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Abstract

While much of the current study on quantum computation employs low-level
formalisms such as quantum circuits, several high-level languages/calculi have
been recently proposed aiming at structured quantum programming. The cur-
rent work contributes to the semantical study of such languages by providing
interaction-based semantics of a functional quantum programming language;
the latter is, much like Selinger and Valiron’s, based on linear lambda calculus
and equipped with features like the ! modality and recursion. The proposed
denotational model is the first one that supports the full features of a quantum
functional programming language; we prove adequacy of our semantics. The
construction of our model is by a series of existing techniques taken from the
semantics of classical computation as well as from process theory. The most
notable among them is Girard’s Geometry of Interaction (Gol), categorically
formulated by Abramsky, Haghverdi and Scott. The mathematical genericity of
these techniques—Ilargely due to their categorical formulation—is exploited for
our move from classical to quantum.
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1. Introduction

1.1. Quantum Programming Languages

Computation and communication using quantum data has attracted grow-
ing attention. On the one hand, quantum computation provides a real break-
through in computing power—at least for certain applications—as demonstrated
by Shor’s algorithm. On the other hand, quantum communication realizes “un-
conditional security” e.g. via quantum key distribution. Quantum communica-
tion is being physically realized and put into use.

The extensive research efforts on this new paradigm have identified some
challenges, too. On quantum computation, aside from a few striking ones such
as Shor’s and quantum search algorithms, researchers are having a hard time
finding new “useful” algorithms. On quantum communication, the counter-
intuitive nature of quantum data becomes an additional burden in the task
of getting communication protocols right—which has proved extremely hard
already with classical data.

Structured programming and mathematically formulated semantics are po-
tentially useful tools against these difficulties. Structured programming often
leads to discovery of ingenious algorithms; well-formulated semantics would pro-
vide a ground for proving a communication protocol correct.

In this direction, there have been proposed several high-level languages tai-
lored for quantum computation (see |2] for an excellent survey). Among the
first ones is QCL [3] that is imperative; the quantum IO monad |4] and its suc-
cessor Quipper |5] are quantum extensions of Haskell that facilitate generation
of quantum circuits. Closely related to the latter two is the one in [6], that is
an (intuitionistic) A-calculus with quantum stores.

Another important family—that is most strongly oriented towards mathe-
matical semantics—is those of quantum A-calculi that are very often based on
linear \-calculus. While A-calculus is a prototype of functional programming
languages and inherently supports higher-order computation, linearity in a type
system provides a useful means of prohibiting duplication of quantum data
(“no-cloning”). Examples of such languages are found in [7, 18,19, 10, [11), 12, [13].

1.2. Denotational Semantics of Quantum Programming Languages

Models of linear logic (and hence of linear A-calculus) have been studied fairly
well since 1990s; therefore denotational models for the last family of quantum
programming languages may well be based on those well-studied models. Pres-
ence of quantum primitives—or more precisely coezistence of “quantum data,
classical control”—poses unique challenges, however. It thus seems that deno-
tational semantics for quantum A-calculi has attracted research efforts, not only
from those interested in quantum computation, but also from the semantics
community in general, since it offers unique and interesting “exercises” to the
semantical techniques developed over many years, many of which are formulated
in categorical terms and hence are aimed at genericity.



Consider a quantum A-calculus that is essentially a linear A-calculus with
quantum primitives. It is standard that compact closed categories provide mod-
els for the latter; so we are aiming a compact closed category 1) with a quantum
flavor, and 2) that allows interpretation of the ! modality that is essential in du-
plicating classical data. This turns out to be not easy at all. For example, the
requirement 1) makes one hope that the category fdHilb of finite-dimensional
Hilbert spaces and linear maps would work. This category however has no conve-
nient “infinity” structure that can be exploited for the requirement 2). Moving
to the category Hilb of possibly infinite-dimensional Hilbert spaces does not
work either, since it is not compact closed.

A few attempts have been made to address this difficulty. In []] a categorical
model is presented that is fully abstract for the !-free fragment of a quantum
A-calculus is presented. It relies on Selinger’s category Q in [1]—it can be
thought of as an extension of fdHilb with non-duplicable classical information.
The works |14, [15] essentially take “completions” of this model to accommo-
date the !-modality: the former |14] uses presheaves and thus results in a huge
model; the construction in the latter [15] keeps a model in a tractable size by
the general semantical technique called quantitative semantics [16, [17]. The
difference between the two is comparable to the one between Girard’s normal
functor semantics [18] (see also [19]) and quantitative semantics.

In this paper we take a different path towards a denotational model of a
quantum A-calculus. Instead of starting from fdHilb (a purely quantum model)
and completing it with structures suitable for classical data, we start from a
general family of models of classical computationﬁ and fix its parameter so
that the resulting instance accommodates quantum data too. The family of
models is the one given by Girard’s geometry of interaction (Gol) |20]—more
specifically its categorical formulation by Abramsky, Haghverdi and Scott [21].
Gol, like game semantics |22, 23], is an interaction-based denotational semantics
of (classical) computation that has a strong operational flavor, too. It thus
possibly enables us to extract a compiler from a denotational model, which is
the case with classical computation |24, 25, 126, [27, [28].

1.3. Contributions

In this paper we introduce a calculus Hoq and its denotational model that
supports the full features (including the ! modality and recursion). The language
Hoq is almost the same as Selinger and Valiron’s quantum A-calculus [9]—in
particular we share their principle of “quantum data, classical control”—but is
modified for a better fit to our denotational model. We also define its operational
semantics and prove adequacy.

For the construction of the denotational model we employ a series of ex-
isting techniques in theoretical computer science (Figure [I). Namely: 1) a
monad with an order structure for modeling branching, used in the coalgebraic
study of state-based systems (e.g. in [29]); 2) Girard’s Geometry of Interaction

3“Classical” as opposed to “quantum”; not as the opposite of “intuitionistic”.



(Gol) |20], categorically formulated by Abramsky, Haghverdi and Scott [21],
providing interaction-based, game-like semantics for linear logic and computa-
tion; 3) the realizability technique that turns an (untyped) combinatory algebra
into a categorical model of a typed calculus (in our case a linear category |30,131];
the linear realizability technique is used e.g. in [32]); and 4) the continuation-
passing style (CPS) semantics. In each stage we benefit from the fact that the
relevant technique is formulated in the language of category theory: the tech-
nique is originally for classical computation but its genericity makes it applicable
to quantum settings.

Monad B for branching

Coalgebraic trace semantics [29, 33]
Take the Kleisli category K¢(B)

Traced monoidal category C
(4 other constructs — Gol situation [21])

Categorical Gol [21]
Take C(U,U)

Linear combinatory algebra A

Realizability, e.g. [34, 32, 35]
Take PER 4

Linear category

Figure 1: The construction of the model

1.4. Organization of the Paper

In §2] we fix the notations for quantum computation and briefly review the
semantical techniques used later. In §3] we introduce our target language Hoq
and its operational semantics. The (subtle but important) differences from its
predecessor are discussed, too. In 4 we introduce the quantum branching monad
Q on Sets; this is our choice for the monad B in Figure[ll The resulting linear
category PERg is described, too. In §5l we interpret Hoq in this category;
finally in §6l we prove adequacy of the denotational model.

Some details and proofs are deferred to appendices. They are found in [36].

2. Preliminaries

We denote the syntactic equality by =.

2.1. Quantum Computation

We follow Kraus’ formulation [37] of quantum mechanics, which is by now
standard and is used in e.g. |38, [7]. For proofs and more detailed explanation,
our principal reference is the standard textbook [38, Chap. 2 & Chap. 8].

Notation 2.1. 7,, denotes the m x m identity matrix; A" denotes a matrix A’s
adjoint (i.e. conjugate transpose).



2.1.1. Density Matrices

We motivate the formalism of density matrices as one that generalizes the
state vector formalism. See [38, §2.4] for more details; for our developments
later, it is crucial that we allow density matrices p such that the trace tr(p) is
possibly less than 1.

A mathematical representation of a state of a quantum mechanical system
is standardly given by a normalized vector |v) with the norm |||v)|| = 1 in
some Hilbert space H. As is usual in the context of quantum information and
quantum computation, we will be working exclusively with finite-dimensional
systems (H = C™ for some n € N). As an example let us consider the following
Bell state:

I | 1

%) = S5(00)+ 1) =

The vector |®F) € C* is a state of a 2-qubit system; we shall sometimes use

explicit subscripts 1,2 as in 0y above to designate which of the two qubits we
are referring to.

We now consider the measurement of the first qubit with respect to the
basis consisting of |0;) and |1;). The outcome is |01) or |11) with the same
probabilities 1/2; in each case the state vector gets reduced and becomes |0102)
or |111s), respectively. In other words, the result of the measurement is a
probability distribution

(|0102>+|1112>) . (1)

1 1
[|0102> — 5 R |1112> — 5}

over state vectors. Such is called an ensemble.
Density matrices generalize state vectors and also encompass ensembles; in
other words, they represent both pure and mized states. Given an ensemble

[|vi>|—>pl-} with p; € R>¢ and Zpigl,

2

the corresponding density matrix is defined to be
ZPi|Uz‘><Uz‘| )
i

where (v;| = |v;)T as usual. For example, the Bell state |®*) is represented by
the density matrix

1
@)@t = o @)

= O o
o O OO
OO OO
N e =

the ensemble [[0102) — 3 , [1112) —
above is represented by

] that results from the measurement

[N

1
3 (3)

(el e lie il en]
(el el el en]
= O OO

OO O



Notation 2.2. In 2H3) we followed the common lezicographic indexing con-
vention: the matrices are with respect to the basis vectors |00}, |01),|10) and
|11) in this order. See e.g. [1, §3.2]. This convention will be used in the rest of
the paper too.

Here is an “axiomatic” definition of density matrix. Every density matrix
arises in the way described above from some ensemble; see [38, Theorem 2.5].

Definition 2.3 (Density matrix). An m-dimensional density matriz is an
m X m matrix p € C™*™ which is positive and satisfies tr(p) € [0,1]. Here
[0, 1] denotes the unit interval. The set of all m-dimensional density matrices is
denoted by DM,,.

Note that we allow density matrices with trace less than 1. This will be the
case typically when “some probability is missing,” such as when the original
ensemble [|v1> — pi} is such that ) . p; < 1. This generality turns out to
be very useful later when we model classical control structures that depend on
the outcome of measurements. One can also recall, as a related phenomenon
in program semantics, that the semantics of possibly diverging probabilistic
program is given by a subdistribution where the probabilities can add up to less
than 1. The missing probability is then that for divergence.

We note that if a quantum system consists of N qubits, then the system is
2NV_dimensional (we can take a basis that consists of [0102...0x),[0102... 15}, ..
In this case a density matrix that represents a (pure or mixed) state will be
2N x 2N,

The following order is standard and used e.g. in [3&, [7].

Definition 2.4 (L6wner partial order). The order C on the set DM, of
density matrices is defined by: p C o if and only if o — p is a positive matrix.

A prototypical situation in which we have p C o is when

e p arises from an ensemble [[v;) — piLGI;

e o arises from an ensemble [ |v;) — ¢; ]iel; and
e p; <gq; foreach i € I.

That is, when, in comparing p and o thought of as ensembles, p has some
components missing.

The following fact is crucial in this work. It is proved in [7, Proposition 3.6]
using a translation into quadratic forms; in we present another

proof using matrix norms.

Lemma 2.5. The relation C in Definition[2.4] is indeed a partial order. More-
over it is an w-CPO: any increasing w-chain po C p1 T --- in DM, has the
least upper bound. ([

Lils. . 1y)).



2.1.2. Quantum Operations

Built on top of the density matrix formalism, the notion of quantum opera-
tion captures the general concept of “what we can do to quantum systems,” uni-
fying preparation, unitary transformation and measurement. See |38, Chap. 8|
for details.

Definition 2.6 (Quantum operation, QO). A quantum operation (QO) from
an m-dimensional system to an n-dimensional system is a mapping £ : DM,,, —
DM, subject to the following axioms.

1. (Trace condition)

tr(5(p))

(o) €[0,1] for any p € DM,, such that tr(p) > 0.
p

2. (Convex linearity) Let (p;)iecr be a family of m-dimensional density matri-
ces; and (p;)ier be a probability subdistribution (meaning p; € R>o and
> pi < 1). Then:

5(2]%&') = Zpig(Pi) :

icl el

Here I is a possibly infinite index set—we can assume that I is at most
countable since a discrete probability subdistribution (p;);e;r necessarily
has a countable support. From this and that the trace of p; is bounded by
1, it easily follows that the infinite sums on both sides are well-defined.
3. (Complete positivity) An arbitrary “extension” of £ of the form id; ® £ :
My ® M, — My ® M,, carries a positive matrix to a positive one. (Here
idg: My — My, is the identity function.) In particular, so does & itself.

The set of QOs of the type DM,;, — DM,, shall be denoted by QO,,, ,,-

The definition slightly differs from the one in |38, §8.2.4]. This difference—which
is technically minor but conceptually important—is because we allow density
matrices with trace less than 1.

QO has two alternative definitions other than the above “axiomatic” one.
One is by the operator-sum representation ), A; (_)AI and useful in concrete
calculations. This is presented below. The other is “physical” and describes
a QO as a certain succession of operations to a system, namely: combining
with an auxiliary quantum state; a unitary transformation; and measurement.
See |38, §8.2] for further details.

Proposition 2.7 (Operator-sum representation). A mapping € : DM,,, — DM,
is a QO if and only if it can be represented in the form

E(p) =Y EDp(ED)T (4)

icl



where I is a finite index set, E® is an n x m matriz for each i, and
Z(E(i))TE(i) C 7, .
icl

Here the order T refers to the one in Definition[2.4]

PROOF. See [38, §8.2.4]. O

We call the right-hand side of (@l an operator-sum representation of a QO &.
Given a QO &, its operator-sum representation is not uniquely determined.
However:

Definition 2.8 (The matrix M(£)). For a QO & = Y, EO(_)(EW)!, we
define an m x m matrix M(E) by

M(E) = > (EM)TED .
Lemma 2.9. The matriz M(E) for a QO & does not depend on the choice of

an operator-sum representation.

PROOF. There is only “unitary freedom” in the choice of an operator-sum rep-
resentation [38, Theorem 8.2]: given two operator-sum representations

€=, EO()(EM) = FO()(FO,

‘;lhere exists a unitary matrix U = (u; j);; such that E() = > u; ;F9). We
ave

S (EOTED = Zi(Zj Uf,j(F(j))T) (> Ui,kF(k))
= Ej,k (ZZ u;jui,k) (F(J'))TF(k)
=Y, (FO)FD) |
where the last equality is because ), uj ju; x is the (j, k)-entry of vt =z7. 0O

The following property is immediate.

Lemma 2.10. The operation M(_) preserves sums. More precisely, let (&;)icr
be a (at most countably infinite) family of quantum operations of the same di-
mensions; assume that ., & is again a quantum operation. Then M(Zl &-) =

Zi M(&-),

We exhibit some concrete QOs. Application of a unitary transformation U
to a quantum state (pure or mixed) that is represented by a density matrix p
corresponds to a QO
UL)UY : p — UpUT .



For illustration consider a special case where p = |v)(v|; the outcome is
T T
Ulo)olUT = Uo)(1v)) U = Ulp) (Ulw)) "

i.e. the density matrix that is induced by the state vector U|v).

We explain measurement using a concrete example. Recall the Bell state
|®T) in () and the corresponding density matrix |®T)(®*| in [2). Consider
now the measurement of the first qubit with respect to the basis consisting of
|01) and |11). The corresponding QO is

(01 _[01) + (L1 _[11) (5)

where, for example, |01) is concretely given by

oy =0 eL=(,)e(, )=

OO O
OO+~ O

Here we followed the lexicographic indexing convention (Notation 2:2]).
Applying the measurement to the Bell state |®T)—i.e. applying the QO
in (@) to the density matrix in (2)—results in the following density matrix.

1 0
10 0 O 0 1 0 0 1 0
(o 0 o) oo |+(5 00 1)lene
0 0

o= OO
[ =]

= (a0 e (580 = Slol+ g mal

This density matrix represents the ensemble [[0) — 3, [1) — 3], or [|02) —
%, [12) — %} to be more explicit about which qubit in the original system we
are referring to.

Two remarks are in order. Firstly, in the ensemble we have obtained, the
first qubit in the original system has been discarded. This is a matter of choice:
we could use a different QO that does retain the first qubit, resulting in the
density matrix

DN | =
i

1
that corresponds to the ensemble [[0;02) — 3 [1112) —

o o0
oo oo

1 0
0 0
2 0 0
0 1

Our choice above is because of the type gqbit —o bit (rather than gbit —o

bit ® gbit) of the measurement primitive in our calculus.
The second remark is numbered for future reference.

Remark 2.11. For the purpose of denotational semantics introduced later, we
find it useful to split up a measurement into two separate “projections,” each



of which corresponds to a possible outcome of the measurement. For example,
the QO in (Bl would rather be thought of as a pair of projection QOs

(01]_101) and (11]_[11) . (6)

The two projection QOs describe “what happens to the quantum state when
the measurement outcome is |01) (or |11), respectively).” Having them sepa-
rate allows us to model classical control structures that rely on the outcome of
quantum measurements. This point will be more evident in §4l

Given a density matrix p, the probability for observing |01) or |1;) can then
be calculated as

tr((01]p[01)) or tr((11lp[11)) , (7)

respectively. For example, in the special case where p = |v)(v|,

tr((01]pl01)) = tr((0afo)((0a]0))") = || Ouf0) || -

See [38, §8.2] for more details. This way we let density matrices implicitly carry
probabilities (specifically by their trace values). This is why we allow density
matrices with trace less than 1.

We extend the order C in Definition 2.4l in a pointwise manner to obtain an
order between QQOs. This is done also in [1].

Definition 2.12 (Order C on QO,, ). Given &, F € QO,, ,,, we define £ C
F if and only if £(p) C F(p) for each p € DM,,. The latter C is the Lowner
partial order (Definition 24]).

Proposition 2.13. The order C on QO s an w-CPO.

PROOF. See[Appendix A} also |7, Lemma 6.4]. O

For illustration, notice that for any density matrix p,
(01]pl01) E (01]p[01) + (L1lp[11) and  (La|p[l1) E (01]p[01) + (11]p[11) ,
in the setting of (6l). This establishes
(01] _101) E (02| _[02) 4+ (12| _[11) and (11 _[11) E (01| _[01) + (12 _[11)

where C is the order of Definition 2.121 This example is prototypical of our use
of the Lowner partial order (Definition [Z4] & [Z12): £ C F means that € is a
projection (or “partial measurement”) that is a “component” of F.

2.2. Monads for Branching

The notion of monad is standard in category theory. In computer science,
after Moggi [39], the notion has been used for encapsulating computational effect
in functional programming. One such monad denoted by T appears in this
paper—at the last stage, as part of our categorical model.

