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Abstract

The quantum programming language Quipper supports circuit operations
such as reversing and controlling certain quantum circuits. Additionally,
Quipper provides a function called with-computed, which can be used to pro-
gram circuits of the form ¢; f; gf. The latter is a common pattern in quantum
circuit design. One benefit of using with-computed, as opposed to construct-
ing the circuit g¢; f; ¢' directly from g, f, and g, is that it facilitates an
important optimization. Namely, if the resulting circuit is later controlled,
only f needs to be controlled; the circuits g and ¢ need not even be control-
lable.

In this paper, we formalize a semantics for reversible and controllable cir-
cuits, using a dagger symmetric monoidal category R to interpret reversible
circuits, and a new notion we call a controllable category N, which encom-
passes the control and with-computed operations in Quipper. We extend the
language Proto-Quipper with reversing, control and the with-computed oper-
ation. Since not all circuits are reversible and/or controllable, we use a type
system with modalities to track reversibility and controllability. This gener-
alizes the modality of Fu-Kishida-Ross-Selinger 2023. We give an abstract
categorical semantics, and show that the type system and operational seman-
tics are sound with respect to this semantics. Lastly, we give a construction
of a categorical model using an idea similar to Fu-Kishida-Ross-Selinger 2022.

Keywords: Quantum programming languages, reverse, control,
Proto-Quipper, type system, operational semantics, categorical semantics

Preprint submitted to Journal of Logical and Algebraic Methods in ProgrammingJuly 30, 2026



1. Introduction

The goal of this paper is to devise a strongly typed, functional program-
ming language that can formally treat the quantum operations of reversing
and control. Many quantum algorithms take essential advantage of revers-
ing, control, and their associated operation “with-computed”. At the same
time, some operations, such as state preparations and measurements, can
make circuits irreversible or uncontrollable. It is therefore desirable to equip
quantum programming languages with a type system that can prevent the
user from trying to reverse the irreversible or to control the uncontrollable.
In this paper, we incorporate reversing, control, and with-computed into the
language Proto-Quipper.

Proto-Quipper is a family of programming languages that aims to provide
a formal syntax and semantics for various features of the embedded quan-
tum programming language Quipper [16], [17]. Like Quipper, Proto-Quipper
is a quantum circuit description language. When a Proto-Quipper program is
run, it outputs a quantum circuit; this generated circuit can later be executed
on a quantum computer. We refer to these two runtimes as “circuit genera-
tion time” and “circuit execution time”, respectively. There are various errors
that programmers can introduce by attempting the impossible—for example,
to duplicate linear data, to apply circuit operations to a program that is not
a circuit, etc.—but since Proto-Quipper is strongly typed, it can catch such
errors at compile time, rather than at circuit generation time or circuit exe-
cution time. Previous research on Proto-Quipper includes providing a syntax
and semantics for circuit boxing [26, 27], supporting recursion 23], combin-
ing linear types and dependent types |10, [14], and incorporating dynamic
lifting [4, [11), 12, 22]. This paper defines a new variant Proto-Quipper-C,
which extends the type system of Proto-Quipper with reversibility and con-
trollability.

1.1. Reversing, control, and with-computed

In Quipper, the controlled function inputs a circuit and returns the
controlled version of the circuit. The reverse function inputs a circuit and
returns its adjoint. The program (with_computed g f) first performs a cir-
cuit g, then a circuit f, and finally the adjoint of g.
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The with-computed circuit pattern is very common in quantum comput-
ing. For example, Bennett’s method for constructing reversible classical cir-
cuits [1] uses this pattern to initialize ancillary qubits and then uncompute
them; and the quantum Fourier transform (QFT) addition circuit [§] conju-
gates a series of controlled rotation gates by the QFT. This pattern is used
so often that Quipper implements the following optimization: when control-
ling a quantum circuit g; f; ¢! generated by the with-computed function, it
suffices to control the circuit f.
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In fact, the circuits g and g' need not even be controllable. Thus the left-hand
side of the above circuit identity is more general than the right-hand side.
It is also more efficient, since it uses a smaller number of controlled gates.
Note that in quantum computing, a controlled gate may require substantially
more resources than its uncontrolled version. For example, a common way of
measuring resources is the T-count, i.e., the number of T-gates required to
implement a gate. While a controlled-not gate has T-count 0, a controlled-
controlled-not (Toffoli) gate has T-count at least 4 [20].

1.2. Modalities for reversing and control

In Quipper, controlling an uncontrollable circuit or reversing a non-reversible
circuit will give rise to runtime errors. We want to incorporate reversing and
control in Proto-Quipper in such a way that erroneously controlling or re-
versing a circuit is detected as a typing error at compile time. We achieve
this by introducing a notion of modality o € {0, 1,2}. Here, the modality
2 is associated with circuits that are both controllable and reversible, for
example a Hadamard gate. The modality 1 is associated with circuits that
are reversible but not controllable, for example an initialization gate. (Recall
that “reversing” means taking the adjoint of a circuit, not necessarily the in-
verse. For a more detailed discussion of this circuit model, see [17), Sec. 4.2].)
The modality 0 is associated with circuits that are neither controllable nor
reversible, for example a measurement gate. Note that because all control-
lable quantum gates are unitary and therefore reversible, we do not include
a modality for circuits that are controllable but not reversible.



We can use modalities to annotate the type of a circuit. For example, the
values of the type Circ,(S,U) are circuits with input type S, output type
U and a modality annotation a. One important feature of modalities is that
they are composable. Suppose we want to compose a circuit Circ, (S, U) with
a circuit Circg(U, S"). The resulting circuit will have type Circ,ns(S,5"),
where o A = min(«, #). This means that as long as we know the modalities
for the basic gate sets, we can devise a type system to track the modalities of
the circuits constructed from basic gates. Moreover, the reversing, control,
and with-computed operations can be given the following types:

controlg : Circy(U,U) — Circy(S®@ U, S @ U).
reverse : Circ, (U, S) — Circ,(S,U), where o > 0.
withComputed : Circ, (U, S) x Circy(S5,S) — Circo(U,U), where a > 0.

Note that withComputed requires its first argument to be at least reversible,
and the resulting circuit is again controllable.

1.8. Programming with reversing and control

Our modal type system makes it possible to detect errors, like controlling
an uncontrollable circuit, at compile time. In a practical implementation
(such as the one available from [9]), it is moreover possible for the type
checker to automatically infer modalities, so that the programmer does not
need to explicitly specify them in the source code.

Here, we give a basic example of using control and with-computed in the
prototype implementation of Proto-Quipper from [9]. It is well-known that
a CCZ gate can be implemented by 7 T-gates with T-depth one [30]. See the
following circuit. Note that 0 - is our notation for initializing a qubit in the
|0) state, and - 0 is our notation for terminating a qubit when it is known
to be in the |0) state. See Section 4.2 of [17] for more details.

o
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We can define the above circuit in Proto-Quipper, using its withComputed
operator.



my_ccz : Circ(Qubit * Qubit * Qubit, Qubit * Qubit * Qubit)
my_ccz = withComputed box_cnot_circuit box_parallel_T

The function box_parallel T generates the 7 parallel T gates in the
middle of the circuit, and the function box_cnot_circuit generates the ini-
tialization gates and the cnot circuits before the parallel T gates. Their
definitions are available in examples/CCZ.dpq in [9).

We can use Proto-Quipper’s control operator to add an extra control to
the CCZ circuit.

ctrl_ccz : Circ(Qubit * (Qubit * Qubit * Qubit),
Qubit * (Qubit * Qubit * Qubit))
ctrl_ccz = control my_ccz

This generates the following circuit. We can see that only the T-gates in the
middle are controlled.
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If instead, we program the CCZ circuit without using the withComputed
operation, we will get an error when trying to control it. In the program
below, my_ccz’ is defined by manual composition, where cnot_circuit_rev
is the reverse version of cnot_circuit.

cnot_circuit_rev :
'(Qubit * Qubit * Qubit * Qubit * Qubit * Qubit * Qubit
-> Qubit * Qubit * Qubit)
cnot_circuit_rev = unbox (reverse (boxCirc cnot_circuit))

my_ccz’ : Circ(Qubit * Qubit * Qubit, Qubit * Qubit * Qubit)
my_ccz’ =
boxCirc $ \input -> cnot_circuit_rev (parallel_T (cnot_circuit input))

-- The following gives rise to a typing error.
ctrl_my_ccz’ : Circ(Qubit * (Qubit * Qubit * Qubit),

Qubit * (Qubit * Qubit * Qubit))
ctrl_my_ccz’ = control my_ccz’



Controlling the circuit my_ccz’ gives rise to a typing error, because ac-
cording to the semantics of control, we would have to control all the gates in
the circuit my_ccz’, which includes the non-controllable initialization gates.
So in order to control the CCZ circuit containing initialization gates, we must
construct the circuit using the withComputed operation.

