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1 Introduction

The article we are going to study here is the June 2016 paper of Ashley Montanaro, Quantum
circuits and low-degree polynomials over [F, [4]. The idea of this paper is to associate a unique
polynomial over [, to any quantum circuit C made of Hadamard, Z, CZ and CCZ gates, and, in
particular, to relate somehow the amplitude (0| C |0) to the number of roots of the polynomial.

This association between quantum circuits and polynomials over [, has already been explored
in several articles. Indeed, in 2008, Dawson et al. [2] explained how to obtain polynomials from a
quantum circuit made of Hadamard and Toffoli gates, and then relate the amplitudes of the circuit
to the number of roots of the polynomials. Their idea is really similar to the one developed in
this article, but the fact that the author chose a different set of gates allows him to make a more
obvious correspondence and an easier proof. Then, in 2013, Rudolph [5] used Dawson et al’s ideas
to associate a graph to any quantum circuit made of Hadamard and Toffoli gates, and express the
amplitudes of the circuit in terms of the permanent of the graph, which is a polynomial over [.
However, again, the correspondence used by the author in this paper is more direct and easier to
understand.

In his paper, Montanaro starts by showing how we can construct the polynomial from the circuit,
and then proves the result linking the amplitude to the roots of the polynomial. I chose to focus
mainly on those two parts, as it is the key idea of the article. Then, the author makes several
observations about this correspondence, that I chose to talk about, as they are quite simple and
help us to understand better the correspondence. Then, he uses his result to give a proof of the
already known #P-hardness of computing the number of roots of a degree-3 [F, polynomial [3]. 1
chose to develop this proof as an application, but the author actually uses it to say that his result
won’t allow us to compute exact circuit amplitudes more efficiently. He then shows that we can
compute it approximately with some probability in polynomial time, but compares this computation
with classical computation, and shows that the quantum computation is rarely significantly more
efficient. Finally, the author shows how his main result can be used to simulate quantum circuits. I

decided not to talk about those previous results as they are very specific and tedious.
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2 Correspondence between quantum circuits and polynomials

over [,

To make the correspondence, the author starts from a quantum circuit C, acting on / qubits, whose

gates are picked in the following list :

e Hadamard, acting on one qubit and corresponding to the matrix

Sk
SIL k-

e Z acting on one qubit and corresponding to the matrix

e Controlled-Z, acting on two qubits and corresponding to the matrix

1 00 O

010 O
CZ =

001 O

000 -1

Note that the choice of the target qubit among the two qubits doesn’t change the correspond-

ing matrix, so that we won’t precise the target in the future.

e Controlled-Controlled-Z, acting on three qubits and corresponding to the matrix

1 0000 O

01000 O

001O0O0 O
CCZ =

00010 O

000O0OT1 O

0 00O0O0 —1
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Again, the choice of the target qubit among the three qubits doesn’t change the corresponding
matrix and we won’t precise the target in the future.
At this point, the author does not state that this set of gate is universal for quantum computation,
but I think it is important to notice that any quantum circuit can be approximately written with
those. Indeed, we already know that the set of gates {Hadamard, Toffoli} is universal for quan-
tum computation [1]. But, the Toffoli gate corresponds to a CCZ conjugated by H on the target
qubit. Therefore, the set of gates {Hadamard, CCZ} is also universal, so is the chosen set of gates
{Hadamard, Z, CZ, CCZ}.
We can now create the polynomial from the circuit. First, we rewrite the circuit C so that on
each of the [ qubit, the first and last gate is a Hadamard, and call C’ the circuit without those gates,

as shown in Figure 1.

Figure 1: The circuit C and its internal circuit C'.

Note that we can always do that : Since H.H = I,, all we have to do is add two Hadamard gates
on the beginning of every channel that doesn’t start with H and on the end of every channel that
doesn’t end with H, one will be the wanted external H, the other will be a part of C’.

Then, divide each channel of C’ into portions that are either between two consecutive Hadamards
or at the left or right of every Hadamard, and affect a new variable to each of those portions. Now,
to each gate Z, CZ or CCZ, affect a term, being the product of all the variables corresponding to
the portions of qubits on which the gate acts. Then, to each gate H, affect a term, being the product
of its input and output’s portion variables. Now, sum all the terms. We finally obtain a polynomial
fc:{0,1}" —{0,1}, where n = h+1, h being the number of Hadamard gates in C’. An example of
a circuit C, its associated circuit C’ and the computation of its corresponding polynomial is given

in Figure 2.
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Figure 2: Example of a circuit C, its associated circuit C’, and the computation of its corresponding
polynomial fo =ac+acf+bc+de+e+ef+ fg. The terms correspond to the gates from the first
channel to the third, from left to right. Note that we don’t need to precise the control and target
qubit for the CZ and CCZ gates, as the resulting polynomial would be the same in any case.

Now that we know how to associate a polynomial over [F; to the quantum circuit, we can already

make several observations.

Observation 1. First, we can notice that if there is exactly one polynomial associated to a given
circuit, the opposite is not true : A given polynomial can correspond to different circuits. Indeed,

we can easily replace a Hadamard by a CZ gate and obtain the same polynomial.

