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ABSTRACT A software platform for quantum computing is required to run a complex algorithm on a real
quantum device through automatically converting a quantum circuit level algorithm to a control sequence of
target device. Moreover, the software platform must be tailored for the target quantum system by exploiting
the properties of qubits and gates. In this work, we show how to implement a software platform for a photonic
integrated circuit (PIC) platform with path-encoded photon qubits and quantum gates realized by means of
interference in a mesh of tuneable Mach-Zehnder interferometers (MZIs). For universal and programmable
quantum computing, the software platform consists of three standard modules: decomposer, mapper, and
controller. To verify the softwarewe runs example circuit through software and hardware integration platform
and confirm each module generates correct output. Also the validation is done by comparing two results for
conventionally used manual way and the software supported automatic way. These two points ensure that
the implemented software works correctly when applied to the PIC.

INDEX TERMS Quantum computing, software platform, Mach-Zehnder interferometer.

I. INTRODUCTION
A photon-based quantum computer can be implemented
as a quantum computing (QC) platform in a number of
ways [1], [2], which satisfies the well-known condition,
the DiVicenzo’s criteria, to become a quantum-gate based
computer [3]. The first, realized by free-space optics, is made
with polarization entangled photons where quantum states
are defined in a vertical state |V ⟩ and a horizontal state
|H⟩ [4]. Second, path-encoded entanglement is established
as a convenient method to integrate photon-entanglement
in chip-based experiments. Mach-Zehnder interferometer
(MZI) based linear optical quantum computing (LOQC) is
realized by the secondmethod, which defines a quantum state
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that distinguishes two separate paths, called ‘‘path-encoded’’
qubit [5], [6], [7]. Quantum gates in the system can be realized
by their fundamental unit, MZI by adjusting values in phase
shifters figuring as a tuneable parameter [7], [8], [9], [10],
[11], [12].

On the other hand, in the perspective of controlling quan-
tum hardware working as a quantum computer, a software
platformwith layers which has an own functionality is needed
to control a quantum hardware automatically [13], [14],
[15], [16], [17]. QC process can be divided in three steps:
(i) compiling or decomposing quantum gates from
user-written code and representing it as a simplified
intermediate encoding that is close to a machine-readable,
(ii) mapping logical qubits and gates from the translated code
into an actual quantum hardware, and (iii) converting the
mapped code to the hardware-compatible code that supports
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the quantum hardware. When this QC process is applied to
quantum hardware, stage (i) requires only a description at the
quantum circuit level, expressed simply in a unified format
for qubits, quantum gates, andmeasurement [2], [18]. In other
words, the quantum circuit representation is used for a user
code compilation without any dependency in physical system
of the hardware. However, in stage (ii), due to the difference
in the physical implementation of QC systems, a customized
algorithm for controlling target hardware is required. In the
case of LOQC, a qubit and its quantum state is represented
by the addition of the light-path, which determines local
phase-shifts. A quantum gate is realized by a MZI which
acts on both the relative and the global phase of the qubit.
Experiments of programming or software control exist on
large-sacle photonic processors following this approach [7],
[10], [11], [19], [20], [21], [22], [23]. However, even though
these studies suggest the discovery of various characteristics
by implementing hardware configuration methods or optical
processors, they did not show an overall process of LOQC
from software to hardware and a blueprint of software
configuration for LOQC.

Studies on software framework for photonic platform have
also been proposed, such as continuous variable photonic
quantum information processing [24], efficient compilation
through graph states [25], [26], quantum simulation and pro-
gramming for photonic QC [27], andMZI-based LOQC [17],
[28] following the Knill–Laflamme–Milburn scheme [8].
Among the proposed software frameworks, the reference [17]
proposed a design of software framework targeting MZI
hardware, which takes into account the reconfigurability
of a photonic quantum processor to perform various QCs,
comprising in two beam splitters (BSs) and four phase shifters
(PSs). Unlike a direct, customized control of the device, the
framework automatically translates from a quantum circuit
into a compatible form of their physical implementation,
and prepares the appropriate information for the quantum
device hardware encoder. The actual quantum hardware
MZI is operated by adjusting phase values, the software
therefore finds compatible settings from quantum gates to
phase values for each MZI. Also, the framework finds proper
positions considering a topology of photonic processor (e.g.
Reck or Clements scheme [5], [29]) to apply quantum gates
of one quantum circuit. Nevertheless, this reference only
presented the design of software framework for MZI-based
LOQC, not showing an actual execution of hardware by the
framework or guaranteeing the verification and validation
whether the framework is applicable to real hardware, even
if they proposed the framework with related references.

