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Multi-qubit entangling interactions arise naturally in several quantum computing
platforms and promise advantages over traditional two-qubit gates. In particular, a
fixed multi-qubit Ising-type interaction together with single-qubit X-gates can be used
to synthesize global ZZ-gates (GZZ gates). In this work, we first show that the synthesis
of such quantum gates that are time-optimal is NP-hard. Second, we provide explicit
constructions of special time-optimal multi-qubit gates. They have constant gate times
and can be implemented with linearly many X-gate layers. Third, we develop a heuristic
algorithm with polynomial runtime for synthesizing fast multi-qubit gates. Fourth,
we derive lower and upper bounds on the optimal GZZ gate-time. Based on explicit
constructions of GZZ gates and numerical studies, we conjecture that any GZZ gate
can be executed in a time O(n) for n qubits. Our heuristic synthesis algorithm leads to
GZZ gate-times with a similar scaling, which is optimal in this sense. We expect that
our efficient synthesis of fast multi-qubit gates allows for faster and, hence, also more
error-robust execution of quantum algorithms.

1 Introduction

Any quantum computation requires to decompose its logical operations into the platform’s native
instruction set. The performance of the computation depends heavily on the available instructions
and their implementation in the quantum hardware. In particular for early quantum devices a
major challenge is posed by their short decoherence times, which limits the runtime of a quantum
computation significantly. Therefore, it is not only necessary to optimize the number of native
instructions but also their execution time.

Ising-type interactions give rise to an important and rich class of Hamiltonians ubiquitous in
several quantum computing platforms [1-5]. Previously, we have utilized these Ising-type interac-
tions in a new synthesis method [6]. In particular, we have considered the problem of synthesizing
time-optimal multi-qubit gates on a quantum computing platform that supports the following basic
operations:

(I) single-qubit rotations can be executed in parallel, and

(IT) it offers a fixed Ising-type interaction.

The corresponding synthesis of global ZZ-gates (GZZ gates) is given by the minimization of the
overall gate time, which can be written as a linear program (LP) [6]. This LP is exponentially large
in the number of qubits. It has been unclear whether such multi-qubit gates can be synthesized in
a computationally efficient way while keeping the gate time optimal.

In this work, we prove that this synthesis problem is NP-hard and provide a close-to-optimal
efficient heuristic solution. To establish this hardness result, we draw the connection between the
synthesis problem and graph theory. The cut polytope is defined as the convex hull of binary vectors
representing the possible cuts of a given graph [7]. We provide a polynomial time reduction of the
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membership problem of the cut polytope to the synthesis of time-optimal multi-qubit gates. Since
this membership problem is NP-complete [§], the synthesis of time-optimal multi-qubit gates is
NP-hard. This is akin to the NP-hardness of finding an optimal control pulse for multi-qubit gates
using the Mglmer-Sgrensen mechanism [4, 5].

We provide several ways to circumvent the hardness of time-optimal GZZ-gates. First, we
provide explicit constructions of time-optimal multi-qubit gates realizing nearest-neighbor coupling
under physically motivated assumptions. Such constructed nearest-neighbor multi-qubit gates
exhibit a constant gate time and can be implemented with only linearly many single-qubit gate
layers. We then use these ideas to define relaxations of the underlying linear program, leading to a
hierarchy of polynomial-time algorithms for the synthesis of fast multi-qubit gates. By increasing
the level in the hierarchy, this heuristic approach can be adapted to provide substantially better
approximations to the optimal solution at the cost of higher polynomial runtime. For a small
number of qubits, numerical experiments show that the so-obtained gate times are close to the
optimal solution and come with significant runtime savings.

Among others, we prove bounds on the minimal multi-qubit gate time, and conjecture that it
scales at most linear with the number of qubits. This claim is supported by a class of explicit
constructions of time-optimal multi-qubit gates achieving the linear upper bound. Moreover, we
provide numerical evidence that these explicit solutions in fact yield the longest gate time for a
small number of qubits.

We expect our results to be useful for the implementation of time-optimal multi-qubit gates in
noisy and intermediate scale quantum (NISQ) devices and beyond. The polynomial-time heuristic
algorithm makes it possible to efficiently synthesize fast multi-qubit gates for a growing number of
qubits. The here considered multi-qubit gates have been useful in a number of different applications,
some of which we investigated in previous work [6]. Furthermore, they are the main building blocks
for a class of Instantaneous Quantum Polynomial time (IQP) circuits which might be classically
hard to simulate [9]. More recently, it was shown that quantum memory circuits and boolean
functions can be implemented with a constant number of GZZ gates and additional ancilla qubits
[10]. Moreover, there is an ancilla-free construction of multi-qubit Clifford circuits using at most 26
GZZ gates [11]. As noted in Ref. [11], there is also a shorter implementation for n < 2'?, requiring
only 2(logy(n) + 1) GZZ gates. This implementation is based on a decomposition in Ref. [12] and
the log-depth implementation of a CX circuit in formula (4) of Ref. [13].

This paper is structured as follows: We first give a brief introduction to the synthesis of time-
optimal multi-qubit gates [6]. In Section 4 we proof that the time-optimal multi-qubit synthesis
problem is NP-hard. However, in Section 5 we explicitly construct a certain class of time-optimal
multi-qubit gates with constant gate time. The heuristic algorithm based on the ideas of the
previous section is introduced in Section 6. Section 7 provides gate time bounds for time-optimal
multi-qubit gates. Finally, Section 8 presents numerical evidence for the conjectured linear gate-
time scaling and numerical benchmarks for the heuristic algorithm.

2 Synthesizing multi-qubit gates with Ising-type interactions

In this section, we give a short introduction to the synthesis of time-optimal multi-qubit gates. For
more details we refer to the first two sections of Ref. [6].

On the abstract quantum computing platform with n qubits specified by the requirements (I)
and (II) above, interactions between the qubits are generated by an Ising-type Hamiltonian

n
HZZ IZ—ZJijO'iO'g, (1)

i<j

where o is the Pauli-Z operator acting on the i-th qubit. Note, that diagonal terms, where i = 7,
are excluded since they only change the Hamiltonian by an energy offset. By J we denote the
symmetric matrix with entries J;; in the upper triangular part and vanishing diagonal. We call J
the physical coupling matrix.

Conjugating the Hamiltonian Hzz with X gates on the qubits indicated by the binary vector
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b € Fy yields

n
b b bi bj i _j _b; b;
o,Hzz0, = — E JijogiogoLoloyioy
i<j
n
= = () )Polo]
- 9 0,0% (2)
i<j

n
= — Z Jiymimjoiol = H(m),
i<j
where we define the encoding m := (—1)® entry wise. The sign of the interaction between qubit 4
and j is given by m;m; € {—1,+1}. We call H(m) the encoded Hamiltonian.
Given time steps Ay, > 0 during which the encoding m is used, we consider unitaries of the
form

[Le ) = ¢ i AmHm) ;i 3)
m

where we used that the diagonal Hamiltonians H (m) mutually commute. For all possible encodings
m € {—1,+1}" we collect the time steps A, in a vector A € R?" and interpret ¢t = 3\, as
the total gate time of the unitary e~/ implemented by the sequence of unitaries (3). Moreover,
we use the symmetry

(=m)(=m)" = mm?" (4)

to reduce the degrees of freedom in A from 2" to 2"~! by adding up Am + A_m to a single time
step.
The so generated unitary is the time evolution operator under the total Hamiltonian

