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Abstract

State conversion generalizes query complexity to the problem of converting between two
input-dependent quantum states by making queries to the input. We characterize the complexity
of this problem by introducing a natural information-theoretic norm that extends the Schur
product operator norm. The complexity of converting between two systems of states is given by
the distance between them, as measured by this norm.

In the special case of function evaluation, the norm is closely related to the general adversary
bound, a semi-definite program that lower-bounds the number of input queries needed by a
quantum algorithm to evaluate a function. We thus obtain that the general adversary bound
characterizes the quantum query complexity of any function whatsoever. This generalizes and
simplifies the proof of the same result in the case of boolean input and output. Also in the
case of function evaluation, we show that our norm satisfies a remarkable composition property,
implying that the quantum query complexity of the composition of two functions is at most the
product of the query complexities of the functions, up to a constant. Finally, our result implies
that discrete and continuous-time query models are equivalent in the bounded-error setting, even
for the general state-conversion problem.

1 Introduction

A quantum query algorithm for evaluating a function f attempts to compute f(x) with as few
queries to the input z as possible. Equivalently, the algorithm begins in a state |0), and should
approach |f(x)) ® |0). The state-conversion problem generalizes function evaluation to the case
where the algorithm begins in a state |p,) and the goal is to convert this to |o,). State-conversion
problems arise naturally in algorithm design, generalizing classical subroutines (Figure 1). For
example, the graph isomorphism problem can be reduced to creating a certain quantum state [Shi02].

We characterize the quantum query complexity of state conversion. We introduce a natural,
information-theoretic norm, which extends the Schur product operator norm. The complexity
of state conversion depends only on the Gram matrices of the sets of vectors {|p;)} and {|os)},
and is characterized as the norm of the difference between these Gram matrices. For example, in
function evaluation, the initial Gram matrix is the all-ones matrix, J, and the target Gram matrix
is F' = {0f(a),f(y) }zy> SO the query complexity depends only on the norm of ' — J. Characterizing
query complexity in terms of a norm-induced metric has interesting consequences. For example, it
follows that if one can design an optimal algorithm for going from J to %J + 1—(1)0}7 , then one also
obtains an optimal algorithm for evaluating f.

The norm we introduce is related to the general adversary bound [HLSO?], a strengthening of
the popular adversary method for showing lower bounds on quantum query complexity [Amb02].
A recent sequence of works [FGG08, CCJY09, ACR™10, RSO8] has culminated in showing that
the general adversary bound gives, up to a constant factor, the bounded-error quantum query



complexity of any function with boolean output and binary input alphabet [Rei09, Reill]. Our
more general state-conversion result completes this picture by showing that the general adversary
bound characterizes the bounded-error quantum query complexity of any function whatsoever:

Theorem 1.1. Let f : D — E, where D C D™, and D and E are finite sets. Then the bounded-error
quantum query complezity of f, Q(f), is characterized by the general adversary bound, Adv=:(f):

Q(f) = ©(AdvF(f)) . (1.1)

The general adversary bound is a semi-definite program (SDP). When phrased as a minimization
problem, Adv¥(f) only has constraints on z,y pairs where f(z) # f(y). In contrast, we consider
an SDP that places constraints on all input pairs x,y. Fortunately, these extra constraints increase
the optimal value by at most a factor of two. The extra constraints, however, are crucial for the
construction of the algorithm, and for any extension to state conversion. They also lead to a new
conceptual understanding of the adversary bound.

The modified SDP defines a norm, and we define the query distance as the metric induced
by this new norm. Our main algorithmic theorem states that there is a quantum algorithm that
converts |p,) to a state with high fidelity to |o,), and that makes a number of queries of order the
query distance between p and o, the respective Gram matrices of {|p;)} and {|og)}.

The correctness of our algorithm has a direct and particularly simple proof. Though more general,
it simplifies the previous characterization of boolean function evaluation. At its mathematical heart
is a lemma that gives an “effective” spectral gap for the product of two reflections.

The query distance also gives lower bounds on the query complexity of state conversion. It is
straightforward to argue that the query distance between p and ¢ lower bounds the number of
queries needed to reach o exactly. To deal with the bounded-error case, we look at the minimum
over all o’ of the query distance between p and o', where ¢’ is a valid Gram matrix for the final
states of a successful algorithm. We show that a simpler necessary and sufficient condition for the
latter is that o and o’ are close in the distance induced by the Schur product operator norm.

As the query distance remains a lower bound on the continuous-time query complexity, a corollary
of our algorithm is that the continuous-time and discrete query models are related up to a constant
factor in the bounded-error setting. Previously, this equivalence was known up to a sub-logarithmic
factor [CGM™09).

Since the general adversary bound characterizes quantum query complexity, its properties
immediately carry over thereto. We show that the general adversary bound satisfies a remarkable
composition property, that Adv™ of a composed function f o (9,9,...,9) is O(Advi(f)AdVi(g)).
Previously this was known in the boolean case [Rei09], and, again, having constraints on all input
pairs turns out to be crucial in the extension to non-boolean functions. When the input of f is
boolean, we can show a matching lower bound, extending [HLS07].

2 Background

For a natural number n, let [n] = {1,2,...,n}. For two matrices A, B of the same size, Ao B
denotes their entrywise product, also known as Schur or Hadamard product. Let (A, B) = Tr(A'B).
Denote by ||A]| the spectral norm of A. We will use 1 and J for the identity and all-ones matrices,
respectively, where size can be inferred from the context. Let d, 5 be the Kronecker delta function.
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Figure 1: The state-conversion problem generalizes the state-generation problem, studied by
Ambainis et al. [AMRRI11], which in turn generalizes function evaluation. The quantum query
complexity of evaluating boolean functions has been characterized by [Reill].

