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Abstract

Grover Search is currently one of the main quantum algorithms leading to hybrid quantum-
classical methods that reduce the worst-case time complexity for several combinatorial opti-
mization problems. Specifically, the combination of Quantum Minimum Finding (obtained from
Grover Search) with dynamic programming has proved particularly efficient in improving the
complexity of NP-hard problems currently solved by classical dynamic programming. For these
problems, the classical dynamic programming complexity (ignoring the polynomial factors) in
O*(c") can be reduced by a hybrid algorithm to O*(c},4ps); With Cquant < c. In this paper,
we provide a bounded-error hybrid algorithm that achieves such an improvement on NP-hard
minimization problems for which we give a generic description. We illustrate our approach on
a variety of scheduling problems. Moreover, we extend this algorithm to decision problems to
tackle the 3-machine flowshop problem. Our algorithm reduces the exponential-part complexity
compared to the best-known classical algorithm, sometimes at the cost of an additional pseudo-

polynomial factor.

keywords: Quantum optimization, Grover algorithm, Dynamic Programming, Scheduling

*This is an extension of the conference paper of Grange et al. [10].



1 Introduction

The fields of quantum computing and combinatorial optimization are becoming every day more
closely linked, thanks to the work of the operations research community that has been focusing
on the new quantum paradigm. More precisely, there are two types of quantum algorithms for
solving optimization problems. The first type encompasses heuristics, often designed today as
hybrid quantum-classical algorithms, such as the class of Variational Quantum Algorithms described
by Cerezo et al. [5] or by Grange et al. [11] and, within it, the famous Quantum Approximate
Optimization Algorithm (QAOA) of Farhi et al. [8]. Essentially, these algorithms require the
optimization problem to be formulated as a QUBO (Quadratic Unconstrained Binary Optimization)
and can be implemented on current noisy quantum computers because the quantum part can be
made rather small. Among others, the problems of MAX-CUT (Farhi et al. [8]), Travelling Salesman
Problem (Ruan et al. [27]), MAX-3-SAT (Nannicini [20]), Graph Coloring (Tabi et al. [31]) and Job
Shop Scheduling (Kurowki et al. [16]) are reformulated as QUBO and solved with hybrid heuristics
on small instances. However, due to the small size of instances processed today and the nature of
heuristics whose performances are evaluated empirically, no quantum advantage with heuristics is
emerging yet. This is where the second type of quantum algorithms differ: they are exact algorithms
(i.e. that output the optimal solution with a high probability of success) that provide theoretical
speed-ups for several types of problems and algorithms, as displayed by Nannicini [21] and Sutter
et al. [30]. Notice that with the current quantum hardware, it is impossible to implement them
today because of the huge size of quantum resources they require.

Grover [12] provides one key exact quantum algorithm, that achieves a quadratic speed-up when
searching for a specific element in an unsorted table, where the complexity is computed as the
number of queries of the table and is done by an oracle. Grover Search represents the routine
of many exact quantum algorithms. For instance, Durr and Hoyer [7] use Grover Search as a
subroutine for a hybrid quantum-classical algorithm that finds the minimum of an unsorted table,
resulting in the algorithm called Quantum Minimum Finding (QMF). Later, Ambainis et al. [3]
combine QMF with dynamic programming to address NP-hard vertex ordering problems, such
as the Traveling Salesman Problem (TSP) or the Minimum Set Cover problem. The problems

of interest must satisfy a specific property which implies that they can be solved by classical



dynamic programming in O*(¢"), with ¢ is usually not smaller than 2. Henceforth, we use O*

which is the usual asymptotic notation that ignores the polynomial factors. The hybrid algorithm

n
quant

of Ambainis et al. [3] reduces the complexity to O*(¢ ) for cquant < ¢. As an example, Held
and Karp [14] dynamic programming solves the TSP in O*(2") whereas the hybrid algorithm of
Ambainis et al. [3] achieves to solve it in O*(1.728™). Following the work of Ambainis et al. [3],
other NP-hard problems have been tackled with the idea of combining Grover Search (or QMF) and
classical dynamic programming. This has led to quantum speed-ups for the Steiner Tree problem
(Miyamoto et al. [19]), the graph coloring problem (Shimizu and Mori [29]), and the subset sum
problem (Allcock et al. [2]).

The purpose of this work is to provide a general method, a hybrid quantum-classical bounded-
error algorithm, adapting the seminal idea of Ambainis et al. [3] to reduce the time complexity of
solving problems on which the Dynamic Programming Across the Subsets (DPAS) can be applied.
These types of problems are directly inspired by NP-hard scheduling problems described by T’kindt
et al. [32] but the mathematical formulations throughout this work aim to be as generic as possible,
leading the proposed algorithm to be applicable to a broader class of problems. A scheduling
problem lies in finding the optimal assignation of a set of jobs to machines over time. Each job j is
defined by at least a processing time p; and possibly additional data like a due date d;, a deadline
d~j, or even a weight w; reflecting its priority. One or more machines can process the set of jobs,
however, at any time point, a machine can only process one job at a time. The computation of
a schedule is done in order to minimize a given objective function. Throughout this paper, we
use the usual notation a|f|7y, introduced by Graham et al. [9], to describe the scheduling problem
consisting of & machines, with the constraints 5 and the criterion v to be minimized. For instance,
1|d;| >_;w;Cj is the problem of minimizing the total weighted completion time with deadlines
constraints on a single machine. The reader interested in scheduling can refer to any textbook in
scheduling, e.g. to Pinedo [23]. In this paper, we generalize the hybrid algorithm and its theoretical
speed-up of Grange et al. [10], that dealt with one specific kind of recurrence property satisfied by
many single-machine scheduling problem, to more general problems that satisfy other recurrence
properties, consequently adapting the description of the hybrid algorithm.

Let P be a problem with a recurrence structure that can be solved by classical Dynamic Pro-

gramming Across the Subsets (DPAS) in exponential time. For scheduling problems, it essentially



amounts to satisfying the following property: for a given set of jobs J, the optimal solution for J is
the best concatenation of optimal solutions for X and J\ X among all X C J such that | X| = |J|/2
(modulo an additive term due to the concatenation). The main idea of our hybrid algorithm is to
make use of this particular dynamic programming structure and combine it with Grover Search or
QMF to reduce the exponential part of the time complexity. Notice that the dynamic programming
properties that must be satisfied for our problem are sometimes more complex than those used for
a classical dynamic programming resolution. In this case, a pseudo-polynomial factor can appear,
depending on the formulation of these dynamic programming properties. Thus, we describe these
new dynamic programming properties and give the mathematical description of the algorithm in

the gate-based quantum computing model.

Problem Our hybrid algorithm Best classical algorithm
1|d;] > w;Cy O* (> p; - 1.728™) O*(2"), T’kindt et al. [32]
L] > wiT; O* (> pj; - 1.728™) O*(2™), T’kindt et al. [32]
1|prec| Y w;C; O* (1.728") O*((2 — €)™), for small ¢, Cygan et al. [6]

1ri] Y w;U;j O* (X wj)? - Y pj-1.728") O*(>-wj - > p;-2"), Ploton and T’kindt [25]

r| > w;C; O ((Cwy)?- (X pj)t-1.728")  O*(X wj- (X pj)*-2"), Ploton and T’kindt [25]

F3||Crax O* (X piy)* - 1.728") O*(3"), Shang et al. [28], Ploton and T’kindt [26]

Table 1: Comparison of worst-case time complexities between our hybrid algorithm and the best-
known classical algorithm

Our contributions. We provide a bounded-error hybrid quantum-classical algorithm that ex-
tends the work of Ambainis et al. [3] to more general problems. In particular, it applies to problems
with temporal constraints and non-linear objective functions found in the scheduling literature as
we illustrate on several examples. Specifically, we cover three types of problems P that satisfy
three different kinds of dynamic programming properties. Not only do we tackle problems for
which the dynamic programming property is based on the addition of optimal values of the prob-
lem on sub-instances (as done by Grange et al. [10]) but we also consider problems for which the
dynamic programming naturally applies on the composition of optimal values of the problem on
sub-instances. Furthermore, we address the 3-machine flowshop problem that differs from previous

problems by the nature of the recurrence property and widen the range of problems solved by our



hybrid algorithm. Last, we also propose an approximation algorithm for the 3-machine flowshop
problem. In each case, the algorithm slightly differs depending on which case we work on, but the
central idea is the same. We show that the algorithm reduces the worst-case time complexity of
problems for which the current best classical resolution is by DPAS, sometimes at the cost of an
additional pseudo-polynomial factor. We summarize in Table 1 the complexities on several NP-hard

scheduling problems we tackle in this paper.

The structure of the paper. We detail in Section 2 the first case where P is related to a mini-
mization problem (defined in Subsection 2.1), that itself includes two cases according to the nature
of the dynamic programming properties it satisfies (Additive or Composed DPAS). We illustrate
these notions with NP-hard single-machine scheduling problems. Next, we describe in Section 3
the hybrid quantum-classical algorithm Q-DDPAS that solves with high probability the problems
of interest, recalling basic notions of quantum complexity. We end in Section 4 by adapting the
previous Q-DDPAS algorithm to problem P that is related more naturally to a decision problem
(defined in Subsection 4.1), satisfying other dynamic programming properties. We illustrate it on
the 3-machine flowshop scheduling problem. Additionally, we provide an approximation scheme
for the 3-machine flowshop, based on the hybrid algorithm, that disposes of the pseudo-polynomial
factor in the time complexity. Appendix A recalls well-known bounds useful to derive the complex-
ities of the algorithm while Appendix B provides a detailed proof of the correctness of our main

algorithm Q-DDPAS.

2 Dynamic Programming Across the Subsets

2.1 Problems definitions

Let us describe the type of combinatorial optimization problems P on which DPAS can be applied.
An instance of problem P is denoted by Z and is described by a tuple of vectors of dimension n
(the number of elements in the tuple depends on P). We can think as an example of a single-
machine scheduling problem with n jobs where the vectors specify processing times, due dates, and

deadlines, among others. Any solution to P is a permutation of [n] := {1,...,n}. We denote by



S[n) the set of all permutations of [n]. Our nominal problem can be cast as follows:

P@:  min f(r.1), 1)

where I1(Z) C Sy, is the set of feasible permutations of [n] according to given constraints and f is
the objective function, which both depend on Z.

We introduce a problem P related to P that will be instrumental in deriving the dynamic pro-
gramming recursion, satisfying the two following properties. First, an instance J of P is described
by an instance Z of P together with an additional parameter t € Z. Second, for an instance Z,
there is t7 € Z such that solving P for Z amounts to solving P for J = (Z,t7). As we will
solve P by dynamic programming based on a recurrence formula, it is convenient to define sub-
instances as follows. For J = (Z,t) and J C [n] we define the sub-instance of J associated to J by
J(J) = (Z(J),t), where Z(J) is the tuple of vectors of dimension |J| < n obtained by considering
the sub-vectors of Z that are indexed by the components in J. Thus, we denote by Pz (J,t) the
problem P defined on the sub-instance (Z(.J),t). We omit the index J in what follows and consider
the solution of

P(J,t): i J.t 2
(J,t) ﬂerﬁl(rjt)f(m 1), (2)

where II(J,t) C Sy is the set of feasible permutations of J according to the given constraints and
f(., J,t) is the objective function. According to the above notations, the nominal problem P(Z) is
equivalent to problem P(z,.([n],tz), or shortly, P([n],tz).