H=-Y% Agolol, (5)

1<j

where we have defined the total coupling matrix

A=Jo Z Ammm? | (6)

and used the linearity of the Hadamard (entry-wise) product o. By construction, A is a symmetric
matrix with vanishing diagonal. Let us define the (Z)—dimensional subspace of symmetric matrices
with vanishing diagonal by

Symy(R") :== {M € Sym(R") | M;; =0 Vi € [n]}. (7)

For A € Sym,(R™), we define an associated multi-qubit gate GZZ(A), where GZZ stands for “global
Z 7 interactions”,

n
GZZ(A):=exp iy Ajolol | . (8)
i<j
To determine which matrices can be decomposed as in Eq. (6), we denote the non-zero index
set of a symmetric matrix as nz(M) == {(4,j) | M;; # 0,4 < j}. Then, the subspace of matrices A €
Symgy(R™) that can be decomposed as in Eq. (6) is exactly given by the condition nz(A) C nz(J),
which we assume to hold from now on. Thus, all-to-all connectivity enables to decompose any
coupling matrix A € Symy(R™) but is not strictly required by our approach. We call the number
of encodings m needed for the decomposition the encoding cost of GZZ(A), and )", Am the total
GZZ time. Note, that both quantities depend on the chosen decomposition.
It is convenient to abstract the following analysis from the physical details given by J. For a
matrix A € Symy(R™) with nz(A) C nz(J), its possible decompositions are in one-to-one corre-
spondence with the decompositions of the matrix M = A @ J € Sym,(R™) where

Aij/Jij, i#jand Ji; #0,
0, otherwise.

(Ao J)ij = { 9)
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We further define the linear operator

V: ]RQ;(;1 — Sym,(R"™),

A Z Ammm?T (10)
m
represented in the standard basis by a matrix
Ve {—1,+13G)xe@h (11)

Let v : Symy(R") — R(:) be the (row-wise) vectorization of the upper triangular part of the
matrix input such that the columns of V are given by v(mm?). Our objective is to minimize the
total gate time and the amount of m’s needed to express the matrix M € Sym,(R™). To this end
we formulate the following linear program (LP):

minimize 17\
subject to VA = v(M), (12)
AeRY,

where 1 = (1,1,...,1) is the all-ones vector such that 17X = Y m Am. A feasible solution is an
assignment of the variables that fulfills all constraints of the optimization problem and an optimal
solution is a feasible solution which also minimizes/maximizes the objective function. Throughout
this paper, we indicate optimal solutions by an asterisk, e.g. A*. Note, that the LP (12) has a
feasible solution for any symmetric matrix M with vanishing diagonal [6, Theorem II.2]. The
theory of linear programming then guarantees the existence of an optimal solution with at most
() non-zero entries [6, Proposition II.3].

A standard tool in convex optimization is duality [14] which will be used in Section 7. The

dual LP to the LP (12) reads as follows:
maximize (M, y)
subject to VTy <1, (13)
Yy € R(g) ,

with the inner product (-, -) : Symy(R") x REG) - R, (M,y) — v(M)Ty. Here, inequalities
between vectors are to be understood entry-wise. A simple, but important fact is the following: If
A* is an optimal solution to the primal LP (12), then any feasible solution y to the dual LP (13)
provides a lower bound as (M,y) < 1TX*. Moreover, the feasibility of the LP (12) implies that we
have strong duality: if y* is a dual optimal solution, then we have equality between the optimal
values, (M, y*) = 17 X*.

3  Main results

We want to highlight our main contributions. First, we provide the hardness results for the
synthesis of time-optimal GZZ gates.

Theorem (Theorem 6). The decision version of the LP (12), is NP-complete.

We say that the synthesis of time-optimal multi-qubit gates (solving LP (12)) is NP-hard in
the sense of the function problem extension of the decision problem class NP [15]. We circumvent
the hardness of the time-optimal multi-qubit gate synthesis by providing an explicit construction
of GZZ gates realizing next neighbor coupling with constant gate time and linear encoding cost.
The assumption of a constant subdiagonal of J is physically motivated and can be realized in an
ion trap [16].
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Theorem (Theorem 10, informal). Let the subdiagonal of J and A be a constant with values ¢
and ¢ respectively. Then GZZ(A) on n qubits has the encoding cost of d < 2n and constant total
GZZ time 2p/c. This total gate time is optimal.

In Section 6 we define Algorithm 3 and introduce LP (41), a polynomial time heuristic to
synthesize GZZ gates with small, but not necessarily minimal, gate time. This heuristic does not
rely on any further assumptions and is applicable for arbitrary J, A € Symy(R™). In Section 8 we
show numerically that this heuristic leads to GZZ gate times close to the optimum while solving
the synthesis problem much faster.

Furthermore, we proof lower and upper bounds on the GZZ gate time.

Theorem (Theorem 15). The optimal total gate time of GZZ(A) with A € Symy(R™) is lower and
upper bounded by
lAD J|le. <1IX <A@ T, - (14)

Here, the upper bound scales quadratic in n for a constant matrix M = A ©® J. This upper
bound is loose in the sense that it also holds for the GZZ gates constructed by the heuristic in
Section 6. Therefore, we tighten the upper bound to a linear scaling in n.

Conjecture (Conjecture 16). The optimal gate time of GZZ(A) with A € Symy(R™) is tightly
upper bounded by
for odd n ,

15
for even n. (15)

172" < [|[A® J||,. - {”
n—1,

We provide evidence for this conjecture using an explicit construction (Theorem 21) that re-
alizes the conjectured upper bound for any n, as well as numerical evidence for n < 8 (Fig. 1).
Unfortunately, we were not able to prove this result and state the challenges in Appendix A.

4 Synthesizing time-optimal GZZ gates is NP-hard

In this section, we investigate the complexity of solving the gate synthesis problem stated as
LP (12). We observe that LP (12) is an optimization over the convex cone generated by

571 = {mmT | m € {_17 +1}n7mn - +1}7 (16)

which is the set of outer products generated by all possible encodings m. Due to the symmetry
Eq. (4) we can uniformly fix the value of one entry of m. We chose the convention m, = +1.
In the literature &, is also known as the elliptope of rank one matrices [17]. In the following, we
consider the polytope

conv(&,) = {Z AT

and show the connection to graph theory, in particular to the cuts of graphs.

ZAil,AiZO,riegn}, (17)

Definition 1 (cut polytope [7]). Let K,, = (V,,, Ey) be a complete graph with n vertices. Denote
0(X) the set of all edges with one endpoint in X C V,, and the other endpoint in its complement

X, i.e., 0(X) defines the cut between X and X. Let x°X) € {0,1}/| denote the characteristic
vector of a cut, with Xi(X) =1ifeec§(X) and Xi(X) = 0 otherwise. We define the cut polytope

as the convex hull of the characteristic vectors

CUT, = conv{xé(x) € {0,1}/Ex]

X C Vn}. (18)

Lemma 2. For all n, CUT,, is isomorphic to conv(Ey,).

Proof. For each X C V,, we set m; = +1 if i € X and m; = —1 if i € X. Note, that there are
27— different pairs of X and X. We then have mym; =—1ifi€ X and j € X (or the other way
around), and m;m; = +1ifi,j € X or i,j € X. So the characteristic vector can be written as
Xz(x) = (1 —m;m;)/2 for each edge e € E,, connecting vertices ¢ and j. This is clearly a bijective
affine map between the vertices and thus CUT,, is isomorphic to conv(&,). O
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The following decision problems are membership problems, where the task is to decide if a
given element x belongs to a set or not. In our case x is a vector and the set is a polytope.