1.4. Related work

The reverse, control and with-computed operations originally appeared
in Quipper [I7], but were lacking a formal semantics. In our work on Proto-
Quipper [T}, 12], we gave type systems with modalities for a feature called
dynamic lifting, and provided a construction of a categorical model based on
biset-enrichment. In this paper, we extend the type system to handle multiple
modalities such as reversing and control, and we generalize the method of
biset-enrichment to triset-enrichment to construct a categorical model for
our type system.

Many practical quantum programming languages, such as Qiskit and
Cirq, also include the concepts of reversibility and controllability. However,
these languages are imperative, and errors of reversibility or controllability
are treated as runtime exceptions [15, 19]. The functional quantum program-
ming language QWire [25] supports circuit reversal, but not the control and
with-computed operations. The language Silq [2] has type annotations gfree
and mfree, which denote classical functions and functions that do not use
measurement, respectively. Silq’s core language supports reversing, and the
control operation is supported by an if-then-else construct. The main differ-
ence between Silq and Proto-Quipper is that Silq is not a circuit description
language and does not have a notion of boxed circuits.

We are only aware of one language besides Quipper that has a with-
computed operation, namely ProjectQ [I8], [32]. There are also libraries for
automatic synthesis of uncomputation circuits [24], and optimizing compute-
uncompute circuits [31]. However, none of these languages or libraries are
strongly typed.

1.5. Contributions

In this paper, we formalize a notion of controllable category. We ex-
tend the Proto-Quipper type system of [12] with modalities for reversing and
control and define an operational semantics. We provide safety properties
that guarantee that a well-typed program is free of runtime errors. We also
give an axiomatization of an abstract categorical model of Proto-Quipper



with reversing, control, and the with-computed operation, and show that the
operational semantics is sound for it. Lastly, we give a construction of a con-
crete categorical model that satisfies all the axioms of our abstract categorical
model.

This paper is an extended version of the conference paper [13], with more
details and proofs. Compared to this earlier work, we added the construction
of the concrete categorical model.

2. Controlling a permutation circuit

In Proto-Quipper, there are two ways to represent the swap operation.
One way is by permuting the logical order of the circuit outputs without
using any gates, as in the following diagram.

input 1 =x ———— x = output 2 (1)
input 2=y ——— y = output 1
The above circuit is generated by the following Proto-Quipper program.

f : '(Qubit * Qubit -> Qubit * Qubit)
f input = let (x, y) = input in (y, x)

The other way is by using an explicit swap gate, as in the following
diagram.

input 1 ==z «—— 1y = output 1

(2)

input 2 =y x = output 2
The corresponding Proto-Quipper program is the following.

g : !'(Qubit * Qubit -> Qubit * Qubit)
g input = let (x, y) = input in Swap x y

These circuits are semantically equivalent: each of them sends (z,y) to (y, x).
However, care must be taken when controlling these circuits, since controlling
them naively may produce the following non-equivalent circuits.

(a) control=¢c — ¢ (b) control=c —e—— ¢
input 1 =2 ————— x = output 2 input 1 =2 x« — y=output 1 (3)
input 2 =y ——— y = output 1 input 2 =y — x = output 2

While the second circuit is correct, the first one is not. Indeed, the first
circuit will send input 1 to output 2 independently of the state of the control
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qubit. This is not the correct behavior, since the swapping should only take
place when the control qubit is in the state |1). When the control qubit is
in the state |0), the functions f and g should both behave like the identity
function on Qubit * Qubit.

Therefore, the programming language must be aware not only of the
circuit, but also of the implicit permutation of any qubits performed by
the language. If such an operation is controlled, explicit swap gates must
sometimes be inserted. Proto-Quipper-C does this correctly, whereas the
original Quipper implementation did not. In Proto-Quipper-C, controlling

circuit (1) and circuit (2)) both result in (3)(b), not (3)(a).

3. A formal model of reversing, control and with-computed

Before we can define a programming language for building quantum cir-
cuits, we must specify what a quantum circuit is. However, there exist many
different classes of circuits; for example, they differ by what data they can
manipulate (only qubits, or also classical bits, and/or more exotic objects
like qutrits), what the built-in gates are (for example, the Clifford+7" gate
set, Toffoli+Hadamard, rotations by arbitrary angles), whether or not qubit
initialization and termination is supported, whether measurement is consid-
ered as a gate, and so on. Therefore, rather than tailoring our programming
language to a specific class of circuits, we make both the language and its op-
erational and denotational semantics parametric on a given class of circuits.
This is analogous to making a classical programming language parametric on
some signature of built-in operations. For us, quantum circuits are abstractly
given as the morphisms of monoidal categories with certain properties, which
we now specify.

We start from a given symmetric monoidal category M. In practice, the
objects of M are typically generated from wire types such as Bit and Qubit,
and the morphisms are quantum circuits generated from a finite set of gates.
In the following, we define what we mean by a reversible subcategory of M.
Recall that a dagger symmetric monoidal category is a symmetric monoidal
category equipped with a contravariant, identity-on-objects, involutive func-
tor such that for all morphisms f : A — B, we have fT: B — A. Moreover,
the dagger functor is required to be compatible with the symmetric monoidal
structure [29].

Definition 3.1. By a reversible subcategory of M, we mean a dagger sym-
metric monoidal category R, together with an identity-on-objects, faithful,



symmetric (strong) monoidal functor I : R — M. We usually regard [ as an
inclusion functor, i.e., we regard R as a subcategory of M.

A morphism f of R is called unitary if f o f1 = id and f7o f = id.
Note that we do not require all morphisms of R to be unitary. That is, our
notion of reversible morphism means a morphism that has an adjoint, not
necessarily an inverse. However, if the morphism is unitary, its adjoint is of
course its inverse. The dagger functor provides a semantics for the operation
of reversing a quantum circuit.

In order to capture the notion of control and with-computed, we define a
notion of controllable category N. To motivate the following definition, we
should first clarify some use cases. The most common example of control
from quantum computing is the control usually represented by a black dot
“e”. This kind of control “fires” the gate if the control qubit is in state |1),
and acts as the identity otherwise. There are also other ways of controlling
a qubit; for example, the white dot “o” fires if the control qubit is in state
|0). A more general kind of control in quantum computing is as follows: Let
V. W be Hilbert spaces, let K be a subspace of V', and let G : W — W be
a gate. We define the K-controlled gate ctrlg(G) : V@ W — V@ W by
ctrlig(G)(v@w) =veG(w) if v € K and ctrlg(G)(vow) =vewifv e K+,
extended to all other states by linearity. Note that this general notion of
control not only encompasses the black and white dot, but also many other
kinds; for example, it is possible to control a gate on the state |+), to control
on multiple qubits and/or classical bits, in which case the subspace K may
or may not be 1-dimensional. Even the trivial control is possible, namely
when K = V; in this case the gate always “fires”.

Working in an abstract monoidal category, we will not talk about sub-
spaces and their orthogonal complements. Instead, we consider a monoid
C of controls, regarded as a discrete monoidal category, together with a
monoidal functor F': C — N. We write K for F(K). The idea is that each
K € C specifies a kind of control on the object K € N.

Definition 3.2. Let R be a dagger symmetric monoidal category. By a
controllable category of R, we mean a dagger symmetric monoidal category
N with the same objects as R, and equipped with the following structure:

(a) For all A,B € N, a function —« — : R(B,A) x N(A4,A) — N(B, B)
(also denoted by withComputed) such that:

ideh=h



(91:92) ¢ h = g1 (g2 h)
(91 ®g2) » (M1 @ ha) = (912 h1) @ (g2 # ha)
(geh)t=gent.
Here we use the semicolon to mean forward composition of morphisms.

(b) A discrete monoidal category C of controls, together with a monoidal
functor mapping K € C to K € N.

(c) Forall A€ N and K € C, a function ctrlg : N(4,4A) - N(K®A, K®
A) such that the following hold:

Ctl"K(idA) = idK@A

l@A%l A

®

A h y A,
Ctr|A®B(h) .
(AgB)®C s (A®B)® C
l_ ctrla(ctrig(h)) . l_
A®(B®C) »r AR (B® C),
ctrlagp(h) .
(A®B)®C s (A B)® C
(BoA)eC —0 s (BoA) o C.

(d) An identity-on-objects, strict dagger symmetric monoidal functor G :

N — R such that
G(geh) = g;:G(h);g'

Remarks.

e The functor GG gives an intended interpretation for the with-computed
function. It captures the common quantum computation pattern g; h; g'.
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e The functor G preserves the equalities of condition @ For example,
G(id e h) = id; G(h);id" = G(h). Note that we do not require geidy =
idp, because this would imply g; g' = g;id4; g' = G(geids) = G(idg) =
idg, which is not an assumption we make for R. For similar reasons,
we do not require g e (hi;hy) = (g hy); (g hs).