Henceforth, we note OPT[J,t] the optimal value of P(J,t), for J C [n] and t € Z. Throughout
the dynamic programming recursions, we shall consider values of ¢ that may differ from t7. More
specifically, we will introduce the bounded set T'(Z) C Z and consider ¢ € T(Z). Again, to keep
concise notations, we shall omit the explicit dependency of T on Z and consider throughout the
problem P(J,t), for J C [n] and t € T.

To illustrate the above notations, we consider P as a single-machine scheduling problem of n
jobs. Thus, problem P(J,t) is the problem P that schedules only jobs in J C [n] starting at time
t € Z. The nominal problem P schedules all the jobs and starts at time ¢ = 0. In other words, we
wish to solve P([n],0) and find the optimal value OPT[[n], 0].

In what follows, we distinguish between two types of recurrences satisfied by problem (2). The



first one is the recurrence that adds optimal values of the related problem on sub-instances, called
Additive DPAS and introduced in Subsection 2.2. The second one is the recurrence that composes
optimal values of the related problem on sub-instances, called Composed DPAS and defined in
Subsection 2.3. Notice that in the first case, the recurrence applies to the related problem (2) that
derive directly from P. In that sense, it constitutes the easiest and most natural way to define the
recurrence. In the second case, we find single-machine scheduling problems that necessitate going
through a slightly different related problem to apply recurrence. In our examples, the use or not
of this latter auziliary problem is driven by the nature of the constraints. For instance, single-
machine scheduling problems with deadline constraints naturally satisfy Additive DPAS recurrence
whereas those with release date constraints need the Composed DPAS formulation. In both cases,
we illustrate the dynamic programming properties with single-machine scheduling problems. Thus,
throughout this section, we assume that we aim at solving P([n],tz), with ¢tz = 0. Without
loss of generality, other problems than scheduling problems may also be solved by the dynamic

programming algorithm proposed in this work.

2.2 Additive DPAS

Let us start by defining problems for which the constraints defined by II are compatible with the
addition of optimal values of the problem on sub-instances, formally defined below. For instance,
deadline constraints and precedence constraints are such constraints for single-machine scheduling
problems as we illustrate after. Problem P can be solved by dynamic programming if the related
problem P satisfies one of the two recurrences (Add-DPAS) and (Add-D-DPAS). Notice that
solving P with our hybrid quantum-classical algorithm necessitates P to satisfy both recurrences.
However, we observe in Remark 2.4 that P satisfies one if and only if it satisfies the other. Let us

introduce the first recurrence. Henceforth, we denote by 2" the set of all subsets of [n] = {1,...,n}.

Property 2.1 (Additive DPAS). There exists a function g : 20" x [n] x T — R, computable in

polynomial time, such that, for all J C [n] and for all ty € T,

OPT[J, ty] = 1}1€i§1{OPT[J \ {5}, to] + g(J, 4, to)} (Add-DPAS)



initialized by OPT((, to] = 0.

Throughout, we commit a slight abuse of language by letting (Add-DPAS) both refer to the
property satisfied by a given optimization problem and to the resulting dynamic programming
algorithm. Notice the presence of the additional parameter ¢ty in the above property that is a
constant throughout the whole recursion (Add-DPAS) and does not impact the resulting compu-
tational complexity. The use of that extra parameter defined in (2) shall be necessary later when
applying our hybrid algorithm.

The previous property enables to solve problem P by dynamic programming with the following

time complexity.
Lemma 2.2 (Additive DPAS complexity). (Add-DPAS) solves P in O*(2").

Proof. We solve Equation (Add-DPAS) for all J such that |J| = k, and for t; = 0, starting
from k = 1 to k = n. For a given J, the values {OPT[J \ {j},0] : j € J} are known, so
OPT][J,0] is computed in time poly(n) - k according to Equation (Add-DPAS) (the computation of

g is polynomial). Eventually, the total complexity of computing OPT[[n], 0] is

Zpoly(n)k:<z> = poly(n) -n - 2"t = O*(2").
k=1
O
The problem P related to P must not only satisfy recurrence (Add-DPAS) but also recur-
rence (Add-D-DPAS) below.

Property 2.3 (Additive Dichotomic DPAS). There exist two functions tgpp - ol x ol s 7 T
and h : 20 x 2l « T — R, computable in polynomial time, such that, for all J C [n] of even
cardinality, and for allt € T,
OPT[J,#] = min {OPT[X, t] + h(J, X, t) + OPT[J\ X, tanise(J, X, t)]} (Add-D-DPAS)
1X|=[71/2

initialized by the values OPT[{j},t] for each j € [n] andt € T.

Notice that if OPT|[X,¢] for X C [n] and t € T is infeasible, then by convention OPT[X, ¢] = +o0.

However, differently from the previous recurrence (Add-DPAS), recurrence (Add-D-DPAS) now



calls OPT[X',¢'] for ¢’ that may be different than ¢y by the use of the function tg;g. This will lead
to the introduction of the pseudo-polynomial factor |T'| in its complexity detailed below. Next, we

underline that both recurrences are essentially equivalent.

Remark 2.4. We observe that problem (2) satisfies recurrence (Add-DPAS) if and only if it satis-
fies (Add-D-DPAS). This can be seen by developing recursively both recurrences, which essentially
leads to optimization problems over m € S}, whose objective functions respectively involve g in the
first case and h and tgp in the second case. Here, one readily verifies that g can then be defined

from h and tg;p; and reciprocally.

Despite the previous remark, the two recurrences differ on the size of the subsets considered along
the recursions, leading to different formulations and therefore require more or less sub-problems
to be solved optimally in the dynamic programming process. This is formalized in the following

lemma.

Lemma 2.5 (Additive Dichotomic DPAS complexity). (Add-D-DPAS) solves P in w(|T|-2").

Proof. First, we note that to solve P with (Add-D-DPAS), n must be a power of 2. If this is not
the case, we can always transform the instance such that we fall back into the previous case. Thus,
without loss of generality, we suppose that n = 2V for N € N. We solve Equation (Add-D-DPAS)
for all J such that |.J| = 2¥, and for all ¢ € T, starting from k = 1 to k = N. For a given .J, the
values {OPT[X,t'] : X C J s.t. |X| = |J|/2,t' € T} are known, so OPT[J,t] is computed in time
poly(n) (2351) according to Equation (Add-D-DPAS) (the computation of tgis; and A is polynomial).
Thus, computing all OPT[J, ¢] for any .J of size 2¥ and t € T is done in time ]T\poly(n)(yg:) (5%)-

Eventually, the total complexity is equal to
N
2k n
e = iripotn) 3 (5o ) (51)
k=1
Second, we compute the complexity of (Add-D-DPAS). For that, we consider the sequence

(C(2%))ieNn, knowing that for families of instances with a size different from a power of 2, we

transform them artificially into families of instances of size of the following power of 2. Let n = 2°



for i € N. A lower bound on C(n) is the sum of the two last terms:

ot > oty (( 1) + (,715) (013)) = AlTlpoty(m)

where A is a constant. The asymptotic equivalent is readily obtained with the Stirling equivalent

for factorials, n! ~ v/27mn (%)n for n € N. Thus, C dominates asymptotically n + |T'|-2". In other

words, C'(n) = w(|T| - 2"). O

Lemma 2.5 shows that solving P using classical dynamic programming with recur-
rence (Add-D-DPAS) is worse than with (Add-DPAS). It explains why the dynamic programming
algorithms found in the literature (e.g. in T’kindt et al. [32]) rely on recurrence (Add-DPAS).
In the next section, we describe a hybrid algorithm we call Quantum Dichotomic DPAS (Q-
DDPAS) that improves the complexity of solving P by combining recurrence (Add-DPAS) and
recurrence (Add-D-DPAS) with Grover Search. Before introducing this algorithm, we illustrate the
two recurrences (Add-DPAS) and (Add-D-DPAS) above with several examples of single-machine
scheduling problems that can, consequently, be solved by Q-DDPAS. Let us begin with the NP-hard
scheduling problem with deadline constraints and minimization of the total weighted completion

time. In all the scheduling examples that follow, we note p(J) := ij, for J C [n].
Jje€J
Example 1 (Minimizing the total weighted completion time with deadlines, 1|d;| 3" ;w;Cj). For
each job j € [n], we are given a weight wj, a processing time pj, and a deadline cij. Let T =
[0,p([n])], where p([n]) = Zn:pi. We define the related problem P as follows: for J C [n| and
i=1

teT,

I(J,t) = {r € S;|Cj(n) < d; —t,Vj € J},

where Cj is the completion time of job j, and for m € II(J,t):

flm, Jit) = wi(Ci(rm) + 1)
jeJ
Thus, the optimal solution of P(J,t) is the best feasible solution for jobs in J supposing that the

machine is available at time t, and not 0 as usual. Our problem of interest P is P([n],0), and it can

10



be solved by (Add-DPAS). Indeed, Equation (Add-DPAS) is valid with: VJ C [n],Vj € J,Vt € T,

_ wi(p(JU{j}) +t)  ifd; >p(JU{j})+t
9(J,j,t) =

+ o0 otherwise

where the computation of g is polynomial (linear). This problem P also satisfies (Add-D-DPAS).
Indeed, Equation (Add-D-DPAS) is valid for the following functions:
VX CJC[n]:|X|=|J]]/2,Vt €T,

tshift(Ja X, t) =t+ p(X)

h(J, X, 1) =0
initialized by, for j € [n] and t € T,

(pj+1t)  ifd;>pj+t
OPT({j}1] = wi(pj+t)  ifd;j > p;

+ o0 otherwise
We present another example which is the strongly NP-hard scheduling problem with minimization

of the total weighted tardiness.

Example 2 (Minimizing the total weighted tardiness, 1[|>_;w;T}). For each job j € [n], we are
gwen a weight wj, a processing time pj, and a due date dj. Let T = [0,p([n])]. We define the

related problem P as follows: for J C [n] andt € T,
I(J,t) = Sy,

and for m e II(J,t):

f(m, J,t) = Z wj max(0,Cj(m) —dj +t),
JjeJ

where max(0, Cj—d;+t) represents the tardiness of job j for the effective due date dj—t. Our prob-
lem of interest P is P([n],0), and it can be solved by (Add-DPAS). Indeed, Equation (Add-DPAS)
is valid with: ¥J C [n],Vj € J,Vt € T,

9(J,j;t) = wjmax(0,p(J U {j}) —d; +1),

11



where the computation of g is polynomial (linear). This problem also satisfies (Add-D-DPAS).
Indeed, Equation (Add-D-DPAS) is valid for the following functions:
VX CJCn] st |X|=|J|/2,Vt €T,

tshift(']v Xv t) =1+ p(X)

h(J,X,t) =0
initialized by, for j € [n] and t € T,
OPT[{j},t] = wjmax(0,p; —d; +1).

Eventually, we consider the scheduling problem with precedence constraints and minimization of
the total weighted completion time that is also NP-hard. Conversely to the two previous examples,
the set T' is reduced to {0} and function h translates the potential infeasibility of the concatenation

of problem P on two sub-instances.

Example 3 (Minimizing the total weighted completion time with precedence constraints,
1|prec| Zj w;Cj). We are given, for each job j € [n], a processing time p;, a weight wj, and a
set of precedence constraints K = {(i,7) : i < j} that contains all pairs of jobs (i,7) such that i
precedes j. Let T = {0}. Here, an instance of the problem P under consideration is only indexed

by the chosen subset of [n]. Thus, we consider the problem P as follows: for J C [n],
I1(J,0) = {m € Sy | m respects K},

and for m € 11(J,0):
f(m,0,0) =Y w;Cj(m).

jedJ
Our problem of interest P is P([n],0), and it can be solved by (Add-DPAS). Indeed, Equa-
tion (Add-DPAS) is valid for:

+ 00 if 3, k) € Elk € J
VJ C[n),VjeJ, g(J,j,0) =

wip(JU{j}) otherwise

where the computation of g is polynomial (quadratic). This problem P also satisfies (Add-D-DPAS).

