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Abstract

Span programs are a model of computation that have been used to design quantum
algorithms, mainly in the query model. It is known that for any decision problem,
there exists a span program that leads to an algorithm with optimal quantum query
complexity, however finding such an algorithm is generally challenging. We consider
new ways of designing quantum algorithms using span programs. We show how any
span program that decides a function f can also be used to decide “threshold” versions
of the function f, or more generally, approximate a quantity called the span program
witness size, which is some property of the input related to f. We achieve these
results by relaxing the requirement that 1-inputs hit some zarget exactly in the span
program, which could potentially make design of span programs significantly easier.
In addition, we give an exposition of span program structure, which increases the
general understanding of this important model. One implication of this is alternative
algorithms for estimating the witness size when the phase gap of a certain unitary
can be lower bounded. We show how to lower bound this phase gap in certain cases.
As an application, we give the first upper bounds in the adjacency query model on
the quantum time complexity of estimating the effective resistance between s and ¢,
R;.:(G). For this problem we obtain O(#n,/RS‘,(G)), using O(logn) space. In
addition, when u is a lower bound on A(G), by our phase gap lower bound, we can
obtain an upper bound of 0 (%n, /Rs 1(G)/ ,u) for estimating effective resistance, also
using O (logn) space.
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1 Introduction

Span programs are a model of computation first used to study logspace complexity [15],
and more recently, introduced to the study of quantum algorithms in [21]. They are of
immense theoretical importance, having been used to show that the general adversary
bound gives a tight lower bound on the quantum query complexity of any decision
problem [19,20]. As a means of designing quantum algorithms, it is known that for any
decision problem, there exists a span-program-based algorithm with asymptotically
optimal quantum query complexity, but this fact alone gives no indication of how to
find such an algorithm. Despite the relative difficulty in designing quantum algorithms
this way, there are many applications, including formula evaluation [20,21], a number
of algorithms based on the learning graph framework [5], s¢-connectivity [7] and k-
distinctness [4]. Although generally quantum algorithms designed via span programs
can only be analyzed in terms of their query complexity, in some cases their time
complexity can also be analyzed, as is the case with the quantum algorithm for sz-
connectivity. In the case of the quantum algorithm for k-distinctness, the ideas used in
designing the span program could be turned into a quantum algorithm for 3-distinctness
with time complexity matching its query complexity up to logarithmic factors [3].

In this work, we consider new ways of designing quantum algorithms via span
programs. Consider Grover’s quantum search algorithm, which, on input x € {0, 1}",
decides if thereissome i € [n]suchthatx; = 1 using only O(4/n) quantum operations
[11]. The ideas behind this algorithm have been used in innumerable contexts, but in
particular, a careful analysis of the ideas behind Grover’s algorithm led to algorithms
for similar problems, including a class of threshold functions: given x € {0, 1}", decide
if x| > t or |x| < et, where |x| denotes the Hamming weight; and approximate
counting: given x € {0, 1}"*, output an estimate of |x| to some desired accuracy. The
results in this paper offer the possibility of obtaining analogous results for any span
program. That is, given a span program for some problem f, our results show that one
can obtain, not only an algorithm for f, but algorithms for a related class of threshold
functions, as well as an algorithm for estimating a quantity called the span program
witness size, which is analogous to |x| in the above example (and is in fact exactly
1/]x| in the span program for the OR function — see Sect. 3.3).

New Algorithms from Span Programs We give several new means of constructing
quantum algorithms from span programs. Roughly speaking, a span program can be
turned into a quantum algorithm that decides between two types of inputs: those that
“hit” a certain “target vector”, and those that don’t. We show how to turn a span
program into an algorithm that decides between inputs that get “close to” the target
vector, and those that don’t. Whereas traditionally a span program has been associated
with some decision problem, we can now associate, with one span program, a whole
class of threshold problems.

In addition, for any span program P, we can construct a quantum algorithm that

estimates the positive witness size, w4 (x), to accuracy € in 53%‘ J w4 (x) W_ queries,

where W_ is the approximate negative witness complexity of P. This construction is
useful whenever we can construct a span program for which w4 (x) corresponds to
some function we care to estimate, as is the case with the span program for OR, in which
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w4 (x) = plc_p or the span from for s¢-connectivity, in which w;(G) = %Rs,,(G),
where G is a graph, and Ry ;(G) is the effective resistance between s and ¢ in G. We
show similar results for estimating the negative witness size.

Structural Results Our analysis of the structure of span programs increases the the-
oretical understanding of this important model. One implication of this is alternative
algorithms for estimating the witness size when the phase gap (or spectral gap) of a
certain unitary associated with the span program can be lower bounded. This is in con-
trast to previous span program algorithms, including those mentioned in the previous
paragraph, which have all relied on effective spectral gap analysis. We show how the
phase gap can be lower bounded by %, where A and A(x) are linear operators
associated with the span program and some input x, and opin and omax are the smallest
and largest nonzero singular values.

In addition, our exposition highlights the relationship between span programs and
estimating the size of the smallest solution to a linear system, which is a problem solved
by Harrow et al. [12]. It is not yet clear if this relationship can lead to new algorithms,
but it is an interesting direction for future work, which we discuss in Sect. 6.

Application to Effective Resistance An immediate application of our results is a quan-
tum algorithm for estimating the effective resistance between two vertices in a graph,
R, :(G). This example is immediate, because in [ 7], a span program for s¢-connectivity
was presented, in which the positive witness size corresponds to R ;(G). The results of
Belovs and Reichardt [7], combined with our new span program algorithms, immedi-
ately yield an upper bound of O( g%n, / R +(G)) for estimating the effective resistance
to relative accuracy €. This upper bound also holds for time complexity, due to the
time complexity analysis of Belovs and Reichardt [7]. Using our new spectral analysis
techniques, we are also able to get an often better upper bound of 9] (%n‘ /Rs 1(G)/ [,L) ,
on the time complexity of estimating effective resistance, where p is a lower bound
on 12(G), the second smallest eigenvalue of the Laplacian of G. These upper bounds
are incomparable. The second is preferable if it is promised that 1> (G) > u for some
w that is larger than the desired error bound ¢, and otherwise the first upper bound is
better. Both algorithms use O (logn) space. We also show that a linear dependence on
n is necessary, so our results cannot be significantly improved.

These are the first quantum algorithms for this problem in the adjacency query
model. Previous results have studied the problem in the edge-list model [23]. At the
end of Sect. 5, we compare our results to Wang [23]. Classically, this quantity can be
computed exactly by inverting the Laplacian, which costs O (m) = O (n?), where m
is the number of edges in the input graph.

Outline In Sect. 2, we describe the algorithmic subroutines and standard linear algebra
that will form the basis of our algorithms. In Sect. 3.1, we review the use of span
programs in the context of quantum query algorithms, followed in Sect. 3.2 by our
new paradigm of approximate span programs. At this point we will be able to formally
state our results about how to use span programs to construct quantum algorithms. In
Sect. 3.4, we describe the structure of span programs, giving several results that will
help us develop algorithms. The new algorithms from span programs are developed
in Sect. 4, and finally, in Sect. 5, we present our applications to estimating effective
resistance. In Sect. 6, we discuss open problems.
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2 Preliminaries

To begin, we fix notation. For vector spaces V and W, we let L(V, W) denote the set
of linear operators from V to W. For any operator A € L(V, W), we denote by colA
the columnspace, row A the rowspace, and ker A the kernel of A. o (A) and opax (A)
denote the smallest and largest non-zero singular values, respectively. AT denotes the
Moore-Penrose pseudo-inverse.

The algorithms in this paper solve either decision problems, or estimation problems.
For f : X C [¢q]" — {0, 1}, we say that an algorithm decides f with bounded error
if for any x € X, with probability at least 2/3, the algorithm outputs f(x) on input x.
For f : X C [q]" — R0, we say that an algorithm estimates f to relative accuracy
¢ with bounded error if for any x € X, with probability at least 2/3, on input x
the algorithm outputs f such that | f (x) — f | < ef(x). In both cases, using 2/3 is
without loss of generality: any algorithm with success probability bounded above 1/2
by a constant can be amplified to success probability arbitrarily close to 1 by taking
the median of the outputs of a constant number of repetitions of the algorithm. We
generally omit the description “with bounded error”, as all of our algorithms have
bounded error.

All algorithms presented in this paper are based on the following structure. We
have some initial state |¢o), and some unitary operator U, and we want to estimate
[[{To|¢o) ||, where Iy is the orthogonal projector onto the 1-eigenspace of U. The first
step in this process is a quantum algorithm that estimates, in a new register, the phase
of U applied to the input state.

Theorem 1 (Phase Estimation [8,14]) Let U be a unitary with spectral decomposition
U = Z’;’:l e’91’|1pj)(1//j|,for 01,...,60n € (—m,m]. Forany ® € (0, ) and ¢ €
(0, 1), there exists a quantum algorithm that makes O (% log %) controlled calls to U
and, on input | ;), outputs a state |\ j)|w) such that if 0; = 0, then |w) = |0), and if
0;] > O, [(0lw)|? < e. IfU acts on s qubits, the algorithm uses O (s +log %) space.

The precision needed to isolate ITy|¢o) depends on the smallest nonzero phase of U,
the phase gap.

Definition 1 (Phase Gap) Let {e'%} jes be the eigenvalues of a unitary operator U,
with {6} jes C (—m, m]. Then the phase gap of U is A(U) :=min{|6;] : 6; # 0}.

In order to estimate ||ITo|¢0) I, given a state |0)I1p|¢o) + |1)(I — I1p)|¢po), we use
the following.

Theorem 2 (Amplitude Estimation [6]) Let A be a quantum algorithm that outputs

VPX)]0) | (0)) + /1T — p(x)|1)|Wx (1)) on input x. Then there exists a quantum
. . .. . 11

algorithm that estimates p(x) to precision ¢ using O ( - —m> calls to A.

If we know that the amplitude is either < p; or > pq for some p; < po, then we
can use amplitude estimation to distinguish between these two cases.

