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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
	Two Modes of Operation:	Circuit Mode: Build quantum circuits and execute them (traditional workflow)
	Calculation Mode: Apply gates in real-time and inspect states immediately (great for learning!)


	Simple API: Easy-to-use functions for quantum circuit creation and simulation
	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, T, RX, RY, RZ, CNOT, CZ, and Toffoli gates
	Measurements: Quantum measurements with classical bit storage
	Conditional Operations: Mid-circuit measurement with classical feedback for quantum processes like teleportation and error correction
	Remote Execution: Run circuits on real quantum hardware via QxServer, a standalone backend service supporting IBM Quantum and other providers
	LiveBook Integration: Full support with interactive visualizations in LiveBook

Installation
def deps do
  [
    {:qx_sim, "~> 0.5.0"}
  ]
end
Then run:
mix deps.get

Or install from GitHub for the latest development version:
def deps do
  [
    {:qx_sim, 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> # Create a qubit and put it in superposition
iex> q = Qx.Qubit.new() |> Qx.Qubit.h()
iex> Qx.Qubit.measure_probabilities(q)
#Nx.Tensor<[0.5, 0.5]>

iex> # Build and run a Bell state circuit
iex> result = Qx.bell_state() |> Qx.run()
iex> IO.inspect(result.counts)
%{"00" => 512, "11" => 512}

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. Create a new notebook and add this in the setup cell:
Mix.install([
  {:qx, "~> 0.5.0", 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, 1000)
Qx.draw_counts(result)
Tips for LiveBook users:
	Start with the basic setup for learning and small circuits, add acceleration when needed
	Use Calculation Mode (Qx.Qubit / Qx.Register) for interactive exploration
	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

Understanding the Two Modes
Qx offers two ways to work with quantum states:
Calculation Mode (Qx.Qubit / Qx.Register): Gates apply immediately and you can inspect state at any step. Best for learning, debugging, and interactive exploration.
Circuit Mode (Qx.create_circuit): Build a circuit description first, then execute it with Qx.run/2. Best for multi-shot simulations, measurements with classical feedback, exporting to OpenQASM, and running on real hardware.
		Calculation Mode	Circuit Mode
	Gates apply	Immediately	On Qx.run/2
	State inspection	Anytime	Before measurements only
	Measurements	Probabilities only	Full measurement + classical bits
	Multi-shot	No	Yes
	Hardware export	No	Yes (OpenQASM)

Calculation Mode
Single Qubits (Qx.Qubit)
Create qubits and apply gates in real-time:
# Create and manipulate qubits directly - gates apply immediately!
q = Qx.Qubit.new()
  |> Qx.Qubit.h()

Qx.Qubit.show_state(q)
# Output:
# %{
#   state: "0.707|0⟩ + 0.707|1⟩",
#   amplitudes: [{"|0⟩", "0.707+0.000i"}, {"|1⟩", "0.707+0.000i"}],
#   probabilities: [{"|0⟩", 0.5}, {"|1⟩", 0.5}]
# }

# Inspect state at any step
q = Qx.Qubit.new()
Qx.Qubit.measure_probabilities(q)  # [1.0, 0.0] - definitely |0⟩

q = Qx.Qubit.x(q)
Qx.Qubit.measure_probabilities(q)  # [0.0, 1.0] - definitely |1⟩

q = Qx.Qubit.h(q)
Qx.Qubit.measure_probabilities(q)  # [0.5, 0.5] - superposition!
Qubits can be created from various starting points: Qx.Qubit.new() for |0⟩, Qx.Qubit.one() for |1⟩, Qx.Qubit.plus() / Qx.Qubit.minus() for superposition states, or Qx.Qubit.from_bloch(theta, phi) for arbitrary Bloch sphere coordinates.
Pipeline Patterns & Debugging
Transformation operations return qubits and continue the pipeline:
result = Qx.Qubit.new()
  |> Qx.Qubit.h()
  |> Qx.Qubit.x()
  |> Qx.Qubit.ry(:math.pi() / 4)
tap_state/2 inspects state without breaking the chain:
result = Qx.Qubit.new()
  |> Qx.Qubit.h()
  |> Qx.Qubit.tap_state(label: "After Hadamard")  # Prints state, returns qubit
  |> Qx.Qubit.x()
  |> Qx.Qubit.tap_state(label: "After X gate")    # Prints state, returns qubit
Terminal operations return data and end the pipeline:
state_info = Qx.Qubit.new()
  |> Qx.Qubit.h()
  |> Qx.Qubit.x()
  |> Qx.Qubit.show_state()  # Returns map with state data

IO.puts(state_info.state)  # "0.707|0⟩ - 0.707|1⟩"
Multi-Qubit Registers (Qx.Register)
Registers support multi-qubit gates and entanglement with the same immediate-apply behavior:
# Create a Bell state in real-time
reg = Qx.Register.new(2)
  |> Qx.Register.h(0)
  |> Qx.Register.cx(0, 1)

Qx.Register.show_state(reg)
# Output shows entangled state:
# %{
#   state: "0.707|00⟩ + 0.707|11⟩",
#   amplitudes: [{"|00⟩", "0.707+0.000i"}, {"|01⟩", "0.000+0.000i"}, ...],
#   probabilities: [{"|00⟩", 0.5}, {"|01⟩", 0.0}, {"|10⟩", 0.0}, {"|11⟩", 0.5}]
# }

# Create from basis states
reg = Qx.Register.from_basis_states([0, 1, 0])  # |010⟩ state

# Create in equal superposition
reg = Qx.Register.from_superposition(3)  # All 8 states equally likely

# Create register from existing qubits
q1 = Qx.Qubit.new(0.6, 0.8)  # Custom state
q2 = Qx.Qubit.plus()          # |+⟩ state
reg = Qx.Register.new([q1, q2])
  |> Qx.Register.h(0)
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, 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(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, 1000)
# Qubit 2 now contains the teleported state!
Examples
Bell State
result = Qx.bell_state() |> Qx.run(1000)
IO.inspect(result.counts)
# => %{"00" => ~500, "11" => ~500}
Qx.draw_counts(result)
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, 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.histogram(probs)
Calculation Mode:
# Create and inspect qubit states in real-time
q = Qx.Qubit.new()
  |> Qx.Qubit.h()
  |> Qx.Qubit.z()

state_info = Qx.Qubit.show_state(q)
IO.puts(state_info.state)  # "0.707|0⟩ - 0.707|1⟩"
IO.inspect(state_info.probabilities)  # [{"|0⟩", 0.5}, {"|1⟩", 0.5}]

# Create from Bloch sphere (theta=π/2, phi=0 gives |+⟩)
q = Qx.Qubit.from_bloch(:math.pi() / 2, 0)
Qx.Qubit.show_state(q)

# Chain rotation gates
q = Qx.Qubit.new()
  |> Qx.Qubit.rx(:math.pi() / 4)
  |> Qx.Qubit.ry(:math.pi() / 3)
  |> Qx.Qubit.rz(:math.pi() / 6)

Qx.Qubit.show_state(q)
Visualization
Qx provides several visualization functions that work in both LiveBook (VegaLite) and standalone (SVG) environments.
Results visualization:
result = Qx.bell_state() |> Qx.run(1000)

Qx.draw(result)                  # Probability distribution (VegaLite)
Qx.draw(result, format: :svg)    # Probability distribution (SVG)
Qx.draw_counts(result)           # Measurement counts
Circuit diagrams:
circuit = Qx.create_circuit(2, 2)
          |> Qx.h(0)
          |> Qx.cx(0, 1)
          |> Qx.measure(0, 0)
          |> Qx.measure(1, 1)

svg = Qx.Draw.circuit(circuit, "Bell State")
File.write!("bell_state.svg", svg)
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 (Calculation Mode):
Qx.Qubit.new() |> Qx.Qubit.h() |> Qx.Qubit.draw_bloch()
Probability histograms:
probs = Qx.get_probabilities(circuit)
Qx.histogram(probs)
Running on Quantum Hardware via QxServer
Qx can submit circuits to real quantum hardware through QxServer, a standalone backend service. Circuits are exported to OpenQASM 3.0, submitted via HTTP, and results are returned as Qx.SimulationResult structs.
Prerequisites
	A running QxServer instance (see qx_server)
	Provider credentials configured on the server (e.g., IBM Quantum API key)

Setup
config = Qx.Remote.Config.new!(
  url: "http://localhost:4040",
  api_key: System.get_env("QX_SERVER_API_KEY")
)
Run a Circuit on Hardware
# Build 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)

# Submit to hardware and wait for results
{:ok, result} = Qx.Remote.run(circuit, config,
  backend: "ibm_fez",
  shots: 4096
)

IO.inspect(result.counts)
# => %{"00" => 2048, "11" => 2048}  (approximately)
Step-by-Step Execution
For more control, submit and await separately:
# Submit (non-blocking)
{:ok, job} = Qx.Remote.submit(circuit, config, backend: "ibm_fez")
IO.puts("Job submitted: #{job["job_id"]}")

# Poll with status callback
{:ok, result} = Qx.Remote.await(job["job_id"], config,
  on_status: fn status -> IO.puts("Status: #{status["status"]}") end
)
List Available Backends
{:ok, backends} = Qx.Remote.list_backends(config, provider: "ibm")

for b <- backends do
  IO.puts("#{b["name"]} - #{b["qubits"]} qubits")
end
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_sim, "~> 0.5.0"},
    {:exla, "~> 0.10"}  # Add this line
  ]
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_sim, "~> 0.5.0"},
    {: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, "~> 0.5.0", hex: :qx_sim},
  {:exla, "~> 0.10"},
  {: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, "~> 0.5.0", 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, "~> 0.5.0", hex: :qx_sim},
  {:exla, "~> 0.10"},
  {: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 RemoteError. See the hexdocs for details.
Requirements & Limitations
	Elixir 1.18+, Nx 0.10+, VegaLite 0.1+
	Optional: EXLA 0.10+ or EMLX 0.2+ for acceleration
	Maximum 20 qubits
	Statevector simulation only (no density matrix or noise modeling)

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: 0.5.0
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.
[Unreleased]
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
	Statistical analysis with warmup, iterations, and memory profiling
	Safe GPU backend detection with graceful fallback

Documentation & Examples
	Comprehensive API documentation with examples
	Example files demonstrating:	Basic quantum circuit operations
	Complex number handling
	Bell state creation
	Quantum teleportation protocol
	Conditional circuit operations
	Grover's search algorithm
	Circuit visualization techniques


	Performance benchmarking guide
	Backend configuration documentation

Error Handling
	Structured error types for better debugging:	Qx.QubitIndexError - Invalid qubit indices
	Qx.StateNormalizationError - State vector normalization issues
	Qx.MeasurementError - Measurement failures
	Qx.ConditionalError - Conditional operation errors
	Qx.ClassicalBitError - Classical bit access errors
	Qx.GateError - Gate application failures
	Qx.QubitCountError - Invalid qubit count specifications



Changed
	Updated state representation to use :c64 (Complex64) tensor format for improved performance
	Migrated from Torchx to EMLX for Apple Silicon GPU acceleration (pure Elixir, no Python)
	Enhanced error messages with context and suggestions
	Improved documentation structure with module grouping
	Updated examples to work with latest Complex number API

Performance
	~100x speedup with EXLA CPU backend compared to Binary backend
	Additional 2-10x speedup with GPU acceleration (hardware dependent)
	Efficient statevector manipulation with direct tensor operations
	Optimized gate application avoiding unnecessary matrix construction

Fixed
	Complex number handling in example files for :c64 format
	CZ gate now properly exposed in main Qx module API
	Backend detection error handling for unavailable GPU platforms
	Output directory creation in visualization examples
	Grover's algorithm now uses proper CZ gates instead of H-CX-H decomposition

Developer Experience
	Added :usage_rules dependency for better development ergonomics
	Comprehensive test suite with 549 passing tests
	Modular architecture separating concerns (Circuit, Operations, Simulation, etc.)
	Clean API design following Elixir conventions


0.1.0 - 2024-10-05
Added
	Initial release
	Basic quantum circuit functionality
	Core gate operations
	Statevector simulation
	Nx backend integration


Future Roadmap
Potential Additions
	Additional quantum gates (Toffoli, Fredkin, controlled rotations)
	Quantum Fourier Transform implementation
	Noise models for realistic simulations
	Density matrix simulation for mixed states
	OpenQASM import (export is available since v0.4.0)
	Performance optimizations for larger circuits




  

    
Qx.CalcFast 
    



      
Optimized quantum gate operations using direct statevector manipulation.
This module provides high-performance implementations that apply gates
directly to statevectors without building full 2^n x 2^n gate matrices.
All functions are compiled with Nx.Defn for GPU/CPU acceleration.
Performance
Compared to the original matrix-based approach:
	Memory: O(2^n) instead of O(2^(2n))
	Speed: 10-1000x faster depending on circuit size
	GPU-friendly: All operations use Nx primitives that compile to XLA

Implementation Notes
These implementations follow the approach used by production quantum
simulators like Qiskit-Aer and Cirq, manipulating statevector amplitudes
directly rather than constructing and multiplying large matrices.

      


      
        Summary


  
    Functions
  


    
      
        apply_cnot(state, control_qubit, target_qubit, num_qubits)

      


        Applies a CNOT gate directly to a statevector.



    


    
      
        apply_single_qubit_gate(state, gate_matrix, target_qubit, num_qubits)

      


        Applies a single-qubit gate directly to a statevector.



    


    
      
        apply_single_qubit_gate_compiled(state, gate_matrix, target_qubit, num_qubits)

      


    


    
      
        apply_toffoli(state, control1, control2, target, num_qubits)

      


        Applies a Toffoli (CCX) gate directly to a statevector.



    





      


      
        Functions


        


  
    
      
    
    
      apply_cnot(state, control_qubit, target_qubit, num_qubits)



        
          
        

    

  


  

Applies a CNOT gate directly to a statevector.
CNOT flips the target qubit if and only if the control qubit is |1⟩.
Parameters
	state - State vector (2^n dimensional complex tensor)
	control_qubit - Index of control qubit
	target_qubit - Index of target qubit
	num_qubits - Total number of qubits in the system

Algorithm
For each basis state in the statevector:
	Check if control qubit is |1⟩
	If yes, swap amplitude with state that has target qubit flipped
	If no, leave amplitude unchanged

This is much faster than building a 2^n x 2^n CNOT matrix.

  



  
    
      
    
    
      apply_single_qubit_gate(state, gate_matrix, target_qubit, num_qubits)



        
          
        

    

  


  

Applies a single-qubit gate directly to a statevector.
This function applies a 2x2 gate matrix to a specific qubit in an n-qubit
system by manipulating the statevector amplitudes directly.
Parameters
	state - State vector (2^n dimensional complex tensor)
	gate_matrix - 2x2 gate matrix (from Qx.Gates)
	target_qubit - Index of qubit to apply gate to (0-based)
	num_qubits - Total number of qubits in the system

Algorithm
For a gate applied to qubit k in an n-qubit system:
	Iterate through statevector indices in pairs that differ only in qubit k
	Apply 2x2 gate matrix to each pair of amplitudes
	Update statevector in-place

This avoids building a 2^n x 2^n matrix, using only O(2^n) memory.

  



  
    
      
    
    
      apply_single_qubit_gate_compiled(state, gate_matrix, target_qubit, num_qubits)



        
          
        

    

  


  


  



  
    
      
    
    
      apply_toffoli(state, control1, control2, target, num_qubits)



        
          
        

    

  


  

Applies a Toffoli (CCX) gate directly to a statevector.
Toffoli flips the target qubit if and only if both control qubits are |1⟩.
Parameters
	state - State vector (2^n dimensional complex tensor)
	control1 - Index of first control qubit
	control2 - Index of second control qubit
	target - Index of target qubit
	num_qubits - Total number of qubits in the system


  


        

      


  

    
Qx.Draw.SVG.Bloch 
    



      
SVG rendering of qubit states on the Bloch sphere.
The Bloch sphere is a geometrical representation of pure qubit states where:
	|0⟩ state is at the north pole (top)
	|1⟩ state is at the south pole (bottom)
	|+⟩ state is on the equator (front)
	|-⟩ state is on the equator (back)
	|i⟩ and |-i⟩ states are on the equator (sides)

This module provides a sophisticated 3D SVG rendering with:
	Wireframe sphere with latitude and longitude lines
	Colored coordinate axes
	State labels at key positions
	State vector visualization
	Angle information (θ and φ)

Internal Module
This module is part of the Qx.Draw refactoring and should be accessed
through the public Qx.Draw API rather than directly.

