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Introduction: 
As part of the big-picture goal of quantum technology, WP3.4 has been addressing the means 
to implement distributed schemes. Therefore steering increasingly large quantum systems 
efficiently and with high precision is an essential. While optimal control lends itself to tackle 
these engineering problems numerically, quantum systems theory provides a powerful formal 
framework to assess the feasibility of the related engineering tasks in terms of controllability, 
observability and simulability. It gives the dynamic fingerprint of the quantum architecture 
(i.e. coupling type and topology) and its interplay with coherent controls, which have recently 
been extended by simple schemes of switchable noise.  
 
This deliverable (D3.4.2) provides a unified picture of quantum systems theory in 
combination with an optimal control toolbox generating steerings for optimised quantum state 
transfer, high-fidelity unitary gate synthesis, or quantum-map implementation in scenarios of 
closed and open systems. It has been achieved by partner TUM for the theoretical side and it 
has been backed by experimental implementations from various partners altogether giving 
paradigmatic guidelines for the implementation of distributed protocols.  
 
 
Algorithmic advances: 
 
Overview: The algorithmic framework 
DYNAMO [MSG1-10] providing a cutting-
edge MATLAB toolset solves a large set of 
standard quantum control problems. In [SSK1-
11] it was extended to a scenario exploiting 
subspaces largely (but not fully) protected 
against decoherence. In preparation for 
addressing large-scale quantum systems, versatile 
numerical  
tensor contraction methods have been designed 
in [HWS1-12] and [HWS1-13].  
 
The latest development [BS1-12] adds 
switchable noise as further control parameter so 
that under very mild conditions one may transfer 
any initial      n-qubit state into any target state. 
It also shows that in principle any closed-loop 
measurement-based feedback state-transfer can 
be replaced by an equivalent open-loop scheme 
without need for measurement or ancilla. This is 
expected to simplify many experimental 
implementations of state transfer in open 
systems. 
 
More advances specifically on open systems are 
deferred to Sec. 5, and next we continue on closed systems. 
 
More precisely, TUM has been building on 
gradient-assisted algorithms to incorporate 
second-order information (on the inverse 

(a) Concurrent update (GRAPE [MGS1-10])  

(b) Sequential update (Krotov-type )  

(c) Hybrid update (new in [MGS1-10])  

Figure 1 (previous page) Optimal-control based pulse optimisation
cast into the programme platform DYNAMO [MSG1-10] allows for
concurrent, sequential, and hybrid updates to be implemented and
compared. Second-order methods (L-BFGS) match particularly well
with concurrent update and thus outperform other methods when
high fidelities are required: in many examples from quantum-
information processing GRAPE overtakes Krotov-type methods
(and most hybrids) well before the error-correction threshold
(relative error ~ 0.0001) is reached. 



Hessian) for substantial speed-ups amounting to typically an order of magnitude as compared 
to the old algorithm.  
 
Thus we set up an entire easy-to-use MATLAB-based programming platform DYNAMO 
[MSG1-10]. It turned out that by its recursive   approximation of the inverse Hessian, the  L-
BFGS scheme is particularly well suited for the concurrent update of all control amplitudes, 
while sequential update (as in Krotov-type schemes) do not profit likewise. Hence in a broad 
array of test examples including concrete experimental settings, concurrent control update is 
three to four times faster than sequential update, in particular when the fidelity demands are as 
high as the error-correction threshold (rel. errors of ~10-4). While it is natural that second-
order algorithms overtake first-order ones in the proximity of the equilibrium point, it is most 
noteworthy that the crossing points are well prior to the error-correction threshold of 
quantum information processing in nearly all examples with experimentally realistic set-ups 
[MSG1-10]. The updated algorithms are provided in modular way in DYNAMO. Its 
flexibility also allows for implementing hybrid algorithms (i.e. with partially parallel update 
in blocks) as shown in Fig. 1. It thus lends itself to broad application as also put into wider 
context in [SMF1-12]. 
 
 
System theoretical advances: 
Overview: Numerical tools were complemented by a thorough systems-theoretic approach for 
assessing controllability and simulability by easy-to-come-by symmetry arguments (J. Math. 
Phys. 52 113510 (2011) [ZS1-10]), which has lately been extended to fermionic systems in 
[ZZK1-12]. For open systems, IEEE. Trans. Autom. Contr. 57, 2050 (2012) [MDS1-12] gives 
the set of all reachable directions (i.e. the Lie wedge) as demonstrated for several examples of 
Markovian n-qubit channels under coherent control.  
 