12



Indeed, FEquation (Add-D-DPAS) is valid for the following functions: ¥YX C J C [n] such that
| X[ =1J1/2,

tonipe(J, X,0) =0
+ oo if 3(j,k) e Elje J\ X and k€ X
h(J,X,0) =
( ) p(X) - Z wj otherwise
JENX

where the computation of h is polynomial (quadratic). The initialization is, for j € [n],
OPT[{j},0] = w;p; .

2.3 Composed DPAS

In this subsection, we study problems whose constraints do not enable the computation of an
optimal solution by simply adding optimal values of sub-instances as for Additive DPAS (see Sub-
section 2.2). Instead, we consider that the optimal value of P can be computed with the composition
of optimal values of a slightly different related minimization problem P’ on sub-instances. We call
this problem an auziliary problem. To illustrate, we consider single-machine scheduling problems
with release date constraints. The recurrence formulas below are inspired by the work of Lawler [17]
for the problem 1|r;, pmtn| ) w;U;, namely minimizing the total weighted number of late jobs on

a single machine under preemption and release date constraints.

2.3.1 Auxiliary problems definitions

Let us introduce the set of values of the objective function of P,
E(I) ={f(r,I): 7 €IlZ))}.

We define the auxiliary problem P’ as follows. An instance Z' of P’ is defined as an instance Z of

P together with an additional parameter € € E(Z), so P’ reads

P/ I/ . . ! 71-/ ,
(Z7) werllil}?l’)f (m,7%)

13



where 7' = (Z,¢), II'(Z") C Sy, is a set of feasible permutations of [n] according to Z and ¢ and f’
is the objective function. In what follows, the objective of P is to find the smallest € € E(Z) such
that the associated problem P’ is bounded, formally

P(@): minfe: min S (T,6)) < +oo}. (3)

We introduce a problem P’ related to P’ exactly as it has been done for P related to P in Subsec-
tion 2.1. Thus, an instance J’ of P’ is an instance Z’ of P’ with an additional parameter t € T'(Z'),
so J' = (Z,t,e). As before, we consider the sub-instance J'(J) = (Z(J),t,€) corresponding to
J C [n], and consider the solution of

P'(J t,e): werrlg(igt,e) f(m, J,te), (4)

where IT'(J,t,€) C Sy is the set of feasible permutations of J according to the given constraints
and f’(.,J,t,€) is the objective function. We note OPT[J,t, €] the optimal value of P'(J,t,€), for
J C [n] and t,e € Z. As in Subsection 2.1, we introduce the bounded set T'(Z') C Z and consider
parameters ¢ € T(Z'). Once again, we omit the dependency to Z’ to lighten the notations, denoting
by T, respectively F, the set T'(Z'), respectively E(Z’). Rewriting (3) with the above notations
yields

P reréig{e . OPT[[n],0, € < +oo}. (5)

Thus, solving P amounts to solving P’([n],0,¢€) for all e € E. Observe that the optimal solution of
P is the optimal solution of P’([n],0,€*) for €* the optimal value of P.

Notice that we consider an extra parameter in F to define our auxiliary problem as generic as
possible. This is motivated by the fact that it enables to tackle strongly NP-hard problems as
shown in the examples that end this subsection. However, this formulation covers the simple case
of P deriving in a problem (not involving an auxiliary problem) that satisfies the composition of

optimal values on sub-instances, essentially by setting F = ().

Remark 2.6. We formulate P as in (5) because in the examples we study, finding the optimal

value amounts to finding the smallest € such that the auziliary problem P'(J,t,€) admits a feasible

14



solution. However, all the results of this subsection generalize to any problem formulated as

min{e : bool (OPT[[n],0,€]) = true} ,

€l

where bool is a boolean function.

2.3.2 Composed DPAS recurrences

To solve the nominal problem P by classical dynamic programming, problem P’ must satisfy
recurrence (Comp-DPAS) or recurrence (Comp-D-DPAS) below (as in Remark 2.4, we can state
that a problem satisfies one if and only if it satisfies the other one). As we explain later, solving P

with our hybrid algorithm necessitates problem P’ to satisfy the two recurrences.

Property 2.7 (Composed DPAS). For all J C[n],t €T and e € F,

OPT[J,t,¢] = gleig{OPT [{j}, OPT[J \ {j},t,e — €], e’} } : (Comp-DPAS)

jeJ
initialized by the values of OPT[{j},t, €] for all j € [n], e € E and t € T. Notice that for J C [n],

t €T and € € E, we adopt the convention OPT[J,t, €] = +oo fore ¢ E.

Recurrence (Comp-DPAS) differs from recurrence (Add-DPAS) in two aspects. First, the optimal
values of the problem on sub-instances are composed, and not added, because of the nature of the
constraints. Second, the search for the minimum value is done not only over all jobs in J, but
also over all values in E. More precisely, for a given ¢y € E, the optimal value of P'(J,t,¢€p) is the
minimum value of all possible composition of optimal values of the problem on sub-instances with

parameters €; and e such that €; + €2 = ¢5. We have the following results.

Lemma 2.8 (Composed DPAS complexity). Let ¢g € E. (Comp-DPAS) solves P'([n],0,¢eq) in
O*(|E? - |T] - 2").

Proof. This proof is essentially the same as the one of Lemma 2.2. To compute OPT{[n], 0, €], we
need to solve Equation (Comp-DPAS) for all J such that |J| = k starting from k = 1 to k = n,
and for all t € T and € € E. For a given J, t € T and € € E, the values {OPT[J \ {j},t',¢] : j €
Jt' e T, € E} and {OPT[{j},t',€'] : j € J,t' € T, € E} are known, so OPT[J,t, €] is computed

in time |E| - k according to Equation (Comp-DPAS). Thus, computing all OPT[J, ¢, €] for any J of
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size k and for ¢ € T and € € F is done in time |T| - |E|?* - k(}). Eventually, the total complexity of

computing OPT[[n], 0, ¢] is

g n * n
S8R k() = 071 P -2
k=1

Corollary 2.9 (Composed DPAS complexity). (Comp-DPAS) solves P in O*(|E[? - |T|-2").

Proof. Solving P amounts to solving P’'([n],0,¢€) for all € € E, according to (5). The complexity

results directly from the previous Lemma 2.8. O

The auxiliary problem P’ must satisfy the following recurrence (Comp-D-DPAS) in addition to

recurrence (Comp-DPAS).

Property 2.10 (Composed Dichotomic DPAS). For all J C [n] of even cardinality, t € T and
ec
OPT[J,t, =  min {OPT [X, OPT[J\ X,t, e — €], e’} } , (Comp-D-DPAS)

el
XeJ:|X|=|J|/2

initialized by the values of OPT[{j},t, €| for all j € [n],t € T and € € E.
Lemma 2.11 (Composed Dichotomic DPAS complexity). Let tg € T and ¢y € E. (Comp-D-DPAS)

solves P'([n], to, €0) in w(|E|*-|T|-2").

Proof. This proof is essentially the same as the one of Lemma 2.5 with the same modifications that

for the proof of Lemma 2.8. O

Corollary 2.12 (Composed Dichotomic DPAS complexity). (Comp-D-DPAS) solves P in w(|E|*-
T -2").

Proof. See proof of Corollary 2.9. O

As for the Additive DPAS, we notice that, with a classical dynamic programming algo-
rithm, the time complexity to solve P with recurrence (Comp-DPAS) is better than with recur-
rence (Comp-D-DPAS). We show that our hybrid algorithm Q-DDPAS improves these complexities.

But first, we illustrate the recurrences (Comp-DPAS) and (Comp-D-DPAS) with two single-machine
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scheduling examples. Let us first consider the strongly NP-hard problem of minimizing the total

weighted sum of late jobs with release date constraints.

Example 4 (Minimizing the total weighted number of late jobs with release date constraints,

1|rj| Y- w;Uj). Each job j € [n] has a weight w;, a processing time p;, a due date dj, and a release
n n

date r;. Let T = [[O,ij]] U {400} and E = [0, ij]]. For a given € € E, we consider the

j=1 j=1
problem P’ as follows: ¥J C [n],t € T,

P/ J t : i Cmam )
(Lt min  Cmas(r)

where Chqq 15 the makespan, and

II'(J,t,e) =< m e Sy: Cj(m) > max(t,r;) + p; and ijUj(ﬂ') =€, ,
JjeJ
where U; indicates if job j is late. If j is late for the permutation w, Uj(m) = 1, otherwise,
Uj(r) = 0. In other words, OPT[J,t €| is the minimum makespan for jobs in J beginning at
time t where exactly € jobs are late. Notice that if there is no solution where € jobs are late, then
OPT[J,t, €] = +00. Our problem of interest is P = Ielélél{e : OPT{[n],0, €] < 4o00}.

Problem P’ satisfies both (Comp-DPAS) and (Comp-D-DPAS) recurrences. The initialization of

the two recurrences is, for j € [n], t € T and € € E,

max(t,r;) +pj, fC;<dj ande=0
—_——

G
+00, ’iij>dj and e =0

Cj, ifCj;>dj and e = wj

n
+oo, ifee[l,w; —1]U Jw; +1, Zwk]]
\ k=1

Notice that for this example, Equation (Comp-DPAS) can be simplified to

OPT[J,t,¢] = %i?{om [{j}, OPT[J \ {j},t,¢, o] ,OPT [{j}, OPT[J\ {j},t,¢ — wy), wj} } .

job j is not late job j is late
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With this particular recurrence formula, solving P with (Comp-DPAS) is done in O*(|E|?-|T|-2")
instead of O*(|E|3 - |T| - 2").

As we mentioned before, (Comp-DPAS) and (Comp-D-DPAS) recurrences naturally apply to
scheduling problems with release date constraints. We illustrate that with another example, which
is the strongly NP-hard problem of minimizing the total weighted completion time with release

date constraints.

Example 5 (Minimizing the total weighted completion time with release date constraints,
L] > w;C ) FEach job j € [n] has a wezght wj, a processing time pj, and a release date rj.
Let T = [0, ij]] U{+o0} and E = |0, Zw] Zp]]] For a given € € E, we consider the problem

7j=1 7j=1 J=1
P’ as follows: VJ C [n],t € T,

P’ t : i maz )
(J’ ’ 6) Wélzlr’l(l(lfl,t,e) ¢ (ﬂ—)

where Chqq 18 the makespan, and

I'(J,t,e) = {m € Sy : Cj(w) > max(t,r;) + p; and ijCj(W) =e€},
jeJ

where C; is the completion time of job j. In other words, OPT[J,t, €] is the minimum makespan for
jobs in J beginning at time t where the weighted completion time is exactly €. Notice that if there is
no solution where this total sum is equal to €, then OPT[J,t,e] = +oo. With these notations, our
problem of interest is P = Ierélél{e : OPT[[n],0, €] < +o0}.

We can note that problem P’ satisfies the two recurrences (Comp-DPAS) and (Comp-D-DPAS).

The initialization of the recurrences is, for j € [n|, t € T and € € E,

max(t,rj) + pj, if e = ijj
—_—
OPT[{j},t,G] - Cj

400, otherwise

3 Hybrid algorithm Q-DDPAS

In this section, we describe in the gate-based quantum computing model our algorithm Q-DDPAS

that applies to any problem that satisfies the recurrences properties described in Section 2. But
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first, we introduce some preliminary notions on quantum circuits and notations for the description

of Q-DDPAS.