In the present work, the implementation of software
platform and the integration with real MZI-based quantum
hardware will be presented. Then, we will evaluate the plat-
form where the blueprint of proposed framework works well
in the viewpoint of software verification and validation [30],
[31], [32] through operating with a integrated photonic device
and reporting actual experiment results. The main text of
this paper is divided as follows. Overall, since this paper

mainly treats the integration and execution process between
software framework and optical hardware, we holistically
describe the whole structure of the software platform and
the hardware platform in Section II. Both platforms briefly
deal with the concept, role, and relation of modules. With
this prepared environment, Section III demonstrates in detail
how the modules of the software platform are implemented.
We then present QC experiment results for verification and
validation of the software platform in Section IV. In this
section, we report and analyze all data running from the
software, and we stress that the software platform satisfies
the fulfillment of the intended purpose. Lastly, we conclude
the integration work and propose future work in Section V.

II. FRAMEWORK
A. SOFTWARE PLATFORM
In the previous work, we have presented the scheme
of software platform and optimal components tailored to
the characteristics of integrated photonic processors for
ensuring precise execution [17]. The reference suggests that
the platform should contain three modules: a decomposer,
a mapper, and a controller. Users can operate the software
through a user-interface, and can execute eachmodule step by
step through the interface by accessing the input/output (I/O)
of each step. The schematic diagram of the software platform
about connection between modules is illustrated in Fig. 1.

The three modules are essentially required to operate as a
quantum computer. Initially, users can write a general quan-
tum algorithm and send it into the quantum computer, and the
decomposer analyzes the user-written code, which especially
investigates the number of used qubits, quantum gates, and
bits to store information, and the order of circuit operation.
The module then presents the user-written algorithm in
a simplified format, such as quantum assembly language
(QASM), as a generic quantum circuit representation. Next,
the mapper uses the output data of the decomposer to
combine it into a hardware structure according to the physical
properties of the target quantum computer, and assigns
quantum gates to proper physical locations in the device.
The module redesigns the data from a circuit representation
to a hardware-specific data format to describe it in a more
targeted hardware-like representation. Lastly, the controller
determines a final data form for sending a user program to
quantum devices, which fits to an interface of their hardware
configuration. Since the quantum algorithms written by users
are not directly executable, the data must be reformated into
a suitable form of the actual connected hardware.

By following this framework, a generic QC process from
a software platform is established. In addition, if the physical
characteristics of a quantum hardware are properly reflected
in the software modules, the software platform is fully
constructed. Our targeted hardware is MZI-based LOQC,
we therefore describe information on LOQC hardware in
more detail in the following section. Detailed I/O and
execution results of the platform for LOQC are covered in
Section III.
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FIGURE 1. Schematic flow of LOQC software platform. Basically, the software includes three modules: decomposer,
mapper, and controller. They receive input and send output to perform the role appropriate for each purpose. Users
proceed with the QC process and manipulate each module to check the results of the process.

FIGURE 2. A Mach-Zehnder interferometer unit. The unit includes two
beam splitters (white square box labeled BS) and four phase shifters
(white boxes labeled in θ or φ).

FIGURE 3. (a) 7 × 7 Clements scheme (b) 7 × 7 Reck scheme.

B. HARDWARE PLATFORM
Generally, the QC process in the MZI-based linear optical
platform involves three processes. Firstly, a light source
generates a physical quantum state representing a compu-
tational basis |0⟩ and |1⟩. The light source represents the

quantum information carrier, which is selected by coherent
light with continuous characteristics or single-photon source
with discrete characteristics [4], [33]. Secondly, various
quantum gates are implemented by MZIs and operated by
propagating light through the MZIs. The light injected into
an input waveguide propagates within the MZI network, and
quantum gates are performed by manipulating the phase of
the light. Thirdly, measurements are performed by external or
internally integrated (single-photon) photodetectors (PDs).

The physical implementation of a MZI-based LOQC
is achieved by fabricating a photonic integrated circuit
(PIC) [34], that consists of a mesh of MZIs [1], [9], [10],
[12]. Several different implementations of the MZI mesh
are possible, which are popularly preferred (i) triangular
shaped by Reck et al. [5] and (ii) densely packed by
Clements et al. [29] (described in Fig 3), or recently suggested
structure called ‘‘Bokun’’ mesh [35], but all of them the
fundamental building block that operates as a quantum gate is
a MZI. In fact, MZI meshes have already been demonstrated
as linear optical processors with coherent light states [4], [33]
and then also with quantum states of light [9], [36].