      


      
        Summary


  
    Functions
  


    
      
        qubit_to_bloch_coordinates(qubit)

      


        Converts a qubit state to Bloch sphere coordinates.



    


    
      
        render(arg, title, size)

      


        Renders a qubit state on the Bloch sphere as SVG.



    





      


      
        Functions


        


  
    
      
    
    
      qubit_to_bloch_coordinates(qubit)



        
          
        

    

  


  

Converts a qubit state to Bloch sphere coordinates.
Parameters
	qubit - Single qubit state tensor (2-element complex vector)

Returns
Tuple of {x, y, z, theta, phi} where:
	x, y, z are Cartesian coordinates on the unit sphere
	theta is the polar angle (0 to π)
	phi is the azimuthal angle (0 to 2π)

Bloch Sphere Mapping
For a qubit state α|0⟩ + β|1⟩:
	θ = 2 * acos(|α|)
	φ = arg(β) - arg(α)


  



  
    
      
    
    
      render(arg, title, size)



        
          
        

    

  


  

Renders a qubit state on the Bloch sphere as SVG.
Creates a detailed 3D visualization with wireframe, axes, labels, and
the state vector.
Parameters
	coords - Tuple of {x, y, z, theta, phi} Bloch coordinates
	title - Chart title
	size - Size of the SVG (width and height) in pixels

Returns
SVG string with complete Bloch sphere visualization.
Features
	3D wireframe with latitude/longitude grid
	Colored coordinate axes (X=red, Y=green, Z=blue)
	State labels (|0⟩, |1⟩, |+⟩, |-⟩, |i⟩, |-i⟩)
	Red state vector arrow
	Angle information footer


  


        

      


  

    
Qx.Draw.SVG.Charts 
    



      
SVG chart generation for quantum simulation results.
This module handles all SVG-based chart rendering, including:
	Probability distribution bar charts
	Measurement count histograms
	Raw probability histograms

SVG visualizations are standalone and can be embedded in web pages,
saved to files, or used in environments where VegaLite is not available.
Internal Module
This module is part of the Qx.Draw refactoring and should be accessed
through the public Qx.Draw API rather than directly.

      


      
        Summary


  
    Functions
  


    
      
        histogram(data, title, width, height)

      


        Creates an SVG histogram from raw probability data.



    


    
      
        plot(result, title, width, height)

      


        Creates an SVG bar chart of probability distribution from simulation result.



    


    
      
        plot_counts(result, title, width, height)

      


        Creates an SVG bar chart of measurement counts from simulation result.



    





      


      
        Functions


        


  
    
      
    
    
      histogram(data, title, width, height)



        
          
        

    

  


  

Creates an SVG histogram from raw probability data.
Parameters
	data - List of maps with "state" and "probability" keys
	title - Chart title
	width - Chart width in pixels
	height - Chart height in pixels

Returns
SVG string for probability histogram.

  



  
    
      
    
    
      plot(result, title, width, height)



        
          
        

    

  


  

Creates an SVG bar chart of probability distribution from simulation result.
Parameters
	result - Simulation result map containing probabilities
	title - Chart title
	width - Chart width in pixels
	height - Chart height in pixels

Returns
SVG string that can be saved to file or embedded in HTML.

  



  
    
      
    
    
      plot_counts(result, title, width, height)



        
          
        

    

  


  

Creates an SVG bar chart of measurement counts from simulation result.
Parameters
	result - Simulation result containing measurement counts
	title - Chart title
	width - Chart width in pixels
	height - Chart height in pixels

Returns
SVG string showing count distribution of measurement outcomes.

  


        

      


  

    
Qx.Draw.SVG.Circuit 
    



      
SVG rendering of quantum circuit diagrams.
This module provides sophisticated SVG-based circuit visualization with:
	Publication-quality IEEE-style gate notation
	Support for all common quantum gates
	Automatic gate layout with collision avoidance
	Multi-qubit gates (CNOT, CZ, Toffoli)
	Measurement operations with classical bit connections
	Conditional gates (classical feedback)
	Parametric gates with π-notation
	Barrier markers for circuit organization

Circuit Diagram Features
	Single-qubit gates: H, X, Y, Z, S, T, RX, RY, RZ, Phase
	Multi-qubit gates: CNOT (CX), Controlled-Z (CZ), Toffoli (CCX)
	Measurements: With visual connection to classical registers
	Conditionals: Gates controlled by classical bit values
	Barriers: Visual separators for circuit sections

Internal Module
This module is part of the Qx.Draw refactoring and should be accessed
through the public Qx.Draw API rather than directly.

      


      
        Summary


  
    Functions
  


    
      
        render(circuit, title \\ nil)

      


        Renders a quantum circuit as an SVG diagram.



    





      


      
        Functions


        


    

  
    
      
    
    
      render(circuit, title \\ nil)



        
          
        

    

  


  

Renders a quantum circuit as an SVG diagram.
Parameters
	circuit - Qx.QuantumCircuit struct to visualize
	title - Optional circuit title (default: nil)

Returns
SVG string representing the complete circuit diagram.
Validation
Raises ArgumentError if:
	Circuit exceeds 20 qubits
	Invalid gate types are present
	Qubit or classical bit indices are out of range

Examples
circuit = Qx.QuantumCircuit.new(2, 2)
|> Qx.Operations.h(0)
|> Qx.Operations.cx(0, 1)

svg = Qx.Draw.SVG.Circuit.render(circuit, "Bell State")
File.write!("bell_circuit.svg", svg)

  


        

      


  

    
Qx.Draw.Tables 
    



      
State table formatting for quantum registers and state vectors.
This module provides functions for displaying quantum states in tabular format,
showing basis states with their amplitudes and probabilities. Supports multiple
output formats:
	:auto - Auto-detects LiveBook/Kino and chooses best format
	:text - Plain text table with ASCII formatting
	:html - HTML table with styling
	:markdown - Markdown table (with Kino support in LiveBook)

Internal Module
This module is part of the Qx.Draw refactoring and should be accessed
through the public Qx.Draw API rather than directly.

      


      
        Summary


  
    Functions
  


    
      
        render(register_or_state, options \\ [])

      


        Displays a quantum state as a formatted table.



    





      


      
        Functions


        


    

  
    
      
    
    
      render(register_or_state, options \\ [])



        
          
        

    

  


  

Displays a quantum state as a formatted table.
Shows basis states with their complex amplitudes and probabilities.
Parameters
	register_or_state - Either a Qx.Register struct or an Nx.Tensor state vector
	options - Keyword list of options

Options
	:format - Output format (:auto, :text, :html, :markdown) (default: :auto)
	:precision - Number of decimal places for floats (default: 3)
	:hide_zeros - Hide states with near-zero probability (default: false)

Returns
Formatted table as string or Kino.Markdown struct (if in LiveBook).
Examples
# Display register state
register = Qx.Register.new(2)
Qx.Draw.Tables.render(register)

# Custom format
Qx.Draw.Tables.render(register, format: :html, precision: 4)

# Hide negligible amplitudes
Qx.Draw.Tables.render(register, hide_zeros: true)

  


        

      


  

    
Qx.Draw.VegaLite 
    



      
VegaLite visualization functions for quantum simulation results.
This module handles all VegaLite-based chart generation, including:
	Probability distribution plots
	Measurement count histograms
	Raw probability histograms
	Bloch sphere 2D projections

VegaLite visualizations are particularly useful in LiveBook environments
where they provide interactive, publication-quality charts.
Internal Module
This module is part of the Qx.Draw refactoring and should be accessed
through the public Qx.Draw API rather than directly.

      


      
        Summary


  
    Functions
  


    
      
        bloch_sphere(arg, title, size)

      


        Creates a VegaLite visualization of a qubit state on the Bloch sphere.



    


    
      
        histogram(data, title, width, height)

      


        Creates a VegaLite histogram from raw probability data.



    


    
      
        plot(result, title, width, height)

      


        Creates a VegaLite plot of probability distribution from simulation result.



    


    
      
        plot_counts(result, title, width, height)

      


        Creates a VegaLite plot of measurement counts from simulation result.



    





      


      
        Functions


        


  
    
      
    
    
      bloch_sphere(arg, title, size)



        
          
        

    

  


  

Creates a VegaLite visualization of a qubit state on the Bloch sphere.
Since VegaLite doesn't support native 3D rendering, this creates a 2D projection
of the state vector onto the XZ plane.
Parameters
	coords - Tuple of {x, y, z, theta, phi} Bloch sphere coordinates
	title - Plot title
	size - Size of the plot (width and height) in pixels

Returns
VegaLite specification showing the 2D projection of the Bloch sphere state.
Bloch Sphere Representation
	|0⟩ state appears at the top (z = +1)
	|1⟩ state appears at the bottom (z = -1)
	|+⟩ state appears at the right (x = +1)
	|-⟩ state appears at the left (x = -1)


  



  
    
      
    
    
      histogram(data, title, width, height)



        
          
        

    

  


  

Creates a VegaLite histogram from raw probability data.
Parameters
	data - List of maps with "state" and "probability" keys
	title - Plot title
	width - Plot width in pixels
	height - Plot height in pixels

Returns
VegaLite specification for probability histogram.

  



  
    
      
    
    
      plot(result, title, width, height)



        
          
        

    

  


  

Creates a VegaLite plot of probability distribution from simulation result.
Parameters
	result - Simulation result map containing probabilities
	title - Plot title
	width - Plot width in pixels
	height - Plot height in pixels

Returns
VegaLite specification that can be rendered in LiveBook or converted to other formats.

  



  
    
      
    
    
      plot_counts(result, title, width, height)



        
          
        

    

  


  

Creates a VegaLite plot of measurement counts from simulation result.
Parameters
	result - Simulation result containing measurement counts
	title - Plot title
	width - Plot width in pixels
	height - Plot height in pixels

Returns
VegaLite specification showing count distribution of measurement outcomes.

  


        

      


  

    
Qx.Export.OpenQASM 
    



      
Export Qx quantum circuits to OpenQASM format.
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.circuit(2)
  |> Qx.h(0)
  |> Qx.cnot(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)


      


      
        Summary


  
    Functions
  


    
      
        to_qasm(circuit, options \\ [])

      


        Converts a Qx quantum circuit to OpenQASM format.



    





      


      
        Functions


        


    

  
    
      
    
    
      to_qasm(circuit, options \\ [])



        
          
        

    

  


  

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
	ArgumentError - If invalid options are provided

Examples
circuit = Qx.circuit(2) |> Qx.h(0) |> Qx.cnot(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.
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.Qubit - Functions for qubit creation and manipulation
	Qx.QuantumCircuit - Quantum circuit creation and management
	Qx.Operations - Quantum gate operations
	Qx.Simulation - Circuit execution and simulation
	Qx.Draw - Visualization of results
	Qx.Math - Core mathematical functions for quantum mechanics
	Qx.Export.OpenQASM - Export circuits to OpenQASM for real quantum hardware

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


  
    Types
  


    
      
        circuit()

      


    


    
      
        simulation_result()

      


    





  
    Functions
  


    
      
        bell_state()

      


        Creates a Bell state circuit (maximally entangled two-qubit state).



    


    
      
        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.



    


    
      
        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.



    


    
      
        cx(circuit, control_qubit, target_qubit)

      


        Applies a controlled-X (CNOT) gate.



    


    
      
        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_counts(result, options \\ [])

      


        Visualizes measurement counts as a bar chart.



    


    
      
        draw_state(register_or_state, options \\ [])

      


        Displays a quantum state as a formatted table.



    


    
      
        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_state()

      


        Creates a GHZ state circuit (three-qubit entangled state).



    


    
      
        h(circuit, qubit)

      


        Applies a Hadamard gate to the specified qubit.



    


    
      
        histogram(probabilities, options \\ [])

      


        Creates a histogram from a raw probability tensor.



    


    
      
        measure(circuit, qubit, classical_bit)

      


        Adds a measurement operation to the circuit.



    


    
      
        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).



    


    
      
        superposition()

      


        Creates a superposition state on a single qubit.



    


    
      
        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.



    


    
      
        version()

      


        Returns version information for the Qx library.



    


    
      
        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.



    





      


      
        Types


        


  
    
      
    
    
      circuit()



        
          
        

    

  


  

      

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


      



  



  
    
      
    
    
      simulation_result()



        
          
        

    

  


  

      

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


      



  


        

      

      
        Functions


        


  
    
      
    
    
      bell_state()



        
          
        

    

  


  

      

          @spec bell_state() :: circuit()


      


Creates a Bell state circuit (maximally entangled two-qubit state).
Returns a circuit that prepares the |Φ+⟩ = (|00⟩ + |11⟩)/√2 Bell state.
Examples
iex> bell_circuit = Qx.bell_state()
iex> bell_circuit.num_qubits
2

  



  
    
      
    
    
      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

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
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

Examples
iex> qc = Qx.create_circuit(3) |> Qx.ccx(0, 1, 2)
iex> length(Qx.QuantumCircuit.get_instructions(qc))
1

  



  
    
      
    
    
      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)

Examples
iex> qc = Qx.create_circuit(3)
iex> qc.num_qubits
3
iex> qc.num_classical_bits
0
Raises
	FunctionClauseError - If num_qubits <= 0


  



  
    
      
    
    
      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

Examples
iex> qc = Qx.create_circuit(2, 2)
iex> qc.num_qubits
2
iex> qc.num_classical_bits
2
Raises
	FunctionClauseError - If num_qubits <= 0 or num_classical_bits < 0


  



  
    
      
    
    
      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

Examples
iex> qc = Qx.create_circuit(2) |> Qx.cx(0, 1)
iex> length(Qx.QuantumCircuit.get_instructions(qc))
1
Raises
	FunctionClauseError - 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

Examples
iex> qc = Qx.create_circuit(2) |> Qx.cz(0, 1)
iex> length(Qx.QuantumCircuit.get_instructions(qc))
1

  



    

  
    
      
    
    
      draw(result, options \\ [])



        
          
        

    

  


  

      

          @spec draw(
  simulation_result(),
  keyword()
) :: VegaLite.t() | String.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 histogram/2 instead.
Parameters
	result - Simulation result from run/1 or run/2
	options - Optional plotting parameters

Options
	:format - :vega_lite (default) or :svg
	:title - Plot title
	:width - Plot width (default: 400)
	:height - Plot height (default: 300)

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_map(plot) or is_binary(plot)
true
See Also
	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()
) :: VegaLite.t() | String.t()


      


Visualizes a single qubit state on the Bloch sphere.
The Bloch sphere provides a geometric representation of a pure qubit state.
This visualization is particularly useful for understanding single-qubit gates
and state transformations in calculation mode.
Parameters
	qubit - Single qubit state tensor (from Qx.Qubit)
	options - Optional plotting parameters

Options
	:format - :vega_lite (default) or :svg
	:title - Plot title (default: "Bloch Sphere")
	:size - Sphere size (default: 400)

Examples
# Visualize |0⟩ state
iex> q = Qx.Qubit.new()
iex> plot = Qx.draw_bloch(q)
iex> is_map(plot) or is_binary(plot)
true

# Visualize superposition state
iex> q = Qx.Qubit.new() |> Qx.Qubit.h()
iex> plot = Qx.draw_bloch(q, title: "Superposition State")
iex> is_map(plot) or is_binary(plot)
true
See Also
	Qx.Qubit - Calculation mode for single qubits
	draw_state/2 - Display multi-qubit state as table