10



There is another monad Q-—called the quantum branching monad—that
marks the beginning of our development. It is introduced in 4l The idea is
drawn from the coalgebraic study of state-based systems (see e.g. [40, 41] for
introduction); in particular from the use of a monad B on Sets for modeling
branching, e.g. in [29).

Example 2.14. We list some examples of such “branching monads” B.

e The lift monad
LX=1+X

models potential nontermination. Its unit n* : X — 1 + X and multipli-
cation p“ : 1+ (14 X) — 1+ X are obvious.

e The powerset monad
PX ={X'C X}

models nondeterminism. Its unit n” : X — PX returns a singleton set
and its multiplication % : P(PX) — PX takes the union.

e The subdistribution monad

’DX:{C:X—>[O,1HZC(9C)§1}

models probabilistic branching. Its unit n? : X — DX carries z € X
to the so-called Dirac distribution [ + 1]; and its multiplication u? :
D(DX) — DX “suppresses” a distribution over distributions into a dis-
tribution (see also () below):

uP(€) = Az. Y &(e) () -

ceDX

The monad structures (units and multiplications) of the operations £, P, D
in the above list have a natural meaning in terms of branching. Among others, a
multiplication p collapses “branching twice” into “branching once,” abstracting
the internal branching structure. For example, P’s multiplication

uy : PPX — PX | like {{z,y},{z}}— {z,y,2}

can be understood as follows.

For D, its multiplication

x—1/2 o o1/3 x—1/6
uy : DDX — DX like y—1/2 sl y—1/6
[z +— 1] — 2/3 z+2/3



can be understood as follows.

1/3 Pow Yo~
°

° ,-\/*-/7 ]i\/'2\‘>y }L> o 1/6 1>y , (8)
2/3 ‘e \1\ >z 2/3 Sy

Furthermore, these monads come with natural order structures which turn
out to be w-CPOs. This is exploited in [29] to prove—using a domain-theoretic
technique from [42]—that a final coalgebra in K¢(B) coincides with an initial
algebra in Sets. The final coalgebra in K¢(B) thus identified provides a fully ab-
stract semantic domain for trace semantics—execution trace-based (i.e. “linear-
time” ) semantics for state-based systems that is coarser than (“branching-time”)
bisimilarity. See [29].

2.3. Geometry of Interaction

Girard’s Geometry of Interaction (Gol) |20] is an interpretation of proofs in
linear logic in terms of dynamic information flow. It seems Gol’s position as a
tool in denotational semantics is close to that of the game-based interpretations
of computation 22, [23]. Tts original formulation [20] utilizes a C*-algebra; later
in [24] the same idea is given a more concrete operational representation which is
now commonly called token machines. For an introduction to Gol, our favorite
reference is [43].

Besides these presentations of Gol by C*-algebras and token machines, par-
ticularly important for our developments is the categorical axiomatization of
Gol by Abramsky, Haghverdi and Scott [21]. They isolated some axiomatic
properties of a category C on which one can build a Gol interpretation. Such a
category C (together with some auxiliary data) is called a Gol situation in [21]:
among other conditions, a crucial one is that C is a traced symmetric monoidal
category (TSMC) |44]. Then applying what they call the Gol construction G—
it is isomorphic to the Int-construction in [44]—one is led to a compact closed
category G(C) of “bidirectional computations” or “(stateless) games.”

The resulting category G(C) comes close to a categorical model of linear
logic—a so-called linear category |30, [31]—but not quite, lacking an appropriate
operator that models the ! modality of linear logic. A step ahead is taken in [21]:
they extract a linear combinatory algebra (LCA) from G(C). The notion of LCA
is a variation of partial combinatory algebra (PCA) and corresponds to a Hilbert-
style axiomatization of linear logic, including the ! modality (see Definition
later).

A thorough introduction to the rich and deep theory of Gol is certainly out of
the current paper’s scope. We shall nevertheless provide further intuitions—in
a way tailored to categorical Gol and our use of it—later in §4.3]

Remark 2.15 (Three “traces”). In this paper we use three different notions
of trace. One is the trace operator in linear algebra; in quantum mechanics a
probability for a certain observation outcome is computed by “tracing out” a
density matrix, like in (7). Another “trace” is in trace semantics in the context

12



of process theory. See (the last paragraph of) §221 The other is in traced
monoidal categories that play a central role in categorical Gol [21].

These three notions are not unrelated. The first “linear algebra trace” is
an example of the last “monoidal trace”: namely in the category fdVect of
finite-dimensional vector spaces and linear maps where the monoidal structure
is given by the tensor product ® of vector spaces. The second trace—which
we would like to call “coalgebraic trace”—also yields an example of “monoidal
trace.” This result, shown in [33], will be exploited for construction of a traced
monoidal category K¢(Q) on which we run the machinery of categorical Gol.

See 41

2.4. Realizability

Roughly speaking, an LCA can be thought of as a collection of untyped
closed linear M-terms. LCAs are, therefore, for interpreting untyped calculi.

What turns such a combinatory algebra into a model of a typed calculus is
the technique of realizability. It dates back to Kleene; and its use in denotational
semantics of programming languages is advocated e.g. in [34]. We shall be based
on its formulation found in |32]. It goes as follows. Starting from an LCA A, we
define the category PER 4 of partial equivalence relations (PERs) on A; a PER
on A is roughly a subset of A with some of its elements mutually identified. An
arrow of PER 4 is represented by a code ¢ € A0

To turn PER 4 into a model of a typed linear A-calculus (more specifically
into a linear category) one needs type constructors like ®, — and ! on PER 4.
They can be introduced by “programming in untyped linear A-calculus”—it is
much like encoding pairs, natural numbers, coproducts, etc. in the (untyped)
A-calculus ((z,y) := Az.zay, with a first projection Aw.w(Azy.z), and so on).
More details can be found later in this paper; see also [32].

This linear version of realizability has been worked out e.g. in [32,35]. The
outcome of this construction is a model of a typed linear A-calculus—i.e. a model
of linear logic. There is a body of literature that seeks for what the latter means
exactly—including [45, 146, [31), I30]—and there have been a few different notions
proposed. It now seems that: the essence lies in what is called a linear-non-
linear adjunction between a symmetric monoidal closed category and a CCC;
and that the different notions of model proposed earlier in the literature are
different constructions of such an adjunction. See the extensive survey in [47];
also 9, §9.6].

Among those notions of “model of linear logic,” in this paper we use the
notion of linear category |30, 131] since its relationship to linear realizability has
already been worked out in [32].

4Another standard technique is to use w-sets (also called assemblies) in place of PERs.
This has been done for LCAs too; see [35].
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3. The Language Hoq

Here we introduce our target calculus. It is a variant of Selinger and Valiron’s
quantum A-calculus [9]. The calculus shall be called Hoq—for higher-order
quantum computation

The (only) major difference between Hoq and the calculus in [9] is separation
of two tensors ® and X.

e The former Hilbert space tensor ® denotes, as usual in quantum mechan-
ics, the tensor product H; ®Hs of Hilbert spaces and designates compound
quantum systems.

e We use the latter linear logic tensor X for the “multiplicative and” con-
nective in linear logic (hence in a linear A-calculus). It is also denoted by
® commonly in the literature; but we choose to use the symbol X.

In fact, in Hoq the Hilbert space tensor @ will not be visible since we let n-qbit
stand for gbit®". The difference between n-qbit X m-qbit and (n + m)-qbit
is: the former stands for two (n- and m-qubit) quantum states that are for sure
not entangled; the latter is for the composite system in which two states are
possibly entangled.

In contrast, in |9] they use the same tensor operator ® for both—that is,
the linear logic tensor is interpreted using the Hilbert space tensor. The reason
for this difference will be explained in §3.3] as well as the design choices that we
share with [9].

In this section we first introduce the syntax (including the type system)
of Hoq in §3] followed by the operational semantics (§3.2). Then in §3.3
we discuss our design choices, especially the reason for the difference from the
calculus in [9]. In §34] we establish some properties on Hoq, including some
safety properties such as substitution, subject reduction and progress.

8.1. Syntax
Definition 3.1 (Types of Hoq). The types of Hoq are:

A,B == nqgbit|!A|A—-B|T|AXB|A+B ,
with conventions gbit := 1l-gbit and bit := T+ T .

(9)

Here n € N is a natural number.

5Hoq is a minor modification of the calculus g\, that we used in the conference version (2]
of the current paper.
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Definition 3.2 (Terms of Hoq). The terms of Hoq are:

M,N,P == z|)x*M|MN |
(M,N) | let (z?,yP) = M in N |
* | letx = MinN |
inj? M | injA M | match Pwith (z? — M | y® — N) |
letrec fAz = M in N |
new, | meas]'t! | U | Cmp,, 1

with conventions tt := inj, (*) and ff := inj| (¥) .

(10)
Here m,n € N and ¢ € [1,n + 1] are natural numbers; p € DMy is a 2k
dimensional density matrix (corresponding to a k-qubit system); U is a 2F x 2F
unitary matrix, for some k € N; and A and B are type labels. The terms
are almost the same as in [9]; new, designates preparation of a new quantum
state—more precisely deployment of some quantum apparatus that is capable
of preparing the quantum state p. The additional composition operator cmp
will have the type m-gbit K n-gbit — (m + n)-gbit and embed nonentan-
gled states as possibly entangled states. For measurements we have operators
meas],meas? meas?,...; meas] ™! takes an (n + 1)-qubit system, measures its
i-th qubit, and returns the outcome (in the bit type) as well as the remaining
quantum state that consists of n qubits.

The set FV(M) of free variables in M is defined in the usual manner.

Definition 3.3 (Subtype relation <: in Hoq). For typing in Hoq we em-
ploy the same subtype relation <: as in [9] and implicitly track the ! modality
(see §3.3)). The rules that derive <: are as follows.

n=0=>m=0 . n=0=>m=20
I" k-qbit <: ™ k-qbit (h-qpit) S g ()
A1<ZBl A2<ZBQ TLZO:>m=0(IE)
'n(Al X Ag) < !m(Bl X Bg)
Ay <: By As <: By n=0:>m=0(+) (11)
(A, + A) <:"(B1 + Ba)
Bi <: A Ay <: By n=0:>m=0(_o>
I"(A1 — Ag) <: I"(B1 — By)

All the rules come with a condition n = 0 = m = 0, which is equivalent to
m=0VvVn>1.

We introduce the typing rules. They follow the ones in [9] and take subtyping
into account. In the rules (Ax.1) and (Ax.2) the variables in the context can be
thrown away, making the type system affine (weakening is allowed uncondition-
ally while contraction is regulated by !) rather than linear. Due to these uncon-
ventional features (subtyping and weakening) a derivation of a type judgment
is not necessarily unique in Hoq—making it a delicate issue whether the deno-
tational semantics of a derivable type judgment is well-defined (Lemma [B.35]).
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A< A
Az:Arx: A
z: A A+M:B A< A

(—0.11)

AFXeAM: A — B

'DType(c) <: A
Ax.1 et St el
( ) N (Ax.2)

x: AVATHFM:B FV(M) C|A|U{xz} A’<:A( 1)
AT AzA.M : I"(A' — B) i

'AT{FM:A—-B 'AToFN:C C<:A( E)
!A,Fl,FQFMNZB ’

!A,Fl}—Mli!nAl !A,Fg}—Mgi!nAg (&I)
!A,Fl,rg F <M1,M2> : 'n(Al &Ag) '

!A,Fl }—M'n(A1|Z|A2) !A,Fg,l'l : !nAl,,TQ : 'nAg FN:A (XE)
'A T, T5 F let (a:!lnAl,:zr!;A2> =MinN: A .

| . | .
T IATIFM:T  1AT,FN:A

T r— T.
AbFx:I"T AT, T9Fletx=MinN: A (T-E)

AFM:I™A A <: Aj AFN:1"A,y Ay < A
At inj,?M 1" (A; + A)) AFinj/i N I"(A] + A2)
'A,FFP'”(Al—i-AQ) !A,F/,Ill!nAlFMllB

!A,F/,ZCQ . 'nAQ FMQZB

A, D, I F match Pwith (2} 4" — My | 2} 42 — M) : B

A f:Y(A—B),z: A-M:B !A,F,f:!(A—OB)}—N:C( )
rec
'A,TF1letrec fABx = MinN:C

Table 1: Typing rules for Hoq

Definition 3.4 (Typing in Hoq). The typing rules of Hoq are as in Table[Il
Here A,T, etc. denote (unordered) contexts.

Given a context A = (z1 :
Al,...,:vm : Am),

e | A denotes the context (1 : ! Ay,...,Zm : | Ay); and
o |A|:={x1,...,z,} is the domain of A.

When we write A, T" as the union of two contexts, we implicitly require that
[A|N|T| = 0. In the rule (Ax.2), ¢ is a constant and its default type DType(c)
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is defined as follows.

DType(new,) := k-qbit for a density matrix p € DMgx
DType(meas!™) := (n+1)-gbit —o (!bit X n-gbit) forn >1
DType(meas}) := gbit —o!bit
DType(U) := k-gbit —o k-gbit for a 2% x 2% unitary matrix U
DType(cmp,, ,,) = (m-gbit Kn-gbit) —o (m + n)-qbit

(12)

We shall write II IF A = M : A if a derivation tree II derives the type

judgment. We write IF A = M : A if there exists such II, that is, the type
judgment is derivable.

8.2. Operational Semantics

First we introduce small-step operational semantics, from which we derive
big-step one. The latter is given in the form of probability distributions over
the bit type and is to be compared with the denotational semantics.

Definition 3.5 (Value, evaluation context). The values and evaluation con-
texts of Hoq are defined in the following (mostly standard) way.

Values V, Vi, Vo = x| Xed. M | (Vi,Va) | % | injBV | injA V|
new, | meas] ™ | U | cmp,, ,
Evaluation contexts

E = [ E[LUM] | E[VL]]T| E[LLM)] | ELV LD
E[let (x4, yP)=[]inM] | E[letx=[_]inN] |
El1n3?[]) | Blin3A[]] | Elmatch[ Juith(s4 s M|y o N)] |

Here E[F)] is the result of replacing E’s unique hole [ ] with the expression F.

As usual, all the constants (new,, meas?“, and so on) are values.

The definition of evaluation context is “top-down.” A “bottom-up” defini-
tion is also possible and will be used in later proofs.

Lemma 3.6. The following BNF notation defines the same notion of evaluation
context as in Definition [T

D = [J| DM | VD | (D,M) | (V,D) |
let (z4,4®) =DinM | let+ = Din N |
injPD | injAD | match Dwith (24 — M | y® — N) .

Here V is a value and M, N are terms, as before. (|

17



Definition 3.7 (Small-step semantics). The reduction rules of Hoq are de-
fined as follows. Each reduction — is labeled with a real number from [0, 1].

E[ (A M)V —1 E[M[V/z]]

meas] " (new,) | —1 E[(ff, new(y, |pi1,) ) |

measi(new,) ] — (|0 E[tt]
meas](new,)] — | 1) E[£f]

Here M, N are terms, V, W are values and n > 1 is a natural number. The reduc-
tions that involve new,—mamely (U), (cmp), (meas;-meas,)—occur only when
the dimensions match. The last four rules are called measurement rules. They
always give rise to two reductions in a pair (corresponding to observing tt or
£f); the pair are said to be the buddy to each other.

Observe that the label p in reduction —, is like a probability but not quite:
from meas?
We understand that the probabilities are implicitly carried by the trace values
of the matrices (0;]p|0;) and (1;|p|1;). See () and the remarks that follow it.
As is standardly done, we will prove adequacy of our denotational semantics
focusing on bit-type closed terms. For that purpose we now introduce big-step

semantics for such terms

Definition 3.8 (Big-step semantics). For each n € N we define a relation
Y™ between closed bit-terms M and pairs (p,q) of real numbers. This is by
induction on n.

For n = 0, we define

£t Y0 (1,0), ££ Y0 (0,1), and M Y° (0,0) for the other M.
For n+ 1, if M has a reduction M —s; M’ caused by a rule other than the
measurement rules, we set:

MY™ (pg) €5 MY (pq) .

If M has a reduction M —, N caused by one of the measurement rules, there
is always its buddy reduction M —s,» N’. In this case we set

MY (rp+1'p' rq+1'q) ety N Y™ (p,q) and N Y™ (p',q') .

6We swapped the notations Y and |} from the previous version [1].
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Elletx=xinM| —; E[M]
E[match (inj§V)with (2" 4+ M | y'" B N)] —; E[M[V/2]]
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E
B
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(new,) there are two —1 reductions, to new g, |,jo,) and tonewy,||1,)-



Finally, we define a relation Y as the supremum of Y. That is,

MY (p,q) €5 (pq) = sup{ (/.¢) | M Y™ (¢/,¢) for some n}

where sup is with respect to the pointwise order on [0,1] x [0,1]. It is easy to
see that for each M and n, there is only one pair (p,q) such that M Y™ (p,q).
The same holds for Y, too.

The intuition of M Y (p,q) is: the term M (which is closed and of type bit)
reduces eventually to tt with the probability p; to £f with the probability q.

Remark 3.9. The operational semantics of [9] employs the notions of quantum
array and quantum closure—it thus has the flavor of a language with quantum
stores (cf. |6]). This is the very key in their setup that allows for using the Hilbert
space tensor ® as the linear logic tensor. We chose to separate the two tensors
so that the ! modality and recursion can be smoothly accommodated using
known techniques (namely Gol and realizability). Accordingly, our operational
semantics for Hoq is much more simplistic without quantum arrays.

3.3. Design Choices

3.3.1. What We Share with the Calculus of Selinger and Valiron
Our calculus Hoq share the following design choices with the original calculus
in [9]:

e building on linear A-calculus—in particular the enforcement no-cloning by
a linear type discipline;

e a call-by-value reduction strategy;

o uniformity of data, in the sense that classical and quantum data are dealt
with in the same manner;

e a formulation of the letrec operator, as is usually done in a call-by-value
setting (namely, recursion is only at function types, see the (rec) rule in
Table [I); and

o implicit linearity tracking.

The last means the following (see also |9]). Linear A-calculi, including the one
in [30, 131], typically have explicit syntax for operating on the ! modality. An
example is the derelict operator in

'EM:1A
I' - derelictM : A

(13)

In [9] a subtype relation <: is introduced so that such explicit operators can
be dispensed with. For example, the subtype relation ! A <: A replaces the
derelict operator in the above. This design choice is intended to aid program-
mers; and we follow [9] with regard to this choice.
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3.3.2. What Are Different

We now turn to the major difference from the original calculus, namely the
separation of X from ® (mentioned already at the beginning of the current
section). In [9] they use the same symbol ® for both tensors; in other words,
the linear logic tensor is interpreted using the Hilbert space tensor. This leads
to their clean syntax: a 2-qubit system is naturally designated by the type
gbit ® gbit; and this is convenient when we translate quantum circuits into
programs. Moreover, their ingenious operational semantics—which carries the
flavor of quantum store—allows such double usage of ® (see Remark B3.9]).

