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SUMMARY

Ion trap quantum hardware promises to provide a computational advantage over classi-
cal computing for specific problem spaces while also providing an alternative hardware im-
plementation path to cryogenic quantum systems as typified by IBM’s quantum hardware.
However, programming ion trap systems currently requires both strategies to mitigate high
levels of noise and also tools to ease the challenge of programming these systems with
pulse- or gate-level operations.

This thesis focuses on improving the state-of-the-art for quantum programming of ion
trap testbeds through the use of a quantum language specification, QCOR, and by demon-
strating multi-level optimizations at the language, intermediate representation, and hard-
ware backend levels. A new QCOR/XACC backend is implemented to target a general ion
trap testbed and then demonstrate the usage of multi-level optimizations to improve circuit
fidelity and to reduce gate count. These techniques include the usage of a backend-specific
numerical optimizer and physical gate optimizations to minimize the number of native
instructions sent to the hardware. The new compiler backend is evaluated using several
QCOR benchmark programs, finding that on present testbed hardware, the new compiler
backend maintains the number of two-qubit native operations but decreases the number of
single-qubit native operations by 1.54 times compared to the previous compiler regime.
For projected testbed hardware upgrades, the new compiler sees a reduction in two-qubit

native operations by 2.40 times and one-qubit native operations by 6.13 times.



CHAPTER 1
INTRODUCTION

Quantum computing promises new computational capabilities over classical computing
with quantum algorithms having a theoretical exponential speedup over some classical al-
gorithms [2]. However, given the high error rates of present qubits (quantum bits), compu-
tational capability today reaches only as far as is achievable on NISQ (Noisy Intermediate
Scale Quantum) devices, near-term quantum computers with 50-100 qubits which provide
highly noisy output [3]. Limited coherence time and high gate error rates require compilers
for NISQ systems to minimize the number of quantum gates (instructions) and to embrace
error mitigation techniques to increase the likelihood of useful results [4].

This thesis details the implementation of an XACC [5] compiler backend targeting
an experimental quantum testbed hosted by the GTRI (Georgia Tech Research Institute)
Quantum Systems Division [6]. This new compiler backend provides a hardware-agnostic
programmer-driven flow for programming the testbed using quantum circuits written inline
in C++ via QCOR [7]. This new QCOR-based implementation provides a contrast with
the existing testbed tooling, which is based on proprietary software more oriented towards
hardware experts. Moreover, by integrating with QCOR, programmers gain access to ex-
isting QCOR tooling, such as quantum assembly parsers, circuit optimizers, a variational
workflow, and a standard library of quantum subroutines.

This thesis provides the following contributions:

* Demonstration of a new ion trap backend for XACC that interacts with the low-level

capture system used to program and interact with a target ion trap testbed.

* Implementation of optimizations for a quantum program at the hardware-agnostic

level by QCOR and at the hardware-specific level in particular backends.



» Exploration of the usage of these optimizations to improve circuit fidelity and reduce

native gate count.

* Investigation of native gate count reduction achievable with future hardware up-

grades.

For evaluation, a set of QCOR example programs are run against the backend, with the
existing control code configured to respond with simulation results. Gate count is compared

with the existing compiler for the testbed.

1.1 Motivation for a New Ion Trap Backend

The current approach to interacting with the GTRI testbed requires using IGOR Pro (a
programming environment focused on data visualization) and detailed knowledge of the
testbed mechanics — generally, it is hardware expert—driven. An email-based submis-
sion scheme shown in Figure 1.1 improved this situation by allowing for submission and
parsing of quantum assembly input files, but quantum assembly—level programming is nei-
ther particularly strong as a programming environment nor suitable for near-term heteroge-
neous quantum—classical computing. Connecting QCOR to the testbed introduces a more
programmer-driven flow, making the GTRI testbed more accessible to a wider audience of
quantum and classical programmers who may be unaware of hardware details. To further
ensure its usefulness, the new compiler optimizes programmer circuits into as few noisy

native operations as possible.