Problem 3 (CUT,, membership).

Instance The adjacency matriz M & SymO(Q’ZLO) of a weighted undirected graph with non-negative
weights.
Question Is M € CUT,, ?

Problem 4 (conv(&,,) membership).

Instance The matriz M € Symy(Q™).
Question Is M € conv(&,)? That is, does there exist a decomposition M =3 . \jr; with r; € &,
such that \y >0 and ), \j =17

It is well known that the membership problem of the cut polytope, Problem 3, and Problem 4
are NP-complete [8, 18, 19]. Next, we state the decision version of our gate synthesis optimization.

Problem 5 (time-optimal multi-qubit gate synthesis).

Instance The matric M = A©® J € Symy(Q") and a constant K € Qx¢.
Question Is there a decomposition M =Y . \;r; with r; € €, such that A\; >0 and Y, \; < K?

Theorem 6. Problem 5, which is the decision version of the LP (12), is NP-complete.

Proof. A solution of Problem 5 can be verified in polynomial time since there always exists a
decomposition Y, A;r; of M with minimal Y, A; which has at most (}) = n/2(n — 1) non-zero
terms [6, Proposition I1.3]. Therefore, Problem 5 is NP.

To show that Problem 5 is NP-hard, we construct a polynomial-time mapping reduction from
Problem 4 to Problem 5. Given the matrix M € Sym(Q") and a constant K € Q¢ as an instance
for Problem 5, let A; > 0 be the positive coefficients of the decomposition. If we find > . \; < K,
then we can always add additional A’s such that equality holds. We choose the additional \’s as the
coefficients of the decomposition for the all-zero matrix, see e.g. Lemma 8 below with k = 1,, for an
explicit construction. We define the matrix M’ := M/K and the positive coefficients A, := \;/K.
Then M' =", Nir; with r; € £, and ), A = 1. O

5 Time-optimal GZZ synthesis for special instances

Although, solving the LP (12) is NP-hard we present explicit optimal solutions for certain families
of instances which is equivalent to constructing time-optimal GZZ gates. The constructions of
this section yield a qubit-independent total GZZ time which satisfies the optimal lower bound of
Lemma 7 below. Moreover, we show that some GZZ gates can be synthesized with an encoding cost
independent of the number of qubits. However, most of these constructions assume constant values
for the elements of the band-diagonal of the physical coupling matrix J. These assumptions are
relaxed throughout this section providing explicit optimal solutions for physically relevant cases.
These results build the foundation for the heuristic algorithm for fast GZZ gate synthesis in the
next section.

By ||M||¢, we denote the £,-norm of a symmetric matrix M, which is given as the £,-norm of a
vector v(M) containing all lower /upper triangular matrix elements in some order. First, we proof
a lower bound on the optimal total GZZ time which can be used to verify time-optimality.

Lemma 7. For any M € Symy(R"™) the optimal objective function value of the LP (12) is lower
bounded by
[M]le., < 17X (19)

Proof. The lower bound can be verified by the fact that the matrix representation V' of the linear
operator in Eq. (10) only has entries =1 and that A* is non-negative. Thus, it holds that | M|, =
VA e, < 17X O

Next, we provide calculation rules for the coupling matrix A € Symy(R"™) of the GZZ(A) gate.
These rules are inherited from matrix exponentials. Let A;, A2, A3 € Symg(R™) then
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(1) GZZ(Ay + As) = GZZ( A1) GZZ(A3),
(ii) GZZ(Al (&5) AQ) = GZZ(Al) (9 GZZ(AQ) and
(iii) GZZ(A; o Ay) = GZZ(As3), where the coupling matrices can be decomposed as

di da ds
A= Amemumy, Ayi= By uivi, Azi= Y vy, wiwy
k=1 k=1 k=1
with d3 = dldg, wr = (ml @) vj)k:d2i+j and Yw;,, = (Amjﬂvj)k:dﬂ-&-j fOI‘j = 1,. N ,dg and

i=0,...,d — 1.

In Item (iii) we can also express v = A® 8 with the Kronecker product. Note, that these generated
GZZ gates are not necessarily time-optimal.

We denote the k x k identity matrix by 1y, the k dimensional all-ones vector by 1; and the
k x k matrix of ones with vanishing diagonal by Ejy = 1j lf — 1. With the next two lemmas,
we bound the encoding cost and total gate time for special cases of Item (i) and Item (ii), where
the total gate time is constant. These results will provide a basis for all other constructions. The
following result constructs total coupling matrices A € Sym,(R™) on arbitrary subsets of qubits.

Lemma 8. Let the coupling matriz J be constant, i.e. Ji; = c € Rxq for alli,j € [n] with i # j.
For any ¢ € R and s € Zx( the GZZ(A) with the matric

s
=1

with k; > 1 fori = 1,...,s has the encoding cost of d = 21'°2(3)1 < 25 and constant total GZZ
time @/c. This total gate time is optimal.

Proof. W.l.o.g. we set ¢ = ¢ = 1. We have n = Zle k; qubits. Note, that £y, = Ey = 0 only
contributes to an entry in the diagonal of A, and hence this qubit does not participate in the
GZZ(A) gate. We denote the d x d Hadamard matrix by H?*¢ and the matrix consisting of its first
s columns by H4** where s < n. The orthogonality of the columns of any Hadamard matrix yields
(H™*s)T[4%s = d1,. Replacing each i-th column by k; copies of it we obtain the d x n-matrix
H ,‘ZX” from H%**. Then, we attain the diagonal block matrix structure

S
(Hp )" HP™ — dl, = d@D Ex, . (21)
i=1
We set the diagonal elements on the left-hand side to zero, since they only contribute to an energy
offset in the Hamiltonian. Take each row of H ,‘iX" as a possible vector m € {—1,1}" to construct
the total coupling matrix

1 T
A= P Z mm’ | (22)

mErows(H;iX")

i.e., the time steps have been chosen as Ap, = % [m € rows(Hy*™)], with the Iverson bracket [-].
Clearly, we have Y, Am = 1. If we take the constants ¢ and ¢ into account, we just multiply
Eq. (22) by ¢/c which gives a total GZZ time of ¢/c. Furthermore, this total GZZ time is optimal
since ||[M ||, = [|A @ J|le., = @/c satisfies the lower bound of Lemma 7. O

The encoding cost of GZZ(A) considered in this lemma can be reduced if redundant encodings
m = m’ € {—1,1}" are present by adding the corresponding time steps Ap, + Amy. It can be
further reduced by using the Hadamard conjecture [20, 21]. If the Hadamard conjecture holds, then
there exists Hadamard matrices of any dimension divisible by 4. It is known that the Hadamard
conjecture holds for dimensions s < 668 |22, 23|, thus the encoding cost can be reduced to d =
4[s/4] < s — 4 in this regime. The encoding cost of the following Lemma 9, Theorems 10 and 11
and the efficient heuristic in Section 6 can be reduced in the same fashion.

