
	probabilities - Qx.Math.probabilities/1 of that state
	classical_bits - classical register contents so far (defaults
to [] for circuits without measurements)
	condition - nil, or {cbit, value, :taken | :not_taken} on
conditional steps
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        show(step)

      


        Returns the display map for a step's state: a Dirac string plus
per-basis amplitudes and probabilities.
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          @type condition() :: {non_neg_integer(), 0 | 1, :taken | :not_taken}
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          @type kind() :: :gate | :measurement | :conditional
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          @type operation() :: {atom(), [non_neg_integer()], [number()]}


      



  



  
    
      
    
    
      t()



        
          
        

    

  


  

      

          @type t() :: %Qx.Step{
  classical_bits: [0 | 1],
  condition: condition() | nil,
  index: non_neg_integer() | nil,
  kind: kind() | nil,
  operation: operation() | nil,
  probabilities: Nx.Tensor.t() | nil,
  state: Nx.Tensor.t() | nil
}
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          @spec show(t()) :: %{state: String.t(), amplitudes: list(), probabilities: list()}


      


Returns the display map for a step's state: a Dirac string plus
per-basis amplitudes and probabilities.
The shape is
%{state: dirac, amplitudes: [{basis, "a+bi"}], probabilities: [{basis, p}]}.
For steps after a measurement the Dirac string shows the collapsed
state of that sampled trajectory.
Examples
iex> qc = Qx.create_circuit(2) |> Qx.h(0) |> Qx.cx(0, 1)
iex> state = Qx.Simulation.get_state(qc)
iex> step = %Qx.Step{kind: :gate, operation: {:cx, [0, 1], []}, index: 1,
...>   state: state, probabilities: Qx.Math.probabilities(state)}
iex> Qx.Step.show(step).state
"0.707|00⟩ + 0.707|11⟩"

  


        

      


  

    
Qx.Draw 
    



      
Visualization for quantum simulation results.
Utility module: reached from Qx.* in normal use — every function
here has a Qx.draw_* facade delegate (Qx.draw/2 fronts plot/2).
Every function returns one static artifact type in every
environment (spec/api-design-principles.md §6):
	Function	Returns	Livebook renders via
	plot/2	VegaLite.t()	kino_vega_lite
	counts/2	VegaLite.t()	kino_vega_lite
	histogram/2	VegaLite.t()	kino_vega_lite
	bloch/2	Qx.Draw.Image	Kino.Render
	circuit/2	Qx.Draw.Image	Kino.Render
	state_table/2	Qx.Draw.StateTable	Kino.Render

Nothing here requires Livebook. In a standalone application the
VegaLite specs feed any Vega renderer, and the Image/StateTable
artifacts expose their raw SVG/text/markdown as fields — write them
to files, serve them, or print them.
The three VegaLite-returning functions need the optional
:vega_lite dependency and raise Qx.MissingDependencyError
naming the fix when it's absent. The SVG and table artifacts have
no dependency at all.
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        bloch(qubit, options \\ [])

      


        Visualizes a single qubit state on the Bloch sphere.



    


    
      
        circuit(circuit, title \\ nil)

      


        Draws a quantum circuit diagram.



    


    
      
        counts(result, options \\ [])

      


        Plots measurement counts as a bar chart.



    


    
      
        histogram(probabilities, options \\ [])

      


        Creates a histogram from a raw probability tensor.



    


    
      
        plot(result, options \\ [])

      


        Plots the probability distribution from a simulation result.



    


    
      
        state_table(register_or_state, options \\ [])

      


        Displays a quantum state as a formatted table.
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          @spec bloch(
  Nx.Tensor.t(),
  keyword()
) :: Qx.Draw.Image.t()


      


Visualizes a single qubit state on the Bloch sphere.
Parameters
	qubit - Single qubit state tensor (2-element c64 tensor)
	options - Optional plotting parameters (default: [])

Options
	:title - Plot title (default: "Bloch Sphere")
	:size - Sphere size (default: 400)

Returns
A Qx.Draw.Image artifact carrying the SVG. Livebook renders it
inline; standalone applications read image.svg.
Examples
state = Qx.create_circuit(1) |> Qx.h(0) |> Qx.get_state()
image = Qx.Draw.bloch(state, title: "Plus state")
File.write!("bloch.svg", image.svg)

  



    

  
    
      
    
    
      circuit(circuit, title \\ nil)



        
          
        

    

  


  

      

          @spec circuit(Qx.QuantumCircuit.t(), String.t() | nil) :: Qx.Draw.Image.t()


      


Draws a quantum circuit diagram.
Parameters
	circuit - Qx.QuantumCircuit struct to visualize
	title - Optional circuit title (default: nil)

Returns
A Qx.Draw.Image artifact carrying the SVG diagram (IEEE notation).
Livebook renders it inline; standalone applications read
image.svg.
Examples
qc = Qx.create_circuit(2, 2)
|> Qx.h(0)
|> Qx.cx(0, 1)
|> Qx.measure(0, 0)
|> Qx.measure(1, 1)

image = Qx.Draw.circuit(qc, "Bell State Circuit")
File.write!("bell.svg", image.svg)
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          @spec counts(
  Qx.SimulationResult.t(),
  keyword()
) :: VegaLite.t()


      


Plots measurement counts as a bar chart.
Works with results from both local simulation (Qx.run/2) and remote
hardware execution (Qx.Hardware.run/3).
Parameters
	result - Simulation result containing measurement counts
	options - Optional plotting parameters (default: [])

Options
	:title - Plot title (default: "Measurement Counts")
	:width - Plot width (default: 400)
	:height - Plot height (default: 300)

Returns
A VegaLite.t() chart specification.
Raises
	Qx.MissingDependencyError - if the optional :vega_lite
dependency is not available

Examples
qc = Qx.create_circuit(2, 2)
|> Qx.h(0) |> Qx.cx(0, 1)
|> Qx.measure(0, 0) |> Qx.measure(1, 1)
result = Qx.run(qc)
Qx.Draw.counts(result)

  



    

  
    
      
    
    
      histogram(probabilities, options \\ [])



        
          
        

    

  


  

      

          @spec histogram(
  Nx.Tensor.t(),
  keyword()
) :: VegaLite.t()


      


Creates a histogram from a raw probability tensor.
Parameters
	probabilities - Nx tensor of probabilities (must sum to 1.0)
	options - Optional plotting parameters (default: [])

Options
	:title - Plot title (default: "Probability Histogram")
	:width - Plot width (default: 400)
	:height - Plot height (default: 300)