On the other hand, in a MZI, where various quanutm gates
are implemented, PSs are only the tuneable parameter in a
PIC. MZI phase shifting in a real-world environment can
be implemented through controlling by means of thermo-
opticmodulators. The thermo-opticmodulators are integrated
inside the PIC as resistors. By controlling the tension at
the ends of the resistor a current flows generating heat via
Joule effect in the region of the waveguide. The rise in
temperature induces a local change in the refractive index of
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the waveguide, which ultimately results in a phase delay of
the propagating light.

In our case, the PIC contains the following features.
First, we adopted the Reck configuration to realize our
demonstrator. Second, the specific configuration of a MZI
is adaptable to the experimental context, with the present
investigation employing a setup which consists of two BSs
and four PSs as shown in Fig. 2. For this configuration, the
full transfer matrix of a MZI can be expressed as:

UMZI(θ, ϕ)

≡ BS · PS(θ) · BS · PS(ϕ)

= i ei(θ1+θ2+2φ2)/2

·

(
ei(φ1−φ2) sin((θ1 − θ2)/2) cos((θ1 − θ2)/2)
ei(φ1−φ2) cos((θ1 − θ2)/2) − sin((θ1 − θ2)/2)

)
, (1)

where θ = (θ1, θ2) and ϕ = (φ1, φ2). By adjusting
the tuneable parameters θ and φ in this matrix, various
basic quantum gates can be generated [12]. For example,
(θ1, θ2, φ1, φ2) = (π, 0, π, 0) for I gate, (θ1, θ2, φ1, φ2) =
(0, 0, 0, 0) for X gate, and (θ1, θ2, φ1, φ2) = (π/2, 0, 0, 0)
for H gate. Finally, measurements are performedwith (single-
photon) PDs which are integrated into the PIC substrate at the
desired locations [33], [37].
The fabrication process of the photonic chips is schemati-

cally described in Fig. 4. It starts with the definition of the PD
and single-photon avalanche detectors (SPADs) using four
consecutive ion implantation steps, each requiring its own
lithographic mask (more details in [37]). Once the photon
detectors are defined within the epitaxial Si layer of the
substrates, the fabrication proceeds with the realization of the
photonic level. As a first step, a 1.5 µm thick silicon dioxide
(SiO2) film is deposited on top of the wafers, which acts as
the bottom cladding which will isolate the Q-PIC from the Si
substrate. Next, at the positions of the SPADs and selected
PDs, the SiO2 cladding is 3D shaped in a shallow-wedge
form using a wet-chemical etching step. The wedge-shaped
cladding will allow the output waveguides of the Q-PIC (to
be defined in the next step) to ‘‘land’’ softly on top of the
bare detector devices, thus, realizing the photonic-electronic
coupling as in [38]. After the wedge definition, therefore, the
process proceeds with the deposition of the dielectric film
(low pressure chemical vapor deposition (LPCVD) SiN) and
the definition of the Q-PIC layer by means of lithography
and dry etching of the photonic circuitry. In the following
steps, the Q-PIC is covered again with a 1300 nm thick
SiO2 film (top cladding), followed by a spattering of a
Ti / titanium nitride (TiN) / Ti multilayer film of 190 nm
with a sheet resistance of 5 �/sq. The TiN film will serve as
the material for the PSs. Next, contact-holes for the Detector
devices are opened via a lithographic step (VIAS) and dry
etching through the TiN multilayer and the SiO2 top and
bottom claddings down to the epitaxial Si film. At this stage,
a 1200 nm Al film is spattered on top of the wafer and
patterned. Note, that due to the presence of the contact-holes,
the aluminum film directly contacts the electronic devices

FIGURE 4. Fabrication process flow of EPIQUS’ fully-integrated chips. The
top-down fabrication starts with four ion implantation levels (definition
of PDs and SPADs) and finishes with the definition of deep-trenches
which define chip boundaries, facets of the Q-PIC waveguides and
efficiency-boosting openings at the positions of MZIs.

in the Si substrate, while it accumulates on top of the Ti /
TiN / Ti multilayer elsewhere. The photoresist pattern is then
transferred via dry etching, defining thus also the contact
pads, wide metal lines, and phase-shifting elements. The
Al film is removed locally from the top of only the PSs
by means of locally-enhanced wet etching of the Al film
using the FBK technology. Once the metal level is defined,
a 500 nm thick protective SiO2 film is deposited on top of
the chips, followed by a lithographic step and removal of the
SiO2 film only on top of the contact pads by dry etching.
Finally, a last lithography defines areas through which the
whole stack of SiO2 films (∼3 µm) and a 150 µm of the
Si substrate are removed by a combination of different dry
etching techniques. The deep trenches allow for the formation
of good waveguide facets for photonic I/O, and also for the
realization of thermally insulating deep trenches around the
heaters that allow us to reach a pi-shift of the MZI with about
130mW of thermal power.