To illustrate how the above notions are applicable to quantum computing,
we can consider a “standard model” of these axioms, parameterized by a class
of quantum circuits. Suppose the circuits are generated by some types of
wires (for example, Qubit and Bit) and some set of gates. Suppose that some
distinguished subset of the gates are reversible, and a further subset of these
are controllable. Also suppose that the class of circuits is equipped with some
primitive control gadgets, for example, a black-dot and a white-dot control
on qubits, and that for each gate, all of its controlled versions are also gates.
The category M consists of all circuits, arranged into a symmetric monoidal
category (the symmetric monoidal structure permits the crossing of wires,
but such crossings are not considered to be gates). Let R be the subcategory
of circuits that are made from reversible gates. Finally, the structure of
N is somewhat interesting. The morphisms of N are circuits made from
gates of two colors, say red and green. Each red gate is reversible and each
green gate is controllable (and in particular, each controllable gate comes in
two different colors). All morphisms in N are reversible, and reversing does
not change color. The objects of the monoidal category C are sequences of
control gadgets, for example @ o o, and e 0o 0 = Qubit ® Qubit ® Qubit.
The control function adds controls to the green gates. The with-computed
function takes any morphism ¢ of R and any morphism f of N, and produces
g; f: g', where g and g' have been colored red. The functor G is the forgetful
functor that forgets the colors.

4. A type system for reversing, control and with-computed

In this section, we define the syntax and type system of Proto-Quipper-
C, a version of Proto-Quipper with support for reversing, control and with-
computed. We assume that we are given three fixed small categories M,
R, and N as specified in the previous section. The type system and (in
later sections) the operational semantics and categorical semantics are all
parameterized by this choice.
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Modalities a,f = 2110

Types A,B = Unit| W |Bool|!|,A|A—, B

| Circo(S,U) | A® B
Parameter Types ~ P,R == Unit | Bool|!,A | Circ,(S,U) | P® R
Simple Types S, U = Unit | W|SQU

Terms M,N == clx|l|unit| z.M|MN|(M,N)
| let (x,y) = N in M |lift M | force M
| circ(S,C,U) | apply(M,N) | boxy M
| reverse M | controlx M

| withComputed M N
Simple Terms a,b = L | unit| (a,b)
Contexts r n= |z AT W, T
Parameter contexts @ = |z:Pd.
Label Contexts z = | L:W,X
Values Vv cla|l|unit] Ae. M| (V,V')]|lift M
| circ(S,C,U)
Circuits C,D < N([SI.IUD) | R(IS], TUD) | M([ST, [U1)
Figure 1: The syntax of Proto-Quipper-C
4.1. Syntax

The syntax of Proto-Quipper-C is shown in Figure[I] It is similar to the
one specified in [12], except for the highlighted terms and types.

Simple types. The letter W ranges over a set of wire types, which in
typical applications will be types that represent a single wire in a circuit,
such as Qubit and Bit. Each wire type represents a particular object of the
category M, and tensors of wire types are called simple types. We write [S]
to denote the object corresponding to S in the category M, N, or R (note
that they all have the same objects).

Labels. We also assume that ¢ ranges over a set of labels, which are
distinct from variables and are used as pointers to places in a circuit where
a gate can be attached. Unlike variables, labels cannot be substituted, and
they can only have wire types. A simple term is essentially a tuple of labels.
We call a typing context that contains only labels a label context (denoted
by X). X =0, : Wy,... 4, : W,, we write [X] for the object corresponding
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to X in M, N, or R, ie., [W1] ®...® [W,].

Parameter types. A certain subset of the types are called parameter
types. These are the types whose values can be freely duplicated and dis-
carded, whereas values of simple types are resources. Also, the values of
parameter types are computed at circuit generation time, whereas the values
of simple types are merely tuples of labels, which are placeholders for val-
ues that will be computed at circuit execution time. A typing context that
contains only parameter types is a parameter context (denoted by ®). We
have included Bool as a typical example of a parameter type, but in a real
language, one would of course have many more such types (such as Nat, Int,
sum types, etc.). Such types can be handled by standard methods and we
omit a comprehensive treatment of them.

Terms. As usual, x ranges over a set of wvariables. The symbol ¢ is
used for constant symbols of the language, such as True and False for the
type Bool, as well as other appropriate constants. The terms of the lambda
calculus are fairly standard. Lift and force are from linear lambda calculus,
and are used to construct and deconstruct a term of type !,A. A value of
type !, A is a suspended computation that can be forced by force. We will
discuss the remaining terms later.

Modalities. The symbols o and  range over modalities, which we take
to be numbers in the lattice 2 > 1 > 0. Here, a = 2 indicates that a circuit is
reversible and controllable; @ = 1 indicates that a circuit is reversible but not
necessarily controllable, and a = 0 indicates a general circuit that may be
neither reversible nor controllable. The modality in the type !, A means that
when its value is forced, it may append a gate that has modality a to the
then-current circuit. Similarly, the modality in the type A —o, B indicates
that when its value is applied to an argument, it may append a gate that has
modality .

Circuits. Since Proto-Quipper-C is a circuit description language, we
must have some terms in the language that represent circuits. We write such
terms as circ(S,C,U), where C': [S] — [U] is a morphism in the appropriate
circuit category M, R, or N. Note that in this context, category theory is
used not as a denotational semantics (that will be done in Section [6]), but as
part of the syntax of the language. This is effectively the same as adding a
constant symbol for every possible circuit. We write Circ, (S, U) for the type
of quantum circuits with inputs S and outputs U (which are simple types),
subject to the modality « as described above. The terms apply and box are
used for constructing and deconstructing circuits; they will be explained in
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@,x:Al—gac:Avar <I>,€:W|—2€:Wlabel
 Fp unit : Unit W™ Brgc: A, O
T,z:AF, M:B O Ty ba, M:A—o5 B ®Toba N:A
lambda app
TFy Az M: A —o, B ®,T1,T2 Fonaons MN : B
S, M: A _ oIk, M:A 19, N:B
—— ift pair
O Fy lift M : 1A ®.T1, T2 Foipes (M,N): A B
g M:1,A o I',z:Ay:BtF, M:C <I>,F2}—Q2N:A®Bl
T Fong force M : A force D, T1,T2 Faspa, let (z,y) =N in M:C et
¢ e D*([9], [U]) . .0y ko M : Cire,(S.U) Tk N:S
B I circ(S, C,U) : Circa(S,U) O.T1,T5 Fangns apply(M, N) U PPV
Dho Mil(S—U) It M : Circs(S, S) z
T ko boxg M : Circga, (S, U) 7% T F, controlg M : Cires(K @ 5, K @ 5) "
®, Ty ko M : Cirey(U,S) v>0
I'kq M : Circ,(S,U) v>0 ®, Ty Fg N : Circa (S5, S)
rev we
I' -, reverse M : Circ, (U, S) ®,T'1,T'y Fonp withComputed M N : Circy (U, U)

Figure 2: The typing rules

more detail in the section on the operational semantics. We include the terms
reverse M, controlx M, and withComputed M N for reversing, control and the
with-computed operation. The subscript K ranges over the objects of the
category C, which is part of the given structure of the control category IN.
We moreover assume that K is a simple type (rather than just an arbitrary
object).

In a practical implementation, programmers will not usually write val-
ues of the form circ(S,C,U) directly. Instead, basic quantum gates such
as the Hadamard gate will usually be predefined as a library function H :
(Qubit — Qubit), and users will use operations such as box and unbox to
combine these into larger circuits.
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4.2. Typing rules

The typing rules are shown in Figure[2 Typing judgments are of the form
', M : A. Here, the modality « asserts that during the evaluation of the
term M, gates of modality o may be appended to the current circuit. Recall
that we write a A 8 to denote the greatest lower bound, or min(c, 5). To
facilitate the statement of the typing rules, we treat the contexts as unordered
lists.

Except for the modalities, the typing rules are similar to the ones in
[12]. We make the following observations about the modalities. Since a
value cannot append any gates, it does not change the current circuit state.
Therefore values always have modality 2, i.e., I' -5 V' : A. In the const rule,
A, is the type of the constant symbol c¢. The lambda and lift rules store the
modality a of M in the respective types A —o, B and !, A. Similarly, in
the typing rule box, the modalities 3,y jointly determine the modality of the
circuit type. Conversely, in the rules app, force, and apply, the modality in
the types A —, B, |, A, and Circ, (S, U) affects the modality of the current
term. In the rule circ, we write D* to mean M if « = 0, and R if o = 1,
and N if @« = 2. The rev rule requires the circuit to be reversible, i.e., v
must be at least 1. Similarly, the rule ctrl requires a controllable circuit, i.e.,
modality 2. It also requires the circuit to have matching input and output
types, i.e., Circy(.S,.S) rather than Circy(S,U). Finally, the typing rule for
with-computed requires the term N to be a controllable circuit, whereas the
term M only needs to be reversible. The resulting term withComputed M N
is again a controllable circuit.