The assumption in Lemma 8 of a constant coupling matrix, J;+; = ¢, is physically unreasonable.
Therefore, we relax this assumption for block sizes k; = 2 which corresponds to pairwise next
neighbor couplings. We use Lemma 8 to construct time-optimal GZZ gates for a certain family of
coupling matrices.
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Lemma 9. Let n be even and the coupling matriz J be constant on the first subdiagonal (the other
elements are arbitrary), i.e. J;j =c fori € [n—1] and j =i+ 1. Then

n/2

GZZ(A) = Q) GZZ(¢Es), (23)

=1

has the encoding cost of d = 218"~ < n and constant total GZZ time p/c. This total gate
time is optimal.

Proof. Since the matrix Fs only has non-zero entries in the first subdiagonal, the coupling matrix
J only needs to be constant there. The claim follows immediately from Lemma 8 by setting
ki =+ =k, = 2. Clearly, the total GZZ time is optimal since it saturates the lower bound of
Lemma 7. O

Lemma 9 guarantees an encoding cost of d < n, which is a quadratic saving compared to the
general LP solution with encoding cost (g) We note, that

n/2

A= (3 o) (24

corresponds to parallel ZZ(p) gates, which find applications in simulating molecular dynamics [24].
The assumption of a constant subdiagonal of J can be realized in an ion trap platform by applying
an anharmonic trapping potential [16].

By combining (i), Lemma 8 and Lemma 9 we obtain the GZZ gate for next neighbor coupling,.

Theorem 10. Let the subdiagonal of J be constant, i.e. J;; = c fori € [n—1] and j =i+1. Then
GZZ(A) on n qubits with
0 1
1 0
1 , (25)

N

I

AS)
— o
O =
—

has the encoding cost of d < 2n (for n > 4) and constant total GZZ time 2p/c. This total gate
time is optimal.

Proof. We set ¢ = ¢ =1 w.l.o.g. For now, we assume that n is even. Then

n/2 n/2—1
VB a@ (@ n)@s
i=1 i=1
0

0 1
¥ ¥

o IR T N F I

10 (26)

0 1
1 01

_ 101

1 0 1

Again, the diagonal entries do not contribute to the interactions. The first term can be imple-
mented, using Lemma 9, with the encoding cost d; = 2M1°82(") =11 and the GZZ time of 1. The
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second term can be implemented, using Lemma 8, as

R Gzz(oE). (27)

=1

where s = n/2+1, ky = ks =1 and k; = 2 for ¢ = 2,...,n/2, with the encoding cost dy =
oMoz (n+2)=11 and the GZZ time of 1. Adding the encoding costs d = dy + dy and GZZ times of
both terms yields the desired result. If n is not even, then repeat the previous steps for n + 1 but
in the end reduce the dimension of all the resulting m by discarding the last entry.

This construction corresponds to a feasible solution of the primal LP (12) with the objective
function value 2. To show optimality it suffices to construct a feasible solution for the dual LP (13)
with the objective function value of 2. First, consider the case n = 3 with the total coupling matrix

A= = v(A)T =(1,0,1), (28)

O = O
—_ O
o = O

and the matrix representation of the linear operator

1 1 1
1 -1 -1
-1 1 -1
-1 -1 1

VT = (29)

as in Eq. (10). A feasible dual solution satisfying V7y < 1is y = (1, —1,1)7. Thus, we can verify
optimality for n = 3 since the objective function value is (A, y) = v(A4)Ty = 2. Now, we consider
arbitrary n > 3. Extending the dual solution for the case n = 3 with zeros y = (1,—1,1,0,...,0)T
does not change the objective function value (A4,y) = v(A)Ty = 2. Such an extended dual
solution is still feasible since V7 restricted to the first three columns only has rows which are
already contained in Eq. (29) due to the symmetry of Eq. (4). O

Algorithm 1 is the pseudocode implementation of Theorem 10. It takes the number of qubits n,
the constant value ¢ of the subdiagonal of J and the factor ¢ of A as input and returns the sparse
vector A, containing the time steps. The encodings m are given by the indices of the non-zero
elements A, # 0.

Algorithm 1 Synthesize GZZ(A) as in Theorem 10.
Input: n,c, ¢

Initialize A = 0 € R?"

is_odd « false

if n odd then

n—n+1

is_odd <« true
Let H® % be a Hadamard matrix > With d; = 2M°82(" =11 a5 in Lemma 9
Hfl X3 5 columns of Hledl > It does not matter which columns
H& ™  duplicate columns i = 1,..., 2 of Hflx%
Let Hg"‘xcb be a Hadamard matrix > With dy = 2[l0g2(n+2)—1]
ngx(%ﬂ) < 2 +1 columns of ngXdz > It does not matter which columns
H{2*™ « duplicate columns i =2, ..., 2 of ngx(gﬂ)

for j € {1,2} do
if is odd then

Delete one column of H;lj o > It does not matter which column
for m € rows(Hjjxn) do
Am ﬁ
Output: A > Can efficiently be saved in a sparse data format
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The following theorem does not require any additional assumptions on J. It shows, how the
LP (12) can be supplemented with the explicit solution to exclude certain qubits.

Theorem 11 (Excluding qubits). Let N be the total number of qubits on the quantum hardware
and n = N — s be the participating qubits in the GZZ gate. Synthesize the GZZ(A) gate with A €
Symg(R"), using the LP (12). Then, the total encoding cost (on N qubits) is at most (1) 2M°e2(s+1)]
and the total GZZ time, 1TX*, (on N qubits) is the same as for the LP run on n qubits.

Proof. Assume w.l.o.g. that all qubits to be excluded are at the end of the qubit array. Let ky = n
and kg,...,ksy1 = 1. Using Lemma 8 we obtain an encoding cost of d; = 2Mog>(s+D)T and total

GZZ time 1 to generate the matrix
E, 0
A = < 0 O> . (30)

Solving the LP (12) for a matrix A € Sym(R") yields the encoding cost dy = () and the total
GZZ time 17 A\*. We define the extension of A € Symg(R"™) by Ay € Sym,(RY). The extension
can be done by appending s arbitrary elements in {—1,+1} to all vectors m € {—1,+1}" given

by the LP (12). Clearly,
E, 0\ (A %\ (A 0
AloA?:(o 0)"(* *>_<0 0>' (31)

By (iii), the total encoding cost is dyds and the total GZZ time is

di  d2

SO 1/dix; =1"A". (32)

i=1 j=1

Consider now an arbitrary coupling matrix J. Then

E, 0 A« A0
J°A1°A2:‘]°(o 0)°<* *>:<0 0>’ (33)
where A = A @ J is decomposed by the LP (12). O

Algorithm 2 takes the total number of qubits IV, the total coupling matrix A (on n qubits) and
the set Z := {i € [N]|exclude qubit i} as input and returns the sparse vector -, containing the
time steps. The encodings w are given by the indices of the non-zero elements ~y,, # 0.