Based on these characteristics, the current prepared
environment is organized as depicted in Fig. 5, which shows
schematically the connection diagram of the experiment,
with relevant instrument pictures in the insets. Physically,
the hardware takes the software platform input from the
USB input of the Qontrol voltage driver, while the hardware
output is fed to the software via the USB interface of the
National Instruments (NI) acquisition board NI-USB-6002.
The realized system features a 96-channel voltage driver
(from Qontrol [39]) to control all 85 Degres of Freedom
(DoF) of the Reck structure. The PIC is mounted and
wire-bonded to a hosting PCB board that manages the I/O
of electrical signals through standard connectors. During an
experiment, the injected light travels through the PIC and the
phase in each waveguide segment is controlled by a dedicated
thermo-optic phase shifter. At the end of the interferometric
circuit, the light is directed from the waveguide toward the
substrate where the PD transforms the optical signal into a
current [37]. The detection system is instead realized with
custom TransImpedance Amplifiers (TIA) operating at −3V
bias that transforms the photocurrent into a voltage signal.
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FIGURE 5. Experiment devices of MZI-based LOQC and schematic
diagram. In the green box, light source, PIC, and another electronics for
assisting QC devices are described and their connections are depicted
with a black arrow. Devices that interface with a PC are physically
connected using the USB protocol.

Ultimately, the voltage signal is digitalized by an NI-USB-
6002 acquisition board, after that processing the data is finally
transferred to the PC by USB. This detection arrangement is
suited for the calibration of theMZI parameters with classical
light sources. The same PDs can also be alternatively operated
as single-photon detectors in geiger-mode once quantum
states of light are injected as described in [37].

III. IMPLEMENTATION
This section presents the implementation of LOQC software
platform with detailed I/O demonstration of necessary
modules, which are demonstrated in terms of their features
and optical hardware properties covered in Section II.
Without loss of generality for demonstrating the software
execution process and thoroughly checking an entire QC
process, we have chosen to illustrate the implementation of
a 1-depth circuit. The circuit describes applying the H gate
to the zeroth qubit q0 and the X gate to the first qubit q1 as
described in Algorithm 1.

Algorithm 1 An Example Code for Applying Hadamard to
the Zeroth Qubit and Pauli-X to the First Qubit
1: initialize libraries
2: n← 2
3: for i = 0, . . . , n− 1 do
4: initialize qri
5: initialize cri
6: end for
7: perform H to qr0
8: perform X to qr1
9: for i = 0, . . . , n− 1 do

10: Measure qri
11: Store qri to cri
12: end for

A. DECOMPOSER
LOQC decomposer, the starting module of the LOQC
software platform, simply converts the user-written high-
level code into a clear and concise low-level representation,

FIGURE 6. Decomposed result from user-written quantum circuit. Any
quantum algorithm can be written by user, then the algorithm is
converted by the decomposer. The algorithm is expressed as a simplified
array and OpenQASM 2.0 simultaneously. The simplified array of the
quantum circuit contains two elements, qubit number and quantum gates
in order, which shows the quantum circuit depicted on illustration.

as mentioned in Section I and Section II-A where the QC
process is described. No special conditions related to physical
properties need to be considered, and therefore the output
from this module is demonstrated in the same quantum circuit
representation as the user-written code. However, controlled-
NOT (CNOT) gate should be decomposed into H, controlled-
Z, and H sequences, since the direct physical realization of
CNOT is unavailable based on the post-selection method
in PIC and has been demonstrated with the sequence of
gates in photonic experiments [40], [41]. Meanwhile, for
higher QC performance on the quantum circuit level, the
decomposer can contain several quantum gate decomposition
method [42], [43].