Returns
A VegaLite.t() chart specification.
Raises
	Qx.MissingDependencyError - if the optional :vega_lite
dependency is not available

Examples
qc = Qx.create_circuit(2) |> Qx.h(0) |> Qx.h(1)
probs = Qx.get_probabilities(qc)
Qx.Draw.histogram(probs)

  



    

  
    
      
    
    
      plot(result, options \\ [])



        
          
        

    

  


  

      

          @spec plot(
  Qx.SimulationResult.t(),
  keyword()
) :: VegaLite.t()


      


Plots the probability distribution from a simulation result.
Parameters
	result - Simulation result map containing probabilities
	options - Optional plotting parameters (default: [])

Options
	:title - Plot title (default: "Quantum State Probabilities")
	:width - Plot width (default: 400)
	:height - Plot height (default: 300)

Returns
A VegaLite.t() chart specification.
Raises
	Qx.MissingDependencyError - if the optional :vega_lite
dependency is not available

Examples
qc = Qx.create_circuit(2) |> Qx.h(0) |> Qx.cx(0, 1)
result = Qx.run(qc)
Qx.Draw.plot(result, title: "Bell State")
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          @spec state_table(
  Nx.Tensor.t(),
  keyword()
) :: Qx.Draw.StateTable.t()


      


Displays a quantum state as a formatted table.
Shows basis states with their complex amplitudes and probabilities.
Parameters
	state - An Nx.Tensor state vector (e.g. from Qx.get_state/1 or a
Qx.Step). Passing an internal calc-engine Qx.Register struct is
deprecated (emits a runtime warning; removed in Qx 1.0) — use circuit
mode instead.
	options - Optional formatting parameters (default: [])

Options
	:precision - Number of decimal places (default: 3)
	:hide_zeros - Hide states with near-zero probability (default: false)

Returns
A Qx.Draw.StateTable artifact with :text, :markdown, and
:html renderings as fields. Livebook renders the markdown;
to_string/1 gives the text table.
Examples
state = Qx.create_circuit(2) |> Qx.h(0) |> Qx.cx(0, 1) |> Qx.get_state()
table = Qx.Draw.state_table(state)
table.text
# => "Basis State | Amplitude ..."

  


        

      


  

    
Qx.Draw.Image 
    



      
Tier 1: a core Qx type — the SVG image artifact produced by
Qx.draw_bloch/2 and Qx.draw_circuit/2.
The struct is plain data with one static shape in every environment
(see spec/api-design-principles.md §6): Livebook renders it
through the Kino.Render protocol, IEx shows a compact Inspect
line, and a standalone application reads the raw SVG from the
:svg field (or to_string/1) to write a file or serve it.
Fields
	:svg - the complete SVG document as a binary
	:title - the title the drawing was given, or nil

Examples
iex> image = Qx.create_circuit(1) |> Qx.h(0) |> Qx.draw_circuit()
iex> String.starts_with?(image.svg, "<?xml") or String.contains?(image.svg, "<svg")
true

# Standalone: write it to a file
# File.write!("circuit.svg", image.svg)
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          @type t() :: %Qx.Draw.Image{svg: String.t(), title: String.t() | nil}


      



  


        

      


  

    
Qx.Draw.StateTable 
    



      
Tier 1: a core Qx type — the quantum-state table artifact produced by
Qx.draw_state/2: every basis state with its amplitude and
probability, pre-rendered in three encodings.
The struct is plain data with one static shape in every environment
(see spec/api-design-principles.md §6): Livebook renders the
markdown through the Kino.Render protocol, IEx prints the text
table via Inspect, and a standalone application picks the field
it needs (to_string/1 gives the text form).
Fields
	:text - monospaced plain-text table
	:markdown - markdown table
	:html - HTML <table>

Examples
iex> table = Qx.create_circuit(1) |> Qx.h(0) |> Qx.get_state() |> Qx.draw_state()
iex> table.text =~ "Basis State"
true
iex> table.markdown =~ "Probability"
true
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          @type t() :: %Qx.Draw.StateTable{
  html: String.t(),
  markdown: String.t(),
  text: String.t()
}


      



  


        

      


  

    
Qx.Hardware 
    



      
Utility module: reached from Qx.* in normal use — the documented tier-2
surface for running circuits on cloud QPUs.
Execute Qx circuits on real IBM Quantum hardware.
Orchestrates the full pipeline:
circuit  →  QASM  →  qxportal transpile  →  IBM submit  →  poll
                                                 ↓
                                            IBM results
                                                 ↓
                                       Qx.SimulationResult
Configuration
All entry points require a Qx.Hardware.Config, which carries portal
	IBM credentials and execution preferences (backend, shots,
optimization level). See Qx.Hardware.Config for details and
Qx.Hardware.Config.from_env/1 for the environment-driven setup
used in examples/hardware/run_on_ibm.exs.

Privacy invariant
The portal token never reaches Qx.Hardware.Ibm, and the IBM API key
/ CRN never reach Qx.Hardware.Portal. The two clients read only
their own fields from the shared Qx.Hardware.Config struct.
Status callback
Pass :on_status in opts to receive pipeline events:
run(circuit, config, on_status: fn event -> Logger.debug(inspect(event)) end)
Events (all atoms, allowlisted — Iron Law #1):
	{:portal, :connecting} — emitted by connect/1
	{:portal, :listing_backends}
	{:portal, :transpiling}
	{:ibm, :authenticating}
	{:ibm, :fetching_backend}
	{:ibm, :submitting}
	{:ibm, :job_started, job_id} — job_id is a binary
	{:ibm, :polling, status} — status is a binary in
["Queued", "Running", "Completed", "Cancelled", ...]
	{:ibm, :fetching_results}

Error returns
Every failure mode normalises to {:error, {stage, reason}}, where
stage is one of:
	:config — config validation or measurement check failed
	:portal — /api/v1/me or /api/v1/transpile failed
	:ibm_auth — IAM exchange or backend lookup failed
	:ibm_submit — POST /jobs failed
	:ibm_poll — poll request failed (not the same as terminal
Failed/Cancelled)
	:ibm_poll_timeout — overall poll deadline exceeded
	:ibm_job_failed — IBM returned terminal Failed /
Cancelled / Cancelled - Ran too long
	:ibm_results — results fetch / parse failed

Synchronous, blocking
run/3 and submit_qasm/3 block until the IBM job reaches a terminal
status. Hardware queues can take hours; callers that need to surface
progress should wire :on_status and/or run the call in a supervised
Task. The Livebook integration in kino_qx wraps this in a monitored
Task with a cancel button — non-Livebook callers must arrange their
own supervision if they need async cancel.
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        Pipeline options accepted by run/3, submit_qasm/3, etc.
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        cancel(job_id, config, opts \\ [])

      


        Cancels a running IBM job. Best-effort, synchronous.