However, in developing interaction-based denotational semantics, we found
this double usage of ® inconvenient. We would like the linear logic tensor
interpreted in the same way as it is interpreted in the conventional interpretation
of classical computation. This seems to be a natural thing to do when working
with a language with “quantum data, classical control”—leaving the classical
control part untouched. Moreover, there exists ample semantical machinery that
provides natural interpretations of the operators like | and —o and recursion that
go along well with X.

The latter is not easily the case with ®. While the duality H* = H gives a
compact closed structure (hence the interpretation of —o) to the category fdHilb
of finite-dimensional Hilbert spaces, such is not available in the category Hilb
of general Hilbert spaces, on the one hand. On the other hand, Hilb is a natural
choice for a semantic domain: for interpreting the ! modality (“as many copies
as requested” ), we will need some kind of “infinity,” whose first candidate would
be infinite-dimensional Hilbert spaces

Remark 3.10 (Other categorical models for higher-order quantum computation).
A different approach is taken in [14]. The work keeps the original language
of [9)—where the monoidal and quantum tensors coincide—and starts from an
axiomatic description of categorical models of the language. The latter is the
notion of linear category for duplication [9] that combines a linear-non linear
adjunction and monadic effects.

To construct a concrete instance of such models, the work [14] employs
a series of constructions known in category theory, notable among which is
cocomplete completion that embeds (via Yoneda) a monoidal category C in a
monoidal closed category [C°P, Sets] [48]. The base category is C = Q from [1]
where arrows are essentially quantum operations and a monoidal structure is
given by the quantum tensor ®.

The work [15] can be seen as a drastic simplification of the results in [14] by:
1) simplifying the calculus (but still maintaining coincidence of the monoidal and
quantum tensors); and 2) using quantitative semantics for linear logic |16, [17]
instead of completion by presheaves. The latter step is comparable to the sim-
plification of Girard’s normal functor semantics [18] to quantitative semantics.

7 In [6, §1] it is argued—rather on a conceptual level—that the Hilbert space tensor @ does
not seem quite compatible with a closed structure (i.e. with respect to —o).
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In comparison to this categorical and axiomatic approach, our approach to
a denotational model is operational, relying on intuitions from token abstract
machines and transition systems. This approach is served well by the categor-
ical formulation of geometry of interaction, and the theory of coalgebras as a
categorical theory of state-based dynamics. Moreover, it allows us to establish
correspondences to operational semantics (soundness and adequacy), a feature
that is lacking in [14].

Remark 3.11 (Other Gol models for higher-order quantum computation).
In contrast to the works discussed previously in Remark[B.I0 the line of work [49,
50,151, [11] aims at models for higher-order quantum computation with strong op-
erational flavors—given by token-based presentations of Gol—rather than cate-
gorical models. Unlike the current work where we distinguish X and ®, they do

use the same tensor ® for both. The price to pay is that they in |49, [50, 51, [11]

need multiple tokens—one for each qubit in entanglement—and they need to
synchronize from time to time, e.g. when they go through a multi-qubit unitary

gate.

Currently it is not clear how the multi-token Gol machines in |49, 50, [51, [11]
can be understood as instances of categorical Gol in [21], or how those machines
can be organized to form a categorical model. These research questions seem
to be important ones, all the more since the significance of multi-token Gol
machines seems to go beyond their roles in modeling quantum computation.
For example, in [52], it is shown that they successfully capture the difference
between CBV and CBN evaluation strategies of PCF, via translations to a linear
A-calculus—much like CPS translation does in the classic work of Plotkin [53].

Remark 3.12 (“Quantum circuits” in Hoq). Sequential and parallel com-
positions of unitary gates—much like those found in quantum circuits—are per-
vasive in quantum computation.

H|

—H]

Many higher-order functional languages for quantum computation (such as [9,
15,149,150, 51]) allow to express such compositions in a straightforward manner,
exploiting their coincidence of ® (for composite quantum systems) and X (as a
type constructor). For example, in [50] their proof nets (on which they define
multi-token Gol machines) are claimed to be one realization of higher-order
quantum circuits.

This is not the case with Hoq, unfortunately: due to the separation of X from
®, there is no type-theoretic infrastructure that supports the above quantum
circuit-like compositions of gates. See also an example in §3.5

We can however foresee that the kind of (inherently first-order) typing disci-
plines that would be needed for the above quantum circuit-like compositions are
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fairly simple. It is not hard to add one of such typing principles to Hog—whose
current type system’s job is to take care of higher-order control structures that
are much more complicated—as an additional layer. In other words, in such
an extension of Hoq we will have a first-order fragment of the language that is
devoted to composing quantum gates. We shall not describe such a straightfor-
ward extension in the current paper, since our focus here is on the integration of
classical and quantum information using the Gol and realizability techniques.
We note that, in such an extension, it will suffice to have a finite universal set
of quantum gates as primitives (any other gate can be approximately expressed
in the language).

Remark 3.13. In [15], the previous version [1] of the current paper is discussed,
and the authors say: “... the model drops the possibility of entangled states,
and thereby fails to model one of the defining features of quantum computation.”
We believe that this is not the case and the examples in §3.5 will convince the
reader. Entanglement may not be expressed by means of a type constructor,
but is certainly there.

Besides the separation of X from ®, Hoq’s difference from the calculus in [9]
is that bound variables and injections have explicit type labels (such as A in
AzA.M). This choice is to ensure well-definedness of the interpretation [A
M : A] of type judgments (Lemma [5.35)—a delicate issue with Hoq especially
because of the subtype relation <:.

Remark 3.14 (Type labels and well-definedness of interpretations). In
general a derivable type judgment A F M : A can have multiple derivations.
Since denotational semantics is defined inductively on derivations, it is not al-
ways trivial if the interpretation [A F M : A] is well-defined or not.

It is in fact nontrivial already for the simply typed A-calculus in the Curry-
style (i.e. variables’ types are not predetermined but are specified in type con-
texts). An example is given by

x:AF (Qyx)(Az.z): A,

where the type of z can be anything. When we turn to classical textbooks: in [54]
a Church-style calculus is used (variables come with their intrinsic types); in [55]
its Curry-style calculus has explicit type labels (much like in Hoq).

For the Curry-style simply typed A-calculus, we can actually do without
explicit type labels and still maintain well-definedness of [A + M : A]. Its
proof can be given exploiting strong normalization of the calculus. The same
proof strategy is used in [56, Chap. 9-11]—where the strategy is identified as
normalization by evaluation—to prove the well-definedness of [A F M : A]
for the quantum lambda calculus of [9]. (The proof is long and complicated,
reflecting the complexity of the calculus.) We believe the same strategy can be
employed and will get rid of type labels in Hoq; however the proof will be very
lengthy and it is therefore left as future work.
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We also note that all these troubles would be gone if we adopt explicit lin-
earity tracking (explicit operators like derelict in (I3]), instead of the subtype
relation <:), and move to the Church-style (variables have their own types).
The reasons for not doing so are:

e we agree with [9] in that explicit tracking of the usage of the ! modality
is a big burden to programmers; and

e our denotational model—based on Gol and realizability—has a merit of
supporting implicit linearity tracking. This is not the case with every
linear category, since we need certain type isomorphisms like |14 = 1 A
(see Lemma [5.3)).

3.4. Syntactic and Operational Properties of Hoq
Here we establish some syntactic and operational properties of Hoq, includ-

ing some safety properties such as substitution, subject reduction and progress.
Although they are mostly parallel to [9, §9.3], syntax is fragile and we have to

redo all the proofs. We shall defer most of the proofs to

Lemma 3.15 (Properties of the subtype relation <:). 1. <: is a preorder.

2. 1is monotone: A <: B implies | A <: ! B.

3. If n=0= m =0 holds, we have " A <: 1" A.

4. Assume that " A <: 1™ B. If neither A nor B is of the form ! C, we have
(n=0=m=0) and A <: B.

5. The relation <: has directed sups and infs. The former means the following
(the latter is its dual). If A1 <: A and Ay <: A, then there is a type Ay
such that: 1) Ay <: Ag and Ay <: Ap; 2) Ay <: A" and Ay <: A’ imply
Ay <: A ]

Notation 3.16 (Subtyping <: between contexts). We write A’ <: A when:
e |A'| =A|, and
o for each (z: A’) € A/, thereis (x: A) € A with A’ <: A.

In Table [ some rules including (—o.I) have type coercion: while the term
Az M has a type label A, its actual type is A’ —o B with A’ <: A. This is so
that the following holds.

Lemma 3.17. The monotonicity rule s admissible in Hoq.

AN<:A AFM:A A< A (Mon)
AEM:A 0

Corollary 3.18. The dereliction and comultiplication rules are admissible in
Hogq.
AFM:TA
AFM:A

AEM:1A

(Der)  Xrar-na

(Comult) O
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Lemma 3.19. 1. IfIF A+ M : B, then FV(M) C |A|.
2. If e ¢FV(M) and - Ajx : A= M : B, then F A+ M : B.
3. The following rule is admissible.

AFM:A .
T AL M. A (Weakening)
PROOF. Straightforward, by induction on derivation. (]

Many linear lambda calculi have the promotion rule

IAFM:A
'!AF promote M : ! A

(Prom)

or its variant, like in [30, I31]. Much like the original calculus (see [9, Re-
mark 9.3.27]), Hoq lacks the general promotion rule but it has a restriction to
values admissible.

Lemma 3.20 (Value promotion). Let V' be a value.

1. IfF ARV . LA, then for each x € FV(V), we have (z : | B) € A for
some type B.
2. Conversely, the following rule is admissible in Hoq.

IATFV:A  FV(V)CIA
: !A,FFV:!X(él)_| |(ValP7"0m), whereVisavalue.D

Remark 3.21 (No-cloning). We note that all constants are values (Defini-
tion B.A]); therefore the last result (or ultimately the rule (Ax.2) in Table [)
implies that any constant can have a type ! A, where A is the default type of
the constant (Definition [B4]). This can raise a suspicion that our calculus Hoq
does not respect no-cloning, one of the most fundamental principles in quantum
mechanics: it dictates that no quantum state should be duplicable (unless it is
classical in a suitable sense); still our primitive new, can have a type ! k-qbit
and hence is duplicable.

We believe this is not problematic. As discussed briefly after Definition [3.2]
we understand the constant new, to stand for “deployment of some quantum
apparatus that is capable of preparing the quantum state p.” In this viewpoint
it is no problem that the term

( g i cmp, | (z, z) )(new‘0> ©)

is typable—it just denotes that we run an apparatus that prepares the state |0)
twice to obtain the state |00).
Still the no-cloning property is discerned in the calculus Hoq. For example,
the term
APt cmp, 4 (T, 2)

without ! in its argument type, is not typable. This means we cannot duplicate
a quantum state whose preparation apparatus we do not have access to.
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A general substitution rule

'AATYFM:A 'ATy,z: AFN: B
AT, To - N[M/x]: B

(Subst)

is not admissible in Hoq. A counter example can be given as follows. The
following two judgments are both derivable.

x:qbit —o lgbit,y : gbit - zy : | gbit w:gbit - Az' P 4 : I(Igbit —o | gbit)

In particular, the latter relies on the (—o.I3) rule. However, the result of substi-
tution

z:gbit —o !gbit,y : gbit F Az'®¥ 2y : (Igbit —o ! gbit)

is not derivable: since the types of the free variables z,y are not of the form
I'A, the (—.I) rule is not applicable. Therefore we impose some restrictions.

Lemma 3.22 (Substitution). The following rules are admissible in Hoq.

AT FM: A 'ATy,z: A-N:B AZ£VA for any A’

Subst
AT Tt Ve B (Substy)
IAFM: A AT,z : AFN: B
,Ta, Subst
ATy N[M/z]: B (Substy)
AT FV:A ATye:APN:B  Visavale ..,
3

IAT,,Ts - N[V/z] : B
'IATWFM:A 'ATo,z: AF-E[z]: B x does not occur in E
ATy, T - E[M]: B

(Substy)

Note that in the first assumption of the (Substz) rule, the whole context must be
of the form ! A. In the (Substy) rule E denotes an evaluation context (Defini-
tion[F3A); the side condition means that x occurs exactly once in the term E[x].

O

Lemma 3.23 (Subject reduction). Assume that - A+ M : A, and that there
is a reduction M —, N (we allow p=0). ThenlF A+ N : A. O

Lemma 3.24 (Progress). A typable closed term that is not a value has a re-
duction. More precisely: assume that IF= M : A (therefore M is closed by
Lemma [3190), and that M is not a value. Then there exists a term N and
p € [0,1] such that M —, N. O

We note that, given M, the sum of the values p for all possible reductions
M —, N is not necessarily equal to 1. See the remark right after Definition 3.7
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3.5. Hoq Programs: an Fxample

We give an example of a Hoq program that simulates quantum teleporta-
tion: a procedure in which Alice sends a quantum state to Bob using a classical
communication channel. The example, although first-order, will exemplify the
expressivity as well as inexpressivity of the calculus Hoq: it fully supports prepa-
ration of quantum states and unitary transformations; it also features (classical)
branching based on measurement outcomes; however, due to the distinction be-
tween ® and X, composition of unitary transformations—one that is much like in
quantum circuits—is less straightforward to express (cf. Remark [B12). See (I4)
where an explicit use of cmp is required, and some discussions that follow it.

Potential use of higher-order quantum programs has already been advocated
by many authors; see e.g. [9,12,16]. They could also be used in formalizing games
in quantum game theory, a formalism that is attracting increasing attention as
a useful presentation of quantum nonlocality (see e.g. [57]). We here use a first-
order example of quantum teleportation, however, since it is one of the most
well-known quantum procedures.

In the quantum teleportation protocol, Alice and Bob start with preparing
an EPR-pair. Alice keeps the first qubit of the EPR-pair; and Bob keeps the
second qubit. In Hoq, we can prepare an EPR-pair by applying a suitable
unitary transformation to a qubit constructed by new:

EPR := U (cmp, , (new|oy(o|, new|0)(0|)) :  2-gbit (14)

where Up is a unitary transformation given by

10 1 0
1 o1 0 1
Yo V2o 1 0o -1
10 -1 0

We note that Uy is usually defined as the following composition of the
Hadamard gate H and the conditional-not gate N:

Up=NHRL) ,

where 75 is the 2 x 2 identity matrix. However, since the tensor product X of
Hoq is different from the tensor product ® of vector spaces, we cannot program
Uy as a simple composition of H and N in Hoq. We need to calculate Uy outside
Hoq; see the discussions in Remark 3.12]

Then Alice applies a Bell measurement to the first two qubits of a quantum
state p X EPR where p is a quantum bit that Alice wishes to send to Bob.

Bellmeasure :=  \w> ™, let (b5*, p? ) = meas? (Uw) in
let (by**, ¢*"*) = meas] p in (bo, (b1, q))

3-gbit —o bit X (bit X gbit)
(15)

26



Here U, is the following unitary transformation:

1000 0 0 1 0
0100 0 0 0 1
0010 1 0 0 0

g L]ooo1 0 1 0 0

el o000 0 0 -1 0|
0100 0 0 0 -1
0010 -1 0 0 0
0001 0 -1 0 0

which is equal to ((H ® Io)N ) ® Zy. Although the third qubit has nothing
to do with the Bell measurement, we need to include the third qubit in the
program (5] because the type 2-gbit X gbit is different from 3-gbit in Hoq.
This kind of awkwardness will also be gone, once we equip Hoq with constructs
for composing unitary operations.

Alice tells the result (4, j) of measurement to Bob, and Bob applies a unitary
transformation U; ; to his qubits:

corr = Axbit&(bit@qbit)' let <b81t, ybitlZlqbit> — 2 in let <bllait7 quit> =y in
match by with (
z(—)r — match b; with (w(—)r — Ugoq | wf — Uop1q)
| 2 — match by with (wg — Uioq | w] — Ui1q))
bit K (bit K gbit) —o gbit

where U;; are given as follows.

1 0 0 1 1 0 0 1
Ugo := (0 1) Uor == (1 O) Ui := (0 _1) Uy = (_1 0)

The result is the qubit that Alice wishes to send to Bob.
We combine the above programs into one: we define a closed value qtel :
gbit —o gbit to be

Az®, corr (Bellmeasure (cmpl)2 (z,EPR) )) .

We can observe that Bob receives Alice’s qubit.

Proposition 3.25. For any unitary transformation U, the reduction tree of
qtel is of the following form.

qtel (U neW|0 0|

N T

new; new 1 newl newl
1P P 1P
Here p € DMy is U |0)(0| Ut and =5, is the transitive closure of —. O
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8.5.1. Fair Coin Toss
This example is in [9]: it simulates a fair coin toss with quantum primitives.

fcoin := H(newtt) toss := \z%* meas]z
Proposition 3.26. The reduction tree of toss fcoin is the following one.
toss fcoin

i/\

Here we omitted reductions —1. O

1
2
ff

4. The Quantum Branching Monad Q and The Category PERg

We now turn to denotational semantics of Hoq.

4.1. Background

The starting point of our current work was Jacobs’ observation [33] that
relates: monads for branching (§2.2) used in coalgebraic trace semantics) and
traced monoidal categories that appear in categorical Gol (§2.3]). See also Re-
mark This relationship establishes the first among the three steps in
Figure [l

Examples of a traced monoidal category C used in categorical Gol [21]] are
divided into two groups: the so-called wave-style ones where C’s monoidal struc-
ture is given by products x; and the particle-style ones where it is given by
coproducts 4. The former are of static nature and includes domain-theoretic
examples like w-CPO. The latter particle-style examples are often dynamic, in
the sense that we can imagine a “particle” (or a “token”) moving around (we
will further elaborate this point later). This is the class of examples we are more
interested in. The examples include:

e the category Pfn of sets and partial functions;

e the category Rel; of sets and binary relations, where the subscript +
indicates that the relevant monoidal structure is the one given by disjoint
unions of sets; and

e the category SRel of measurable spaces and stochastic relations.

For us the crucial observation is that these examples are (close to) the Kleisli
categories K/(B) for the “branching” monads B in Example [Z14] §221 Indeed,
it is easy to see that Pfn and Rel are precisely K¢(L) and K€(P), respectively;
the category K¢(D) can be thought of as a discrete variant of SRel.

Generalizing this observation, Jacobs [33] proves that a monad B for branching—
i.e. a monad on Sets with order enrichment, subject to some additional conditions—
has its Kleisli category K¢(B) traced monoidal (see Theorem later). Here
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the monoidal structure is given by +, coproduct in Sets (and also in K4(B),
since the Kleisli embedding Sets — K¢(B) preserves coproducts).