In our implementation, we construct the LOQC decom-
poser providing ‘‘OpenQASM 2.0’’ and an ‘‘simplified
array’’ as a result data. The former one is a widely used format
for describing a quantum circuit in near-machine-readable
text, including quantum bits, classical bits, and the number
of quantum gates used [44]. In contrast, the latter one only
contains a qubit number and quantum gates expressed as

{qr0 : [U0
0 ,U0

1 ,U0
2 , · · · ], qr1 : [U1

0 ,U1
1 ,U1

2 , · · · ],

· · · , qrn−1 : [Un−10 ,Un−11 ,Un−12 , · · · ]} (2)

for n qubits where qrn is a n-th qubit and Unm is a m-th unitary
quantum gate assigned in n-th qubit. Compared with the
OpenQASM format, while the former format illustrates all
quantum gates applied to each qubit, the simplified array first
sorts by qubit number and then lists the gates applied to the
qubits in order. However, the array format has disadvantages
that are not user-friendly andmerely describe a simple listing.
Instead, the array is useful for sending information to the next
software module, LOQC mapper, since the two elements in
the array are only required. A more detailed mapping process
with the array is presented in Section III-B.
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FIGURE 7. Illustration of the mapping process. The main role of the
mapper reflects a quantum circuit level data generated by the
decomposer to a PIC scheme. Here, the circuit is mapped to the 7 × 7 Reck
structure, which describes that |q0⟩ is defined with three waveguides
w1, w2, w3 equal to |A⟩, |0⟩, |1⟩, where |A⟩ is for an auxiliary purpose.
Another waveguides w4, w5, and w6 defines |0⟩, |1⟩, and |A⟩ for the qubit
|q1⟩. The other waveguide is not used. According to the definition of
quantum states in Section II-B, H gate on q0 and Z-gate on q1 is mapped
to the location which is explicitly indicated in the blue contour.

FIGURE 8. Mapped result from decomposed data. When simplified array
generated by decomposition goes through the mapper, the data results in
the classified string regarding a MZI network. To describe the mapped
gates in a string data clearly, the mapped parts are expressed in black
with dashed contour and the others are colored in grey. Based on the
string data, the schematic diagram is also represented in illustration.

We demonstrate the result of the example circuit from the
decomposer with an illustration in Fig. 6. When the user
program is written as Algorithm 1, the decomposer swipes
all codes from the beginning to the end, thereby determining
the number of qubits used and the quantum gates assigned
to a logical qubit. For example, the decomposer finds the
circuit part in the user program that is Hadamard on q0 and
Pauli-X on q1. The module then generates the simplified
array, {‘‘0’’:[‘‘h’’], ‘‘1’’:[‘‘x’’]}, in accordance with (2) and
the OpenQASM 2.0 format, as illustrated in Fig. 6.

B. MAPPER
LOQC mapper performs the assignment of logical qubits
and quantum gates from a decomposer result to a real
environment of physical hardware. The operation mechanism
of LOQC hardware, as mentioned in Section II-B, is that
quantum states of a qubit are interpreted as two waveguides
according to the dual-rail encoding, and quantum gates
are realized by MZIs which are packed with a pair of
waveguides. Considering these properties, as schematically
illustrated in Fig. 7, the primary function of the mapper is to
transform the decomposer data into a generic quantum circuit
representation, which is then mapped to a photonic circuit.

Thus, the mapper identifies a potential location for a MZI to
implement a quantum gate, referencing the structure of aMZI
mesh, the Reck and Clements scheme [5], [29] in Fig. 3 as a
representative.

We demonstrate the implementation of the LOQC mapper
as follows. Concerning MZI schemes described in Fig. 3
and the mapping process in Fig 7, a mapped data set is
classified into sectors to represent an overall figure of a
PIC. The simplified array resulting from the decomposer is
re-categorized in JSON format, which is divided into ‘‘steps’’
and ‘‘MZIs’’. The steps are divided in the column of the
PIC, and the numberedMZIs indicate the vertical direction of
MZIs sequentially counted from top to bottom. Subsequently,
four elements of a single array in each MZI include phase
values {φ1, φ2, θ1, θ2} of a quantum gate to be applied
regarding the UMZI in (1). Finally, the final two elements of
the array are designated for waveguide information, which
allows to distinguish which waveguide the MZI is associated
with. By putting these conditions all together, the format is
generalized and expressed as

{ step01 : {MZI01 : [[θ1,01, θ2,01, φ1,01, φ2,01],
‘‘w′′1, ‘‘w

′′

2]}
step02 : {MZI02 : [[θ1,02, θ2,02, φ1,02, φ2,02],

‘‘w′′2, ‘‘w
′′

3]}
...

stepj−1 : {MZIi−1 : [[θ1,i−1, θ2,i−1, φ1,i−1, φ2,i−1],
‘‘w′′2, ‘‘w

′′

3]}
stepj : {MZIi, : [[θ1,i, θ2,i, φ1,i, φ2,i],

‘‘w′′m−1, ‘‘w
′′
m]}}

, (3)

where the number of j steps, the number of iMZIs, and m-th
waveguide which has the range [1, 2, . . . ,m, . . . , n] for n×n
scheme.

