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ABSTRACT 
 

Self-assembly of a 3-D circuit at a two to four nano-meter 

footprint has significant quantum effects. In order to develop 

a feedback control system for fabrication, we design a 

quantized Hamiltonian that is tracked during the fabrication 

process with the physical Hamiltonian, using actuator 

controls. This quantum control tracking system uses a Weyl 

quantization that ensures the system is bounded.  This work 

builds on a previous paper that used a cannonical 

quantization scheme. An example using a scaffolding 

architecture is presented. 
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1 INTRODUCTION 
 

A nano-manufacturing facility requires high levels of 

precision due to the strong quantum effects for devices at a 2 

to 4 nanometer footprint.  We develop a feedback process 

control to realize a 3-D scaffolding approach.  

The quantum hybrid controller presented here is for a 

manufacturing process at the mesoscopic and quantum levels 

that includes interdependent multi-stage processes (e.g., 

quantum lithography, molecular epitaxial deposition, 

vertical dots, quantum wells, quantum wires, etc.).  The 

quantum hybrid controller is able to transform a desired 

circuit (expressed in logic and continuous rules) into 

manufacturing processes that will realize the nano-circuit 

and achieve performance criteria (such as maximize yield, 

maximize signal-to-noise ratio, minimize energy 

consumption, minimize dissipation, etc.).  The proposed 

system will include a language for the rules that describe the 

specifications of the circuit, an interface with the 

manufacturing processes to monitor and prescribe the 

sequencing, and a design dashboard. The quantum hybrid 

controller will enable automation of nano-manufacturing of 

nano-circuits, facilitating the manufacturing of IoT systems. 

The quantum hybrid controller works with Hamiltonian 

operators to represent the system to achieve overall 

manufacturing synchronization and control, including 

tunneling control. Our technology uses master equation 

models that are based on a quantized Hamiltonian that is 

tracked by the Hamiltonian of a modified ink-jet based 

printer to deploy the circuit design.  Figure 1, as in [1], 

illustrates the difference between a standard semi-conductor 

manufacturing approach with layers and the new approach 

using scaffolding and towers that are grown vertically. In [1], 

we used a cannonical quantization, however, in some 

circumstances, this may lead to an ill-posed, unbounded 

sytem. To ensure boundedness, in this paper we use a Weyl 

quantization [2]. 

 

 
Figure 1: Standard and scaffolding semiconductor circuits, 

from [1]. 

 

The optimal control system implements the process 

control for manufacturing IoT systems represented by the 

switching functions. This manufacturing process control is 

based on a quantum representation of the switching 

functions. These switching functions are implemented by 

quantum reversible circuits with a basic programmable unit. 

The difference between one quantum computational element 

and another is the program which is described by its 

realization functions. 

The central approach in a quantum hybrid control is to 

express the switching functions of the design with a 

Hamiltonian representation. The switching functions and 

associated rules describing the desired behavior of the circuit 

will include: rules for physical principles, such as 

conservation of mass; rules that capture the tunneling effect 

and cross-talk; and soft rules for quantifying behavior and 

performance criteria. We construct the Hamiltonian from the 

switching functions and the rules using a Cooperative 

Distributed Inferencer (CDI) [3]. 

Our quantum controller tracking system will allow us to 

manufacture semi-conductor circuits with low footprint, 

taking into account quantum effects. It can be realized in a 

single step as opposed to sequencing step systems used for 

classical VLSI systems. 

 

2 QUANTUM HYBRID CONTROLLER 
 

The quantum hybrid controller constructs a Hamiltonian 

operator using switching functions and rules, as presented 

originally in [1]. Here, we follow the same notation as in [1] 

and highlight the primary difference in the quantization 

method; instead of usinse a canonical quantization as in [1], 

we use a Weyl quantization to ensure boundedness.  As in 
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[1], we start with a switching function corresponding to a 

tower in the scaffolding. The spectral continualization step 

provides a differential equation of the form, 

 

𝑥(𝑡) = 𝐺(𝑥(𝑡), 𝑡) + 𝐵(𝑡) (1) 

 

where 𝑥(𝑡) encodes the state of the process, 𝐺(𝑥(𝑡), 𝑡) is a 

continualized version of the sampling rule, and 𝐵(𝑡) is an 

error correction term to account for the approximation.  