    


    
      
        connect(config, opts \\ [])

      


        Establishes a session with qxportal: fetches /api/v1/me, performs
the IBM IAM exchange, and lists the account's backends.



    


    
      
        list_backends(config, opts \\ [])

      


        Lists IBM backends available to the configured account, populating
config.backends_list as a side product on the returned config.



    


    
      
        run(circuit, config, opts \\ [])

      


        Runs a quantum circuit on IBM hardware.



    


    
      
        run!(circuit, config, opts \\ [])

      


        Same as run/3 but raises on failure.



    


    
      
        submit_qasm(qasm, config, opts \\ [])

      


        Submits a hand-authored OpenQASM 3.0 program directly. Skips circuit
→ QASM conversion and the measurement pre-flight check (the caller
owns the QASM).



    


    
      
        transpile(input, config, opts \\ [])

      


        Transpiles QASM or a circuit via qxportal, without submitting.
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          @type error() ::
  {:error,
   {stage(), term()}
   | Qx.Hardware.ConfigError.t()
   | Qx.Hardware.NoMeasurementsError.t()}
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          @type opts() :: keyword()


      


Pipeline options accepted by run/3, submit_qasm/3, etc.
	:on_status — (event -> any) callback; defaults to no-op.
	:shots — override config.shots.
	:timeout_ms — overall poll deadline; default 24h.
	:seed_transpiler — optional integer seed passed to the portal.
	:ibm / :portal — module overrides for test/stub injection.
	:sleep — (non_neg_integer -> any) override for the poll sleep
(test hook).
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          @type stage() ::
  :config
  | :portal
  | :ibm_auth
  | :ibm_submit
  | :ibm_poll
  | :ibm_poll_timeout
  | :ibm_job_failed
  | :ibm_results
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      cancel(job_id, config, opts \\ [])



        
          
        

    

  


  

      

          @spec cancel(String.t(), Qx.Hardware.Config.t(), opts()) :: :ok | error()


      


Cancels a running IBM job. Best-effort, synchronous.
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          @spec connect(Qx.Hardware.Config.t(), opts()) ::
  {:ok, Qx.Hardware.Config.t()} | error()


      


Establishes a session with qxportal: fetches /api/v1/me, performs
the IBM IAM exchange, and lists the account's backends.
Returns the same config with identity and backends_list
populated.
This is a discovery call — it is meant to be usable before a
backend has been chosen (the caller typically picks from the returned
backends_list). Therefore:
	if config.backend is blank (nil or ""), the backend
membership check is skipped and the populated config is returned;
	if config.backend is set, it is validated against the fetched
backends_list and a Qx.Hardware.ConfigError is returned when
it is not available to the account (catches typos early).

Running a circuit still requires a chosen backend — run/3,
run!/3, and submit_qasm/3 reject a blank backend up front.
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          @spec list_backends(Qx.Hardware.Config.t(), opts()) ::
  {:ok, [String.t()], Qx.Hardware.Config.t()} | error()


      


Lists IBM backends available to the configured account, populating
config.backends_list as a side product on the returned config.
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          @spec run(Qx.QuantumCircuit.t(), Qx.Hardware.Config.t(), opts()) ::
  {:ok, Qx.SimulationResult.t()} | error()


      


Runs a quantum circuit on IBM hardware.
Exports the circuit to OpenQASM 3.0, hands it to the qxportal
transpiler, submits to IBM, polls until done, and reconstructs a
%Qx.SimulationResult{} from the returned counts.
The circuit MUST contain at least one measurement instruction; an
unmeasured circuit raises Qx.Hardware.NoMeasurementsError.

  



    

  
    
      
    
    
      run!(circuit, config, opts \\ [])



        
          
        

    

  


  

      

          @spec run!(Qx.QuantumCircuit.t(), Qx.Hardware.Config.t(), opts()) ::
  Qx.SimulationResult.t()


      


Same as run/3 but raises on failure.
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          @spec submit_qasm(String.t(), Qx.Hardware.Config.t(), opts()) ::
  {:ok, Qx.SimulationResult.t()} | error()


      


Submits a hand-authored OpenQASM 3.0 program directly. Skips circuit
→ QASM conversion and the measurement pre-flight check (the caller
owns the QASM).
opts[:num_bits] should be the number of classical bits in the
program; defaults to inferring from length(first sample) returned
by IBM.
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          @spec transpile(Qx.QuantumCircuit.t() | String.t(), Qx.Hardware.Config.t(), opts()) ::
  {:ok, String.t()} | error()


      


Transpiles QASM or a circuit via qxportal, without submitting.
Useful for inspecting the transpiled program before submission.

  


        

      


  

    
Qx.Hardware.Config 
    



      
Utility module: the tier-2 configuration struct for Qx.Hardware.
Configuration for Qx.Hardware execution against IBM Quantum via the
qxportal transpilation service.
Two independent credential sets live side-by-side in this struct, and
the two HTTP clients (Qx.Hardware.Portal and Qx.Hardware.Ibm)
consume only their own credentials — the portal token never reaches
IBM, and the IBM API key never reaches the portal.
Fields
Required (enforced at struct construction time):
	:portal_url — base URL for the qxportal transpilation service
(e.g. "https://api.qxquantum.com"). Must be https:// for any remote
host; plaintext http:// is accepted only for a loopback host
(localhost, 127.0.0.1, ::1) so local mocks and dev keep working.
	:portal_token — bearer token for the qxportal API.
	:ibm_api_key — IBM Quantum API key (used for the IAM exchange).
	:ibm_crn — IBM Cloud Resource Name for the Quantum service instance.
	:ibm_region — IBM Cloud region (e.g. "us-east").
	:backend — IBM backend name (e.g. "ibm_brisbane").

Defaulted:
	:optimization_level — transpiler optimization level, integer in
0..3. Defaults to 1.
	:shots — number of shots for sampler jobs, integer in 1..100_000.
Defaults to 4096.

Transient (populated by Qx.Hardware during lazy-connect):
	:identity — qxportal identity returned by /api/v1/me.
	:backends_list — list of backend names available to this account.