srowweI3olrd

Hardware
Expert
Figure 1.1: Flow for programming the GTRI quantum testbed. The dashed path starting

from the bottom left represents the contribution made in this thesis



CHAPTER 2
BACKGROUND

2.1 Ion Trap Quantum Computers

Quantum computers based on an ion trap realize qubits by manipulating the internal spin-
like degrees of “trapped” atomic ions with electromagnetic radiation [2]. Native operations
can be broadly categorized as either single- or multi-qubit operations which may comprise
different universal gate sets. For example, single qubit operations include R,(6), a rotation
of # around an axis ¢ in the equatorial plane of the Bloch sphere, shown in Equation 2.2
through Equation 2.3 [8]. The multi-qubit entangling operation considered in this thesis is

the Mglmer-Sgrenson (MS) interaction [9, 10], which defines the MS gate in Equation 2.5

through Equation 2.6.
04 = (cos ¢)o, + (sinp)o, (2.1)
Ry(0) = exp(—ios0/2) (2.2)
cosf/2 —ie ¥ sinf/2
/ / 2.3)
—ie' sin /2 cos /2
Be, e (D ELH(=1)"0R) gip o (2.4)
MS(a) = exp(—ia(oy, @ 0py)) (2.5)
cosae 0 0 B
0 cosa 0
Bio 2.6)
0 Bon cosa 0
Boo 0 0 cosa

When the MS phase angles for the left and right qubits, ¢, and ¢ respectively, are
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Figure 2.1: Implementation of CNOT on the testbed using single-qubit gates and the native
X X (m/4) entangling gate. The circuit shown is equal to a CNOT up to an unimportant
global phase e~™/4

zero, then oy, = 04, = 0,, yielding the X X-Ising gate shown in Equation 2.7. For
simplicity, this thesis uses this convention. The X X gate can be used to realize a CNOT
operation when combined with single qubit gates such as those shown in Figure 2.1 [11,

8].

CoSs (v 0 0 —sin a
0 cosa  —iSino 0
XX(a)= 2.7)
0 —isinor  COoS 0
—isin 0 0 Ccos o

Together, arbitrary single-qubit gates provided by R,(f) [8] and the X X entangling
gate support universal quantum computation [12, 13]. Additionally, ion trap systems can
support all-to-all qubit connectivity and parallel gate execution using tightly-focused indi-

vidual gate beams [14] or ion transport with stationary beams [15, 16].

2.2 GTRI Quantum Testbed

Researchers at GTRI have built a quantum testbed based on an ion trap [6, 17]. The physical
apparatus consists of a stationary set of lasers which operate on ions (qubits) in the chain.
The chain itself is transported to allow the lasers to target different qubits [6]. Originally,
the gate laser beams always targeted two ions simultaneously, but due to recent equipment

upgrades allowing gate beams to target individual qubits, this thesis assumed single-qubit



Table 2.1: Sequence of Native Operations Produced by the Existing Compiler for the Bell
State Circuit H 0; CNOT 0,1

Operation Target lon ¢

Ry(m/2) 0 —m/2
Ry(m/2) 0 —m/2
R¢(7T/2) 0 —T
Ry(m/2) 0 -7
XX(r/4) 0,1 N/A
Ro(m/2) 0 /2
Ro(m/2) 1 0

addressing. The testbed does not have a tightly-focused laser beam for each ion, so both
nearest-neighbor connectivity for two-qubit gates and serialized (i.e., no parallel) single-
qubit gates are assumed in this thesis.

When configured as a general-purpose quantum computer, the testbed has the X X (7/4)
gate and, for ease of calibration, the subset of R;(6) gates with §# = 7/2 as its native op-
erations. The control software for the testbed includes a rudimentary compiler that con-
verts a dialect of quantum assembly to a sequence of native operations (X X (7/4) and
R,(m/2)) according to which the control software programs FPGAs as needed to run the
circuit on hardware. An example of the sequence for a Bell state circuit is shown in Ta-
ble 2.1. The existing compiler decomposes CNOTs as shown in Figure 2.1, and it applies

arbitrary single-qubit unitaries using an average of 3.25 primitive R, (7/2) rotations [6].

2.3 QCOR and XACC

Oak Ridge National Laboratory has developed the QCOR compiler specification [7] and a
reference implementation [18]. Both aim to accelerate the development of new applications
on NISQ hardware by providing a unified, automated software stack for writing quantum
algorithms and mapping them to hybrid classical-quantum systems, such as a CPU-based

server paired with a quantum accelerator [19]. In particular, the QCOR implementation



integrates with Clang to allow writing quantum kernels inline in C++ similarly to CUDA
kernels, as shown in Figure 2.2.

Behind the scenes, the QCOR implementation uses the XACC framework to parse
quantum assembly into quantum IR (Intermediate Representation, implemented as an n-
ary tree of quantum gates), transform the IR (e.g., for optimizations), and communicate
with accelerators [5]. With its plugin-based architecture, adding an XACC plugin for a
new accelerator exposes this new backend on the QCOR level; backends already exist for
web APIs for vendors such as IBM, IonQ, and Rigetti, as well as for calls to local simulator

libraries.