3.1 Preliminaries
Let us begin with some notions of time complexity for quantum circuits.

Definition 3.1. Let us consider a family of quantum circuits (Qpn)nen of complexity O(C(n)),
meaning that Q,, is a circuit that applies on n qubits and contains f(n) universal quantum gates,

where f(n) = O(C(n)). This family is efficient if C(n) = n® for a > 0.

Observation 3.2 (Complexity of quantum circuits (Nielsen and Chuang [22])). Let Uy and Us be
two quantum circuits, with complezity O(C1(n)) and O(C2(n)), respectively. The complezity of the
composition Uy - Us s

O(C1(n) + Ca(n)) = O(max(Cy(n), Ca(n))).

The tensor product Uy ® Us has the same complexity.

Observation 3.3 (Classical algorithm into quantum circuit (Bennett [4])). Any classical algorithm

A can be described as a quantum circuit Uy. The complexity of U4 is equal to the complexity of A.

Before we describe specific sets and quantum circuits in the following subsections, we introduce
the generic quantum circuit associated with the Quantum Minimum Finding (QMF) algorithm of
Durr and Hoyer [7], that constitutes a fundamental subroutine in our algorithm. This algorithm

essentially applies several times the search algorithm of Grover [12].

Definition 3.4 (Circuit Ugyy). Let f : [n] — Z be a function and let U, be its corresponding

quantum circuit, specifically,

Up i) 10) = [@) | £ (@), Vi€ [n].

We note UQMF[U f] the quantum circuit corresponding to the Quantum Minimum Finding algo-
rithm of Durr and Hoyer [7] that computes with high probability the minimum value of f and the
corresponding minimizer:

n n

UanirlU7) 3 =13 10)10) = 3 —= )

i=1 i=1

. win(/()})
i€[n] i€[n]

arg min{f(i)}>
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Observation 3.5 (Complexity of UQMF)' The complexity of the Quantum Minimum Finding al-
gorithm is O (v/n - Cy(n)), where n is the size of the domain of f and O(Ct(n)) is the complexity

of the circuit Uy. Thus, the complexity of Ugyp[U;] is
O (vi- C(m))

according to Observation 3.3.

Remark 3.6 (Success probability and bounded-error algorithm). Durr and Hoyer [7] prove that
QMF finds the minimum value with a probability of success bigger than % Thus, for e > 0, finding
the minimum value with probability 1 — € is achieved by repeating O(1) times QMF. Henceforth, we
refer to this statement when we write that QMF finds the minimum value with high probability.

Equivalently, we say that this is a bouded-error algorithm.This notion is defined by Nielsen and

Chuang [22].

We introduce in the two following subsections the sets and quantum circuits that constitute the
building blocks of our algorithm Q-DDPAS, and we provide for each of them their complexity. De-
pending on the tackled problem P solved by the hybrid algorithm, these sets, respectively quantum
circuits, slightly differ whether the related problem P satisfies (Add-DPAS) and (Add-D-DPAS),
or the related auxiliary problem P’ satisfies (Comp-DPAS) and (Comp-D-DPAS). In both cases,
we define two sets Apgq and Qaqq indexed by (J,t) for J C [n] and t € T, respectively Acomp and
Qeomp indexed by (J,t,€) for J C [n], t € T and € € E. Essentially, the set Ayqq(J,t) contains all
the possible balanced bi-partitions of J and the associated parameter value of tgni;. The second
set aq4(J,t) contains the optimal solutions for each bi-partition in A,gqq(J,¢). Similarly, the set
Acomp(J, t, €) contains all the possible balanced bi-partitions of J and the possible parameter values
of T"and E. The second set Qcomp(J, %, €) contains the optimal solutions for each bi-partition and

parameter values in Acomp(J, ¢, €).

3.1.1 Additive DPAS sets and quantum circuits

Let us begin with the sets and related quantum circuits useful to the description of our algorithm for

solving problems whose related problem P satisfies recurrences (Add-DPAS) and (Add-D-DPAS).
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Definition 3.7 (Sets Aygqa and Qaq4). For J C [n] such that |J| is even and fort € T, we define

the set
Aaas10) = { (X1, Kot (13,0 X € 2,1 = 1
and the set
J
Qaad(J,t) = {(X, OPT[X,t],J \ X, OPT[J\X,tShZﬁ(J,X,t)],t) X CJ|X|= ‘2‘} .

The two following quantum circuits U, = and Uy,  —amount, respectively, to put into uniform

superposition the elements of A,gq and Q.4q.

Definition 3.8 (Circuit U, ). For J C [n] such that |J| is even, and fort € T, we define U,

as follows:

Un 1) 11)10)° =

1
|7) [¢) > X)) [AD) [0 [A3) [AS) [O) .
(AS AL A3 AL EA ga(Jit) V. [ Aada(J, 1))

Observe that we index the objects that represent sets by s, and the objects that represent scalars

by t, because these are equal to the values in T'.

Proposition 3.9 (Complexity of UAadd)' The complexity of Uy . is polynomial in the size of the

mput.

Proof. First, let us prove that, for a given J C [n] of size m for m even, the construction of the
quantum superposition of subsets of J of size m/2 (i.e. superposition of balanced bi-partitions) is
polynomial.

Let J C [n] be of size m, for m even. We note oepum : J — [1, m] the bijection that enumerates
the elements of J. We note opipare : [1, (m";Q)}] — {(A,[1,m]\ A) : |A| = 3} the bijection that
enumerates the balanced bi-partitions of [1,m]. Let UC,bipart be the quantum circuit corresponding

to the function opipare. Specifically, for i € [1, (m"}Q)]],

Obipart

Uspipae 10 10)10) = [2) | Ai) [[1, m] \ Aj) -

Obipart (Z)
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Let UJ,1 be the quantum circuit corresponding to the inverse of the function cenum. Thus,

enum

U, ) [Ai) [[1,m] \ Ai) = [0) | Xo) |\ Xa)

Oenum

for X; = o}, (4;) € J. We denote by o.,},.(S), for S a set, the operation of applying o}, to

enum enum
each element of S.

Consequently, we get a quantum superposition of all balanced bi-partitions of J by applying
first UGbipart then Uac’nh - to a quantum register that represents the superposition of all elements in

[1, (m"}Q)]] For that, we require ng := [logQ((mn;Q)ﬂ = O(m) qubits, each one initially in state |0)

on which we apply the Hadamard gate. Specifically,

(mW/LQ)
Uyr U 0057 0)[0) = Uy Uy S 10} [0)]0)
=1

(m2)

= U D0 1) A [ ]\ A)
1=1

(n/2)
= ) DX ]I\ Xi).
1

33

.
Il

Let us compute the complexity of Uo_1 H®"_ For a given i, computing opipart(7), re-

enum O bipart

spectively oL (i), is polynomial in m. According to Observation 3.3, the complexity of Uspipare®
respectively Ua;,h R is polynomial in m. Thus, the construction of the superposition of balanced
bi-partitions of J is polynomial.

Eventually, the computation of the function g, is polynomial. Thus, the complexity of Uy

is polynomial. O

Definition 3.10 (Circuit Uy, ). For J C [n] such that |J| is even, and fort € T, we define Ug

as follows:

1
U, Y[B10) = 1)) Y —— ) -
“ weQadd(Jvt) ‘Q(ldd(‘]7 t)|

Proposition 3.11 (Complexity of Uﬂadd)' Let J be the input set. If we suppose to have stored
in the QRAM the values OPT[X,t] for all X C J such that |X| = |J|/2 and for all t € T, the

complexity of Ug,,, s polynomial in the size of the input.
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Proof. The proof follows essentially the same lines as the proof of Property 3.9. The quantum
superposition of subsets is done in polynomial time, and instead of computing tgnif, we get values

in the QRAM in constant time. O

We end this subsection with the definition of the quantum circuit of the addition required for

recurrence (Add-D-DPAS).
Definition 3.12 (Circuit U,). We define the antecedent set Sy = 2" x (Z U {4+00}) x 2 x (ZU
{+00}) xT. Let a: S, — ZU {400} be the function:
a(wi,wi,ws,wy,w') = wi +wy + h(w] Uws,wi,w').
We note U, the quantum circuit corresponding to a, namely:

v(“f?""??"‘)gawgawt) € Sa, Ua |OJ> |0> = |w> |a(w)> )

where |w) = |wf) [w}) [ws) [w8) |w?) is encoded in five registers. Notice that we index the objects that

represent numerical values by v.

Notice that according to recurrence (Add-D-DPAS), the function a applies on objects of Q,q4(J, t)

for J C [n] and t € T', explaining the choice of the antecedent set.

Proposition 3.13 (Complexity of U,). The complezity of U, is polynomial in the size of the input.

Proof. The computation of h is polynomial (see (Add-D-DPAS)). It implies that the computation

of a is polynomial, and thus U, has a polynomial complexity (see Observation 3.3). O

Remark 3.14. Notice that for J C [n] andt € T,

OPT[J.t] = i . 6
[, t] pediin a(w) (6)

3.1.2 Composed DPAS sets and quantum circuits

In this subsection, we define the sets and their associated quantum circuits used for the descrip-
tion of the hybrid algorithm that solves problems whose related auxiliary problem satisfies recur-

rences (Comp-DPAS) and (Comp-D-DPAS).
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Definition 3.15 (Sets Acomp and Qcomp). For J C [n] such that |J| is even, for t € T and for

€ € E, we define the set

J
Acomp(J,t,€) = {(X,ti,ei,J\X,t,e—ei):X C J |X|= |2|,6,- c FE.t; GT} ,

and the set

(X, OPTGZ[X, ti], ti, €y J \ X, OPTE,GZ,[J \ X, t],t, € — 61') :
Qcomp(J7t7€) = J
xcJ|x|= gecbter
Definition 3.16 (Circuit Uy ). For J C [n] such that |J| is even, for t € T and for € € E, we

define UACOW) as follows:

U oy 1) 1£)10)°% =

1 S & S e
|7} [8) > mw A1) IAD) [0) [A5) [A2) [AS) [0) -
ATALALAS 5,05 €A comp (it€) ompAT

comp

Observe that we index the objects that represent sets by s, the objects that represent scalars in

T by t, and the objects that represent parameter values in E by e.

Proposition 3.17 (Complexity of U Acomp)' The complexity of UAme s polynomial in the size of

the input.

Definition 3.18 (Circuit U, ). For J C [n] such that |J] is even, for t € T and e € E, we

define Uﬂwmp as follows:

1
UQuomy |1) [t} 1€)[0) = [T} [2) |€) > |w) .
' WEQeomp (it€) ’Qcomp(Ja t, 6)‘

Proposition 3.19 (Complexity of UQcomp)' Let J be the input set. If we suppose to have stored
in the QRAM the values OPT[X,t] for all X C J such that | X| = |J|/2, for allt € T and for all

€ € E, the complexity of Uﬂcomp s polynomial in the size of the input.

The proof of Proposition 3.17 (respectively Proposition 3.19) is similar to the proof of Proposi-
tion 3.9 (respectively Proposition 3.11).
The composition is the counterpart for (Comp-D-DPAS) of the addition for (Add-D-DPAS)

(function a).
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Definition 3.20 (Circuit U,). We note the antecedent set S, = 21" x (ZU{400}) x T x E x 2" x
(ZU{+o0}) xT x E. Let c: S, — ZU{+o0} be the function:

v

; t_ v
w  if w] = w3

S v t e S v t ey __
C(wl’w17w17w17w23w2’w27w2) -

+o00 else

We note U, the quantum circuit corresponding to c, namely:
V(wi, wi, Wi, Wi, w3, Wy, wh,ws) € Se, U, |w) [0) = w) [e(w)) ,

where |w) = |wi) [w}) |wh) |w§) |ws) [wh) |wh) |ws) is encoded in eight registers.