  



    

  
    
      
    
    
      draw_counts(result, options \\ [])



        
          
        

    

  


  

      

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


      


Visualizes measurement counts as a bar chart.
Parameters
	result - Simulation result containing measurement data
	options - Optional plotting parameters

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_map(plot) or is_binary(plot)
true

  



    

  
    
      
    
    
      draw_state(register_or_state, options \\ [])



        
          
        

    

  


  

      

          @spec draw_state(
  Qx.Register.t() | Nx.Tensor.t(),
  keyword()
) :: String.t()


      


Displays a quantum state as a formatted table.
Shows basis states with their amplitudes and probabilities. Useful for
inspecting multi-qubit states in calculation mode.
Parameters
	register_or_state - Qx.Register.t() or state tensor
	options - Optional display parameters

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

Examples
# Display Bell state
iex> reg = Qx.Register.new(2) |> Qx.Register.h(0) |> Qx.Register.cx(0, 1)
iex> table = Qx.draw_state(reg)
iex> is_binary(table)
true

# Hide zero states
iex> reg = Qx.Register.new(3) |> Qx.Register.h(0)
iex> table = Qx.draw_state(reg, hide_zeros: true)
iex> is_binary(table)
true
See Also
	Qx.Register - Calculation mode for multi-qubit systems
	draw_bloch/2 - Bloch sphere visualization for single qubits


  



    

  
    
      
    
    
      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., {EXLA.Backend, client: :host})

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., {EXLA.Backend, client: :host})

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_state()



        
          
        

    

  


  

      

          @spec ghz_state() :: circuit()


      


Creates a GHZ state circuit (three-qubit entangled state).
Returns a circuit that prepares |GHZ⟩ = (|000⟩ + |111⟩)/√2.
Examples
iex> ghz_circuit = Qx.ghz_state()
iex> ghz_circuit.num_qubits
3

  



  
    
      
    
    
      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

Examples
iex> qc = Qx.create_circuit(1) |> Qx.h(0)
iex> length(Qx.QuantumCircuit.get_instructions(qc))
1
Raises
	FunctionClauseError - If qubit index is out of range


  



    

  
    
      
    
    
      histogram(probabilities, options \\ [])



        
          
        

    

  


  

      

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

Examples
# Visualize probabilities without full simulation
iex> qc = Qx.create_circuit(2) |> Qx.h(0)
iex> probs = Qx.get_probabilities(qc)
iex> hist = Qx.histogram(probs)
iex> is_map(hist) or is_binary(hist)
true
See Also
	draw/2 - For plotting from simulation results
	get_probabilities/1 - To obtain probability tensors


  



  
    
      
    
    
      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

Examples
iex> qc = Qx.create_circuit(2, 2) |> Qx.measure(0, 0)
iex> length(Qx.QuantumCircuit.get_measurements(qc))
1
Raises
	FunctionClauseError - If qubit or classical_bit index is out of range


  



  
    
      
    
    
      phase(circuit, qubit, phi)



        
          
        

    

  


  

      

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


      


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

Examples
iex> qc = Qx.create_circuit(1) |> Qx.phase(0, :math.pi/4)
iex> length(Qx.QuantumCircuit.get_instructions(qc))
1

  



    

  
    
      
    
    
      run(circuit, options \\ [])



        
          
        

    

  


  

      

          @spec run(circuit(), pos_integer() | keyword()) :: simulation_result()


      


Executes the quantum circuit and returns simulation results.
Parameters
	circuit - Quantum circuit to execute
	options - Optional parameters (can be keyword list or integer for backward compatibility)

Options
	:shots - Number of measurement shots (default: 1024)
	:backend - Nx backend to use (e.g., {EXLA.Backend, client: :host})

Returns
A map containing:
	:probabilities - Probability amplitudes for all states
	:classical_bits - List of measurement results
	:state - Final quantum state vector
	:shots - Number of shots performed
	:counts - Frequency count of measurement outcomes

Examples
iex> qc = Qx.create_circuit(1) |> Qx.h(0)
iex> result = Qx.run(qc)
iex> is_map(result)
true
iex> Map.has_key?(result, :probabilities)
true

# 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(), float()) :: circuit()


      


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

Examples
iex> qc = Qx.create_circuit(1) |> Qx.rx(0, :math.pi/2)
iex> length(Qx.QuantumCircuit.get_instructions(qc))
1

  



  
    
      
    
    
      ry(circuit, qubit, theta)



        
          
        

    

  


  

      

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


      


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

Examples
iex> qc = Qx.create_circuit(1) |> Qx.ry(0, :math.pi/2)
iex> length(Qx.QuantumCircuit.get_instructions(qc))
1

  



  
    
      
    
    
      rz(circuit, qubit, theta)



        
          
        

    

  


  

      

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


      


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

Examples
iex> qc = Qx.create_circuit(1) |> Qx.rz(0, :math.pi/2)
iex> length(Qx.QuantumCircuit.get_instructions(qc))
1

  



  
    
      
    
    
      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

Examples
iex> qc = Qx.create_circuit(1) |> Qx.s(0)
iex> length(Qx.QuantumCircuit.get_instructions(qc))
1

  



  
    
      
    
    
      superposition()



        
          
        

    

  


  

      

          @spec superposition() :: circuit()


      


Creates a superposition state on a single qubit.
Returns a circuit with a Hadamard gate applied to qubit 0.
Examples
iex> sup_circuit = Qx.superposition()
iex> sup_circuit.num_qubits
1

  



  
    
      
    
    
      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

Examples
iex> qc = Qx.create_circuit(1) |> Qx.t(0)
iex> length(Qx.QuantumCircuit.get_instructions(qc))
1

  



  
    
      
    
    
      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.
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.
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)

  



  
    
      
    
    
      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.
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)

  



  
    
      
    
    
      version()



        
          
        

    

  


  

      

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


      


Returns version information for the Qx library.
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

Examples
iex> qc = Qx.create_circuit(1) |> Qx.x(0)
iex> length(Qx.QuantumCircuit.get_instructions(qc))
1
Raises
	FunctionClauseError - If 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

Examples
iex> qc = Qx.create_circuit(1) |> Qx.y(0)
iex> length(Qx.QuantumCircuit.get_instructions(qc))
1
Raises
	FunctionClauseError - If 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

Examples
iex> qc = Qx.create_circuit(1) |> Qx.z(0)
iex> length(Qx.QuantumCircuit.get_instructions(qc))
1
Raises
	FunctionClauseError - If qubit index is out of range


  


        

      


  

    
Qx.Operations 
    



      
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), two-qubit gates (CNOT), and
three-qubit gates (CCNOT/Toffoli).

      


      
        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.



    


    
      
        cx(circuit, control_qubit, target_qubit)

      


        Applies a controlled-X (CNOT) gate.



    


    
      
        cz(circuit, control_qubit, target_qubit)

      


        Applies a controlled-Z (CZ) gate.



    


    
      
        h(circuit, qubit)

      


        Applies a Hadamard gate to the specified qubit.



    


    
      
        measure(circuit, qubit, classical_bit)

      


        Adds a measurement operation to the circuit.



    


    
      
        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).



    


    
      
        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.



    


    
      
        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)



        
          
        

    

  


  

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 - List 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]}

  



  
    
      
    
    
      c_if(circuit, classical_bit, value, gate_fn)



        
          
        

    

  


  

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)



        
          
        

    

  


  

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]}

  



  
    
      
    
    
      cx(circuit, control_qubit, target_qubit)



        
          
        

    

  


  

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]}

  



  
    
      
    
    
      cz(circuit, control_qubit, target_qubit)



        
          
        

    

  


  

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)



        
          
        

    

  


  

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]}

  



  
    
      
    
    
      measure(circuit, qubit, classical_bit)



        
          
        

    

  


  

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}

  



  
    
      
    
    
      phase(circuit, qubit, phi)



        
          
        

    

  


  

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}

  



  
    
      
    
    
      rx(circuit, qubit, theta)



        
          
        

    

  


  

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}

  



  
    
      
    
    
      ry(circuit, qubit, theta)



        
          
        

    

  


  

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}

  



  
    
      
    
    
      rz(circuit, qubit, theta)



        
          
        

    

  


  

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)}

  



  
    
      
    
    
      s(circuit, qubit)



        
          
        

    

  


  

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]}

  



  
    
      
    
    
      t(circuit, qubit)



        
          
        

    

  


  

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


  



  
    
      
    
    
      x(circuit, qubit)



        
          
        

    

  


  

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)



        
          
        

    

  


  

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)



        
          
        

    

  


  

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 
    



      
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
  


    
      
        add_gate(circuit, gate_name, qubit, params \\ [])

      


        Adds a single-qubit gate instruction to the circuit.



    


    
      
        add_measurement(circuit, qubit, classical_bit)

      


        Adds a measurement instruction to the circuit.



    


    
      
        add_three_qubit_gate(circuit, gate_name, control1, control2, target, params \\ [])

      


        Adds a three-qubit gate instruction to the circuit.



    


    
      
        add_two_qubit_gate(circuit, gate_name, control_qubit, target_qubit, params \\ [])

      


        Adds a two-qubit gate instruction to the circuit.



    


    
      
        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)

      


        Gets the current quantum state of 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


        


    

  
    
      
    
    
      add_gate(circuit, gate_name, qubit, params \\ [])



        
          
        

    

  


  

Adds a single-qubit gate instruction to the circuit.
Parameters
	circuit - The quantum circuit
	gate_name - Name of the gate (e.g., :h, :x, :y, :z)
	qubit - Target qubit index
	params - Optional gate parameters (default: [])

Examples
iex> qc = Qx.QuantumCircuit.new(2, 0)
iex> qc = Qx.QuantumCircuit.add_gate(qc, :h, 0)
iex> length(qc.instructions)
1

  



  
    
      
    
    
      add_measurement(circuit, qubit, classical_bit)



        
          
        

    

  


  

Adds a measurement instruction 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.QuantumCircuit.add_measurement(qc, 0, 0)
iex> length(qc.measurements)
1

  



    

  
    
      
    
    
      add_three_qubit_gate(circuit, gate_name, control1, control2, target, params \\ [])



        
          
        

    

  


  

Adds a three-qubit gate instruction to the circuit.
Parameters
	circuit - The quantum circuit
	gate_name - Name of the gate (e.g., :ccx)
	control1 - First control qubit index
	control2 - Second control qubit index
	target - Target qubit index
	params - Optional gate parameters (default: [])

Examples
iex> qc = Qx.QuantumCircuit.new(3, 0)
iex> qc = Qx.QuantumCircuit.add_three_qubit_gate(qc, :ccx, 0, 1, 2)
iex> length(qc.instructions)
1

  



    

  
    
      
    
    
      add_two_qubit_gate(circuit, gate_name, control_qubit, target_qubit, params \\ [])



        
          
        

    

  


  

Adds a two-qubit gate instruction to the circuit.
Parameters
	circuit - The quantum circuit
	gate_name - Name of the gate (e.g., :cx, :cz)
	control_qubit - Control qubit index
	target_qubit - Target qubit index
	params - Optional gate parameters (default: [])

Examples
iex> qc = Qx.QuantumCircuit.new(2, 0)
iex> qc = Qx.QuantumCircuit.add_two_qubit_gate(qc, :cx, 0, 1)
iex> length(qc.instructions)
1

  



  
    
      
    
    
      depth(circuit)



        
          
        

    

  


  

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

  



  
    
      
    
    
      get_instructions(circuit)



        
          
        

    

  


  

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

  



  
    
      
    
    
      get_measurements(circuit)



        
          
        

    

  


  

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

  



  
    
      
    
    
      get_state(circuit)



        
          
        

    

  


  

Gets the current 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}

  



  
    
      
    
    
      measured?(circuit, qubit)



        
          
        

    

  


  

      

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


      


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

  



  
    
      
    
    
      new(num_qubits)



        
          
        

    

  


  

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)



        
          
        

    

  


  

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)



        
          
        

    

  


  

Resets the circuit to its initial state, clearing all instructions and measurements.
Examples
iex> qc = Qx.QuantumCircuit.new(2, 2)
iex> qc = qc |> Qx.QuantumCircuit.add_gate(:h, 0) |> Qx.QuantumCircuit.add_measurement(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)



        
          
        

    

  


  

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.Qubit 
    



      
Simplified API for single-qubit quantum operations.
This module provides a beginner-friendly interface for working with individual
qubits. Under the hood, it uses Qx.Register with num_qubits=1, providing
a clean abstraction for single-qubit operations without exposing multi-qubit
complexity.
Calculation Mode
Calculation mode allows you to work with qubits directly, applying gates
in real-time and seeing results immediately. This is different from circuit
mode (using Qx.QuantumCircuit) where you build a circuit first and then
execute it.
In calculation mode:
	Gates are applied immediately to the quantum state
	You can inspect the state at any point using state_vector/1 or measure_probabilities/1
	Results are available instantly without needing to run a simulation
	Perfect for learning, exploration, and debugging

Example Workflows
# Basic gate application
q = Qx.Qubit.new()
  |> Qx.Qubit.h()
  |> Qx.Qubit.state_vector()
# Returns superposition state

# Check probabilities at each step
q = Qx.Qubit.new()
Qx.Qubit.measure_probabilities(q)  # [1.0, 0.0] - definitely |0⟩

q = Qx.Qubit.x(q)
Qx.Qubit.measure_probabilities(q)  # [0.0, 1.0] - definitely |1⟩

q = Qx.Qubit.h(q)
Qx.Qubit.measure_probabilities(q)  # [0.5, 0.5] - equal superposition

# Create and manipulate custom states
q = Qx.Qubit.new(0.6, 0.8)  # Custom amplitudes (auto-normalized)
  |> Qx.Qubit.rz(:math.pi() / 4)
  |> Qx.Qubit.rx(:math.pi() / 2)
Available Gates
Single-Qubit Gates (no parameters):
	h/1 - Hadamard gate (creates superposition)
	x/1 - Pauli-X gate (bit flip)
	y/1 - Pauli-Y gate (bit and phase flip)
	z/1 - Pauli-Z gate (phase flip)
	s/1 - S gate (π/2 phase)
	t/1 - T gate (π/4 phase)

Parameterized Gates:
	rx/2 - Rotation around X-axis
	ry/2 - Rotation around Y-axis
	rz/2 - Rotation around Z-axis
	phase/2 - Arbitrary phase gate

Pipeline Patterns
The Qx.Qubit module supports both transformation pipelines and terminal operations:
Transformation Pipelines (return qubits):
Gates and state manipulations that return qubits for chaining:
Qx.Qubit.new()
|> Qx.Qubit.h()           # Hadamard gate
|> Qx.Qubit.x()           # Pauli-X gate
|> Qx.Qubit.ry(angle)     # Rotation
Debugging Within Pipelines:
Use tap_state/2 to inspect state without breaking the chain:
Qx.Qubit.new()
|> Qx.Qubit.h()
|> Qx.Qubit.tap_state(label: "After H")  # Side effect: prints state
|> Qx.Qubit.x()                          # Returns qubit, pipeline continues
Terminal Operations (return data):
Functions that extract information and end the pipeline:
state_map = qubit |> Qx.Qubit.h() |> Qx.Qubit.show_state()         # Returns map
prob_tensor = qubit |> Qx.Qubit.measure_probabilities()            # Returns Nx.Tensor
bloch = qubit |> Qx.Qubit.draw_bloch()                              # Returns VegaLite struct (default) or SVG string
is_valid = qubit |> Qx.Qubit.valid?()                              # Returns boolean
Choose the right pattern for your use case!
Architecture Note
This module is implemented as a thin wrapper around Qx.Register. All gate
operations delegate to the Register module, ensuring consistency and reducing
code duplication. This design provides:
	Single source of truth for gate implementations
	Better performance (Register is highly optimized)
	Easier maintenance
	Seamless transition when scaling to multi-qubit operations

See Also
	Qx.Register - Multi-qubit calculation mode
	Qx.QuantumCircuit - Circuit mode for building quantum circuits
	Qx.Draw.bloch_sphere/2 - Visualize single qubit states
	Qx.Qubit.draw_bloch/2 - Visualize qubit on Bloch sphere
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    Functions
  


    
      
        alpha(qubit)

      


        Gets the amplitude for the |0⟩ state.