2.1 Coherent and non-coherent state-conversion problems

The quantum query complezity of a function f, Q(f), is the number of input queries needed to
evaluate f with error at most 1/3 [BWO02|. The state-conversion problem generalizes function
evaluation to the case where the aim is to transform one quantum state into another, using queries
to the input. The problem is parameterized by sets of states {|p;)} and {|oz)}. On input z, we
begin in a state |p,) and wish to create the state |o,), using as few queries to = as possible. State
conversion is a slight generalization of the state-generation problem, in which in the initial state |p;)
is independent of z. This problem was introduced by Shi [Shi02], and recently studied systematically
by Ambainis et al. [AMRRI11].

State conversion has two variants, coherent and non-coherent. Both versions allow the algorithm
workspace.

Definition 2.1 (Coherent output condition). An algorithm solves the coherent state-conversion
problem with error € if for every x it replaces the initial state |p;) ® |0) by a state |ol,) such that
Re((02[(|oz) ®[0))) = V1 —e.

Definition 2.2 (Non-coherent output condition). An algorithm solves the non-coherent state-
conversion problem with error € if for every x it replaces the initial state |p,) ® |0) by a state |ol,)
such that [{(ol|(|oz) ® |s2))| = V1 — € for some state |s,) that may depend on x.

The query complexity of state conversion only depends on the Gram matrices of the initial
and target states, i.e., on p = {(pz|py) }e,y and o = {{0z]|0y) }2y. (In function evaluation and state
generation, p is the all-ones matrix.) Let Q.(p, o) and Q7¢(p, o) be the minimum number of queries
required to solve the coherent and non-coherent state-conversion problems, respectively, with error e.

For evaluating functions, coherent and non-coherent complexities are equal up to constant factors.
An example that illustrates the difference between these output conditions is computing a boolean
function in the phase, that is where the target state |o,) = (—1)7(®)|0). In this case the non-coherent
complexity is trivial, while the bounded-error coherent complexity is equal to Q(f), up to constant
factors.



2.2 The 7, norm

We will make use of the 72 norm, also known as the Schur product operator norm [Bha07, LSSOS].
This norm has been introduced recently to complexity theory by Linial et al. [LMSS07], and has
proven to be very useful in quantum information. It is currently the best lower bound known on
quantum communication [LS09], and Tsirelson has shown that its dual norm characterizes the bias
of a quantum XOR game [Tsi87, Ung08].

Definition 2.3. Let A be matriz with rows labeled by D1 and columns by Dy. Define

A) = mi { 2 2V Vg € Dy,y € Dy, Ay = } 2.1
Y2(A) v maX{xrg%flllwll Zgg%glllvyﬂl} x €D,y € Do, Apy = (uglvy) ¢ . (2.1)
|ug),|v,)EC™

The following fact plays a key role in the design of our algorithm and in relating our new norm
to the general adversary bound:

Fact 2.4. For any k € N, let 1 and J be the k-by-k identity and all-ones matrices, respectively.
Then vyo(J —1) <2(1 —1/k).

Proof. We demonstrate unit vectors {|u;)}icfr, and {|vi) }iepx) such that (u;|v;) = %%(1 — 03 )
. —a? . . . —
let |) = —ali) + U= 55 1), i) = VI=a2li) + 25 3 1), for a= /3 - YL O

3 Filtered 7, norm and query distance

We define a natural generalization of the o norm, in which the factorization is filtered through
certain matrices:

Definition 3.1 (Filtered v2 norm). Let A be a matriz with rows indezxed by elements of D1 and
columns by Dy, and let Z = {Z1,...,Z,} be a set of |D1|-by-|D2| matrices. Define y2(A|Z) by

AlZ) = min ma; {ma MI%, ma Uy 2}
(A7) { e 2 o e 3 |

meN,
|taj),0y;) €C™ (3.1)

Vo € D1,y € Do, Agy = Z(Zj)x,y<ufcj|vyj> :
J

The filtered v2 norm ~s(-|Z) is a norm. Among its many properties (see Appendix A) are that
v2(A) = y2(A|{J}), where J is the all-ones matrix, and vy2(A|{A}) =1 if A # 0. We use below the
general inequality

12(Al{Z;}) < 72(Al{Zj o B})ya(B) - (3.2)

The query distance is the metric induced when the filter matrices are related to the query process.
Let D C D" be a finite set, and let A = {Aq,...,A,}, where Aj = {1 — 65, 4, }oyep. Thus A;
encodes when a query to index j distinguishes input x from input y.

Definition 3.2. The query distance between p and o, two |D|-by-|D| matrices, is v2(p — o|A).



Theorem 4.9 below shows that the query distance characterizes the quantum query complexity of
state conversion. Furthermore, as we show now, it is closely related to the general adversary bound,
a lower bound on the quantum query complexity for function evaluation introduced by [HLSO?}.
Let f: D — F and let F = {5f(a:),f(y)}x,y'

Definition 3.3. The general adversary bound for f is given by
AdvE(f) = max {|IT| - vj € [n], [T o A5 <1}, (3.3)

where the mazimization is over |D|-by-|D| real, symmetric matrices T satisfying T o F = 0.

By taking the dual of this SDP, we obtain a bound that is the same as y3(J — F|A), ex-
cept without any constraints on pairs x,y with f(z) = f(y). In other words, Adv¥(f) =
72(J = F[{Aj o (J = F)}).

Theorem 3.4. The values of the general adversary bound and v2(J — F|A) differ by at most a
factor of two, and are equal in the case that the function has boolean output:

AvE(f) < (] = FIA) <2(1 = 1/|B)Adv¥(f) .
Proof. Since Adv*(f) has fewer constraints as a minimization problem, Adv®(f) < vo(J — F|A).
For the other direction, use Eq. (3.2) with Z; = Aj, A=B=J - F = Ao B. As it is readily

seen that o is invariant under adding or removing duplicate rows or columns, Fact 2.4 implies
Yo (J — F) <2(1—1/|E)). O

4 Characterization of quantum query complexity

In this section, we show that the query complexities for function evaluation, and coherent and
non-coherent state conversion are characterized in terms of 2 and ~2(-|A). We begin with the upper
bounds.