5. Operational semantics

In this section, we give an operational semantics of our language. We
follow the usual paradigm of keeping type checking separate from evaluation,
i.e., after type checking succeeds, the evaluation is done on untyped terms.
Accordingly, in Section [5.1 we provide evaluation rules for untyped terms
(which could potentially lead to runtime errors). In Section we prove
that well-typed terms do not cause runtime errors.

5.1. Buvaluation rules

In this section, we define a big-step, call-by-value operational semantics
for Proto-Quipper-C. Like the syntax and the type system, the operational
semantics is parameterized by the triple of categories M, R, and N. The
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(01,21,M) U (CQ,EQ7>\.T.MI)
(CQaEQaN) ‘U’ <C3a 237V)
(C3,%3,[V/x]M') |} (Cy, X4, V")

a
(CLoL MN) U (Cosnv) 7
(C, 5, M) | (C', % lift M)
force

(C, %, force M) |} (C", 3", V)

(07 Ev N) ‘U (Cla Z/a (V17 ‘/2))
(€ X, [Vi/z, Vo /ylM) | (C", 5", V)
(C.%, et (x,y) = N in M) I (C",=",V)

let

(Oa 27 M) ‘U’ (Clv 2/7 Vl)
(C/a E/a N) ‘U (C//a EH? ‘/2)

(C, %, (M,N)) 4 (C", %", (V1,V2))

pair

(C, 2, M) I (C, %, lift M)
gen(S) = (a, ")
(lal', =", M" ) 4 (D, x",b)
ungen(b, ") =U

(C, 3, boxg M) |} (C', ¥ circ(S, [[b] o D,U))

box

(Cl, 21, M) U, (CQ, 22, circ(S, D, U))
(021 EQvN) ‘U (037 237 a/)
gen(U) = (b, %)

(Clv E/) = append(C’3, 237 a, Dv ba E)

(017 217 3pp|y(M7 N)) U’ (0/7 E/’ b)

apply

(C,%, M) | (C', ¥, cire(S, D,T))
rev
(C, %, reverse M) || (C", %, circ(U, DT, S))

(C, 2, M) |} (C', % circ(S,D,U))

(€%, controlx M) U (C", %, circ(K & S, ctrlx D, K & 5)) "
(C, %, M) |} (C', X circ(S, Dy, U))
(C', 5/, N) | (C", 5", cire(U, Do, U))
wce

(C, %2, withComputed M N) |} (C",3",circ(S, Dy » D2, S))

Figure 3: The operational semantics
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operational semantics is defined in Figure [3] It is defined on configurations
that are triples (C,%, M), where M is a term, ¥ is a label context, and
C : X — [X] is a morphism in M, R or N. We call the pair (C,3) the
circuit state of the configuration. The evaluation of a closed program M
begins with the empty circuit state, i.e., (idy, ().

The app, force, let and pair rules are standard. They do not directly
modify the underlying circuit state.

The bor and apply rules use some notations that warrant explaining.
If ¥ is a label context, a a simple term, and S a simple type, we write
Y Fa: S instead of ¥ F5 a : S. In this case, ¥ and S determine each other
uniquely given a. We write ungen(a, ) for the unique S such that X Fa: S.
Conversely, we write gen(S) = (a, ) to indicate the generation of a fresh
simple term a and a corresponding label context 3 such that ¥ F a : S.
There is an obvious interpretation [a] : [£] — [S] as an isomorphism in M,
R, or N.

In the box rule, the codomain of D is [X"] and by the definition of ungen,

we have X" b : U. Then [9] EEN =" LN [U] is a morphism in M, R or
N.

In the rev and ctrl rules, the morphism D is reversed/controlled using
the reverse/control function from the category it belongs to. If D is not a
morphism in R or N, respectively, then this will cause a runtime error. The
type preservation property (Theorem [5.2) will ensure that there are no such
runtime errors. In the wc rule, we again abuse the notation; if D; € N, we
apply the functor G : N — R before the “¢” operation. It is a runtime error
if Dy € M or Dy ¢ N.

In the apply rule, by the definition of configurations, we have C5 : X —
[>23], for some object X. We also have D : [S] — [U]. Moreover, gen(U) =
(b,X) implies that ¥ F b : U and [b] : [¥] — [U]. Let 35 be the unique
label context such that X5 - a : S. We assert that 33 can be written in
the form 35 = 3§, X (it is a runtime error if the assertion fails). We have
[a] : [25] — [S]. Note that ([b]T o Do [a]) : [X5] — [2]. Let ¥ = %, %%,
and let C' : X — [X] be the following composition:

ot

. foDo[a])®i
=X & [24] 3 [24] ® [£5] S22

[Zl @[5 = [Z] =

: Cs : HbHTODO[[a]]:
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We write (C”,Y) = append(Cs, X3,a, D, b, %) for this operation. With a
slight abuse of notation, this composition is always possible, even when the
morphisms belong to different categories. For example, if D € R and C5 €
M, we can apply the functor I : R — M to D before the composition.

Example. Since the evaluation rules of Figure |3 are a bit complex, we give
an example illustrating their use. Consider the configuration

(ids, 0, boxg lift(Ax.let(ay,as) = z in apply(circ(S, CNOT, S), (as,a1)))),

where S = Qubit ® Qubit and CNOT : Qubit ® Qubit — Qubit ® Qubit
is a morphism in N. Using the boz rule, we first call gen(S), which returns a
pair of fresh labels (¢, f3) and the label context > = ¢; : Qubit, ¢, : Qubit.
Next, using the rules app and let, we evaluate

([[(61, EQ)HT, Z, ()\x.let(al, CLQ) =2xin apply(circ(S, CNOT, S), (CLQ, al))))(fl, fg))
to

(([(£1,€2)]", 2, apply(circ(S,CNOT, S), (¢, £1))).
Then by the apply rule, it is evaluated to

(I(¢3,€5)]" 0 CNOT o [[(€2, &1)] o [(¢1, £)]T, 3, (€3, L4)),

where gen(S) returns fresh labels (¢3,¢;) and the label context ¥ = /3 :
Qubit, ¢, : Qubit. Therefore, continuing with the box rule, we obtain

(ids, 0, circ(S, [(¢s,£4)] o [(¢3,£4)]F © CNOT o [(£a, £1)] o [(£1,£2)]1, S).

Note that [[(637 64)]] 0] [[(53, 64)]]Jr = lds and [[(62, 61)]] e} H(£17 EQ)]]T =7 QU.bit &
Qubit — Qubit ® Qubit, where the morphism v comes from the symmetric
monoidal structure on N. Thus, the final configuration is

(ids, @, circ(S,CNOT o, 5)).

Note that the effect of the morphism ~ is to switch two wires without inserting
an explicit swap gate (it is, for example, the same as the interpretation of the
function £ in Section [2). If we later control the circuit circ(S, CNOT o7, S5),
this morphism v will be replaced by a controlled swap gate, just like circuit
(b) in Section [2| Note that this replacement is not handled at the level of the
operational semantics, but is handled by the ctrlgx function, which is built
into the circuit model.
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5.2. Type preservation

In order to formulate type preservation, we first define a notion of well-typed
configuration.

Definition 5.1 (Well-typed configuration). We define a well-typed config-
uration S F, (C, X, M) : A;¥ to mean: There exist 3, v, ¥” such that
CeD’([9],[Z]), 2= (2"%), Y, M:Aand a = B A 7.

Theorem 5.2 (Type preservation). Suppose S b, (Cy,%1, M) : A; Y and
(Cl, 21, M) »U/ (Cg, 22, V) Then S l_a (OQ, 22, V) : A, Y.

Proof. The proof is by induction on the derivation of (Cy, 31, M) |} (Cy, o, V).
]

6. A categorical semantics for reversing and control

6.1. The abstract model

As before, we assume that the categories M, R, and N are given. These
three categories lack the necessary structures to interpret a programming
language. Instead, we will interpret the typing rules in a category A, whose
structure we now describe.

Definition 6.1. A category A is a model for Proto-Quipper-C' if it has the
following structure.

(a) A is symmetric monoidal closed. We write € : (A — B) ® A — B for
the application map.

(b) A has coproducts. Note that the tensor distributes over coproducts,
because — ® A is a left adjoint.

(c) There is an adjunction p b : Set — A where p is a strong monoidal
functor.

(d) A is equipped with idempotent, commutative, and strong monads Ty
and 7). (A monad T is called idempotent to mean that its multiplica-
tion p : T? — T is a natural isomorphism.) Moreover, TyT; = Ty =
11Ty via natural isomorphisms g, : Ty — 111y and Ton : Ty — ToTh
for the unit n of 71. We write s : TA® B — T(A® B) for the strength
and t: A®TB — T(A® B) for the costrength.
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(e) There are full, faithful, and strong monoidal embeddings ¢35 : N <— A,
¢2: R = Klp (A), and ¢y : M — Kl (A) that make the following di-
agram commute, where F; and Ej are the canonical identity-on-objects
functors.