Let us elaborate on such a Kleisli category K¢(B). We look at it as a category
of piping. An arrowy f:X -+ Y in K{(B) is understood as a bunch of pipes,
with | X |-many entrances and |Y|-many exitsf] The pipes are where a particle
(or token) runs through. See below; here the shaded box f consists of a lot of

pipes. . .
f (16)
1 1

According to the choice of a monad B (see Example[2.14)), different “branch-
ing” of such pipes is allowed.

e When B = L a pipe can be “stuck” or “looped.” A pipe connects an
entrance z with the exit f(z)—hence a token entering at & comes out of
f(z) € Y—when f(z) is defined. A token is caught in the piping and
does not come out in case f(z) is undefined, i.e. if f(x) belongs to 1 in
L=1+().

e When B = P a pipe can branch, with one entrance x connected to possibly
multiple (or zero) exits (namely those in f(z) CY).

e When B = D a pipe can branch too, but this time the branching is
probabilistic.

For all these monads B it is shown in [33] that the Kleisli category K¢(B) is
symmetric traced monoidal, with respect to 4+ as a monoidal product and 0 (the
empty set) as a monoidal unit. In view of Figure[l] all these Kleisli categories can
support construction of a linear category via categorical Gol and realizability.

Moreover, it is plausible that the resulting linear category inherit some fea-
tures from its ingredients—ultimately from the branching monad B. For ex-
ample, we start with B = P and the outcome would be a linear category with
some nondeterminism built-in, hence suited for interpreting a language with
nondeterminism.

Therefore for our purpose of obtaining a linear category with a quantum
flavor—and interpreting a quantum lambda calculus in it—the first question is

8We shall use -+ to denote an arrow in a Kleisli category.
9 Our piping analogy is not completely faithful: in a Kleisli arrow f the two crossings X
and A are identified, but they are different as physical pipes.
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to find a branching monad with a quantum flavor. Our answer is the quantum
branching monad Q that we introduce now.

4.2. The Quantum Branching Monad Q

The following formal definition of Q below is hardly illustrative. The intu-
ition will be explained shortly, using the piping analogy (] for arrows in the
Kleisli category K¢(Q).

Definition 4.1 (The quantum branching monad Q). The quantum branch-
ing monad Q : Sets — Sets is defined as follows. On objects,

oX = {c:X—> 1 o..

m,neN

the trace condition (]Iﬂ)}

where: QO,, ,, is the set of quantum operations of the type DM,, — DM,
(Definition 2.6)); [],,, ,cy denotes a Cartesian product; and the trace condition
stands for the following.

Z Ztr((c(m))mm(p)) <1 ,VmeN, Vpe DM,,. (17)

zeX neN

Here (¢())m,n is the (m,n)-component of c¢(x) € [],,, QO,,,. On arrows,
given f : X — Y we define Qf : QX — QY as follows. Forc€ QX andy € V:

(@NEOW) = D (@), - (18)

vef~1({y}) ’

Note that the sum on the right-hand side is well-defined, because of the upper
bound given by the trace condition (I7). As for the monad structure, its unit
nx X = QX is:

(nx(@)(@")),,, =

)

{idm ifx =2’ and m = n, (19)

0 otherwise.

Here id,, is the identity map; 0 is the constant QO that maps everything to 0.
The multiplication pux : QX — QX is defined by:

(1x (@), = > (@), (1)) - (20)
c€QX keN
The QO (c(:z:))kn o (”y(c))m , on the RHS is the sequential composition of
QOs: given a deflsity matrix p € DM,,, it first applies (y(c))m.r € QO,,  and
then applies (¢(2))r,n € QOy ,, transforming p eventually into an n-dimensional
density matrix.

In [Appendix C| we prove that the sums in (I8) and (20) exist, that Q is indeed

a functor, and that Q is indeed a monad.
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Let us first note a common pattern that is exhibited by © and the previous
examples of branching monads B, namely:

BX = {c¢: X = W | a normalizing condition} , where W is a set of weights.
Specifically:

e For B = L the set W is 2 = {0,1} (stuck or through); the normalizing
condition is
c¢(x) =1 for at most one z € X.

e For B = P the set W is 2 = {0,1} again, but there is no normalizing
condition.

e For B = D the set W is the unit interval [0, 1] and the normalizing condi-
tion is ) .y c(x) < 1.

e For B = Q the weights are a tuple (or a block matrix) of quantum oper-
ations and the normalizing condition is the trace condition (I7]).

Let us continue (I8) and think of an arrow f : X -+ Y in K/(Q) as piping.
The piping analogy is still valid for Q; a crucial difference however is that, for
B=Q,

a token that runs through pipes is no longer a mere particle,
but it carries a quantum state.

Each entrance x € X is ready for an incoming token that carries p € DM,,
of any finite dimension m. Such a token gives rise to one outcoming token.
However, its exit can be any y € Y and the quantum state carried by the token
can be of any finite dimension n € N. We think of the piping to be applying a
certain QO to the quantum state carried by the token; the QO to be applied is
concretely given by

(f@W),., € QO .

that is determined by: which exit y € Y the token takes; and what is the
dimension n of the resulting quantum state.

p € DM,
i
f
(21)
{ {
(@), ) (@), )
€ I1, DM, € 1, DM,



The trace condition ([I7) now reads, for an arrow f: X - Y in K¢(Q):

Z Ztr((f(ac)(y))mn(p)) < 1, foreach m €N, p e DM,,, and = € X.

(22)
The trace value tr ( (f(=)(y)) . (p)) is understood as the probability with which

a token p entering at x leads to an n-dimensional token at y. These probabilities
must add up to at most 1 when the exit y and the outcoming dimension n vary.
This is precisely the condition (22)).

The composition ® of Kleisli arrows can then be understood as sequential
connection of such piping, one after another.

{ p € DM,

Yyl |y | | (k-dimensional) (23)

1 (n-dimensional)

Here the numbers m, k and n stand for the dimension of the quantum states
carried by the token, at each stage of the piping.
Concretely, the Kleisli composition ® is described as follows.

Lemma 4.2 (Composition ® in K¢(Q)). Given two successive arrows f: X -
Y andg:Y U in K(Q), their composition g© f : X — U is concretely given
as follows.

(wonww) =33 (eww),, o (@),

yEY kEN

ProoF. See [Xppendi )

This description of ® in K¢(Q) is ultimately due to the definition (20) of the mul-
tiplication operation u. We notice its similarity to the multiplication operation
of the subdistribution monad D. The latter is defined by

pR(@) = Y Ae)-ela)

ceDX

where - denotes multiplication of real numbers. This notably resembles (20]).
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Remark 4.3. The reason why Q is called a quantum branching monad is that
a Kleisli arrow f : X + Y in K¢(Q)—thought of as piping like 2I)—is a
“quantum branching function.” This is in the same sense as an arrow f : X + Y
in KC4(P) is a “nondeterministically branching function” and an arrow f : X Y
in K¢(D) is a “probabilistically branching function.”

An example of such an arrow in K¢(Q) is given by the following f;. Here
k,l,m and n are natural numbers, and p € DM,,, is an m-dimensional density
matrix.

fl :N—+— N,
(0lp|0) ifm=2,n=1andl =2k,
(fr(k)D)),, . (p) =< (Lp|l) ifm=2n=1andl=2k+1,
0 otherwise.

Imagine a token carrying a quantum state p € DM,,, entering this piping at the
entrance k € N. The token does not come out at all unless p is 2-dimensional. If
p is 2-dimensional, the token might come out of the exit 2k € Nor 2k + 1 € N.
To each of these exits the assigned value is (0]p|0) and (1|p|1), respectively:
these numbers in C! (or rather [0,1]) are understood as the probabilities with
which the token takes the exit.

This way we are modeling branching structure that depends on quantum
data—or classical control and quantum data. The principle is:

e a classical control structure is represented by the pipe the token is in; and
e quantum data is the one carried by the token.

Notice also that we are essentially relying on the separation of a measurement
into projections (see Remark [Z1T]).

A slightly more complicated example is the following fo. Here N € N is a
natural number.

f2 :N—+— N |
(01]p[01) if m =2NF1 n=2Y and | = 2k,
(f2(k)D),,  (p) =1 (Lilp|l1) ifm=2N*" n=2N and =2k +1,
0 otherwise.
Here an incoming token carries an (N + 1)-qubit state p € DMyn+1, and the
arrow fo measures its first qubit (with respect to the basis consisting of |0;) and

[11)), resulting in the token sent to different exists according to the outcome.
The outcoming token carries a state

(01]p[01) or (Lilp[l1) € DMaw

that represents the qubits from the second to the (N + 1)-th. Here the trace
value of each of the two density matrices implicitly represents the probability
with which the token is sent to the corresponding exit. See Remark ZT11
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It is not only measurements that we can model using arrows in X¢(Q). Con-
sider the following f3. Here K € N is a natural number.

f3 : N—+— N s

p®0)(0] if m =2 n=2N*"and k=1=2K,
(fs(k)(D),  (p):==%p ifm=n=2Yand k=1=2K +1,

0 otherwise.

This arrow models (conditional) state preparation: it adds, to a token coming
in at k = 2K, a prepared state |0)(0] as an (N + 1)-th qubit.

Furthermore, the composition f3 ® fo : N - N represents the following
operation: it measures the first qubit; and if the outcome is |0), it adjoins a new
qubit.

The monad Q indeed satisfies the conditions in [33]—much like £, P and D,
it is equipped with a suitable cpo structure—so that the Kleisli category K¢(Q)
is a traced symmetric monoidal category (TSMC).

Definition 4.4 (Order C on QX). We endow the set QX with the pointwise
extension of the Léwner partial order in Definition Namely: given c,d €
QX, we have ¢ C d if for each x € X, m,n € N, (d(2))m.n C (c(x))m.n-

Theorem 4.5. The category KU(Q) is partially additive (a notion from [58]).
Therefore by [59, Chap. 3], (K0(Q),0,+) is a TSMC, with its trace operator

gwen explicitly by Girard’s execution formula.

PRrOOF. By [33, Proposition 4.8]; see Theorem for details. No-
tably, the Kleisli category K¢(Q) is w-CPO enriched: a homset K¢(Q)(X,Y) is

equipped with the order that is the pointwise extension of that on QY (Defi-
nition ). The trace operator will be described later, in the proof of Theo-

rem (.14 O

Remark 4.6. Continuing Remark B3] we note that in the field of quantum
programming languages the study of quantum control is emerging. With initial
observations in [60, 61], this line of work aims at extending the by-now accepted
paradigm of classical control and quantum data. Under quantum control, the
current program counter of a program’s execution can be a quantum superposi-
tion of multiple program locations. In the token analogue in the current section,
this means that the token’s position can be superposed—this is not possible with
our current monad Q, where a token’s position can be a probabilistic ensemble
of different positions but is never a quantum superposition.

Some authors use the terminologies classical and quantum branching to dis-
tinguish the choices of classical/quantum control structures. In this view the
name “quantum branching monad” of our monad Q is utterly inappropriate—it
is more precisely a “classical control and quantum data monad.” We shall stick
to this name, however, in view of other branching monads such as £,P and D.
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4.8. A Linear Combinatory Algebra via Categorical Gol

In the current section (§43) we shall elaborate on the high-level descrip-
tion in §2.3 and review the general definitions and results in [21] on categorical
Gol, using the prototypical example Pfn = K¢(L) for providing some intuitions
(where L is the lift monad given in Example 2I4). The constructions in [21],
when applied to Pfn = K/(L), lead to a model that is pretty close to token ma-
chines in [62, [24]. Later in §44 building on the categorical theory of branching
in $LTHA2] we will observe that the Kleisli category K¢(Q) for the quantum
branching monad also constitutes an example of categorical Gol. This fact sug-
gests that the resulting model is a “quantum variant”—one among multiple
possibilities, at least—of token machine semantics.

Definition 4.7 (Retraction). Let X and Y be objects of a category C. A
retraction from X to Y is a pair of arrows f: X — Y and g : Y — X such that
go [ =idx, that is,
f
. 4
id XMY
9

Such a retraction shall be denoted by f: X <Y : g, following |21].

Throughout the current paper all the examples of retractions are in fact iso-
morphisms, although retractions are sufficient for the axiomatic developments.

Definition 4.8 (Gol situation). A Gol situation is a triple (C, F,U) where

e C = (C,I,®) is a traced symmetric monoidal category (TSMC), see
e.g. |44, 163]. This means that C is a monoidal category equipped with
a trace operator

Xxezhvez nc

t’f{,y(f)
=

X Y inC

that is subject to certain equational axioms.

e F: C — Cis a traced symmetric monoidal functor, equipped with the
following retractions (which are monoidal natural transformations).

e: FFaF :¢ Comultiplication
d:id<F :d Dereliction
c: FFaF : ¢ Contraction
w: Kr<F o Weakening

Here K7 is the constant functor into the monoidal unit 7;

e U € C is an object (called reflexive object), equipped with the following
retractions.

7 :UU<U : k
I U
u: FU<U : v
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Let us try to provide some intuitions on the notion of Gol situation; in
particular, on how this abstract categorical notion manages to encapsulate the
essence of Gol, that is, interaction-based semantics of computation. We shall
use a prototypical example of Gol situations from ]

Lemma 4.9 ([21])). The triple ((K0(L),0,+), N-_,N) forms a Gol situation.
Here the functor N - _ : K(L) — KU(L) carries a set X to the coproduct N - X
of countably many copies of X (i.e. to the N-th copower of X ). O

In the token-based presentation of Gol like in @, @], a term M in a calculus
is interpreted as a partial function [M] from some countable set to another; let
us say it is of type [M]: N -+ N. Note here that we used the general notation
—+ for Kleisli arrows, since partial functions are nothing but Kleisli arrows for
the lift monad £. Recall the piping analogy from 4.1} in this analogy, the
interpretation [M] is a piping with countably many entrances and exits. See
the figure (I6).

What is intriguing about Gol is how a function application M N is inter-
preted. In this paper we aim at exploiting Gol in deriving a categorical and
denotational (hence algebraic and compositional) model—therefore we should
be able to derive [MN]: N - N from the interpretations [M]: N -+ N and
[N]: N + N of the constituent parts This happens as follows. Here we use
the piping analogy in §4.1] identifying a partial function f: N - N with a piping
with countably many entrances and exits, with possible loops (a token enters
and it might not come out).

oM N = IN1 ==

101t is often emphasized (e.g. in [20]) that Gol semantics is different from “denotational
semantics,” in that the former explicitly uses the execution formula as a semantical counter-
part of B-reduction, while commonly in denotational semantics the interpretation of terms is
unchanged. In this paper we follow categorical Gol } and abstract away from this difference.
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Let us go through the above process by one step after another. In the first step
(=), a bundle of countably many pipes (for the entrances of [M]) is split into
two bundles (left and right); and the same happens for the exits of [M]. This
is possible because the set of natural numbers is isomorphic to two copies of it
(N + N = N); axiomatically this is what is required of the reflexive object U
in Definition In the second step we interconnect the bundles on the right
into/from [M], and the exits/entrances of [IN], in the following way.

SV NE
D

M1 ‘
|
A\

Notice that, after this second step (=), we are now looking at a piping with
countably many entrances (top-left) and countably many exits (bottom-left)—
that is, a partial function N -+ N. The third step (=) just means that we take
the piping (i.e. a partial function) thus obtained as the interpretation [M N] of
the function application M N.

One can also think of the process (24]) as “parallel composition and hiding,”
a design principle often heard in game semantics ﬂﬁ, @] Specifically, the inter-
pretations [M], [IV] of the constituent terms operate in parallel, communicating
with each other by passing a token (information is communicated by the choice
of a pipe via which to pass the token, see below); and the interpretation [M N7
is finally obtained by “hiding” the internal interactions between [M] and [N]
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(the third = in (24)).

A1) Il (25)

Let us also note that partiality is crucial in Gol. Even if [M] and [N] are
total functions from N to N, the piping obtained in ([25) does not necessarily
correspond to a total function: a token that enters from one of the top-left pipes
can be caught in an infinite loop between [M] and [N], never reaching one of
the exits (the bottom-left pipes).

As we already mentioned, a traced symmetric monoidal category (TSMC)
is a main component of the notion of Gol situation (Def. Lg]), a categorical
axiomatization of Gol given in ﬂﬂ The reason is simple, in view of the above
piping and token intuitions about Gol. Recall that a symmetric monoidal cat-
egory C being traced means that it is equipped with a trace operator; in our
current setting where the tensor product of C = K¢(L) is given by coproduct +,
the type of the trace operator is

X+zLv+z ke

L (f
x Doy ke
Moreover the operator’s action can be depicted as follows using the string
diagram formalism for (arrows in) monoidal categorles

B -

A trace operator can be thought of as a feedback operator in many examples.
This is also the case in our current specific instance of K¢(£) = Pfn. Here a
trace operator can be concretely given in the following straightforward manner,
exploiting partiality. Given f: X + 272 - Y + Z, let fxy: X —+ Y be its
“restriction” to X and Y, that is

Fev () = {f(u) ifueX and f(u) €Y, (26)

L (undefined) otherwise.

We define fxz, fzy and fzz in a similar manner, and we let tr)Z(7Y(f): X+Y
be

iy (@) = fxy(@)U| | (fzv o f3z0 fxz)(@) (27)

neN
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where U denotes supremums in the flat cpo LY = {L} + Y. The right-hand
side informally reads: either the token immediately comes out of Y, or it comes
out of Z, in which case it is fed back to the Z-entrance again. It bears notable
similarity to Girard’s ezecution formula, too.

This trace operator is what allows the series of transformations described
in (24). In (24) we used pipes to informally depict partial functions; the same
can be described formally, using string diagrams [64] for the (traced) monoidal
category (KU(L),0,+), as follows.

In the above, we start with two arrows [M], [N]: N - N in K¢(L); we compose
j and k, from the retraction N+ N < N (Def. [£.8), with [M]; to it we post-
compose the arrow

N+[N]: N+N-—+N+N

(where the first N stands for the identity arrow idy: N - N) and obtain the
arrow (N + [N]) o k o [M] o j (the third string diagram); here we crucially
exploit the trace operator tr in the category K¢(L) and obtain the arrow

trgyN((N-l—[[N]])oko[[M]]oj): N—+ N ;

finally some “topological reasoning” with string diagrams yields the last equality,
and the last string diagram corresponds to the last “piping” diagram in (24]).
This way, a trace operator plays an essential role in axiomatizing “two processes
talking to each other (i.e. feeding one’s answer back to the other).”

As we already discussed in §2.3] the workflow of categorical Gol [21] turns
a Gol situation (Def. [I.g)) into an LCA, a model of untyped linear A-calculus.

Definition 4.10 (Linear combinatory algebra, LCA). A linear combina-
tory algebra (LCA) is a set A equipped with
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e a binary operator (called an applicative structure) - : A2 — A;
e a unary operator ! : A — A; and

e distinguished elements (called combinators) B,C,I, K, W, D, 8, and F, of A.
These are required to satisfy the following equalities.