    


    
      
        beta(qubit)

      


        Gets the amplitude for the |1⟩ state.



    


    
      
        draw_bloch(qubit, options \\ [])

      


        Draws the qubit state on a Bloch sphere.



    


    
      
        from_angle(theta)

      


        Creates a qubit from angle (simplified Bloch sphere).



    


    
      
        from_basis(basis)

      


        Creates a qubit from a computational basis state.



    


    
      
        from_bloch(theta, phi)

      


        Creates a qubit from Bloch sphere coordinates.



    


    
      
        h(qubit)

      


        Applies a Hadamard gate to a qubit in calculation mode.



    


    
      
        measure_probabilities(qubit)

      


        Measures a qubit and returns the probability of measuring |0⟩ and |1⟩.



    


    
      
        minus()

      


        Creates a qubit in the |-⟩ state.



    


    
      
        new()

      


        Creates a qubit in the |0⟩ state.



    


    
      
        new(alpha, beta)

      


        Creates a qubit with custom amplitudes.



    


    
      
        one()

      


        Creates a qubit in the |1⟩ state.



    


    
      
        phase(qubit, phi)

      


        Applies an arbitrary phase gate.



    


    
      
        plus()

      


        Creates a qubit in the |+⟩ state (equal superposition).



    


    
      
        random()

      


        Creates a random qubit state with uniformly distributed amplitudes.



    


    
      
        rx(qubit, theta)

      


        Applies a rotation around the X-axis.



    


    
      
        ry(qubit, theta)

      


        Applies a rotation around the Y-axis.



    


    
      
        rz(qubit, theta)

      


        Applies a rotation around the Z-axis.



    


    
      
        s(qubit)

      


        Applies an S gate (π/2 phase) to a qubit.



    


    
      
        show_state(qubit)

      


        Returns a map containing formatted state information.



    


    
      
        state_vector(qubit)

      


        Returns the state vector of the qubit.



    


    
      
        t(qubit)

      


        Applies a T gate (π/4 phase) to a qubit.



    


    
      
        tap_state(qubit, opts \\ [])

      


        Inspects the qubit state and returns the original qubit (pipeline-friendly).



    


    
      
        valid?(state)

      


        Checks if a given state vector represents a valid qubit.



    


    
      
        x(qubit)

      


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



    


    
      
        y(qubit)

      


        Applies a Pauli-Y gate to a qubit.



    


    
      
        z(qubit)

      


        Applies a Pauli-Z gate (phase flip) to a qubit.
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          @type t() :: Nx.Tensor.t()


      



  


        

      

      
        Functions


        


  
    
      
    
    
      alpha(qubit)



        
          
        

    

  


  

Gets the amplitude for the |0⟩ state.
Examples
iex> qubit = Qx.Qubit.new(0.6, 0.8)
iex> alpha = Qx.Qubit.alpha(qubit)
iex> abs(Complex.abs(alpha) - 0.6) < 0.01
true
Pipeline Usage
⚠️ This is a terminal operation that returns a Complex number, not a qubit.
For pipeline-friendly state inspection, use tap_state/2.

  



  
    
      
    
    
      beta(qubit)



        
          
        

    

  


  

Gets the amplitude for the |1⟩ state.
Examples
iex> qubit = Qx.Qubit.new(0.6, 0.8)
iex> beta = Qx.Qubit.beta(qubit)
iex> abs(Complex.abs(beta) - 0.8) < 0.01
true
Pipeline Usage
⚠️ This is a terminal operation that returns a Complex number, not a qubit.
For pipeline-friendly state inspection, use tap_state/2.

  



    

  
    
      
    
    
      draw_bloch(qubit, options \\ [])



        
          
        

    

  


  

Draws the qubit state on a Bloch sphere.
This function visualizes the qubit's state on the Bloch sphere, showing
the state vector, axes, and key basis states.
Parameters
	qubit - The qubit state to visualize
	options - Optional visualization parameters	:format - Output format (:svg, :vega_lite) (default: :vega_lite)
	:title - Title of the plot (default: "Bloch Sphere")
	:size - Size of the visualization in pixels (default: 400)



Examples
iex> q = Qx.Qubit.new() |> Qx.Qubit.h()
iex> result = Qx.Qubit.draw_bloch(q)
iex> is_struct(result) or is_binary(result)
true

iex> q = Qx.Qubit.new() |> Qx.Qubit.h()
iex> svg = Qx.Qubit.draw_bloch(q, format: :svg)
iex> is_binary(svg)
true
Pipeline Usage
⚠️ This is a terminal operation that returns an SVG string or VegaLite struct, not a qubit.
For pipeline-friendly state inspection, use tap_state/2.

  



  
    
      
    
    
      from_angle(theta)



        
          
        

    

  


  

      

          @spec from_angle(number()) :: t()


      


Creates a qubit from angle (simplified Bloch sphere).
This is a simplified version of from_bloch/2 where phi=0.
Useful for creating states along the X-Z plane of the Bloch sphere.
Parameters
	theta - Polar angle in radians (0 to π)

Examples
# Create superposition |+⟩
iex> q = Qx.Qubit.from_angle(:math.pi() / 2)
iex> probs = Qx.Qubit.measure_probabilities(q) |> Nx.to_flat_list()
iex> abs(Enum.at(probs, 0) - 0.5) < 0.01
true

  



  
    
      
    
    
      from_basis(basis)



        
          
        

    

  


  

      

          @spec from_basis(0 | 1) :: t()


      


Creates a qubit from a computational basis state.
Parameters
	basis - 0 for |0⟩ or 1 for |1⟩

Examples
iex> q = Qx.Qubit.from_basis(0)
iex> Qx.Qubit.alpha(q) |> Complex.abs()
1.0

iex> q = Qx.Qubit.from_basis(1)
iex> Qx.Qubit.beta(q) |> Complex.abs()
1.0

  



  
    
      
    
    
      from_bloch(theta, phi)



        
          
        

    

  


  

      

          @spec from_bloch(number(), number()) :: t()


      


Creates a qubit from Bloch sphere coordinates.
The Bloch sphere is a geometrical representation of a qubit's quantum state.
Any pure qubit state can be written as:
|ψ⟩ = cos(θ/2)|0⟩ + e^(iφ)sin(θ/2)|1⟩
Parameters
	theta - Polar angle in radians (0 to π)
	phi - Azimuthal angle in radians (0 to 2π)

Examples
# Create |0⟩ state (north pole)
iex> q = Qx.Qubit.from_bloch(0, 0)
iex> Qx.Qubit.alpha(q) |> Complex.abs() |> Float.round(3)
1.0

# Create |1⟩ state (south pole)
iex> q = Qx.Qubit.from_bloch(:math.pi(), 0)
iex> Qx.Qubit.beta(q) |> Complex.abs() |> Float.round(3)
1.0

# Create |+⟩ state (equator, x-axis)
iex> q = Qx.Qubit.from_bloch(:math.pi() / 2, 0)
iex> probs = Qx.Qubit.measure_probabilities(q) |> Nx.to_flat_list()
iex> abs(Enum.at(probs, 0) - 0.5) < 0.01
true

  



  
    
      
    
    
      h(qubit)



        
          
        

    

  


  

Applies a Hadamard gate to a qubit in calculation mode.
The Hadamard gate creates superposition by transforming:
	|0⟩ → (|0⟩ + |1⟩)/√2
	|1⟩ → (|0⟩ - |1⟩)/√2

Examples
iex> q = Qx.Qubit.new() |> Qx.Qubit.h()
iex> probs = Qx.Qubit.measure_probabilities(q) |> Nx.to_flat_list()
iex> abs(Enum.at(probs, 0) - 0.5) < 0.01
true

  



  
    
      
    
    
      measure_probabilities(qubit)



        
          
        

    

  


  

Measures a qubit and returns the probability of measuring |0⟩ and |1⟩.
Examples
iex> qubit = Qx.Qubit.plus()
iex> probs = Qx.Qubit.measure_probabilities(qubit)
iex> Nx.shape(probs)
{2}
Pipeline Usage
⚠️ This is a terminal operation that returns an Nx.Tensor, not a qubit.
For pipeline-friendly state inspection, use tap_state/2.
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Creates a qubit in the |-⟩ state.
The |-⟩ state is (|0⟩ - |1⟩)/√2.
Examples
iex> q = Qx.Qubit.minus()
iex> probs = Qx.Qubit.measure_probabilities(q) |> Nx.to_flat_list()
iex> abs(Enum.at(probs, 0) - 0.5) < 0.01
true
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Creates a qubit in the |0⟩ state.
The |0⟩ state is represented as the state vector [1, 0].
Examples
iex> Qx.Qubit.new()
#Nx.Tensor<
  c64[2]
  [1.0+0.0i, 0.0+0.0i]
>

  



  
    
      
    
    
      new(alpha, beta)



        
          
        

    

  


  

Creates a qubit with custom amplitudes.
The qubit state is automatically normalized to ensure |α|² + |β|² = 1.
Parameters
	alpha - Amplitude for |0⟩ state (real number or Complex)
	beta - Amplitude for |1⟩ state (real number or Complex)

Examples
iex> q = Qx.Qubit.new(0.6, 0.8)
iex> Qx.Qubit.valid?(q)
true

iex> q = Qx.Qubit.new(1, 1)  # Auto-normalized to (|0⟩ + |1⟩)/√2
iex> probs = Qx.Qubit.measure_probabilities(q) |> Nx.to_flat_list()
iex> abs(Enum.at(probs, 0) - 0.5) < 0.01
true

  



  
    
      
    
    
      one()



        
          
        

    

  


  

Creates a qubit in the |1⟩ state.
Examples
iex> Qx.Qubit.one()
#Nx.Tensor<
  c64[2]
  [0.0+0.0i, 1.0+0.0i]
>

  



  
    
      
    
    
      phase(qubit, phi)



        
          
        

    

  


  

Applies an arbitrary phase gate.
Parameters
	qubit - The qubit state
	phi - Phase angle in radians

Examples
iex> q = Qx.Qubit.new() |> Qx.Qubit.phase(:math.pi() / 4)
iex> Qx.Qubit.valid?(q)
true

  



  
    
      
    
    
      plus()



        
          
        

    

  


  

Creates a qubit in the |+⟩ state (equal superposition).
The |+⟩ state is (|0⟩ + |1⟩)/√2.
Examples
iex> q = Qx.Qubit.plus()
iex> probs = Qx.Qubit.measure_probabilities(q) |> Nx.to_flat_list()
iex> abs(Enum.at(probs, 0) - 0.5) < 0.01
true

  



  
    
      
    
    
      random()



        
          
        

    

  


  

Creates a random qubit state with uniformly distributed amplitudes.
The state is automatically normalized to ensure it represents a valid qubit.
Examples
iex> random_qubit = Qx.Qubit.random()
iex> Qx.Qubit.valid?(random_qubit)
true

  



  
    
      
    
    
      rx(qubit, theta)



        
          
        

    

  


  

Applies a rotation around the X-axis.
Parameters
	qubit - The qubit state
	theta - Rotation angle in radians

Examples
iex> q = Qx.Qubit.new() |> Qx.Qubit.rx(:math.pi())
iex> probs = Qx.Qubit.measure_probabilities(q) |> Nx.to_flat_list()
iex> abs(Enum.at(probs, 1) - 1.0) < 0.01
true

  



  
    
      
    
    
      ry(qubit, theta)



        
          
        

    

  


  

Applies a rotation around the Y-axis.
Examples
iex> q = Qx.Qubit.new() |> Qx.Qubit.ry(:math.pi() / 2)
iex> probs = Qx.Qubit.measure_probabilities(q) |> Nx.to_flat_list()
iex> abs(Enum.at(probs, 0) - 0.5) < 0.01
true

  



  
    
      
    
    
      rz(qubit, theta)



        
          
        

    

  


  

Applies a rotation around the Z-axis.
Examples
iex> q = Qx.Qubit.new() |> Qx.Qubit.h() |> Qx.Qubit.rz(:math.pi() / 4)
iex> Qx.Qubit.valid?(q)
true

  



  
    
      
    
    
      s(qubit)



        
          
        

    

  


  

Applies an S gate (π/2 phase) to a qubit.
Examples
iex> q = Qx.Qubit.new() |> Qx.Qubit.s()
iex> Qx.Qubit.valid?(q)
true

  



  
    
      
    
    
      show_state(qubit)



        
          
        

    

  


  

Returns a map containing formatted state information.
This function returns a map with human-readable representations of the qubit
state, including Dirac notation, complex amplitudes, and measurement probabilities.
Returns
A map with keys:
	:state - Dirac notation string (e.g., "0.707|0⟩ + 0.707|1⟩")
	:amplitudes - List of tuples with basis states and complex amplitudes
	:probabilities - List of tuples with basis states and measurement probabilities

Pipeline Usage
⚠️ Note: This function returns display data (a map) and ends the pipeline.
To inspect state while continuing a pipeline, use tap_state/2:
qubit
|> h()
|> tap_state(label: "After H gate")  # Shows state, returns qubit
|> x()                                # Pipeline continues
|> tap_state(label: "After X gate")
To get the display map at the end of a pipeline:
state_info =
  qubit
  |> h()
  |> x()
  |> show_state()  # Terminal operation, returns the map

IO.puts(state_info.state)
Examples
iex> q = Qx.Qubit.new() |> Qx.Qubit.h()
iex> info = Qx.Qubit.show_state(q)
iex> is_map(info)
true

iex> q = Qx.Qubit.plus()
iex> info = Qx.Qubit.show_state(q)
iex> info.state =~ "|0⟩"
true
See also: tap_state/2 for pipeline-friendly state inspection.

  



  
    
      
    
    
      state_vector(qubit)



        
          
        

    

  


  

Returns the state vector of the qubit.
Examples
iex> q = Qx.Qubit.new()
iex> Qx.Qubit.state_vector(q)
#Nx.Tensor<
  c64[2]
  [1.0+0.0i, 0.0+0.0i]
>

  



  
    
      
    
    
      t(qubit)



        
          
        

    

  


  

Applies a T gate (π/4 phase) to a qubit.
Examples
iex> q = Qx.Qubit.new() |> Qx.Qubit.t()
iex> Qx.Qubit.valid?(q)
true

  



    

  
    
      
    
    
      tap_state(qubit, opts \\ [])



        
          
        

    

  


  

Inspects the qubit state and returns the original qubit (pipeline-friendly).
This function is designed for debugging within pipelines. It displays the state
as a side effect but returns the qubit unchanged, allowing the pipeline to continue.
Options
	:label - Custom label for the output (default: "Qubit State")
	:verbose - Show detailed probabilities (default: false)

vs. show_state/1
	tap_state/2 - Shows state, returns qubit (continues pipeline)
	show_state/1 - Returns display map (ends pipeline)

Examples
Basic debugging in a pipeline:
result =
  Qx.Qubit.new()
  |> Qx.Qubit.h()
  |> Qx.Qubit.tap_state(label: "After Hadamard")
  |> Qx.Qubit.x()
  |> Qx.Qubit.tap_state(label: "After X gate")
  |> Qx.Qubit.y()
Verbose mode to see detailed probabilities:
qubit
|> Qx.Qubit.rx(:math.pi() / 4)
|> Qx.Qubit.tap_state(label: "After rotation", verbose: true)
Multiple inspection points throughout a pipeline:
qubit
|> Qx.Qubit.tap_state(label: "Initial state")
|> Qx.Qubit.h()
|> Qx.Qubit.tap_state(label: "Superposition")
|> Qx.Qubit.rz(:math.pi() / 2)
|> Qx.Qubit.tap_state(label: "After phase rotation")
Doctest example:
iex> q = Qx.Qubit.new()
...>   |> Qx.Qubit.h()
...>   |> Qx.Qubit.tap_state(label: "After Hadamard")
...>   |> Qx.Qubit.x()
iex> Qx.Qubit.valid?(q)
true
See also: show_state/1 for getting the state as a map (terminal operation).