For the circuit example, Hadamard on q0 and Pauli-X on
q1, the mapped result can be described as Fig. 8. When
the mapper loads the simplified array for the circuit, the
module identifies the optimal location for a quantum gate.
The selected structure of the PIC is 7×7 Reck scheme, which
allows for the placement of quantum gates within MZIs,
which are comprised of two pairs of waveguides, (w2,w3)
and (w4,w5). The MZI that is closest to the starting point is
designated as ‘‘MZI02’’ for the Hadamard gate and ‘‘MZI06’’
for the Pauli-X. To summarize, the data for this circuit is
written in

{ step01 : {MZI01 : [[π, 0, π, 0], ‘‘w′′1, ‘‘w
′′

2]}
step02 : {MZI02 : [[π/2, 0, 0, 0], ‘‘w′′2, ‘‘w

′′

3]}
...

step04 : {MZI05 : [[π, 0, π, 0], ‘‘w′′1, ‘‘w
′′

2]
MZI06 : [[0, 0, 0, 0], ‘‘w′′3, ‘‘w

′′

4]}
...

step11 : {MZI21 : [[π, 0, π, 0], ‘‘w1′′, ‘‘w2′′]} }

. (4)

Note that phase values for I, H, and X are calculated by (1).
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FIGURE 9. Converted hardware-compatible data by the controller. Since
the data generated by the mapper is based on the MZI location in a PIC,
the controller converts it to match the input interface of the auxiliary
hardware that connects to the actual processor. Each MZI has connection
addresses associated with 4 devices with 40 communication channels.
In this example, the address of H or X gate mapped location of MZI is
depicted.

C. CONTROLLER
LOQC controller performs more tasks than other software
modules, which are closely correlated with hardware.
In implementation, two functions are assigned to the module:
(i) the generation of the final software output, and (ii) the
transmission of the software output and the receipt of the
result from the hardware platform. The following sections
provide more detailed explanations of the roles.

1) CONVERTING MAPPING DATA SUITABLE FOR QUANTUM
DEVICES
LOQC controller translates the mapping sequence generated
by the mapper into a vector including control values.
As previously discussed in Section II-B, the PIC is embedded
with a customized daughterboard. The address for sending a
physical signal to PIC is divided into four sectors, with up
to 40 channels per sector. This allows the assisting device to
receive values from a total of 160 channels per trial.

Accordingly, the LOQC controller processes mapped data
in accordance with the electronic devices that support the
PIC. The mapper data, which represents the MZI mesh,
is translated into the 160 channels supported by the device
through the MZI connection address table. Furthermore,
since the equipment can receive the voltage value in integer,
which will act on the phase shifter of the PIC, it is not possible
to express all phase values represented in real number.
Consequently, the phase value in the mapper data must be
digitized. The value has a range of 0 to 29 − 1, which is
equivalent to a range of phase values by the regularization
phase × (29 − 1)/2π . Following the completion of the
translation process, the final data is determined in the form of
a single vector, which is then ready for the voltage injection
command by the assisting electronic device for the PIC.

The result of the LOQC controller for the example circuit is
described in Fig. 9 and implemented as follows. According to
the mapped array, the quantum gate is mapped in ‘‘MZI02’’
and ‘‘MZI05’’, while identity gates are applied to all other
parts with the phase (θ1, θ2, φ1, φ2) = (π, 0, π, 0). The
addresses of phase shifters that should be connected are ‘‘a0,
h13’’, ‘‘a0, h12’’, ‘‘a0, h18’’, and ‘‘a0, h17’’ for H gate
and ‘‘a1, h23’’, ‘‘a1, h22’’, ‘‘a1, h19’’, and ‘‘a1, h18’’ for
X gate, as displayed in the illustration part of Fig. 9. The
normalization of a phase allows the phase values of the two
gates to be converted into the following format: (a0 h18,
a0 h17, a0 h13, a0 h12) = (0, 127, 0, 0) for H gate, and
(a1 h19, a1 h18, a1 h23, a1 h22) = (0, 0, 0, 0) for X gate.
The phase values for the remaining unused MZIs are set
in (θ1, θ2, φ1, φ2) = (π, 0, π, 0) by the mapper, and then
converted to (255, 0, 255, 0) on compatible locations.