Corollary 1 (Amplitude Gap) Let A be a quantum algorithm that outputs /p(x)
[0)|W, (0)) + /1 — p(x)|1)|¥ (1)) on input x. For any 0 < p1 < po < 1, we
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can distinguish between the cases p(x) > po and p(x) < p1 with bounded error

using O ( o ) calls to A.

pPo—p1

Proof By [6, Thm. 12], using M calls to .A, we can obtain an estimate p of p(x) such
that

27/pC)T = plx)) | 7

M M?

p—p0)| =

with probability 3/4. Let M = 4x —VPISO_J;’;I. Then note that for any x; and xo such that
p(x1) = prand p(xo) = po. using /po+ p1 = (J/po + /PD/V2,

M > 22 Mzzﬁ ; 2./2 1
= g Po — pi ﬂ«/p_—\/ﬁz n«/p(xo)—«/p(m)
zzﬁn«/P(XO)+VP(X1)_

p(xo0) — p(x1)

If p; is the estimate obtained on input x1, then we have, with probability 3/4:

27 /PN =pG1)) L

M M?
VPG (p(xo) — p(x1))  (po — p1)?
V2(J/pCo) + /pG1) - 16(po + p1)

On the other hand, if pg is an estimate of p(x(), then with probability 3/4:

2n/po) (1= plxg))  7*

M M?
VPG0)(p(xo) = p(x1))  (po — p1)*
V2(/p&xo) + /p(x1)  16(po+ p1)’

We complete the proof by showing that p; < pg, so we can distinguish these two
events. We have:

p1 < p(x1) +

< plx1)+

po = p(xo) —

> p(xo) —

(p(x0) = p))(WPlo) +/PO)  (po — p1)?
V2(/p&o) + /P(1) 8(po+ p1)

1 1 1
> (1 - ﬁ) (po — p1) — g(po - p1) = g(po —p1) > 0.

po — p1 = p(xo) — p(x1) —

VPFPL _ ( Vo
Po—p1 Po—p1
p1 and p(x) > po with success probability 3/4. O

Thus, using 4 X ——— ) calls to .4, we can distinguish between p(x) <

In order to make use of phase estimation, we will need to analyze the spectrum of
a particular unitary, which, in our case, consists of a pair of reflections. The following
was first used in the context of quantum algorithms in [22]:
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Theorem3 Let U = (2I14 — I)(2I1p — I) be a product of two reflections on a
space H containing A = span{|y1), ..., [V¥4)} and B = span{|¢1), ..., |¢dp)}, with
Iy =7 Wi)(¥iland Mg = Zle |¢i)(¢pi|. Let D = I14I1g be the discriminant
of U with singular value decomposition Z;:l cosOjla;)(B;l, with6; € [0, 5. Then
the spectrum of U is {e*2%i }j. The 1-eigenspace of U is (AN B) @ (A+ N BY) and
the (—1)-eigenspace is (A N B+) @ (A+ N B).

Let Ay = 27:1 |¥;)(jl and Ap = Z?:l |#j)(j]. We note that in the original
statement of Theorem 3, the discriminant is defined D’ = AI‘A p. However it is
easy to see that D’ and D have the same singular values: if D' = ), o;|v;) (u;] is
a singular value decomposition of D’, then D = ), 0; Aa|v;) (u; |AL is a singular
value decomposition of D.

The following corollary to Theorem 3 will be useful in the analysis of several
algorithms.

Corollary 2 (Phase gap and discriminant) Let D be the discriminant of a unitary U =
Q@Ms — 1M — I). Then A(=U) > 20min(D).

Proof By Theorem 3, if {09 = cos6y < o7 = cosb) < ---0, = cosfy,} are the
non-zero singular values of D, for 6; € [0, %), then the phases of U in (—m, ) are
{120 };"1=0 (U might also have (—1) = ¢'" as an eigenvalue), and so —U has non-zero
phases {£26; F 7[};’7:0 ={£(20; — JT)};-n:O. Thus

A(=U) =min{|r — 20| :0; #n/2} =|m — 2cos™! min{o; : o; # 0}
= |7 —2cos” ! omin(D)|.
We have 6 > sin0 = cos(w/2 — 6), SO Omin (D) > cos(7/2 — omin(D)). Then since
cos is decreasing on the interval [0, 77/2], we have cos ™! (o1min (D)) < /2 — 0min(D),

and thus
A(=U) 2 |t =2 (/2 — omin(D))| = 20min (D).

O

Finally, we will make use of the following lemma, which first appeared in this form
in [16]:

Lemma 1 (Effective Spectral Gap Lemma) Let U = (2I14 — 1)(2[1p — I) be the
product of two reflections, and let Il be the orthogonal projector onto span{|u) :
Ulu) = ¢®|u), 16] < ©). Then if M|u) = 0, | o Mglu)|| < 5 |||u)].

3 Approximate Span Programs

3.1 Span Programs and Decision Problems

In this section, we review the concept of span programs, and their use in quantum
algorithms.
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Definition 2 (Span Program) A span program P = (H, V, t, A) on [¢g]" consists of

1. finite-dimensional inner product spaces H = H1 & - - - ® H;,; ® Hyye D Hralse, and
{Hj . C Hj}jen)aclq) Suchthat H; 1 +---+ H; , = Hj,

2. a vector space V,

3. atarget vector T € V, and

4. alinear operator A € L(H, V).

To each x € [g]", we associate a subspace H(x) := Hj x, @ -+ @® Hy x, D Hirue-

Although our notation in Definition 2 deviates from previous span program defini-
tions, the only difference in the substance of the definition is that the spaces H; , and
Hj p fora # bneed not be orthogonal in our definition. This has the effect of removing
log g factors in the equivalence between span programs and the dual adversary bound
(for details see [13, Sec. 7.1]). The spaces Hyye and Hyyge can be useful for designing
a span program, but are never required, since we can always add an (n + 1)™ variable,
set Xx,4+1 = 1, and let Hy41.0 = Hrase and Hy+1.1 = Hirge-

A span program on [g]" partitions [¢]" into two sets: positive inputs, which we
call P, and negative inputs, which we call Py. The importance of this partition stems
from the fact that a span program may be converted into a quantum algorithm for
deciding this partition in the quantum query model [19,20]. Thus, if one can construct
a span program whose partition of [¢]" corresponds to a problem one wants to solve,
an algorithm follows. In order to describe how a span program partitions [¢]" and
the query complexity of the resulting algorithm, we need the concept of positive and
negative witnesses and witness size.

Definition 3 (Positive and Negative Witness) Fix a span program P on [¢]", and a
string x € [¢q]". We say that |w) is a positive witness for x in P if |lw) € H(x), and
Alw) = 1. We define the positive witness size of x as:

wy (x, P) = wy (x) = min{[[|[w)||> : [w) € H(x) : Alw) =},

if there exists a positive witness for x, and w4 (x) = oo else. We say thatw € L(V, R)
is a negative witness for x in P if wAIly(y) = 0 and wt = 1. We define the negative
witness size of x as:

w_(x, P) = w_(x) = min{|0A|’? : @ € L(V,R) : ATy = 0, 0T = 1},

if there exists a negative witness, and w_(x) = oo otherwise. If w (x) is finite, we
say that x is positive (wrt. P), and if w_(x) is finite, we say that x is negative. We
let P denote the set of positive inputs, and Py the set of negative inputs for P. Note
that for every x € [¢q]", exactly one of w_(x) and w4 (x) is finite; that is, (Py, Pp)
partitions [g]".

For a decision problem f : X C [¢]" — {0, 1}, we say that P decides f if
f -10) € Py and f —1(1) € P;. In that case, we can use P to construct a quantum
algorithm that decides f.
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Theorem4 [19] Fix f : X C [¢q]" — {0,1}, and let P be a span program on
[q]" that decides f. Let Wi(f, P) = max,c -1y w(x, P) and W_(f, P) =
max, r-1 )y W—(x, P). Then there exists a quantum algorithm that decides f using

O(J/Wi(f, PYW_(f, P)) queries.

We call \/ Wi(f, PYW_(f, P)the complexity of P.Itis known thatfor any decision
problem, there exists a span program whose complexity is equal, up to constants, to
its query complexity [19,20] ([13, Sec. 7.1] removes log factors in this statement),
however, it is generally a difficult task to find such an optimal span program.

3.2 Span Programs and Approximate Decision Problems

Consider a span program P and x € Py. Suppose there exists |w) € H(x) such that
Alw) is very close to T. We might say that x is very close to being in P;. If all vectors
in H(y) fory € Py \ {x} are mapped far from t, it might be more natural to consider
the partition (Py \ {x}, P1 U {x}) rather than (Py, Py).

As further motivation, we mention a construction of Reichardt [19, Sec. 3 of full
version] that takes any quantum query algorithm with one-sided error, and converts it
into a span program whose complexity matches the query complexity of the algorithm.
The target of the span program is the vector |1, 0), which corresponds to a quantum
state with a 1 in the answer register and Os elsewhere. If an algorithm has no error on
1-inputs, it can be modified so that it always ends in exactly this state, by uncomputing
all but the answer register. An algorithm with two-sided error cannot be turned into
a span program using this construction, because there is error in the final state. This
is in intuitive opposition to the evidence that span programs characterize bounded
(two-sided) error quantum query complexity.

This motivates us to consider the positive error of an input, or how close it comes
to being positive. Since there is no meaningful notion of distance in V, we consider
closeness in H.

Definition 4 (Positive Error) For any span program P on [¢]",and x € [¢]", we define
the positive error of x in P as:

er(x) = e (v, P) = min { | My lw) | : Alw) =<}

Note that e4 (x, P) = 0 if and only if x € P;. Any |w) such that “HH(X)Hw) ||2 =
e+ (x) is called a min-error positive witness for x in P. We define

() = i (x, P) o= min { [} s Alw) = 7, [ Do lw)|* = e )]

A min-error positive witness that also minimizes || |w) || 2 is called an optimal min-error
positive witness for x.

Note that if x € Py, then e (x) = 0. In that case, a min-error positive witness for
X is just a positive witness, and w4 (x) = wy (x).
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We define a similar notion for positive inputs, to measure their closeness to being
negative.

Definition 5 (Negative Error) For any span program P on [¢]" and x € [gq]", we
define the negative error of x in P as:

e_(x) = e_(x, P) := min { loAMTLw|? : o) = 1} .

Again,e_(x, P) = Oifand onlyif x € Py. Any w such that Ha)AHH(X) ||2 =e_(x, P)
is called a min-error negative witness for x in P. We define

W_(x) = b_(x, P) := min{llwAllz () =1,

WAy |* = e_(x, P)] .

A min-error negative witness that also minimizes |w A ||2 is called an optimal min-error
negative witness for x.

It turns out that the notion of span program error has a very nice characterization
as exactly the reciprocal of the witness size:

1 1
Vx € Py, w_(x) = —— and Vxe P, wi(x) = ——,

ey (x)’ e_(x)

which we prove shortly in Theorems 8 and 9. This is a very nice state of affairs,
for a number of reasons. It allows us two ways of thinking about approximate span
programs: in terms of how small the error is, or how large the witness size is. Thatis, we
can say that an input x € Py is almost positive either because its positive error is small,
or equivalently, because its negative witness size is large. In general, we can think of
P as not only partitioning P into (P, Pp), but inducing an ordering on [¢g]" from
most negative—smallest negative witness, or equivalently, largest positive error—
to most positive—smallest positive witness, or equivalently, largest negative error.