The next step in the quantum hybrid controller, the 

Hilbert expansion, represents the continualized process in 

(1) in a Hilbert space via an orthogonal expansion. This is 

used to construct a variational model (see [1,4]) in terms of 

the Lagrangian of the IoT system, 

 

min
𝑥

∫ 𝐿(𝑥(𝑡), �̇�(𝑡), 𝑡) 𝑑𝑡 (2) 

 

where the details of the Lagrangian 𝐿(𝑥(𝑡), �̇�(𝑡), 𝑡) are given 

in [1].  

To represent boundary conditions needed to represent the 

scaffolding, we add constraints to the optimization problem 

in (2), and construct the Hamiltonian of the circuit, as 

 

𝐻′(𝑥, 𝑝) = 𝐻0 + 𝛺𝑄−1{𝛺, 𝐻0} + 𝐻𝑓(𝑥, 𝑝) (3) 

 

where 𝐻0 is a model of the physics of the circuit, 𝛺 is a model 

of the scaffolding constraints, 𝑄 is a matrix of the circuit 

interactions with nearby scaffolds, and 𝐻𝑓  is the Hamiltonian 

associated with the switching funciton to be computed [5]. 

 The quantization of the Lagrangian converts the 

Lagrangian to a Hamiltonian function, as in [1,6]. Unlike 

previous work in [1], we use a Weyl quantization because it 

guarantees a bounded Hamiltonian operator with discrete 

spectrum. The Hamiltonian is 

 

𝐻𝑓(𝑥, 𝑝) = ∑ 𝑝𝑘  �̇�𝑘 − 𝐿 (4) 

 

using the Legengre transformation, where 𝑝 = 𝐿�̇�.  The Weyl 

quantization of (4) is carried out by first applying the Fourier 

transform to obtain 

 

𝐻(𝜃, 𝜏) =  ℱ 𝐻′(𝑥, 𝑝) (5) 

 

and then constructing the Hamiltonian operator via Weyl 

quantization [2], 

 

�̂�(�̂�, �̂�) = ∬ 𝐻(𝜃, 𝜏)𝑒𝑖𝜃𝜏/2 𝑒𝑖𝜃𝑥𝑒𝑖𝜏𝑝𝑑𝜃𝑑𝜏 (6) 

 

where �̂� and �̂� are the position and momentum operators. 

 

3 OPTIMAL TRACKING SELF-

ASSEMBLY OF A CIRCUIT 
 

The quantum hybrid controller is designed to track a desired 

behavior characterized in the switching function that is 

represented by the Hamiltonian 𝐻𝑓(𝑥, 𝑝) of a single tower. 

The control 𝑢𝑘 is the design parameter for the 𝑘th stage, 

where 𝑘 = 1, … , 𝑛 and the tower has 𝑛 stages. Figure 2(a) 

illustrates a single tower with 𝑛 = 5 stages, and Figure 2(b) 

shows the quantum processor consisting of several towers. 

The tracking Hamiltonian operator defines the 𝑘th stage of 

the self-assembly, and is given by 

 

�̂�𝑘(�̂�, �̂�) = �̂�0 + ∑ 𝑢𝑙𝛥�̂�𝑙
𝑘
𝑙=1  (7) 

 

where the initial Hamiltonian operator is �̂�0, which 

represents the scaffolding structure, and 𝛥�̂�𝑙 is the 

incremental Hamiltonian operator at the 𝑙th stage, see Figure 

2(a).  The total Hamitonian operator is 

 

�̂�(�̂�, �̂�) = ∑ 𝑢𝑙𝛥�̂�𝑙
𝑛
𝑙=1  (8) 