Algorithm 2 Excluding qubits.
Input: N, A, Z (set of qubit indices to be excluded)

Initialize v = 0 € R2"

s+ |Z]
Z« {i€[N]|i¢g Z}
Let H{"*%" be a Hadamard matrix > With d; = 2Mog2(s+1)]
Hle(SH) — s+ 1 columns of H{**% > It does not matter which columns
Hfl XN o duplicate one column of Hldlx(sﬂ) n — 1 times and place them at indices i € Z
A"« Solve A=Y A\pmm? > using LP (12)
for v € rows(H* ) do

for m € {m| X}, # 0} do > There are at most (%) such m

m < extend m with arbitrary elements from {—1,+1} at indices i € Z.
w<—vom

A’l"'l,
Tw < )

Output: v > Can efficiently be saved in a sparse data format

We showed explicit constructions of time-optimal GZZ gates for total coupling matrices A €
Symgy(R™) with diagonal block structure and next neighbor couplings. The resulting GZZ gates
have a constant gate time and require only linear many encodings to be implemented.
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6 Efficient heuristic for fast GZZ gates

In this section, we build on the results of Lemma 8 to derive a heuristic algorithm for synthesizing
GZZ(A) gates with low total gate time for any A € Symy(R™). This algorithm runs in polynomial
time as opposed to the general LP (12), which we have shown in Theorem 6 to be NP-hard. The
runtime saving is due to the restriction of the elliptope &, in Eq. (16), with exponential many
elements, to a set with polynomial many elements. This restriction yields a polynomial sized LP
which can be solved in polynomial time. In practice, the simplex algorithm has a runtime that
scales polynomial in the problem size [25].

Recall the modified Hadamard matrix H an defined in the proof of Lemma 8, where we used
the rows of H ,‘i *™ as encodings m to generate block diagonal target coupling matrices under some
assumptions. Here, s is the number of block matrices on the diagonal of the target matrix, k € N
contains the dimensions for each block and d = 2/1°22(9)1 is the required number of encodings to
construct such a block diagonal matrix. From now on, we only consider k = (j,1...1) € N* such
that

(HP)THP™ —dl, =d(E;®FE1 ®--- & E) (34)

see Eq. (21). The requirement that ). k; = n implies that such a vector k has s = n —j +1
entries. Permuting the columns of H g *™ results in the same permutation of the rows and columns
of the right-hand side of Eq. (34). We denote the set of all column-permuted H, ,‘fxn by CU). A
specific element of C\9) is denoted by H?*™, where r € N/ is an ordered multi-index r; < --- < T
indicating which columns of H@*" are identical. For example, » = (2,5,6) indicates that the
columns of H?*™ with indices 2, 5 and 6 are identical, i.e. replacing column 5 and 6 with column
2. This notation will be useful later.

Definition 12. For any j € {2,3,...,n}, we define the restricted elliptope

EV) = {mmT ’ m is a row of HI" € C(j)}. (35)
Further we define
J
£l = ) . (36)
i=2

We choose the definition in Eq. (35) similar as in Eq. (16). Next, we show the size scaling of
the restricted elliptopes. This directly translates to the size and runtime of the heuristic synthesis
optimization.

Proposition 13. For any j € {2,3,...,n}, the number of different encodings m generating the
restricted elliptope EY scales as O(n/*1).

Proof. Note, that || = (?) since there are j duplicate columns in H2*". The binomial coefficient
can be bounded by (}) < n//jl. Since there are d = 2Mog2(n=3+D1 < 2(n — j + 1) rows of
H3*™ we have a rough upper bound of the number different encodings generating the restricted
elliptope, |57(Lj)| < d(;’) <2n-—j+ 1)(?) < 2n/t1/41. The first inequality is due to possible
redundant encodings in the definition of S,(Lj ). Similarly, we can upper bound ‘57[5 }| < ZLQ |&(Li)‘ <
257 _,n*™1/il which is a polynomial of order j + 1. O

We denote the convex cone generated by a set V' by

cone(V) = {Z AiU;

With that, we are ready to present the main result of this section.

Theorem 14. cone(&(f)) = Sym,(R™).
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Proof. W.l.o.g. we can assume d = n and denote H¢*? € C(?) by H?

(r1,72)

with the property

(HE, o) THE. Ly —dlla = deg, 1), (38)

(r1,m2)

where e(,, »,) is an element of the standard basis for symmetric matrices with vanishing diagonal.
By Eq. (38) it holds Sym,(R%,) C cone(&(f)), i.e., symmetric matrices with non-negative entries
are in the convex cone. B

It is left to show that Sym(R%,) C cone(ET(LQ)), i.e., that also symmetric matrices with negative
entries are in the convex cone. To show this inclusion we define H ﬁmﬁrg) similar as H (drlm) except
the duplicate column at ro is multiplied by —1 such that

(Hglrl,,m))Tth ) —dlg=—de, ). (39)

—7g

We have to show that for each row m € rows(H (d there exist 7; and 79 such that m €

T17—T2))

rows(H(‘ithb)). This can be verified straightforwardly for d = 4 by checking all rows. W.l.o.g.

we show that the hypothesis holds for any H(Qrd1 —ra) by assuming it holds for H, (dr L—ra) The
Sylvester-Hadamard matrix is constructed inductively according to
HY  H

We consider three cases for H (2;11 —ra)"

Case 1. For a H?@

(r1,—r
[d + 1,2d] the hypothesis holds by our assumption by choosing 71,7 € [d] or 71,72 € [d + 1,2d]
respectively.

2) with identical columns, up to minus sign, at indices r1,73 € [d] or 71,72 €

Case 2. Considering the first d rows of H (Zﬁl —r2) with identical columns, up to minus sign, at

indices 71 € [d] and ro € [d+ 1,2d]. This case is equivalent to Case 1. with r1,re € [d+ 1, 2d] since
only the column at r5 is negated.

Case 3. Considering the last d rows of H, (QTd

1, T2
indices 71 € [d] and 73 € [d + 1,2d]. These rows are included in the last d rows of H (Q;dl 7y With
71,72 € [d+1,2d] and 73 = r9 since the column r5 is negated which is equivalent to just duplicating
a column of —H<.

We have shown that for each row m € rows(H (dr1 _

) with identical columns, up to minus sign, at

7,2)) there exist #; and 75 such that m &
rows(H, Eifliz))' Therefore, Sym,(R%) U Sym,(R%,) = Symy(R") = cone(&(f)). The last equality
follows from the definition of cone and &2 O
Theorem 14 shows that the constraint of LP (12) can always be fulfilled only considering

mm? € £?. Similar to Eq. (10) we define the restricted linear operator VUl : R%, — Symy(R™) :
A=Y AmmmT forallmm? € eV with h = | |, represented by a matrix VU € {1, —|—1}((g))Xh.
We define the restricted LP’ to be

minimize 17\

subject to VUIX = v (M), (41)

AeRY,.

Algorithm 3 summarizes the steps to construct E,Ej I'and therefore the matrix representation of the
restricted linear operator VU, In practice, Algorithm 3 has to be executed only once per number
of qubits n since the constraints of LP (41) can be fulfilled for all M € Sym,(R™). This is due
to the fact that &2 C & for any 2 < j < n and cone(&(LQ)) = Sym,(R™) (Theorem 14). The
time and space complexity of Algorithm 3 scales polynomially in n as shown in Proposition 13.
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Therefore, the restricted LP7 is also of polynomial size for a fixed j. Increasing j leads to better
approximations due to the enlarged search space for the optimal solution. Note, that the runtime
of the mixed integer program (MIP) defined in [6, Section 2.2.2] also benefits from using el

As mentioned in Section 5 the dimension of the Hadamard matrices in Eq. (34) can be reduced
to d = 4[(n —1)/4] < n — 5 if we assume that the Hadamard conjecture holds. Therefore, the
runtime of the restricted LP7 is reduced as well if such Hadamard matrices are used. In Section 8
we numerically benchmark the heuristic algorithm with and without the reduced runtime of the
restricted LP7.