__gpu__ void bernstein_vazirani (greg g,

std::string &secret_bits) {

int n = secret_bits.size();

// prepare ancilla in |1>

X(gln]);

// input superpositions

H(q);

// oracle

for (int 1 = 0; 1 < n; i++) {
if (secret_bits[i] == "1")

CX(qlil, glnl);
}
H(q);

Measure (g.head (n)) ;

int main(int argc, char xxargv) {
std::string secret_bits(argv[1l]);
auto g = galloc(secret_bits.size()+1);
bernstein_vazirani (g, secret_bits);
g.print () ;

}

Figure 2.2: Example C++ program using QCOR to generate and execute a Bernstein—
Vazirani circuit for a user-provided secret bitstring



CHAPTER 3
BACKEND IMPLEMENTATION

3.1 Overview

This thesis proposes a new backend which consists of an XACC plugin with a new Accel-
erator for the GTRI testbed. The backend can emit either quantum assembly or a sequence
of primitive gates. Small modifications were added to the control software to read inputs
from a file in a directory and write simulation outputs to the directory. Future work should
evaluate a more robust queueing system than polling a directory on disk. The new backend
code has been released as open source online!.

The remainder of this chapter describes how the new backend prepares a quantum cir-
cuit for execution, focusing particularly on decomposing a circuit into primitive testbed
operations. The decomposition consists of two passes: the first for two-qubit gates and the
second for single-qubit gates, both detailed below. Each pass is an XACC IRTransforma-
tion which operates on XACC IR, replacing logical gates with either more logical gates or
native operations. After the two passes, the new backend converts the resulting XACC IR
to a sequence (or table) of primitive operations and passes it to the control software. The
initial implementation used for each compiler pass has time complexity O(n?), where n
is the number of program gates; linear-time implementations would be straightforward but
they are reserved for future work, as they would make a negligible difference in runtime

for the small benchmarks used for evaluation.
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Figure 3.1: An example of how the two-qubit pass would decompose a controlled-Z gate

=

RY (—7/2)

[ 7]

XX (r/4)

L]
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— RY (—7/2) — RY (7/2) — RZ(7/2) —
XX(m/4)
H — RX(7/2) H
Y
R_zyal/2) R (r/2) | Roralm/2)
XX(m/4)
— Br/2(7/2) = Ro(7/2) Ro(7/2) — Br(7/2) [ Borpa(/2)

Figure 3.2: An example of how the single-qubit pass would decompose the single-qubit

gates in the circuit shown in Figure 3.1

3.2 Two-Qubit Gate Compiler Pass

The first decomposition pass decomposes two-qubit gates into a combination of the native
two-qubit operation X X (7/4) and logical single-qubit gates. When the first pass encoun-
ters a two-qubit gate in the XACC IR gateset other than a CNOT, such as a CZ or SWAP,
the first pass decomposes it into CNOTs and single-qubit gates. Then, when the pass en-
counters a CNOT, including one it introduced, the pass decomposes the CNOT as shown

in Figure 2.1, leaving X X (7/4) native operations as the only two-qubit gates in the IR.

Figure 3.1 shows an example of how the first decomposition pass transforms the IR.

3.3 Single-Qubit Gate Compiler Pass

The second decomposition pass finds sequences of adjacent single-qubit gates operating on
the same qubit, calculates the product GG of them, and uses a numerical optimizer to find the

rotation angles for R4(7/2) native operations to approximate G up to a user-configurable

'https://github.com/ausbin/xacc/tree/ion-trap-backend
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tolerance (default 10~*). This is similar to the existing compiler [6], but the new compiler
has some additional optimizations. Figure 3.2 shows an example of how the single-qubit
pass transforms the IR.

The new compiler uses an L-BFGS optimizer to minimize an objective function that
measures the “distance” between a sequence of rotations and the 2x2 goal unitary, start-
ing with one rotation and adding rotations until the final objective function value is satis-
factorily small. This approach, particularly the objective function definition, draws from
how [20] decomposes 4 x4 unitaries into native two-qubit gates.

With a 2x2 goal unitary GG and rotations g; = (¢1, ¢a, . .., Pn), the optimization func-
tion to minimize is shown in Equation 3.3. Like the existing compiler [6], empirical results
gathered have always shown n < 4; future work should prove that some gates require four
Ry(m/2) rotations, since a Z-Y decomposition for example requires a maximum of only
three rotations [2]. The absolute value in Equation 3.2 is squared to simplify finding the
gradient V 7 f from Equation 3.3 using the product rule. The gradient for n € {1,2,3,4}

was pre-computed using Mathematica and converted into parameterized C++ code.