Bryz = z(y2) Composition, Cut
Cryz = (x2)y Exchange
lx =x Identity
Kely==x Weakening
Wz!ly=z!lyly Contraction
Dlz==x Dereliction
Sl =z Comultiplication
Flaly = (ay) Monoidal functoriality

The notational convention is: - associates to the left; - is suppressed; and
! binds stronger than - does.

Theorem 4.11 (From Gol situations to LCAs [21)). Let (C,F,U) be a Gol
situation (Definition[{.8). Then the homset

C(U,U)
is a linear combinatory algebra (LCA). O

We shall review the proof of the previous result (from [21]) and describe the
LCA structure of C(U, U) in some detail. Its application operator - is defined in
the same way as what we already described for the special case of (C, F,U) =
(K¢(L),N-_,N). That is, for each a,b: U + U,

N/

j a k U®b
b=ty (vev bu-bv-buerBuer ) = |

(29)
Let us now describe the ! operator. Its string diagram presentation, using dashed
boxes and double lines for denoting application of the functor F' (like in [65, [47]),
is as follows.

!a::(U—”HFUf&FU—EU): ] : (30)

40



Now, for some intuition, let us instantiate the general definition to the leading
example of (C, F,U) = (K¢(L),N-_,N). Since we have an isomorphism N-N 2 N,
a retraction v : N-N < N : v is readily available; let us fix one such pair. In the
string diagram in ([B0) a plain string represents N and a double line represents
N - N; the dashed box then represents making countably many copies of its
content. Using pipes in place of strings (i.e. thinking of a string of type N as
a bunch of countably many pipes), the diagram in ([B0) comes to look like the
following.

Here a token moves from the top towards the bottom; the piping v divides
countably many pipes into countably many bunches (each of which consists of
countably many pipes), according to a fixed isomorphism N - N = Nj; in the
middle we have a copy of a for each bunch; and finally the bunches of pipes are
unified by u into a single bunch.

Let us now go on to describing LCA combinators, like B, C and I, in the LCA
C(U,U) in Theorem EIIl Their definitions are given in [21, §4], uniformly for
any Gol situation (whether it is particle-style or wave-style), by certain string
diagrams. For example, the B combinator is given by the following element of
C(U,U).

(31)

This diagram is a string diagram in C; the triangles denote the isomorphisms
j:U®U 22U : k. By expanding the application operation - according to (29)),
it is not hard to see that the equation Bxyz = z(yz) holds. See Figure 2 In
fact, it is a nice (and easy) puzzle to recover the string diagram (29) from the
specification Bxyz = x(yz) of the combinator B—the (seemingly complicated
and arbitrary) wiring in the middle of (3] can be deduced by working out which
wire should be connected, in the end, to which wire. An important point here
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Figure 2: Proof of Bxyz = z(yz)

is that two triangles pointing to each other cancel out, that is,

i :‘ ‘ , since k o j = id.

Remark 4.12. The definition BI)) can be derived by working backwards in
the reasoning in Figure2l A more “logical” derivation is possible, too; it works
as follows. We first turn the TSMC C into a compact closed (hence symmetric
monoidal closed) category Int(C), applying the Int-construction [44] (or the Gol
construction, see §2.3). The reflexive object U will then give rise to an object
(U,U) in Int(C) that is equipped with a retraction (U,U) — (U,U) < (U, U).
This retraction—of the function space (U,U) — (U,U) in (U,U) itself—will
allow the interpretation of untyped linear A-terms over it. We then interpret
Azyz. x(yz), the A-term for the combinator B.

Remark 4.13 (wave-style Gol). In §4.3] we have relied on particle-style ex-
amples of Gol situations for intuitions. This leaves wave-style examples—
where tensor products are given by products instead of coproducts, see §4.1—
untouched. In fact we have preliminary observations that suggest the fol-
lowing correspondence: particle-style Gol situations naturally model forward,
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state-based description of tokens’ dynamics, while wave-style ones model back-
ward, predicate-based description of it. Here the contrast is really the one
between state-transformer semantics and predicate-transformer semantics—a
classic topic in theoretical computer science [66, |67] that has also proved to be
relevant in quantum dynamics (the Schrédinger picture and the Heisenberg one;
see e.g. [68]). Details are yet to be worked out.

4.4. Categorical Gol Instantiated to a Quantum Setting

In §24.7] we observed that “particle-style” examples of Gol situations in 21|
allow a uniform treatment as Kleisli categories. This generalizes to the quantum
branching monad Q in §4.2

Theorem 4.14. The triple ((U(Q),O,—F), N._| N) forms a Gol situation.
Here the functor N-_ : K€(Q) — Kl(Q) carries X to the coproduct N - X of
N-many copies of X (i.e. N-th copower of X ).

PROOF. The main challenge—namely, if (K¢(Q),0,+) is traced or not—is al-
ready answered in Theorem[4.5l Its trace operator is given much like for the cate-
gory K{(L) = Pfn of sets and partial functions. Namely, given f: X+Z - Y+Z
in K(Q): its “restrictions” fxy, fxz, fzy and fzz are defined much like in (20]);
and we use Girard’s execution formula

iy (@) = fxy(@)+ Y (fzy © 3,0 fxz)(x)

neN

to define the trace operator. Notice similarity to the formula (27)).

The only nontrivial part that remains is to show that N-_ preserves traces.
Since the trace operator in K¢(Q) can be described using Girard’s execution
formula (much like in (Z6]) for (L), due to the results in |33, 59]), we can use
a lemma that is similar to |21, Lemma 5.1]. O

By Theorem 1] (that is from [21]) we obtain the following LCA. It will be
denoted by Ag and used in the rest of the paper.

Theorem 4.15 (The quantum LCA Ag). The homset
Ag = KU(Q)(N,N)
is a linear combinatory algebra (LCA). O

The LCA structure of Ag (the operators -,! and combinators like B) can
be described very much like for K4(L); we already described the latter in §4.3
In particular the piping analogy is still valid, except for the difference in the
notion of “branching” (possibly diverging vs. based on quantum operations) we
explained in §4.2

The following special property is shared by the LCAs that arise from particle-
style Gol situations. For a proof see |32, §2.2].

Proposition 4.16. The LCA Ag in Theorem [.13] is affine: it has the full K
combinator such that Kzy = x. O
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4.5. A Linear Category via Realizability

According to our workflow in Figure[ll the next step is to employ the (linear)
realizability technique |32, 35] and turn an LCA (an untyped model) into a
linear category (a typed model). Here in §4.5] we describe how that happens,
focusing on the constructions and observations already described in [32,135]. Our
specific linear category PER g has some additional properties that result from
the way we construct it and, at the same time, are exploited for interpreting
some features of Hoq that go beyond standard linear A-calculi. These additional
features will be described separately, later in §5.11

Although a very brief introduction to realizability is found in §2.4] the cur-
rent paper would hardly be enough in providing good intuitions behind the
technical constructions. Unfamiliar readers are referred to |34, [69] for realiz-
ability in general in categorical settings, and to [32,135] for linear realizability in
particular. In what follows, for intuitions, it can be helpful to imagine Kleene’s
first combinatory algebra—where elements are natural numbers and application
a - b is defined by the outcome of the a-th recursive function applied to the b-th
tuple of natural numbers—in place of the LCA Ag.

Definition 4.17 (PER). A partial equivalence relation (PER) over Ag is a
symmetric and transitive relation X on the set Ag. The domain of a PER |X|
is defined by

(X] = {z | (z,2) € X} = {z[3y.(z,y) € X},

where the last equality follows from symmetry and transitivity of X. When
restricted to its domain |X|, X is an equivalence relation; therefore X can be
thought of as a subset | X| C Ag, suitably quotiented.

Intuitively: X is a “datatype,” each element of which is represented by some
elements of Ag; not every element of Ag represent an entity of X; the set of
those elements which do is the domain |X| C Ag; and finally the equivalence
relation X (restricted to the domain |X|) designates which elements of Ag
represent the same entity of X.

Definition 4.18 (The category PERg). PERs over the LCA Ag form a
category; it is denoted by PERg. Its object X is a PER over Ag. Its ar-
row X — Y is defined to be an equivalence class of the PER

X oY :={(c¢,d)]|(z,2) € X = (c&,da) €Y } , (32)

where cx = c¢-x denotes ¢ € Ag applied to z € Ag via the applicative structure
- of Ag. We denote by [c] the equivalence class in X — Y to which ¢ € Ag
belongs. That is, [c] is an arrow that is “realized by the code ¢.”

Identity arrows and composition of arrows in PERg are defined as usual
(see e.g. [32,135]). Explicitly,

idy := [l] ; and [d]o]c¢] := [Bde¢ for X by ¥z PERo.
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Observe that, for the latter, we indeed have
(the code of [d] o [¢]) -2 = Bdex = d(cx) €|Z] .

Note also that we use o for composition of arrows in PERg. This is to be
distinguished from - (for application in the LCA Ag, that is often omitted);
and from ® (for composition of arrows in ¢(Q), like in (23)).)

We elaborate further on the definition [B2). Its domain |X —o Y| is easily
seen to be the set of ¢ € Ag such that (x,2’) € X implies (cz,cz’) € Y.
This requirement is that the function [¢] : | X|/X — |Y]/Y, [z] — [cz] is well-
defined: if (z,2') € X, that is, if z,2" € Ag “represent” the same entity in the
PER X, then applying the code ¢ to both elements must result in the elements
cx,cx’ € Ag that again represent the same entity in the PER Y. Furthermore,
the PER X — Y identifies ¢ and ¢’ such that (cz,c'z) € Y for each | X|. This is
the extensionality of the functions of the type |X|/X — |Y|/Y. The situation
is much like in recursion theory, where different natural numbers can be “codes”
of the same recursive function.

In B2) cx and 'z’ are short for ¢ -z and ¢’ - 2/, respectively. Recall that -
here is the application operator in the LCA Ag = K¢(Q)(N,N), that is defined
by

/

in terms of pipes. See 4.3} to repeat some of the intuitions provided there, we
imagine a token that takes one of the entrances (top-left pipes) and comes out of
one of the exits (bottom-left pipes). The token exhibits certain branching: in the
example of K¢(L) = Pfn it was simply possible nontermination; in the current
setting of quantum branching, a token carries a quantum state and quantum
measurements on the quantum state give rise to probabilistic branching over
different exits that the token takes (§4.2]).

From now on we describe some properties and features of the category
PERy. It is a linear category, making it a categorical model for usual typed
linear A-calculi. This fact, with some concrete constructions of the linear cat-
egory structure, is described in short. The category PER g also exhibits some
additional properties. This is for two principal reasons: 1) due to its construc-
tion via realizability (Definition A.I8)); and 2) because the underlying LCA Ag
is affine (rather than linear) and supports full weakening (Proposition E.10]).
These additional features, separately presented later in §5.11 will be exploited
for interpreting various features of the language Hoq.

Let us begin with some preparations.
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Notation 4.19. In what follows, an element of the LCA Ag is often designated
by an untyped linear A-term. This is justified by combinatory completeness of
LCAs. It is claimed e.g. in |32, [70] and not hard to establish; an explicit proof
is found in [71]].

Definition 4.20. We introduce the following additional combinators in Ag;
via combinatory completeness, they stand for certain terms composed of the
basic combinators in Definition [£10) together with the full K combinator in
Proposition

P:= A\zyz.zay Pairing

K :=KI Weakening, R:vy =y

P, := Aw.wK Left Projection, P|(Pzy) = =
P, := dw.wK Right Projection, P,(Pzy) =y

It is easy to see that the pairing in PERg is extensional: Pxy = Pz'y’ implies
z=2a"and y =19’

Theorem 4.21 (PER as a linear category). The category PERg is a linear
category [30, 131], equipped with a symmetric monoidal structure (I, X) and a
so-called linear exponential comonad !. The latter means that ! is a symmetric
monoidal comonad, with natural transformations

der: !X —» X | 0: 1 X=X | (33)

p: 1XKIY - (XXY) , o I=11

that is further equipped with monoidal natural transformations
weak: !X =1 and con: !X =!1XK!X , (34)

subject to certain additional conditions (see [3(0,131]).

We use the symbol X for the monoidal product in PERg; it is distinguished
from the tensor product of quantum states denoted by ®. See §3.3 for the
discussion on this issue.

PROOF. The result is due to [32, Theorem 2.1]. For later use, we shall explicitly
describe some of the structures of PERg.

The category PER g is a symmetric monoidal closed category with respect
to the following operations.

X&Y::{(ny,P:v'y')‘(:v,:v')EX/\(y,y')EY} ,
I={(Nn}, X —o Y := (the same as (B2)) .

Here P and | are combinators from Definitions .10 and 200 The operations’
action on arrows is defined in a straightforward manner. For example, given
[c1] : X1 = Y7 and [e2] : Xo — Yo in PERg,

[c1] W [eo] := [Mw.w(Auv.P(cru)(cav))] ©+ X1 KXy — VI RY; .
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With this definition we indeed have, for Pxi25 € | X1 X X5/,
(the code of [Cl] X [CQ]) . (PIl.IQ) = [P(Cl$1)(CQI2)] c 1KY, .

The linear exponential comonad ! (see [32]) is given as follows, via the !
operation on the LCA Ag:

X :={(lz,12") | (z,2") e X}, ] :=[F(le)] . (35)

In particular, the use of the combinator F in the latter ensures the type![c]: ' X —
'Y (in PERg) for ¢: X =Y (in PERyg): indeed, for any = € | X|,

(the code of ![c] ) - (z) = F(le)(lw) = Yex) €Y .

The natural transformations der,d, p, ¢, weak and con that accompany a
linear exponential comonad (see (B3H34])) are concretely given as follows.

der :=[D] 1 X =X
o0 =19] X X
¢ = [MwAuo.F(FP)u)v)] : IXKRIY - (XKY) 36
¢ = Dwaw(!l)] I 11 (36)
weak = [KI] X =1
con = [WP] CIX S IXRIX

Recall [c] denotes an arrow in PERg that is realized by the code c € Ag. O

Note that the constructions in the previous proof are the standard ones from [32]
that work for any LCA.

5. Interpretation of Hoq

We now present our interpretation of Hoq in the category PERg. We
have seen in Theorem [2]] that the category is a linear category, hence models
(standard) linear A-calculi. See e.g. [47].

However, the specific calculus Hoq calls for some extra features. Firstly, the
linear exponential comonad ! on PERg should be idempotent (1! X = ! X).
This is because in Hoq we chose to implicitly track linearity by subtyping <:—
in contrast to explicit tracking by constructs like derelict in standard linear
A-calculi. See §3.31 This issue is addressed in §5.11 Secondly, recursion in Hoq
requires suitable cpo structures in the model. In the current style of realizability
models the notion of admissibility is a standard vehicle; this and some related
issues are addressed in §5.21 Thirdly we introduce some quantum mechanical
constructs in PER g for interpreting constants of Hoq; see §5.31 Finally, we need
a strong monad 7' on PERg for the probabilistic effect that arises inevitably
in quantum computation (more specifically through measurements). In fact we
will use for T a continuation monad (_ — R) — R with the result type R
described as a final coalgebra; see §5.41 The actual interpretation of Hoq in
PER, is presented in §5.5

The proofs for §f are deferred to
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5.1. Additional Structures of PERg

We go on to study some additional structures that are available in PERo.
These will be exploited later for interpreting various features of Hoq, such as
subtyping and coproduct types.

Recall that in Ag (that is an affine LCA) a full weakening combinator K is
available (Proposition E16]).

Lemma 5.1 (I is terminal). The monoidal unit 1 is terminal (i.e. final) in
PER, with a unique arrow weak : X — 1 given b

weak := [KI] . O

Lemma 5.2 (Binary (co)products in PERg). The category PERg has bi-
nary products X and binary coproducts +. Products are realized by a CPS-like
encoding.

X x Y = { (Pki(Pkau), Pki(Pkyw)) | (kiu, kiu') € X A (kqu, k') €Y }
X +Y = {(PKz,PKa') | (z,2') € X} U { (PKy,PKy) | (y.y/) €Y} .

Their accompanying structures are defined in a straightforward manner. For
example, the projection maps are concretely as follows.

™ = [AwwMkvoNuku))] - XXY —X ;

T = [ AwwMkvoNulu)] XxY—Y. (37)
PROOF. Straightforward; see e.g. [32, [35].

Logically X is “multiplicative and”; x is “additive and.”

Lemma 5.3. The following canonical isomorphisms are available in any linear
category with binary (co)products, hence in PERg.

(X xY) 2 IXK!Y |
X+Y)KZ ¥ XKZ4+YXZ ,
I-oX = X, (38)
(X+4Y)—oZ &2 (X—o2Z)x(Y —2).

Additionally, in PERg, we have the following canonical isomorphisms.

~

X +Y) = IX+1Y
derix: X = 1X :6 ldery: 11X — 1X :§ (39)
IXKY) = IXRIY :¢ weak: 1T —» T :¢f

Here the arrows der, 6, ¢, ¢" are from Theorem [{.21] Therefore ! on PERg is
idempotent and strong monoidal; it also preserves coproducts.

11We shall use the same notation, weak, for both the unique arrow X — I and a structure
morphism for a linear exponential comonad ! X — I (Theorem 2T). They are indeed the
same arrow [KI].
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PROOF. The ones in (B8] are standard; see |72, §2.1.2]. The ones in ([39) also
hold in any PER 4 with an affine LCA A. For the first (! distributes over +),
from right to left one takes [! kg, ! k.| where kg, k, are coprojections from left
to right one can take

[a) : UX+Y) — !X +1Y with a:=Aw.WPw(Auv.P(DuK)(F(!P,)v)) ;

indeed it is straightforward to see that a(!(PKz)) = PK(!z) and a(!(PKz)) =
PK(!z) for the above a. The second line of ([3J) (! is idempotent) follows imme-
diately from the definitions of der and 4 in ([B6]). For example,
(derx)(Mz) = (D))
=F(D)('z) by BH), def. of I’s action on arrows
=I!D!z)=!z .

For the third line (! distributes over X), an inverse of ¢ can be given by the
following composite, exploiting that I is terminal (Lemma [5.T]).

o

(XRY) B I(XRY)RIXRY) " I(XR)RIIRY) S I XRIY
This concludes the proof. ([l
One consequence of the last result is that we have (X XY) & (X x Y) in
PER. As stated in the proof, this is true in PER 4 for any affine LCA A.

We go ahead and show that the category PER g has countable limits and
colimits.

