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Networks and Feedback Control

• Measurement Based
Feedback Control

• Coherent Feedback
Control



Efforts & Flows

• These are power-conjugate variables (e.g., current & voltage)

• Basic idea

• Central to classical control  techniques such as port-Hamiltonian systems

• Efforts and flows can form a Dirac structure, in which case one may combine 
Dirac structures (interconnection!)

• Developed classically by van der Schaft, Maschke, etc.

Joint work with P. Rouchon, N. Amini,
B. Maschke, A. v.d. Schaft



Port Hamiltonian Systems
• Dynamical system

• Coefficients 

• Flows & efforts

Power balance (Dirac Structure)



Linear Systems



Linear Systems



Linear Systems



Linear Systems



Linear Systems

Link to the (extended) Heisenberg group!



Quantum Input-Output Systems

Hudson, Parthasarathy (1984)

V.P. Belavkin (1979+)

Gardiner, Collett (1985)

Field quanta of type k annihilated at the system at time t



Quantum Ito Table

• Fundamental Processes

• Table

• Product Rule 



Quantum Stochastic Models

• General (S ,L , H) case (Hudson & Parthasarathy)

Hamiltonian Coupling/ Collapse Dissipators Scattering Operators



Heisenberg-Langevin Dynamics

Heisenberg Equations of Motion

Lindblad Generator

i.e., a Hudson-Evans Flow!



Quantum Output Process

Input-Output Relations



Quantum Networks

• How to connect models?

• Cascaded models

• Algebraic loops

• Feedback Control



The Series Product

This is the quantum extended Heisenberg group again!



Beam-splitters



Network Rule # 1 
Open loop systems in parallel



Network Rule # 2 
Feedback Reduction Formula



The rules are very similar to 
classical linear systems



Classical Hamiltonian Systems

• Closed Hamiltonian with external inputs (efforts)

• Power delivered to the system

• Flow variables



Coupled Hamiltonian Systems

• Total Hamiltonian

• Power relations



Classical Hamiltonian Systems with Noise

• Stratonovich form

• Ito form



Classical Hamiltonian Systems with Noise

• The power is now

• Here there is a background power delivered even when no signal is present



Symplectic Structure and Quantum 
Mechanics
• Holomorphic coordinates

• Skew form = symplectic area



Power Variables for Closed Quantum 
Systems
• Time-dependent Hamiltonian

• Coupling to external inputs (efforts)

• Power

• Flows



Open Quantum Systems? 

• Efforts a quantum semimartingales!

• Recall the Series Product



Adding in the signal to the noise

• Weyl Box

• Driven component



The Quantum Power Balance

• The power delivered

• Vacuum power

• Flow variables

• Scattering terms



Спасибо!
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