For example, on the domain (x®, x(6)} C [¢q]*, P might induce the following
ordering:
I | I
Yy x® ! x® | x@® x® ! x©
increasing positive'error/ I increasing negative'error/
decreasing negative witness size ! decreasing positive witness size

The inputs (x®D x@ xO®Y} are in Py, and w_(xV) < w_(x?) < w_(x?)
(although it is generally possible for two inputs to have the same witness size). The
inputs {x(4), x®, x(6)} are in P, and w+(x(4)) > w+(x(5)) > w+(x(6)). The span
program exactly decides partition ({x(l), x@, x(3)}, {x(4), x®, x(6)}), but we say it
approximates any partition that respects the ordering. If we obtain a partition by draw-
ing a line somewhere on the left side, for example ({x(l) , x(z)}, {x(3), x® O x© b,
we say P negatively approximates the function corresponding to that partition,
whereas if we obtain a partition by drawing a line on the right side, for example
({x(l), x@ x® x@®, x(s)}, {x(f‘)}), we say P positively approximates the function.
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Definition 6 (Functions Approximately Associated with P) Let P be a span program
on [¢g]",and f : X C [¢]" — {0, 1} a decision problem. For any A € (0, 1), we say
that P positively -approximates f if f~1(1) € Py, and for all x € f~1(0), either
x € Py, or wy(x, P) > %W_F(f, P) (note that since f~!(1) € P, Wo(f,P) =
max, ¢ -1y W4(x, P) is finite). We say that P negatively A-approximates f if
f71(0) € Py, and forall x € f~'(1), either x € Py, or w_(x, P) > LW_(f, P)
(note that since f -L0) C Py, W_( f, P) is finite). If P decides f exactly, then both
conditions hold for any value of A, and so we can say that P 0-approximates f.

This allows us to consider a much broader class of functions associated with a
particular span program. This association is useful, because as with the standard notion
of association between a function f and a span program, if a function is approximated
by a span program, we can convert the span program into a quantum algorithm that
decides f using a number of queries related to the witness sizes. Specifically, we get
the following, proven in Sect. 4.

Theorem 5 (Approximate Span Program Decision Algorithms) Fix f : X C [¢]" —
{0, 1}, and let P be a span program that positively L-approximates f. Define

Wi =Wi(f,P):= max wi(x, P)
xef~Hn)

and W_ = VT/_(f, P):= max w-(x,P).
xef~1(0)

There is a quantum algorithm that decides f with bounded error in query com-

Wi W_
plexity O mlogﬁ . Similarly, let P be a span program that negatively
M-approximates f. Define

W_=W_(f,P):= max w_(x, P)
~1(0)

xef

and Wy =W,.(f,P):= max w4(x,P).
xef~l(

There is a quantum algorithm that decides [ with bounded error in query complexity
JWoW, 1
0 ((1—x)3/2 log ﬂ)

With the ability to distinguish between different witness sizes, we can obtain algo-
rithms for estimating the witness size.

Theorem 6 (Witness Size Estimation Algorithm) Fix f : X C [¢q]" — Rxo. Let
P be a span program such that for all x € X, f(x) = wi(x, P) and define
W_ = W_(f, P) = maxycx w—(x, P). There exists a quantum algorithm that esti-

mates f to accuracy € in 9] (#Jw_,_(x)ﬁ/_) queries. Similarly, let P be a span
program such that for all x € X, f(x) = w_(x, P) and define VT@ = VT’+(f, P) =
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maxycx W4 (x, P). Then there exists a quantum algorithm that estimates f to accu-

racy € in 0 ( 3/2,/w,(x)ﬁ7+) queries.

The algorithms of Theorems 5 and 6 involve phase estimation of a particular unitary
U, as with previous span program algorithms, in order to distinguish the 1-eigenspace
of U from its other eigenspaces. In general, it may not be feasible to calculate the phase
gap of U, so for the algorithms of Theorems 5 and 6, as with previous algorithms,
we use the effective spectral gap lemma to bound the overlap of a particular initial
state with eigenspaces of U corresponding to small phases. However, by relating the
phase gap of U to the spectrum of A and A(x) := AIly(y), we show how to lower
bound the phase gap in some cases, which may give better results. In particular, in our
application to effective resistance, it is not difficult to bound the phase gap in this way,
which leads to an improved upper bound. In general we have the following theorem.

Theorem 7 (Witness Size Estimation Algorithm Using Real Phase Gap) Fix f : X C
[q]" — Rso and let P = (H,V, 1, A) be a normalized span program (see Defi-
nition 7) on [q]" such that Vx € X, f(x) = wy(x, P) (resp. f(x) = w_(x)). If
K> #1%, Vx € X, then the quantum query complexity of estimating f(x) to
relative accuracy € is at most 9] (—”‘gx)'()

Theorem 5 is proven in Sect. 4.2, Theorem 6 is proven in Sect. 4.3, and Theorem 7
is proven in Sect. 4.4.

3.3 Example

To illustrate how these ideas might be useful, we give a brief example of how a span
program that leads to an algorithm for the OR function can be combined with our results
to additionally give algorithms for threshold functions and approximate counting. We
define a span program P on {0, 1}" as follows:

n
V=R, t=1, H=H,=spanfli)}, Hio=1{0}, A=) (il

So H = span{|i) : i € [n]} and H(x) = span{|i) : x; = 1}. It is not difficult to see
that P decides OR. In particular, we can see that the optimal positive witness for any x
such that [x| > 0is |wy) = Zmi:] %U). The only linear map w : R — R such that
wt = 1 is the identity, and indeed, this is a negative witness for the all-zeros string 0,
since H(0) = {0}, and so wAIy g =0.

Let . € (0,1), ¢ € [n], and let f be a threshold function defined by f(x) = 1
if |x| > ¢t and f(x) = 0if |x| < Af, with the promlse that one of these conditions
holds. If f(x) = 1, then w4 (x) = |||wx)||2 L < L soWy(f.P) =1 Onthe

\xl — t’
other hand, if f(x) = 0, then wy(x) = IXI > M = 1WJr(f P),so P posmvely
A-approximates f. The only approximate negative witness is w the identity, so we
have W_ = lwAl? = ||A||2 = n. By Theorem 5, there is a quantum algorithm for f

with query complex1ty m, / W+ W_ = m«/ Vl/l‘.

@ Springer



Algorithmica (2019) 81:2158-2195 2169

Furthermore, since w4 (x) = ﬁ, by Theorem 6, we can estimate plc_\ to relative
accuracy &, and therefore we can estimate |x| to relative accuracy 2¢, in quantum
query complexity #\/W .

These upper bounds do not have optimal scaling in ¢, as the actual quantum query
complexities of these problems are ﬁ\/n_/t and é\/m [1,2,6], however, using
Theorem 7, the optimal query complexities can be recovered.

3.4 Span Program Structure and Scaling

In this section, we present some observations about the structure of span programs that
will be useful in the design and analysis of our algorithms, and for general intuition.
We begin by formally stating and proving Theorems 8 and 9, relating error to witness
size.

Theorem 8 Let P be a span programon [q]" and x € Py. If |W) is a min-error positive
witness for x, and w is an optimal negative witness for x,

HH()C)J"‘J}) 1

(@A)" = 5, andso w_(x) = .
| Tyt |0) eq(x)

Proof Let |w) be a min-error positive witness for x, and w an optimal negative

witness for x. We have (wA)|w) = wt = 1 and, since wAllgx) = 0, we
= .

have (wA)Ij 2 |W) = 1. Thus, write (wA)T = L'"’)z + |u) such that

[Tcor ]

(ul g yr|w) = 0. Define |werr) = g1 |w). We have A(|w) — IMier AlWerr)) =
A|w) = 7, so by assumption that |) has minimal error,

1Ty 10) | < | Tyt (1) = Mier Alwere)) | < [| T g7y [0) — Micer alwerr) |

= HH(ker AL |Werr)

’

SO |||Werr) || < || H(kerA)uwerr)}, and so we must have |wey) € (ker A)L. Thus,
ker (werr] € ker A, so by the fundamental homomorphism theorem, there exists a
linear function @ : colA — R such that @A = (wer|. Furthermore, we have wt =

DA|WD) = (WM |0) = ”HH(X)J_|IZJ)”2 = e4(x), 500 = %5 hasw't = 1. By

e+
2
, SO

the optimality of w, we must have lwA|? < Hw’A|
Iy 1 |W)
‘ O )

2 ~ 2
I7 w
- ‘ HL W) H
et (x)

e (x)

H(x)J- [w)

m
and so |u) = 0. Thus (wA)" = et () and
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[T ti)* 1

—_— 2 = =
w—_(x) = [[wAl|" = el (x)? T ep(x)

]

Theorem 9 Let P be a span program on [q]" and x € Py. If |w) is an optimal positive
witness for x, and @ is a min-error negative witness for x,

n »A)T 1
lw) = La))z and so wi(x) = ——.
|oATEw | e-(x)

~ . . . My (@A)
Proof Let @ be a min-error negative witness for x, and define |w’) = W.
®AITY (x)

First note that |w’) € H(x). We will show that |w’) is a positive witness for x by
showing A|w’) = t. Suppose 7 and A|w’) are linearly independent, and let & €
L(V,R) be such that @(A|w’)) = 0 and a(t) = 1. Then for any ¢ € [0, 1], we have
(ed 4+ (1 — e)a)t = 1, so by optimality of @,

|@AT L | < [ed+ (1 — )a) AT |
= &2 [6AMyew | + (1 - ) ATy |
(1= &) [6ALe |* < (1 - &) [aATnw|

where the equality follows from the fact that o (AIT H(x)((I)A)T) = 0. This implies
H(Z)AHH(X) H < 0, a contradiction, since Hc?)AHH(x) || > 0. Thus, we must have
Alw’) = rt for some scalar r, so @(A|w')) = ra(r). We then have @(Alw')) =
- @A)

AT |*
positive witness for x. Let [w) € H(x) be an optimal positive witness for x, so
lw)|I? = w4 (x). We have

= 1, and so we have r = 1, and thus Alw’) = 7. So |w') is a

(w'|lw) =

AL LR S S— W
|6ATLw|*  |oATnw|*  |@ATLw|*

Thus |||w’)||2 < |||w’)|| llw)|| by the Cauchy—Schwarz inequality, so since |w)

is optimal, we must have |[|w)| = le’ )|| Since the the smallest |w) such that

Allp(yy|lw) = t is uniquely defined as (AHH(X))+‘L', we have |w) = |w’). Thus

wy () = w2 = [w)]* = —— = . o
léAmnw|* — W

Positive Witnesses Fix a span program P = (H, V, t, A) on[gq]". In general, a positive
witness is any |w) € H such that A|lw) = 7. Assume the set of all such vectors is
non-empty, and let |w) be any vector in H such that A|w) = 7. Then the set of positive
witnesses is exactly

W= |w) +ker A = {[w) + |h) : |h) € ker A}.
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It is well known, and a simple exercise to prove, that the unique shortest vector in W
is A% 7, and it is the unique vector in W N (ker A)L. We can therefore talk about the
unique smallest positive witness, whenever W is non-empty.

Definition 7 Fix a span program P, and suppose W = {|h) € H : Alh) = t}is
non-empty. We define the minimal positive witness of P to be |wg) € W with smallest
norm—that is, |wg) = Att. We define N4 (P) := |||wo)|>.