Notice that the function ¢ is meant to be applied on objects of Qcomp(J, ¢, €), for J C [n], t € T

and € € E, according to recurrence (Comp-D-DPAS).

Proposition 3.21 (Complexity of U,). The complexity of U, is polynomial in the size of the input.
Proof. This is the same proof as for Proposition 3.13. O

Remark 3.22. Notice that, for J C[n],t €T and e € E,

OPT,[J,t] = eﬂmir%Jt )c(w). (7)
w comp(J,L,€

3.2 Description of the algorithm for Additive DPAS

In this section, we describe our hybrid algorithm Q-DDPAS adapted from the work of Ambainis et
al. [3] in the gate-based quantum computing model. We begin with the description of Q-DDPAS
for problems P whose related problem P satisfies recurrences (Add-DPAS) and (Add-D-DPAS).
Q-DDPAS for problems whose related auxiliary problem P’ satisfies recurrences (Comp-DPAS)
and (Comp-D-DPAS) derives directly, as we explain later in Subsection 3.3. Without loss of
generality, we assume that 4 divides n. This can be achieved by adding at most three fake jobs
and, therefore, does not change the algorithm complexity. Q-DDPAS consists of two steps. First,
we compute classically by (Add-DPAS) the optimal values of problem P on sub-instances of size

n/4. Second, we call recursively two times QMF on Equation (Add-D-DPAS) to find optimal values
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of problem P on sub-instances of size n/2 and eventually of size n (corresponding to the nominal
problem P).

Before presenting our hybrid algorithm, we introduce some notations about indexing quantum
circuits to be able to describe rigorously the quantum circuits of Q-DDPAS. Let reg = |q1) . . . |qn)
be a register of n qubits and U be an operator acting on k qubits, with & < n. Let I be a k-tuple
of distinct indices in [n], I = (i1, ...,ix). We denote by U’ the operator acting on the full register
reg, that applies U on |g;,) ...|q,), and applies Id on the remaining qubits. For instance, if I is

the tuple of contiguous indices (3, ...,k + 3) with k£ < n — 3, then
Ul :=1d*? @ U @ 1d®"+3.

For I = (i1,...,i) and J = (j1,...,J;) two distinct tuples in [n] (k-tuple and I-tuple where i #
7, ¥(i,5) € IxJ), wenote I ®J the concatenation of I and J, namely I &J = (i1, ..., 0k, ji,---,]1)-
Regarding the QMF operator, let us denote the indexes related to the quantum circuit Uf of a

function f as

Uy 1) 10) = 1) |f(@).
Y7 YT

To clarify the computations detailed next, we index the corresponding QMF operator as UQMF[U]{ .

We omit the index J because this is an auxiliary register that does not appear in the output of

Ugur[Uyl-
We present the quantum circuits used in the quantum part, as well as the numbering of the

different registers.

e Let |ini) be the initial state:

jini) := |[n]) 0) [0)®® |0)¥% |0)* |0)% |0)*?,
——

n 12 I3 14 15 16

where the tuples indexing the different registers are decomposed as follows:

'=roen
P=LRolLol

P=Bol
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f=rneonol

Pr=rel
F=ror
o Let
12 I4 I'er’ert
UiIli = (Uﬂadd ® UQadd) ’ UAadd (8)

be the quantum circuit that, given initial quantum state |ini), superposes all the couples
(X, X’) such that X, X' C [n], |X| = |X'| = n/4 and X N X’ = (). For each couple, the

optimal values and parameters associated are also superposed.

RSP 1529 e £ I3oIs . I3 . . .
e The quantum circuit Ugyp [Ua®] ® Ugyyr [Ua®] applies two QMF in parallel (resulting from

the tensor product of two quantum circuits) on the function a. Consequently, let

U,

) BoI3eIieI3ol) (12013 12 I3ors . I3
recurl - = Ua U [ ] QU [ ]

QMF QMF Ya

be the quantum circuit that adds, with the help of of function a, the resulting values of the

two registers.

e Eventually, let

12@1369]4@15@[1@16
U 1 2 1 2 2 [U

U, QMF recurl] (9)

recur *

be the quantum circuit that applies QMF on the function represented by the circuit U,

recurl®

The bounded-error hybrid algorithm Q-DDPAS is described in Algorithm 1.

Theorem 3.23. The bounded-error algorithm Q-DDPAS (Algorithm 1) solves P in O*(|T]-1.754™).

The proof of Theorem 3.23 relies on the two lemmas introduced next. However, before stating

and proving these lemmas, we observe that the complexity of Q-DDPAS can be further reduced by

performing a third call to Equation (Add-D-DPAS) as suggested in [3].

Observation 3.24. A slight modification of Q-DDPAS reduces the complexity to O*(|T| - 1.728™).

For the sake of clarity, we will prove Observation 3.24 only after having proved Theorem 3.23.

We now introduce the two lemmas necessary to prove Theorem 3.23.
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Input: Problem P satisfying (Add-DPAS) and (Add-D-DPAS)
Output: OPT[[n],0] with high probability
begin classical part
for X C[n]:|X|=n/4 andt €T do
Compute the optimal value OPT[X, ¢] and the corresponding permutation 7*[X, ¢]
by classical (Add-DPAS);
Store the tuple (X, ¢, OPT[X, ], 7*[X,¢]) in the QRAM;
end
end
begin quantum part
Prepare quantum state [ini);
Apply the quantum circuit U, U:

recur - ini
Measure register of indexes I3;

to |ini);

end

Return the outcome of the measurement
Algorithm 1: Q-DDPAS for Additive DPAS

Lemma 3.25. The optimal value of P is stored in the register of indexes IS by Q-DDPAS with

high probability.

Proof. We provide next a sketch of the proof, referring to Appendix B for the details of the com-
putations. We give some intuition on the effect of the quantum circuit U, U,,; and start by
explaining the effect of U, ; defined in (8). First, the application of U Anq SUPErpOSes all elements
of Aaqq([n],0) in the registers of indexes I? (partition of J) and I* (partition of [n] \ J). This
essentially amounts to superposing all the (n72) bi-partitions of [n] where each partition is of size

n/2 (parameters ¢ included). Next, we apply Ug,,, on register of index [ 2 respectively I*. This

superposes all elements of Q,qq(J,t) (for a J of size n/2 and t € T previously described in registers

n/2

of indexes I2, respectively I*). This essentially amounts to superposing all the (n /1

) bi-partitions
of [n] where each partition is of size n/2, parameters ¢ included, and the optimal value associated
already stored in the QRAM.

Let us explain the effect of U,

recur

defined in (9). The application of Ugyp[U,] on a register encod-

ing (J, t) and the superposition of elements of Q,44(/,t) stores OPT[J, ] (with high probability)

in an output register, according to Equation (Add-D-DPAS). Thus, Uqgyp[U,] on register of index

I?, respectively I*, superposes all OPT[J,t] in I3, respectively I°, according to Remark 3.14. In
e [Uég@lf] ® (UI§@15[ e

other words, the circuit Ugjp omr [Ua® '] that appears in U,oq,, superposes (with

high probability) all optimal values of Equation (Add-D-DPAS) for J of size n/2. Now that the
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optimal values are known for sets of size n/2 (before, we only knew optimal values for sets of size

| on these new registers: it outputs OPT[[n],0] with high

a

n/4), we apply one more time Uqgyp|[U,

probability on the register of index I§. O
Lemma 3.26. The complezity of Q-DDPAS is O* (|T| - 1.754™).

Proof. Let us compute the complexity of this algorithm. First, we compute the complexity of the
classical part. The proof of Lemma 2.2 shows that solving all OPT[X,¢] for all X of size n/4 and
for all t € T is done by (Add-DPAS) in time

n/4

|T|pozy<n>§k(2) o (in(_" )

Thus, because O* ((<7’;‘/4)> = O*(2°811n) (see Equation (19)), the complexity of the classical part
is

O*(|T’ . 20.811n) .
Second, let us compute the complexity of the quantum part (using Property 3.3).

e The complexity of U

ini

is polynomial in n. Indeed, U Apag 18 polynomial in n (Property 3.9).
Moreover, U, . is also polynomial in n: the classical part stored in the QRAM all OPT[X,¢]

for X of size n/4 and t € T' (Property 3.11).

e The complexity of U

recur ] m Urecurl have

5 0" (Y2 (). Tndeed, both terms UV

a polynomial complexity for U, and find the minimum of functions with a domain of size

(Zﬁ) Thus, the complexity of each of these two factors is O* ( (Zﬁ)), and so is the

complexity of the tensor product. The circuit U,,,; has the same complexity because of the

composition with U, that is polynomial. The circuit U, finds the minimum of a function

recur

with a domain of size (n72) described by the corresponding quantum circuit U,,.,,; above.

Thus, its complexity is O* ( (7;/‘2) (Zﬁ))

Because O* ( (n%) (Z;i)) = 0*(207") (see Equation (21)), the complexity of the quantum part
is

O* (20.75n) .
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Eventually, the complexity of Q-DDPAS is
O* (20.75n + ’T‘ . 20.811n) - OF (‘T’ X 20.811n) — OF (’T‘ . 1754n) )
]

Proof of Theorem 3.23. Follows directly from Lemmas 3.25 and 3.26. 0

Proof of Observation 3.24. The slight modification of Q-DDPAS amounts to adding a level of re-
currence in the quantum part, but instead of searching for the best concatenation among all the
bi-partition of size (n/8,n/8) (i.e. solving Equation (Add-D-DPAS) for |J| = n/4), we search for
the best concatenation among all the bi-partitions of size (0.945 - %,0.055 - %), i.e. solving
OPT[/,#] = min {OPT[X, 1] + h(J, X, t) + OPT[J \ X, taine (J, X, t)]} .
| X |=0.945|J|

A third call to this recurrence formula in Q-DDPAS implies that:

e the classical part computes OPT[X, ] for X of size 0.945- % and 0.055 - . Its complexity is

then O* (‘T’(go.&a%)) = O*(|T| - 20-7897) (see Equation (20)).

e the quantum part applies three levels of recurrence of QMF, finding the minimum over func-

tions with a domain of size (n72), (%i) and (0_925/%; / 4) respectively. Its complexity is then

0% (\/ (1) () (o0t a) ) = O (2075%) (see Equation (22)).

The quantum part and the classical part have the same complexity, thus the total complexity of

Q-DDPAS is the same, namely O*(20-789) = 0*(1.728") . O

Notice that the classical part of Q-DDPAS can be replaced by any classical algorithm A, if A
computes in O*(|T'|-1.728") all OPT[X, ¢] for X C [n] of size n/4 and t € T'. Moreover, if A happens
to reduce the classical part complexity O*(|T| - ¢") for ¢ < 1.728, the complexity of Q-DDPAS can
also be reduced in the same spirit as the slight modification of Observation 3.24.

We illustrate in Table 1 the worst-case time complexities of solving the three NP-hard scheduling
problems examples introduced in Subsection 2.2 (1|d;] > wiCy, 1| 32, wiTy and fprec| 3, w;Cj)

with Q-DDPAS and compare them with the complexities of the best-known current classical al-
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gorithms. Q-DDPAS improves the complexity of the exponent but sometimes at the cost of a

pseudo-polynomial factor (3 p; for problems 1|d;| > w;Cj and 1| >0, w;Ty).