4.1 Quantum query algorithm for state conversion

Theorem 4.1. Consider the problem of converting states {|pg)} to {|oz)}, forx € D C D". Let p
and o be the states’ Gram matrices. For any € € (0,72(p — o|A)), this problem has query complexity

Qu(p.) = 0 (o — o]2) 224/

Theorem 1.1 follows from Theorems 3.4 and 4.1, together with the lower bound from [HLS07)].

The mathematical heart of our analysis is to study the spectrum of the product of two reflections.
The following lemma gives an “effective” spectral gap for two reflections applied to a vector. It is
closely related to [Rei09, Theorem 8.7], but has a significantly simpler statement and proof.

Lemma 4.2 (Effective spectral gap lemma). Let IT and A be projections, and let R = (2II—1)(2A—1)
be the product of the reflections about their ranges. Let {|5)} be a complete orthonormal set of
eigenvectors of R, with respective eigenvalues ¢*®), 9(B) € (—n, 7).

For any © >0, let Po =} 5.9(5) <0 |BXB|- If Alw) =0, then

1PeITfw)l| < S|llw)] -



Proof. The claim can be shown via Jordan’s Lemma [Jor75]; we give a direct proof. Let |v) =
Poll|w), [v") = (2A — 1)|v) and |v") = (21T — 1)|v') = R|v). When O is small, |v) and [v") are close:

=] 32 =@y a)a)| < 201~ cos) )P < O2lw)
B:10(8)|<©

Notice that |v) 4 |v') is fixed by A. Similarly, TI fixes |[v') + [v”) and TI = 1 —1I fixes o) — [v").
Hence 0 = (v+v'|w) = (v +V[Mw) + (v+ ' |[ITjw) = (v +V"|H|w) + (v —v"[ITjw). Therefore,
[[0)]1? = [(v|TT|w)| = 31(v —v"|Hw) + (v + " [H|w)| = 1|(v — " |(II — I)|w)|. We conclude

9 _
Ho)lI* < 3lllo) = ") I =T jw) ]| < S[o)I][[w)] - O
We will also use a routine that, roughly, reflects about the eigenvalue-one eigenspace of a unitary:

Theorem 4.3 (Phase detection [Kit95, MNRS07]). For any ©,6 > 0, there exists b = O(log 3 log &)

and, for any unitary U € L(H), a quantum circuit R(U) on HR(C?)®? that makes at most O(%)
controlled calls to U and U™Y, and such that for any eigenvector |B) of U, with eigenvalue et?,

0 € (—m,m,
o If0 =0, then R(U)|B) ®|0%) = |B) @ |0°).

o If |0 > O, then R(U)|B) @ |0%) = —|B) @ (|0°) + |d5)) for some vector |35) with |||6g)|| < 6.
Thus, if |y) € H is orthogonal to all eigenvectors of U with eigenvalues e for |0] < ©, then
|(R(U) +1)]y) @ |0")]] < 4.

R(U) is constructed uniformly in the parameters © and §, and its structure does not depend on U.

The phase-detection procedure can be constructed using, for example, standard phase estima-
tion [Kit95, CEMMO98, NWZ09]. Phase detection is a common subroutine in quantum algorithms,
used implicitly or explicitly in, e.g., [Sze04, ACRT10, MNRS07, RS08, MNRS09, Rei09, Reill].

Now we are ready to construct the algorithm to prove Theorem 4.1. Let W = ~a(p — o|A).
Let {|ug;)} and {|vg;)}, vectors in C™, be a solution to Eq. (3.1) for y2(p — o|A). The first
step is to turn this solution into a more natural geometric object. If the input alphabet size is
|D| = k, let |u;),|v;) be the vectors given in Fact 2.4. Notice that we can rewrite the sum from
Eq. (3.1) Zje[n](Aj)x,y<uxj|ij> = Zj:mﬁéyj (uzj|vy;) as simply the inner product between the vec-

tors > [7)|ugj)|pa;) and Q(kk_l) > [7)vys)|vy;). Our algorithm is based on these combined vectors.

Let H be the Hilbert space for the states |p;) and |og). For y € D, let I, = 1 — Z]- |7)j] ®
|1y, Xpty; | ® Lem. Also, define vectors |ty+), [¢y) € (C? @ H) & (C" ® C*k ® C™) by

=) = J510) © lpy) 1) © o)
) = —lt=) = 37 17) © ) )

J€[n]

Let A be the projection onto the orthogonal complement of the span of the vectors {|1,) }yep. Then
our algorithm is given by:

Algorithm: On input z, let U, = (2II, — 1)(2A — 1). Apply the phase-detection
circuit R(U,), from Theorem 4.3, with precision © = ¢2/W and error § = ¢, on input
state |0) @ |p,) ® |0°). Output the result.
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Figure 2: The algorithm can be interpreted as running a quantum walk on a bipartite graph with
weighted biadjacency matrix II; + 3, [y)¢y|. Shown above is an example graph for the function
f(z122) = z2 mapping D = {0A4,0B,1C} C {0,1} x {A,B,C} to £ = {A,B,C}.