  



  
    
      
    
    
      valid?(state)



        
          
        

    

  


  

      

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


      


Checks if a given state vector represents a valid qubit.
A valid qubit must:
	Have exactly 2 complex components (shape {2})
	Be normalized (|α|² + |β|² = 1)

Examples
iex> valid_qubit = Qx.Qubit.new(0.6, 0.8)
iex> Qx.Qubit.valid?(valid_qubit)
true

iex> invalid_qubit = Nx.tensor([Complex.new(1.0, 0.0), Complex.new(1.0, 0.0)], type: :c64)
iex> Qx.Qubit.valid?(invalid_qubit)
false
Pipeline Usage
⚠️ This is a terminal operation that returns a boolean, not a qubit.
For pipeline-friendly state inspection, use tap_state/2.

  



  
    
      
    
    
      x(qubit)



        
          
        

    

  


  

Applies a Pauli-X gate (bit flip) to a qubit.
Transforms |0⟩ ↔ |1⟩.
Examples
iex> q = Qx.Qubit.new() |> Qx.Qubit.x()
iex> probs = Qx.Qubit.measure_probabilities(q) |> Nx.to_flat_list()
iex> Enum.at(probs, 1)
1.0

  



  
    
      
    
    
      y(qubit)



        
          
        

    

  


  

Applies a Pauli-Y gate to a qubit.
Examples
iex> q = Qx.Qubit.new() |> Qx.Qubit.y()
iex> Qx.Qubit.valid?(q)
true

  



  
    
      
    
    
      z(qubit)



        
          
        

    

  


  

Applies a Pauli-Z gate (phase flip) to a qubit.
Examples
iex> q = Qx.Qubit.new() |> Qx.Qubit.z()
iex> Qx.Qubit.valid?(q)
true

  


        

      


  

    
Qx.Register 
    



      
Multi-qubit quantum register for calculation mode.
This module provides functionality for creating and manipulating quantum registers
containing multiple qubits. Gates are applied immediately in real-time, similar to
Qx.Qubit but for multi-qubit systems.
Calculation Mode - Multi-Qubit
Calculation mode with registers allows you to work with multiple qubits directly,
applying gates in real-time and seeing results immediately. This is perfect for:
	Creating entangled states (Bell states, GHZ states)
	Multi-qubit gate exploration
	Learning quantum algorithms
	Interactive debugging

Example Workflows
# Create a 2-qubit register and make a Bell state
reg = Qx.Register.new(2)
  |> Qx.Register.h(0)
  |> Qx.Register.cx(0, 1)
  |> Qx.Register.show_state()

# Create register from existing qubits
q1 = Qx.Qubit.new(0.6, 0.8)
q2 = Qx.Qubit.new()
reg = Qx.Register.new([q1, q2])
  |> Qx.Register.h(0)

# Inspect state at any point
reg = Qx.Register.new(3)
  |> Qx.Register.h(0)
  |> Qx.Register.h(1)
  |> Qx.Register.h(2)

probs = Qx.Register.get_probabilities(reg)
# All 8 basis states have equal probability
See Also
	Qx.Qubit - Single qubit calculation mode
	Qx.QuantumCircuit - Circuit mode for building quantum circuits
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        ccx(register, control1, control2, target)

      


        Applies a Toffoli (CCX/CCNOT) gate.



    


    
      
        cx(register, control_qubit, target_qubit)

      


        Applies a CNOT (controlled-X) gate.



    


    
      
        cz(register, control_qubit, target_qubit)

      


        Applies a controlled-Z gate.



    


    
      
        from_basis_states(states)

      


        Creates a register from a list of computational basis states.



    


    
      
        from_superposition(num_qubits)

      


        Creates a register where all qubits are in superposition (|+⟩ state).



    


    
      
        get_probabilities(register)

      


        Returns the measurement probabilities for all basis states.



    


    
      
        h(register, qubit_index)

      


        Applies a Hadamard gate to a specific qubit in the register.



    


    
      
        new(num_qubits)

      


        Creates a new quantum register.



    


    
      
        phase(register, qubit_index, phi)

      


        Applies a phase gate to a specific qubit.



    


    
      
        rx(register, qubit_index, theta)

      


        Applies a rotation around the X-axis to a specific qubit.



    


    
      
        ry(register, qubit_index, theta)

      


        Applies a rotation around the Y-axis to a specific qubit.



    


    
      
        rz(register, qubit_index, theta)

      


        Applies a rotation around the Z-axis to a specific qubit.



    


    
      
        s(register, qubit_index)

      


        Applies an S gate to a specific qubit in the register.



    


    
      
        show_state(register)

      


        Returns a human-readable representation of the register state.



    


    
      
        state_vector(register)

      


        Returns the state vector of the register.



    


    
      
        t(register, qubit_index)

      


        Applies a T gate to a specific qubit in the register.



    


    
      
        valid?(register)

      


        Checks if a register is valid (properly normalized).



    


    
      
        x(register, qubit_index)

      


        Applies a Pauli-X gate to a specific qubit in the register.



    


    
      
        y(register, qubit_index)

      


        Applies a Pauli-Y gate to a specific qubit in the register.



    


    
      
        z(register, qubit_index)

      


        Applies a Pauli-Z gate to a specific qubit in the register.
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          @type t() :: %Qx.Register{num_qubits: pos_integer(), state: Nx.Tensor.t()}


      



  


        

      

      
        Functions


        


  
    
      
    
    
      ccx(register, control1, control2, target)



        
          
        

    

  


  

Applies a Toffoli (CCX/CCNOT) gate.
Parameters
	register - The quantum register
	control1 - Index of first control qubit
	control2 - Index of second control qubit
	target - Index of target qubit

Examples
iex> reg = Qx.Register.new(3) |> Qx.Register.ccx(0, 1, 2)
iex> Qx.Register.valid?(reg)
true

  



  
    
      
    
    
      cx(register, control_qubit, target_qubit)



        
          
        

    

  


  

Applies a CNOT (controlled-X) gate.
Parameters
	register - The quantum register
	control_qubit - Index of the control qubit
	target_qubit - Index of the target qubit

Examples
# Create a Bell state
iex> reg = Qx.Register.new(2)
...>   |> Qx.Register.h(0)
...>   |> Qx.Register.cx(0, 1)
iex> Qx.Register.valid?(reg)
true

  



  
    
      
    
    
      cz(register, control_qubit, target_qubit)



        
          
        

    

  


  

Applies a controlled-Z gate.
Parameters
	register - The quantum register
	control_qubit - Index of the control qubit
	target_qubit - Index of the target qubit

Examples
iex> reg = Qx.Register.new(2) |> Qx.Register.cz(0, 1)
iex> Qx.Register.valid?(reg)
true

  



  
    
      
    
    
      from_basis_states(states)



        
          
        

    

  


  

      

          @spec from_basis_states([0 | 1]) :: t()


      


Creates a register from a list of computational basis states.
Parameters
	basis_states - List of 0s and 1s representing the basis state for each qubit

Examples
# Create |010⟩ state
iex> reg = Qx.Register.from_basis_states([0, 1, 0])
iex> reg.num_qubits
3

# Create |11⟩ state (Bell state preparation starting point)
iex> reg = Qx.Register.from_basis_states([1, 1])
iex> probs = Qx.Register.get_probabilities(reg) |> Nx.to_flat_list()
iex> Enum.at(probs, 3)
1.0

  



  
    
      
    
    
      from_superposition(num_qubits)



        
          
        

    

  


  

      

          @spec from_superposition(pos_integer()) :: t()


      


Creates a register where all qubits are in superposition (|+⟩ state).
Parameters
	num_qubits - Number of qubits to create

Examples
# Create 2-qubit register in equal superposition of all 4 basis states
iex> reg = Qx.Register.from_superposition(2)
iex> probs = Qx.Register.get_probabilities(reg) |> Nx.to_flat_list()
iex> Enum.all?(probs, fn p -> abs(p - 0.25) < 0.01 end)
true

# 3-qubit superposition (8 equal states)
iex> reg = Qx.Register.from_superposition(3)
iex> probs = Qx.Register.get_probabilities(reg) |> Nx.to_flat_list()
iex> Enum.all?(probs, fn p -> abs(p - 0.125) < 0.01 end)
true

  



  
    
      
    
    
      get_probabilities(register)



        
          
        

    

  


  

Returns the measurement probabilities for all basis states.
Examples
iex> reg = Qx.Register.new(2) |> Qx.Register.h(0) |> Qx.Register.h(1)
iex> probs = Qx.Register.get_probabilities(reg)
iex> Nx.shape(probs)
{4}

  



  
    
      
    
    
      h(register, qubit_index)



        
          
        

    

  


  

Applies a Hadamard gate to a specific qubit in the register.
Parameters
	register - The quantum register
	qubit_index - Index of the qubit to apply the gate to (0-based)

Examples
iex> reg = Qx.Register.new(2) |> Qx.Register.h(0)
iex> Qx.Register.valid?(reg)
true

  



  
    
      
    
    
      new(num_qubits)



        
          
        

    

  


  

Creates a new quantum register.
Parameters
When called with an integer:
	num_qubits - Number of qubits to create (all initialized to |0⟩)

When called with a list:
	qubits - List of qubit state tensors to combine via tensor product

Examples
# Create a 2-qubit register (both in |0⟩)
iex> reg = Qx.Register.new(2)
iex> reg.num_qubits
2

# Create from existing qubits
iex> q1 = Qx.Qubit.new(0.6, 0.8)
iex> q2 = Qx.Qubit.new()
iex> reg = Qx.Register.new([q1, q2])
iex> reg.num_qubits
2

  



  
    
      
    
    
      phase(register, qubit_index, phi)



        
          
        

    

  


  

Applies a phase gate to a specific qubit.
Parameters
	register - The quantum register
	qubit_index - Index of the qubit
	phi - Phase angle in radians

Examples
iex> reg = Qx.Register.new(2) |> Qx.Register.phase(0, :math.pi() / 4)
iex> Qx.Register.valid?(reg)
true

  



  
    
      
    
    
      rx(register, qubit_index, theta)



        
          
        

    

  


  

Applies a rotation around the X-axis to a specific qubit.
Parameters
	register - The quantum register
	qubit_index - Index of the qubit
	theta - Rotation angle in radians

Examples
iex> reg = Qx.Register.new(2) |> Qx.Register.rx(0, :math.pi() / 2)
iex> Qx.Register.valid?(reg)
true

  



  
    
      
    
    
      ry(register, qubit_index, theta)



        
          
        

    

  


  

Applies a rotation around the Y-axis to a specific qubit.
Examples
iex> reg = Qx.Register.new(2) |> Qx.Register.ry(0, :math.pi() / 2)
iex> Qx.Register.valid?(reg)
true

  



  
    
      
    
    
      rz(register, qubit_index, theta)



        
          
        

    

  


  

Applies a rotation around the Z-axis to a specific qubit.
Examples
iex> reg = Qx.Register.new(2) |> Qx.Register.rz(0, :math.pi() / 4)
iex> Qx.Register.valid?(reg)
true

  



  
    
      
    
    
      s(register, qubit_index)



        
          
        

    

  


  

Applies an S gate to a specific qubit in the register.
Examples
iex> reg = Qx.Register.new(2) |> Qx.Register.s(0)
iex> Qx.Register.valid?(reg)
true

  



  
    
      
    
    
      show_state(register)



        
          
        

    

  


  

Returns a human-readable representation of the register state.
Similar to Qx.Qubit.show_state/1 but for multi-qubit systems.
Examples
# Bell state
iex> reg = Qx.Register.new(2) |> Qx.Register.h(0) |> Qx.Register.cx(0, 1)
iex> info = Qx.Register.show_state(reg)
iex> is_map(info)
true

  



  
    
      
    
    
      state_vector(register)



        
          
        

    

  


  

Returns the state vector of the register.
Examples
iex> reg = Qx.Register.new(2)
iex> state = Qx.Register.state_vector(reg)
iex> Nx.shape(state)
{4}

  



  
    
      
    
    
      t(register, qubit_index)



        
          
        

    

  


  

Applies a T gate to a specific qubit in the register.
Examples
iex> reg = Qx.Register.new(2) |> Qx.Register.t(0)
iex> Qx.Register.valid?(reg)
true

  



  
    
      
    
    
      valid?(register)



        
          
        

    

  


  

      

          @spec valid?(t()) :: boolean()


      


Checks if a register is valid (properly normalized).
Examples
iex> reg = Qx.Register.new(2)
iex> Qx.Register.valid?(reg)
true

  



  
    
      
    
    
      x(register, qubit_index)



        
          
        

    

  


  

Applies a Pauli-X gate to a specific qubit in the register.
Examples
iex> reg = Qx.Register.new(2) |> Qx.Register.x(0)
iex> Qx.Register.valid?(reg)
true

  



  
    
      
    
    
      y(register, qubit_index)



        
          
        

    

  


  

Applies a Pauli-Y gate to a specific qubit in the register.
Examples
iex> reg = Qx.Register.new(2) |> Qx.Register.y(0)
iex> Qx.Register.valid?(reg)
true

  



  
    
      
    
    
      z(register, qubit_index)



        
          
        

    

  


  

Applies a Pauli-Z gate to a specific qubit in the register.
Examples
iex> reg = Qx.Register.new(2) |> Qx.Register.z(0)
iex> Qx.Register.valid?(reg)
true

  


        

      


  

    
Qx.Simulation 
    



      
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.

      


      
        Summary


  
    Types
  


    
      
        simulation_result()

      


    





  
    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.



    





      


      
        Types


        


  
    
      
    
    
      simulation_result()



        
          
        

    

  


  

      

          @type simulation_result() :: Qx.SimulationResult.t()


      



  


        

      

      
        Functions


        


    

  
    
      
    
    
      get_probabilities(circuit, options \\ [])



        
          
        

    

  


  

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 \\ [])



        
          
        

    

  


  

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 \\ [])



        
          
        

    

  


  

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)

Backend Selection
You can specify which Nx backend to use for this simulation:
# Use EXLA for GPU/CPU acceleration
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

  


        

      


  

    
Qx.SimulationResult 
    



      
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.h(0)
...> |> Qx.cx(0, 1)
...> |> Qx.measure(0, 0)
...> |> Qx.measure(1, 1)
iex> result = Qx.run(circuit, 1000)
iex> result.shots
1000
iex> Qx.SimulationResult.most_frequent(result)
{"00", 503}

      


      
        Summary


  
    Types
  


    
      
        t()

      


    





  
    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).