2) SENDING AND RECEIVING DATA
The controller then performs sending and receiving program-
ming data as an interface between the software platform and
the hardware platform. This is the closest process between
the two platforms, and it is therefore crucial to ensure that
two platforms and that the input and output data is flowing
back and forth correctly.

On the output side of software, the controller attempts to
verify the connection with Qontrol device which is physically
connected via a USB interface (described in Fig. 5). Once
the connection has been confirmed, the module instructs the
Qontrol to execute the vector array generated in the previous
process on the quantum device. Subsequently, the hardware
platform initiates a photonic experiment on the prepared
hardware platform. In contrast, in the case of the input side
of the software, the module waits while the experiment is
conducted by the software and checks the connection with
the measurement device. Once the connection is established,
the module attempts to collect measurement data from the
device. The data is received as a bit ‘‘0’’ or ‘‘1’’ for each
logical qubit, with the detector located at the end of the PIC
serving as the measurement device. Ultimately, the controller
presents the measurement data to the user, thereby indicating
the completion of the QC process on the MZI-based LOQC
platform.

Regarding the execution for the example circuit, the second
process of the LOQC controller for the circuit is not described
here because this part deals with the hardware platform
and is not relevant to the software implementation. Instead,
the entire process of the LOQC platform including data
transformation on the hardware platform is presented in the
following Section IV-A.

IV. VERIFICATION AND VALIDATION
In this section, in order to prove that the implemented LOQC
software in the previous section correctly works with real
hardware platform described in Section II-B, we address
the results of the framework in the context of software
verification and validation, which includes the demonstration
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FIGURE 10. Schematic diagram of applying a one single-qubit gate one-time experiment and results. We report all results from the implemented
LOQC platform with the main components as boxes and the data flow as arrows. The figure shows I/O result of each component for the case of
applying (a) Pauli-X to q0 and (b) Hadamard to q0. Followed by the command of software platform, both of the gates are implemented on the
second MZI shown in hardware platform. As progressing through each step, major changes are colored in red for (a) and blue for (b).

of software–hardware integration. The software verification
process can show whether the software correctly works for
all operations, and the software validation process can prove
whether the software satisfies intended use [30], [31], [32].

In our case, the verification of this framework proceeds
through displaying all outputs from each process, from user
input to measurement result, including hardware execution.
The validation process describes whether the results between
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FIGURE 11. (a) Software validation process on LOQC. For validating the implemented software, we investigate the results of LOQC
hardware applying Pauli-X gate on a same MZI reserved for testing by manipulating the photonic chip manually (red path) or using the
implemented software platform (green path). Except for the two experimental methods, the experiment is conducted while keeping the
hardware platform the same. (b) Captured photos of the light passing through the same MZI showing the results for User A and User B.

direct hardware manipulation and software application to
hardware are identical. Through this process, it is ensured that
the software has been implemented correctly, reflecting the
properties of both quantum computing and linear optics. Note
that the results obtained from software-related experiments
identically follow the QC process described in Section III.

A. VERIFICATION THROUGH APPLYING A SINGLE-QUBIT
GATE
We investigate all outputs of the overall process for two small-
scale experiments, from implemented software platform in
Section III to prepared hardware platform in Section II-B, and
report them together with the schematic diagram illustrated in
Fig. 10. In the first experiment, Pauli-X is applied on q0, and
in the second, Hadamard is applied to q0. Prior to executing
LOQC software, an algorithm for running a single qubit gate
can be written in Algorithm 1, replacing the codes from lines
7 and 8 with ‘‘perform X to qr0’’ if we apply Pauli-X. The
LOQC software then receives the codes and the implemented
modules, decomposer, mapper, and controller are executed in
sequence, as explained in Section III. The distinction between
the two experiments lie in the phase parameter value θ, ϕ,
which is (θ1, θ2, φ1, φ2) = (0, 0, 0, 0) for the X gate and
(θ1, θ2, φ1, φ2) = (π/2, 0, 0, 0) for the H gate. Next, since
one quantum gate is only used in both of experiments, the
mapper assigns the same location of a MZI, and after that
the address information of the mapper, the controller on the
software platform, and the electric power information on the
hardware platform are identical. In other words, all conditions
are identical, except for applying a quantum gate. In this
case, it is only necessary to verify whether the hardware and
measured results were observed as expected operations.