Note that the reflection 2II, — 1 can be computed with a query to the input oracle and its inverse—
compute z;, reflect in |1, ), then uncompute x;. Therefore, the algorithm uses O(W/ €2 -log %) input
queries. The algorithm is based on repeated reflections. As sketched in Figure 2, the algorithm can
also be interpreted as a quantum walk on the bipartite graph with biadjacency matrix IT, +Zy [y X1y

To get some intuition for why this algorithm works, observe that the initial state |0) ® |p.)
is \%(|tw+> + |tz—)). The vector |t4) has large overlap with an eigenvalue-one eigenvector of Uy
(Claim 4.4 below), whereas the cumulative squared overlap of |t,_) with eigenvectors of U, with
small angle is small (Claim 4.5). The phase-detection procedure therefore approximately reflects
the |t;—) term, giving roughly %(‘tm+> — |tz—)) = |1) ® |o,)—our target state.

Now we give the formal analysis of the algorithm. Let {|/3)} be a complete set of eigenvectors of U,
withiorresponding cigenvalues %) 9(3) € (=, x]. For an angle © > 0, let Pg = >_sj0(8)<o |BXBI,
and Pg =1 — Po.

Claim 4.4. ||Polt,4)|> > 1 — 2.

Proof. We give a state |¢) such that Uy|p) = |¢) and |(tzs|0)]?/|[|@)]|* > 1 — €2. Let
1 e 2(k—1) ,

T L1 @) @)

JEn]

o) = [tay) +

Then |¢) is orthogonal to all |¢,), since (t,_|t,1) = 2 ({py|pz) — (oy|ow)) implies
€ 1 €
(thyle) /fW< | ) 2V E (ugjlveg) =0

T FY;

Thus Alp) = |@). Since |ty ) = |teq) and (pg,|v,;) = 0 for all j € [n], also I;|p) = [p). O

7



Claim 4.5. For all © >0, ||Pelt,)|* < & (% +1).

Proof. Apply Lemma 4.2 with IT = II, and |w) = rw)x) Then Alw) =0 and |t,—) = I;|w). O
The following proposition completes the proof of Theorem 4.1:

Proposition 4.6. If W > ¢, then with the parameters § = € and © = €2 /W,
|R@W)I0) @ 1p2) @ 10) = 1) @ 0wy @ 107 < 4e .
Proof. We have

| R0 e2)10") = [1)]oa)10") | = )Ites) + [t >>\ob>—<|tx+>—rtx_>>\ob>H

= \[HR

H 1)]t2s)|0%) H+ H )+ 1)t >|ob>H .

By Theorem 4.3, the first term equals %H( (Uz) — 1) Pyt )00 ]| < v2||Poltes)|| < V2€, by
Claim 4.4. The second term is at most \[H( (Uz) + 1)Polt— )0 + V2| Polt—)|| < % +

we 4 1, by Theorem 4.3 and Claim 4.5. Now substitute our choices of parameters and use

f
v+ 1 < 2W?2/e? to conclude the proof. O

Notice that the constant factor hidden by the big-O notation in Theorem 4.1 is the same as the
constant hidden in Theorem 4.3 for the number of calls to U and U~!, and is less than 100.

4.2 Lower bound for state conversion

We now show how ~2(p — o|A) can be used to show query complexity lower bounds for the state-
conversion problem. The argument has two parts. First, we show that v2(p — o|A) lower-bounds the
complexity of ezactly converting p to o. Second, we develop an output condition constraining those o’
that are viable final Gram matrices of a successful algorithm with error €. These two parts have
been present in all previous adversary arguments, but the separation has not been fully recognized.

Once these two steps are finished, the lower bound naturally becomes min, ~_, v2(p — o’|A),
where the notion of approximation is given by the output condition. This paradigm follows the use
of approximation norms for lower bounds in communication complexity [LS07].

We begin with the lower bound for exact state conversion:

Lemma 4.7. Suppose that o can be reached from p with one query. Then v2(p — o|A) < 2.

Proof. Let I'; project onto the query register containing index j. For x € D, let O, be the unitary
query oracle. It satisfies OIOij =1I'; when z; = y;. By assumption, 0., = (px]OlOy] py). Then

(p—0)ay = Z (p=|Ljlpy) — <pm|0;0yrj’py> = Z (p=|Tjlpy) — <P:E|O;LcOij|Py> .
J I 7#Y;

Now define [ugz;) = (L'j|pa), OzL'j|pa)) and |vgj) = (Ujlpz), —O2Lj]pz)). Then (ugjlvy;) = (pzf(1 —
OI;Oy)Fj]py>, as desired. Furthermore, > || uzi) | = 2 ||vzi) |2 = 2. O



Lower bounds for approximate query problems follow by combining this lemma with appropriate
output conditions. For example, in the functional case, one can use a condition based on £,
distance [Amb02], or the full output condition from [BSS03]. The output condition traditionally
used for the general adversary method is based on the 7, norm [HLS07]. This condition has the
advantage that it is an SDP, it extends to state conversion, and, as we now show, it is tight.

Lemma 4.8. Let {|pz)},{|oz)} CH be finite sets of vectors with the same index set, and let p,o
be their respective Gram matrices. Then

o If Re({pz|0z)) > /1 — € for every x, then va(p — o) < 2+/e [HLS07].
e Ify2(p— o) <, then there exists a unitary U such that {p.|U|o.) > 1 —/2¢ for all z.

The second item has recently been improved by [LR11] to v2(p — o) < € implies there exists a
unitary U such that (pz|Ul|o,) > 1 —¢/2 for all .

Proof. For the first part of the lemma, we can factorize p — o as

(p—0)ay = % ((pz + 0zlpy — oy) + (P2 — 0xlpy + 0y))

Thus by a triangle inequality 72 (p—0) < max,y ||ps + 02|l|py — 04|l < 2max, /2 — 2Re((py|o,)) <
2/€. For the last inequality we used /1 —e>1— 5.