More precisely in [ZS1-10], we 
extensively studied the 
dynamic system Lie algebras 
(collecting the set of all 
Hamiltonian directions a 
system can possibly evolve 
along). These algebras are 
finger prints governing all the 
dynamics of a controlled 
quantum system in terms of 
their symmetries (giving rise 
to constants-of-the-motion). In 
particular, for a system to be fully controllable or universal (often an important precondition 
for the optimization algorithms in Sec. 2 to make sense), there must not be any non-trivial 
symmetry (Fig.2a).  
 
In turn, however, not every system lacking symmetry is automatically fully controllable. 
Hence it had been a challenge to fill the gap between necessary and sufficient symmetry 
conditions for full controllability. We were the first to give such a single necessary and 
sufficient symmetry condition ensuring universality (Thm. 21 in [ZS1-10]). On the other 
hand, the work also provides easy-to-see criteria for excluding universality based on the 
coupling graph of a quantum system and the individual controls. This will be of importance 
when designing medium-sized lattices of spin arrays as quantum simulators. 

Figure 2a: An n-qubit control system relates to a system graph, whose vertices 
represent the local switchable x,y-controls on the qubits (same colour/letter stands 
for joint action) and whose edges denote Heisenberg or Ising-type pairwise 
couplings (as non-switchable drifts).  The absence of symmetries (like the mirror 
symmetry in the middle or the conservation of the terminal σz on the right) is a 
necessary, but not sufficient condition for full controllability. A necessary and 
sufficient symmetry condition is given by the branching diagram of Fig. 2b.  



 
Moreover, a controlled system can simulate another one 
provided the system algebra of simulating system contains the 
one of the simulated system as a (proper or improper) 
subalgebra [ZS1-10]. The efficiency with regard to dynamic 
degrees of freedom can be read from the distance in the 
branching diagram as in Fig. 2b. An important class of 
examples are spin chains with different degree of control (just 
on one end, on the two ends, just on the second 
spin, etc.) that can be taken as universal quantum 
simulators for quasi-free fermionic systems 
[ZZK1-12] with quadratic interactions or bosonic 
systems (the latter with fixed particle number) as 
shown in a plethora of worked examples in [ZS1-
10].  
 
 
 
 
Keeping privacy in distributed quantum protocols:  
In order for a client to profit from an untrusted quantum server, privacy has to be guaranteed. 
This can be achieved following the new concept of blind quantum computing as described by 
OEAW in Science 335, 303 (2012) [BKB1-12], where they presented an experimental 
demonstration in which the input, computation, and output all remain unknown to the (out-
sourced) quantum processor.  
 
The novel protocol exploits the conceptual framework of measurement-based quantum 
computation that enables a client to delegate a computation to a quantum server.  
 
Various blind delegated computations, 
including one- and two-qubit gates and 
the Deutsch and Grover quantum 
algorithms, were demonstrated. The 
client only needs to be able to prepare 
and transmit individual photonic 
qubits. The demonstration is crucial for 
unconditionally secure quantum cloud 
computing and may become a key 
ingredient for real-life applications, 
especially when considering the 
challenges of making powerful 
quantum computers widely available.  
 
As stated, preparing and transmitting 
individual photonic qubits is an 
important ingredient required. A 
suitable means to this end is remote-
state preparation, where two instances 
of progress have been made:  

Figure 2b: Branching diagram with all irreducible 
simple subalgebras of su(N), here su(16). Full unitary 
controllability in systems with no symmetry in the 
system graph (see Fig. 2a)  amounts to showing that the 
system algebra is on top of the branching diagram, as 
here su(16).  A general symmetry condition is given in 
[ZS1-10] alongside with branching diagrams up to 
su(215). These diagrams are also useful in quantum 
simulation, as they determine efficient simulability.  

Figure 3: Experimental set-up for optical implementation of the 
concept of privacy-guaranteeing blind quantum computation by four-
qubit cluster states [BKB1-12]. The client can out-source all 
computation to a quantum server, which does not know the input, the 
computation, and the output. In this setting, Grover’s and Deutsch’s 
algorithm have been run. 