Since |wg) € (ker A)+, we can write any positive witness |w) as |wg) + |w0 ) for some
|w0 yekerA. IfweletT = A~ 1(span{t}) we can write 7' = span{|wg)} @ ker A.

Negative Witnesses Just as we can talk about a minimal positive witness, we can also
talk about a minimal negative witness of P: any wg € L(V, R) such that wyt = 1, that
minimizes [|wgA||. Define N_(P) = ming:u,r)=1 ||a)0A||2. Note that unlike |wq),
wo might not be unique. There may be distinct wo, w, € £(V, R) that map 7 to 1 and

have minimal complexity, however, one can easily show that in that case, wgA = a)(’)A,
(|

lel®”

For any minimal negative witness, wg, a)oA isrelated to the minimal positive witness
|wp) by (wpA)" = le("P), and N1 (P) = 5~ (P) This can be proven, for example, by
replacing H (x) with {0} in the proof of Theorem 8.

and that the unique minimal negative witness i

Span Program Scaling and Normalization By scaling T to get a new target T’ = BT,
we can scale a span program by an arbitrary positive real number B, so that all positive
witnesses are scaled by B, and all negative witnesses are scaled by %. Note that this
leaves W, W_ unchanged, so we can in some sense consider the span program invariant
under this scaling.

Definition 8 A span program P is normalized if Ny (P) = N_(P) = 1.

Any span program can be converted to a normalized span program by replacing
the target with t/ = NL+ However, it will turn out to be desirable to normalize a span
program, and also scale it, independently. We can accomplish this to some degree, as
shown by the following theorem.

Theorem 10 (Span program scaling) Let P = (H, V, t, A) be any span program on
[q1", and let N = |||wo) )12 for |wo) the minimal positive witness of P. For B € R,
define PP = (HPB, VP <P AP) as follows, for |O and |1) two vectors orthogonal to
HandV:

Vjelnl.aelql HY == Hja.
H[fue = Hie @ Span{ﬁ)}, Hé]se = Hpjjse © Span{|6>}

JPEN :

VP =V @span{|1)}, AP =BA+|1)(0+ 7 DdL o =10+

Then we have the following:

~ Vxe P, wi(x, PP) = “’+<" weP) B and w_(x, PP) < BXi_(x, P) + 2;

N+ﬁ2
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— Vx € Py, w_(x, PP) = Bw_(x, P)+1andw+(x Pﬁ) < w+(x P)+2;

_ B - _B
the minimal witness of PP is |w0) |lwo) + ﬁ2+N MH ), and

ﬁ2+N

2
”|wg>H — 1.

Proof of Theorem 10 appears in “Appendix A”.

4 Span Program Algorithms

In this section we describe several ways in which a span program can be turned into
a quantum algorithm. As in the case of algorithms previously constructed from span
programs, our algorithms will consist of many applications of a unitary on H, applied to
some initial state. Unlike previous applications, we will use |w), the minimal positive
witness of P, as the initial state, assuming P is normalized so that |||wg)| = 1. This
state is independent of the input, and so can be generated with 0 queries. For negative
span program algorithms, where we want to decide a function negatively approximated
by P, we will use a unitary U (P, x), defined as follows:

U(P,X) = (2errA - I)(ZHH(X) - I) == (ZH(kﬂA)L - I)(ZHH(X)L - I)

This is similar to the unitary used in previous span program algorithms. Note that
(2[xer 4 — 1) is input-independent, and so can be implemented in 0 queries. However,
in order to analyze the time complexity of a span program algorithm, this reflection
must be implemented (as we are able to do for our applications, following [7]). The
reflection (217 () — I) depends on the input, but it is not difficult to see that it requires
two queries to implement. Since our definition of span programs varies slightly from
previous definitions, we provide a proof of this fact.

Lemma 2 The reflection 2I1y () — I can be implemented using 2 queries to x.

Proof For every i € [n] and a € [g], let Ri, = (I — 2HHL mH) the oper-
ator that reflects every vector in H; that is orthogonal to H; ,. ThlS operation is
input independent, and so, can be implemented in O queries. For every i € [n], let
{I¥i1),....|¥im )} be an orthonormal basis for H;. Recall that the spaces H; are
orthogonal, so we can map |; ;) — [i}|v;, ;). Then using one query, we can map
[i)¥i,;) = li)|xi)|i, ;). We then perform R; ,; on the last register, conditioned on
the first two registers, and then uncompute the first two registers, using one additional
query. O

For positive span program algorithms, where we want to decide a function positively
approximated by P, or estimate the positive witness size, we will use a slightly different
unitary:

U'(P,x) = QHux) — QO — 1),
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where T = ker A @ span{|wg)}, the span of positive witnesses. We have U’ = U (-
2|wo) {wol).

We begin by analyzing the overlap of the initial state, |wg), with the phase spaces of
the unitaries U and U’ in Sect. 4.1. In particular, we show that the projections of |wg)
onto the O-phase spaces of U and U’ are exactly related to the witness size. Using the
effective spectral gap lemma (Lemma 1), we show that the overlap of |wg) with small
nonzero phase spaces is not too large. Using this analysis, in Sect. 4.2, we describe
how to convert a span program into an algorithm for any decision problem that is
approximated by the span program, proving Theorem 5, and in Sect. 4.3, we describe
how to convert a span program into an algorithm that estimates the span program
witness size, proving Theorem 6.

Finally, in Sect. 4.4, we give a lower bound on the phase gap of U in terms of the
spectraof Aand A(x) = AITy ), giving an alternative analysis to the effective spectral
gap analysis of Sect. 4.1 that may be better in some cases, and proving Theorem 7.

4.1 Analysis

Negative Span Programs In this section we analyze the overlap of |wg) with the
eigenspaces of U (P, x). For any angle © € [0, ), we define [T, as the orthogonal
projector onto the ¢/?-eigenspaces of U (P, x) for which |8] < ©.

Lemma 3 Let P be a normalized span program on [q]". For any x € [q]",

2
175 two) > < & o) + ——.
4 w_(x)

o

In particular, for any x € Py, 1'[(’5)|wo)H2 < "Tszr(x).

Proof Suppose x € Pp, and let |wy) be an optimal positive witness for x, so
Ier aytlwx) = |wo). Then since [Ty 1|wy) = 0, by the effective spectral gap
lemma (Lemma 1):

6? 6?
|78 w0 |* = |17 e ayt 1w | < == o) IP = Z-w4 (o).

Suppose x € Py and let w, be an optimal zero-error negative witness for x and |w,)
an optimal min-error positive witness for x. First note that IT e, 41 |Wx) = |wo), s0
H(kerA)lHH(X) |lI)X)+H(keI'A)LHH(x)J~ |1I)X> = |w0> Since HH()C)L (HH()C) |ﬁ)x>) = 0,
we have, by Lemma 1,

. Ch
||H@H(kerA)iHH(x)|wx)||2 = HHH(x)|WX>”
4
. e
|76 (1w0) = Moyt Moy 1) | < = M) 12
ANF e
”n@ (Iwo) - Hamml%) — o
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(0 A

In the last step, we used the fact that (x) = Iy |Wy), by Theorem 8. Next
note that Ty, 4)1 (wxA)T = (wrA) and Myt (@A) = (0 A)', 50 U, A)' =
(wxA)T, and therefore, I[Tg (wx A)' = (wyA)T. Thus:

2

< - o) 1?

2
Tﬁ)-i-(x)

(@A) |

HH(-)Iwo) -

1 1 .

1o |wo)lI* + -2 (wol Mg (wyx A)'
w_(x) w_(x)

2

, 1 1 N
1o lwo) 1> + -2 (@xAlwo))" < —-1D4(x)

w_(x) w_(x) -

IA

1 1 . 2
170 lwo)I* + -2 (@) =~ (x)

w_(x) w_(x) -

2

1o lwo) 2 < 2 (x) + ——
oI/ = 7% w_(x)’

A

where in the last line we used the fact that w,t = 1. O

Lemma4 Let P be a normalized span program on [q]". For any x € [q]",

2 1
I} (w = )
75100 = o5
In particular, for any x € Py, | I1y|wo) || =0.
Proof By Lemma 3, we have H IT |wo) ||2 (x) To see the other direction, let wy

be an optimal zero-error negative witness for x (if none exists, then w_(x) = oo and
the statement is vacuously true). Define |u) = (weA)T. By the proof of Lemma 3,

Ulu) = |u). We have (u|wg) = wyA|lwy) = T = 1 and |[|0)]]? = |loxAl> =
i 2 Ju) (u]
w_(x), so we have: | [T} |wo)|” > IITu 2w H == (x)

Positive Span Programs We now prove results analogous to Lemmas 3 and 4 for the
unitary U’(P, x). For any angle © € [0, 7r), we define IT )é) as the projector onto the
0-phase spaces of U’(P, x) for which |9] < ©.

Lemma5 Let P be a normalized span program on [q]". For any x € [q]",

—x 2 62,
‘H@|WO)H =< Tw—(x)-i-

wy(x)

_ 2
In particular, if x € Py, then HHZﬂwo)H < @Tzw_(x).
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Proof Ifx € Py, thenletw, be an optimal exact negative witness for x, so wy AT (x) =
0, and thus, by the effective spectral gap lemma (Lemma 1),

—=x 2 607 , 6?7
[T @) < 5 local? = 2w
We have wa127T = Wy A(lker A + lwo){wol) = wx Alwo){wo| = wxT{wo| = (wol,
50 Hﬁ’gm}o)H <2y ().
Suppose x € Pp, and let |w,) be an optimal zero-error positive witness for x, and

@y an optimal min-error negative witness for x. By Theorem 9, we have wo) -
w4 (x)

Mhx)(@xA)T. Since M (x)(@x ATy ()" = 0, we have, by Lemma 1,

2

Ty (@ i i ?
H o7 (&0 ATy (1) T”waHH(x)i“

— 3 we) \[|* _ ©% .
HH%HT ((wa)T - —) o8 lléoy Al

<
w4 (x) -
—x ~ + |wy) 2 0?2 -
HH@HT((J)XA) — m < Tw_(x).

In the last line we used the fact that [T |wy) = H g |wx) = |wy), s0 U'lwy) = |wy),
andthusﬁ)(i)|~wx): |wx).~ ) )

Note that oy Allr = @xA(Ilker o + [wo){wol) = wxAlwo)(wo| = @yt (wo| =
(wg]. Thus, we can continue from above as:

= wy) > _ %
I — —w_
” olwo) we () 1 w_(x)
761 >H2+ o) [° 2w < © o
oW - w oW —w_(x
oo w0 weGn OO =
_ 2 1 2 e?
Tymil + i - e
[TTotwo |+ o= = oy ol = -
_ 2 @2
ool = oo+
H olwol| = 4 w-00) + w4 (x)
where in the last line we used the fact that (wg|w,) = 1. O

Lemma 6 Let P be a normalized span program on [q]". For any x € [q]",

1

wi(x)

— 2
[l =

In particular, if x € Py, then ”ﬁglwo)n =0.
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_ 2
Proof ByLemmaS,’ >H < g Let [wy) = [wo)+|wg) be an optimal zero-

— 2
error positive witness for x. Since |wy) € H(x)NT, U’ |wy) = |wy), S0 Hﬂg|wo)H >

(wy [wo) 1
w2 = 7@

4.2 Algorithms for Approximate Span Programs

Using the spectral analysis from Sect. 4.1, we can design an algorithm that decides a
function that is approximated by a span program. We will give details for the nega-
tive case, using Lemmas 3 and 4. A nearly identical argument proves the analogous
statement for the positive case, using Lemmas 5 and 6 instead.