To prove the second part, let {uy} and {v;} be arbitrary factorizations of p and o, respectively.
As yo(p — o) < ¢, there exists a factorization (p — 0),y = (az|By) with |lag|, |8y < V€. Then

(Vg|vy) = (ugluy) — (az|By)

(alBy) — &

5 (Bl

1
= (ugluy) — 3

as p— o is Hermitian. Let p, = %(ax —Bz) and g = %(ozgC + B2). Then the previous equation implies
((ugs p2)|[(uy, py)) = ((Vas ¢)|(vy, @) -

By unitary freedom of square roots, if AAT = BB for any two matrices A and B, then AU = B for

some unitary U. So there is a unitary U such that (uz,pz)U = (vg,qz). As (az|Bz) = 0 because
. 2 2

p — o has zeros on the diagonal, we have ||p;||” = ||¢z||” < €/2.

((ug, 0)U(vz,0)) = ((uz, p2)U|(vz, g2)) — ((uz; 0)U (0, ¢z)) — ((0, pz)U|(vz, 0)) — ((0, px)UI(0, ¢z))
> 1+ quH2 - Hp:cH - HQ:BH - Hp:vHHQLBH
>1- V2 . O

Based on Lemma 4.8, we immediately derive tight SDPs for the query complexities of state
conversion:

Theorem 4.9. For § > 0, let

4s(p,0) = min {’Yz(p—a'IA):w(a’—U) §5}

a5(p, o) = J?giélo{”(”_ o'|A) i y2(0' —008) <4, Sol= 1} :



Then the bounded-error coherent and non-coherent state-conversion query complexities satisfy

135:(0.9)) < Qulp.0) < O(gu8115(0.0) )

Q(475:(0.)) < Q<(p.0) < O(q26pol0.0) 225/

(4.2)

Thus for coherent state conversion, the output condition used is y2 (¢’ —c) < § for an appropriately
chosen 4, and in the non-coherent case, optimization over additional garbage states is allowed.

For well-behaved problems, i.e., problems satisfying Qy/3(p, o) = O(Qe(p, o) log(l/e)) as in the
functional case, this is true characterization. General state-conversion problems, however, do not
necessarily satisfy this robustness condition. Just as the complexity of a boolean function can have
a precipitous change around error 1/2, state-conversion problems can have non-continuous changes
in complexity even around small values of €. For such problems Theorem 4.9 may not be a true
characterization because of the gap in error parameters on the left- and right-hand sides. The
gap in the error dependence arises from the looseness of the necessary and sufficient conditions in
Lemma 4.8, plus the error from Theorem 4.1. We do not know if the e-dependence in Theorem 4.1
can be improved to polylogarithmic in 1/e.

An advantage of using the 2 output condition is that the quantities g5 and ¢§¢ are described
by semi-definite programs. One could define analogous quantities with other output conditions,
however, including the “true” output condition given by Definition 2.1 and Definition 2.2. In
this case the only slack in the characterization would arise from Theorem 4.1 and thus the error
parameters on left- and right-hand sides would agree up to constant factors.

Ambainis et al. [AMRRI11], previously extended both the general adversary bound and the
multiplicative adversary bound [Spa08] to the state-generation problem. A difference between our
work and theirs is that we separate the bound for the exact problem from the output condition used
to handle the bounded error case. [AMRR11] focus on the output condition introduced by [Spa0§]
with the multiplicative adversary method and show how to extend the additive adversary method
with this output condition to the state generation problem, calling this the hybrid adversary method.
They show that the hybrid adversary method dominates the general adversary method, and that
the hybrid adversary method is dominated by the bound of [Spa08] extended to the case of state
generation. We do not know if the hybrid adversary method also dominates the gs5(.J, o) measure.
The proof in [AMRRI11] that the multiplicative method dominates the hybrid method actually shows
that the multiplicative method for exact state generation dominates the v2(J — o|A) measure, as
explicitly shown by [LR11]. Thus the multiplicative method will dominate the vo(J — o|A) bound
whenever they are paired with the same output condition.

This line of research into discrete query complexity was launched by the discovery of a continuous-
time query algorithm for evaluating AND-OR formulas [FGGO08]. We now complete the circle:

Theorem 4.10. The bounded-error continuous-time and discrete query models are equivalent.

Cleve et al. [CGM™09] have shown that the models are equivalent up to a sub-logarithmic factor.
The proof of Theorem 4.10, given in Appendix B, follows from our algorithm, Theorem 4.1, together
with the observation that the general adversary bound remains a lower bound for continuous-
time query algorithms. The latter result has been observed by Yonge-Mallo in 2007 [YM11] and,
independently, Landahl (personal communication).
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5 Function composition

In this section we show that the adversary method behaves well with respect to function composition,
extending previous work for the boolean case [HLS07, Rei09]. Let g : C — D where C C C™ and
f:D— E (D C D") for finite sets C, D, E. Define the composed function f o g" by

(fog") (@) =fl9(z1, - @m) - 9T (ntyms1s - Tran)) -
Lemma 5.1. Letting G = {3g(),g(y) }z> AdvE(f o g") < AdvE(f)y2(J — G|A).

The proof of this lemma follows in the natural way. We take optimal solutions to the Advi( f)
program and the y2(J — G|A) program, and form their tensor product to construct a solution to the
composed program. This proof strategy does not directly work for the general adversary bound—we
crucially use the extra constraints present in the vo(J — G|A) program. In fact, this lemma can be
seen as a special case of the more general inequality 72(A|Z) < v2(A|Y) max; y2(Y;|Z) (Lemma A.2).
The proof is given in Appendix C.

In the case where all the functions f and g have boolean inputs and outputs, a matching lower
bound to Lemma 5.1 has been shown by Hgyer et al. [HLSO?]. In general, we cannot always show
such a matching lower bound. For example, let g be a function that only outputs even numbers,
and let f output the sum of its inputs modulo two; then f o g™ is constant. We can, however, show
a matching composition lower bound when the range of g is boolean:

Lemma 5.2. Let g: C — {0,1} and f: {0,1}" — E. Then Adv=(f o g") > Adv*(f)AdvF(g).