3

N— A

M— KZTO (A)
1

Explicitly, for any f € A(A, B) we have E\(f) € Kir,(A)(A, B) given
by E1(f) = ngo f for the unit n' of 71, and for any g € Klir, (A)(A, B)

0
Ty B

we have Ey(g) € Klg,(A)(A, B) given by Ey(g) = A & T'B —=
T B % TyB for the unit n° of Tj.

Conditions @f are not new; they appear in models of many versions of
Proto-Quipper starting with [26]. Because p : Set — A is a left adjoint and
is strong monoidal, we can deduce that p(X) = p(>_ .y 1) = > ¢ p(l) =
> sex 1. Due to the adjunction p - b, we also have Set(X,pB) = A(p(X), B) =
AR ,ex I, B) =2 J,ex A(l,B) = Set(X,A(I, B)). Therefore by Yoneda’s
principle, we have b(B) = A(I, B). We write force : pp — id for the counit
of the comonad pb.

For convenience, we define 75 = id to be the identity monad on A. Then
in condition @, the monads Ty, 77, and 15 represent (via their Kleisli cat-
egories) general circuits, reversible circuits, and controllable circuits, respec-
tively. Recall that we write D® for the categories M, R, and N when a = 0,
1, and 2, respectively. Condition @ ensures that morphisms of simple types
in the Kleisli category Klz, (A) correspond to morphisms in D,

For any S, U € obj(M), the maps unbox and box are defined by

curry

unbox : DA(S,U) = A(S, TsU) 5 A(I, S —o TaU) = b(S — T5U).

box : BT (S —o TsU) — Set(1,bTw(S —o TsU)) = A(I, Ta(S —o TU))
£ A(S, TupsU) = DM(S,U).
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Here, k : A(1,T,(S — T3U)) — A(S, TunsU) is given by
AL, T,(S —T3U)) = A(I,S — T,15U) —

A(1,S — TypgU) = A(S, TonsU),

where the first map comes from the strength. Note that box is the inverse of
unbox when a = 2.

Given M, R and N, one can construct a concrete category A satisfying
the required properties, using a generalization of our earlier work on biset
enrichment [I2]. We give this construction in Section [7}

6.2. Interpretation

We will interpret the typing rules in the category A. The following is the
interpretation for types.

[Qubit] — Qubit

[A® B] = [Ale[B]
[Circ.(S,U)] = pD*([S],[U])
[laA] = pT,[A]
[A—o B] = [A] —o T.[B]

We interpret a typing context I' as the tensor of all of its objects (denoted
by [T']). Each valid typing judgment I" F, M : A will be interpreted as
a morphism [M] : [I'] — T,[A] in A. The interpretation is defined by
induction on the typing rules. Here we show how to define it for a few cases.
The remaining cases are defined similarly.

e Case
Ly M1, (S —ou, U)

['F, boxgM : Circy e, (S, U)
We define [boxgM] to be

1] 2 7T, ([S] —o Ty [U]) 225 T, pD "2 ([ ST, [U]).

e Case

C e D*([S], [U])
O 5 circ(S,C,U) : Cire, (S, U)

21



Since C': [S] — [U] is a morphism in D, we define [® - circ(S, C,U) :
Circ, (S, U)] as the following composition, where 1¢ : 1 — D*([S], [U])
is such that 1¢(%) = C and discard = p!x,!x € Set(X, 1).

(] L2 p1 2% pD([S], [U]).

Case
I'F, M : Circy(U,U)

[k, controlg M : Circy(K @ U, K @ U)

By the induction hypothesis, we have [M] : [I'] — T.pN([U], [U]).
Using the function

ctrlg - N([U], [U]) = N([K] @ [U], [K] @ [U]),
we define [controlx M] to be the following.

] 2 7N (o, [UT) 22 7 pN([K] @ [U], [K] @ [U])

Case
I'y by M : Cire, (U,S) v>0

FQ '_5 N CiI‘CQ(S, S)
I'1, Ty Fang withComputed M N : Circy (U, U)

Suppose @ = =7 =2and I'y ko M : Circy(U, S). By the induction
hypotheses, we have

pGus o [M] : [I'1] — pN([UT, [S]) = pR([U], [ST),
[NT =[] — pN([ST, [SD).-
Using the function
withComputed : R([U], [S]) x N([5], [5]) — N([UT, [U]),

we define

[withComputed M N] to be the following (where m is the mediating
map for the strong monoidal functor p):

[0y] @ [y Ee e g (0], 1ST) © pN([ST, [ST)
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m (withComputed)

2 p(R(U, [ST) x N([S], [S])) Z8<med, N[, [U]).
Suppose a = f =2, v = 1 and I'y ko M : Circy(U,S). By the
induction hypotheses, we have

[M] =[] — pR(IUT, [ST),

[N] : [To] = pN([ST, [ST)-
We define [withComputed M N to be the following.

[M]S[N]

[M:] @[] pR([UT, [51) @ pN([ST, [S1)

™ p(R([U], [S]) x N([S], [S])) 2P0, N ([O, [U])

The remaining cases (e.g. when «a, § # 2) are similar.

o Case
¢, Ty o M : Cire,(S,U) ®,T9FgN: S

@, 11, T Farpny apply(M,N) : U

By the induction hypotheses, we have
[M] - [@] @ [I'h] — TopD([S]. [U])

[N]: [®] @[] = T6[ST.
We therefore define [apply(M, N)] as the following.

[0] @[] ® [[p] 22udell, [®] © [¢] @ [[1] @ [Ta]
= [®] ® [T1] ® [®] ® [T2]
1Mo, T.pD7([S], [U]) ® T5[9]
4 T.(oD([S], [U]) ® T5[S])
Tos, T.T5(pD([S], [U]) @ [S])
LoDt B, 1T (h([S] — T [0]) @ [S])
LB, T Tu(([S] — T [U]) @ [S])
ELELIN T.T5T,[U]
— Tansm[U]
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6.3. Soundness of operational semantics

We now prove that the operational semantics is sound with respect to the
categorical model A. To do so, we first interpret a well-typed configuration
as a morphism in A.

Definition 6.2. Suppose S F, (C, X, M) : A; ¥ is a well-typed configura-
tion, with C' € DA([S], [X]), £ = (¥",%), X"+, M : Aand a = B Av. We
define [(C, X, M)] : [S] — Tu([A] @ [¥']) as follows:

o

[ST S T5([2]) = To([="] @ [)

DOIEED, 11 [Al @ [£]) - Tu([A] @ []),

where the last step uses the strength and the natural isomorphism 737, = T,.

Theorem 6.3 (Soundness of the evaluation). If S+, (C, X, M) : A;% and
(C,E, M) | (C", 3, V), then [(C, 3, M)] = [(C", ¥, V)].

Proof. See[Appendix A] O

We remark that our semantics also satisfies computational adequacy, but
in our setting, it is a trivial consequence of soundness. This is because if V' is
a value of type Circ(S,U), then V is by definition a circuit, i.e., a morphism
of the appropriate category M, R, or N. Its semantics is essentially itself.
It immediately follows that [V] = [V'] implies V' = V’. Since our language
is also terminating, adequacy for any closed term of type Circ(S,U) then
follows from soundness.

7. A concrete model for reversing and control

In this section, we will show how to use the categories N, R, and M
to construct a category A that satisfies the conditions of Definition [6.1]

Our construction is based on enriched categories (see [Appendix Bl for some

background on enrichment). We first define a category of trisets.

Definition 7.1. Write 3 for the diagram 0 — 1 — 2. By trisets, we mean
objects of the presheaf category Set®”. Explicitly,

e A triset X is a tuple (Xo, X1, Xo, f1, f2) of three sets Xy, X, Xy and
two functions f; : X; — Xy and fy : Xy — Xj.
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o A morphism from (X07X17X27 fla f?) to (3/07}/17}/2,91792) Is a trlple
(ho, h1, he) of functions making the following commutative diagram.

X, 2.y,

b b

X, —= Y

b

Xo ——> Y,

Analogously, we write 2 for the diagram 0 — 1 and refer to objects in Set®”"
as bisets: they are tuples (Xo, X1, f : X1 — Xj), and their morphisms are
commutative squares.