Definition 5.4 (Combinators (z;);cn, D;). Let 2o, 21,... € Ag. We define
the element (z;);en € Ag by:

(Ti)ien = (N—LN-NLE&N.N_EN) _

where v : N- N2 N : v are (fixed) isomorphisms in Theorem 15
For each ¢ € N, we define an element D; € Ag by

k ki N+wv
N—+—N+N —+— N-N+N-N

D; = u+p;-N [Kor k] J -
—+ N+N —+— N4+N-—+—N
12Note that we are using square brackets [_] to denote both: equivalence classes modulo

PERs; and cotupling of arrows (like in [!kg,!kr]). We hope this does not lead to much
confusion: the two usages have different arities.
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Here k; (for i € N), k¢, k, (for “left” and “right”) are coprojections; and p; :

N -+ 1 is a “projection” map in [33] (see also Theorem that
satisfies
idy ifi= 3,
SO K=
pi / { 1 otherwise,

where ® denotes composition of arrows in K¢(Q) and L is the least element (the
“zero map”) in the homset K¢(Q)(1,1).

Lemma 5.5. We have D;-(z;)ien = xj. Here - denotes the applicative structure

of Ag (Theorem [{.17).

PROOF. By easy manipulation of string diagrams, the claim boils down to the
equality

K/j'N ]_IZ T4 pij _ i
N—-—N-N—+—N-N——N ) =7
This follows from the fact that

(Hwi)Q(Hj'N)Z [(ki N) O 2], 0 (k;-N) = ;- NOw;

and that p; © k; = id;. O
Proposition 5.6. The category PER g has countable limits and colimits.

PRroOOF. Constructions of equalizers and coequalizers in realizability categories

are described in [34]; they work in the current setting of PERs over an LCA,

too. Concretely: given [¢],[d] : X =2 Y in PERg, let

E : {(x,x/)’(x,x’)EX/\(car,daj’)EY} ; and

C := (the symmetric and transitive closure of { (y,4) | (y,¥') € Y } U {(cx,da’) | (z,2') € X }) .

Then it is straightforward to see that [I] : E — X and [l] : Y — C—where | is
the identity combinator (Definition [{.I0)—are an equalizer and a coequalizer of
[c] and [d], respectively.

It suffices to show that PERg has countable products and coproducts (since
(co)products and (co)equalizers give all (co)limits). Given a countable family
(Xi)ien of objects of PER g, we use the constructs in Definition 54 and define

HXi :

ieN

{ (P(ki)ienu, P(kj)ienu') | (ksu, kju') € X; for each i e N} ;

[Aww(Avu.(Div)u) ] - HXi — X .
€N

TG -

Then, given a family ( [c¢i] Y = X; )ieN of arrows, its tupling can be given by

(el)ien = PuPledieny] ¥ —][X:.
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The uniqueness of such a tupling directly follows from the definition of the PER

HieN Xi.
On coproducts, we define

[1%i == {(PDiz;,PDix})|i €N, (wi,2}) € Xi } ;
€N

K;

i€EN

Given a family ([¢;] : X; — Y)ieN of arrows, its cotupling can be given by

“Ci]]ieN = [Mww(Adz.d(c;)ien )] - HXi — Y .

This concludes the proof. ([l

Remark 5.7. Although we have focused on the specific linear category PER g,
what are said in the current §5.0] are true in more general settings.

One point (that is already mentioned) is that the extra canonical isomor-
phisms in ([B9) hold in any PER4 with an affine LCA A. This makes such
categories PER 4 suitable for modeling linear A-calculi with implicit linearity
tracking.

Another point is about the constructions in Definition [5.4] Lemma and
Proposition It is not hard to see that these are all possible in the category
PER 4, where the LCA Ap is obtained via categorical Gol |21l, Proposition 4.2]
from the Kleisli category K¢(B) for any “branching monad” like B = £, P, D

and Q (see §2.2)).

5.2. Order Enrichment and Further Additional Constructs in PERg

Here in §5.2lwe describe another additional construct—mamely an alternative
pairing combinator P—in our categorical model PERo. What we describe
here are mostly concerned about order/cpo structures, which we exploit for the
purpose of interpreting recursion in Hoq.

Let us first note that (the underlying set of) the LCA Ag is equipped with
an w-CPO structure C. This is because: Ag = K¢(Q)(N,N) (Theorem [.15);
and the category K{(Q) is w-CPO enriched (Theorem [5]). Recalling from
Definition 4] the order on Ag is (a suitable pointwise extension of) Lowner
partial order (Definition 24)). For the record:

Lemma 5.8 (Ag is an w-CPO). The set Ag is an w-CPO with the smallest
element L. Furthermore:

1. the application operator - : AQQ — Ag and the | operator are continuous;
and

2. application - is left strict, that is, 1 -a = L for each a € Ag. O
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This order structure on Ag, unfortunately, does not give rise to orders on
PERy in a categorically structured manner. Certainly not so nicely as for the
Kleisli category K¢(Q)—we do not see any straightforward way to make the
category PER g w-CPO enriched. To see it, consider the following notion of
admissibility of PERs—this is a standard vehicle for interpreting recursion in
realizability models (see e.g. [73, [74]).

Definition 5.9 (Admissible PER). A PER U € PERy is said to be admis-
sible if:

o (strictness) (L, L) € U for the least element L € Ag; and

e (inductiveness) zo & x1 C -+, yo C y1 E --- and (z;,y;) € U for each
i € N imply (sup, x;,sup,; y;) € U.

The trickiness of order structures on PERg is exemplified by the fact that
admissibility is not preserved by isomorphisms in PERg.

Example 5.10 (Admissibility not preserved by isomorphisms). It is easy
to see that we have an isomorphism I = {(I,1)} = {(L, 1)} =: Bt in PERg;
here Bt is admissible while I is not.

It is for this trickiness of the order structures on PERg that we are in-
troducing an alternative P to the pairing combinator P (Definition EL.20)—the
former leads to a different “implementation” x of products. The merit of x is
that it exhibits a better order-theoretic property (namely it preserves admissi-
bility, Lemma [(.13)); we will need them for recursion. In contrast, P enjoys a
useful combinatorial property: (Pxy)z = zxy.

Definition 5.11 (Combinator P, binary product X x Y). We define an el-
ement P € Ag by the string diagram in K¢(Q) shown below on the left. The
triangles denote j : N+ N = N : k£ in Theorem Then Pzy becomes as
shown bottom on the right.

.
P .= é% ny (40)

Let P, and P, be the following elements of Ag.
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Here the nodes ' and | denote the unique arrows N -+ 0 and 0 -+ N in
Kl(Q), respectively. Furthermore, let us introduce the following conversion
combinators.

Cop = Aw.wP

We define X x Y by replacing P with P in X x Y (Lemma [5.2).
Lemma 5.12. We have, for each z,y € Ag,
PiPry) =z,  P(Pey)=y;  Cpp(Pry)=Pay,  Cp p(Pay)=Pay .

The latter two result in a canonical natural isomorphism X xY = X x Y in
PERyg. Therefore in what follows we shall use x and x interchangeably. That
is, we suppress use of the conversion combinators Cp_,p and Cp_ p.

PrROOF. In the proof we shall rely heavily on the reasoning in string diagrams
in the traced monoidal category K¢(Q).
For the first equality, the proof goes as follows.

Pi(Pay) =

where (x) and (1) hold because of the dinaturality (also called sliding) and
yanking axioms of traced monoidal categories, respectively (see [44, 21]); and
(1) holds by a direct calculation in K¢(Q). The second equality P,(Pxy) =y is
similar.

The third equality is easy exploiting the combinatorial property (Pzy)z =
zxy of P:

Cpp(Pxy) = (ny)P = Pa:y .
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The last equality is shown as follows, where (%) holds due to the dinaturality
axiom.

CPHP(pxy) =

=Pxy . O

Lemma 5.13. For admissible U,V and any X, we have U x V and X — U
admissible. (]

As we observed earlier in Example[5.10, admissibility is not necessarily preserved
by isomorphisms in PERg. Therefore replacing x with x (that are isomorphic,
see Lemma [5:T2)) would make the last result (Lemma [B.13)) fail.

Admissibility of a PER (Definition [5.9) gives rise to a fixed-point construc-
tion, in the following sense.

Definition 5.14 (Fixed point operator). Let U, X € PERg; assume that
U is admissible. We introduce a fized point operator (denoted by fix) that carries

fIURIX —U to fix(f) : !X —U
in the following way. Let ¢ be a code of f. We define ¢, ¢1,... € |[! X —o U] by

co:= 1 ;

Cny1 i= the canonical code of (1 X <31 X &I X Znyrix “BYyrix Q)

A concrete description of ¢,41 in terms of ¢, can be easily given using in par-
ticular ([B6]). Since U is admissible and L -2 = L, ¢g = L is a valid code. It is
not hard to show that ¢y C ¢; C - -+ by induction; since ! X —o U is admissible
its supremum sup;, ¢; belongs to the domain |! X — U|. Finally, we define

fix(f) = [Slll_pcz-] -

It is easily seen too that the above definition of fix(f) does not depend on the
choice of a code ¢ of f. Here admissibility of U is crucial.

5.8. Quantum Mechanical Constructs in PERg

Here we introduce some constructs in PER o that we use for interpreting
quantum primitives in Hoq.

We start with the following combinator A that allows to “juxtapose” piping;

see ([23).
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Definition 5.15 (Combinator A). We define A € Ag by the string diagram
in K¢(Q) shown below. The triangles are j : N+ N 2 N : k in Theorem T8 Tt
is easily seen to satisfy the equation

Azy =20y , (41)
where ® denotes composition of arrows in K¢(Q) (see §4.2)).

Definition 5.16 (Combinators Q,, Qu, QNJrl N+1) We define elements
Qp, Qu, QN+1 Q‘Al]j)rl € Ag as follows. Here N €N, p € DMy, U is an 2V x 2V
unitary matrlx and ¢ € [1, N + 1].

Q,,,QU,QNJrl QNJr1 N —++ N in K{(Q); given o € DM,,,

pRc ifk=IAn=2N.m

(Q,(k)(1)

0 otherwise,

{(U Wi ®id))oe if k=1and 3j. (n=m =2V - j)

(Qu(k)(1)

otherwise,

|_105) @idj)o if k=1and 3j. (m =2V jAn =

0
(QN+1( ) ( O
0 otherwise.
((1;
0

)Y ®id)e ifk=land 3j.(m=2NT1.jAn=
| | J ] J
otherwise.

@V ®)D),, () = {

In the definition of Q,, ® denotes tensor product of matrices. The combinator
Q, “adjoins an auxiliary state p”: an incoming token carrying o comes out of
the same pipe, with its state composed with p. In particular the state 1 € DM,
comes out as p. Similarly, the combinator Qy applies the unitary transformation
U to (the first N qubits of) the incoming quantum state; and Q|0+1 and QNJrl
apply suitable projections (cf. Remark 21T), focusing on the first N + 1 qublts
of the incoming quantum state ¢ and projecting its i-th qubit. Indeed:

Lemma 5.17. We have the following equalities.
Qp@Qo’ = Qp@a’ QU@Qp = QUpU’F Q‘]g$1®Qo’ = Q<0i|o|0i> Qf\{SIQQo’ = Q|<:1|1|U|L_>

Definition 5.18 ([N-gbit],[bit])). Foreach N € N we define a PER [N-qbit]
over Ag by:
[N-gbit] := {(Q,,Qp) [ p € DMyn} .
In particular, [0-qbit] = {(Qp, Qp) | p € [0,1] } (cf. Definition 23). This type
can be thought of as the unit interval [0, 1].
A PER [bit] is defined to be I +1 (see Lemma [5.2)).

95



The following fact supports the idea that ! stands for duplicable, hence clas-
sical, data.

Lemma 5.19. There is a canonical isomorphism [bit] = ![bit] in PERg.
PROOF. Use the isomorphisms ([B9]) in Lemma B3 O

The quantum combinators in Definition [5.16] are combined with the A com-
binator in Definition B.I5] and yield the following combinators for quantum op-
erations.

Definition 5.20 (Combinators Uy, Prfgj;l, Prf\lfj;l). We define

., N+1 ._ aqN+1 N+1 . AQN !
Uoi=AQu , Prigl i=AQqgf"  Prih:=AQyl .

Lemma 5.21. For combinators in Definition [5.10 and [5.20, and p,o,U of
suttable dimensions, we have

AQan — Qp®a 9 UUQp - QUpUT 9
N1 N1
Prmf) Qo = Qqo,(010,) » Pr|1;§ Qo = Quyj014) -
PRroOF. Obvious from Lemma [5.17) O

Remark 5.22 (No-cloning in the category PERg). We noted in Remark[B.2T]
that: the “preparation” primitive new, in Hoq can be typable with the type

! k-qbit; hence the constant new, is duplicable; nevertheless “no-cloning” is en-
forced by the linear typing discipline in Hoq, in the sense that a given quantum
state—whose preparation apparatus we do not have access to—cannot be dupli-
cated. Here we shall discuss how these design choices are reflected in our model
PERo.

It is important to note that, in Hoq and in its model PERg alike, the
quantum tensor ® (for composed and entangled systems) and the linear-logic
tensor X are distinguished. Let us speak in the piping analogy in ([ZI): an
arrow in PERg is “realized” by a code ¢ € Ag (Definition 18); and each
element ¢ of Ag is a Kleisli arrow ¢: N -+ N in K¢(Q) (Theorem ETH]), that
is, piping like in (2I]) with countably infinite numbers of entrances and exits.
Then the quantum tensor ® resides solely in the quantum states carried by
tokens; importantly it has nothing to do with how tokens move around (except
for the indirect relationship in which measurements on quantum states result
in branching of tokens). In contrast, the type constructors derived from linear
logic—namely X, —o and !~—are all concerned about how pipes are connected.

Concretely, the denotation of new|gy(o|: ! qbit will look like the piping in (.3,
with a = Qo) (o] Where the latter is from Definition 5.I6l Therefore ! in the type
'qbit here merely makes infinitely many copies a = Q|oy(o|; it does nothing
like duplicating quantum states (that are carried by tokens that go through the
pipes). It is easy to see that ! Q)] = Qoy(o| as arrows N -+ N in K£(Q), as a
matter of fact, since Q|gy(o| does not alter the path taken by a token but only
adjoins the quantum state |0)(0| to the one carried by the token.
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5.4. Continuation Monad T

In order to capture probabilistic branching in Hoq, we use a strong monad
T on PER following Moggi’s idea [39]: the interpretation of a type judgment
A+ M : A will be an arrow [A] — T[A] in the category PERg. The monad
T is in fact a continuation monad T' = (_ — R) — R with a suitable result
type R; hence our semantics is in the continuation-passing style (CPS). The
resulting CPS model is fairly complex as a matter of fact, but our efforts for
its simplification have so far been barred by technical problems, leading us to
believe that CPS is a right way to go. Informally, the reason is as follows.

Think of the construct meas! that measures one qubit; for the purpose of
case-distinction based on the outcome, it is desired that meas} is of the type
gbit —o bit. Therefore it is natural to use monadic semantics: we use a monad
T—with a probabilistic flavor—so that we have [measi] : [qbit] — T'[bit].

For our Gol semantics based on local interaction, however, a simple “prob-
ability distribution” monad (something like D in §2.2)) would not do. One ex-
planation is as follows. Think of the construct meas? : 2-qbit —o bit X gbit: it
takes a state p of a 2-qubit system; measures the first qubit; and returns its out-
come (tt or ff) together with the remaining qubit. The probability of observing
tt is calculated by tr( ((01] _01) ® idz)p), and use of a naive “probability
distribution monad” requires calculation of the explicit value of this probabil-
ity. However, the calculation traces out the second qubit, destroys and leaves it
inept for further quantum operations.

(To put it differently: since we let a quantum state p implicitly carry a
probability in the form of its trace value tr(p), a naive interpretation of meas?
would have the codomain bit ® gbit—with entanglement—rather than the
desired codomain bit K gbit that goes along well with ! and recursion.)

Hence we need to postpone such calculation of probabilities until the very
end of computation. Use of continuations is a standard way to do so. As a
result type R, we take that of infinite complete binary trees with each edge
labeled with a real number p € [0, 1]—obtained as a final coalgebra.

Definition 5.23 (The functor Fj). We define an endofunctor Fyp : PERg —
PER by
Fore = [bit] — ([0-gbit] x _)

where the objects [bit] and [0-gbit] are as in Definition 518

In the functor Fy,¢ we use x instead of x for Cartesian products. This ensures
a good order-theoretic property (namely admissibility) of the carrier R of the
final coalgebra.

The functor Fpps represents the branching type of probabilistic binary trees
like the one shown below. In the functor, the [bit] part designates which of the
left and right successors; and the [0-gbit] part designates the value p; € [0, 1]
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that is assigned to the edge (here i € {0,1}).

Po P1

(42)

The values py and p; can be thought of as probabilities, although they might
not add up to 1.

As is usual in the theory of coalgebras (see e.g. [40, 141]), the collection of
such trees is identified with (the carrier of) a final coalgebra.

Lemma 5.24 (The result type R). The functor Fypny has a final coalgebra

r: R— FyR .

PROOF. We use the standard construction by a final sequence (see e.g. [75,76]).
Let
Bt := {(L, 1)}

be a final object; here L € Ag is the least element with respect to the order C
(Lemma [5.8). Although Bt = I, we use Bt due to its order-theoretic property
(namely: Bt is admissible while I is not, see Example [B.10). Consider the final
sequence

Bt weak FoyBt Fppyweak sz Bt ngcweak (43)
p pbt

in PERg. Here weak denotes the unique arrow to final Bt. For j <4, let ¢; ;

be (the canonical choice of) a realizer of the arrow ngt Bt — ngc Bt in the final
sequence.

By Proposition there is a limit R of the sequence ([@3]). Moreover the
PER R can be concretely described as: the symmetric closure of

{ (P(ki)iua P(k;)zul) | j < i implies

; . 44
(cij(kiw), Kju') € FJ Btand (kju, c;j(kju')) € FJ, Bt} . (4

Now the functor Fp, preserves limits: [0-qbit] x _ does since x is for products;
and [bit] — _ does since it has a left adjoint [bit] X _ (Theorem 2.
Therefore the well-known argument (see e.g. |75, [76]) proves that R carries a
final Fyp¢-coalgebra, with the coalgebraic structure r : R =N I, R obtained as
a suitable mediating arrow. (|

Lemma 5.25. Let
T :=(_—R)—R.

Then T is a strong monad on PERg.
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PRrOOF. This is a standard fact that is true—as one would readily prove—for
any symmetric monoidal closed category (C,I,X, —) and for any R € C. (]

We introduce a map
mult : [0-gbit] R — R

that will be needed later. Intuitively, what it does is to receive p € [0,1] and a
binary tree ¢ like ([@2]) and returns the tree in which the probabilities assigned
to all the edges are multiplied by p. For example,

The precise definition of mult is by coinduction as a definition principle.

Definition 5.26 (mult). Let a coalgebra
Coute ¢ [0-gbit] KR — Fope([0-qbit] X R) in PERg

be defined as the adjoint transpose of the following composite.