Observation 2. For every degree-3 polynomial f : {0,1}" — {0, 1} with no constant term, there
exists a circuit C on n qubits such that f = fc. Indeed, we can always take the circuit with no
internal Hadamard, that has therefore one variable per qubit, and associates Z gates to degree-one
terms, CZ gates to degree-two gates and CCZ to degree-three gates. Note that as we are in [F,, the

degree-two and degree-three terms necessarily involve different variables.

Observation 3. There exists a degree-3 polynomial f: f: {0,1}" — {0, 1} such that every circuit
corresponding to f requires n qubits. Indeed, the polynomial X, x;, for example, requires exactly
n qubits.

These observations motivate us to introduce the quantum circuit width w(f) of a degree-3 poly-
nomial f over [, defined as the minimal number of qubits required for any quantum circuit asso-

ciated to f.

3 Interpretation of the amplitude (0| C |0)

We can establish the main proposition of the article, relating (0| C|0), that is the abbreviation for

(0|*"'C|0)*!, that is the amplitude of the output |0)*’ when we set the input of C to [0)*’, to the
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gap of the polynomial, that is the difference between its number of zeroes and its number of ones.

Proposition 1.  Let C be a quantum circuit consisting of Hadamards, Z, CZ and CCZ gates,
starting and ending with a column of Hadamard gates, and containing h internal Hadamard gates.

Then, (0|C|0) = 842U

Proof. We start the proof by rewriting C’ without any internal Hadamard gate. For that, for every
internal Hadamard gate of C’, we add an ancilla qubit initialized on |0) and replace the Hadamard

by the circuit shown on Figure 3.

a) |UJ>
b) |O>— H

<0l
|W"'>

W>—HH—[v'> —

Oo—O
I

Figure 3: The circuit by which we replace every Hadamard gate of C’.

This modification does not influence the corresponding polynomial, as the new Hadamard gates
are external. However, let us see how it influences the value of our amplitude (0| C|0). The author
gives the result directly, but I prefer to explicit the calculation behind the result to understand it
better. We assume |¥) = a|0) + B 1).

We have

V) = al+)+B[-) = —7((a+B)|0)+(a—B)[1))

SI-

On the other hand, when applying the Hadamard gate to b), we get |+).

The state on the two qubits is therefore

(a]0) +B 1)) @ (|0) + 1)) = —=(er|00) + &|01) + B [10) + B |11))

5l
5l

Applying the Controlled-Z gate then gives the state

(a]00) + e [01) + B [10) = B[11)) = —=(a[0) @ (|0) + 1)) + B [1) @ (|0) — [1)))

SI-
Sl
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Now, by applying the Hadamard gate to a), we get the total state

(af+)@(|0) +[1) +B|=) @ (]0) = [1)))

SI-

Or
\%-%-((Mﬁ)!00>+(a—ﬁ)|01>+(a—ﬁ)|10>+(a+/3)\11>)

Therefore, by forcing a) to be on the state |0), we obtain on b) the state

W) = (@ B)I0)+ (a—B)|1) = = |¥)
By repeating this operation on every 4 Hadamard gate of C’, we will then obtain a circuit D on [ +h
qubits, with no internal Hadamard, and such that (0| D |0) = ﬁ (0|C|0).

We can now focus on the circuit D. The internal circuit D’ contains no Hadamard, only Z,
CZ and CCZ gates. In this configuration, we only have one portion per qubit, so one variable
per qubit. If Z; acts on the iy, qubit, CZ;; on the iy, and jy;, and CCZ;j; on the iy, ji, and kyp,
we have, Vx € {0, 1}, (x| Z;|x) = (—=1)%, (x|CZ;; |x) = (—1)"", and (x| CCZ;j |x) = (—1)"%.
Since all those gates are diagonals, we can obtain (x| D’ |x) by multiplying (x| G |x) for all gates G
of D', and each (x| G|x) correspond to —1 to the power of the term of the polynomial associated
to G, so that (x| D’ |x) = (—=1)/()_ In particular, if we take |x) = H®(+") |0), we obtain (0| D |0) =
(O HEEWD HEIEN |0) = 2% o yren(—1)70) = %

Therefore, we finally obtain the result we wanted to prove

V2'gap(fc) _ gap(fc)

<O’C‘O> = Slth = 2’%+l

g

From this proposition, we can already deduce a simple observation :

Observation 4. For C a quantum circuit on / qubits and f¢ : {0,1}" — {0, 1} its corresponding
polynomial, we have |gap(fc)| < 25+ Indeed, this comes from the fact that, as (0|C10) is an
amplitude, | (0|C|0) | < 1.
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4 Application : Complexity of gap computation
We now have a formula that links the amplitude (0|C|0) of the quantum circuit C to the gap of
its corresponding polynomial over [F,. The author then uses this result to give a new proof of the

following result :
Proposition 2. It is #P-hard to compute gap(f) for any degree-3 polynomial f.