Notation and remarks.
e Given a triset X, we write Xy, Xy, X, for its 0-, 1-, 2-components.

e We write Homg,ser (X,Y") for the hom-set of morphisms from a triset
X to another Y.

e Being a presheaf category, Set®” is cartesian closed and hence self-
enriched: it has an exponential X = Y, which constitutes Set3”” (X, Y),
the hom-object as opposed to hom-set of Set®”. Explicitly, X = Y is
a triset given by

(X =Y)y = Homget(Xo, Yo),
(X = Y)l = HomSetzop((XOaXlaf1)7(%7}/1)91»7
(X = Y)Q = Homgser (Xv Y)v

where fi and g; are the (0 — 1)-components of X and Y.

e Similarly, Set®” is self-enriched and we distinguish its hom-objects
Set®” (X,Y) and hom-sets Homg_, 200 (X,Y).

e We often write V5 for Set®”, V, for Set®””, and V), for Set.
e V), and Set, and indeed any categories enriched in them, can be re-

garded as enriched in V3, via Ay and A4 in the following definition.
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Definition 7.2. We define the following functors.
o Up:Set®” — Set :: (Xy, X1, f1) — Xo.
o Ay:Set — Set?” :: Xy — (Xo, Xy, id).
o Uy :Set®” — Set®” 1 (Xo, X1, Xo, f1, f2) — (X0, X1, f1).
o Ay :Set® - Set®” 1 (X0, X1, f1) — (Xo, X1, X1, f1,1d).

We have adjunctions Uy 4 Ag and Uy 4 Ay, with UyAy = id and U1 A, =
id. These give rise to idempotent monads Ty = A1 A UgU; and T} = AU,
in Set®””, which act on objects as follows.

TI(X0>X17X27f17f2) - <X07X17X17f17id)5
T()(X07X1,X2,f1,f2) = (X(),X(),X(),id,id).

It is easy to verify that 717y = Ty = Ty17 via natural isomorphisms 7y, :
To — TiTy and T()’I’] Ty — ToTy (fOI' the unit n of Tl)

These functors can be regarded as Vs-functors by regarding V, and Set
as Vz-enriched via A; and A;Ay. Then U; and A, as Vs-functors, have the
following triset morphisms as their (X, X’)- and (Y, Y”)-components, U; xx- :
Set®” (X, X') — ASet®" (U, X, U, X') and Ayyy : ASet®*"(Y,Y') —
Set3” (ALY, AY"), for X, X’ € Set?” and Y, Y’ € Set?”.

Uy xxr
Homg o (X, X') ———— Homgggzor (U1 X, U1 X")

lUl,XX’ lid

Homgz0r (U1 X, U1 X') —9— Homg, 200 (U, X, U X)

lUO,XX’ lUO,XX’

Homget (UgUr X, UpUy X') —4 Homges (UpUs X, UpgUr X)

Homg,zer (Y, Y") =2 Homg,soe (A,Y, A;Y")

lid lUl,YY’

Homg,zo0 (Y, V") —<9— Homg_,zer (Y, Y")

on,YY’ lUO,YY’

Homge (UpY, UpY’) —%— Homget (U, UpY”)
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Uy and Aq as Vs-functors behave in the obviously analogous way.

Next, we construct a Vs-enriched category, D, that encapsulates all of
N, R, M whereas its underlying category is IN. Similarly, we construct a
Vs-enriched category, C, that encapsulates R and M whereas its underlying
category is R. (M is trivially the third in a series after D and C: it is
V,-enriched, is its own underlying category, and encapsulates itself.)

Definition 7.3. We define a triset-enriched category D and a biset-enriched
category C by:

e 0bj(D) = 0bj(C) = obj(M) (and hence equal to obj(R) and obj(IN)).
e For any A, B € M, the hom-objects D(A, B) and C(A, B) are the

following triset and biset, respectively, where G : N — R and I : R —
M are the inclusion functors.

N(4, B)
lGAB

R(A, B) R(A, B)
lIAB lIAB

M(A, B) M(A, B)

We can then apply U; to hom-trisets and obtain a Vs-functor u; : D — C,
where we regard C as enriched in V3 via Ay, that is the identity on objects
and that has the following component for each pair A, B € D:

N(A, B) -242, R(A, B)

[ao Jo

R(A,B) —9— R(A4, B)

lIAB lIAB

M(A, B) —9 M(A4, B)

We also apply U, and obtain the analogous Vs-functor ug : C — M, where
again we enrich M in V3 via A;A.

The enriched categories D and C inherit the symmetric monoidal struc-
ture of N, R, M. These monoidal categories are, however, not closed. We
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therefore use enriched Yoneda embeddings of D, C, M into enriched cate-
gories of enriched presheaves.

A key to obtaining the enriched categories of enriched presheaves over D,
C, M is the following lemma. (With a slight abuse of notation, we henceforth
write u; instead of u3.)

Lemma 7.4. Let V2™ and VE™ be the ordinary categories of Vs-enriched
presheaves H : D — V3 and Vs-enriched presheaves F': CP — Vs, respec-
tively. Then there is an ordinary functor vy : VP — VE™ with the following
properties.

(a) Given any Vs-functor H : D°® — Vs, v1H is the unique Vs-functor
making the square below commute.

Der L) V3

b

(b) In particular, v1(ysA) = y2 A for any A € D.

There is also an ordinary functor vy : VS — VM™ satisfying the analogous

properties. It follows that vy o vy : VP — VM satisfies the analogous

properties.

Proof. We show the case of vy; the case of vy is similar. Given H : D°? —
Vs, its (A, B)-component Hap is a triset morphism (Hapo, Hap1, Haps) :
D(B,A) — V3(HA, HB). So define v, H : C® — V), with
UlH(A) = Ul(HA)
and (v1 H)ap the biset morphism
(HAB,[L HAB,I) : C(B, A) — VQ(Ul(HA), Ul(HB))
@: Let us first show the commutativity. (v1H) owu; = U; o H since

(nnH)ou(A) =v1H(A) = Uy (HA) and since uy g4 and (v H)ap constitute
the left and right halves of the first of the following two diagrams while H 4p
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and U; ap do the latter.

H
N(B, A) 245 R(B, A) —2% Homg,zor (U3 HA, Uy HB)

lGBA lid lid
: H
R(B,A) —4= R(B, A) —2% Homg_z00 (U1 HA, U HB)

lIBA lIBA lUO,AB

Hapg o

M(B, A) —9 M(B, A) =223 Homget(UoUr HA, UpU HB)

Hap,2 Ui, aB

N(B, A) —22 Homg,,sor (HA, HB) —*"— Homg,,z00 (U1HA, U HB)

lGBA lUl,AB lid

H .
R(B, A) —% Homg,,z200 (U1 HA, Ui HB) —%— Homg,z00 (U1 HA, Uy HB)

lIBA lUO,AB lUO,AB

H .
M(B, A) —23 Homget(UgUr HA, UpUy HB) —%s Homget(UoUr HA, UgUy HB)

These diagrams give the same triset morphism from the left column to the
right, since Hap1 0 Gap = U ap © Hapo (as in the upper left square in the
second diagram).

Now the uniqueness is clear: Let K be another functor K : C? — ),
such that K owuy; = Uy o H. Then KA = Kowuy(A) = U(HA) = v1H(A).
Furthermore, f = Kapowu; pa equals the same triset morphism from the left
column to the rlght above, SO KAB,O = f() = HAB,O and KAB,l = fl = HAB,17
and since K4p has the form A;g, we have Kspo = Kap1 = Hap1, SO
Kap = (v1H)ap. Thus K = v H.

(]ED: By the uniqueness part of @), it is enough to show that y3A and
12 A make the square there commute in place of H and v, H, i.e., that Uy o
y3(A) = ya o ug(A) = yo A. This holds since, for any object B € D, we have
(Uyoys(A))(B) = UiD(B,A) = C(B,A) = (y2A)(B), and for any C, D € D,
the following diagram commutes.

D(D, ) 2P vy (D(C, 4), D(D, 4))
u1,DC lUl,D(C,A)D(D,A)

c(D,0) 22y, (c(c, A), C(D, A))
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Lemma helps us to regard VP as a Vs-category D, by setting a
hom-triset D(H, K) to be

VPP (H K) —2 V& (1 H, 01 K) —2= VM (vgu1 H, vou1 K).

Similarly for VP*. Lemma [7.4] then extends to the enriched version.

Lemma 7.5. There is a Vsz-functor vy : V;Dop — Vzcop and a Vs-functor
vy : V€ — VM satisfying the properties () and (b)) as in Lemma[7.4)

Note that V;- and Vs-categories and functors are enriched in V3 as well.
The Vs-enriched functors Uy, Ag, Uy, and A; among V3, Vs, V) can be lifted
by postcomposition to the presheaf categories.

Definition 7.6. We define the following Vs-enriched functors.
Up: VY - VP”" 2w Fs UyoF,
Ao : VP = VP i Fs Ago F,
U V9" V2" o F U oF,
levgj""” —>V§)Op s F— AjoF.
Many properties of Uy, etc., are also lifted. In particular, we will use the
property that UygAy =id and U;A; = id.

Definition 7.7. We define the following Vs-functors by precomposition. (We
abuse notation and write u} for two Vs-functors.)

wp VET VP i F s Fouy,
uf : VM = VO G G o g,
wp VET VP L H s Howy.

Lemma 7.8. The following diagram of Vs-functors commutes, where the y;’s
are enriched Yoneda embeddings.