    





      


      
        Types


        


  
    
      
    
    
      t()



        
          
        

    

  


  

      

          @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()
}


      



  


        

      

      
        Functions


        


  
    
      
    
    
      filter_by_probability(simulation_result, threshold)



        
          
        

    

  


  

      

          @spec filter_by_probability(t(), float()) :: %{
  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 (0.0 to 1.0)

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}

  



  
    
      
    
    
      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

  



  
    
      
    
    
      to_map(result)



        
          
        

    

  


  

      

          @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.keys(map)
[:probabilities, :classical_bits, :state, :shots, :counts]

  


        

      


  

    
Qx.Draw 
    



      
Visualization functions for quantum simulation results.
This module provides a clean API facade for all visualization capabilities,
delegating to specialized sub-modules:
	Qx.Draw.VegaLite - VegaLite chart generation (LiveBook integration)
	Qx.Draw.SVG.Charts - SVG histogram and bar charts
	Qx.Draw.SVG.Bloch - Bloch sphere visualization
	Qx.Draw.SVG.Circuit - Quantum circuit diagrams
	Qx.Draw.Tables - State table formatting

Visualization Types
Probability Plots
	plot/2 - Plot probability distribution from simulation results
	histogram/2 - Plot raw probability tensors

Measurement Counts
	plot_counts/2 - Visualize measurement outcome frequencies (works with both local simulation and Qx.Remote hardware results)

Bloch Sphere
	bloch_sphere/2 - Visualize single-qubit states geometrically

Circuit Diagrams
	circuit/2 - Generate SVG circuit diagrams with IEEE notation

State Tables
	state_table/2 - Display quantum states in tabular format

Output Formats
Most functions support multiple output formats via the :format option:
	:vega_lite - Interactive charts for LiveBook (default for plots)
	:svg - Standalone SVG (works everywhere)
	:auto - Auto-detect best format (for tables)
	:text - Plain text tables
	:html - HTML tables
	:markdown - Markdown tables with Kino support

Examples
# VegaLite plot in LiveBook
result = Qx.run(circuit)
Qx.Draw.plot(result)

# SVG output for saving to file
Qx.Draw.plot(result, format: :svg)

# Circuit diagram
svg = Qx.Draw.circuit(circuit, "My Circuit")
File.write!("circuit.svg", svg)

# State table
Qx.Draw.state_table(register, precision: 4, hide_zeros: true)

      


      
        Summary


  
    Functions
  


    
      
        bloch_sphere(qubit, options \\ [])

      


        Visualizes a single qubit state on the Bloch sphere.



    


    
      
        circuit(circuit, title \\ nil)

      


        Draws a quantum circuit diagram as SVG.



    


    
      
        histogram(probabilities, options \\ [])

      


        Creates a histogram from a raw probability tensor.



    


    
      
        plot(result, options \\ [])

      


        Plots the probability distribution from a simulation result.



    


    
      
        plot_counts(result, options \\ [])

      


        Plots measurement counts as a bar chart.



    


    
      
        state_table(register_or_state, options \\ [])

      


        Displays a quantum state as a formatted table.



    





      


      
        Functions


        


    

  
    
      
    
    
      bloch_sphere(qubit, options \\ [])



        
          
        

    

  


  

Visualizes a single qubit state on the Bloch sphere.
The Bloch sphere is a geometrical representation of pure qubit states.
Parameters
	qubit - Single qubit state tensor (2-element c64 tensor)
	options - Optional plotting parameters (default: [])

Options
	:format - Output format (:svg, :vega_lite) (default: :vega_lite)
	:title - Plot title (default: "Bloch Sphere")
	:size - Sphere size (default: 400)

Examples
q = Qx.Qubit.new() |> Qx.Qubit.h()
Qx.Draw.bloch_sphere(q)

# SVG output
Qx.Draw.bloch_sphere(q, format: :svg)

  



    

  
    
      
    
    
      circuit(circuit, title \\ nil)



        
          
        

    

  


  

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

Returns
SVG string representing the complete circuit diagram.
Examples
qc = Qx.create_circuit(2, 2)
|> Qx.h(0)
|> Qx.cx(0, 1)
|> Qx.measure(0, 0)
|> Qx.measure(1, 1)

svg = Qx.Draw.circuit(qc, "Bell State Circuit")
File.write!("bell.svg", svg)

  



    

  
    
      
    
    
      histogram(probabilities, options \\ [])



        
          
        

    

  


  

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
	:format - Output format (:svg, :vega_lite) (default: :vega_lite)
	:title - Plot title (default: "Probability Histogram")
	:width - Plot width (default: 400)
	:height - Plot height (default: 300)

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

  



    

  
    
      
    
    
      plot(result, options \\ [])



        
          
        

    

  


  

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

Options
	:format - Output format (:svg, :vega_lite) (default: :vega_lite)
	:title - Plot title (default: "Quantum State Probabilities")
	:width - Plot width (default: 400)
	:height - Plot height (default: 300)

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

# SVG output
Qx.Draw.plot(result, format: :svg, title: "Bell State")

  



    

  
    
      
    
    
      plot_counts(result, options \\ [])



        
          
        

    

  


  

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

Options
	:format - Output format (:svg, :vega_lite) (default: :vega_lite)
	:title - Plot title (default: "Measurement Counts")
	:width - Plot width (default: 400)
	:height - Plot height (default: 300)

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.plot_counts(result)

  



    

  
    
      
    
    
      state_table(register_or_state, options \\ [])



        
          
        

    

  


  

Displays a quantum state as a formatted table.
Shows basis states with their complex amplitudes and probabilities.
Parameters
	register_or_state - Either a Qx.Register struct or an Nx.Tensor state vector
	options - Optional formatting parameters (default: [])

Options
	:format - Output format (:auto, :text, :html, :markdown) (default: :auto)
	:precision - Number of decimal places (default: 3)
	:hide_zeros - Hide states with near-zero probability (default: false)

Examples
register = Qx.Register.new(2)
Qx.Draw.state_table(register)

# Custom format
Qx.Draw.state_table(register, format: :html, precision: 4)

  


        

      


  

    
Qx.Remote 
    



      
HTTP client for submitting quantum circuits to a QxServer instance.
Converts circuits to OpenQASM, submits them to the server, and
returns results as Qx.SimulationResult structs.
Examples
config = Qx.Remote.Config.new!(
  url: "http://localhost:4040",
  api_key: "my-key"
)

circuit = Qx.create_circuit(2, 2)
  |> Qx.h(0)
  |> Qx.cx(0, 1)
  |> Qx.measure(0, 0)
  |> Qx.measure(1, 1)

# All-in-one: submit, wait, return result
{:ok, result} = Qx.Remote.run(circuit, config,
  backend: "ibm_fez",
  shots: 4096
)

# Or step-by-step
{:ok, job} = Qx.Remote.submit(circuit, config, backend: "ibm_fez")
{:ok, result} = Qx.Remote.await(job["job_id"], config)

      


      
        Summary


  
    Functions
  


    
      
        await(job_id, config, opts \\ [])

      


        Waits for a job to complete and returns the result as Qx.SimulationResult.



    


    
      
        cancel(job_id, config, opts \\ [])

      


        Cancels a running job.



    


    
      
        list_backends(config, opts \\ [])

      


        Lists available backends.



    


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

      


        Submits a circuit, polls until complete, and returns the result.



    


    
      
        status(job_id, config, opts \\ [])

      


        Gets the current status of a job.



    


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

      


        Submits a circuit to the server (non-blocking).



    





      


      
        Functions


        


    

  
    
      
    
    
      await(job_id, config, opts \\ [])



        
          
        

    

  


  

      

          @spec await(String.t(), Qx.Remote.Config.t(), keyword()) ::
  {:ok, Qx.SimulationResult.t()} | {:error, term()}


      


Waits for a job to complete and returns the result as Qx.SimulationResult.
Options
	:on_status - Callback (status_map -> any) called on each poll
	:poll_interval - Polling interval in ms (default: 2000)
	:timeout - Max wait time in ms (default: config.timeout)
	:req_options - Additional Req options


  



    

  
    
      
    
    
      cancel(job_id, config, opts \\ [])



        
          
        

    

  


  

      

          @spec cancel(String.t(), Qx.Remote.Config.t(), keyword()) ::
  {:ok, map()} | {:error, term()}


      


Cancels a running job.
Returns {:ok, map} with the cancellation response, or {:error, :not_found}
if the job does not exist.
Examples
{:ok, _} = Qx.Remote.cancel(job_id, config)

  



    

  
    
      
    
    
      list_backends(config, opts \\ [])



        
          
        

    

  


  

      

          @spec list_backends(
  Qx.Remote.Config.t(),
  keyword()
) :: {:ok, [map()]} | {:error, term()}


      


Lists available backends.
Options
	:provider - Filter by provider name
	:req_options - Additional Req options


  



    

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



        
          
        

    

  


  

      

          @spec run(Qx.QuantumCircuit.t(), Qx.Remote.Config.t(), keyword()) ::
  {:ok, Qx.SimulationResult.t()} | {:error, term()}


      


Submits a circuit, polls until complete, and returns the result.
Options
	:backend - Backend name (required)
	:shots - Number of shots (default: 4096)
	:provider - Provider name (default: "ibm")
	:options - Provider-specific options map
	:on_status - Callback function (status_map -> any) called on each poll
	:poll_interval - Polling interval in ms (default: 2000)
	:req_options - Additional Req options (for testing)


  



    

  
    
      
    
    
      status(job_id, config, opts \\ [])



        
          
        

    

  


  

      

          @spec status(String.t(), Qx.Remote.Config.t(), keyword()) ::
  {:ok, map()} | {:error, term()}


      


Gets the current status of a job.

  



    

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



        
          
        

    

  


  

      

          @spec submit(Qx.QuantumCircuit.t(), Qx.Remote.Config.t(), keyword()) ::
  {:ok, map()} | {:error, term()}


      


Submits a circuit to the server (non-blocking).
Returns {:ok, map} where the map includes "job_id" and "status" fields.
Options
	:backend - Backend name (required), e.g. "ibm_fez"
	:shots - Number of shots (default: 4096)
	:provider - Provider name (default: "ibm")
	:options - Provider-specific options map
	:req_options - Additional Req options (for testing)


  


        

      


  

    
Qx.Remote.Config 
    



      
Configuration for connecting to a QxServer instance.
Fields
	:url - Base URL of the qx_server (required), e.g. "http://localhost:4040"
	:api_key - API key for authentication (optional, depends on server config)
	:timeout - HTTP request timeout in milliseconds (default: 300_000 = 5 min)

Examples
config = Qx.Remote.Config.new!(url: "http://localhost:4040", api_key: "my-key")

{:ok, config} = Qx.Remote.Config.new(url: "http://localhost:4040")

      


      
        Summary


  
    Types
  


    
      
        t()

      


    





  
    Functions
  


    
      
        new(opts)

      


        Creates a new remote config.



    


    
      
        new!(opts)

      


        Creates a new remote config, raising on invalid input.



    





      


      
        Types


        


  
    
      
    
    
      t()



        
          
        

    

  


  

      

          @type t() :: %Qx.Remote.Config{
  api_key: String.t() | nil,
  timeout: pos_integer(),
  url: String.t()
}


      



  


        

      

      
        Functions


        


  
    
      
    
    
      new(opts)



        
          
        

    

  


  

      

          @spec new(keyword()) :: {:ok, t()} | {:error, String.t()}


      


Creates a new remote config.
Options
	:url - Base URL of the qx_server (required)
	:api_key - API key for authentication (optional)
	:timeout - HTTP request timeout in milliseconds (default: 300_000)

Returns
	{:ok, %Config{}} on success
	{:error, reason} on validation failure

Examples
{:ok, config} = Qx.Remote.Config.new(url: "http://localhost:4040")

  



  
    
      
    
    
      new!(opts)



        
          
        

    

  


  

      

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


      


Creates a new remote config, raising on invalid input.
Examples
config = Qx.Remote.Config.new!(
  url: "http://localhost:4040",
  api_key: System.get_env("QX_SERVER_API_KEY")
)

  


        

      


  

    
Qx.ResultBuilder 
    



      
Builds Qx.SimulationResult structs from counts data.
Used by Qx.Remote to reconstruct results from the qx_server JSON
response, and by provider adapters when converting hardware results.
Statevector placeholder
Hardware backends do not return statevectors. The state field in
the resulting Qx.SimulationResult is set to a zero-vector placeholder.
Functions that depend on the statevector (e.g. state visualization) will
not produce meaningful output for hardware results. Use counts and
probabilities instead.

      


      
        Summary


  
    Functions
  


    
      
        from_counts(counts, shots, num_bits)

      


        Builds a Qx.SimulationResult from a counts map, shot count, and
number of classical bits.



    





      


      
        Functions


        


  
    
      
    
    
      from_counts(counts, shots, num_bits)



        
          
        

    

  


  

      

          @spec from_counts(map(), pos_integer(), pos_integer()) :: Qx.SimulationResult.t()


      


Builds a Qx.SimulationResult from a counts map, shot count, and
number of classical bits.
Parameters
	counts - Map of binary string outcomes to frequencies, e.g. %{"00" => 520, "11" => 480}
	shots - Total number of shots executed
	num_bits - Number of classical bits in the circuit

The state field will be a zero-vector placeholder since hardware backends
do not return statevectors.
Examples
result = Qx.ResultBuilder.from_counts(%{"00" => 500, "11" => 500}, 1000, 2)
result.shots
#=> 1000
result.counts
#=> %{"00" => 500, "11" => 500}

  


        

      


  

    
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
    



      
Base exception for Qx library errors.

      




  

    
Qx.GateError exception
    



      
Raised when there are issues with gate operations.

      




  

    
Qx.MeasurementError exception
    



      
Raised when there are issues with quantum measurements.

      




  

    
Qx.QubitCountError exception
    



      
Raised when the number of qubits is invalid.

      




  

    
Qx.QubitIndexError exception
    



      
Raised when a qubit index is out of range.

      




  

    
Qx.RemoteError exception
    



      
Raised when a QxServer remote request fails.

      




  

    
Qx.StateNormalizationError exception
    



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

      




  

    
Qx.Format 
    



      
Shared formatting utilities for quantum states and complex numbers.
This module provides consistent formatting across the Qx library for:
	Complex numbers in "a+bi" notation
	Basis state labels in ket notation (|00⟩, |01⟩, etc.)
	Dirac notation for quantum state representation

Examples
# Format complex numbers
iex> Qx.Format.complex(Complex.new(0.707, 0.5))
"0.707+0.500i"

# Format basis states
iex> Qx.Format.basis_state(3, 2)
"|11⟩"

# Build Dirac notation
iex> amplitudes = [
...>   {"|00⟩", Complex.new(0.707, 0.0), 0.5},
...>   {"|01⟩", Complex.new(0.0, 0.0), 0.0},
...>   {"|10⟩", Complex.new(0.707, 0.0), 0.5}
...> ]
iex> Qx.Format.dirac_notation(amplitudes)
"0.707|00⟩ + 0.707|10⟩"

      


      
        Summary


  
    Functions
  


    
      
        basis_state(index, num_qubits)

      


        Formats a basis state index as ket notation: |00⟩, |01⟩, etc.



    


    
      
        complex(complex_num, opts \\ [])

      


        Formats a complex number as "a+bi" notation.



    


    
      
        dirac_notation(amplitudes_and_probs, opts \\ [])

      


        Builds Dirac notation string from amplitudes and probabilities.



    


    
      
        state_label(index, num_qubits_or_size)

      


        Formats state label for visualization.