The proof is given in Appendix C. The above composition lemmas also lead to direct-sum results
for quantum query complexity:

Corollary 5.3. Let g: D — E, and let g" : D™ — E™ consist of n independent copies of g, given
by g" (', ... 2") = (g(z1),...,g(a™)). Then

Q(g") =0(nQ(g)) . (5.1)

The lower bound Adv*(¢g") > n Adv*(g) has been shown by [ACLT10]. The corresponding
upper bound Adv*(¢g") < n Adv*(g) is a special case of Lemma 5.1, with f the identity function.
Corollary 5.3 then follows from Theorem 1.1. Let us remark that when F = {0,1}, the upper
bound Q(f") = O(nQ(f)) follows from the robust input recovery quantum algorithm [BNRWO07,
Theorem 3]. The same algorithm can be generalized to handle larger E.
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A Properties of the filtered v, norm

For reference, we list several useful properties of the filtered ~9 norm. First, we give an alternative
formulation that explains why 79 is also known as the Schur product operator norm:

Lemma A.1. The vo and filtered vo norms can equivalently be expressed by
Y2(A) = max {[[ Ao M| : |M]| < 1} (A.1)
72(A|Z):Inﬁx{\|AoM|| rmax || Zjo M| <1} . (A.2)
J

Proof. Both of these equations can be proven in the same way: Start with Eq. (2.1) or (3.1) for
v2(A) or v2(A|Z), respectively, and take the dual. The semi-definite program given by Eq. (2.1) is
always strictly feasible and that of Eq. (3.1) is strictly feasible provided that whenever A, , # 0
there is some j with (Z;)g, # 0, i.e., provided the maximum in (A.2) is finite. Thus by the duality
principle [Lov03, Theorem 3.4] the primal and dual formulations are equal and the optimum is
achieved. O

Lemma A.2. The quantity v2(-|Z) is a norm when restricted to arguments supported on the union
of the supports of the Z;. For matrices B,Y1,...,Y, of the appropriate dimensions it satisfies:
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1. If A#0, then v2(A|{A}) = 1. For J the all-ones matriz, v2(A|{J}) = v2(4).

2. v2(A|Z) = 0 if and only if A =0. v2(A|Z) = 0, i.e., Eq. (3.1) is infeasible, if and only if
there exists an entry (x,y) such that Ay y # 0 and (Zj)z,y =0 for all j.

3. Positive scalability: v2(sA|Z) = |s|v2(A|Z) and v2(A|{sZ1,...,5Zn}) = ‘?lryg(/HZ) for s # 0.
4. Triangle inequality: ~v2(A + B|Z) < v2(A|Z) + v2(B|Z).
5. 72(A|Z) is invariant under duplicating corresponding rows or columns of A and all Z;.

6. 12(AlY UZ) < v(A|Z). This is an equality if each Y; is a restriction of some Z; to a
rectangular submatriz.

7. Provided y_; [pj| = 1, 72(A|Z) = %2 (A|ZU{}_;p;Z;}). (Thus the second argument in y2(A|Z)
can be thought of as a conver set centered at the origin, where only the extremal points matter.)

8. If the supports of Z1 and Zs are row- and column-disjoint, then vo(A|Z) = v (A{Z1 + Zo, Z3, ..., Zp}).
9. 12(Ao B|Z) < 2(A|Z)72(B).

10. y2(Ao B{Zj o B}) < 72(A|Z) < 72(A{Zj o B})72(B).

11. A composition property: v2(A|Z) < v2(A]Y) max; v (Y;|Z).

12. A direct-sum property: v2(A @ B{Y; ® Z;}) = max{y(A|Y),72(B|Z)}.

13. A tensor-product property: v2(A® BlY @ Z) = v(A|Y)y2(B|Z), where Y @ Z = {Y; ® Z;},
all pairwise tensor products.

Proof. By items (2), (3) and (4), 72(:|Z) is a norm on arguments restricted to the support of the Z;.
The proofs of the first three properties follow easily from the definition of filtered 7, norm, Eq. (3.1).
Therefore we begin by showing the triangle inequality, property (4).

4. Given optimal vector solutions to Eq. (3.1) for 72(A|Z) and for v2(B|Z), simply concatenate
corresponding vectors to obtain a solution for v2(A + B|Z), with objective value at most
Y2(AlZ) + 72(B|Z).

5. Invariance of v2(A|Z) under copying rows follows by copying the associated solution vectors.

6. Any solution to Eq. (A.2) for v2(A|Y U Z) also works for v2(A|Z); hence y2(A|Z) > v2(AlY U Z).
However, if Y; is a submatrix restriction of Z; then the constraint [|Y; o M|| <1 is redundant
to ||Z; o M| < 1; hence adding Y; to Z does not affect v2(A|Z).

7. If max; || Zj o M|| < 1, then || >.jDiZjo M|| < 1; again, the new constraint is redundant.

8. Assuming without loss of generality that in a solution to y2(A|Z) the vectors |ug;) (respec-
tively, |vyj)) are nonzero only on rows (columns) where Z; has nonzero entries, concate-
nating the vectors for Z; and for Zs gives a solution to vy2(A|{Z1 + Z2,Z3,...,Zy,}). Thus
Y (A{Zy + Zo, Zs, ..., Zn}) < 7y2(A|Z). For the other direction, divide the vectors for Z; + Z5
according to whether they correspond to a nontrivial row or column of Zy, or of Zs.
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9. Begin with an optimal solution {|us), |vy)} to Eq. (2.1) for v2(B), and an optimal solution
{luzj), lvyj)} to Eq. (3.1) for 42(A|Z). The tensor products {|uzj) @ |uz),|vy;) @ |vy)} give a
solution for v2(A o B|Z), with objective value at most vy2(A|Z)v2(B).