D y3 Vg)op
Uq ’Ul/ U,
y2 Ccopr UT DoP
C Vy o' —) (5)
U Uo/ Uo Uo
M yMer Ver %
2 uj )



Proof. The trapezoids on the left side commute by Lemma (]ED The tri-
angles commute by the commutativity part of Lemma @) The parallel-
ogram commutes since precomposition — o u; and postcomposition Uy o —
commute by associativity Uy o (—ouy) = (Upo —) o uy. O

Moreover, the bases of the (three) triangles in (5| are isomorphisms.

Lemma 7.9. The following opposite pairs of Vs-functors are mutually in-
verse, making VS = VP and yM™ =2 PO o pb™

vy 0 g v 0 Ay
Ccopr Dopr MeP Copr
Vs —>u* 2 Vi —>u* 1
1 0

U00U10A10A0

T

op op
v — vy
uj o Uy

The latter two isomorphisms entail that u} : V™ — VP is also an isomor-

phism.

Proof. We show the case of V€™ = VP the other cases are similar. On
the one hand, the upper triangle in implies uf ovy 0 A = U; 0 A} = id.
On the other, we have v; o A} o u} = id because, for any F : C® — V),
UioAjoFou; = F ou implies vy 0 Ay ou’(F) = vy(Ay o Foup) = F by
the uniqueness part of Lemma @ n

To obtain an instance of Definition [6.1] enrichment is not needed. We
therefore take the underlying categories and functors of the ones we have
discussed, using the same notation as the enriched ones for the underlying
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ones henceforth. The diagram then boils down to

where 7}, and y] are enriched Yoneda embeddings followed by isomorphisms.
We can then use Day’s convolution [7] to define tensor products so that
VP YPT YP* are symmetric monoidal closed and all the functors in ()
are strong monoidal. V3", VP VP” are cocomplete as well.

The adjunctions Uy AO and U; 4 A are lifted to Uy 4 Ag and Uy - A,

giving rise to idempotent monads

To=AAUU:D—=D:=F—TyoF,
T'=AU :D=D:F—ToF
in D = VP”. The idempotence indeed means that VP” and VP” are the

Kleisli categories of T; and T, respectively. Therefore, as we will show, @
essentially serves as of Definition

There is one tiny (and evil) detail, however: VP and VP* as Kleisli
categories are not represented using the same objects as VP*: so U; and U,
are not identities on objects. Nevertheless, we have

Fact 7.10. In the following diagram expanding (6), let Kz (D) and Klp, (D)
be the Kleisli categories represented by the same objects as D and Kleisli
morphisms. Let Ey and Ey be the identity-on-objects functors as in Defini-
tion (@ (with D in place of A). And let ey be the functor that maps X to
U1 X and whose (X,Y)-components are the isomorphisms

€2, XY : HOHIﬁ(X, Z1U1Y) — HOmV%DOP (UlX, U1Y)

of the adjunction U; 4 Ay ; and similarly for e;. Then ey and ey are equiva-
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lences of categories, and the diagram commutes.

N5 yp D
G Ul El
yé €2

We can therefore use the inve_rses of es xy @d e1,xy to“divert” the Yoneda
embeddings y, and ) to Klz (D) and Kl7 (D). Explicitly, define ¢ : R —
Klfl<D) by ¢2(A) = yS(A) and ¢2,AB = 62_,?1;3(A)y3(B) o yé,AB‘ Then lt iS
essentially the Yoneda embedding, as ey o ¢ = yy. Similarly for ¢ : M —
Kliz,(D). And they make the following diagram commute, with ¢3 = ys.

M Kil- (D
y 7, (D)

We are now ready to state the following main theorem.

Theorem 7.11. The category A = D, with the diagram , 1s a model for
Proto-Quipper with reversing and control in the sense of Definition [6.1]

Proof. @, @, (@, and the functors being strong monoidal have already been
discussed for the equivalent case of @ Here is @ for @: The idempotence
and natural isomorphisms 7z, : Ty — T1To and Ton : T'o — ToT (for the
unit 1 of T,) carry over from T and T; straightforwardly. The proof of
commutative strength is similar to the one in [11].
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(d): We define p(X) = >, I : Set — D and b(4) = D(I,A) : D —
Set. (We write D(I, A), etc., for hom-sets.) We then have p -1 b because

D(pX,B) = V3(1,D(pX, B)) = V45(1,D() | I, B))

~Vy(1, [[ DU, B)) = [ ] vs(1,D(, B))
o Set()z',ﬁ(f, B)) = Sf:t(X,b(B))- .

8. Conclusion

In this paper, we showed how to extend Proto-Quipper with reversing,
control, and the with-computed operation. Our language is parameterized by
three categories M, R, and N, which correspond to general quantum circuits,
reversible circuits, and controllable circuits, respectively. We defined a type
system that uses modalities to distinguish the different types of circuits. We
provided an operational and a denotational semantics for the language; the
latter takes the form of an abstract categorical model in which our modalities
are represented by monads. We proved that the operational semantics is
sound with respect to the categorical model. Lastly, we gave a construction
of a categorical model for our abstract categorical semantics.

In Figure 4] we give an overview of the Proto-Quipper language fam-
ily tree. Proto-Quipper is intended to formalize various language features
that are available in Quipper [I7]. The very first version of Proto-Quipper
appeared in [27], where a type system with subtyping and a small step op-
erational semantics were given. In [26], a version of Proto-Quipper (Proto-
Quipper-M) is proposed, which came with a big-step operational semantics
and categorical semantics. Later Proto-Quipper-M was extended with de-
pendent types (Proto-Quipper-D [I4]), dynamic lifting (Proto-Quipper-Dyn
[12], Proto-Quipper-L [22] and Proto-Quipper-K [5]) and with index anno-
tations to track resource usage (Proto-Quipper-RA [6] and Proto-Quipper-C
[28]). We note that after the present work, the name Proto-Quipper-C (C for
closure) was also used for the type system in [28]. It differs from the Proto-
Quipper-C of this paper in that the notion of index used there is used for
resource estimation, while ours is for tracking reversibility and controllability.

There are many possible directions for future work. For example, in this
paper, we only considered the modalities of reversibility and controllability.
Our construction of the type system and its categorical semantics can be
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PQ-Dyn [I2] *PQ-C PQRA[6] PQ-C 28

~N S N S
PQ-D [[4] PQL[22 PQKJ e .

\\\//

PQ-S |27 PQ-M [26]
NS
Quipper [17]

Figure 4: A genealogical tree for the Proto-Quipper language family. This paper’s contri-
bution is marked ‘*”.

further generalized from a three-element set to a poset of modalities. There-
fore it may be worthwhile to investigate combining our type system with
the notion of modality in Proto-Quipper-Dyn [12]. Introducing additional
modalities might also be useful for characterizing additional properties of
gates. Although we have made a prototype implementation that includes
a type inference algorithm, we did not formally study its properties. An-
other challenge for future work is to combine the modalities of this paper
with the dependent types of Proto-Quipper-D [14]. Although our software
implementation does support both modalities and dependent types, we have
not considered a formal semantics for combining them. Similarly, we do not
know the exact relationship between Proto-Quipper-RA [6], 28] and our type
system.
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Appendix A. Proof of soundness

We write 6 : A(pX,Y) — Set(X,bY) for the bijection that arises from
the adjunction p 1 b.

Theorem A.1 (Soundness of the evaluation). If S+, (C, %, M) : A; ¥ and
(C,E, M) (C", 3, V), then [(C, 2, M)] = [(C", ¥, V)].

The proof is by induction on (C,3, M) || (C",¥, V). We only give the
proof for the rules box, apply, ctrl, and wc, as the remaining rules are routine.

e Case
(C,)3, M) | (C", % lift M")
gen(S) = (a,¥")
([a]T, %", M a) |} (D, %", b)
ungen(b, X" =U
(C, %, boxsM) | (C', %, circ(S, ﬂb]] oD,U))

Suppose S’ o (C, X, boxsM) : Circy(S,U); 3. This implies that C' €
N([S], [Z1] @ [£4]) and ) Fo boxgM : Clrco(S U). Thus ¥} o M :
lo(S —op U), C" € N([S5], [[Z D), and g M’ : S —oy U. By the induction

hypotheses [(C,2, M)] = [(C', 2 life M")] and [([a]T, X", M'a)] =

[(D,%" b)]. Thus we have

bozx

17 S 127 © 2] 222 o (18] — [U]) @ 2]
157 S 1 [xy) PO (18] — [U]) © [S5]
and
[o[s] 221 @ ) B, 7 (18] — [U]) @ [S]
5 To([S] — [U] ® [S]) =5 To[U]
1@ [s] L2, 7 18] — [U]) @ [9]

=5 To([S] — [U] @ [S]) =5 To[U]

40



To [[b]]

[S] 2 To[="] == T[U].