Throughout this section, fix a decision problem f on [¢]", and let P be a normalized
span program that negatively A-approximates f. By Lemmas 4 and 3, it is possible
to dlstlngmsh between the cases f(x) = 0, in which —— > ﬁ and f(x) =1,

w(x)—

in which m < % using phase estimation to sufficient precision, and amplitude

estimation on a 0 in the phase register. We give details in the following theorem.

Lemma?7 Let P be a normalized \-negative approximate span program for f. Then

the quantum query complexity of f is O (m W_,/ VT/+ log ]WT‘)L>

Proof LetU (P, x) = ZT:I i1y ;) (¥, and let |wo) = Z?:l |y ;). Then apply-
ing phase estimation (Theorem 1) to precision ® = 34($5)— and error £ = %IW;)‘

V 3W_ Wy —
produces a state |wg) = Z;’Ll a;lyj)|w;) such thatif 6; = 0, then |w;) = |0), and
if |6;] > © then |(a)j|0)|2 < ¢e. Let Ag be the projector onto states with O in the
||2 = Z’;’zl loej|?1(0]w;)|?. By Lemma 4, we have

soif x € f’1 (0), we have:

phase register. We have: || Ao|wg)
75 w0

_ 1
— w_(x)?

L1
w ) - w. P

[A0lwp)|* = 3" 1 P1010)2 = |5 1wo) ||* =
J:0;=0

On the other hand, suppose x € f~!(1). Since P negatively A-approximates f and
x e f7N(D, w_(x, P) > LW_(x, P). By Lemma 3, we have

x 2 1 @2 A =k~ 1142
16 1wol|” = S5 T R T A ST
and thus
laolw)|> < > leiP+ Y JeylPlw; (0
J:10;1<© j:loj1>6
1420 1—»x
= |A5lwe)|? +e > ey < .
j:lej1>e 3W- 6W_
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By Corollary 1, we can distinguish between these cases using O (P@l) calls to

phase estimation, which costs % log % calls to U. In this case, we have

1-3—3A—g+¢h  11—a
w_ 2 W

Po—P1=

The total number of calls to U is:

Jro 1.1 w_ W_W, wo Wy Wi w_
— log — log = log )
po—pi@ e JW_(-n\ 12 =2 (1=13%2""1-2x

O

In addition to wanting to extend this to non-normalized span programs, we note that
this expression is not symmetric in the positive and negative error. Using Theorem 10,
we can normalize any span program, while also scaling the positive and negative
witnesses. This gives us the following.

Corollary 3 Let P be any span program that negatively A-approximates f. Then the
quantum query complexity of f is at most

1 ~ 1

Proof We will use the scaled span program described in Theorem 10. Let 8 =
! Then P# is a normalized span program with

SW_(f.P)

1
W_(f,P?)= max w_(x,PP)=p8> max w_(x,P)+1=—W_+1=2,
xef~1(0) xef-1(0) w_

and

~ 1
Wi(f, P’s) = max w4(x, Pﬂ) < -5 max Wy(x, P)+2
xef~I(1) B xef~1(n)

W_(f, PYWi(f, P)+2

L w_(x,Pﬁ) ﬁZW,(f,P)—H

If we define A®) .=

T2 Ml ST Y = F then clearly
P# negatively A®-approximates f, so we can apply Lemma 7. We have i(ﬁ) =

1_1A = i"’i so we can decide f in query complexity (neglecting constants)

1+A

[EOAY = 142
(1 —A) \/Z(W_(f, PYW,(f, P)+2)log2m
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W YW Py log -
(1 — A2 ]

By computations analogous to Lemma 7 and Corollary 3 (using 8 = /W), we
can show that if P positively A-approximates f,then f has quantum query complexity

o (m v Wi W_log ﬁ) This and Corollary 3 imply Theorem 5.

4.3 Estimating the Witness Size

Using the algorithms for deciding approximate span programs (Theorem 5) as a black
box, we can construct a quantum algorithm that estimates the positive or negative
witness size of an input using standard algorithmic techniques. We give the full proof
for the case of positive witness size, as negative witness size is virtually identical. This
proves Theorem 6.

Theorem 11 (Estimating the Witness Size) Fix f : X C [¢q]" — R.q. Let P be a
span program on [q]" such that forall x € X, f(x) = wy(x, P). The quantum query

Vs W (P) )

complexity of estimating f to accuracy ¢ is O —

Proof We will estimate e(x) = m The basic idea is to use the algorithm from
Theorem 5 to narrow down the interval in which the value of e(x) may lie. Assum-
ing that the span program is normalized (which is without loss of generality, since
normalizing by scaling t does not impact relative accuracy) we can begin with the
interval [0, 1]. We stop when we reach an interval [enin, emax] such that the midpoint
e = m satisfies (1 — &)emax < € < (1 + €)emin.

Let Decide(P, w, A) be the quantum algorithm from Theorem 5 that decides the
(partial) function g : P; — {0, 1} defined by g(x) = 1 if w4 (x) < wand g(x) =0
if wy (x) > 5. We will amplify the success probability so that with high probability,
Decide returns g(x) correctly every time it is called by the algorithm, and we will
assume that this is the case. The full witness estimation algorithm consists of repeated
calls to Decide as follows:

WitnessEstimate(P, ¢):

@ _ )] M _2 M _
1'emax_’mm_oel =3 0_3

2. Fori =1,2,... repeat:

(a) Run Decide(P, w, L) with w = 1/6(1) and A = e(')/e(').

(1+1) (i)

(b) If Decide outputs 1, indicating w4 (x) < w, set emax = = €max and et —

min

o0,

(c) Else, set 61(1%1) = r(rl]fn nd I(r’,;&l) = (i)

@ If el < (1+ e)el(r’l:;l), return é = M

(e) Else, set eli—H) 1(12;;(1) + ; 1(111:11) nd e (l+l) = % ,(122&1) + % I(;u';l).
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O -1 0

We can see by induction that for every i, e ; < T S emax-

This is certainly

true for i = 1, since wy(x) > || |w0)||2 = 1. Suppose it is true at step i. Atstep i
we run Decide(P, w;, A;) with w; = l/el) and w’ =1/e (()l) If o (x) z e(l) then
Decide returns 1, so we have W+l(x) € [e(()l),e,(éz\x = [er(:l:;l), er({u;l)] If Wy (x) e(()l),

+1 +1
I(rllzn’ (l)] = [er(rl]m )a r(Illax )] OthGI'WISC

© eg)] SO in any

then Decide returns 0, so we have (x) € e
1

€ [e(()l), e, )] which is a subset of both [e(()’), el('[llzlx] and [e

wy(x) min®
case, w:(x) € [efflfnl), I(r’l:&])]

To see that the algorithm terminates, let A; = eﬁ,ﬁ;x — I(r’lzn denote the length of
the remaining interval at round i. We either have A; ] = el(r’lzlx — e(()’) = e,(;@ix —
% r(xllzlx - §€r(rllfn = %A orAijy = eﬁ’) r(;lzn = % r(Illglx + ; r(rln)n - er(rllzn = %Al’ s0

(2/3)’ 1 We termmate at the smallest 7 such that (2/3)T L= A = egal& —
r(nTn)l <(+e—1ell) < ooy Thus we terminate before 7' = [logy » wr® 4 99,
Next, we show that, assuming Decide does not err, the estimate is correct to within

e.Lete = 5 (er(nTa)x I(IQ]) be the returned estimate. Recall that we only terminate when

er(IQx <(1+ s)e(T) We have

min

2 2

< <
(T) Ty — (T 1 - 1 2
emax + €in er(na)x (1 + m) w4 (x) <ﬁ)

('bll»—a

= (I + &) wy(x),

and

= 2 Z !
emin(1 +1+4¢) m(]—i—s/Z)

e/2 €
— (1 — Tsﬂ) wy (x) > (1 — §> w (x).

Thus, |1/ — w4 (x)] < ew(x).

Q| =

By Theorem 5, Decide(P, w, A) runs in cost O ((1—% log ﬁ) Let w; =
(@) (@)

1/e§i) and \; = e(()i)/eii) be the values used at the i™ iteration. Since e’ < emux <
ﬁ + A;, we have
(i)
1 _ w+(x) + 4
=8~ ol — o) ™ Tell+ hel, — el — 260,

3 +3=0 !
wy (X)A; - e)’

since 4; = (2/3)1 > 237! = :2(w+(x)) Next, observe that 4% =
(i)

e 3/2
(efi)—le(()i))3/2 < <w+(x) + A; ) 3/2, so, ignoring the log1 = 0(10g ) factor, the
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cost of the i iteration can be computed as:

JwiW_ — 1 33/2
Ci=—+— <, /W A
(o) 3

A=
W 36— Li-1)
N (VT e Sy (2) .
w4 (x) \2 2

We can thus compute the total cost (neglecting logarithmic factors):

T Jwo I 36-1 r La-n
- 3)\2 o 3\ 2
2.6 () F2()
i i=1

i=1 - w+(x) i= 2 i=1 2
~ 3 1
AT @
= (o) (%)3/2—1 - % 72 _
Ww_ 3/2 — 12
- vV <w (X)) 4 / <w+(x))
w4 (x) I3 £
v W-w (x)
—o|l+—1,
£3/2

using the fact that (2/3)7 = @ (ﬁ)

Finally, we have been assuming that Decide returns the correct bit on every call.
We now justify this assumption. At round i, we will amplify the success probability
of Decide to 1 — 4(2/3)'~!, incurring a factor of log(9(3/2)' ") = O(log “£22)
in the complexity. Then the total error is at most:

T . T-1
= 9 9 1-% 3 3

w4 (x)
Thus, with probability > 2/3, Decide never errs, and the algorithm is correct. O

4.4 Span Program Phase Gap

The scaling in the error from Theorem 11, 1/£%/2, is not ideal. For instance, we showed
in Sect. 3.3 how to construct a quantum algorithm for approximate counting based on a
simple span program for the OR function with complexity that scales like 1/¢3/2 in the
error, whereas the best quantum algorithm for this task has complexity scaling as 1/¢
in the error. However, the following theorem, which is a corollary to Lemmas 4 and
6, gives an alternative analysis of the complexity of the algorithm in Theorem 11 that
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may be better in some cases, and in particular, has the more natural error dependence
1/e.