—

Aex(9) = Ry, (7/2) - -+ Ry, (m/2) Ry, (7/2) 3.1)
f(8) =4 — | Tx(GTA9) (3.2)
— 4 — Tr(GTA(9)) Tr(GTA(4))* (3.3)

—,

Choosing Aex(gg) as the actual decomposition A(¢) allows the aforementioned strategy
to produce an approximately “exact” decomposition. Further optimizations were found

by changing A(¢) or skipping decomposition entirely depending on the situation. The

following sections describe situation-specific optimizations:

10



— H - —R,(x/2) H x —
XX (n/4) - XX (n/4)

—| By(7/2) [ — Repo(r/2)H

= XX(m/4) = XX(m/4)

Figure 3.3: An example of how X -rotations can be commuted around X X gates

3.3.1 Decomposition up to an X Rotation

It is easy to show that RX (f) commutes with X X, but RY (f) and RZ(6) only commute
with X X if # = 0 mod 27 [8]. (In this thesis, it is assumed that RX, RY, and RZ are
defined according to Nielsen and Chuang [2].) Thus, if an X X gate follows the sequence
of single-qubit gates, G is decomposed up to RX (6) for some 6, and then the RX (0) is
commuted to the other side of the X X gate, to be decomposed later. Figure 3.3 shows
an example of this, with the X gate shown in the last step left for later decomposition.

This is achieved with the optimizer by choosing A, (¢) as A(¢) per the definition shown in

Equation 3.4. Note this requires a separate pre-computed gradient to pass to the optimizer.

-,

A4(3) = RX(¢n)Roy_,(7/2) - Ry (7/2) Ry, (m/2) (3.4)

In some rare cases (0.05% of cases tested), the optimizer fails to find a decomposition up

-

to an RX (0) such that f(¢) is less than the configured threshold, possibly due to floating
point rounding errors. In such cases, the new compiler falls back to the exact decomposition

-,

Aex(¢) shown in Equation 3.1 to avoid harming fidelity.

3.3.2 Decomposition up to a Z Rotation

Relative phase shifts, i.e. Z rotations, do not affect measurements when measuring in the

standard computational basis of Z-eigenstates. So if a measurement follows the sequence

11
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0y/1) 0y/1)

= &A= R A

Figure 3.4: An example of how Z-rotations can be elided before measurement

of single-qubit gates, GG is decomposed up to RZ () for some 6 and then discard the RZ(0)
gate entirely. Figure 3.4 shows an example of how this can reduce native operation count.

—,

Similar to the previous optimization, the numerical optimizer finds 6 for us after A(¢) is

set to A,(¢) per the definition below in Equation 3.5. Note this again requires a separate

pre-computed gradient to pass to the optimizer.

-,

A(d) = RZ(dn) Ry, ,(7/2) -+ Ry, (7/2) Ry, (m/2) (3.5)

The existing compiler has the ability to perform this optimization, which is enabled in

evaluation comparing it with the new compiler.

3.3.3 Decomposition starting with a Z Rotation

Immediately after state preparation, a qubit is in state |0), and RZ(#)|0) = |0) up to a
global phase regardless of angle #. Consequently, an initial Z rotation is ignored when

decomposing the first single-qubit gate sequence for any qubit not preceded by a two-qubit

0y v H - —zHxH -
XX (m/4) = XX(m/4)

= XX (r/4) = | XX(n/4)

Figure 3.5: An example of how Z-rotations can be elided after state preparation

12



gate acting on that qubit. This optimization can be combined with the previous two opti-
mizations as well as generation of an exact decomposition. Figure 3.5 shows an example
of removing a initial Z-rotation and still commuting X -rotations around X X gates. To
find these decompositions, the new compiler asks the numerical optimizer for from-Z-to-

exact, from-Z-up-to-X, and from-Z-up-to-Z decompositions using the following respective

-

definitions for A(¢):
Aser(®) = Ro, (m/2) - Ry, (w/2)RZ(61) (3.6)
A-(0) = RX(60) Ry, (m/2) -+ Ry, (m/2)RZ (1) (3.7)
A:2(0) = RZ(6)Ro,,(1/2) -+ Ry (n/2) RZ () (38)

Similar to the previous optimization, the RZ(¢,) gate of the decomposition is discarded.
Note that Equation 3.6 through Equation 3.8 each require a new, separate pre-computed
gradient for f(¢).

The existing compiler supports the from-Z-to-exact case [6], producing a decomposi-
tion equivalent to Equation 3.6. This optimization together with the previous exact-up-to-Z

optimization is enabled in the evaluation comparing the new compiler with the existing

compiler; henceforth, this combination is called “RZ optimizations.”

3.3.4 Ignoring Identity

—, -

If setting A(¢) equal to the identity matrix / and invoking f(¢) reveals that G is closer
than the configured tolerance to /, the new compiler skips generating any rotations at all.