Proof. We start by proving that computing (0| C"|0) for a circuit C” that only contains Hadamard,
Toffoli and X gates is #P-hard. Indeed, we know that the set of gates {Toffoli, X} is universal for
classical circuits, so that for any g : {0,1}" — {0, 1} computed by a classical circuit C with poly(n)
gates, there exists a quantum circuit C’ with poly(n) X and Toffoli gates, that sends |x); |y) |0)3*
to |x);|g(x) ©y) |05 where I corresponds to the n input qubits, O to the output qubit and A to

the ancillas. From this circuit C’, we design a second quantum circuit C” like presented on Figure

4.

input (Ix> L : I H ) input
H— — H
output [0>-4 X — H C HHH X  output

ancillas <|O> : : ) ancillas

Figure 4: The quantum circuit C"” made from C’.

We want to calculate (0|C”|0). When putting |0)*" as an input, before the C’ circuit, without
taking into account the ancillas, we get the state :
1 (10) - 1))

¥) =[+)""|-) = ok (Zreqo,nyn k) @ 7

Then, by applying the C’ circuit, we get :

1 B — oK) o 1
\/zn(zke{ql}n ’k>)® (|g( )> \|/%( )EB >)

V') =

If g(k) = 0, we get (\g(k»—\\/%(k)@l)) — (\0>—2|1>), and if g(k) = 1, we get (|g(k)>—\\/%(k)@1>) )
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Therefore, in any case, M = (—1)¢® | =), and we get the state

1
W)=_—_% (=1)8R k), @ |-
[P’ 7 ke{o,1p (DS k), @] =)p
By applying again the Hadamard and the X gate to the output qubit, we go back to the state |0).
Now, to obtain (0] C"|0), all we have to do is multiplying (0|*" .H®" = (+|*" to the state on the

input qubit ﬁzke{o,l p(=1)% () |k), . This finally gives

1 gap(g
(01C"10) = - Eycqo (-1 = E2I)

Thus, calculating the number of solutions of g = 1, g being computed by a classical circuit, reduces
to calculating (0| C” |0), that is therefore by definition #P-hard.

Now, C" was made of Hadamard, Toffoli and X gates. But, each of those gates can be writ-
ten with Hadamard, Z, CZ and CCZ gates. Indeed, we have X = HZH, and Toffoli is therefore
a Controlled-Controlled-HZH, that is CCZ conjugated by H on the target qubit. Thus, calculat-
ing (0|C" |0) for a quantum circuit C” with Hadamard, Toffoli and X gates reduces to calculating
(0]C|0) for a quantum circuit C with Hadamard, Z, CZ and CCZ gates, that is therefore #P-hard.

But, according to Proposition 1., computing (0| C |0) reduces to computing the gap of its corre-

sponding polynomial. Therefore, we get the expected result, computing gap(f) is #P-hard.[]

S5 Discussion

Even if the idea developed in this paper is not entirely new, the fact that the author chose a new
set of gates allows him to be very clear. Indeed, the correspondence between the quantum circuit
and its polynomial is particularly easy to understand compared to the correspondence used in the
previous articles [2,5]. That being said, the chosen set of gates seems a bit odd, first because it’s not
often seen in the literature, and also because it is redundant, as the set { Hadamard,CCZ} is already
universal without having to add Z and CZ. Indeed, both the gates Z and CZ can be obtained with
a CCZ just by taking ancillas qubits in the state |1) as control bits. In terms of the corresponding
polynomial, it simply means that instead of the second degree and first degree terms created by

respectively CZ and Z gates, we would obtain third degree terms with two or one constant variable
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equal to 1, which is of course equivalent. The only difference by using this approach is that the
chosen set of gates would be more standard, but the correspondence would also be less easy to
understand. The author clearly chose the clarity over the commonness of the gates set, he actually
does not talk about its universality and does not even discuss this choice.

In the correspondence made by the author, we have that to any quantum circuit corresponds a
unique polynomial over [, but not the other way around. Indeed, several different circuits can
correspond to the same polynomial. However, it could be interesting to associate a unique circuit
to any polynomial, to eventually be able to investigate the properties of the polynomials thanks to
the properties of the circuits, like we do in the application on section 4. The author introduced
the notion of width, that can already be used to narrow the number of possible circuits for a given
polynomial, but it still doesn’t construct a unique circuit for a polynomial. For example, the two
circuits in Figure 5 are different, but have the same polynomial their number of qubits is the width

of the polynomial.

H

o—0
Y
(on
o—O0

b

C b C

Figure 5: Two circuits that have the same associated polynomial fi = ab+ bc+ ac and its width as
number of qubits

To make the circuit associated to a polynomial unique, we could define an order on the gates,
for example we could obligate the Hadamard gates to be on the highest possible qubit possible.
The set of rules we would use would be arbitrary but would allow us to define a bijection between
the circuits and the polynomials that could be useful in the future applications.

In the continuity of this paper, another idea would be to use this link between quantum circuits
and polynomials as an application for specific classes of circuits. For example, we know how to
compute the gap of a degree-2 polynomial in polytime, that makes the computation of the amplitude
of a circuit whose gates are in the set { Hadamard, Z, CZ} also in polytime. Other features of other

particular circuits may be easier to see in terms of the associated polynomial.
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