Internal (managed by Qx.Hardware.Ibm; callers should not set these
directly except when injecting test/override hooks):
	:access_token — IBM IAM bearer token. Populated by
Qx.Hardware.Ibm.iam_exchange/1.
	:token_expires_at — DateTime for the IAM token's expiry.
	:iam_url — overrides the IBM IAM endpoint (test hook). When set, it is
validated like :portal_url (https for remote hosts, http only for
loopback).
	:base_url — overrides the IBM Quantum API base URL (test hook). When
set, it is validated like :portal_url.

Construction
iex> {:ok, _config} =
...>   Qx.Hardware.Config.new(
...>     portal_url: "https://api.qxquantum.com",
...>     portal_token: "ptok",
...>     ibm_api_key: "ibm",
...>     ibm_crn: "crn:v1:bluemix:public:quantum-computing:us-east:a/x:y::",
...>     ibm_region: "us-east",
...>     backend: "ibm_brisbane"
...>   )
Invalid input returns an error tuple:
iex> {:error, %Qx.Hardware.ConfigError{field: :optimization_level}} =
...>   Qx.Hardware.Config.new(
...>     portal_url: "https://api.qxquantum.com",
...>     portal_token: "ptok",
...>     ibm_api_key: "ibm",
...>     ibm_crn: "crn",
...>     ibm_region: "us-east",
...>     backend: "ibm_brisbane",
...>     optimization_level: 7
...>   )
The bang variant raises:
iex> Qx.Hardware.Config.new!(
...>   portal_url: "ftp://nope",
...>   portal_token: "ptok",
...>   ibm_api_key: "ibm",
...>   ibm_crn: "crn",
...>   ibm_region: "us-east",
...>   backend: "ibm_brisbane"
...> )
** (Qx.Hardware.ConfigError) Invalid `portal_url`: scheme must be "http" or "https"

      


      
        Summary


  
    Types
  


    
      
        t()

      


    





  
    Functions
  


    
      
        from_env(opts \\ [])

      


        Builds a t/0 from environment variables.



    


    
      
        from_env!(opts \\ [])

      


        Same as from_env/1 but raises on failure.



    


    
      
        new(attrs)

      


        Builds a t/0 from a keyword list or map.



    


    
      
        new!(attrs)

      


        Same as new/1 but raises Qx.Hardware.ConfigError on failure.
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          @type t() :: %Qx.Hardware.Config{
  access_token: String.t() | nil,
  backend: String.t(),
  backends_list: [String.t()],
  base_url: String.t() | nil,
  iam_url: String.t() | nil,
  ibm_api_key: String.t(),
  ibm_crn: String.t(),
  ibm_region: String.t(),
  identity: String.t() | nil,
  optimization_level: 0..3,
  portal_token: String.t(),
  portal_url: String.t(),
  shots: pos_integer(),
  token_expires_at: DateTime.t() | nil
}
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          @spec from_env(keyword()) :: {:ok, t()} | {:error, Qx.Hardware.ConfigError.t()}


      


Builds a t/0 from environment variables.
Reads:
	QX_PORTAL_URL
	QX_PORTAL_TOKEN
	QX_IBM_API_KEY
	QX_IBM_CRN
	QX_IBM_REGION
	QX_IBM_BACKEND

Optional overrides may be passed via opts (e.g. optimization_level:,
shots:).
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          @spec from_env!(keyword()) :: t()


      


Same as from_env/1 but raises on failure.
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          @spec new(keyword() | map()) :: {:ok, t()} | {:error, Qx.Hardware.ConfigError.t()}


      


Builds a t/0 from a keyword list or map.
Returns {:ok, %Qx.Hardware.Config{}} on success or
{:error, %Qx.Hardware.ConfigError{}} on validation failure.

  



  
    
      
    
    
      new!(attrs)



        
          
        

    

  


  

      

          @spec new!(keyword() | map()) :: t()


      


Same as new/1 but raises Qx.Hardware.ConfigError on failure.

  


        

      


  

    
Qx.ClassicalBitError exception
    



      
Raised when a classical bit index is out of range.

      




  

    
Qx.ConditionalError exception
    



      
Raised when there are issues with conditional operations.

      




  

    
Qx.Error exception
    



      
Placeholder base exception for Qx library errors. Not currently raised
by any Qx function.
Elixir exceptions do not inherit, so a rescue Qx.Error clause will
not catch the typed exceptions Qx actually raises
(Qx.QubitIndexError, Qx.GateError, Qx.ClassicalBitError,
Qx.QubitCountError, Qx.StateNormalizationError,
Qx.StateShapeError, Qx.MeasurementError, Qx.ConditionalError,
Qx.ParameterError, Qx.OptionError, Qx.RegisterError,
Qx.BasisError, Qx.QasmParseError, Qx.QasmUnsupportedError,
Qx.Hardware.ConfigError, Qx.Hardware.ExecutionError,
Qx.Hardware.NoMeasurementsError). To rescue any of those, list them
explicitly:
try do
  Qx.run(qc)
rescue
  e in [Qx.QubitIndexError, Qx.GateError, Qx.ClassicalBitError] ->
    # handle
end
This module is retained for forward compatibility — a future major
version may introduce a rescue-all mechanism that raises Qx.Error
as well as the typed exception. Until then, expect zero exceptions
to match this type.

      




  

    
Qx.GateError exception
    



      
Raised when there are issues with gate operations.

      




  

    
Qx.Hardware.ConfigError exception
    



      
Raised when a Qx.Hardware.Config value is invalid.
The :field identifies which configuration key failed, and :reason
carries a human-readable explanation.

      




  

    
Qx.Hardware.NoMeasurementsError exception
    



      
Raised when a circuit submitted to Qx.Hardware has no measurement
instructions.
Hardware backends return shot-based counts, so at least one measured
qubit is required for the result to be meaningful.

      




  

    
Qx.MeasurementError exception
    



      
Raised when there are issues with quantum measurements.

      




  

    
Qx.MissingDependencyError exception
    



      
Raised when a Qx function needs an optional dependency that the host
application hasn't added.
Carries the :dependency atom so callers can pattern-match on the
cause. The message names the exact mix.exs line that fixes it.

      




  

    
Qx.OptionError exception
    



      
Raised when an option passed to a public Qx function is invalid.
Carries the offending :option name and :value so callers can
pattern-match on the cause rather than parsing the message.

      




  

    
Qx.QasmParseError exception
    



      
Raised when an OpenQASM source string cannot be parsed.
Includes the line and column where parsing failed, plus an excerpt of the
surrounding source for debugging.

      




  

    
Qx.QasmUnsupportedError exception
    



      
Raised when an OpenQASM program uses a feature or gate that Qx does not
currently support.
The feature field identifies the construct (e.g., "else branch",
"gate cy", "reset"), and line/column (when known) point at the
offending source location.