[0-gbit] ® R & [bit] 25 [0-gbit] X ([bit] —o ([0-gbit] % R)) X [bit]

48 10 gbit] & ([0-gbit] x B) "™ ([0-gbit] X [0-gbit]) x ([0-qbit] X R)
P oA 10 gbit] % ([0-gbit] K R)

Here the map [Aw.wA] : [0-gbit] X [0-gbit] — [0-gbit]—that carries Pxy to
x®y—mplays the role of multiplication over [0, 1]. By finality, this coalgebra ¢yt
induces a unique coalgebra homomorphism from ¢y, to 7. This is denoted by
mult.

Fypt (mul
Fye ([0-qbit] I R) — Fonlmnlt) Fone R
CmultT oy
[0-abit] RR- -~ — — — — >R

For the purpose of interpreting recursion we need the following property.
The notion of admissibility is from Definition [£.91

Lemma 5.27. The PER R in ({{3)) is admissible. Therefore by Lemma [513,
TX = (X — R) — R is admissible for each X; so is X —TY. O

The last result (Lemma [E27) implies that the following “fixed-point” con-

struction is available, by Definition 514l (where U was required to be admissible).
fIRR!X — R

fix(f) : !X — R’

for each X € PERo.
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Remark 5.28. The need for CPS-style semantics, as is the case here, does not
seem to be a phenomenon unique to (“classical control and quantum data”)
quantum computation. The same kind of difficulties are already observed with
nondeterministic branching (see the leading example in |77]), and they seem to
occur with any computational effect—at least the algebraic ones in the sense
of [78].

The work [77] presents an alternative approach to the one used here (namely
the CPS-style semantics by a continuation monad): it identifies the underlying
problem to be the “memoryless” nature of processes (i.e. links in proof nets,
boxes in string diagrams, etc.), and solves the problem by systematically equip-
ping the processes with internal states (called memories) exploiting coalgebraic
component calculus.

The framework in [77)] is categorical and general, parametrized by a monad
and algebraic operations interpreted over it. We expect its application to the
current question (of higher-order quantum computation) will simplify the cur-
rent CPS model by a great deal. This is however left as future work.

5.5. Interpretation

Standing on all the constructs and properties exhibited in §5.1H5.4l we shall
now interpret Hoq in the category PER.

Definition 5.29 (Interpretation of types). For each Hog-type A, we assign
[A] € PERg as follows, using the structures of PER g we described in previous
sections. For base types, [N-gbit] is as in Definition 518

[A] = ![A] [A— B] = [A] —T[B]
[T] = 1 [ARB] := [A]R[B]
[A+ B] := [A]+[B]

Definition 5.30 (Interpretation of the subtype relation). We shall assign,
to each derivable subtype relation A <: B, an arrow

[A<:B] : [4 — [B] in PERg.

For that purpose we first introduce a natural transformation
Opom "X — 1™ X | natural in X,

for each n,m € N that satisfy n = 0 = m = 0. This is as follows.

id ifn=m
Spm:=400---00 if n < m (note that in this case n > 0)
dero---oder ifn>m

Using d,,,m, an arrow [A <: B] is defined by induction on the derivation (that
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is according to the rules in ().

['" k-qbit <: ™ k-qbit] := (!"[k-qbit] onmy "™ [k-qbit] ) ,
[P T < M7= ([T] 23 mT])
[['n(Al X AQ) < |m(B1 X BQ)H =
’n(ﬂA1<2Blﬂ®[[A2<:Bg]])
—

(" ® ]

[['n(Al + Az) < !m(Bl + Bg)ﬂ and [['H(Al —o Az) <: !m(Bl —o Bg)]] are defined
in a similar manner.

It is obvious from the rules in ([ that a derivable judgment A <: B has
only one derivation. Therefore [A <: B] is well-defined.

"B R [Ba]) 23 (Bl R ([B]) ) -

Lemma 5.31. Let A <: B and B <: C. Then A <: C by Lemma [Z13[L
moreover

[A<:C]=[B<:C]o[A<:B] .

PROOF. Much like the proof of Lemma [B.I5l0l in whose course we exploit natu-
rality of d,, m, and that 8, x = dm i © Ipm. The latter follows from Lemma 53]
O

We now interpret constants. In the general definition (Definition [(.34) a
typed term A F M : A will be interpreted as an arrow [M] : [A] — T[A]—
the monad T is there because of our CPS semantics. For constants however
we do not need T": intuitively this is because a constant ¢ can always have the
type ! DType(c) (see (Ax.2) in Table[). Therefore we first define [¢]const : T —
[DType(c)] whose descriptions are simpler, and then [¢] : T — T[DType(c)]
will be defined to be the embedding via the unit 7 : id = T of the monad T.

The technical core is in the interpretation of measurements. We explain its
idea after its formal definition.

Definition 5.32 (Interpretation of constants). To each constant ¢ in Hoq
Wwe assign an arrow

[[Cﬂconst I — [[DType(c)]]
as follows. For ¢ = new,, [new,]const is given by
Q) [n-qbit] .

+

For ¢ = meas] ! with n > 1, by transpose we need an arrow

[(n+1)-gbit] X (([bit] K [n-gbit]) — R) - R , (45)

where we also used ![bit] = [bit] (Lemma BE.19). By R’s fixed point property
(namely r : R = [bit] —o ([0-gbit] x R)), this is further reduced to an arrow

[(n+ 1)-qbit] X (([bit] X [n-qbit]) — R) K [bit] — [0-gbit] x R .
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This can be obtained as follows.

(n+1)-qbit] X (([bit] X [n-gbit]) — R) K [bit]

[(n +1)-qbit] X ( ([n-gbit] + [n-qbit]) — R) X [bit] by (38) and IXK X = X
[(n+1)-qbit] X (([n-qbit] — R) x ([n-gbit] — R)) K [bit] by @)

[(n+ 1)-gbit] X ([n-gbit] — R)*? + [(n + 1)-qbit] ¥ ([n-gbit] — R)** by (B8)

\T;]&”* [P'u 1=
H

=

R R

[n-qbit] X ([n-gbit] — R) + [n-qbit] X ([n-gqbit] — R)

wie p o g (DAL PRl g i)« R

Here Prm}1 and Prm'>1 are from Definition [5.20, and Qg is from Definition [5.16]

(see also Definition [G.I8]).

For ¢ = measi, similarly, by transpose we need an arrow

[qbit] X ([bit] — R) ™\, R, (46)
which is equivalent to (by R being a final coalgebra)
[qbit] ® ([bit] — R) K [bit] — [0-gbit] x R .
This is obtained as follows.
[qbit] X ([bit] — R) X [bit]
[abit] ® ([bit] — R) + [qbit] X ([bit] — R) by @B8)
[abit] ® R*2 + [gbit] K R*2 by (B8)
Priyy |Mme+ | P
[Pl Jomet [y Jon " [0-qbit] X R + [0-gbit] ® R

K[—>KT [0-gbit] X R (e QO oult) [[O gbit] X R ;

1R

here mult is from Definition [5.20]
For the other constants we use Theorem (1.2l Lemma [5.1] Definition [G.16]
and Definition [5.200 The arrow [Ul]const is the transpose of

T
n-gbit] 24 Tn-qbit] “— T[n-qbit] :
q q q

[[cmpmm]}const is the transpose of

w.w T
[m-qbit] X [n-gqbit] Dol [(m + n)-qbit] = T[(m + n)-qbit] ;

The use of Qp (that stands for the value 0 € [0,1]) in the last line of the
definition of [meas! ™ Jconst indicates that a tree m(t) € |R| that can arise as an
outcome of the map m in ([@5) looks as follows.

0 0
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This is strange if we think of the values attached to edges as probabilities. In fact
they are not probabilities: as we discussed in the beginning of §5.4] the actual
probabilities are carried implicitly by the remaining quantum states (consisting
of n qubits) as their trace values. The labels 0 in ([@7) mean calculation of
probabilities is postponed; they are done later and probabilities occur on some
lower level in the tree ([{7]).

More specifically, the idea for [[meas;”l]]const is as follows. Let n > 1 and
consider the map m in ({@Hl), which can be identified (via Lemma [5.3]) with an
arrow .

[(n + 1)-qbit] ® ([n-gbit] — R)** "% R .

Roughly speaking its input is a triple (p, fu, f&) of p € DMan+1 and fy, fe :
DMs» — R. Then T’s output is the following tree.

0 0

e ((04]p]05))

Here we put 0 as the labels on the edges of depth one; the probabilities for
observing |0;) or |1;) are implicitly passed down in the form of the trace of the
projected matrices.

When there is only one qubit left, we finally compute actual probabilities.
This is what [meas}]const does. Consider m’ in (@8], which can be identified
with o

[qbit] R (R x R) 2% R .

Its input is roughly a triple (p,tw,tsz) of p € DMy and trees ty,tsx € R. Let
p = (0|p|0) and g = (1]p[1); these are the probabilities for each outcome of the
measurement. Then the output of m’ is the following tree.

0 0

Recall that mult(p, t) multiplies all the labels of the input tree ¢ by p.

This way we only generate edges with its label 0. This is no problem: once
we use trees with nonzero labels as ty and tg in the above, we observe nonzero
probabilities.

The following definition of interpretation of type judgments looks rather
complicated. It is essentially the usual definition, as with other typed (linear)

calculi. The subtype relation needs careful handling, however—especially so
that well-definedness (Lemma [5.35]) holds—and this adds all the details.

Definition 5.33 (Interpretation of contexts). We fix an enumeration of vari-
ables, i.e. a predetermined linear order < between variables. Given an (un-
ordered) context A = (2; : A;);ec[1,n), we define [A] € PERg by [4,)]X---K
[Asm)], where o is a bijection s.t. o1y < -+ < Tg(p)-
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Definition 5.34 (Interpretation of type judgments). For each derivation
ITIFAF M: A of a type judgment in Hoq, we assign an arrow

[y = [A] — T[A]

in the following way. Let Alpy(ar) denote the obvious restriction of a context
A to the set FV(M) of free variables in M. First we define

[Mev : [Alpvn] — T[A]
by induction on the derivation, which is used in

HH]] RV

[T weak
(a1 714]) o= (1A [Alevaan] =5 TIAD) -
The definition of [IT]ry is as shown below. It is by induction—therefore the def-
inition relies on the interpretations [II']gy, [IT”']rv, ... of the sub-derivation(s)
of II that derive the second last typing judgment(s).

Z 1 Z i

A/FM/ A A”FMN A
AFM: A

In such cases, for simplicity of presentation, we shall refer to [II']pv as [M']rv,
letting a term stand for the derivation tree that assigns a type to it. This will
not cause confusion.

4] <57 ) 7 )
C t (C: e 1'11 10on T . e(c :
[ £y Teleonse (68 DO EID y ypeso ()] 25 71D Type(e)] RS 4]

]

g

E
es!

ﬁ

[Alrviresan] -2 [A] — T[B] =51 [4'] — T[B] = [4 — B] 25 T[4’ — B] |

where g = [M]py if x € FV(M); otherwise g is the adjoint transpose of
weak M
[A]® [Alevon] =5 [Alrvn] 5" [B]
g 1n
[CA D) evoea.an] = AV (ea.an] 2y HApvaea.n] —3 "([A] — T[B])

VS (] — TIBD = (4 — B)] 5 T (A~ B]

where g is defined as in the case —o.I;

[(1A, T3, Po)levarm] = (A T)lrvan] B I(A, Do) evin)]
BT p(pA] — 78] R 71C] "5 7([4] — T[B]) B TA] 25
T(([A] — T[B]) R T[A]) =% TT(([A] — T[B]) K [A]) ' T[B]
(AT T levqar ] < [0 AT rvan TR A, Ta)leyar] =

TIA ] R TI[A] 7 LB p 4, 17 [Ao]) MBI 1 1n (4] ® [As])
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[0 AT T9) oy e (0" 41 02 42y g s y] 2 [T evan] B IC AT evn]
M Fvgld n
IS o ([4,] R [A]) B [0 A, Do) v

str’, Lﬂnam T(!n[[Alﬂ X 1" [A,] B [(! Avr?)lFV(N)ﬂ) [[N]]Fv; TQ[[A]] N T[4] ,

where, in (x), weak is suitably applied in case x1 or zs is not in FV(N)
12 My 2

Similar
M]] n Tk n
[Alpyansaz ] = [Alevoan] =5 T [A]) 5 T1"([A1] + [42])

[Az<: A2ﬂ

Similar
E [[ 'A L, I )|FV(matcth1th( A \z 2»—>M2))]]
S 1A D) pvey ] B I A D) ey urv)]

[[P]]Fv B T[4 + [A2]) B [(1A, T MNEvan)urv ()]
= (1[4 + [A2) B [0 AT levianurvoan] )
LCmmT((!nﬂAﬂ] +"[A]) & (! Avr,)|FV(M1)uFV(M2)]]>

LB (A B[ A, T levnyorvan ] + P [42D 8 [0 A, T evianoevon)] )

T ([Ax] + [A5])

T |[Mi]ev,[Ma]ev |,(x)
[t il ] T?[B] & TB , where, in (*), weak is applied if needed

con,d

rec [[(' Au F)'FV(letrecfA*Bz:M inN)ﬂ — | '[[A|FV M)]] X [[(' A I‘)lFV(N ﬂ —>

A~ BIR (A Dleven] | =3 T1C]
where g : '[A|pv(an] — [A — B] is obtained as follows.
MAlev ] B Y([A] — T[B]) X [A] — T[B] is obtained as [M]rv
(possibly with weak applied too);
MAlevan] ®Y([A] — T[B]) — [A] — T'[B] as its adjoint transpose; and then
MAlevan] — [A] — T[B] = [A — B] via the fixed point operator fix in Definition [5.141

Recall that weak denotes a unique map X — I to the tensor unit I that is
terminal (Lemma [51]). The arrows der, d, p, ¢’ and con are from Theorem E2T]
(see also Lemma [03]). In the above some obvious elements are omitted: we
write weak in place of weak X id, [M] in place of [A F M : A], etc. We denote
f’s transpose by f*. The strength X XTY — T(X K Y) is denoted by str;
str’ stands for TX XY — T(X KY'). For the rule (rec) we use the fixed point
operator from Definition B4 note that the PER [A] — T[B] is admissible

(Lemma [527]).
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The proof of the following important lemma is rather complicated due to

implicit linearity tracking. It is deferred to

Lemma 5.35 (Interpretation of well-typed terms is well-defined). If II, II' are
derivations of the same type judgment A+ M : A, their interpretations are the
same: [ = [II']. Therefore the interpretation [A + M : A] of a derivable type
Judgment is well-defined. O

To compare with operational semantics (introduced in §3.2)), the interpreta-
tion [AF M : A] : [A] — T[A] thus obtained is too fine. Hence we go further
and extract M’s denotation which is given by a probability distribution. We do
so only for closed terms M of type bit. This is standard: for non-bit terms
one will find distinguishing contexts of type bit.

In the following definition, the intuitions are:

to = (the infinite binary tree whose labels are all 0) ,
1 0 0 1

ty = and tg =

to to to to

Definition 5.36 (Trees to,ty,tx, and test). Let ¢yt be the coalgebra
THT+T2S Fo(T+T+1)
whose transpose
[pit] X (I+T1+41) — [0-gbit] x (I+1+1)

is described as follows, using informal notations.

(g8, w1(x)) — (1, m2(x)) (£, £1(x)) — (0, m2(*))
(g8, w2 (x)) — (0, m2(*)) (£, k2 (x)) — (0, m2(*))
(e, m3(%)) — (0, K2(%)) (££, 3 (%)) — (1, 2 (%)) -

By coinduction we obtain the following arrow Ceegt.-

prc (thst )

Fop(T+T41) - 22 2C + FyniR
CtestT = r
I4+I+T) - —————— +R

Now the trees tg, tw, te : | — R are defined by
Lo := Ctest © K2 , bt = Ctest © K1 , Lt 1= Ctest O K3 .

The arrow
test : I — ([bit] — R)

in PER is defined to be the adjoint transpose of [t,ts] : I+ 1 — R.
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Definition 5.37 (Operation prob on trees). For each arrowt : I — R thought
of as a tree, we define prob(t) € (R U {oo})? by:

prob(t) := (Y {labels on edges going down-left} ,
>~ {labels on edges going down-right} )

For example, prob(ty) = (1,0) and prob(tg) = (0,1). See also Example
later.

The operation prob quotients the interpretation [A = M : A] : [A] — T[A4]
and yields a denotation relation |}, which is to be compared with the big-step
operational semantics Y (Definition B.8). We note again that we swapped the
notations Y and |} from the previous version [1].

Definition 5.38 (Denotation relation |}). We define a relation |} between
closed bit-terms M—i.e. those terms for which = M : bit is derivable—and

pairs (p,q) of real numbers, as follows. Such a term M gives rise to an arrow
tree(M) : T — R in PERg by:

= ([bit] — R) X (([bit] — R) — R) =% R

1R

testX[-M:bit]
—

We say M | (p, q) if prob(tree(M)) = (p,q). Obviously such (p,q) is uniquely
determined by M.

The infinite tree tree(M) always satisfies the following conditions:

e every branching is either

AN NN

for some p € (0, 1], and

e every non-zero branching is followed by the tree whose labels are all 0:

p 0 0 p

Intuitively, each zero-zero branch preceding a non-zero branch corresponds to
measurement in the evaluation of the term M. We will see that the summation
of labels on edges going down-left (going down-right) is the probability to get
tt (to get £f) by evaluating M. We note that when there are infinitely many
measurements in the evaluation sequence of M, the tree associated to M may
have infinitely many non-zero branching.
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Example 5.39. Let H be the Hadamard matrix. The term M := meas} (H (newjoy(o]))

is a closed bit-term; it measures the qubit (|0) +|1))/v/2. The associated tree
tree(M) is

Indeed we have M |} (1/2,1/2). Similarly, tree(measi(newyq|)) is

0 0

Ty to

and we have meas%(newm o)) 4 (1,0). The zero-zero branches at the top node of
tree(M) and tree(meas](newqy (o)) correspond to measurement in the evaluation
sequences of M and meas](new)g) ).

Example 5.40. Let M be the closed term of type bit given as follows.

The term M prepares two qubits v = %|O>+%|1> and u = %|O>+\/§|1>
The term M measures v.
If the result of the measurement of v is £f, then M outputs tt.

If the result of the measurement of v is tt, then M measures the other
qubit u and outputs the result.

Ll e

The tree associated to M is

%7ttt)

and we have M |} (% %) The branch at the top node corresponds to mea-
surement of v, and the branch of the node at the lower-left corresponds to the
measurement of u.