(1) Experimental multi-location remote-state preparation was achieved via 2,4, and 6-
photon singlets by the partners at UG in [RWZ1-13] (see also D3.4.3). 

(2) On the other hand, in Nature Physics 8, 666 (2012) [DLM1-12] OEAW used 
quantum discord as an easily achievable resource for remote-state preparation, which is (by 
62 standard deviations!) more efficient than applying entangled states. 
(a)                (b) 
 
 
Further advances in open systems: 
In [SSK1-11] we extended our numerical optimal control algorithms such as to coherently 
control open dissipative systems. As a paradigmatic example, we set out to approximate a 
logical CNOT gate (to be realised in four physical qubits) under T1 and T2 relaxation. The 
logical subspace was protected against T2 relaxation, but was subject to T1 relaxation with a 
rate 170 times smaller than the T2 rate. While under Ising-ZZ coupling (as system 
Hamiltonian) the protected subspace would not couple to fast relaxing modes, we chose a 
planar Heisenberg-XX coupling that drives the system into the fast relaxing modes in order to 
challenge the algorithm. This is because then the task amounts to perform the CNOT over the 

T2-protected subspace (as fast as possible to avoid T1 losses), while simultaneously 
decoupling the protected subsystem from fast relaxing modes. In [SSK1-11] we showed that 
this can be accomplished by optimal control (with the full knowledge of the master equation) 
with a fidelity of more than 95%, while in time-optimised controls (obtained from random 
initial conditions and without the knowledge of relaxative parameters) fidelities between 60-
80% can be obtained (the good results then being a matter of serendipity), whereas paper-and-
pen solutions invoking Trotter expansions are so long that the weak T1 relaxation limits their 
fidelities to no more than 15%. 
 
These practical algorithmic extensions were again backed with theory work on Lie 
semigroups. Based on our more abstract starting point, in [MDS1-12] the geometry of 
coherently controlled open Markovian systems (quantum channels) were described in terms 

Figure 4: (a) Experimental set-up for remote-state preparation by quantum discord [DLM1-12]: A β-barium borate (BBO) 
crystal is pumped with a laser beam (394.5 nm, 76 MHz) such that entangled photon pairs are created via type-II spontaneous 
parametric down-conversion at a wavelength of 789 nm. The photons are spectrally and spatially filtered by 3 nm narrow-
bandwidth filters and by coupling into single-mode fibres, respectively. All four Bell states |φ± , |ψ±  can be obtained by 
rotating polarizations and introducing phase shifts. A combination of quarter-wave plate (QWP), half-wave plate (HWP) and 
polarizing beam splitter is used for the characterization of the prepared quantum states. 

(b) Graphic representation of remotely prepared quantum states [DLM1-12]. In the experiment it was demonstrated that it is 
possible to prepare quantum states remotely by means of quantum discord (outside the circle), which might not always be 
possible to achieve by means of entanglement (inside the circle). 
 



of Lie semigroups. This approach gives easy access to 
the geometry of all Liouvillian directions a coherently 
controlled dissipative system can evolve along. This is 
because in Markovian systems, the set of all admissible 
Hamiltonians plus Lindblad generators forms a Lie 
wedge generating the (completely positive) semigroup 
of time evolutions of open systems. Clearly, the Lie 
wedge is a natural generalisation of the dynamic 
system algebra of closed systems to open systems. It 
now gives the fingerprint of all directions an open 
Markovian system can be steered along. Moreover, it 
connects to the important work by Wolf and Cirac 
[Commun. Math. Phys. 279, 147 (2008)], and for the 
experimentalist, it gives useful necessary conditions 
(the wedge has to be closed under Baker-Campbell-
Hausdorff multiplication thus specialising to a 
semialgebra) for an open system to be steerable by 
constant coherent controls.  
 