    





      


      
        Functions


        


  
    
      
    
    
      basis_state(index, num_qubits)



        
          
        

    

  


  

Formats a basis state index as ket notation: |00⟩, |01⟩, etc.
Parameters
	index - The basis state index (0-based)
	num_qubits - Number of qubits in the system

Examples
iex> Qx.Format.basis_state(0, 2)
"|00⟩"

iex> Qx.Format.basis_state(3, 2)
"|11⟩"

iex> Qx.Format.basis_state(5, 3)
"|101⟩"

  



    

  
    
      
    
    
      complex(complex_num, opts \\ [])



        
          
        

    

  


  

Formats a complex number as "a+bi" notation.
Options
	:precision - Number of decimal places (default: 3)
	:format - :erlang (default, faster) or :float

Examples
iex> Qx.Format.complex(Complex.new(0.707, 0.5))
"0.707+0.500i"

iex> Qx.Format.complex(Complex.new(1.0, -0.5), precision: 2)
"1.00-0.50i"

iex> Qx.Format.complex(Complex.new(0.0, 0.0))
"0.000+0.000i"

  



    

  
    
      
    
    
      dirac_notation(amplitudes_and_probs, opts \\ [])



        
          
        

    

  


  

Builds Dirac notation string from amplitudes and probabilities.
Filters out basis states with negligible probability and formats the
remaining terms in standard quantum notation.
Parameters
	amplitudes_and_probs - List of tuples: {basis_label, amplitude, probability}

Options
	:threshold - Minimum probability to include (default: 1.0e-6)
	:precision - Decimal precision for magnitudes (default: 3)

Examples
iex> amplitudes_and_probs = [
...>   {"|00⟩", Complex.new(0.707, 0.0), 0.5},
...>   {"|01⟩", Complex.new(0.0, 0.0), 0.0},
...>   {"|10⟩", Complex.new(0.707, 0.0), 0.5},
...>   {"|11⟩", Complex.new(0.0, 0.0), 0.0}
...> ]
iex> Qx.Format.dirac_notation(amplitudes_and_probs)
"0.707|00⟩ + 0.707|10⟩"

iex> # Bell state |Φ+⟩ = (|00⟩ + |11⟩)/√2
iex> bell_state = [
...>   {"|00⟩", Complex.new(0.707, 0.0), 0.5},
...>   {"|11⟩", Complex.new(0.707, 0.0), 0.5}
...> ]
iex> Qx.Format.dirac_notation(bell_state)
"0.707|00⟩ + 0.707|11⟩"

iex> # Minus state |-⟩ = (|0⟩ - |1⟩)/√2
iex> minus_state = [
...>   {"|0⟩", Complex.new(0.707, 0.0), 0.5},
...>   {"|1⟩", Complex.new(-0.707, 0.0), 0.5}
...> ]
iex> Qx.Format.dirac_notation(minus_state)
"0.707|0⟩ - 0.707|1⟩"

  



  
    
      
    
    
      state_label(index, num_qubits_or_size)



        
          
        

    

  


  

Formats state label for visualization.
This is a convenience function that handles both:
	num_qubits directly
	state_size (dimension of Hilbert space) - converts to num_qubits

Examples
iex> Qx.Format.state_label(3, 2)  # 3 in 2-qubit system
"|11⟩"

iex> Qx.Format.state_label(5, 8)  # 5 in 8-dimensional space (3 qubits)
"|101⟩"

  


        

      


  

    
Qx.Math 
    



      
Core mathematical and linear algebra functions for quantum mechanics calculations.
This module provides the fundamental mathematical operations needed for quantum
computing simulations, including tensor products, matrix operations, and
quantum state manipulations.

      


      
        Summary


  
    Functions
  


    
      
        apply_gate(gate, state)

      


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



    


    
      
        basis_state(index, dimension)

      


        Creates a computational basis state |n⟩ in a Hilbert space of given dimension.



    


    
      
        complex(real, imag \\ 0.0)

      


        Creates a complex number from real and imaginary parts.



    


    
      
        complex_matrix(matrix)

      


        Creates a complex matrix for quantum gates using c64 tensors.



    


    
      
        complex_to_tensor(c)

      


        Converts a complex number to an Nx tensor with [real, imag] representation.



    


    
      
        identity(n)

      


        Creates the identity matrix of given size.



    


    
      
        inner_product(state1, state2)

      


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



    


    
      
        kron(a, b)

      


        Computes the Kronecker (tensor) product of two matrices.



    


    
      
        normalize(state)

      


        Normalizes a quantum state vector to ensure unit magnitude.



    


    
      
        outer_product(state1, state2)

      


        Computes the outer product of two quantum states.



    


    
      
        probabilities(state)

      


        Computes the probability amplitudes from a quantum state vector.



    


    
      
        tensor_to_complex(tensor)

      


        Converts an Nx tensor with [real, imag] representation to a complex number.



    


    
      
        trace(matrix)

      


        Computes the trace of a matrix.



    


    
      
        unitary?(matrix)

      


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



    





      


      
        Functions


        


  
    
      
    
    
      apply_gate(gate, state)



        
          
        

    

  


  

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]
>

  



  
    
      
    
    
      basis_state(index, dimension)



        
          
        

    

  


  

Creates a computational basis state |n⟩ in a Hilbert space of given dimension.
Examples
iex> Qx.Math.basis_state(0, 2)  # |0⟩ state
#Nx.Tensor<
  f32[2]
  [1.0, 0.0]
>

iex> Qx.Math.basis_state(1, 2)  # |1⟩ state
#Nx.Tensor<
  f32[2]
  [0.0, 1.0]
>

  



    

  
    
      
    
    
      complex(real, imag \\ 0.0)



        
          
        

    

  


  

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

  



  
    
      
    
    
      complex_matrix(matrix)



        
          
        

    

  


  

Creates a complex matrix for quantum gates using c64 tensors.
Examples
iex> # Pauli-Y gate matrix
iex> Qx.Math.complex_matrix([[0, Complex.new(0, -1)], [Complex.new(0, 1), 0]])

  



  
    
      
    
    
      complex_to_tensor(c)



        
          
        

    

  


  

Converts a complex number to an Nx tensor with [real, imag] representation.
Examples
iex> c = Complex.new(1.0, 2.0)
iex> Qx.Math.complex_to_tensor(c)
#Nx.Tensor<
  f32[2]
  [1.0, 2.0]
>

  



  
    
      
    
    
      identity(n)



        
          
        

    

  


  

Creates the identity matrix of given size.
Examples
iex> Qx.Math.identity(2)
#Nx.Tensor<
  s32[2][2]
  [
    [1, 0],
    [0, 1]
  ]
>

  



  
    
      
    
    
      inner_product(state1, state2)



        
          
        

    

  


  

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)



        
          
        

    

  


  

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)



        
          
        

    

  


  

Normalizes a quantum state vector to ensure unit magnitude.
Examples
iex> state = Nx.tensor([1.0, 1.0])
iex> Qx.Math.normalize(state)
#Nx.Tensor<
  f32[2]
  [0.7071067690849304, 0.7071067690849304]
>

  



  
    
      
    
    
      outer_product(state1, state2)



        
          
        

    

  


  

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)



        
          
        

    

  


  

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]
  [0.4999903738498688, 0.4999903738498688]
>

  



  
    
      
    
    
      tensor_to_complex(tensor)



        
          
        

    

  


  

Converts an Nx tensor with [real, imag] representation to a complex number.
Examples
iex> tensor = Nx.tensor([1.0, 2.0])
iex> c = Qx.Math.tensor_to_complex(tensor)
iex> Complex.real(c)
1.0
iex> Complex.imag(c)
2.0

  



  
    
      
    
    
      trace(matrix)



        
          
        

    

  


  

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)



        
          
        

    

  


  

      

          @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

  


        

      


  

    
Qx.StateInit 
    



      
State initialization utilities for quantum systems.
This module provides functions for creating common quantum states:
	Basis states (|0⟩, |1⟩, |00⟩, etc.)
	Zero state (|00...0⟩)
	Superposition states
	Random normalized states

Examples
# Create |00⟩ state for 2 qubits
iex> state = Qx.StateInit.zero_state(2)
iex> Nx.shape(state)
{4}

# 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 equal superposition
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

      


      
        Summary


  
    Functions
  


    
      
        basis_state(index, dimension, type \\ :c64)

      


        Creates a basis state |i⟩ in an n-dimensional Hilbert space.



    


    
      
        bell_state(type \\ :c64)

      


        Creates a Bell state |Φ+⟩ = (|00⟩ + |11⟩)/√2



    


    
      
        ghz_state(num_qubits, type \\ :c64)

      


        Creates a GHZ state for n qubits: (|00...0⟩ + |11...1⟩)/√2



    


    
      
        minus_state(type \\ :c64)

      


        Creates the |-⟩ state: (|0⟩ - |1⟩)/√2



    


    
      
        one_state(type \\ :c64)

      


        Creates the |1⟩ state for a single qubit.



    


    
      
        plus_state(type \\ :c64)

      


        Creates the |+⟩ state: (|0⟩ + |1⟩)/√2



    


    
      
        random_state(num_qubits, type \\ :c64)

      


        Creates a random normalized quantum state.



    


    
      
        superposition_state(num_qubits, type \\ :c64)

      


        Creates an equal superposition state for n qubits.



    


    
      
        w_state(num_qubits, type \\ :c64)

      


        Creates a W state for n qubits.



    


    
      
        zero_state(num_qubits, type \\ :c64)

      


        Creates the zero state |00...0⟩ for n qubits.



    





      


      
        Functions


        


    

  
    
      
    
    
      basis_state(index, dimension, type \\ :c64)



        
          
        

    

  


  

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

  



    

  
    
      
    
    
      bell_state(type \\ :c64)



        
          
        

    

  


  

Creates a Bell state |Φ+⟩ = (|00⟩ + |11⟩)/√2
This is one of the four Bell states (maximally entangled states).
Examples
iex> state = Qx.StateInit.bell_state()
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()
iex> probs = Qx.Math.probabilities(state) |> Nx.to_flat_list()
iex> Enum.at(probs, 1) + Enum.at(probs, 2)
0.0

  



    

  
    
      
    
    
      ghz_state(num_qubits, type \\ :c64)



        
          
        

    

  


  

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.
Examples
# GHZ state for 2 qubits (same as Bell state)
iex> state = Qx.StateInit.ghz_state(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(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(3)
iex> probs = Qx.Math.probabilities(state) |> Nx.to_flat_list()
iex> Enum.sum(Enum.slice(probs, 1..6))
0.0

  



    

  
    
      
    
    
      minus_state(type \\ :c64)



        
          
        

    

  


  

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)



        
          
        

    

  


  

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)



        
          
        

    

  


  

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)



        
          
        

    

  


  

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)



        
          
        

    

  


  

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)



        
          
        

    

  


  

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)



        
          
        

    

  


  

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.Validation 
    



      
Centralized validation functions for quantum operations.
Provides consistent error handling and validation across all Qx modules.
Examples
# Validate single qubit state
iex> q = Qx.Qubit.new()
iex> Qx.Validation.valid_qubit?(q)
true

# Validate qubit index
iex> Qx.Validation.validate_qubit_index!(0, 3)
:ok

iex> Qx.Validation.validate_qubit_index!(5, 3)
** (Qx.QubitIndexError) Qubit index 5 out of range (0..2)

      


      
        Summary


  
    Functions
  


    
      
        valid_qubit?(state, tolerance \\ 1.0e-6)

      


        Validates a single qubit state.



    


    
      
        valid_register?(map, tolerance \\ 1.0e-6)

      


        Validates a quantum register state.



    


    
      
        validate_classical_bit!(index, num_bits)

      


        Validates a classical bit index.



    


    
      
        validate_gate_name!(gate_name)

      


        Validates gate name is a known gate.



    


    
      
        validate_normalized!(state, tolerance \\ 1.0e-6)

      


        Validates normalization of a state vector.



    


    
      
        validate_num_qubits!(num_qubits)

      


        Validates number of qubits is within supported range (1-20).



    


    
      
        validate_parameter!(param)

      


        Validates that an angle/parameter is a number.



    


    
      
        validate_qubit_index!(index, num_qubits)

      


        Validates a qubit index is within valid range for the system.



    


    
      
        validate_qubit_indices!(indices, num_qubits)

      


        Validates multiple qubit indices are all within valid range.



    


    
      
        validate_qubits_different!(qubits)

      


        Validates all qubit indices in a list are different.



    


    
      
        validate_state_shape!(state, expected_size)

      


        Validates state vector shape matches expected size.



    





      


      
        Functions


        


    

  
    
      
    
    
      valid_qubit?(state, tolerance \\ 1.0e-6)



        
          
        

    

  


  

      

          @spec valid_qubit?(Nx.Tensor.t(), float()) :: boolean()


      


Validates a single qubit state.
A valid qubit must:
	Have shape {2}
	Be normalized (|α|² + |β|² = 1)

Parameters
	state - Nx tensor representing qubit state
	tolerance - Normalization tolerance (default: 1.0e-6)

Examples
iex> q = Qx.Qubit.new()
iex> Qx.Validation.valid_qubit?(q)
true

iex> invalid = Nx.tensor([Complex.new(1.0, 0.0), Complex.new(1.0, 0.0)], type: :c64)
iex> Qx.Validation.valid_qubit?(invalid)
false

iex> wrong_shape = Nx.tensor([Complex.new(1.0, 0.0)], type: :c64)
iex> Qx.Validation.valid_qubit?(wrong_shape)
false

  



    

  
    
      
    
    
      valid_register?(map, tolerance \\ 1.0e-6)



        
          
        

    

  


  

      

          @spec valid_register?(%{state: Nx.Tensor.t(), num_qubits: integer()}, float()) ::
  boolean()


      


Validates a quantum register state.
Requirements:
	Shape must be {2^num_qubits}
	Must be normalized

Examples
iex> reg = Qx.Register.new(2)
iex> Qx.Validation.valid_register?(reg)
true

  



  
    
      
    
    
      validate_classical_bit!(index, num_bits)



        
          
        

    

  


  

Validates a classical bit index.
Examples
iex> Qx.Validation.validate_classical_bit!(0, 5)
:ok

iex> Qx.Validation.validate_classical_bit!(10, 5)
** (Qx.ClassicalBitError) Classical bit index 10 out of range (0..4)

  



  
    
      
    
    
      validate_gate_name!(gate_name)



        
          
        

    

  


  

Validates gate name is a known gate.
Examples
iex> Qx.Validation.validate_gate_name!(:h)
:ok

iex> Qx.Validation.validate_gate_name!(:not_a_gate)
** (Qx.GateError) Unsupported gate: :not_a_gate

  



    

  
    
      
    
    
      validate_normalized!(state, tolerance \\ 1.0e-6)



        
          
        

    

  


  

Validates normalization of a state vector.
Raises Qx.StateNormalizationError if not normalized within tolerance.
Examples
iex> state = Qx.Qubit.new()
iex> Qx.Validation.validate_normalized!(state)
:ok

iex> invalid = Nx.tensor([Complex.new(1.0, 0.0), Complex.new(1.0, 0.0)], type: :c64)
iex> Qx.Validation.validate_normalized!(invalid)
** (Qx.StateNormalizationError) State not normalized: total probability = 2.0 (expected 1.0 ± 1.0e-6)

  



  
    
      
    
    
      validate_num_qubits!(num_qubits)



        
          
        

    

  


  

Validates number of qubits is within supported range (1-20).
Examples
iex> Qx.Validation.validate_num_qubits!(5)
:ok

iex> Qx.Validation.validate_num_qubits!(0)
** (Qx.QubitCountError) Invalid qubit count: 0 (must be between 1 and 20)

iex> Qx.Validation.validate_num_qubits!(25)
** (Qx.QubitCountError) Invalid qubit count: 25 (must be between 1 and 20)

  



  
    
      
    
    
      validate_parameter!(param)



        
          
        

    

  


  

Validates that an angle/parameter is a number.
Examples
iex> Qx.Validation.validate_parameter!(:math.pi())
:ok

iex> Qx.Validation.validate_parameter!("not a number")
** (ArgumentError) Parameter must be a number, got: "not a number"

  



  
    
      
    
    
      validate_qubit_index!(index, num_qubits)



        
          
        

    

  


  

Validates a qubit index is within valid range for the system.
Parameters
	index - Qubit index to validate (0-based)
	num_qubits - Total number of qubits in the system

Examples
iex> Qx.Validation.validate_qubit_index!(0, 3)
:ok

iex> Qx.Validation.validate_qubit_index!(2, 3)
:ok

iex> Qx.Validation.validate_qubit_index!(5, 3)
** (Qx.QubitIndexError) Qubit index 5 out of range (0..2)

iex> Qx.Validation.validate_qubit_index!(-1, 3)
** (Qx.QubitIndexError) Qubit index -1 out of range (0..2)

  



  
    
      
    
    
      validate_qubit_indices!(indices, num_qubits)



        
          
        

    

  


  

Validates multiple qubit indices are all within valid range.
Examples
iex> Qx.Validation.validate_qubit_indices!([0, 1], 3)
:ok

iex> Qx.Validation.validate_qubit_indices!([0, 5], 3)
** (Qx.QubitIndexError) Qubit index 5 out of range (0..2)

  



  
    
      
    
    
      validate_qubits_different!(qubits)



        
          
        

    

  


  

Validates all qubit indices in a list are different.
Examples
iex> Qx.Validation.validate_qubits_different!([0, 1, 2])
:ok

iex> Qx.Validation.validate_qubits_different!([0, 1, 0])
** (ArgumentError) All qubit indices must be different: [0, 1, 0]

  



  
    
      
    
    
      validate_state_shape!(state, expected_size)



        
          
        

    

  


  

Validates state vector shape matches expected size.
Examples
iex> state = Qx.Qubit.new()
iex> Qx.Validation.validate_state_shape!(state, 2)
:ok

iex> state = Qx.Qubit.new()
iex> Qx.Validation.validate_state_shape!(state, 4)
** (ArgumentError) Invalid state shape: expected {4}, got {2}

  


        

      


  

    
Qx.Calc 
    



      
Shared calculation engine for quantum gate operations.
This module provides the core logic for applying quantum gates to state vectors,
used by both Qx.Qubit (single-qubit calculation mode) and Qx.Register
(multi-qubit calculation mode).
Design
The module handles:
	Single-qubit gate application (direct matrix multiplication)
	Multi-qubit gate application (tensor product expansion)
	State vector transformations

This centralizes the gate application logic in one place, making it easier to
optimize and maintain.