Algorithm 3 Constructing é}[f I,
Input: n,j
Initialize Sy[bj I = 0
fori=2,...,j do
Initialize Er(f) =10

Let H4*¢ be a Hadamard matrix > With d = 2Meg2(n—i+1)]

Hdxn=i+1) « i+ 1 columns of H4¥d > It does not matter which columns

for all » such that 1 <r; <---<r; <ndo > There are (7;) such r
H4*" « duplicate one column of H4*(n=i+1) 4 _ 1 times to indices r1,...,7;

555) — 57(:) U {mmT | m is a row of Han}
el e ueld
Output: Sr[lj]

7 Bounds on the total GZZ time

Our main analytic result (Theorem 15) is that the optimal total GZZ time 17 A* is lower and upper
bounded by the norms | M|, and ||[M||s,, respectively. Note, that for a dense matrix M, its norm
|M ||, scales quadratic with the number of qubits n. We conjecture an improved upper bound
on the total GZZ time for dense M that scales at most linear with the number of qubits n. We
support this conjecture with explicit solutions for the LP (12) reaching this bound for any n and
numerical results validating the conjecture for n < 8.

Theorem 15. The optimal total gate time of GZZ(A) with A € Symy(R™) is lower and upper
bounded by
1Ml < 17X < [[M]lg, (42)

where M = A @ J. Equality holds for the lower bound for all matrices M = Cmm?® for any
m € {-1,4+1}" and C > 0.

Proof. The lower bound has been shown in Lemma 7. Equality in the lower bound holds for
M = CmmT by setting A\, = C = ||M||y., and A\ = 0 for all m’ # m. We use the explicit
construction of the standard basis elements for symmetric matrices from the proof of Theorem 14
to show the upper bound. To be precise, we have

| M

] (HX™)THP" — dl, = Mg j (43)
where r = (i,7) if M;; > 0 or 7 = (4,j) if M;; < 0 as in Egs. (38) and (39), respectively. We
define A7) with the entries Ao/ = % [m € rows(HZ)]. According to Lemma 8 we have
17 A0 = |M;;|. Adding A9 for all i < j yields the upper bound || M|, . O

These bounds get tighter the sparser M is. If M has only one non-zero value, then clearly
M. = 1TA* = ||[M||s,. Furthermore, these bounds also hold for the heuristic, which we
presented in Section 6.

Next, we state our conjecture that the optimal gate time of GZZ(A) scales at most linear with
the number of qubits.
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Conjecture 16. The optimal gate time of GZZ(A) with A € Symy(R™) is tightly upper bounded
by
for odd n,

for even n.

12 < |[M])e., {” (44)
n—1,

Hence, it provides a tighter bound for dense M than Theorem 15. To support the claim of
Conjecture 16 we first construct explicit dual and primal feasible solutions for the case M = —FE,, for
the LP’s (12) and (13), respectively. Then optimality is given by showing equality of the objective
function values of the primal and dual problem. We further show that the case M = —E,, leads
to the same objective function value as M = —mm? for any m € {—1,1}". Finally, we provide
numerical evidence that the conjecture holds for n < 8.

For practical purposes it is important to keep in mind that the platform given J matrix might
also scale with the number of qubits resulting in a qubit dependent constant ||A@J,|le., = || Man||e.. -

7.1 Explicit solutions for M = —mm”

The following lemma will be used in the proof of the explicit feasible solution of the dual problem
for M being of the form M = —mm®. We can identify m € {—1,1}" with b € F} via m = (—1)®
as explained in Section 2.

Lemma 17. It holds that
n
o bidb, _ (T
Poi= 310 = ()~ 2loftn o) (49
1<J
for any binary vector b € FY. We denote the Hamming weight by |b|.

Proof. Let m = (—1)b. If the Hamming weight |b| vanishes, then m = (+1,...,+1) and P, = (})
which is the maximal value. If |b| # 0, m contains |b| entries —1, such that the upper triangular

part of mm? contains a rectangle of —1’s with length |b| and width n — |b| so the total amount
of —=1’s is |b|(n — |b|). Therefore,

Po = () - 21eltn = o). (46)

2
O
Lemma 18 (explicit dual feasible solution). Let M = —E,, then there is an explicit feasible
solution y to the dual LP (13) with
n, for odd n,
<_Envy> = { (47)
n—1, forevenn.
Proof. We assume that y = y; = yo = .... Therefore, it suffices to show that

yi}l)bi@’” <1. (48)

1<j

From Lemma 17 we know that y = 1/ min(Pp)1 satisfies the constraint in Eq. (48). The minimum

min(Pp) = —|n/2] is reached for |b| = [n/2] or |b| = [n/2| which can be verified from the
expression of P in Lemma 17. Thus, we obtain y = —1/|n/2]1. The objective function evaluates
to
I for odd n
—Eny) =—1Ty = ) _[n ’ 49
< vl Y [n/2] n—1, forevenn. (49)
O

For the construction of a feasible solution to the primal problem we first require the following
result.
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Lemma 19. Let k < n be natural numbers. Then

3 |bi@bj|:2<z_f) (50)

beF?:|b|=k
for alli,j € [n] with i # j.

Proof. Consider the case n =4 and k = 2. We get (3) = 6 binary vectors with |b| = 2. It can be
easily verified that Y-y, [b; © bj| =4 = 2(2). Now, we assume that for a given n and k < n the
Eq. (50) holds. It suffices to verify Eq. (50) for ¢ < n and j = n+ 1. We fix k, define n’ :=n+1
and take a b € F}'. We have ("zl) binary vectors with |b| = k.

For the case b,11 = 0 we have (Z) such vectors and

n—1
D (b @b = > Ibil = <kz1>’ (51)
= b=k
bn+1=0

n—1
k—1

For the case b1 = 1 we have (,",) such vectors and

-1
Z |bi @ bpt1] = Z |bi®1|:<2_1>7 (52)
b=k b=k
bn+1:1

for all ¢« < n. There are ( ) different ways in placing k — 1 1’s.

for all i < mn. There are (Zj) different ways in placing k — 1 0’s.

Combining the two cases b,+1 = 0 and b,+1 = 1 we obtain

-1 —
Zbi@0|+|bi@1|=2(z_l>:2(7;_1>, (53)

|b|=k
for all 1 < n. O

We motivate the next lemma with the result of the explicit dual feasible solution for M =
—F,, from Lemma 18 and the complementary slackness condition. The complementary slackness
condition for a linear program states that if the i-th inequality of the dual problem is a strict
inequality for a feasible solution y, then the i-th component of a feasible solution of the primal
problem A is zero:

(VTy),<1=X=0. (54)
We use this in the following lemma to construct a feasible solution for the primal LP (12).
Lemma 20 (explicit primal feasible solution). Let M = —E,,, then there is an explicit feasible
solution X to the primal LP (12) with
17X — {n, for odd n, (55)
n—1, forevenn.

Proof. For this proof we define

(56)

_{n, for odd n,

n—1, forevenn.

We only consider binary vectors of the set S = {b € F} | |b| = [n/2], |[n/2]| and b, = 0}. This set
is motivated by the complementary slackness condition and Lemma 18. It can be calculated that
|S| = (szj) using the recurrence relation

(Z) = (nk 1> + <Z _ i) (57)
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for the binomial coefficients. We show that

> (=1)h® = —D, (58)

bes

for a constant D,, > 0, which we calculate later. If not explicitly stated, all equations in this proof
containing 4, j hold for all 4,5 € [n], i # j. We denote Ag by all A,,, = Ay corresponding to the
encoding m = (—1)® with b € S. If Eq. (58) holds, we can choose a Ag = 1/D,,1 resulting in

D A (1) = -1, (59)

beS

which implies feasibility for M = —E,,. It is left to show Eq. (58) and determine D,,.