 
 
Adding switchable noise: 
In [BS1-12] we extended coherent control of n-qubit systems by allowing for simplest 
patterns of switchable noise amplitudes on a single qubit. Recent advances of decoherence-
driven state pre-paration [BS1-12] were thus 
generalised by modulating noise in time and 
combining it with usual unitary control. In fact, this 
combination opens unprecedented areas of control: 
just adding bang-bang switchable non-unital noise 
(e.g. amplitude damping) was shown to allow for any 
target state to be reached (asymptotically) from any 
initial state, while adding unital noise (e.g. 
dephasing) allows for reaching any target state 
majorised by the initial state. These degrees of noise 
control were easy to integrate into our package 
DYNAMO and thus can be applied to realistic 
experimental settings. They are anticipated to pave 
new avenues of optimal control. --Generalisations for 
speeding up schemes of algorithmic cooling were 
also discussed [BS1-12].  
 
The approach of initializing qubits from the thermal 
state to the ground state (shown in Fig. 5) can also be 
used to generate GHZ states from the thermal state in 
a setting of four ions in a trap. In contrast to a recent 
approach by the group of Blatt [Nature 470, 633 
(2011)] following schemes going back to Seth Lloyd 
and Viola [Phys. Rev. A 65, 010101(2001)], here we 
could replace the measurement-based feed-back 
control by open-loop control of coherent degrees of  

Figure 6: Optimised prepration of a 4-qubit GHZ state by noise 
control plus coherent control [BS1-12] in an ion chain with 
experimental parameters as in Blatt [Nature 470, 633 (2011)].  
Here, modulating the  amplitude-damping noise replaces closed-
loop measurement-based feedback originally proposed by Seth 
Lloyd and Viola  in [Phys. Rev. A 65, 010101(2001)]. 

Figure 5: Noise-controlled initialisation step for quantum 
information processing turning the thermal state into the pure state 
|000> in a 3-qubit Ising chain [BS1-12]. The upper panels show the 
residual error as a function of total pulse length (left) and the time 
course of the eigenvalues of the quantum state turning into a single 
non-vanishing one approximating unity (right). Controls in the lower 
panel include amplitude-damping (brown blocks) and coherent 
controls on the three qubits (other colours). 



freedom and amplitude-damping noise. Fig. 6 shows that for a fast and optimised scheme, 
coherent controls are used fully parallel to the amplitude-damping noise (brown block). For 
state transformation, we have shown that can thus replace measurement-based feedback from 
a resettable ancilla (as required in the scheme by Lloyd and Blatt) by the much simpler open-
loop schemes with switchable noise [BS1-12].   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Concluding guidelines for distributed protocols: 
The starting point before the project was the general recommendation to subdivide a 
computational circuit distributed to several processors such as to require a small number of 
synchronisations [van Meter, Nemoto, Munro, IEEE-TOC 56, 1643 (2007)] 
as shown in Fig. 7. 
 
Now the systems theoretical analysis and the progress obtained in D3.4.2 suggest the 
following guidelines:  

 
(1) The largest computational block should suffer  least from relaxation  [MSG1-10], 

[SSK1-11]. 
 

(2) In order to avoid dissipative losses, subspaces (largely) protected against relaxation 
can be found by algebraic characterization and can then be systematically exploited by 
optimal control  [SSK1-11]. 
 

(3) When distributing quantum computational tasks, privacy has to be guaranteed to make 
use of an untrusted quantum server. This was suggested and demonstrated by 
implementing blind quantum computing based on cluster states [BKB1-12]. 

 
(4) Remote-state preparation is also a key-ingredient to blind quantum computing. In 

practice, it can readily be accomplished by using quantum discord as a resource rather 
than by entangled states [DLM1-12].  
 

(5) Inserting a single qubit with bang-bang switchable noise into an n-qubit coherently 
controllable circuit leads to a somewhat magic break-through, because under very 
mild conditions one may transfer any initial state (pure or mixed) into any target state 
[BS1-12]. This is important, as it shows that in principle any closed-loop 



measurement-based feedback state-transfer can be replaced by an equivalent open-
loop scheme without need for measurement or ancilla. (NB an analogous result for 
quantum-map synthesis does not hold.) 
 

(6) The dynamics of (finite-dimensional) closed-system quantum architectures and 
distributed nodes can be fully characterized by their so-called dynamic system 
algebras [ZS1-10], [ZZK1-12]. Simple symmetry considerations provide an easy 
means to assess universality of a given quantum architecture. In turn, it gives 
guidelines for designing circuits for quantum processing as well as quantum 
simulation which can be tailored either to special tasks or to maintain universality. 
Generalisations to open systems were given [MDS1-12]. 

 