      




  

    
Qx.QubitCountError exception
    



      
Raised when the number of qubits is invalid.

      




  

    
Qx.QubitIndexError exception
    



      
Raised when a qubit index is out of range.

      




  

    
Qx.StateNormalizationError exception
    



      
Raised when a quantum state is not properly normalized.
A valid quantum state must satisfy ∑|ψᵢ|² = 1 (within tolerance).

      




  

    
Qx.StateShapeError exception
    



      
Raised when a state vector's shape does not match the expected size
for the target quantum circuit.
A circuit with n qubits requires a state vector of length 2^n.

      




  

    
Qx.Math 
    



      
Utility module: a documented tier-2 escape hatch below the circuit API
(normal use never reaches it — normalize/1 and probabilities/1 are
the supported surface).
Core mathematical functions for quantum mechanics calculations.
The public surface of this module is normalize/1 and probabilities/1
— the two state utilities used throughout Qx and taught in the tutorials.
The remaining linear-algebra helpers (kron/2, inner_product/2,
outer_product/2, trace/1, unitary?/1, apply_gate/2, identity/1,
complex/2) are deprecated and will be removed in Qx 1.0. Each carries a
drop-in Nx/Complex replacement in its deprecation notice.

      


      
        Summary


  
    Functions
  


    
      
        apply_gate(gate, state)

          deprecated

      


        Applies a quantum gate (unitary matrix) to a quantum state.



    


    
      
        complex(real, imag \\ 0.0)

          deprecated

      


        Creates a complex number from real and imaginary parts.



    


    
      
        identity(n)

          deprecated

      


        Creates the identity matrix of given size.



    


    
      
        inner_product(state1, state2)

          deprecated

      


        Computes the inner product (dot product) of two quantum states.



    


    
      
        kron(a, b)

          deprecated

      


        Computes the Kronecker (tensor) product of two matrices.



    


    
      
        normalize(state)

      


        Normalizes a quantum state vector to unit magnitude.



    


    
      
        outer_product(state1, state2)

          deprecated

      


        Computes the outer product of two quantum states.



    


    
      
        probabilities(state)

      


        Computes the probability amplitudes from a quantum state vector.



    


    
      
        trace(matrix)

          deprecated

      


        Computes the trace of a matrix.



    


    
      
        unitary?(matrix)

          deprecated

      


        Checks if a matrix is unitary (U† U = I).



    





      


      
        Functions


        


  
    
      
    
    
      apply_gate(gate, state)



        
          
        

    

  


    
      This function is deprecated. Use `Nx.dot/2`. Will be removed in Qx 1.0.
    


  

Applies a quantum gate (unitary matrix) to a quantum state.
Examples
iex> state = Nx.tensor([1.0, 0.0])
iex> x_gate = Nx.tensor([[0.0, 1.0], [1.0, 0.0]])
iex> Qx.Math.apply_gate(x_gate, state)
#Nx.Tensor<
  f32[2]
  [0.0, 1.0]
>

  



    

  
    
      
    
    
      complex(real, imag \\ 0.0)



        
          
        

    

  


    
      This function is deprecated. Use `Complex.new/2`. Will be removed in Qx 1.0.
    


  

Creates a complex number from real and imaginary parts.
Examples
iex> c = Qx.Math.complex(1.0, 2.0)
iex> Complex.real(c)
1.0
iex> Complex.imag(c)
2.0

  



  
    
      
    
    
      identity(n)



        
          
        

    

  


    
      This function is deprecated. Use `Nx.eye/1`. Will be removed in Qx 1.0.
    


  

Creates the identity matrix of given size.
Returns a generic n × n real-valued identity tensor (delegates to
Nx.eye/1). Not gate-shaped: the 2×2 c64 single-qubit identity
matrix used by gate factories is internal and is not exposed at the
public surface.
Examples
iex> Qx.Math.identity(2)
#Nx.Tensor<
  s32[2][2]
  [
    [1, 0],
    [0, 1]
  ]
>

  



  
    
      
    
    
      inner_product(state1, state2)



        
          
        

    

  


    
      This function is deprecated. Use `Nx.sum(Nx.multiply(Nx.conjugate(state1), state2))`. Will be removed in Qx 1.0.
    


  

Computes the inner product (dot product) of two quantum states.
Examples
iex> state1 = Nx.tensor([1.0, 0.0])
iex> state2 = Nx.tensor([0.0, 1.0])
iex> Qx.Math.inner_product(state1, state2)
#Nx.Tensor<
  c64
  0.0+0.0i
>

  



  
    
      
    
    
      kron(a, b)



        
          
        

    

  


    
      This function is deprecated. Inline the Nx pipeline: `a |> Nx.reshape({m, 1, n, 1}) |> Nx.multiply(Nx.reshape(b, {1, p, 1, q})) |> Nx.reshape({m * p, n * q})`. Will be removed in Qx 1.0.
    


  

Computes the Kronecker (tensor) product of two matrices.
The Kronecker product is fundamental in quantum mechanics for combining
quantum states and operators across multiple qubits.
Examples
iex> a = Nx.tensor([[1, 2], [3, 4]])
iex> b = Nx.tensor([[0, 5], [6, 7]])
iex> Qx.Math.kron(a, b)
#Nx.Tensor<
  s32[4][4]
  [
    [0, 5, 0, 10],
    [6, 7, 12, 14],
    [0, 15, 0, 20],
    [18, 21, 24, 28]
  ]
>

  



  
    
      
    
    
      normalize(state)



        
          
        

    

  


  

      

          @spec normalize(Nx.Tensor.t()) :: Nx.Tensor.t()


      


Normalizes a quantum state vector to unit magnitude.
This is a host function: it performs a single Nx.to_number/1 sync to
check the norm, then delegates to a pure defn kernel. Composing it inside
your own defn is therefore not supported — inline the kernel
(state / Nx.sqrt(Nx.sum(Nx.abs(state) ** 2))) in that case.
Examples
iex> state = Nx.tensor([1.0, 1.0])
iex> Qx.Math.normalize(state)
#Nx.Tensor<
  f32[2]
  [0.70710677, 0.70710677]
>
Raises
	Qx.StateNormalizationError - If the input has zero norm (an all-zero
vector has no defined normalization; this previously returned a silent
NaN tensor)


  



  
    
      
    
    
      outer_product(state1, state2)



        
          
        

    

  


    
      This function is deprecated. Use `Nx.outer(state1, Nx.conjugate(state2))`. Will be removed in Qx 1.0.
    