Figure 3.6 shows an example of how the IR would change in this situation.

—AXHX— = —

Figure 3.6: An example of removing gates whose product is equivalent to the identity gate

13



— — A —] — A
XX (7/4) = XX(m/4)
p— H JE—

Figure 3.7: An example of removing gates whose qubits are not measured

3.3.5 Discarding Trailing Gates

If the sequence of gates immediately precedes the end of the circuit, without an explicit
measurement by the programmer, the new compiler discards all the gates entirely, as they
will not affect measurement outcomes. Figure 3.7 shows an example of how the IR would

be transformed in this case.

3.4 Future Hardware Upgrades

In anticipation of future hardware upgrades, namely a tightly-focused beam for each in-
dividual ion, rudimentary support for all-to-all qubit connectivity and parallel single-qubit
operations are implemented in the new compiler, either of which can be enabled by config-
uration flags.

QCOR itself handles qubit placement, so full connectivity is supported by simply hav-
ing the new backend pass a fully connected coupling map to QCOR instead of a coupling
map indicating a linear chain. Full connectivity reduces the number of SWAP gates needed
to execute a logical circuit on a linear chain of qubits, in turn reducing the number of
CNOTs inserted by QCOR to perform SWAPs, and ultimately reducing the number of

Table 3.1: Native Operations Produced for the Bell State Circuit H 0; CNOT 0,1 for
Serial Single-Qubit Gates

Operation Target Ion )

XX(n/4) 0,1
Ro(m/2) 0 w/2
Ro(/2) 10

14



Table 3.2: Native Operations Produced for the Bell State Circuit H 0; CNOT 0,1 for
Parallel Single-Qubit Gates

Operation Targetlon1  ¢; Targetlon2 ¢o
XX(m/4) 0,1
Ro(m/2) 0 =w/2 1 0

XX(m/4) and Ry(m/2) gates which together effect the swapping CNOTs.

Rudimentary support for parallel single-qubit is implemented using a naive algorithm
that greedily constructs a table from the XACC IR produced by the decomposition passes,
with multiple R,(7/2) per row, and with each X X (7/4) having its own row. Parallel
single-qubit operations would not reduce the number of X X (7/4) gates, but such a hard-
ware upgrade could allow multiple R4(7/2) gates to occur across different qubits at once.
Table 3.1 and Table 3.2 show examples of serial and parallel native operations, respec-
tively, for the same input program. Clearly, one cannot compare runtime between serial
and parallel configurations by counting the total number of gates; for example, Table 3.1
and Table 3.2 have the same number of R,(7/2) operations, but Table 3.2 offers a shorter
runtime. Thus, this thesis estimates the length of the critical path by counting the number
of rows in the table of native operations sent to the control software, henceforth calling
each row a “cycle” whenever it is necessary to distinguish from native gate counts.

Parallel two-qubit operations stand to reduce the number of cycles spent on X X (7/4)
gates [14]. However, given parallel two-qubit gates cannot be implemented on the three-
qubit benchmarks used for evaluation or the testbed in its original three-qubit configuration

[6, 17], investigating parallel two-qubit gates on the testbed is left as future work.
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CHAPTER 4
EVALUATION

4.1 System Configuration

The targeted physical ion trap testbed and its control scheme have been modified for
domain-specific computations based on global operations [21], so the benchmark circuits
cannot be executed on the physical testbed itself. However, correctness of generated code
can be verified by executing the native operations generated in the simulator already in-
cluded in the control software, originally used to aid in calibration. Rather than performing
noisy simulations, the evaluation in this chapter instead estimates the performance of com-
pilation by simply counting the number of primitive operations; Section 4.5 argues why

this is reasonable.

4.2 Optimizations Tested

The new compiler has the capability to perform the following three types of optimizations

which were used when compiling benchmarks:

1. High level optimizations already included in QCOR [18], which includes approaches

for simplifying large circuits [22]

2. Single-qubit optimizations explained in Section 3.3

3. Optimizations for future hardware mentioned in Section 3.4

Given #1 is designed for larger, more complex circuits on a higher number of qubits, it was
observed that #1 made no difference in final native gate counts for the benchmarks used.
Consequently, the remainder of this chapter focuses on the impact of #2 and #3. However,

one should note that less trivial quantum algorithms run on the testbed in the future could
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benefit significantly from the high-level QCOR optimizations, with Nguyen et al. seeing

an average 23.2% reduction in gates on benchmarks ranging from 5 to 96 qubits [18, 23].