Problem Q-DDPAS Best classical algorithm
1ld;| > w;C;  O* (- pj - 1.728™) O*(2™), T’kindt et al. [32]
L) > wiT; O* (> p; - 1.728™) O*(2™), T’kindt et al. [32]
lprec| Y w;C; O* (1.728") O*((2 — €)™), for small €, Cygan et al. [6]

Table 2: Comparison of complexities between Q-DDPAS and the best-known classical algorithm
for some scheduling problems satisfying (Add-DPAS) and (Add-D-DPAS)

3.3 Adaptation to Composed DPAS

In the previous subsection, we describe Q-DDPAS for a problem P for which its related problem
P satisfies both recurrences (Add-DPAS) and (Add-D-DPAS). However, the description of Q-
DDPAS for a problem P related to auxiliary problem P’ satisfying recurrences (Comp-DPAS)
and (Comp-D-DPAS) derives naturally. It essentially amounts to replacing Aagd by Acomps Qadd
by Qcomp and function a by function c¢. Consequently, the quantum circuit U Acomp” respectively
UQcomp7 apply on 8 registers, respectively 4 registers, that differ from Q-DDPAS for Additive DPAS.
Moreover, Q-DDPAS does not solve directly P but the auxiliary problem P’([n],0,¢q), for ¢y € E.
Eventually, we use it as a subroutine in a meta-algorithm to solve P.

Let us describe the slightly different quantum circuits adapting the number of registers and the

registers on which they apply. Let ¢y € E. The initial state is
lini) = |[n]) |0) leo) |0)*" 0)* 0)" 0)* 0)2,
N e N N N N~
I RN £ E O CH (4

where the tuples indexing the different registers are decomposed as follows:

'=nLelol
P=LFoLol;oI
B=Baol

Hf=rlenoloI
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=Ll

=Kol

The three quantum circuits that appear on the quantum part are:

12 It Ier2ert
ni — ( ) U

Ui ’ Acomp ’

Qv:omp QComp

U,

Boliolielialtelialiel; (12613 12 IteId It
recurl = Ue UQMF [Ue ]®UQMF [Ue*])

Ulf@Ig@lg@lg@lf@lg@lg@lg@lﬁ U,

U, QMF recurl] :

recur

The adaptation of Q-DDPAS to solve P’([n],0, ) for a given ¢y € F is described in Algorithm 2.

Input: ¢ € F, auxiliary problem P’ satisfying (Comp-DPAS) and (Comp-D-DPAS)
Output: OPT[[n],0, €g] with high probability
begin classical part
for X C[n]:|X|=n/4 andt €T do
Compute the optimal value OPT[X, ¢, ¢y] and the corresponding permutation
[ X, t, €0] by classical (Comp-DPAS);
Store the tuple (X, t,OPT[X,t, €], 7™*[X, ¢, €]) in the QRAM,;
end
end
begin quantum part
Prepare quantum state [ini);
Apply the quantum circuit U, U;; to |ini);

recur - ini
Measure register of indexes I3;

end
Return the outcome of the measurement

Algorithm 2: Q-DDPAS for Composed DPAS

Theorem 3.27. Let ¢ € E. The bounded-error algorithm @Q-DDPAS (Algorithm 2) solves
P'([n],0,€) in O*(|E|? - |T| - 1.754™).

Proof. First, the optimal value of P’([n],0,€p) is stored in the register of indexes I$ with high-

probability. This is exactly the same reasoning as the proof for Q-DDPAS for Additive DPAS. The

n/2

n/ 4) bi-partitions of [n], for any parameter in T, any value

classical part computes and stores all (
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in F and the optimal value associated in the QRAM. The quantum part applies recursively two
times QMF'. The first call put in superposition, thanks to Remark 3.22, the optimal values for sets
of size n/2. The second call finds the optimal value for [n].

Second, the computation of the complexity is similar. The main changes are that we require
to store values in F in Qc¢omp, but also let vary parameters in 7' to implement the composition
function c. This gives an extra factor |E| - |T| in the quantum part. We give the general idea of

the computation of complexities for each part:

e Classical part: according to Lemma 2.8, (Comp-DPAS) computes all OPT[X,¢,¢€| for X of

sizen/4,t €T and € € E, in

n/4

1 [Tpotyt) S () =0 (1812 71( ) ) = 072050,

e Quantum part: the first call to QMF in parallel is done on a set of size |E| - |T| - (Zﬁ) The
second call to QMF is done on a set of size |E|-|T| - (nT/Zz) Eventually, the complexity of the

quantum part is:

o (v () orm (1)) = (e1my () ()

= 0 (|B| [T 27",

Eventually, the total complexity is the maximum of the classical and the quantum part, namely,

O*(|E? - |T| - 2°%1") = O* (|E|* - |T| - 1.754™) .

We naturally obtain the hybrid Algorithm 3 that takes Q-DDPAS as a subroutine.

Corollary 3.28. The bounded-error Algorithm 3, with Q-DDPAS as a subroutine, solves P in
O*(|E|3-|T| - 1.754™).

Proof. Algorithm 3 calls |E| times Q-DDPAS for Composed DDPAS (Algorithm 2), which com-

plexity is given in Theorem 3.27. O
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Input: Auxiliary problem P’ satisfying (Comp-DPAS) and (Comp-D-DPAS)
Output: mi]rgl{e - OPT[[n],0, € < +oo} with high probability
€c

€* +— +o0;
for e € F' do
Solve P([n],0,€) with Algorithm 2;
if OPT|[n],0, €] < 400 and € < €* then
‘ €+ ¢
end
end

Return €*
Algorithm 3: Meta-algorithm with subroutine Q-DDPAS for Composed DPAS

As for the case of Q-DDPAS for Additive DPAS, we can reduce the exponential part of Q-DDPAS

complexity for Composed DPAS, by the very same modification.

Observation 3.29. A slight modification of the Q-DDPAS algorithm can reduce the complexity of
Algorithm 3 to O*(|E|? - |T| - 1.728").

Proof. Refer to the proof of Observation 3.24. O

We synthesize in Table 3 the worst-case time complexity achieved by Q-DDPAS on the exam-
ples of scheduling problems satisfying (Comp-DPAS) and (Comp-D-DPAS) and compare it with
the best-known classical complexity. The latter comes from the algorithm of Inclusion-Exclusion
designed by Ploton and T’kindt [25], which provides a generic method to solve such problems.
We observe that Q-DDPAS improves the exponential part of the complexity, at a cost of a higher

degree for the pseudo-polynomial factor.

Problem Q-DDPAS Best classical algorithm

S wl;, O (Cw)’ L 1725  O(Lw; p;2), Ploton and Tkindi [23]

Lrj| > w;C;  OF ((Z wj)?’ . (ij)4 . 1.728”) O Q> wj- (O pj)2 -2™), Ploton and T’kindt [25]

Table 3: Comparison of complexities between Q-DDPAS and the best-known classical algorithm
for some scheduling problems satisfying (Comp-DPAS) and (Comp-D-DPAS)

34



4 Adaptation to decision problems

We saw in the previous section that the recurrence to solve P can be done on a minimization
problem, possibly involving an auxiliary problem. Sometimes, the recurrence does not apply directly
to a minimization problem but to a decision problem. In this section, we adapt the hybrid algorithm
Q-DDPAS to this case. Originally, this adaptation came from the desire to solve the 3-machine
flowshop problem. Because this is the only scheduling problem we found that applies to this
resolution, henceforth we describe the dynamic programming properties for the 3-machine flowshop
problem to avoid additional and unnecessary abstraction. Notice that it can still be generalized
to other problems with the same structure. Particularly, it easily generalizes to the m-flowshop

problem, for m > 4.

4.1 3-machine flowshop problem and dynamic programming

We consider the permutation flowshop problem on 3 machines for n jobs with minimizing the
makespan as the objective function. This strongly NP-hard problem is often referred to as F'3||Cpax
in the literature, as mentioned by Shang et al. [28]. Each job j € [n] consists of 3 operations O;;
for i € [3], each operation being processed on the i-th machine. We note p;; the processing time of
operation O;;. Each machine performs at most one operation at a time. For each job j, operations
must be processed in the specific order O1;, O;, O3;: the first operation gets processed on the first
machine, then the second operation gets processed on second machine (as soon as the first operation
is finished and the machine 2 is available), and eventually the third operation gets processed on
the third machine (as soon as the second operation is finished and the machine 3 is available).
Thus, only the order of the executions of jobs can be decided. It implies that a solution is entirely
described by the permutation of jobs on the first machine, so the problem can be formulated as

i C X 9 10
108 C(7) (10)

where Cpax is the maximum completion time.
It happens that the two techniques presented so far do not apply to (10) so we present in the
next section an alternative approach involving the decision counterpart of the above optimization

problem.
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4.1.1 Decision problems definitions

Let us define the decision problem D related to P. An instance J of D is described by instance Z of
P together with an additional parameter t € Z. As in Subsection 2.1, we consider the sub-instance

J(J) = (Z(J),t) corresponding to J C [n] and we focus on the solution of
D(J,1) : \V  fooal(m, 1), (11)
well(J,t)
where II(J,t) € S is the set of feasible permutations of J and fyool(-,J,t) is a boolean function.
We note D[J,t] the boolean value of D(J,t). As before, we introduce the bounded set T'(Z) C Z
and omit the dependency to Z and note T this latter set.
We assume that D and P are related through:

P min{t:D[[n],t]zl}.

teTl
4.1.2 Special case of 3-machine flowshop

Let us describe D for the special case of the 3-machine flowshop at hand. We slightly modify the
description of an instance, and assume that an instance J of D is an instance Z = ([n],p;j : ¢ €

[3],7 € [n]) of P together with four parameters (2, 83, €2, €3 € Z. We introduce the bounded set

T(T)={0,...., Y pijpCZ

Jj€ln] i€[3]

and consider parameters (82,3, ¢€a,¢€3) € T(Z)*. Henceforth, we denote by T the set T(Z) to
lighten the notations. Notice that the number of parameters is four for the 3-machine flowshop,

but generalizes to 2(m — 1) parameters for the m-machine flowshop as we see later.

Definition 4.1 (Decision problem). For J C [n], f = (B2, 83) € T? and & = (e, €3) € T?, we

define the decision problem D(J, E, €) on a sub-instance associated with J as the following question:

“Does there exist a permutation m € Sy such that, for i € {2,3}, bj(w) > B, and

ei(ﬂ') < €; ?”,

where b;(m), respectively e;(m), denotes the time that the first operation begins, respectively the last

operation ends, on the i-th machine, for i € [3].
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In other words, problem D(.J, 5 , €) is asking whether there exists a feasible permutation with jobs
in J such that it holds between the two temporal fronts 5 and € Notice that it is not necessary
to impose any beginning and ending time for the first machine (i = 1). Indeed, the problem is
time-invariant, thus we can always consider that the scheduling problem starts at time 0, and that
the total completion time on the first machine is known and equal to the sum of processing times

of considered jobs. With these notations, P can be cast as follows:

P rcréiip{c : D[[n], (0,¢), (0,¢)] = 1} . (12)

The decision problem D introduced in Definition 4.1 satisfies the recurrence (Dec-DPAS) below.

Property 4.2 (Decision DPAS). For all J C [n] of even cardinality, BeT? and €€ T?,

p.Ada=\/  (DGLAAADI\ LTS p,E0py]) | (Dec-DPAS)

XCai|X|=1J1/2,
te[8.e

where T € [5’, €] means that the i-th coordinate of T is between the i-th coordinates ofg and €, and

where the operation ¥ O ¢, for a vector ¥ and a constant ¢, subtracts ¢ to each coordinate of v.
This latter recurrence enables P to be solved by classical dynamic programming.