Theorem12 Fix f : X C [q]" — R.o. Let P be a normalized span pro-
gram on [q]" such that X < Py, and Yx € X, w_(x,P) = f(x). Define
A(f) = mingex AU (P, x)). Then there is a quantum algorithm that estimates f

w—_(x,P

to relative accuracy € using 0 < A > queries. Similarly, let P be a normal-

ized span program such that X C Pi, and Vx € X, wi(x, P) = f(x). Define
A'(f) = minyex AU (P, x)). Then there is a quantum algorithm that estimates f

w4 (x, P)

with relative accuracy € using 0 (% Tf)) queries.

Proof To estimate w_(x), we can use phase estimation of U (P, x) applied to |wg),
with precision A = A(f) andaccuracy n = § m ,however, this results in log W_
factors, and W_ may be significantly larger than w_(x). Instead, we will start with

n= % and decrease it by 1/2 until n ~ ﬁ.

Let |w() be the result of applying phase estimation to precision A = A(f) and
accuracy 7, and let A be the projector onto states with O in the phase register. We

will then estimate ||A0|w6) ||2 to relative accuracy ¢/4 using amplitude estimation.
Since A < A(U(P, x)), we have | IT3 [wo)||* < || Aolwy)|* < |75 lwo)|* +n =
[ 175 [wo) ||2 + n By Lemma 4, we have ||IY())C|w0)H2 =

estimate p of = such that

(1_2) w,l(x) 5155(”%)(%@)4”)'

Ifp>2(1+ 4)77, then we know that —— ( 5 = 17,80 we perform one more estimate

1 . .
o S0 we will obtain an

with accuracy n’ = g’? < g m and return the resulting estimate. Otherwise, we let
n’ = n/2 and repeat.
To see that we will eventually terminate, suppose n < Wl(x)' Then

1
p=( —e/d— )

= (3/4)4n = 3/4)(4/5) (1 +e/49)4n = 2(1 +¢/4)n,
so the algorithm terminates. Upon termination, we have

= (1 + Z) (w_l(x) ” 77) (1 + 4) (w—l(X) - %w_l(x)) : <1 i %) W%m

so|1/p —w_(x)| < ew—(x). By Theorem 1 and 2, the number of calls to U is:

log 4w_
ogzw:(x)l /w—_(x) log 2 + Vw—_(x) Io w_(x)
A £ g Aeg g &

i=0
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log 6w_ (x)

SRCECY b S |

A e
i=0

J_

which is at most ¢ log

Age

v w+(x)> callsto U’.

w4 (x) to relative accuracy € using 9] ( Y

20 _ 5(«/w(x>

). Similarly, we can estimate

Theorem 12 is only useful if a lower bound on the phase gap of U (P, x) or U'(P, x)
can be computed. This may not always be feasible, but the following two theorems
show it is sufficient to compute the spectral norm of A, and the spectral gap, or
specifically, smallest nonzero singular value, of the matrix A(x) = AITy(y). This
may still not be an easy task, but in Sect. 5, we show that we can get a better algorithm
for estimating the effective resistance by this analysis, which, in the case of effective
resistance, is very simple.

Theorem 13 Let P be any span program on [q]". For any x € [q]", we have
min (A (X))

AWU(P,x)) > ZW.
Proof Let U = U(P, x). Consider —U = 2T yer gL — 1)(2[p(x) — ). By Corol-
lary 2, if D is the discriminant of —U, then A(U) > 2omin(D), so we will lower
bound omin (D). Since the orthogonal projector onto (ker A)L = rowA is ATA, we
have D = AT ATy () = ATA(x).

We have oyin (D) = minp)erowd W, so let |u) € rowD be a unit vector that
minimizes || D|u)|. Since |u) € rowD C rowA(x),wehave || A(x)|u)|| > omin(A(x)).
Since A(x)|u) € colA(x) C colA = rowA™, we have

Imin(D) = |ATAQ)|u) || = omin(AT) ACO)[u) |

) + ) _ Omin (A (X))
Omin (A7) Omin(A(x)) = —Umax(A) ,

v

since omin(A™) = ;— 7. Thus A(U) > 2"'“‘“(’4(%)). O
Theorem 14 Let P be any span program. Vx € Py, A(U'(P, x)) > 2—"’;:2;35;‘))),
Proof We have

~U'(P,x)" = QU — Myer awspan(jwo)) — 1 Hw) — 1)
= 22U — Iger o — ) — DRy — 1),

since |wg) € (ker A)L, so —U’(P, x)" has discriminant:

D' = (Mer gyt = Muwo) IMaxy = Mixer gyt ey = Mug) M xer ay T )
=11, .D.
lwo)
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Since x € Py, let |wy) = A(x)T|7). Then Djwy) = ATAX)|wy) = At|7) =

|wo), so |wg) € colD. Let {|¢g) = |wo), |¢1) , |¢r—1)} be an orthogonal basis
for colD. Then we can write D = Zr_o |¢l)(v,| for |v;) = D"|¢;) # 0 (not
necessarily orthogonal). Then D’ = Z;zl 210 (il = er;ll | ) (vi|, so
colD" = span{|¢1), ..., ¢,—1)} = {|¢) € colD : (¢|wp) = 0}. Thus:
, | 1D’ . | (1)) D
Omin(D") = —_— = EEEETe—
lwyecold’  |||u)]l lu) ecol D: (wou)=0 (e}l
D D
e 11 e 17 R,
lu)ecol D:(wo|uy=0 || |u)|| luyecolD || |u) ||
By the proof of Theorem 13, we have onin (D) > M and by Corollary 2, we
have A(U'(P, x)’f) = AU/(P, x)) > 20min(D’) > 20min(D) > 2(7mm(A(X)). O

Omax (A)
Combining the last three theorems, we get the following, which has Theorem 7 as a
special case:
Omax (A)

O'min(A(x)).
Let P be any span program on [q]" such that X C Py (resp. X C P1), and for all

xeX, f(x) =w_(x, P) (resp. f(x) = w4 (x, P)). Let N = Illwo)lI2. Then there is
a quantum algorithm that estimates f to relative accuracy € using 9] (%f)«/ Nf (x))

(resp. 0 (@ %)) queries.

Theorem 15 Fix f : X C [¢q]" — R.o, and define k(f) = maxyex

Proof Let P’ be the span program that is the same as P, but with target 7/ = .

—JN
Then it is clear that % is the minimal positive witness of P’, and furthermore, it
has norm 1, so P’ is normalized. We can similarly see that for any x € Py, if |wy) is
an optimal positive witness for x in P, then \/LN |wy) is an optimal positive witness

for x in P, so wy (x, P") = W. Similarly, for any x € Py, if w, is an optimal
negative witness for x in P, then v/ Nw; is an optimal negative witness for xin P/, so
w_(x, P’) = Nw_(x, P). By Theorems 13 and 14, forall x € X, W <k(f)

(resp. m < k(f)). The result then follows from Theorem 12. O

5 Applications

In this section, we will demonstrate how to apply the ideas from Sect. 4 to get new
quantum algorithms. Specifically, we will give upper bounds of 5(n\/E /€3/?) and
5(n, /Ry :/A2/¢€) on the time complexity of estimating the effective resistance, Ry ;,
between two vertices, s and ¢, in a graph. Unlike previous upper bounds, we study this
problem in the adjacency model, however, there are similarities between the ideas of
this upper bound and a previous quantum upper bound in the edge-list model due to
Wang [23], which we discuss further at the end of this section.
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A unit flow from s to ¢ in G is a real-valued function 6 on the directed edges
—
E(G) ={(u,v) : {u, v} € E(G)} such that:

1. V(I/t, l)) € E, 9(14, U) = —9(1}7 M),
2. Vu e ]\ {s, 1}, Xy 0, v) = 0, where I'(u) = {v € [n] : {u, v} € E};
3. Zuef(s) O(s,u) =3 yerq 0, 1) = 1.

Let F be the set of unit flows from s to 7 in G. The effective resistance from s to ¢t in
G is defined:

(@) =min Y O, v)
{u,v}€E(G)

This quantity gives the resistance of a network of unit resistors described by G, but
is also an interesting quantity for graph theoretic reasons. For instance, the commute
time between s and ¢, which is the expected number of steps in a random walk starting
from s to reach ¢, and then return to s, is exactly the product of the number of edges
in G, and R, ;(G) [9].

In the adjacency model, we are given, as input, a string x € {0, 1}"*”, representing
a graph G, = ([n],{{i, j} : x;,; = 1}) (we assume that x; ; = 0 for all 7, and
xi,j = xj,; for all i, j). The problem of st-connectivity is the following. Given as
input x € {0, 1}"*" and s, ¢t € [n], decide if there exists a path from s to 7 in G,; that
is, whether or not s and 7 are in the same component of G. A span-program-based
algorithm for this problem was given in [7], with time complexity O (n,/p), under the
promise that, if s and ¢ are connected in G, they are connected by a path of length
< p. They use the following span program, defined on {0, 1}"*":

H(u,v),O = {0}, H(u,v),l = Span”l"s U>}’ V= an
A Z (luy = oD (u, |, |t) = |s) — 7).
]

u,veln

We have H = span{|u, v) : u, v € [n]}, and H(x) = span{|u, v) : {u, v} € E(G,)}.
Throughout this section, P will denote the above span program. We will use this span
program to define algorithms for estimating the effective resistance. Ref. [7] are even
able to show how to efficiently implement a unitary similar to U (P, x), giving a time
efficient algorithm. In “Appendix B”, we adapt their proof to our setting, showing
how to efficiently implement U’(P#, x) for any =% < g < @M and efficiently
construct the initial state |wg), making our algorithms time efficient as well.

The effective resistance between s and ¢ is related to s¢-connectivity by the fact that
if s and ¢ are not connected, then Ry ; is infinite (there is no flow from s to ¢) and if s
and ¢ are connected then R; ; is related to the number and length of paths from s to ¢.
In particular, if s and ¢ are connected by a path of length p, then R ;(G) < p (take
the unit flow that simply travels along this path). In general, if s and ¢ are connected
in G, then % < R;:(G) < n — 1. The span program for s¢-connectivity is amenable
to the task of estimating the effective resistance due to the following.
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Lemma 8 [7] For any graph G, on [n], x € Py if and only if s and t are connected,
and in that case, wy(x, P) = %RS,,(GX).

The following is a near immediate consequence of Lemma 8 and Theorem 6.

Theorem 16 There exists a quantum algorithm for estimating R ;(G ) to accuracy &

with time complexity 9] (rl—‘};/’z(GX)) and space complexity O (logn).

Proof We merely observe that if G is a connected graph, an approximate negative
witness is w : [n] — R that minimizes ”wAHH(x) ”2 = Z{u,v}eE(w(u) — w())?
and satisfies w(s) — w(¢) = 1. That is, w is the voltage induced by a unit potential
difference between s and ¢ (see [10] for details). This is not unique, but if we fix
o(s) = 1 and w() = 0, then the o that minimizes |wAITg (x|’ is unique, and
this is without loss of generality. In that case, for all u € [n], 0 < w(u) < 1, so
W_(x) = [lwAl* =Y, yem (@) —(v)) <2n*  and thus W_ < 2n2.