4.3 Benchmarks Chosen

To evaluate the new backend, the following set of benchmark QCOR programs were com-

piled for three qubits:

GHZ (Greenberger-Horne-Zeilinger), which generates the state \/LE |000) + % |111)

Bernstein-Vazirani with secret string s = 11, similar to Figure 2.2

* Grover with one iteration and marked states [101) and |110) [24]

Quantum Fourier Transform using the gft () routine included in QCOR

VQE (Variational Quantum Eigensolver) on the three-qubit Hamiltonian from [25]

using the QCOR tooling for VQE

Each benchmark was run with the following three configurations of compiler and sim-

ulator:

1. Against an existing XACC backend which runs the instructions from XACC IR di-

rectly on the local Quantum++ simulator [26]

2. Against the new XACC backend configured to generate assembly, which the existing
compiler compiles to a sequence of primitive operations for the control software to

simulate

3. Against the new XACC backend configured to generate a sequence of primitive op-
erations on its own as described in Section 3.2 through Section 3.4, also simulated

by the control software
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To validate the results of the new backend, the probability distribution of measurements
calculated from the final state vectors is compared between compiler configurations #1,
#2, and #3 above. Next, to evaluate the optimizations for current hardware, the number of
native operations produced by the existing compiler in #2 is compared with the compiler
in #3. Finally, the optimizations for possible future hardware are evaluated by comparing
the native gate count produced by #2 with the native gate count produced by #3 with future

hardware optimizations enabled.

4.4 Validation Results

To validate the results of simulating the benchmarks, the probability distribution of mea-
surements from the final state vector produced by the Quantum++ simulator was compared
with the distribution of measurements for the control system simulation of the sequence of
primitive operations generated by both the existing compiler and new compiler. The VQE
benchmark represents a special case in that instead of simply running a quantum kernel,
the ansatz quantum kernel acts as part of the objective function for an optimizer on the
variational parameters. As a result, in addition to comparing the probability of different
measurements of the first VQE iteration (subsequent iterations diverged in parameters), it
was verified that the VQE benchmark converged to a result approximately equal to the
value found by Dumitrescu et al. [25].

The resulting states from the new compiler often did not match those produced by either
Quantum-++ or the control software simulation of the existing compiler results, even up to a
global phase, but this is intended behavior of the single-qubit pass described in Section 3.3.
First, the optimization in subsection 3.3.2 discards trailing Z-rotations, introducing relative
phase differences in the final state. Second, the discarding of trailing gates mentioned in
subsection 3.3.5 introduces some differences in final state compared to the others; for ex-
ample, with Bernstein-Vazirani, the new compiler produces final state \% |110) — \/Li 1111)

rather than |111) owing to an elided final Hadamard gate on the ancilla qubit, which the
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Figure 4.1: Comparison of R4(7/2) operation counts generated across the benchmarks by
the existing compiler and by different configurations of the new compiler (lower is better)

benchmark program does not explicitly Measure!. In all cases, the differences in final

quantum state do not affect the probability distribution of measurements.

4.5 Gate Count Comparison

As expected, the two-qubit pass described in Section 3.2 eliminates no X X (7w /4) gates,
leaving the new count of X X (7/4) gates identical to the previous compiler. However, the
one-qubit pass in Section 3.3 achieves an average 1.54x reduction in R, (7/2) operations,
even with the RZ optimizations enabled in the existing compiler. Figure 4.1 shows a com-
parison of primitive operation counts between the new compiler and the existing compiler
for all benchmarks used.

To examine which optimizations contributed most to the reduction in single-qubit op-

erations, the benchmarks were also compiled with only individual optimizations from Sec-

!On real hardware, one might choose to measure the ancilla to verify that it is |1) as an error detection
measure, but the BV benchmark is left as-is to ensure the evaluation tests how the new compiler handles gates
on unmeasured qubits.
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tion 3.3 enabled, and also none of them enabled. The R;(7/2) count reduction numbers are
plotted in Figure 4.2, with reduction calculated by dividing the R,;(7/2) gates the existing
compiler generates with RZ optimizations enabled by the number of R4(7/2) gates gener-
ated in some other configuration. These results show that individual optimizations struggle
to compete with the RZ optimizations in the existing compiler, with the exception of the
new RRX optimizations usually offering some individual reduction. On the GHZ bench-
mark, however, the RX freedom alone is not as effective, with all optimizations combined
performing better. Indeed, on average, each optimization provides a modest reduction in
gates, but the combination readily beats any individual optimization.

The error and duration estimates proposed by Maslov for R4(6) gates on ion trap sys-
tems are defined in terms of ¢ [8], not ¢, so with @ fixed to 7/2, the number of R, (7/2)
gates reasonably correlates with error and duration. Consequently, it is expected that
the benchmarks used and other quantum circuits with similar complexity will experience
higher overall fidelity on the testbed using the new compiler. Furthermore, an n x reduction
in physical R,(7/2) gates could allow nx more sequences of adjacent logical single-qubit

gates with the same approximate total duration and total error as before. Thus, if combined
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with future optimizations for two-qubit gates, the new compiler could allow running longer,

more complicated programs on the testbed.