  

Computes the outer product of two quantum states.
Examples
iex> state1 = Nx.tensor([1.0, 0.0])
iex> state2 = Nx.tensor([0.0, 1.0])
iex> Qx.Math.outer_product(state1, state2)
#Nx.Tensor<
  c64[2][2]
  [
    [0.0+0.0i, 1.0+0.0i],
    [0.0+0.0i, 0.0+0.0i]
  ]
>

  



  
    
      
    
    
      probabilities(state)



        
          
        

    

  


  

      

          @spec probabilities(Nx.Tensor.t()) :: Nx.Tensor.t()


      


Computes the probability amplitudes from a quantum state vector.
Examples
iex> state = Nx.tensor([0.7071, 0.7071])
iex> Qx.Math.probabilities(state)
#Nx.Tensor<
  f32[2]
  [0.49999037, 0.49999037]
>

  



  
    
      
    
    
      trace(matrix)



        
          
        

    

  


    
      This function is deprecated. Use `Nx.sum(Nx.take_diagonal(matrix))`. Will be removed in Qx 1.0.
    


  

Computes the trace of a matrix.
Examples
iex> matrix = Nx.tensor([[1.0, 2.0], [3.0, 4.0]])
iex> Qx.Math.trace(matrix)
#Nx.Tensor<
  f32
  5.0
>

  



  
    
      
    
    
      unitary?(matrix)



        
          
        

    

  


    
      This function is deprecated. Check U†U ≈ I directly with Nx (recipe in the docs). Will be removed in Qx 1.0.
    


  

      

          @spec unitary?(Nx.Tensor.t()) :: boolean()


      


Checks if a matrix is unitary (U† U = I).
Examples
iex> pauli_x = Nx.tensor([[0.0, 1.0], [1.0, 0.0]])
iex> Qx.Math.unitary?(pauli_x)
true

iex> not_unitary = Nx.tensor([[2.0, 0.0], [0.0, 2.0]])
iex> Qx.Math.unitary?(not_unitary)
false
Replacement recipe
Check U†U ≈ I directly with Nx:
{n, m} = Nx.shape(matrix)

unitary? =
  n == m and
    matrix
    |> Nx.conjugate()
    |> Nx.transpose()
    |> Nx.dot(matrix)
    |> Nx.subtract(Nx.as_type(Nx.eye(n), Nx.type(matrix)))
    |> Nx.abs()
    |> Nx.reduce_max()
    |> Nx.to_number()
    |> Kernel.<(1.0e-6)

  


        

      


  

    
Qx.StateInit 
    



      
Utility module: a documented tier-2 escape hatch below the circuit API
(normal use never reaches it — circuits are the primary path).
State initialization utilities for quantum systems.
The public surface of this module is basis_state/2,3 — the raw
state-vector constructor used by Qx.QuantumCircuit.
The named-state constructors (zero_state, one_state, plus_state,
minus_state, superposition_state, random_state,
bell_state_vector, ghz_state_vector, w_state) are deprecated and
will be removed in Qx 1.0: named states are prepared in circuit mode
(Qx.bell_state/1, Qx.ghz_state/0, Qx.Patterns.superposition_circuit/1, or
Qx.create_circuit/1 + gates). Each deprecation notice carries its
replacement.
Examples
# Create basis state |101⟩ for 3 qubits
iex> state = Qx.StateInit.basis_state(5, 8)
iex> Qx.Math.probabilities(state) |> Nx.to_flat_list() |> Enum.at(5)
1.0

# Create |0⟩ for a single qubit (dimension 2, index 0)
iex> state = Qx.StateInit.basis_state(0, 2)
iex> Nx.shape(state)
{2}

      


      
        Summary


  
    Types
  


    
      
        bell_state_which()

      


    





  
    Functions
  


    
      
        basis_state(index, dimension, type \\ :c64)

      


        Creates a basis state |i⟩ in an n-dimensional Hilbert space.



    


    
      
        bell_state_vector(which \\ :phi_plus, type \\ :c64)

          deprecated

      


        Creates one of the four Bell states as a state vector.



    


    
      
        ghz_state_vector(num_qubits, type \\ :c64)

          deprecated

      


        Creates a GHZ state for n qubits: (|00...0⟩ + |11...1⟩)/√2



    


    
      
        minus_state(type \\ :c64)

          deprecated

      


        Creates the |-⟩ state: (|0⟩ - |1⟩)/√2



    


    
      
        one_state(type \\ :c64)

          deprecated

      


        Creates the |1⟩ state for a single qubit.



    


    
      
        plus_state(type \\ :c64)

          deprecated

      


        Creates the |+⟩ state: (|0⟩ + |1⟩)/√2



    


    
      
        random_state(num_qubits, type \\ :c64)

          deprecated

      


        Creates a random normalized quantum state.



    


    
      
        superposition_state(num_qubits, type \\ :c64)

          deprecated

      


        Creates an equal superposition state for n qubits.



    


    
      
        w_state(num_qubits, type \\ :c64)

          deprecated

      


        Creates a W state for n qubits.



    


    
      
        zero_state(num_qubits, type \\ :c64)

          deprecated

      


        Creates the zero state |00...0⟩ for n qubits.



    





      


      
        Types


        


  
    
      
    
    
      bell_state_which()



        
          
        

    

  


  

      

          @type bell_state_which() :: :phi_plus | :phi_minus | :psi_plus | :psi_minus


      



  


        

      

      
        Functions


        


    

  
    
      
    
    
      basis_state(index, dimension, type \\ :c64)



        
          
        

    

  


  

      

          @spec basis_state(non_neg_integer(), pos_integer(), Nx.Type.t()) :: Nx.Tensor.t()


      


Creates a basis state |i⟩ in an n-dimensional Hilbert space.
The basis state has amplitude 1.0 at the specified index and 0.0 everywhere else.
Parameters
	index - The basis state index (0-based)
	dimension - The dimension of the Hilbert space (2^num_qubits)
	type - Tensor type (default: :c64)

Examples
# Create |0⟩ state
iex> state = Qx.StateInit.basis_state(0, 2)
iex> probs = Qx.Math.probabilities(state) |> Nx.to_flat_list()
iex> [Enum.at(probs, 0), Enum.at(probs, 1)]
[1.0, 0.0]

# Create |11⟩ for 2 qubits (dimension 4, index 3)
iex> state = Qx.StateInit.basis_state(3, 4)
iex> probs = Qx.Math.probabilities(state) |> Nx.to_flat_list()
iex> Enum.at(probs, 3)
1.0

# Create |101⟩ for 3 qubits (dimension 8, index 5)
iex> state = Qx.StateInit.basis_state(5, 8)
iex> probs = Qx.Math.probabilities(state) |> Nx.to_flat_list()
iex> Enum.at(probs, 5)
1.0
Raises
	Qx.BasisError - If dimension is not a positive integer, index is not
an integer, index is negative, or index >= dimension


  



    

    

  
    
      
    
    
      bell_state_vector(which \\ :phi_plus, type \\ :c64)



        
          
        

    

  


    
      This function is deprecated. Use `Qx.bell_state/1` (circuit mode). Will be removed in Qx 1.0.
    