 

and the desired solution is 

 

�̂�𝑓(�̂�, �̂�) = �̂�0 + ∑ 𝑢𝑙
∗𝛥�̂�𝑙

𝑛
𝑙=1 . (9) 

 

The dynamics are given by 

 

𝑖ℏ
𝜕Ψ(𝑡)

𝜕𝑡
= (�̂�0 + ∑ 𝑢𝑙𝛥�̂�𝑙

𝑘
𝑙=1 )Ψ(𝑡) (10) 

 

for 𝑡𝑘 ≤ 𝑡 < 𝑡𝑘+1.  

The objective is to track the Hamiltonian of the switching 

function, that is, to minimize the error |�̂�𝑓 − ∑ 𝑢𝑙𝛥�̂�𝑙
𝑛
𝑙=1 | ≤

𝜀, for 𝜀 > 0. yielding the criterion 

 

𝐽(𝛹, 𝑢) = (𝛹∗(𝑡) �̂� Ψ(𝑡) − 1∗�̂�𝑓1)
2
 (11) 

 

where 𝛹∗ is the complex conjugate of Ψ, 1 is the lowest 

energy state, and 1∗ its complex conjugate. Since the 

criterion is quadratic, the error goes to zero in the limit as 

𝑡 → ∞.  In practice, the time will stay at the 𝑘th stage for 𝑡, 

𝑡𝑘 ≤ 𝑡 < 𝑡𝑘+1, until that stage has stabilized. 

 

 
Figure 2: Quantum processor with self-tracking. 

 

 

To obtain the optimal control law, we take the derivative 

of (9) and set it equal to zero, yielding, 

 

∇𝑢𝑘
 𝐽(̇𝛹, 𝑢) = −𝜀∇𝑢𝑘

 (2𝛹∗(𝑡) �̂� Ψ(𝑡) − 1∗�̂�𝑓1)
2

(�̂�𝑓�̇�) 
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= −𝜀 
2𝑖

ℏ
∇𝑢𝑘

 (𝛹∗ �̂� Ψ − 1∗�̂�𝑓1) +  𝛹∗[�̂�, �̂�𝑓]

+ ∑ 𝑢𝑙  [𝛥�̂�𝑙, �̂�𝑓]

𝑘

𝑙=1

= 0                  (12) 

 

where [�̂�, �̂�𝑓] is the Lie bracket.  Solve (12) for 𝑢𝑘 yields the 

optimal control law at the 𝑘th stage, 

 

𝑢𝑘
∗ (𝛹) = −𝜀

2𝑖

ℎ
(𝛹∗ �̂� Ψ − 1∗�̂�𝑓1) + 𝛹∗[�̂�, �̂�𝑓]𝛹 +

                   + 𝛹∗[𝛥�̂�𝑘, �̂�𝑓]𝛹 (13) 

 

for 𝑡𝑘 ≤ 𝑡 < 𝑡𝑘+1, and for 𝑘 = 1, … , 𝑛.  

 

Therefore, using the tracking Hamiltonian Ĥk(x̂, p̂) as 

given in (7), with the control law given in (13), we have the 

control for the current element in the circuit being self-

assembled, and 𝑢𝑘𝛥�̂�𝑘 is the instantiation Hamiltonian of the 

generic element at the 𝑘th stage of the circuit. 

 

 

 

4 CONCLUSIONS 
 

In conclusion, we presented a quantum control tracking 

system, using the Weyl quantization, to develop a tracking 

Hamiltonian operator and control law that allows self-

asseembly.  At the 𝑘th stage,  and for some time 𝑡𝑘 ≤ 𝑡 <
𝑡𝑘+1,  the control law is applied to track the desired behavior.  

In Figure 3, the state transition selector determines the state 

transition mechanics for the corresponding 𝑘th stage based 

on 𝑢𝑘
∗  in (13).   

 

 
Figure 3: Generic Circuit Element (as in [1]). 
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