(25 -

By Theorem 6, we can estimate R, ; to precision & using O 72

232

9] (n—‘&’(GX)> callsto U’(Pﬁ, x) for some B, which, by Theorem 19, costs O (log n)

time and space. O

By analyzing the spectra of A and A(x), and applying Theorem 7, we can get an
often better algorithm (Theorem 17). The spectral gap of a graph G, denoted A2 (G), is
the second smallest eigenvalue (including multiplicity) of the Laplacian of G, which
is defined Lg = Zue[n] dy|u){u| — Zue[n] Zver(”) lu){v|, where d,, is the degree of
u, and I (u) is the set of neighbours of u. The smallest eigenvalue of Lg is O for any
graph G. A graph G is connected if and only if A;(G) > 0. A connected graph G has
7 <M(G) =n.

The following theorem is an improvement over Theorem 16 when 17(G) > ¢. In
particular, it is an improvement for all ¢ when we know that 12(G) > 1.

Theorem 17 Let G be a family of graphs such that for all x € G, Ay(Gy) > w. Let
f 1 G x [n] x [n] - Rsog be defined by f(x,s,t) = Rs;(Gy). There exists a
quantum algorithm for estimating f to relative accuracy ¢ that has time complexity

O (iny/Ry(G)/1k) and space complexity O (log n).

Proof Before applying Theorem 7, we compute |||wg) 2, to normalize P.

Lemma9 N = |||wo)|? = 1.

Proof Since H(x) = H when G, is the complete graph, by Lemma 8, we need only
compute Ry ; in the complete graph. It is simple to verify that the optimal unit s¢-flow
in the complete graph has % units of flow on every path of the form (s, u, t) foru € [n]\

{s, t}, and % units of flow on the edge (s, 7). Thus, R, /(K,) = Zue[n]\{s’,} 2(1/n)* +
2/m)? =2/n.So lllwo) 1> = 3Ry (Ky) = .

Next, we compute the following:

@ Springer



2186 Algorithmica (2019) 81:2158-2195

Fig.1 The graphs in G contain

only the solid edges. The graphs

in G| contain the solid edges and

one of the dashed edges. We can

embed an instance of OR in the S t

dashed edges. If a dashed edge is
included, the number of sz-paths
increases, decreasing the
effective resistance

Lemma 10 For any x € G, J;Z“(’ifx))) /)\Z(Gx) < [ sok(f) < \/>

Proof Let L, denote the Laplacian of G,. We have:

AWA®T =" 3" (u) — )l — (v])

ueln] verl (u)

=2 dylu) u|—22 > lu

ue(n] nlvel (u)

Thus, if L denotes the Laplacian of the complete graph, we also have AAT = 2L.
Letting J denote the all ones matrix wehave L=mn—-1)I—(J—1)=nl—J,and
since J = n|u)(u| where |u) = f Zl i), if lur), ..., luz—1), lu) is any orthonor-

mal basis of R”, then L = n 3" [u) (u; | + nlu) (] — nlu)(u| = S02) nlug) ui),
so the spectrum of L is 0, with multiplicity 1, and n with multiplicity n — 1.

Thus, the only nonzero singular value of A is ~/2n = omax(A). Furthermore,
since A2(G,) is the smallest nonzero eigenvalue of L, and A(x)A(x)] = 2L,,
Omin(A(x)) = /2X2(G). The result follows. O

Finally, by Lemma 8, we have wy(x, P) = %RS,I(GX), so, applying Theorem 15,

we get an algorithm that makes O (@,/ w> =0 (L/n/my/Rs n) calls to

U’'(P, x). By Theorem 19, the time complexity of this algorithm is 9] (%n1 /Rs:/10)
and the space complexity is O (logn). O

Both of our upper bounds have linear dependence on n, and the following theorem
shows that this is optimal.

Theorem 18 (Lower Bound) There exists a family of graphs G such that estimating
effective resistance on G costs at least §2(n) queries.

Proof Let Gy be the set of graphs consisting of two stars K, /2—1, centered at s and
t, with an edge connecting s and ¢ (see Fig. 1). Let G; be the set of graphs consisting
of graphs from Gy with a single edge added between two degree one vertices from
different stars. Let G = Gy U G;. We first note that we can distinguish between Gy
and G| by estimating effective resistance on G to accuracy 11—0: If G € Gy, then there
is a single st-path, consisting of one edge, so the effective resistance is 1. If G € Gy,
then there are two st-paths, one of length 1 and one of length 3. We put a flow of
4—11 on the length-3 path and % on the length-1 path to get effective resistance at most

G/ +3(1/4)* = 3.
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We now describe how to embed an instance y € {0, 1}(”/2_1)2 of OR(,/»_y2 in
a graph. We let s = 1 be connected to every vertex in {2,...,n/2}, and t = n be
connected to every vertex in {n/2 + 1,...,n — 1}. Let the values of {G; ; : i €
{2,...,n/2},j € {n/2,...,n — 1}} be determined by y. Let all other values G; ;
be 0. Then clearly R, ,(G) > 1if and only if y = 0...0 (in that case G € Gy) and
otherwise, R ;(G) < 3/4, since there is at least one extra path from s to ¢ (in that
case G € Gy). The result follows from the lower bound of £2(y/(n/2 — 1)2) = 2(n)
on OR,, 5_1y2. O

Discussion The algorithms from Theorems 16 and 17 are the first quantum algorithms
for estimating the effective resistance in the adjacency model, however, the problem has
been studied previously in the edge-list model [23], where Wang obtains a quantum

3/2 .
dq)(é‘)’i”), where @(G) < 1 is the conductance (or

edge-expansion) of G. In the edge-list model, the input x € [1]"1*14] models a d-
regular graph (or d-bounded degree graph) G by x,, ; = v for some i € [d] whenever
{u, v} € E(G,). Wang requires edge-list queries to simulate walking on the graph,
which requires constructing a superposition over all neighbours of a given vertex. This
type of edge-list query can be simulated by /n/d adjacency queries to a d-regular
graph, using quantum search, so Wang’s algorithm can be converted to an algorithm

algorithm with complexity 0 (

in the adjacency query model with cost 9] (% ﬁ) We can compare our results
to this by noticing that R, ; < —__[9], implying that our algorithm always runs in

= 22(6)
time at most O (éﬁ) If G is a connected d-regular graph, then 12(G) = d§(G),

where §(G) is the spectral gap of a random walk on G. By Cheeger inequalities, we
@2

have 5- < § [17], so the complexity of the algorithm from Theorem 17 is at most
0 (% )= 9] (% d?lﬂ)’ which is an improvement over the bound of O (é ‘g—/;\/g) =

0 (%%ﬁ) given by naively adapting Wang’s algorithm to the adjacency model
the Cheeger inequality is not tight, and R ; can be much smaller than A]_z

It is worth further discussing Wang’s algorithms for estimating effective resistance,
due to their relationship with the ideas presented here. In order to get a time-efficient
algorithm for sz-connectivity, Belovs and Reichardt show how to efficiently reflect
about the kernel of A (see also “Appendix B”), A being related to the Laplacian of a
complete graph, L,by AAT = 2L. This implementation consists, in part, of a quantum
walk on the complete graph. Wang’s algorithm directly implements a reflection about
the kernel of A(x) by instead using a quantum walk on the graph G, which can be
done efficiently in the edge-list model. For general span programs, when a reflection
about the kernel of A(x) can be implemented efficiently in such a direct way, this can
lead to an efficient quantum algorithm for estimating the witness size.

We also remark on another quantum algorithm for estimating effective resistance,

also from Wang [23] with worse complexity 0 (%

whenever d > ¢/n. In general our upper bound may be much better than since

), obtained by using the

HHL algorithm [12] to estimate H A(x)T|t) |, which is the positive witness size of x,
or in this case, the effective resistance. We remark that, for any span program, wy (x) =
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Hwy) ||2 = ||A(x)+|t) | 2, so HHL may be another means of estimating the positive
witness size. There are several caveats: A(x) must be efficiently row-computable,

and the complexity additionally depends on %, the condition number of A(x)

(We remark that this is upper bounded by %, upon which the complexity of
some of our algorithms depends as well). However, if this approach yields an efficient
algorithm, it is efficient in time complexity, not only query complexity. We leave

further exploration of this idea for future research.

6 Conclusion and Open Problems

Summary We have presented several new techniques for turning span programs into
quantum algorithms, which we hope will have future applications. Specifically, given
a span program P, in addition to algorithms for deciding any function f such that
f -1 (0) € Ppand f -1 (1) € P;, we also show how to get several different algorithms
for deciding a number of related threshold problems, as well as estimating the witness
size. In addition to algorithms based on the standard effective spectral gap lemma, we
also show how to get algorithms by analyzing the real phase gap.

We hope that the importance of this work lies not only in its potential for applica-
tions, but in the improved understanding of the structure and power of span programs.
A number of very important quantum algorithms rely on a similar structure, using
phase estimation of a unitary that depends on the input to distinguish between differ-
ent types of inputs. Span-program-based algorithms represent a very general class of
such algorithms, making them not only important to the study of the quantum query
model, but to quantum algorithms in general.

Further Applications The main avenue for future work is in applications of our tech-
niques to obtain new quantum algorithms. We stress that any span program for a
decision problem can now be turned into an algorithm for estimating the positive or
negative witness size, if these correspond to some meaningful function, or deciding
threshold functions related to the witness size. A natural source of potential future
applications is in the rich area of property testing problems (for a survey, see [18]).

Span Programs and HHL One final open problem, briefly discussed at the end of the
previous section, is the relationship between estimating the witness size and the HHL
algorithm [12]. The HHL algorithm can be used to estimate ”M *lu) Hz, given the
state |u) and access to a row-computable linear operator M. When M = A(x), this
quantity is exactly w4 (x), so if A(x) is row-computable — that is, there is an efficient
procedure for computing the i nonzero entry of the j™ row of A(x), then HHL gives
us yet another means of estimating the witness size, whose time complexity is known,
rather than only its query complexity. It may be interesting to explore this connection
further.
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Appendix A: Span Program Scaling

In this section we prove Theorem 10. Let P = (H, V, t, A) be any span program
on [¢g]*, and let N = |||wo) ||2 for |wg) the optimal positive witness of P. We define
PB = (HP, AP, 18, VB) as follows. Let |6) and |i) be two vectors orthogonal to H
and V. We define:

Vjelnl.aelql H ;= Hj o Hpy.=Hpe ® span{|D)}, H . = Hiae @ span{|0)}

VB>+N -

VP =V espan{|l)}, AP =pA+1|0)+ 5 1, o =1r+11)

We then have and H? = H @ span{|6), |i)} and HP(x) = Hx) ® span{|i)}. In order
to prove Theorem 10, we show that:

— For all x € Py, w+(x,Pﬂ) = ﬂ2w+(x P) + N+2;SZ and W_(x, PP) <
pri_(x, P) +2;
— forallx € Py, w_(x, PP) = B2w_(x, P)+1 and W (x, Pﬂ) < Lzm(x P)+2;
— PP has optimal positive witness |w0) 52 v |wo) + ,32]1 i Jﬁ = ), and
B2
Jrofs]" =1

Lemma 11 The optimal positive witness inzPﬁ is |wg) = 52+N |lwo) + /ﬁ%lf)) +
\/ﬂgﬁlb' It is easily verified that H |wg) H =1
Proof Let |w)) = |h) + b|0) + c|1) be the smallest witness in P#, for some |1) € H

. Blo/y N A A . B
Since A |w0) = BA|h) + bt + cp— [1) = T 4+ |1), we must have ¢ = N/
and Alh) = ﬂ bz,so |h) = Eb |w) for some positive witness |w) of P. We have:

2 (L=b)? 2,0, B
|||w0)|| ZT”W)” +b +,32+N

This is minimized by taking |w) = |wp), the smallest witness of P, and setting

_ N o e .