To prove [(C, X, boxsM)] = [(C’,%,circ(S, [b] o D,U))], we use the
following commutative diagram. We remove all the semantic brackets

for space.
S/
C/
/ \
Y ® X I® X%,
®%,

\ p5M’®E’2
pTo(S — U) @ X Plyon®%)
pM(S,U) ®

The outer left path corresponds to [(C, X, boxgM )] and the outer right
path corresponds to [(C’, Y, circ(S, [b]o D, U))]. The square commutes
by IH1. The triangle commutes by the definition of box and IH2.

Case
(C1, 31, M) || (Cq, Xo,circ(S, D, U))
(027 227 N) ‘U’ (037 237 Cl)
gen(U) = (b, Xy)
(Ola 25) = a‘ppend(037 237 a, D7 b7 24)
(C17 Zla apply(M7 N)) ‘U’ (C,7 257 b)

apply

Suppose S’ ko (C1, 31, apply(M, N)) : U; ¥, where ¥, = (X", %), C; €
R([S], [2"]®[%]), " ko apply(M, N) : U, £} ¢ M : Circy (S, U) and
SU by N : S and 7 = (X0,50),5, = (24,5),5, = (22,%). By the
induction hypotheses, we know that [(Cy, 31, M)] = [(Cs, 32, circ(S, D, U))]
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and [(Cy, 3o, N)] = [(C3, 33, a)]. Thus

[S7< Tu([=f] © [S5] @ [2])
DR, T (meN(IS]L [U]) © [85] © [2])
5 BT (pN([S], [U]) ® [S5] @ [2)
= To(eN([S]. [U]) @ [25] @ [£])

IH1

15 2 To([24] @ []) eSO ED, 7 oN ST, [0]) @ [24] @ [2])

and
[ < T3] @ [2]) 2EED, 7 s o [21])
Tos, T ([S]® [XT) =" To([S] @ [2T)

[T < (27 @ [2]) 2, 7 (15 @ [2]).

We want to show that [(Cy, X1, apply(M, N))] = [(C’, 5,b)], where
(C',%5) = append(Cs, 33, a, D, b, ¥4) is the following morphism in M.

So 25 = <E4, Z/)
[ST % 2] @ [2] 225 5] @ [2]

/ + ’
G(D)®[% [l =] [Zd ® [Z].

L e

Since M < Klz,(A) and N < A the corresponding morphism in A
is

[T < To([24] @ []) 2D, 7 1s1 @ [2)
To(DR[X']) T()([[U]] ® [[E/]]) TO(ﬂb]]T®[[EI]]) TQ([[Z4]] Q [[E/]])

We therefore have the following commutative diagram.
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S

Ty (2 ® B3 @ X) To(25 ® X) To(Z5' ® X)
lTl(M®N®E’) To(plp @5 @%') lTo(a®E’)
T1 (TopN(S, U) ® TlS ® E/) To(S ® E/)

To (p1D®a®E’)

To(pN(S, U% RS®Y)
ng(punbox RS0,
To(ph(S - U)@ S@ %)
To(force®S®Z’)l
To((S —-U)@SeY)

W/)

To(U @ %)

To(pdDRSRT')

To(DRSR)

To(DRY')

The outer left path corresponds to [(Cy, %y, apply(M, N))] and the
outer right path corresponds to [(C’,%5,b)]. The (%) denotes a se-
quence of strength/costrength maps and the isomorphism 7,75 —
Tunp- The diagram commutes by [H1, IH2, eo(D@S) = D, forceopd =
id and the definition of unbox.

e Case

(C, %, M) | (C", " cire(U, D, U))
(C, 3, control g M) |} (C', 2" circ(K @ U, ctrlg D, K ®@ U))

ctrl

— Suppose C': [S] = [E'] @ [¥] e N, £ = (¥",¥) and " ko M :
Circy (U, U). By the induction hypothesis and type preservation
(Theorem [5.2)), we have

[(C,%, M)] =[(C', %, circ(U, D, U))]

and S ko (C',3¥ circ(U,D,U)) : Circy(U,U) : ¥, where 5
circ(U,D,U) : Circy(U,U) and " = 3'. So

151 S 21 @ [2] 222 oo, [v]) © [21]
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/]] plp®[X']

=[5] S 19[s pN([U], [U]) ® [Z]-

Therefore we have the following commutative diagram.

e/////ij////dg\\\\\fi\\»

Y Y 1Y
lM@E/ %
PNUU) @ %

p(lctrlK(D))®E/

T teer

INERUKU)®Y

The square commutes by the induction hypothesis and the triangle
commutes by ctrlg o 1p = Lk (p)-

— Now suppose ¥ = (X", %), C € M([S], [2"] ® [¥']) and X" t
M : Circy(U,U). By the induction hypothesis, we have [(C, 3, M)] =
[(C’, 2" circ(U, D,U))], i-e.,

1] S (2] @ [2]) 2EEEED, 7 mpN([U], [0]) @ [2])

Tos

— Ty(pN([U], [U]) & [=T)

= [S] % To(1 © [2]) 2EEED, 7 pN([U], [0]) @ [2]).

Note that X" = Y. We have

[(C, %, control g M)] = [(C", X" circ(K @ U, ctrlg D, K @ U))]
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by the following commutative diagram.

S
C/
/ \
To(=' &%) To(I )
To(M®EI)
To(TipN(U,U) @ ¥)
Tos

ToT1 (pPN(U,U) ® ¥

To(pletr g (D) ®E')

1%

To(pN(U, U) () 2/)

T e

THo(pPNE U, Ko U)®Y)

It commutes by the induction hypothesis and by ctrlg o 1p =
1ctrIK(D)‘

e Case

(C, 3, M) | (C",%q,circ(U, Dy, S"))
(C", 1, N) I (C", S, circ(S', Da, S"))
(C, 3, withComputed M N) || (C”, 3, circ(U, Dy » Dy, U))

wc

— Suppose ¥ = (57,35, 3), ¢ N([5], [E7] @ [¥5] @ [3]), X7
N : Circy(S5',8") and 35 5 M : Circy (U, S"). By the induction

hypotheses, we have
[(C,2, M)] = [(C', 34, circ(U, D1, 5"))]
and [(C", X1, N)] = [(C", 24, circ(S’, Dy, S"))]. Thus we have
C " 7 o IMIR[Z3]8[X] / " ’
[S] = [E]e[E]R[X] ————— pR([U] [SD @ [Z:]®[X]

plp, ®[E3]1®[x] JR

el K S ) D4 T 03 (U1, [ST)2[=5]R[2]
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and

151 % 2] @ 2] 2L NS, [9) @ [3]

plp,®[¥']
=

1S 10

We want to show

N[5 [5T) @ 1.

[(C, %, withComputed M N)] = [(C", Xq, circ(U, Dy » Do, U))].

This follows from the following commutative diagram. The outer
leftmost path corresponds to [(C, ¥, withComputed M N)] and the
outer rightmost path corresponds to [(C”, Xy, circ(U, Dy Do, U))].

Ny ey %1@2’
plp, @ Q%'
MES) @Y l l[@N@E//I@plD
2

pPR(U,S) @54 @ % I1®pN(S,8") @ ¥

R(U,S’ ®N®Z’l
PR(U,S") W"S”M

pR(U,5") @ pN(5',5") @ &

pwithComputed ®%’

pNU,U) @ %'

plp, D, Q%'

The diagram commutes by IH1, IH2, naturality, and withComputed o(1p, ®
1D2) = 1p,ep,.

Appendix B. Background on enriched categories

Definition B.1. Let V be a monoidal category. A V-enriched category B is
given by the following:

e A class of objects, also denoted B.

e For any A, B € B, an object B(A, B) in V.

e For any A € B, a morphism u, : I — B(A, A) in V, called the identity
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e For any A, B,C € B, a morphism csp¢c : B(4,B) ® B(B,C) —
B(A,C) in V, called composition.

e The composition and identity morphisms must satisfy suitable dia-
grams in V (see e.g., [21] and [3]).

Remarks. e Many concepts from the theory of non-enriched categories
can be generalized to the enriched setting. For example, V-functors, V-
natural transformations, V-adjunctions, and the V-Yoneda embedding
are all straightforward generalizations of their non-enriched counter-
parts. We refer the reader to [2I] and [3] for comprehensive introduc-
tions. Symmetric monoidal categories can also be generalized to the
enriched setting.

e When we speak of a map f : A — B in a V-enriched category B, we
mean a morphism of the form f : I — B(A, B) in V. Furthermore,
when g : B — (' is also a map in B, we write go f : A — C as a
shorthand for

1% B(A,B)® B(B,C) % B(A, O).

e A V-enriched category B gives rise to an ordinary (non-enriched) cat-
egory V(B), called the underlying category of B. The objects of V' (B)
are the objects of B and the hom-sets of V(B) are defined as V/(B)(A, B) =
V(I,B(A, B)), for any A, B € V(B). Similarly, a V-functor F': B — B
gives rise to a functor VF : V(B) — V(B) and a V-natural transforma-
tion a : F' — G gives rise to a natural transformation Va : VF — VG.
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