The results of the hardware platform, as depicted in Fig. 10,
reveal the expected operation behaviors. Initially, referring

to the prepared hardware system depicted in Fig. 5, the
Qontrol electronic device sets voltage values, which are then
directly injected into the target PSs in a MZI. After injecting
an electric signal into the photonic hardware, the path of
light penetrating the waveguides is shown, and the desired
path is identified for each applied quantum gate. When the
light source begins to propagate in the lower waveguide,
the path is detected as inverting to the upper waveguide for
Pauli-X and superposing to both waveguides for Hadamard.
This result indicates that the quantum hardware is operated
as intended, executing the instructions from the software
platform and passing through each module. Subsequently,
the measurement data from the experiments is collected in
the form of voltage values, analogous to the input data to the
PIC, which is performed on the photodiodes assembled in
each waveguide at the end of the experiment. Consequently,
by tracing and analyzing the measurement data, the result
provides the user with the bit data detected in each qubit.
In this experiment, the X-gate converges to 0 and the H-gate
converges to 0 and 1 at the same ratio.

B. VALIDATION COMPARING WITH DIRECT
MANIPULATION
In the validation process, it is necessary to investigate whether
the software is identical to a user-directed manipulation. Prior
to deployment of the software platform, the user-directed
manipulation of a MZI is conducted by adjusting phase
shifters manually. The current hardware platform permits
a computer code to process the voltage applied to phase
shifters via a daughterboard connected directly to the PIC
(for further details, see Section II-B and Fig. 11). The custom
code allows free modification of the voltage input to the PS
as the same way as the verification process that the Qontrol
sets the voltage values. The optical path can be altered
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instantaneously in accordance with the content of the written
code.

We compare the Pauli-X experiment by manual operation
and by software platform for the same MZI. In order
to implement the gate, the phase shifters are tuned to
(θ1, θ2, φ1, φ2) = (π, π, π, π), as this setting is visually rep-
resented as Pauli-X according to (1), analogous to the default
state which is represented by (θ1, θ2, φ1, φ2) = (0, 0, 0, 0).
For manual operation, custom code which contains the
Pauli-X gate implementation is applied to the hardware
platform. The process using the software platform sets up the
Pauli-X gate at the quantum circuit level, and goes through
all software modules described in Section III. As illustrated
in Fig 11, the experimental results were almost similar to
what was expected for the same operation. Although some
unintended light is observed at the output port of the lower
waveguide in the direct manipulation experiment, the two
results are almost identical. Therefore, the implemented
software can be considered to operate correctly compared to
direct manipulation.

V. CONCLUSION
We have presented the implementation of the software
platform followed by the suggested software design for
LOQC [17] and reported the results of applying them.
The software components, decomposer, mapper, and con-
troller, are demonstrated in compatible data form, which
reflects the photonic properties explained in Section II-B.
To ensure that the implemented software operates as a
quantum computer perfectly, experiments were conducted
with a prepared hardware platform and analyzed from the
perspective of software verification and validation. Although
the PIC can only support a small number of qubits and
a limited number of gates and has the potential to exhibit
incomplete behaviors, the software functions correctly by
proceeding with verification in Section IV-A and validation
in Section IV-B.
This paper presents three future work items for improving

the software platform. Firstly, the platform applied in this
work has been tested on the small-scale supported PIC, and
it should be conducted on the larger-scale supported PIC.
Also, the software platform could be considered to support
testing special quantum algorithms such as the Quantum
Approximate Optimization Algorithm or Variational Quan-
tum Algorithms for solving quantum problems [45], [46],
[47]. Secondly, to operate effective QC and to evaluate the
performance of a photonic device as opposed to the method
of software verification and validation, it is necessary to
apply QC theory-based verification methods. For small-scale
photonic devices, quantum state tomography or quantum
process tomography can be included in the software and
controlled by the software platform [48], [49], [50], [51].
This technique can provide the implication of the ability
to analyze the performance of a PIC, by comparing a
quantum fidelity between ideal and experimental cases.
Thirdly, given that the software platform is composed of three

modules (decomposer, mapper, and controller) with a simple
algorithm, it is necessary to improve the module to apply
generalized and sophisticated algorithms to support complex
quantum circuits.
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