Lemma 4.3. (Dec-DPAS) solves P in O*(|T|*-2").

Proof. First, we can show that, for a given 8y, & € T2, (Dec-DPAS) solves D([n], fo, &) in O*(|T|*-
2™). This is essentially the same lines of the proof for Lemma 2.2. Second, to solve P, we make a
dichotomic search over T to find the minimum ¢ € T such that D([n], (0, c), (0,c¢)) is true according
to Equation 12. Thus, (Dec-DPAS) is called logy(|T'|) times. Because |T'| = ) p;; is a pseudo-

polynomial term of the instance, the total complexity is
O*(log,(|T1) - |T|* - 2") = O*(IT|* - 2").

O]

Not only does problem D satisfy (Dec-DPAS), but it also satisfies the following (Dec-D-DPAS)

recurrence.
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Property 4.4 (Decision Dichotomic DPAS). For all J C [n] of even cardinality, 3 € T? and

eeT?,
plrga= \/ DIX, B, ADIJ\X,£6 Y p1;,é© Y py]| - (Dec-D-DPAS)
XQJ:_J)TL:%J\/Z jex jeX
te(B,e

Lemma 4.5. (Dec-D-DPAS) solves P in w(|T|*-2").

Proof. This proof is similar to the proof of Lemma 2.5, with the argument that dichotomic search

is polynomial in the size of the instance as in the proof of Proposition 4.3. O

Once again, we observe that recurrence (Dec-DPAS) outperforms recurrence (Dec-D-DPAS) to
solve by classical dynamic programming our problem P. In the next section, we describe how
we adapt Q-DDPAS to take advantage of those two recurrences to solve the 3-machine flowshop

problem.

4.2 Hybrid algorithm Q-Dec-DDPAS

We call Q-Dec-DDPAS the adapted decision version of Q-DDPAS. The main difference is that
instead of searching for a minimum value in a set in recurrence (Add-D-DPAS) or (Comp-D-DPAS),
we search for a True value in a set in recurrence (Dec-D-DPAS). Thus, it essentially amounts to

replacing QMF with the algorithm of Grover Search specified below.

Definition 4.6 (Circuit Ug). Let f : [n] — {0,1} be a function and let U, be its corresponding

quantum circuit, specifically,

Ugli)|0) = [} [f(2)), Vi€ [n].
We note Ug[U,] the quantum circuit corresponding to the algorithm of Grover [12] that computes
with high probability the logical OR of all the f values. If it appends to be True, UG[Uf] also gives
the corresponding set Iy = {i: f(i) = 1}. Specifically,

S o =iy 0)

1€[N]

3\
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Observation 4.7 (Complexity of Uy). The complexity of Grover Search is O (v/n - C¢(n)), where
n is the size of the domain of f and O(C¢(n)) is the complexity of the circuit U;. Thus, according

to Observation 3.3, the complexity of UG[Uf] is,

O (Vn-Cy(n)) .

In what follows, we define the sets and their associated quantum circuits to describe the Q-Dec-

DDPAS algorithm.

Definition 4.8 (Sets Agec and Qqec). For J C [n] such that |J| is even and for ,€ € T2, we define

the set
|

Nal B0 = { (XA E\ XL x calx) = remal,

and the set
S - - R J - =
Qunc. .9 = { (X, DX A0 AL\ X DU\ XL s x C x| =L FeFal

The quantum circuits associated with these two sets are the following.

Definition 4.9 (Circuit Uy ). For J C [n] such that |J| is even, and for 3,e e T?, we define

Up

as follows:
dec

Unyo 1) |B) 18110)%° =
ENE > P

—

S AL A A AP AN e (1, 5,0) V[ Adec(, B €)]

XY XY [0) 1X3)

A§b> INEY[0) -

Notice that we index the objects that represent sets by s, and the objects that represent scalars in
T? by tb if it represents a couple of beginning times, or by te if it represents a couple of ending

times.

Proposition 4.10 (Complexity of UAdec)' The complexity of Uy, 18 polynomial in the size of the

mput.

Definition 4.11 (Circuit U, ). For J C [n] such that |J| is even, and for 3,ee T2, we define
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Ug,,, as follows:

Ua,, 1) |8) 610y = 1) |7) o S

—

WEQgen( ], |Qaaa(J, B, €)]

Proposition 4.12 (Complexity of UQdec)‘ Let J be the input set. If we suppose to have stored in
the QRAM the values D[X,3,& for all X C J such that |X| = |J|/2 and for all §,& € T2, the

complexity of Ug,,, s polynomial in the size of the input.

The proof of Proposition 4.10, respectively Proposition 4.12, is similar to the proof of Propo-
sition 3.9, respectively Proposition 3.11. Notice that ¢ € [5, €] can be replaced by t € T? in sets
U Adee and Uﬂdec so that the circuits that superpose all elements of these sets are easier to conceive.
Indeed, (Dec-DPAS) and (Dec-D-DPAS) are less accurate but still valid with this replacement.

The operation in recurrence (Dec-D-DPAS) is not the addition (represented by the function a
for (Add-D-DPAS)) nor the composition (represented by the function ¢ for (Comp-D-DPAS)) but

the logical AND. We define below its corresponding quantum circuit.
Definition 4.13 (Circuit U, ). We note the antecedent set Sona = 21" x {0,1} x T? x T? x 2l x

{0,1} x T? x T?. Let and : Sqng — {0,1} be the function:

1 ifwb =uwh

s b, th  te b, tb
a’nd(wlvwlawl y W1 )‘*)2’0‘}27(‘}2 7("}2 )
0 else

We note U ,,; the quantum circuit associated to the function, specifically,
Vw = (wfvwlljawibawl aw2awg7w§b7w2 ) € Sand, Uand ‘w> |O> = |w> |and(w)> :

Notice that objects representing boolean values are indexed by b. Note that according to re-
currence (Dec-D-DPAS), the function and applies on objects of sets Qgec(J, A, €) for J C [n] and

B,eeT?.
Proposition 4.14 (Complexity of U, ;). The complexity of U, is polynomial in the size of the

nput.

The proof of the above proposition is the same as the one of Proposition 3.13.
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Remark 4.15. Notice that for J C [n] and 5, eeT?,
pifda= \  andw). (13)
WEQdec(ngvg)

Q-Dec-DDPAS algorithm solves D([n],go,e_’o), for By,é € T?. Eventually, Q-Dec-DDPAS is
the subroutine of a meta-algorithm that solves the 3-machine flowshop problem P. Let us begin
with the description of different quantum circuits for the quantum part of Q-Dec-DDPAS. Let

ﬁo, € € T?. The initial state is

ini) = [[n]) 3o 160) [0)°* [0)°2 [0) [0)%2 [0),
e e e e e
A 2 3 4[5 g6

where the tuples indexing the different registers are decomposed as follows:

'=rnonLol
P=LFeoeLoliol
P=LBaol
=rlenoliolI
P=rRerl

f=1aIl

The three quantum circuits that appear on the quantum part are:

12 14 Ier?ert
Uini - (Uﬂdec ® Uﬂdec) ’ UAdec ’

Bolisliel2elielielsels (12613 12 IteId I}
Urecurl = Uand UG [Uand] ® UG [Uand] ’
Beliolielieliolieliel ol
Urecur = UG [Urecurl] .

The description of Q-Dec-DDPAS is in Algorithm 4.

Theorem 4.16. Let 50, € € T?. The bounded-error algorithm Q-Dec-DDPAS (Algorithm 4) solves
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Input: (o, & € T2, decision problem D satisfying (Dec-DPAS) and (Dec-D-DPAS)
Output: D[[n], Bo, €o] with high probability
begin classical part
for X C [n]: |X|=n/4 and 3,¢c T? do
Compute the optimal value D[X, B, €] and the corresponding permutation
X, A, €] by classical (Dec-DPAS);
Store the tuple (X, 3,€ D[X, 3,d,7*[X, 3,€) in the QRAM:;
end

end

begin quantum part

Prepare quantum state [ini);

Apply the quantum circuit U, o, Usy; to |ini);
Measure register of indexes I3;

end
Return the outcome of the measurement

Algorithm 4: Q-Dec-DDPAS for 3-machine flowshop

D([n], EO; €0) in O*((Zpij)4 - 1.754™).

n/4

superposition (refer to Remark 4.15). The second call finds the optimal value for [n].

The computation of the complexity in time of Q-Dec-DDPAS is also similar.

Proof. As for the proof of Theorem 3.27, we follow the same reasoning of the proof of Theorem 3.23.
First, we can show that the boolean value D[[n], By, &)] is stored in the register of indexes I$ with
high-probability. Indeed, the classical part computes and stores in the QRAM the decision variables
for all ("/ 2) bi-partitions of [n], for any couple of parameters in 72. The quantum part applies

recursively two times Grover Search. The first call puts the optimal values for sets of size n/2 in

e Classical part: according to Lemma 4.3, (Dec-DPAS) computes all D[X, B, €] for X of size

n/4 and B,ge T? in
* 4. n — (O*(|T]4 . 90.811n
@ <|T] <S n/4>> o*(|T)* -2 ).

e Quantum part: the first call to Grover Search in parallel is done on a set of size |T'|? - (

n

)

The second call to Grover Search is done on a set of size |T'|?- (n /2). Eventually, the complexity

of the quantum part is:

o (e () e () = (/) ()

— O*(’T‘Q i 20.75n) )
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Eventually, the total complexity is

It stems from Q-Dec-DDPAS the Algorithm 5 that solves the 3-machine flowshop P.

Input: 3-machine flowshop
Output: Minimum makespan with high probability
c* + +o0;
for ce T do

Solve D([n], (0,c¢),(0,c)) with Algorithm 4;

if DI[[n],(0,¢),(0,¢)] and ¢ < c* then

‘ c* <« ¢

end

end

Return c*
Algorithm 5: Meta-algorithm with subroutine Q-Dec-DDPAS for the 3-machine flowshop

Theorem 4.17. Algorithm 5 solves the 3-machine flowshop in O*((3 pi;)* - 1.754™) with high

probability.

Once again, as mentioned in Observation 3.24, the complexity can be reduced thanks to a slight

modification on the Q-Dec-DDPAS that constitutes the subroutine.

Observation 4.18. A slight modification of Algorithm 5 reduces the complexity of solving the
3-machine flowshop in O*((3° pi;)* - 1.728") with high probability.

It is worth noting that the previous algorithm easily generalizes to the m-machine flowshop
problem and runs in O*((> pij)Q(mfl) -1.728"). Indeed, the only difference is the description of
the temporal front that necessitates 2(m — 1) parameters.

This new method improves the best-known classical algorithm that is in O*(3™) or in O*(M -2")
if there exists a constant M such that p;; < M for all i € [3],j € [n] presented by Shang et al. [28]
and by Ploton and T’kindt [26]. Hybrid quantum-classical bounded-error Algorithm 5 reduces the
exponential part of the time complexity at the cost of a pseudo-polynomial factor. For most cases,

this factor is negligible because the numerical values of 3-machine flowshop instances are small
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compared to the exponential part value. However, we present in the next subsection a way to

dispose of this factor with an approximation scheme.