10. The second inequality in property (10) works in the same way as (9); the tensor product of
vector solutions for vo(B) and v2(A|{Z; o B}) is a solution for v2(A|Z). The first inequality
follows since any vector solution for v2(A|Z) also works for v2(A o B|{Z; o B}).

11. Let {|ug;), |vy;)} be an optimal solution to Eq. (3.1) for 72(A]Y") and for each j let {\u§n>, ]vf)’z)}
be an optimal solution for v,(Y;|Z). These vectors satisfy

(A1Y) = max { 3 i) 12D w12} 1204512) 2 max { S Hd )E D el 12}
J J ( (
Agy = Z(Y}')I,ywzj‘vyﬁ (Y))azy = Z(ZZ)myW?m’Uil) .

] i

Combining the last two equations gives Ay = > :(Zi)ay D, (um]|vw><u;l]vgﬂ> Thus the
vectors @;(|ug;) ®|uy,;)) and @;(|vy;) @ |vy,)) give a solution for 72(A|Z), with objective value at
most max{maxy 37, ; [[[ta;) |1 [[[ug)I*, maxy 35 ; vy IP[l1vy;) 12} < 72(A[Y) max; 72(Y;]Z).

12. A union of the vectors for y2(A|Y") and v2(B|Z) gives a vector solution for v2(A @ B|Y; @ Z;).

13. The inequality 72(A ® BlY ® Z) < 72(A|Y )y2(B|Z) is straightforward; if {|ug), |vy:)} form
an optimal vector solution for y2(A[Y") and {|xa;), |v3;)} form an optimal vector solution for
Y2(B|Z), then the vectors |u( o)) = |Uzi) @ |faj) and vy gya5)) = |vyi) @ |vg;) satisfy

D (Y5 ® Z5) (00,08 (U i) Vs i) = D Ve Uailvys) Y (Z5)ays{HasVsi) = AzyBays

and therefore give a solution for v2(A ® B|Y ® Z), with objective value at most v2(A|Y )v2(B|Z).

For the other direction of the tensor-product inequality, let M be an optimal solution to
the dual SDP Eq. (A.2) for 72(A|Y) and let N be an optimal solution to the dual SDP
for v2(B|Z). We claim that M ® N is a solution to the dual SDP for y2(A ® B|Y ® Z).
ndeed, for all i, j, [|(Y;  Z;) o (M & N) | = [[(¥; o M) @ (Z; 0 )| = |V o M| Z; o N|| < 1.
The objective value is [[(A® B)o (M ® N)|| = v2(A|Y)v(B|Z). Thus v2(A|Y)y(B|Z) <
7 (A® B|Y ® Z). O

For completeness, we also present the dual norm (- |Z). Let A = [XT ‘3]. Then

“(A|Z) = A B
12(A2) = | max (4.B)
1 A A
= {5 20 2o A Y01 =1 a3)

J
:min{%TrQ:Qol = and Vj, Q—Aon EO} .
Q
When A and the Z; are Hermitian, then v5(A|Z) = ming{TrQ : Qo1 =Q and Vj, Q + Ao Z; > 0},
a slightly simpler form that we will use below in Appendix C. The dual norm ~; satisfies several sim-

ilar properties to vz, such as 13(A|Z) <25(A[Y U Z), 15(A]2) = v (AIZ U{>2;p;Z;}) i 3 pj| =
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1, and 3(A®B|Y ® Z) = v (A|lY)y5(B|Z). It also satisfies v5(Ao B|Z) = v5(A|ZoB) <
75 (A|Z)v2(B). We leave the proofs of these claims to the reader.

B Application to continuous-time query complexity

The first step of the proof of Cleve et al. [CGM™109] is to show that the continuous-time model is
equivalent to the fractional quantum query model, up to constant factors. For completeness, we now
show that v2(o — p|A) remains a lower bound on the fractional query complexity, up to a constant.
Together with our upper bound, this gives Theorem 4.10. Yonge-Mallo [YM11] recently published
a proof from 2007 which directly shows the general adversary bound is a lower bound on the
continuous-time query model, and this was also independently observed by Landahl (unpublished).

Let us first describe the fractional query model. For simplicity, we restrict to the case of boolean
input. Here the A-fractional query operator O, (\) behaves as O,(\)|i)|z) = e*™®i|i)|z). Thus the
usual query operator is obtained with A = 1. The query cost is A times the number of applications
of O,.

As before the key step is to bound how much a single query can change the distance.

Lemma B.1. Suppose that o can be reached from p with one \-fractional query. Then y2(p — o|A) <

ATV/2.

Proof. Let pi. be the projection of p, onto the part of the query register holding i. Then

n

(0= 0)ay =Y ((Phloh) — (phle” e pl))

j=1

= 3 (o)1 — )
Jixi#Y;

= > (Pl (1 — cos(Am)) + i(a; — ;) sin(Am))
JEiFY;

Now we define positive semi-definite matrices {P;} ;¢ satisfying p —o =3 ;Pj o Aj. For this let

us define a couple of auxiliary matrices. Let M;(z,y) = <p§;|pg/> and let E;(z,y) = (e, |ey;), where
ey =b+i(1 —b) for b € {0,1}. From this definition it is clear that F; is positive semi-definite, and

note that
i(xy —y;) ifx; #£y;
E](.T,y) — ( J ]) J ' J
1 otherwise .