  

      

          @spec bell_state_vector(bell_state_which(), Nx.Type.t()) :: Nx.Tensor.t()


      


Creates one of the four Bell states as a state vector.
Accepts an optional atom to select which Bell state to prepare, and an
optional tensor type (:c64 or :c128):
	Atom	State

	:phi_plus	`	Φ+⟩ = (	00⟩ +	11⟩)/√2` (default)
	:phi_minus	`	Φ-⟩ = (	00⟩ -	11⟩)/√2`
	:psi_plus	`	Ψ+⟩ = (	01⟩ +	10⟩)/√2`
	:psi_minus	`	Ψ-⟩ = (	01⟩ -	10⟩)/√2`

Examples
iex> state = Qx.StateInit.bell_state_vector()
iex> probs = Qx.Math.probabilities(state) |> Nx.to_flat_list()
iex> abs(Enum.at(probs, 0) - 0.5) < 0.01 and abs(Enum.at(probs, 3) - 0.5) < 0.01
true

iex> state = Qx.StateInit.bell_state_vector(:phi_minus)
iex> probs = Qx.Math.probabilities(state) |> Nx.to_flat_list()
iex> abs(Enum.at(probs, 0) - 0.5) < 0.01 and abs(Enum.at(probs, 3) - 0.5) < 0.01
true

iex> state = Qx.StateInit.bell_state_vector(:psi_plus)
iex> probs = Qx.Math.probabilities(state) |> Nx.to_flat_list()
iex> abs(Enum.at(probs, 1) - 0.5) < 0.01 and abs(Enum.at(probs, 2) - 0.5) < 0.01
true

iex> state = Qx.StateInit.bell_state_vector(:psi_minus)
iex> probs = Qx.Math.probabilities(state) |> Nx.to_flat_list()
iex> abs(Enum.at(probs, 1) - 0.5) < 0.01 and abs(Enum.at(probs, 2) - 0.5) < 0.01
true
See Also
	Qx.bell_state/1 — returns a circuit recipe (%Qx.QuantumCircuit{})
that prepares the Bell state when run, rather than the state vector
directly. Use that when you want a circuit to execute, this when you
want the mathematical state.


  



    

  
    
      
    
    
      ghz_state_vector(num_qubits, type \\ :c64)



        
          
        

    

  


    
      This function is deprecated. Use `Qx.ghz_state/0` (circuit mode). Will be removed in Qx 1.0.
    


  

      

          @spec ghz_state_vector(pos_integer(), Nx.Type.t()) :: Nx.Tensor.t()


      


Creates a GHZ state for n qubits: (|00...0⟩ + |11...1⟩)/√2
The Greenberger-Horne-Zeilinger (GHZ) state is a maximally entangled
state for multiple qubits.
Parameters
	num_qubits - Number of qubits; must be >= 2 (a single-qubit GHZ
state is undefined). Smaller values raise FunctionClauseError.
	type - Tensor type (default: :c64)

Examples
# GHZ state for 2 qubits (same as Bell state)
iex> state = Qx.StateInit.ghz_state_vector(2)
iex> probs = Qx.Math.probabilities(state) |> Nx.to_flat_list()
iex> abs(Enum.at(probs, 0) - 0.5) < 0.01 and abs(Enum.at(probs, 3) - 0.5) < 0.01
true

# GHZ state for 3 qubits: (|000⟩ + |111⟩)/√2
iex> state = Qx.StateInit.ghz_state_vector(3)
iex> probs = Qx.Math.probabilities(state) |> Nx.to_flat_list()
iex> abs(Enum.at(probs, 0) - 0.5) < 0.01 and abs(Enum.at(probs, 7) - 0.5) < 0.01
true

# All other states have zero probability
iex> state = Qx.StateInit.ghz_state_vector(3)
iex> probs = Qx.Math.probabilities(state) |> Nx.to_flat_list()
iex> Enum.sum(Enum.slice(probs, 1..6))
0.0
See Also
	Qx.ghz_state/0 — returns a circuit recipe (hardcoded 3-qubit)
rather than the state vector. Use that for a runnable circuit; this
for the mathematical state at any qubit count.


  



    

  
    
      
    
    
      minus_state(type \\ :c64)



        
          
        

    

  


    
      This function is deprecated. Prepare |−⟩ in circuit mode: `Qx.create_circuit(1) |> Qx.x(0) |> Qx.h(0)`. Will be removed in Qx 1.0.
    


  

Creates the |-⟩ state: (|0⟩ - |1⟩)/√2
Examples
iex> state = Qx.StateInit.minus_state()
iex> probs = Qx.Math.probabilities(state) |> Nx.to_flat_list()
iex> [p0, p1] = probs
iex> abs(p0 - 0.5) < 0.01 and abs(p1 - 0.5) < 0.01
true

  



    

  
    
      
    
    
      one_state(type \\ :c64)



        
          
        

    

  


    
      This function is deprecated. Use `basis_state(1, 2)`. Will be removed in Qx 1.0.
    


  

Creates the |1⟩ state for a single qubit.
Examples
iex> state = Qx.StateInit.one_state()
iex> probs = Qx.Math.probabilities(state) |> Nx.to_flat_list()
iex> Enum.at(probs, 1)
1.0

  



    

  
    
      
    
    
      plus_state(type \\ :c64)



        
          
        

    

  


    
      This function is deprecated. Prepare |+⟩ in circuit mode: `Qx.create_circuit(1) |> Qx.h(0)`. Will be removed in Qx 1.0.
    


  

Creates the |+⟩ state: (|0⟩ + |1⟩)/√2
Examples
iex> state = Qx.StateInit.plus_state()
iex> probs = Qx.Math.probabilities(state) |> Nx.to_flat_list()
iex> [p0, p1] = probs
iex> abs(p0 - 0.5) < 0.01 and abs(p1 - 0.5) < 0.01
true

  



    

  
    
      
    
    
      random_state(num_qubits, type \\ :c64)



        
          
        

    

  


    
      This function is deprecated. No direct replacement — build random amplitudes and normalize: `(for _ <- 1..dimension, do: Complex.new(:rand.uniform() * 2 - 1, :rand.uniform() * 2 - 1)) |> Nx.tensor(type: :c64) |> Qx.Math.normalize()`. Will be removed in Qx 1.0.
    