4.3 Approximation scheme

We present an approximation scheme for the 3-machine flowshop problem that trades the pseudo-
polynomial factor in the complexity of Q-Dec-DDPAS and the optimality of the algorithm for a
polynomial factor in % and an approximation factor of (1 + €). In other words, we provide the Al-
gorithm 6 that finds a solution in time O* (6%, 1.7 28") for which the makespan is not greater than
(1+4¢€) times the optimal makespan. The latter point denotes that this is an e-approximation scheme.
Our algorithm belongs to the class of moderate exponential-time approximation algorithms. Notice
that the 3-machine flowshop problem does not admit an FPTAS (fully polynomial-time approxima-
tion scheme) because it is strongly NP-hard, meaning that no e-approximation algorithm exists to
solve the 3-machine flowshop in time O (poly(n, %)) unless P = NP (Vazinari [33]). In comparison,
Hall et al. [13] provide for the m-machine flowshop problem an FPT-AS (fixed-parameter tractable
approximation scheme), namely an e-approximation algorithm that runs in time O(f(e, k) poly(n))
for k a fixed parameter of the instance and f a computable function. Hall et al. [13] choose & to be
the number of machines of the flowshop, leading to an FPT-AS that runs in time O <n3'5 . (m)gl) .

€

In our case, we should consider the case m = 3.

Input: € > 0, 3-machine flowshop on n jobs with processing times {p;; : i € [3],j € [n]}
Output: solution at most 1 + € times the optimal solution
P = max ij b

e P

_ €eP .
K_n+2’

for i e [3],j
‘ p;j =%

end

Solve 3-machine flowshop on n jobs with new processing times {p;; : i € [3],j € [n]} with

€ [n] do
|

)

Algorithm 5 that outputs permutation 7’;

Return 7/
Algorithm 6: Hybrid approximation scheme for the 3-machine flowshop

Lemma 4.19. Let ™ be an optimal solution of the 3-machine flowshop problem, for the processing
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times {p;; : i € [3],j € [n]}. Let 7’ be the output of Algorithm 6. We have
Crnaz(m) < (14 €) - Crnaa(m*) .

Next, we introduce two observations necessary to prove Lemma 4.19. The proofs are omitted

because of their simplicity.

Observation 4.20. Let m be a permutation and let o be a non-negative real number. We note
Crnae() the makespan of  of the 3-machine flowshop for processing times {p;; : i € [3],j € [n]}. We

note C'

maxr

() the makespan of T of the S-machine flowshop for processing times {p;; : i € [3],j € [n]}

such that p;j == ap;j for alli,j. Then,
Crnaa(T) = aClpaa(T) .

(m) < aCpaz(m) even if the critical path in m may differ to

maxr

Notice that for pj; < api;, we have Cj

obtain Cpee and C!

mazx*

Observation 4.21. Let m be a permutation and let S be a real number such that [ >

— E[?ﬂli%[ ]{pij}. We note Coon(m) the makespan of m of the 8-machine flowshop for processing
) JEN

times {p;j 1 i € [3],7 € [n]}. We note C},,.(7) the makespan of © of the 3-machine flowshop for

maxr

processing times {pj; 1 i € [3],7 € [n]} such that pj; := pij + B for all i € [3],j € [n]. Then,

C’Zzax(ﬂ) < Cmar('ff) + B(n + 2) .

Notice that for pi; < pij + B, we still have Cy

max

(1) < Craa(m) + B(n 4 2) even if the critical path

"

in ™ may differ to obtain Cpey and C), ...

Proof of Lemma 4.19. Given € > 0, let us prove Lemma 4.19. The new processing times considered

pij = [%4] imply that %2 < pi; < B 4+ 1. We note C},,, the makespan of the new problem, i.e.

the 3-machine flowshop problem with processing times {p}; : i € [3],7 € [n]}.
On the one hand, we have p;; < Pi+1foralli € [3],5 € [n]. Thus, according to Observations 4.20
and 4.21 considering the optimal permutation 7*,
Clnax

(%) <

Chnax(7*
ma]{(ﬂ)_‘_n_'_2’
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namely, because K > 0,

K Gl (1) < Cunan(w%) + K (n +2). (14)

On the other hand, we have % < p;j. Thus, according to Observation 4.20 considering the

output permutation 7’ of Algorithm 6,

Crmax 7!
[(() < Crlnax(ﬂ-,) )
namely, because K > 0,
Cmax(ﬂ/) S Kcr/nax(ﬂ—/) <15)
< K Chpax(17) (16)
< Chax (") + K(n 4 2) = Cryax (") + €P (17)
< Cmax(ﬂ'*) + 6C'max(ﬂ'*) = (1 + E)Cmax(ﬂ'*) ) (18)

where (16) comes from the fact that 7’ is the optimal solution for makespan C/ .,

(17) results from

Equation (14), and (18) is true because the makespan is always larger than P = [n}lax[ ]{pij}. O
i€[3],j€n

Theorem 4.22. Algorithm 6 is an approximation scheme for the 3-machine flowshop problem and

outputs a solution whose makespan it at most (1 + €) times the optimal value in time

o* (13 : 1.728"> .
€

Proof. First, according to Lemma 4.19, Algorithm 6 outputs a solution whose makespan it at most
(14 ¢€) times the optimal value.

Second, Algorithm 5 solves the new problem in time (9*((210;]-)4 -1.728") = (9*(%4 - 1.728™).

Indeed,
/ Pij 1
> bl < Z(f +1) =% > pij+3n
1
< I 3nP + 3n
3 2
= 771(” +2) + 3n.
€
Thus, > p}; < poly(n, 1). O
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5 Conclusion

In this work, we extend the quantum-classical algorithm of Ambainis et al. [3] to optimization
problems that satisfy Dynamic Programming Across the Subsets (DPAS) properties. We illustrate
our hybrid algorithm Q-DDPAS on several NP-hard single-machine scheduling problems and adapt
it for the 3-machine flowshop problem. Q-DDPAS reduces the best-known classical time complex-
ity, often equal to O*(2") for single-machine problems and O*(3") for the 3-machine flowshop,
to O*(1.728™), sometimes at the cost of an additional pseudo-polynomial factor as summarized
in Table 1. Future work should be dedicated to finding a quantum brick, e.g. Grover Search
(Grover [12]), Quantum Fourier Transform (Kitaev [15]) or Quantum Walks (Aharonov et al. [1]),
that could speedup exponential algorithms such as Sort-and-Search (Lenté et al. [18]), Inclusion-

Exclusion (Ploton [24]) or Branch-and-Reduce (T’kindt et al. [32]).
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Notations and upper bounds

In what follows, we use the notation
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We also define the binary entropy of € €]0, 1] by H(e) = —(elogy(e)+ (1 —¢€) logy(1—¢€)) . We remind

some useful upper bounds of binomial coefficients [3]:

k

Vk € Hl,gﬂ, <§nk> < oH(G)m

n/4

Observe that (<g/4) is bounded above by 2H(T>'n, where

(20 () = (Lo () + P (7)) os11

Vk € [1,n], (”) < oH(3)m

3=

leading to
n
< 90.811n 19
(cma) < (19)
In the same way, we can show that
n
< 2078 20
<§ O.945-n/4> = (20)
Similarly, (n%) (Zﬁ) is bounded above by
Vot ()39 (32)m _ o3 (3m()+n(2))n _ p3n()n
where H (%) =1, leading to
n o\ (n/2 0.75n
< 250 21
(1) (1) < 2y

In the same way, we can show that

\/<n72> (Z?J <0.94n5/.4 n/4> < 207 (22)

B Omitted proof

In this appendix, we detail the proof of Lemma 3.25. Next, we compute U, U,,; |ini) and show

that OPT|[[n],0] is stored in register of indexes I§ with high probability. We write the following

computations as if the algorithm QMF was returning the optimal solution with probability 1. First,
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we compute U, [ini).

Iorzert . . Ierert 2 2
U lini) =U [n]) 10) [0)%7 10)#2 10)*? |0)#* |0)®
N’

Aadd Aadd N’
n I? I3 14 15 16
1
=|[n])|0) ———
~—— 2 |Aaaa([n], 0)]

1 (AL EMaa([n],0)

D) [AD) 10) [0)92 [A3) [AS) [0) 0)%2 |0) 2 .
—— ——

12 3 4 s I8

Thus,

. . 12 I oerzert . .
Uiy [ini) =(Uq_,, ®Uq_ )+ U |ini)

Aadd
2 74 1 s 21\s t ®2 ®2
_ v suU ) 10 A XY ]0)|0YE2 IA3) (ALY [0) [0)® |0
Uanas Vi) [010) 3 T LA 00 T8 1) 100707
It ()\17/\17)\27>\2)6Aadd([n}70) 72 I3 74 I5 I6
=|[n])10) > W\MQ!AD 1Q 1(>\5 Xf)|@@f§j
T AL A AL E A ([n),0) add 7] P \I; wERada(A] A]) addiAb A1 21
1 2 ®2
P X ST 0707
I \Ig wWENaqa(A3,A5) [Faaa (33, X2)] F N O 16

Second, we apply the tensor product of the two first QMF to the previous state.

213, 12 IteIs ., I 1
(UQgMF [Ua’] ® Ugr | ag]) |[n]) 0) Z \/A—i()
Ivl ()\f7/\t1:)\§»)\§)€/\add([n},0) | add([n]v )|
P Y e 0
o2 wERaaa (A1) A 2B
1 2 ©2
S ——yE
T E WEada(A5,A5) [Raaa (33, Xo)| I 6

1
=|[n])10) > e
H,—/()‘i7)‘ti7>‘§7)‘3)6‘/\3de([n}’0) |Aadd([n}7 0)|

Il

1
IA5) | AL w)
R [A) 2 [Qaaa (05, AD)]

2o WERadd (A],A])

arg min r(w)> )mwin r(w)>

373
Iy Q15
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1 . . 2
IAS) [N, g |w) argm1nr(w)> )mlnr(w) |0y®2 .
v ‘ V> I=1¢) ()\s )\t) ‘Qadd(A§7)\§)| M w w > Vv
Iil Iél w add A5,y 13 ~~ 6

RIS

Thus, we apply the second circuit of QMF.

Bolionelioors
Urecur ini |1n1> UQMF [

ReBelenenll’  Relelelel 1
—UQMF > Ut 277211[n]) 0) Z

J1 ()‘f’)‘ﬁ’kgv)‘é)eAadd([n]ﬂo) ‘Aadd<[n]7 O)‘

Urecurl] ini |1n1>

IAD) [AS Z |w) |arg min r(w)> ‘min r(w)>
\ , EEBVATE ,

I2 12 weﬂadd()“i)‘jt[) Qadd(Al’ )\1)‘ 12 ¢ v

b Ben

1

s t : . ®2
PRPY Y e o) fargminr(e) ) () o)
v\/ Q AS At | add( 29 2)‘ ~~ w ~—~—
[il T4 WENaad (A3,A5) I§ 16

2 BeI3

1
= [n]l>1 0) >

(A3 AEAS,8)EAqaa([n],0) |Aaaa([n], 0)]

) 1
|>\1 P\ Yy —
12 2 WEQadd(AS Ab) IQadd()‘l’ Al)‘

@ arg(jnin T(w)> ‘ngn r(w)>

BRI3

1
A5) | A
ALY B0 )

1—4 fl WEQadd )\5 )\t
1 I3 3

argofninr(w)> ‘ngnr(w)>

RIS

argmin (], min  r(w), A3, min  r(w),0)
)\EAadd([n],O) weQadd(Ai»\i) weQadd()\SyAé)

4

min ~ r(A{, min  7(w), A3, min  r(w),0) ).
A€Aqaa([n],0) WERada (A,A]) wWEQaad (A3,A5)

13
According to definition of a@ and recurrence (Add-D-DPAS), the results stored in register of indexes
I§ is OPT[[n],0].
Notice that optimal permutation 7*[[n], 0] can be rebuilt with registers of indexes I3, I and I?,

and with the access to the results of the classical part in the QRAM.
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