      


      
        Summary


  
    Functions
  


    
      
        apply_cnot(state, control_qubit, target_qubit, num_qubits)

      


        Applies a two-qubit gate (like CNOT) to a state vector.



    


    
      
        apply_single_qubit_gate(state, gate_matrix, target_qubit, num_qubits)

      


        Applies a single-qubit gate to a state vector.



    


    
      
        apply_toffoli(state, control1, control2, target, num_qubits)

      


        Applies a Toffoli (CCX) gate to a state vector.



    





      


      
        Functions


        


  
    
      
    
    
      apply_cnot(state, control_qubit, target_qubit, num_qubits)



        
          
        

    

  


  

      

          @spec apply_cnot(Nx.Tensor.t(), non_neg_integer(), non_neg_integer(), pos_integer()) ::
  Nx.Tensor.t()


      


Applies a two-qubit gate (like CNOT) to a state vector.
Uses optimized direct statevector manipulation from Qx.CalcFast for
improved performance (avoids building 2^n x 2^n matrix).
Parameters
	state - State vector (Nx tensor)
	control_qubit - Index of control qubit
	target_qubit - Index of target qubit
	num_qubits - Total number of qubits in the system

Examples
iex> reg = Qx.Register.new(2)
iex> Qx.Calc.apply_cnot(reg.state, 0, 1, 2)

  



  
    
      
    
    
      apply_single_qubit_gate(state, gate_matrix, target_qubit, num_qubits)



        
          
        

    

  


  

      

          @spec apply_single_qubit_gate(
  Nx.Tensor.t(),
  Nx.Tensor.t(),
  non_neg_integer(),
  pos_integer()
) ::
  Nx.Tensor.t()


      


Applies a single-qubit gate to a state vector.
Uses optimized direct statevector manipulation from Qx.CalcFast for
improved performance (10-1000x faster than matrix-based approach).
Parameters
	state - State vector (Nx tensor)
	gate_matrix - 2x2 gate matrix (from Qx.Gates)
	target_qubit - Index of qubit to apply gate to (0-based)
	num_qubits - Total number of qubits in the system

Examples
# Single qubit (num_qubits = 1, target = 0)
iex> state = Qx.Qubit.new()
iex> gate = Qx.Gates.hadamard()
iex> Qx.Calc.apply_single_qubit_gate(state, gate, 0, 1)

# Multi-qubit register (apply H to qubit 1 in 3-qubit system)
iex> reg = Qx.Register.new(3)
iex> gate = Qx.Gates.hadamard()
iex> Qx.Calc.apply_single_qubit_gate(reg.state, gate, 1, 3)

  



  
    
      
    
    
      apply_toffoli(state, control1, control2, target, num_qubits)



        
          
        

    

  


  

      

          @spec apply_toffoli(
  Nx.Tensor.t(),
  non_neg_integer(),
  non_neg_integer(),
  non_neg_integer(),
  pos_integer()
) :: Nx.Tensor.t()


      


Applies a Toffoli (CCX) gate to a state vector.
Uses optimized direct statevector manipulation from Qx.CalcFast for
improved performance (avoids building 2^n x 2^n matrix).
Parameters
	state - State vector (Nx tensor)
	control1 - Index of first control qubit
	control2 - Index of second control qubit
	target - Index of target qubit
	num_qubits - Total number of qubits in the system


  


        

      


  

    
Qx.Gates 
    



      
Quantum gate matrix definitions with proper complex number support.
This module provides the fundamental gate matrices used in quantum computing,
properly implemented with complex numbers where required.

      


      
        Summary


  
    Functions
  


    
      
        cnot(control_qubit, target_qubit, num_qubits)

      


        Returns the CNOT (controlled-X) gate matrix for n qubits.



    


    
      
        controlled_gate(gate, control_qubit, target_qubit, num_qubits)

      


        Creates a controlled version of a single-qubit gate for n qubits.



    


    
      
        hadamard()

      


        Returns the Hadamard gate matrix.



    


    
      
        identity()

      


        Returns the identity gate matrix.



    


    
      
        pauli_x()

      


        Returns the Pauli-X gate matrix (bit flip).



    


    
      
        pauli_y()

      


        Returns the Pauli-Y gate matrix.



    


    
      
        pauli_z()

      


        Returns the Pauli-Z gate matrix (phase flip).



    


    
      
        phase(phi)

      


        Returns a phase gate with arbitrary phase.



    


    
      
        rx(theta)

      


        Returns a rotation gate around the X-axis.



    


    
      
        ry(theta)

      


        Returns a rotation gate around the Y-axis.



    


    
      
        rz(theta)

      


        Returns a rotation gate around the Z-axis.



    


    
      
        s_dagger()

      


        Returns the S† (S-dagger) gate matrix.



    


    
      
        s_gate()

      


        Returns the S gate matrix (phase gate π/2).



    


    
      
        t_dagger()

      


        Returns the T† (T-dagger) gate matrix.



    


    
      
        t_gate()

      


        Returns the T gate matrix (phase gate π/4).



    


    
      
        toffoli(control1, control2, target, num_qubits)

      


        Returns the Toffoli (CCX) gate matrix for n qubits.



    





      


      
        Functions


        


  
    
      
    
    
      cnot(control_qubit, target_qubit, num_qubits)



        
          
        

    

  


  

Returns the CNOT (controlled-X) gate matrix for n qubits.
Parameters
	control_qubit - Index of the control qubit
	target_qubit - Index of the target qubit
	num_qubits - Total number of qubits

Examples
iex> cnot = Qx.Gates.cnot(0, 1, 2)

  



  
    
      
    
    
      controlled_gate(gate, control_qubit, target_qubit, num_qubits)



        
          
        

    

  


  

Creates a controlled version of a single-qubit gate for n qubits.
Parameters
	gate - The single-qubit gate matrix
	control_qubit - Index of the control qubit
	target_qubit - Index of the target qubit
	num_qubits - Total number of qubits

Examples
iex> cx_gate = Qx.Gates.controlled_gate(Qx.Gates.pauli_x(), 0, 1, 2)

  



  
    
      
    
    
      hadamard()



        
          
        

    

  


  

Returns the Hadamard gate matrix.
H = 1/√2 * [[1,  1],
        [1, -1]]
Examples
iex> Qx.Gates.hadamard()
# Returns complex matrix tensor

  



  
    
      
    
    
      identity()



        
          
        

    

  


  

Returns the identity gate matrix.
I = [[1, 0],
 [0, 1]]
Examples
iex> Qx.Gates.identity()
# Returns complex matrix tensor

  



  
    
      
    
    
      pauli_x()



        
          
        

    

  


  

Returns the Pauli-X gate matrix (bit flip).
X = [[0, 1],
 [1, 0]]
Examples
iex> Qx.Gates.pauli_x()
# Returns complex matrix tensor

  



  
    
      
    
    
      pauli_y()



        
          
        

    

  


  

Returns the Pauli-Y gate matrix.
Y = [[0, -i],
 [i,  0]]
Examples
iex> Qx.Gates.pauli_y()
# Returns complex matrix tensor

  



  
    
      
    
    
      pauli_z()



        
          
        

    

  


  

Returns the Pauli-Z gate matrix (phase flip).
Z = [[1,  0],
 [0, -1]]
Examples
iex> Qx.Gates.pauli_z()
# Returns complex matrix tensor

  



  
    
      
    
    
      phase(phi)



        
          
        

    

  


  

Returns a phase gate with arbitrary phase.
Phase(φ) = [[1, 0     ],
        [0, e^(iφ)]]
Parameters
	phi - Phase angle in radians

Examples
iex> Qx.Gates.phase(:math.pi/4)
# Returns complex matrix tensor

  



  
    
      
    
    
      rx(theta)



        
          
        

    

  


  

Returns a rotation gate around the X-axis.
RX(θ) = [[cos(θ/2), -i*sin(θ/2)],
     [-i*sin(θ/2), cos(θ/2)]]
Parameters
	theta - Rotation angle in radians

Examples
iex> Qx.Gates.rx(math.pi/2)
# Returns complex matrix tensor

  



  
    
      
    
    
      ry(theta)



        
          
        

    

  


  

Returns a rotation gate around the Y-axis.
RY(θ) = [[cos(θ/2), -sin(θ/2)],
     [sin(θ/2),  cos(θ/2)]]
Parameters
	theta - Rotation angle in radians

Examples
iex> Qx.Gates.ry(math.pi/2)
# Returns complex matrix tensor

  



  
    
      
    
    
      rz(theta)



        
          
        

    

  


  

Returns a rotation gate around the Z-axis.
RZ(θ) = [[e^(-iθ/2), 0       ],
     [0,          e^(iθ/2)]]
Parameters
	theta - Rotation angle in radians

Examples
iex> Qx.Gates.rz(math.pi/2)
# Returns complex matrix tensor

  



  
    
      
    
    
      s_dagger()



        
          
        

    

  


  

Returns the S† (S-dagger) gate matrix.
S† = [[1,  0],
  [0, -i]]
Examples
iex> Qx.Gates.s_dagger()
# Returns complex matrix tensor

  



  
    
      
    
    
      s_gate()



        
          
        

    

  


  

Returns the S gate matrix (phase gate π/2).
S = [[1, 0],
 [0, i]]
Examples
iex> Qx.Gates.s_gate()
# Returns complex matrix tensor

  



  
    
      
    
    
      t_dagger()



        
          
        

    

  


  

Returns the T† (T-dagger) gate matrix.
T† = [[1, 0       ],
  [0, e^(-iπ/4)]]
Examples
iex> Qx.Gates.t_dagger()
# Returns complex matrix tensor

  



  
    
      
    
    
      t_gate()



        
          
        

    

  


  

Returns the T gate matrix (phase gate π/4).
T = [[1, 0      ],
 [0, e^(iπ/4)]]
Examples
iex> Qx.Gates.t_gate()
# Returns complex matrix tensor

  



  
    
      
    
    
      toffoli(control1, control2, target, num_qubits)



        
          
        

    

  


  

Returns the Toffoli (CCX) gate matrix for n qubits.
Parameters
	control1 - Index of the first control qubit
	control2 - Index of the second control qubit
	target - Index of the target qubit
	num_qubits - Total number of qubits

Examples
iex> toffoli = Qx.Gates.toffoli(0, 1, 2, 3)

  


        

      


  

    
Qx.Behaviours.QuantumState behaviour
    



      
Behaviour for quantum state manipulation.
This behaviour ensures consistent API across Circuit and Calculation modes.
Any module implementing this behaviour must provide a complete set of
quantum gate operations and state inspection functions.
Example
defmodule MyQuantumState do
  @behaviour Qx.Behaviours.QuantumState

  @impl true
  def h(state, qubit), do: # ... implementation

  @impl true
  def state_vector(state), do: # ... implementation

  # ... other required callbacks
end

      


      
        Summary


  
    Types
  


    
      
        angle()

      


    


    
      
        qubit_index()

      


    


    
      
        state()

      


    





  
    Callbacks
  


    
      
        ccx(state, qubit_index, qubit_index, qubit_index)

      


    


    
      
        cx(state, qubit_index, qubit_index)

      


    


    
      
        cz(state, qubit_index, qubit_index)

      


    


    
      
        h(state, qubit_index)

      


    


    
      
        phase(state, qubit_index, angle)

      


    


    
      
        rx(state, qubit_index, angle)

      


    


    
      
        ry(state, qubit_index, angle)

      


    


    
      
        rz(state, qubit_index, angle)

      


    


    
      
        s(state, qubit_index)

      


    


    
      
        state_vector(state)

      


    


    
      
        t(state, qubit_index)

      


    


    
      
        valid?(state)

      


    


    
      
        x(state, qubit_index)

      


    


    
      
        y(state, qubit_index)

      


    


    
      
        z(state, qubit_index)

      


    





      


      
        Types


        


  
    
      
    
    
      angle()



        
          
        

    

  


  

      

          @type angle() :: number()


      



  



  
    
      
    
    
      qubit_index()



        
          
        

    

  


  

      

          @type qubit_index() :: non_neg_integer()


      



  



  
    
      
    
    
      state()



        
          
        

    

  


  

      

          @type state() :: any()


      



  


        

      

      
        Callbacks


        


  
    
      
    
    
      ccx(state, qubit_index, qubit_index, qubit_index)



        
          
        

    

  


  

      

          @callback ccx(state(), qubit_index(), qubit_index(), qubit_index()) :: state()


      



  



  
    
      
    
    
      cx(state, qubit_index, qubit_index)



        
          
        

    

  


  

      

          @callback cx(state(), qubit_index(), qubit_index()) :: state()


      



  



  
    
      
    
    
      cz(state, qubit_index, qubit_index)



        
          
        

    

  


  

      

          @callback cz(state(), qubit_index(), qubit_index()) :: state()


      



  



  
    
      
    
    
      h(state, qubit_index)



        
          
        

    

  


  

      

          @callback h(state(), qubit_index()) :: state()


      



  



  
    
      
    
    
      phase(state, qubit_index, angle)



        
          
        

    

  


  

      

          @callback phase(state(), qubit_index(), angle()) :: state()


      



  



  
    
      
    
    
      rx(state, qubit_index, angle)



        
          
        

    

  


  

      

          @callback rx(state(), qubit_index(), angle()) :: state()


      



  



  
    
      
    
    
      ry(state, qubit_index, angle)



        
          
        

    

  


  

      

          @callback ry(state(), qubit_index(), angle()) :: state()


      



  



  
    
      
    
    
      rz(state, qubit_index, angle)



        
          
        

    

  


  

      

          @callback rz(state(), qubit_index(), angle()) :: state()


      



  



  
    
      
    
    
      s(state, qubit_index)



        
          
        

    

  


  

      

          @callback s(state(), qubit_index()) :: state()


      



  



  
    
      
    
    
      state_vector(state)



        
          
        

    

  


  

      

          @callback state_vector(state()) :: Nx.Tensor.t()


      



  



  
    
      
    
    
      t(state, qubit_index)



        
          
        

    

  


  

      

          @callback t(state(), qubit_index()) :: state()


      



  



  
    
      
    
    
      valid?(state)



        
          
        

    

  


  

      

          @callback valid?(state()) :: boolean()


      



  



  
    
      
    
    
      x(state, qubit_index)



        
          
        

    

  


  

      

          @callback x(state(), qubit_index()) :: state()


      



  



  
    
      
    
    
      y(state, qubit_index)



        
          
        

    

  


  

      

          @callback y(state(), qubit_index()) :: state()


      



  



  
    
      
    
    
      z(state, qubit_index)



        
          
        

    

  


  

      

          @callback z(state(), qubit_index()) :: state()
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