First, we consider odd n. By definition of S we have that b, = 0 for all b. Therefore, we
obtain (@721) + ([1:1721]) binary vectors with |b| = [n/2] or |b] = |[n/2] respectively. Counting the
occurrences of “—1” in the sum of Eq. (58) is equivalent to counting the occurrences of “1” in the

o 2 I eab—2<(t 1) 31)*([7;31_—31))
:2<HL§J2>’

where we used Lemma 19, the recurrence relation for the binomial coefficients and [n/2] — 1 =
|n/2]. Counting the occurrences of “+1” in the sum of Eq. (58) yields

(n@l) +(] §11> - 2<nL§J2> - (LnJ> - 2(@2) | (61)

where we used ([n/;LJ+1) = (Ln/2J) for odd n. We now evaluate Eq. (58) for odd n

o= g = () (g

5) - () (02

(60)

The case for even n follows the same steps as for odd n, resulting in

—Dp= Y (—1)E = (ng 1) 7o <n"1)

|b|=% 2 (63)

-1 <n—1>
n—1\ %
Equations (62) and (63) show that D,, = 1/k(Lk/2J) and that Eq. (58) holds. Since |S| = (Lk%J)
the objective function value is

T _ 1 —
17 Ag = (Uﬂ/%) ) k. (64)

O

From the equality of the objective functions for the primal and dual problem from Lemma 20
and Lemma 18 respectively we know that the proposed dual/primal feasible solutions for M = —F,,
are in fact optimal solutions. Now, we show that the GZZ gate time with M = —mm7” for any
m € {—1,+1}" is the same as for the case M = —E,,.
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Theorem 21. If A@ J = M = —C(mm?) for any m € {—1,+1}" and C > 0, then the optimal
gate time of GZZ(A) is

* n, or odd n ,
N Y { g (65)
n—1, forevenn.
Proof. The statement has been shown for the case M = —FE,, by constructing an explicit solution.
It is left to show that the cases M = —C(mmT) for a constant C' > 0 yield the same objective

function value. Since the objective function and the constraints are linear we can w.l.o.g. assume
C = 1. It is clear, that sign(M;;) = sign(—m;m;) = —(—=1)%®% for all i < j, with m = (—1)°.
Let y = —ysign(v(M)) for a y € R, then each constraint of V7y < 1 of the dual LP (13) reads as

yD_(FIONEEn =y § () <1, (66)

i<j i<j
with b := b @ c element wise. Consider the ordered set of all b € F§ with b, = 0, then b is just a
permutation of that set. Due to the permutation symmetry of the qubits the optimal value of the
LP (12) for any M = —(mm7) is the same as for the case M = —E,,. Setting y = —ysign(v(M))
with y = 1/|n/2] as in the proof of Lemma 18 yields an optimal solution to the dual LP (13) for
the case M = —(mm7”). O

Note that, trivially, the lower bound 17X* = |[M||, is reached if M = C(mm”) for any
m e {—1,+1}" and C > 0.

One possibility to prove Conjecture 16 is to show, that the matrix M = —FE,, maximizes the
value of the LP (12) among all matrices M € Sym([—1,+1]™). To this end, consider the LP

maximize ||yl|e,
subject to VTy <1, (67)
(NS R(2) ,

which is independent of M € Sym([—1,+1]™). It holds that

ma; ma; M = ma 68
Jax (|M|£§§1< ,y>) VTyglllyllel (68)
according to [|x|l¢, = max ), <1 p’@. Therefore, the optimal objective value of LP (67) is an
upper bound on all optimal objective values of LP (12). Clearly, the constructed solution in
Lemma 18 is feasible for LP (67). Unfortunately, proving that this constructed solution is optimal
is quite challenging, as we discuss in Appendix A.

— withM=xmm"
6 without M = = mm7

total GZZ time [a.u.]

4 5 6 7 8
Nr. of qubits

Figure 1: The optimal objective function value of the dual LP (13) over the number of qubits. Blue: The range
of optimal values for all binary M € Sym,({—1,+1}"). Orange: The range of optimal values for all binary
M € Symy({—1,4+1}™) without M = +(mm7) for any m € {—1,+1}".
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Figure 2: Comparing the performance of the original (optimal) LP (12) and the restricted LP? (41) for j = 2,3, 4.
For each line we let the LP’s run for a fixed time. The black dashed line is the upper bound for the original
LP (12) from Conjecture 16. The reddish lines show the total GZZ times for the restricted LP’ (41) for
j = 2,3,4. The blueish lines show the total GZZ times for the restricted LP? (41) using Hadamard matrices of
dimension d = 4 k to construct the restricted linear operator V!, Left: Average case scaling of the total GZZ
times. The data points and error bars show the mean and the standard deviation over 100 uniformly sampled
matrices A;; = Aj; € [—1,1] for i < j. Right: Conjectured worst-case scaling of the total GZZ times. The
data points and error bars show the mean and the standard deviation over 100 binary matrices A = —mm?”
with uniformly sampled encodings m € {—1,1}".

8 Numerical results

8.1 Numeric validation of Conjecture 16 for small n

For the numeric validation of the conjecture for small n we solve the dual LP (13) for all binary

M € Symy({—1,+1}") of which there are 2(3). For n = 3 there are only binary matrices of the form
M = +(mm?) and by Theorem 21 the conjecture holds. Figure 1 shows that Conjecture 16 holds
for n < 8. For odd n < 8 the cases M = —(mm7”) are in fact the only cases reaching the upper
bound. This can be seen in Fig. 1 by the blue area exceeding the orange area, which only consists
of the optimal values for all binary matrices without M = +(mm7”) for any m € {—1, +1}".

8.2 Numerical benchmark for the heuristic

We compare the performance of the restricted LP7 (41) to the original LP (12). To this end we
provide numerical results on the average-case and the conjectured worst-case scaling of the total
GZZ time. The left plot in Fig. 2 shows the average-case scaling of the total GZZ time. GZZ(A)
gates with uniformly sampled matrix elements A;; = Aj; € [—1,1] for all i < j and ¢,j € [n]
are synthesized. For the worst-case scaling of the right plot in Fig. 2, GZZ(A) gates with binary
matrices A = —mm? with uniformly sampled encodings m € {—1,1}" are synthesized. We note
that these are the matrices with the conjectured worst-case scaling for the LP and that the LPJ
might have different worst-case matrices A. For convenience, we have set M = A, i.e. setting
J = E, which omits the hardware specific time units given by the quantum platform. For realistic
J’s and GZZ(A) gate times we refer to [6]. The Python package CVXPY [26, 27| with the GNU
linear program kit simplex solver [28] is used to solve the LP (12) and the restricted LP7 (41).
Figure 2 shows the total GZZ time over the number of qubits n for the restricted LP? (41) and
LP (12). We assigned a fixed runtime (20 minutes) for each LP to synthesize GZZ(A) gates for all
sample matrices A and as many n as possible. Clearly, the runtime of the heuristic algorithm is
much shorter than the runtime of the optimal LP (12). Increasing the hierarchy of the heuristic

Accepted in {Yuantum 2024-03-04, click title to verify. Published under CC-BY 4.0. 18



j > 2 reduces the total GZZ time significantly while still maintaining a short runtime. The total
GZZ time obtained from the heuristic also seems to scale linear with the number of qubits although
with a different scaling constant. As mentioned in Sections 5 and 6 the size of the restricted
LP7 (41), and therefore the runtime, can be further reduced. This reduction is achieved by using
Hadamard matrices of dimension d = 4k with k& € N instead of Sylvester-Hadamard matrices of
dimension d = 2* in the construction of the restricted linear operator V!, This is based on the
Hadamard conjecture, which is known to be true for d < 668 [22, 23]|. Surprisingly, using these
Hadamard matrices with d = 4k not only yields shorter runtime of the heuristic algorithm but
also a significant reduction of the total GZZ time compared to the original restricted LP? (41).