4.6 Impact of Hardware Upgrades

The new compiler does not reduce the number of X X (7/4) gates on present hardware,
but fully-connected qubits could reduce the X X (7/4) gate count by 2.40x on average,
as seen in Figure 4.3. The Bernstein-Vazirani benchmark showed the greatest reduction at
4.00x, going from 8 operations to 2 operations, owing to the removal of six CNOTs used
for two SWAPs. GHZ, on the other hand, showed no benefit, as it executes CNOTs only on
adjacent ions. In general, then, the benefit of full connectivity is proportional to the share
of of two-qubit gates between non-adjacent ions.

As shown in Figure 4.4, full connectivity can also decrease the number of R;(7/2)
operations since they are used to effect a CNOT using X X (7/4) (see Figure 2.1). With
a 5.13x reduction on average, a fully-connected upgrade could readily beat the average
1.52x reduction seen with the new compiler on current hardware. Still, some benchmarks
see no benefit, such as GHZ for the reasons previously mentioned.

Although it cannot reduce X X (7 /4) cycles, Figure 4.4 shows that hardware support for
parallel R,(7/2) operations on different qubits could reduce R,(7/2) cycles by an average
of 2.40x over the existing compiler and hardware regime, compared to 1.52x with the
new compiler on present hardware. While all benchmarks saw at least some parallelism,
future work could likely increase this reduction by investigating more complex strategies

for single-qubit unitary decomposition (Section 3.3) that take parallelism into account.
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CHAPTER §
ADAPTATION TO OTHER HARDWARE

While the new compiler outlined in this thesis was designed for a particular ion trap ma-
chine, the backend developed can be adapted for any hardware with a similar gateset. For
example, some IonQ hardware and the QSCOUT ion trap quantum testbed operated by
Sandia National Laboratories natively support R,;(6) and X X («) gates (Equation 2.2 and
Equation 2.7 in Section 2.1) [27, 11, 28]. On these machines, the angle 6 in R¢(6) 1S not
limited to 7/2 as in the GTRI testbed, so the numerical optimizer approach explained in
Section 3.3 is not necessary, as there is a closed form solution for decomposing arbitrary
single-qubit unitaries into two R;(6) gates [8]. However, the approach of removing un-
necessary RRZ gates and commuting RX gates described in the remainder of Section 3.3
would likely still reduce gate count.

Still, it is a common choice to restrict 6 in R, (6) to limit the set of calibrations. For ex-
ample, a recent ion trap quantum computer developed by Honeywell supports R4(6) with
0 constrained to 7 or m/2, much like the § = 7/2 restriction on the GTRI testbed [16].
The numerical optimization strategy described in Section 3.3 could be adapted by running
the up-to-Z optimizer on all seven combinations of zero through two R,(#) rotations with
each individual angle § € {7, /2}, all followed by a Z-rotation. The machine has the
entangling gate Z Z(«) = exp(—ia(Z ® Z)), analogous to the X X («) gate. ZZ(«) com-
mutes with RZ(6), so the approach for commuting RX (¢) around X X («) gates could be
adapted to commute RZ(0) gates around Z Z(«) gates instead. Despite these similarities, a
compiler for the Honeywell machine would need to understand the multiple transport oper-
ations supported; the new backend does not consider transport operations, since the testbed
control software infers them automatically.

The current domain-specific configuration of the GTRI testbed could also be supported,
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as well as other hardware with global operations in general, but this would require adding
new instructions to XACC IR targeting all qubits. Moreover, the IR transformations de-
scribed in Section 3.2 and Section 3.3 will not be useful on hardware with only global op-
erations, since one would not typically program them using a typical quantum circuit. How-
ever, backends for any hardware whose native operations support typical quantum circuits

benefit from the existing high-level circuit optimizations already present in QCOR [18].
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CHAPTER 6
RELATED WORK

Martinez et al. discuss techniques for compiling arbitrary multi-qubit gates to ion-trap
architectures supporting collective rotations of the whole qubit register about any axis
(C(0, ¢) gate), single qubit rotations around the Z axis (Z,() gate), and MS gates [29].
They show how any multi-qubit gate can be decomposed into a sequence of single-qubit
local unitaries and MS gates. The new compiler employs this decomposition concretely
in the XACC backend restricted to the single-qubit and two-qubit case. Maslov proposes
a generic architecture for optimizing compilers targeting ion-trap quantum computers [8].
QCOR does not match the architecture exactly, but instead provides a framework for de-
scribing and applying relevant optimizations. The implementation of the new compiler
does not support the peep-hole optimizations proposed in the paper.