= ‘m, giving:

B N A p 5
Wy ) = wo) + 0) + ———|1
wf) = e T et e

Lemmai2 Vx € Py, wi(x, PP) = hwy(x,P) + %ﬂz and W_(x, PP) <
B*w_(x, P) +2.

Proof :fhe proof is similar to that of Lemma 11, however, we have H B (xz =H(x)®
span{|1)}, so a positive witness for x has the form |w/,) = |h) + \/ﬁfﬁm with B|h)
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some witness for x in P. Clearly || [wh) H is minimized by setting |h) = %wa) for |wy)

the minimal positive witness for x in P, so we have w (x, P#) = #uur(x, P) +

B ;
N s required.
Let @ be an optimal min-error witness for x in P, and define

- B2+ N)wy(x, P) g* .
& = ® (1].
B+ B2+ Nwi(x, P) B+ (B2 + N)wy(x, P)
2 4
Wehave &/ (r+[1)) = — P T MW+ P) o) P

A R R S ST Sy v e

1, and:

|’ AP yp ) &
2

B2+ Nywy(x, P) 2 g VBN .
:‘ﬂ4+(ﬁ2+N)w+(x,P)wﬁAnH(X) HErE e g
(B N)wi(x, P)B? 1 B B>+ N
ST FE TN P wi o P) B Bt N ) B
(BN wi(x, )BT+ BT+ N) B*(B*+ N) _ 1
h (B*+ (B? + N)wy (x, P))? B+ B+ N)wy(x, P)  wy(x, PP)

(B*+N)w (x,P)

P Nw, Py Wehave

so @' is a min-error witness for x in P#. Thus, letting ¢ =

/R2
i_(x, PPy < |@AP|? = sd)ﬂA+e@(f)(G|+$a(i)<i|
20 a2 B>+ N Be
S P leAl e B (B T Mwsx, PO
B°(B> + N)

< B2_(x, P)+ 1+

P P = P P2

where in the last line, we use the fact that wy(x, P) > N. O

Lemma13 Vx € Py w_(x,PP) = BZw_(x,P) + 1, and wy(x, PP)
%ﬂur(x,P)—i-Z.

IA

Proof Let o/, be an optimal negative witness for x in P#. Since w/.IT Hhe) = 0,
w;|i) = 0,50 @, (F) = 0. (7) —I—w;(ﬁ)) = w/.(7) = 1. Furthermore, |, minimizes

2
Jot, A2 = e A + o @10)| = 82 [t Al + 1.

This is minimized by taking w/ |y to be the minimal negative witness of x in P, so
|, A|* = w_(x, P), and thus w_(x, P#) = B2w_(x, P) + 1.
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Next, let [w) be an optimal min-error positive witness for x in P. Define:

pw_(x, P) 1 A B

V') = 1).
)= e ) T e e 0 e
We have:
2
Al) B w_(x, P) 1 NPT N’y

STt fw P 1+ Bw (x P

and since H#(x)L = Hx)* @ span{|ﬁ)}:

[T s 0 = [Tyl |+ g0 |
H W) |7 = [ gL [0 ||” 4 || T g, [07)
BAw_(x, P)>? 2 1
= b
T+ P, oy 1T 0 G oy
_ Bw_(x,P)? L 1
(1 +Aw_(x, P)2w_(x,P)  (1+Bw_(x, P))?
B 1 B 1
T 14 p2w_(x,P)  w_(x, PB)’
so |@’) has minimal error. Thus:
. 8 a2 B*w_(x, P)? 0 1 B2
o+ PO < 10" = g e Fo e o2 Pt T e T RN
pPw_(x, P) i (x, P) PPw_(x, PV (x, P) _ 0i(x, P)
S0t fw P P pwwp? ST g T
O

Appendix B: Time Complexity Analysis

In [7], the authors analyze the time complexity of the reflections needed to implement
their span program to give a time upper bound on sz-connectivity. Since our algorithms
look superficially different from theirs, we reproduce their analysis here to show an
upper bound on the quantum time complexity of estimating effective resistance.

Theorem 19 Let P be the span program for st-connectivity given in Sect. 5. Then for
any B suchthat 1/n°M < g < n?W U'(PP, x) can be implemented in quantum time
complexity O(logn) and space O(logn), and |u)g ) can be constructed in quantum

time complexity O(logn).

Proof In order to implement U’ (PP, x), we implement the reflections R,(8) =
2Myp ) — I and RL(B) = 2errAﬂ®span{\wg)} — I. We remark that R, (B) is eas-

ily implemented in a single query and constant overhead. This proof deals with the
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implementation of R, (8), which can be easily implemented given an implementation
Opr =2errA —1.

In order to implement R p, we describe a unitary W = (2117 —I)(2I1y —I') thatcan
be efficiently implemented, and such that W can be used to implement Rp. In order
to show that W implements Rp, we need to show that some isometry My : H — Y
maps ker A to the (—1)-eigenspace of W, and (ker A)~ to the 1-eigenspace of W. This
allows us to implement Rp by first implementing the isometry My, applying W, and
then uncomputing My .

Define the spaces Z and Y as follows:

1 1
W= e Y10, v) + ———— 3" [Lu,v,u) uen] 5 and
) =~z D 10,0, 0) 2(n—1)1§| u v, ) € [n]

v#uU

Z = span

Y = span {lyuqv) = (|0, u,u,v) —|1,v,u, v))/fo ‘u,v € [n],u # v} .
Define isometries

Mz =) lz)ul and My= > |y.)u, vl
ueln]

(u,v)e[n)?u#v

Lemma14 Let S = {My|y) : |¥) € ker A} and S' = {My|y) : |¢) € (ker A)L}
be the images of ker A and (ker A)* respectively under the isometry My. Then S =
Y N Z+, which is exactly the intersection of Y and the (—1)-eigenspace of W, and
S’ =Y N Z, which is exactly the intersection of Y and the 1-eigenspace of W.

Proof We have:

; 1
MyMy = ——— "3 " |u) (0, u,u, v| + (Lu,v,u)) Y (10,a,a,b) = |1,b,a,b))a, bl
2 n_lue[n]v#u a,bi[gt]:
a
1 1 1
= — u){u, v| — —— v){u, vl =
N S L PIP B v

ueln] v#u uen] v#u

A.

Thus, for all [) € ker A, My|) € Y Nker M}, =Y N Z4,50 S € ¥ N ZL. On the
other hand, if [1/) € (ker A)*, then My|y/) € Y N(ker M},)* = Y NZ.By Theorem 3,
the (—1)-eigenspace of W is exactly (Y N Z1) @ (Y N Z) and the 1-eigenspace of
Wisexactly (Y N Z) & (YN zh). o

Lemma 15 My, Rz = 2I1z — I and Ry = 2I1y — I can be implemented in time
O (logn).

Proof To implement Rz and Ry, we need only show how to implement the unitary
versions of Mz and My. We begin with Mz. For any u € [n], we can map |u) >
|0, u, u, 0) by initializing three new registers and copying u into one of them. Then
we map:

10, 1, 14, 0) > 10, t, 4) —— > )
, U, u, s U, U) ——— v
vn—1

v#U
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H®I®3 1
e (10 1) D) L) D o) | ),
”2(n v#U v#EU

where the last transformation is achieved by swapping the last two registers conditioned
on the first. This can be implemented in O (logn) elementary gates.
For My, we start by mapping any edge |u, v) to |1, 0, u, v), followed by:

HoI® 1 1
[1,0,u,v) = —=(0,0,u,v)—11,0,u,v)) — E(IO,u,u,v)—ll,v,u,v))=Iyu,v),

V2

where in the last step we copy either u# or v into the second register depending on the
value of the first register. This can be implemented in O (1) elementary gates.

Then in order to implement Rz, we simply apply M 7 reflectabout span{|0, u, u, 0) :
u € [n]}, and then apply Mz again. To implement Ry, we apply M T, reflect about
span{|1, 0, u, v) : u, v € [n], u # v}, and then apply My. O

We now show how to efficiently implement the span program P# when 1/n°1) <
B < n9WD, First, consider |wp), the minimal positive witness for P. Since |wp)
corresponds to an optimal s¢-flow in the complete graph, it is easy to compute that

|w0)=%|5,f)+% > (|s,u>+|u,r>>—5|t,s>—%Z(|t,u>+|u,s>>,

ueln]\{s,t} ueln]

and |||wo)||* = % (see also Lemma 9). We can construct this state by mapping |s, 0) +
10, 1) — Zu# |s, u) + Zu#t |u, t) and then performing a swap controlled on an
additional register in the state %(lO) + |1)). The initial state of the scaled span

program P# is (see Theorem 10):

p
wf) = £
B+ B +a B2+

which we can also construct efficiently, as follows:

N [ B B i B
2 n
0= T ﬂ2+1\0>+/ﬁ|1>wﬂ2+%|w0>+ﬂ2+%|0>+ ﬂz+1“)

The first step is accomplished by a pair of rotations using O (log %) elementary gates,

and the second is accomplished by mapping 12) to % = /n|wg), which can be
accomplished in O (logn) elementary gates.

A 240 A A
Next, we have AP = BA + (1s) — 1)) (0] + Y252 11) (1. s0
n 1
ker AP @ span{|w§)} = ker A & span{|0) — E|w0>} ® span{lwg)}.
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We
can

know how to reflect about ker A, and since we can efficiently construct |w§ ), we
reflect about it, so we need only consider how to reflect about span{|0) — %Iwo)}.

Since we can compute |wg) efficiently, we can compute:

The

and

A B T B (N
0) > )+ sl ) > )+ sl

first step is a rotation, which can be performed in O (log %) elementary gates,

the second step is some mapping that maps 11) to |wo), which we know can

be done in O(logn) elementary gates. Thus, the total cost to reflect about ker A#

is O(logn). O
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