Our numerical results show that the heuristic algorithm approximates well the optimal total
GZZ time, while maintaining a short runtime. This holds true for both, the average-case and the
conjectured worst-case scaling. Therefore, we hope that this heuristic will prove to be an important
tool to implement fast GZZ gates in practice.

9 Conclusion

We investigated the time-optimal multi-qubit gate synthesis introduced in Ref. [6]. We show that
synthesizing time-optimal multi-qubit gates in our setting is NP-hard. However, we also provide
explicit solutions for certain cases with constant gate time and a polynomial-time heuristics to
synthesize fast multi-qubit gates. Our numerical simulations suggest that these heuristics provide
good approximations to the optimal GZZ gate time. Furthermore, tight bounds on the scaling of
the optimal multi-qubit gate times were shown. More precisely, we showed that the optimal multi-
qubit gate time scales at most as ||A @ J||¢,, the £1-norm of the element-wise division of the total
and physical coupling matrices A and J, respectively. We also conjectured that the optimal GZZ
gate time scales at most linear with the number of qubits. Our results are practical to estimate
the execution time of a given circuit, where the entangling gates are implemented as GZZ gates.
The execution time is a crucial parameter, in particular, in the NISQ era since it is limiting the
length of a gate sequence due to finite coherence time.

It is our hope to proof the conjectured linear scaling of the optimal GZZ gate time in the
near future. Moreover, we would like to test and verify our proposed time-optimal multi-qubit
gate synthesis methods in an experiment. Depending on the quantum platform we would like
to develop adapted error mitigation schemes for the GZZ gates and investigate their robustness
against errors.
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Appendices

A Challenges in proving Conjecture 16

In this section, we want to discuss some obstacles encountered trying to proof Conjecture 16. Con-
jecture 16 holds, if we show that our constructed solutions from Section 7.1 are optimal solutions
for LP (67). Meaning that there is no other feasible solution resulting in a larger objective function
value compared to our constructed solution.

We tried an inductive proof which turned out to be intricate due to the additional degrees of
freedom in each induction step. Furthermore, we utilized the connection to graph theory from
Lemma 2 to transform the LP (67) to a LP over the cut polytope. There, the challenge is the
affine mapping between the elliptope and the cut polytope in Eq. (16) and Definition 1, which
alters the optimization problem crucially. In the following, we discuss another approach based on
showing the sufficiency of the Karush-Kuhn-Tucker (KKT) conditions in more detail.

A.1 Concave program

A convex linear program in standard form minimizes a convex objective function over a convex
set. But LP (67) mazimizes a convex objective function over a convex set. Such optimizations are
called concave programs. It is known that the maximum is attained at the extreme points of the
polytope VTy < 1 and therefore might have many local optima [29]. There are several equivalent
sufficient conditions for optimality [30]. Here, we investigate one in detail. First, we define the
conjugate function for a function f: R™ — R

f(@) =sup{z"y — f(y) |y € D(f)}. (69)

with D(f) the domain of f. Furthermore, we need the support function hy : R" — R for a closed
convex set A

ha(z) :==sup{z’y |y € A}. (70)

Then the sufficient optimality condition in our case is

ly"lles = sup{ha(@) — (J2lle,)" |y € RE) Y, (71)

with A = {:c e Rr() ‘ Vg < 1}. The conjugate function of x|, is

L )0, it fzfle, <1,
(llle,)* = : (72)
oo, otherwise.

Then we have §
ly*lle, = sup{ha(y) | lYlle. <1}

= sup{acTy | lylle. <1, VTz < 1} (73)
= sup{|je|, | V= <1},

which is the same formulation as the original LP (67).

A.2 Dualization

If we can formulate the dual LP to the primal LP (67) and find a feasible solution, then the dual
objective function value upper bounds the primal objective function value by weak duality [31].
The standard form of an optimization problem with only linear inequality constraints is

minimize  f(y)

(74)
subject to Ay < b.
Then, the Lagrange dual function is given by
gA) = —b" X — fr(—ATN), (75)
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where f* denotes the conjugate function [14]. For LP (67) we have f(y) = —||y|l¢, (minus sign
due to the minimization in the standard optimization form).

Yy € R(;) }

y eRG) |1zl <1} (76)

(~lllle,)* = sup{ay + |l2]l,
= Sup{a:Ty +alz

= sup{mTy ‘ yE R(g)} ,

which clearly is unbounded if @ # 0. Therefore, we cannot formulate the dual to LP (67).

A.3  Invexity

The KKT conditions are optimality conditions for non-linear optimization problems. Invexity is a
generalization of convexity in the sense that the KKT conditions are necessary and sufficient for
optimality [32]. By invexity we mean that the objective and constraint functions of the optimization
problem are Type I inver functions.

Definition 22. Consider the standard form of an optimization problem
minimize  f(y)
subject to  g(y) <0, (77)
yes,
where S C R™ is defined by g(y) < 0. Then f and g are called Type 1 invex functions at point
y* €S w.r.t. a common function n(y,y*) € R™, if for ally € S,

f) = fy) = n(y.y") " V),
—9(y*) =0y, y*)" Vg(y*)

hold. It suffices to consider only the active constraints, i.e. the constraints, where equality holds
9(y*) =0. [32]

Let K be the scaling factor of the conjectured upper bound, i.e.

K lm for odd n, (79)
n—1, forevenn.

(78)

In the case of LP (67) we have § = {y € R()

is a global optimum. Furthermore, we have

@) ==lyle,, fy")=-K,Vfy)=1,
gy)=V'y -1, g(y*) =0, Vg(y*)=Vla,

VTy < 1} and want to show that y* = —1/|n/2]

(80)

where V|, are the columns of V such that (V|,)Ty* = 1, i.e. the active constraints. To show
invexity we have to find a common 7(y, y*) € R™ such that
lylle, < K —n"(y,y")1 and

(VTa)n(y.y*) <0, (81)

for all y € S. It is quite challenging to find a n(y,y*) € R™ satisfying both inequalities. In
particular, ansétze motivated from the geometry in small dimensions eventually fail for larger n.
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B Acronyms

1QP Instantaneous Quantum Polynomial time . . . . . .. .. ... ... ........ 2
KKT Karush-Kuhn—Tucker . . . . . .. ... . . 20
LP linear program . . . . . . .. oL e e 1
MIP mixed Integer Program . . . . . . . ... ..o e e e 13
NISQ noisy and intermediate scale quantum . . . . . . . . ... ... ... ... 2
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