  

Creates a random normalized quantum state.
Generates random complex amplitudes and normalizes them to ensure
the state is valid (|ψ|² = 1).
Parameters
	num_qubits - Number of qubits
	type - Tensor type (default: :c64)

Examples
# Create random single qubit state
iex> state = Qx.StateInit.random_state(1)
iex> Qx.Validation.valid_qubit?(state)
true

# Create random 3-qubit state
iex> state = Qx.StateInit.random_state(3)
iex> probs = Qx.Math.probabilities(state)
iex> total = Nx.sum(probs) |> Nx.to_number()
iex> abs(total - 1.0) < 1.0e-6
true

  



    

  
    
      
    
    
      superposition_state(num_qubits, type \\ :c64)



        
          
        

    

  


    
      This function is deprecated. Use `Qx.Patterns.superposition_circuit/1` (circuit mode). Will be removed in Qx 1.0.
    


  

Creates an equal superposition state for n qubits.
The state is (1/√(2^n)) Σ|i⟩ where i ranges over all basis states.
Each basis state has equal probability 1/(2^n).
Parameters
	num_qubits - Number of qubits
	type - Tensor type (default: :c64)

Examples
# Single qubit: (|0⟩ + |1⟩)/√2
iex> state = Qx.StateInit.superposition_state(1)
iex> probs = Qx.Math.probabilities(state) |> Nx.to_flat_list()
iex> Enum.all?(probs, &(abs(&1 - 0.5) < 0.01))
true

# Two qubits: (|00⟩ + |01⟩ + |10⟩ + |11⟩)/2
iex> state = Qx.StateInit.superposition_state(2)
iex> probs = Qx.Math.probabilities(state) |> Nx.to_flat_list()
iex> Enum.all?(probs, &(abs(&1 - 0.25) < 0.01))
true

# Three qubits: each state has probability 1/8
iex> state = Qx.StateInit.superposition_state(3)
iex> probs = Qx.Math.probabilities(state) |> Nx.to_flat_list()
iex> Enum.all?(probs, &(abs(&1 - 0.125) < 0.01))
true

  



    

  
    
      
    
    
      w_state(num_qubits, type \\ :c64)



        
          
        

    

  


    
      This function is deprecated. No replacement — build the state with `basis_state/2` sums or gates in circuit mode. Will be removed in Qx 1.0.
    


  

Creates a W state for n qubits.
The W state is another type of entangled state where exactly one qubit
is |1⟩ and the rest are |0⟩, in superposition.
For 3 qubits: (|001⟩ + |010⟩ + |100⟩)/√3
Examples
# W state for 3 qubits
iex> state = Qx.StateInit.w_state(3)
iex> probs = Qx.Math.probabilities(state) |> Nx.to_flat_list()
iex> expected_prob = 1.0 / 3.0
iex> abs(Enum.at(probs, 1) - expected_prob) < 0.01 and
...> abs(Enum.at(probs, 2) - expected_prob) < 0.01 and
...> abs(Enum.at(probs, 4) - expected_prob) < 0.01
true

  



    

  
    
      
    
    
      zero_state(num_qubits, type \\ :c64)



        
          
        

    

  


    
      This function is deprecated. Use `basis_state(0, Integer.pow(2, num_qubits))` — circuits already start in |0…0⟩. Will be removed in Qx 1.0.
    


  

Creates the zero state |00...0⟩ for n qubits.
This is equivalent to basis_state(0, 2^num_qubits).
Parameters
	num_qubits - Number of qubits
	type - Tensor type (default: :c64)

Examples
# Create |0⟩ for single qubit
iex> state = Qx.StateInit.zero_state(1)
iex> Nx.shape(state)
{2}

# Create |00⟩ for 2 qubits
iex> state = Qx.StateInit.zero_state(2)
iex> probs = Qx.Math.probabilities(state) |> Nx.to_flat_list()
iex> Enum.at(probs, 0)
1.0

# Verify all other amplitudes are zero
iex> state = Qx.StateInit.zero_state(3)
iex> probs = Qx.Math.probabilities(state) |> Nx.to_flat_list()
iex> Enum.sum(Enum.drop(probs, 1))
0.0

  


        

      


  

    
Qx.BasisError exception
    



      
Raised for two related computational-basis misuses:
	a single-qubit basis value that is not 0 or 1 (carried in :value), and
	an invalid Qx.StateInit.basis_state/2,3 argument — a non-integer or
negative index, an index ≥ the dimension, or a dimension < 1. These carry
a :reason (:not_an_integer | :negative | :out_of_range |
:invalid_dimension) plus :value/:dimension so callers can
pattern-match on the cause rather than parsing the message.

Like Qx.ParameterError, the bare-value clause omits an
exception(message) when is_binary fallback: a basis value may be any
term — a binary included — so every non-tuple value is captured in :value,
never treated as a pre-formatted message.

      




  

    
Qx.Hardware.ExecutionError exception
    



      
Raised by Qx.Hardware.run!/3 (and friends) when the underlying
pipeline returns {:error, {stage, reason}} and the caller asked for
a bang variant.
The :stage is one of the pipeline stage atoms documented on
Qx.Hardware (:config, :portal, :ibm_auth, :ibm_submit,
:ibm_poll, :ibm_poll_timeout, :ibm_job_failed, :ibm_results).

      




  

    
Qx.ParameterError exception
    



      
Raised when a gate parameter (rotation angle or phase) is not a number.
Carries the offending :value so callers can pattern-match on the cause
rather than parsing the message.
Unlike the other exceptions in this file, Qx.ParameterError intentionally
omits the exception(message) when is_binary fallback: a plain string is
itself a valid non-numeric parameter (e.g. Qx.rx(qc, 0, "bad")), so every
value — binaries included — is captured in :value, never treated as a
pre-formatted message.

      




  

    
Qx.RegisterError exception
    



      
Raised when register construction receives invalid input.
Carries a :reason describing the cause so callers can pattern-match
rather than parsing the message:
	:empty — the input list was empty.
	{:invalid_qubit, qubit} — a list element was not a normalized
2-element qubit tensor.
	{:invalid_input, value} — a renderer expected a register struct
or Nx.Tensor and got something else.
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