Finally, we can define P; = (1 — cos(Am))M; + sin(Am)M; o E;j. Then P; is positive semi-definite,
and satisfies p — o =3, Pjo Aj. As 3 .o Mj(z,2) =1 for all 2 we can upper bound the cost
maxy Y e £j(@, ) by p(A) = (1 —cos(Am)) +sin(Ar). Note that p(0) = 0 and the maximum value
of the derivative of p(\) is /2. Thus for A > 0 we have p(A\) < Amv/2. O
C Function composition

In this section we prove the composition lemmas, Lemmas 5.1 and 5.2.
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We begin with some notation. Let g : C — D where C C C™ and f : D™ — FE for finite sets C', D
and E. Let G = {8502 g(y) tary> a0d F = {05(2) f() oy For a string z € C" we write z = (z,...,2")
where each 2! € C, and we let & = g(z!)---g(2") € D™. For a |D|"-by-|D|" matrix A, define a
|C|™-by-|C|" matrix A by A,, = Az ;. With this notation, A, = J2P~D @ (J — G) @ J2"P) and
the filtering matrices for the composed function f o g" are A, ;) = Jer-1) ¢ Ay ® JeM=p)  To
shorten expressions like these, we will use the notation (B), ® @), ,, Ai = A®P—1 @ B @ A®nP,

Proof of Lemma 5.1. The lemma is a consequence of the composition property (11) from Lemma A.2,
together with several other properties of the filtered ~» norm. Let f = J — F, so Advi(f og") =
WQ(F]{A(WI) o F }). We have

2(FI{Apq o F 1) < 2(F{Ap o FY)maxys(8, 0 F{Agg o F}) property (11)
<v(F{ApoF}) mgX'm(Ap!{A(p,q) 1q € [m]}) (5, 10, 6)
= AdvE(f)e(J — G|A) . (1, 13)

The last step uses 72((J — G)p @ @, TilH(Ag)p © @iz, Jite) = 72(J — GlAV2( T T)" . O

Proof of Lemma 5.2. For the lower bound, we will use the dual formulation of the adversary
bound. Either by writing Eq. (3.3) as an SDP and taking the dual or by noting that Adv®(g) =
maxy {(J — G, W) : v5(W|Ao (J —G)) <1} and using Eq. (A.3), we find

+ . ..
Adv (g)—maéle‘I/uze (J,W)

)

subject to Q01 =0

Tr(Q) =1 (C.1)
WolG=0
Q:l:WOAth.

We first note some basic properties of an optimal dual solution €, W.

Claim C.1. Let g : C — D, where C C C™. Then there is an optimal solution Q, W to Eq. (C.1) that
satisfies Adv™ (g)Q+W = 0. If D = {0, 1} we may also assume Zng(x)zl Qp o = Za::g(z):o Qpz = %

Proof. Let Q,W be an optimal solution to Eq. (C.1) and let d, = Adv*(g) = (W, J). Note that
dgQ + W = 0 if and only if d,Q — W > 0 since Q is diagonal and W = W o (J — G) is bipartite.
Suppose that dgQ— W # 0. Then there exists ¢ = 0, such that (¢, W) > dy(¢,2). By normalizing ¢,
we may assume that (¢, Q) = 1. This shows ¢ o Q, ¢ o W is a feasible solution for g with objective
value greater than dg4, a contradiction.

Now for the second part. We may reorder the rows and columns of 2, W so that all elements x
with g(z) = 0 come first, then all elements y with ¢g(y) = 1. Then the matrices Q2 + W o A; have the

form
Qo O 0 X
[o jS[XT O}OA% :

where W = [ 0 X]. Thus for any ¢ > 0,

xt o
CQO 0 0 X
-
[V a) e[ o)easo
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If we did not originally have Tr(€g) = Tr(€;) then choosing ¢ = Trg g to balance them will result

in a solution with smaller trace, a contradiction to the optimality of Q, W. ]

Notice that because of the second item we have that

> A (9) ey + Way = AdvF(g)/2 (C.2)

z,y
g(z)=a,g(y)=b

for any a,b € {0,1}. This is the main property of boolean functions we use.

Now let df = Adv®(f), d, = Adv*(g), and let A,V and Q, W be optimal solutions to Eq. (C.1)
for f and g, respectively, satisfying the conditions of Claim C.1 as appropriate. Our proposed solution
to Eq. (C.1) for the composed function f o g™ is the diagonal matrix dg“l[& 0 Q®" and weight matrix

Vo (d,Q+W)®". Notice that the weight matrix satisfies the constraint F o (f/ o (dgQ2 4+ W)®™) =0
as FoV =0.
Let us check the objective value.

(J,(Vo(dgQ+W)®"))y = > Vap Z H iy + Wi 1)
a,be{0,1}" . j
F(a)#F(b) F=alj=b

= Z Vap H Z (dexiyyi + Wxi7yi)

a,be{0,1}"
f(a)#f(b) g(zt)= azvg(y )=b;

dg\™
= ds(3)
The last line follows by Eq. (C.2). )
It remains to show that dy~'A o Q%" £V o (dgQ + W)®" 0 A(, o) = 0 for all (p,q). As
Tr(d;‘_lf\ 0 Q") = d;‘_l/Z" by Claim C.1, this will complete the proof.
We know that d,Q+W =0, Q+WoA, = 0. Also ALV oA, =0 follows from A=V oA, =0
as they are equal up to repetition of some rows and columns. Thus

02 (AE VoA o ((Q+WoA,),e@®dQ:+ W)
i#p
= dg_lf\ 0 Q"+ VoA,o ((Q +Woly),® ®(dei + WZ)> .
iF#p

This equality follows as A, = 0 unless & = §j, meaning that g(2%) = g(y’) for all i. On the other
hand, W, i = 0 if g(z') = g(y"), which kills all terms involving A and W.

Now substitute Ay = (J — G)p ® Q); 4, Ji and simplify (J —G)o (2+WoAy) = (dgQ+W)o A,
since (J —G)oQ =Ag00 =GoW =0. Since A, 4) = (Ag)p ® Q);z, Ji, this gives d’g‘_le 0 Q®" +
Vo (dgQ+W)¥" 0 Ag,q) = 0, as desired. O
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