QFAST innovates in circuit synthesis by presenting a novel representation of circuits
allowing them to use numerical optimization to replace expensive searches over circuit
structures [30]. They use a bottom-up approach which stems from a special encoding that
enables them to find better building blocks for circuit synthesis. QGo is a quantum circuit
optimization framework that aims to be scalable (optimizing circuits containing 60+ qubits
in a reasonable amount of time) [31]. It is able to achieve this performance by employ-
ing a partitioning scheme in which the circuit is broken down into smaller components,
independently optimized, and then composed together.

Lu et al. discuss a scalable scheme for implementing a global multi-qubit entangling
gate which can potentially lead to exponential speedups as compared to a circuit decompo-
sition involving single- and two-qubit entangling gates [32]. The GTRI testbed is currently
configured for specific multi-qubit global entangling operations [21], but they are not con-

sidered them in this thesis.
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Gokhale et al. have implemented a compiler that exploits pulse-level optimizations
without resorting to Quantum Optimal Control (QOC) approaches, thereby bypassing the
experimental barrier of measuring and maintaining the Hamiltonian of a quantum system
[26]. They are able to achieve about 1.6 error reductions and 2x speedups on near-time
quantum algorithms run using the OpenPulse interface on IBM’s quantum computers. The
new compiler does not currently employ these optimizations, which are left as future work.

Lobser et al. propose JaqalPaw, a pulse-level interface for programming an ion trap
quantum computer [33]. JagalPaw is an extension for Jagal, a quantum assembly language
created for the QSCOUT ion trap quantum testbed at Sandia National Laboratories [27].
The pulse-level interface provided by JaqalPaw is lower-level than the gate-level interface
assumed by this thesis, but to enable deeper optimizations, the backend described in this
thesis could be extended to lower the gates produced to a pulse schedule in JagalPaw or a
similar format.

Pino et al. demonstrate a quantum computer also based on an ion trap, but contrary
to the assumptions in this thesis about future GTRI testbed upgrades (i.e., per-ion beams),
their design transports ions through shared beams to perform gates [16]. Ion swapping
operations help provide full qubit connectivity, and multiple beams provide support for
parallel operations. The authors briefly mention a compiler that performs qubit mapping
such that it minimizes the number of native transport operations, which may include linear
ion movement, swapping ion order, and splitting or combining ion crystals, but they do
not go into detail on the compiler design. Since the assumptions in this thesis about fu-
ture hardware upgrades to the GTRI testbed are only guesses, future work should consider
minimizing the number of these transport operations in addition to native gate count, the
primary consideration in this thesis.

The TILT (Trapped-lon Linear Tape) architecture for ion trap hardware proposed by
Wu et al. consists of a stationary set of lasers targeting a subset of the ions in a single

ion chain [34]. Compared to the previously proposed QCCD (Quantum Charge-Coupled

26



Device) architecture [35], TILT offers simpler hardware and avoids expensive shuttling op-
erations. The authors detail LinQ, their compiler framework designed for TILT hardware,
which employs two heuristic-based algorithms: one for inserting SWAP gates, and another
for transport operations. The first algorithm facilitates two-qubit gates between qubits not
within the “execution zone” of the lasers, and the second attempts to avoid unnecessary tape
movement, which may introduce qubit noise. Their discussion of LinQ further emphasizes
the importance of future work on the new backend minimizing the number of transport
operations. Additionally, it is not mentioned if their compiler employs the optimizations
employed in Section 3.3. Future work should investigate how to apply these optimizations

to TILT systems.
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CHAPTER 7
CONCLUSION

This thesis details efforts to add a new ion trap backend to the XACC quantum toolchain
as well as a demonstration of multi-level optimization strategies to provide algorithmic
optimizations at the language, IR, and backend levels. As a demonstration of this strategy,
the implementation of the new backend allows heterogeneous quantum—C++ programs to
be compiled and optimized to use fewer physical operations, along with a basic simulation
functionality using the testbed’s existing development tools.

Future work in this space should look to extend this programming environment to sup-
port further optimizations as well as to test with the quantum hardware instead of the simu-
lated environment. It will be important to consider optimizations such as parallel two-qubit
gates, non-R,(7/2) operations, and multi-qubit optimizations to improve the fidelity of
generated quantum circuits. Future improved versions of the proposed compiler backend
could target more complex architectures such as TILT and QCCD [34, 35], as well as pro-

duce pulses encoded in a format such as JaqalPaw [33].
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