As we observed in Example [5.39] and Example 540 tree(M) associated to
closed bit-term M has intentional information: we can see how measurement
is done in the evaluation of M. For instance, tree(tt) = ty is different from
tree(meast (new|g)(o|))-
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6. Adequacy

As we use a continuation monad to capture probabilistic branching raised by
measurements, our interpretation of Hog-terms contains intentional data. For
example, the interpretation of a term + M : bit is a tree in the result type R
(Lemma [5.24) that reflects the evaluation tree of M. In this section, we show
that the operation prob in Definition (.37+that reduces a tree in R to a pair
(p, q) of probabilities—correctly extracts the evaluation result of M, that is, we
have M | (p,q) if and only if M Y (p,q).

We list several basic properties of our denotational semantics. Their proofs
are found in Many of them follow common patterns found in the
study of call-by-value languages, although we need to be careful about the fact
that a term can have multiple types (due to subtyping <:)

Lemma 6.1. Let E be an evaluation context, and x be a variable that does not
occur in E. Assume that x : At E[z] : B is derivable. Then for any term M
such that IF T+ M : A, the interpretation [I' = E[M] : B] : [T'] — T[B] is
calculated by

[T+E[M]:B] = /J,{B]]OT[[ZCZAFE[ZC]ZB]]O[[FFMZA]]. O

Lemma 6.2. For a closed term & M : A, if there is a reduction M —1 N that
is not due to a measurement rule ((meas; measy) in Definition [3.7), then

[FM:A] = [FN:A].
Note that = N : A is derivable by Lemmal3.23. O

If we allow reduction rules meas;-meas,, Lemma is no longer correct.
This is because our semantics contains some intentional information. In fact,
tree(tt) is different from tree(meas; (newp)g|)) since the latter tree contains in-
formation about measurement in the evaluation of meas; (new)g ) we observed
in Example Therefore, [ tt : bit] is different from [~ meas;(newp(q|) :
bit]. However, at the base type bit, we can kill such intentionality by forgetting
branching information in tree(M) by means of prob(_).

Lemma 6.3. Let E be an evaluation context. If - E[meas?""1

derivable and

new,| : bit s

E[{tt, newo, |pl0.))] ¥ (Po,q0) E[(£f, new(y, ,11,)] ¥ (p1,q1),

then Emeas] ! new,] |} (po + p1,q0 + q1)-

PrROOF. By Lemma [6.1] we have

[F Emeas™ new,] : bit] =

1

Uﬁit]] o T[z:!'bit K n-gbit - E[z] : bit] o [- meas! "' new, : |bit K n-qbit]

I — T[bit] . )
49
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By the definition of the interpretation of meas?“, the transpose of the inter-
pretation

F meas” ! new, : |bit K n-qbit : I — T['bit K n-gbit
7 P q q
is equal to
(['bit] ¥ [n-qbit] ) — R

=5 IR ((['bit] @ [n-gbit]) —o R)

<[[newpﬂconsc &id> .

[(n+1)-gbit] B (([!bit] X [n-gbit]) = R) — R,

(50)
where m is from [@3). Recall that [bit] = ![bit]; see Lemma 519 Under the
following identifications

(I'bit] ® [n-qbit]) — R —» ([n-qbit] — R)*?> and R —» ([0-qbit] x R)*?

that are derived from Lemma [5.3] and [0.24] the value of (&0) at (f,g) : I —
([n-qbit] — R)*? is

FRz.Prtl Q]
—

< 1729 [0.gbit], 1 ([n-abit] — R) R [n-gbit] = R,

gR[Aa-PriTEl Q)
—

17279 10.gbit], 1 (In-bit] — R) ¥ [n-gbit] < R )

I — ([0-gbit] x R)*?
(51)
Here combinators like Qo, Q, and Pryq,y are from Definition 5.16 and [5.20} affine
A-terms like Az.Qq denote suitable elements of Ag by combinatory completeness;
and the arrow [Az.Qo] is the one in PERg that is realized by (Az.Qp) € Ag.
From Lemma [B21] it is easy to see that the last arrow (EI)) is equal to

< [)\xQO]a ev o (f X [[new(Oi\p\Oi>ﬂconst)7
[/\I'Qo]v €vo (g X [[new<1i|P|1i>]]COHSt) > ) (52)

where [_Jconst is from Definition 532 Let us now define fo, f1 : [n-qbit] —
T[bit] to be the following arrows:

fo =

)

[n-gbit] SIK [n-qbit] © B 1) [n-qbit] — el I[bit] X [n-qbit]
[x:!'bitK®n-gbitt E[z]:bit]
— T[bit]

)

o= [n-gbit] IR [n-qbit] * B 1) [n-gbit] —— HerKid I[bit] X [n-qbit]
1= [x:!' bitK®n-gbitt E[z]:bit]
— T[bit]

where ¢’ : 1 = T is from Theorem X221} By (52)), the transpose of [@J) is equal
to
< [AIQOL 9o, [AIQO]v g1 > : [[bltﬂ — R — R
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where we identified R with ([0-gbit] x R)*?2, and gy : [bit] — R — R is the
transpose of

A2.Qr, plk; 3
I[ —W’” kol [[n-qbit]] —>jk T[[bit]] .
Hence,

tree(E[meas] ! new,])
(1 gy

R =5 ([0-gbit] x R)*? )
= < [Az.Qo], tree(fo o [[new<0i|p|oi>]]const), [Az.Qo], tree(fl o [[newui‘p‘li)ﬂconst) > ,

where we abused the notation tree from ([@8). This means that the tree tree( E[meas! " new,))

can be illustrated as follows.

tree(fo o
[[qState<o,i|p|oi ]]const)

tree (fl o
[[qstate<1i \p\li)ﬂCOHSt>

Therefore
prob (tree ([ EMmeas]t" new,] : bit] ) )

is equal to
(0,0) + prob(tree(fo o [new,|,/0,)Jconst)) + prob(tree(f1 o [new,|y1,)lconst))

where the summation is pointwise. By Lemma[6.1] we have the following equal-
ities:

fo o [newo,pj0i)Jconst = [ E[(tt,new, o011 -
f1 o [newi, o1y leonst = [F E[(£f,new, o01)]] -

Therefore, if
E[(tt,new,|/0.,))] I (Po,q0) E[(ff,new(1,|,1,))] ¥ (p1,q1),
then E[meas?Jrl new,| 4 (po + p1,9 + ¢1)- O

We can similarly prove the following lemma.

Lemma 6.4. Let E be an evaluation context. If - E[measinew,] : bit is
derivable and

Eltt] 4 (po; q0) E[£f] U (p1, q1),

then Emeasinew,] I ((0 [ p | 0)po+ (1] p | 1)p1, (0| p[0)go + (1| p | L)q).
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Our soundness result is restricted to closed bit-terms because we do not
know how to relate evaluation results of closed terms - M : A with its interpre-
tation [ M : A]: I — T[A] when A is not bit.

Theorem 6.5 (Soundness). For any closed bit-term M (meaning that & M :
bit is derivable), and for any k € N,

MY* (p,q) and MY (p',q') imply (p.q) < (¥.,q) -
Here the last inequality is the pointwise one and means p < p’ and ¢ < ¢'.

PRrROOF. By induction on k. When k = 0, if M is neither tt nor £f, then p,q =0
and the statement is true. If M = tt, thenp=p' = land ¢ = ¢ = 0. If M = ff,
thenp=p ' =0and g=¢ =1.

When k > 0, if there is a reduction M —; N that is not due to a measure-
ment rule, then [- M : bit] is equal to [F N : bit] by Lemma There-
fore, M |} (p',¢) if and only if N || (p',q'). Since M Y* (p,q) if and only
if N Y*~! (p,q), we obtain p < p’ and ¢ < ¢ from the induction hypothesis.
If M is of the form F[meas! ™' new,], then we have M Y* (po + p1,90 + q1)
where E[(tt,new(, pj0,))] Y*' (po,qo) and E[(£f,new(,o1,))] Y (p1,q1)-
By Lemma [6.3], if

E[<tt7new(01'\ﬁ‘0i>>] ‘U (p/07 Q6) E[<ff7new<1i|p|1i>>] ‘U (plla qi)v

then E[meas] ™ new,] | (ph + p}, b+ ¢}) > (po + p1,90 + q1).
We can similarly show the statement when the reductions are due to the
(meas3) and (measy) rules in Definition B77] by Lemma [6.4 O

We shall now show the other direction: if M Y (p,q) and M | (p',q'),
then (p’,4¢") < (p,q). Our proof employs the techniques of logical relations (see
e.g. |79, 180]) and T T-lifting (see e.g. |74, 181]). We write Val(A) for the set of
closed values of type A and ClTerm(A) for the set of closed terms of type A. We
write EC(A) for the set of evaluation contexts E such that = : A+ E[z] : bit is
derivable.

Firstly, we introduce a relation < between PER (I, T'[bit]) and ClTerm(bit).
It is defined by by

teM & MY (p, q) then prob(tree(t)) < (p,q) .

Secondly we introduce the operation of T T-lifting. Given a relation
S C PERg(L,[A]) x Val(4) ,
we define a relation ST C PERg([A], T[bit]) x EC(A) by
ST = {(k,E)|Vt,V)eS kot<E[V]} ;
and we define a relation STT C PERg(I, T[A]) x ClTerm(A) by
ST = {(t,M)|V(k,E) € ST. pfysey 0 Thot < E[M] } .
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This operation of T T-lifting is applied to the following relation R4 C PER (I, [A]) x
Val(A). It is inductively defined for each type A.

Ry = {(id1, %)}
Ry qpit = { ([[newpﬂcomt,newp) ‘p € DMosn }
Raxp = { (t®s,(V,W))|(t,V) € Ra and (s,W) € Rp }
Raop == {(t,V) (s W) € Ra. (evappy o (tXs), VW) e R}
Riga = {(ltoy, )‘(t,V)ERA}
Rayp = {(k¢ot, inj; I(V)) |(t,V) € Ry and B' <: B}

U{ (krot, injf/(V)) |(t,V) € Rpand A" <: A}
Here ¢’ : I = !Tis from Theorem EZI} In order to prove the basic lemma for
the logical relation {R}A:type, We show some properties of R4.
Lemma 6.6. 1. If (t,V) is in Ra, then (77[[TA]1 ot,V)isin R)".
2. If (t,V) € Ra and A <: A, then (JA<: A'] ot,V) € Rar. O

The following property is much like the admissibility requirement. See
g. [74].

Lemma 6.7. Let M be a closed term of type A.
L (L], M)eR)".

2. If there exists a sequence of realizers a1 C as C -+ of arrows [a1], [a2], . ..
in PERo (I, T[A]), such that ([a,], M) € R} for each n, then we have
([\/nzlan]vM) €ER,T. U

Theorem 6.8 (Basic Lemma). Let M be a term such that x1 : Ay, @y :

Ap b M : A is derivable. If (t;,V;) is in Ra, for each i € [1,n], then the pair
([[xl cAL e A E M iAo (6 R Kty,), M[Vi/zq,--- ,Vn/xn])
is in RLT.
PRrOOF. By induction on M. When M = z;, we have
[x1: Aq,--- ,:En:Anl—M:A]]O(tlﬁ---lgtn):n{A]] o[A; <:A]ot;. (54)

By (@) in Lemma [6.6] the pair ([A; <: A] o ¢;,V;) is in R4. Therefore, by ()
in Lemma [6.0] and (54)), we see that

([[1'1ZAl,-'-,l‘nZAn'—M:AHO(tlg-"&tn), V;)

is in RXT. When M is a constant, see Lemma [Appendix F.1THAppendix F.15]
When M is an application ! A, T';,T's = NgNy : B for | ATy F Ny : A — B and
'A,Ts - Ny : A —o B, we suppose that A, I'1, I's are empty lists for simplicity.
Generalization is straightforward. Since

(Hfosey © Th o evpay ) © (t R [A]), E[V[]]) € R}
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for any (¢,V) € Ra—p and (k, E) € R}, we have

(uﬂit]] o Tuﬁit]] o TTk o Tevpay,py © str o ([A — B] K ([- Ny : A])),
E[LJM]) € Rj_p

for any (k, E) € R}. Therefore,
foie] © Thfoss) © TTifpsey © TTTk o TTevpay sy o Tstr o str’ o
(IF No : A — B] K [ Ny : A]) < E[NoNV]
holds for any (k, E) € R}, and we obtain
(I- NoNy : B, NoNy) € Rpp".

When M is a lambda abstraction z; : Ay, -+ ,zp : An F Az N : A — B, we
suppose that x is the only free variable of N and n = 0 for simplicity. Also in
this case, generalization is straightforward. We have

([x:A-M:B]o[A <: A]ot, M[V/x]) €RLT
for any (¢,V) € Ra/. By the definition of Ry p,
(9, \a*.M) € Raop

where ¢ is the adjoint transpose of [x : A = M : B] o [A" <: A]. Hence,
by Lemma 6.6 ([M], A*.M) is in Ry—op. When M is letrec fAz =
N in L, the statement follows from Lemma Note that the interpreta-
tion of letrec f4x = N in L is given by the least upper bound of a sequence
of realizers. The other cases are easy. O

Corollary 6.9 (Adequacy). For a closed term = M : bit, we have

MY (p,q) <= M| (p,q).

PRrROOF. We suppose that M Y (p,q) and M | (p’,q’). By Theorem[G.5] we have
(p,q) < (p',q") on the one hand. On the other hand, by Theorem (consider
its special case where M is closed), we have ([ M : bit], M) € R/;. Since
(nﬁ’;itﬂ, []) is easily shown to be in R}.,, we obtain [~ M : bit] < M. Hence

', q) < (p.q). O

7. Conclusions and Future Work

We presented a concrete denotational model of a quantum A-calculus that
supports the calculus’ full features including the ! modality and recursion. The
model’s construction is via known semantical techniques like Gol and realizabil-
ity. The current work is a demonstration of the generality of these techniques
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in the sense that, with a suitable choice of a parameter (namely B = Q in Fig-
ure [T]), the known techniques for classical computation apply also to quantum
computation (or more precisely “quantum data, classical control”). Our model
is also one answer to the question “Quantum Gol?” raised in [82].

Our semantics is based on so-called particle-style Gol and hence on local
interaction of agents, passing a token to each other. This is much like in game
semantics 22, [23]; our denotational model, therefore, has a strong operational
flavor. We are currently working on extracting abstract machines for quantum
computation, much like the classical cases in |24, 25, (26, [27, 28] In doing so,
our current use of the continuation monad T (see §5)) is a technical burden; it
seems we need such continuation monads not only for quantum effects (in the
current paper) but also for various computational effects (in general). Endowing
realizers with an explicit notion of memory (or state) |77, |28 —in a systematic
manner using coalgebraic component calculus [83, 184]—seems to be a potent
alternative to use of continuation monads.
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Appendix A. CPO Structures of Density Matrices and Quantum Op-
erations

For the limit properties of density matrices and quantum operations (such
as Lemma [Z5]) we employ some basic facts from matrix analysis.

There are various notions of norms for matrices but they are known to co-
incide in finite-dimensional settings. We will be using the following two.

Definition Appendix A.1 (Norms | _ ||ty and || _||r). Given a matrix A €
M., its trace norm || _ ||t is defined by

[ Aller = tr(VATA) .

Here the matrix ATA is positive hence its square root is well defined (see
e.g. |38, §2.1.8]). In particular, we have

[|A]|sr = tr(A) when A is positive. (A1)

The Frobenius norm || A|r of a matrix A is defined by

JAllee = /3 1Aigl? = (fer(ATA)

Here A; ; is the (i, j)-entry of the matrix A, hence the Frobenius norm coincides
with the standard norm on M, = C™>*"™. The latter equality is immediate by
a direct calculation.

The metric induced by || _ ||+, is called the trace distance and heavily used in [38,
§9.2).

Lemma Appendix A.2. 1. For each matrix A € M,, we have [|A|lg <
Allsr < m||A||gr; therefore the two norms induce the same topology on the
set M,,.
2. Both norms || _||re and || _ ||t are complete.
3. The subset DM,,, C M,, is closed with respect to both norms || _||r and

e

PROOF. 1. Let Ay,..., A, be the (nonnegative) eigenvalues of positive ATA.
Then the inequality is reduced to

VMF ot dm < VAt VA < meo VA A+ A

which is obvious.

2. || _|ler is complete because so is C. Then one uses[Il

3. Let (pk)ren be a Cauchy sequence in DM,,,. We show that limy, pi, belongs
to DM,,. It is positive because the mapping (v| _|v) : DM, — C is continuous
with respect to || _||rr (hence also to || _||¢). Similarly, continuity of tr(_) yields
that tr(limk pk) <1. O
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We shall henceforth assume the topology on M, that is induced by either of the
norms. It is with respect to this topology that we speak, for example, continuity
of the function tr(_) : DM,,, — C. On the one hand, the Frobenius norm || _||r
is useful since many functions—such as tr(_)—are obviously continuous with
respect to it. On the other hand, the trace norm || _ |, is important for us due
to the following property.

Lemma Appendix A.3. Let (pn)nen be a sequence in DM, that is increasing
with respect to the Lowner order in Definition[2.4 Then (pn)nen is Cauchy and
hence has a limit in DM,,.

PROOF. For any n,n’ € N with n < n’, we have

low = pallee < tr(pw = pu) = tr(pur) — tr(pn) (A.2)

where (x) holds since p, — p, is positive (see (AJ))). Now observe that the
sequence (tr(pn))nen is an increasing sequence in [0, 1] hence is Cauchy. Com-
bined with (A.2), we conclude that the sequence (p,)nen in DM, is Cauchy

with respect to || _||tr- By Lemmal[Appendix A.2] it has a limit lim,, p,, in DM,,,.
O

LEMMA (LEMMA [Z5] REPEATED). The relation C in Definition [24]is indeed a
partial order. Moreover it is an w-CPO: any increasing w-chain py C p; C - --
in DM,,, has the least upper bound.

PROOF. Reflexivity holds because 0 is a positive matrix; transitivity is because
a sum of positive matrices is again positive. Anti-symmetry is because, if a
positive matrix A is such that —A is also positive, all the eigenvalues of A are
0 hence A itself is the zero matrix.

That C is an w-CPO is proved in |7, Proposition 3.6] via the translation into
quadratic forms. Here we present a proof using norms. By Lemmal[Appendix A.3]
an increasing w-chain (p, )neny in DM, has a limit lim, p, in DM,,. We claim
that lim,, p,, is the least upper bound.

To show that py C lim, p,,, consider

(w|(limy, pr) — pr|v) = limy, (v|pn — prlv) ; (A.3)

the equality is due to the continuity of (v|_|v) : DM,, — C. The value (v|p, —
pk|v) is a nonnegative real for almost all n, therefore (A.3) itself is a nonnegative
real. This proves px C lim,, p,. One can similarly prove that lim,, p,, is the least
among the upper bounds of (p,,)nen- O

PROPOSITION (PROPOSITION [ZT3], REPEATED). The order C on QO,, ,, (Def-
inition 212) is an w-CPO.

PROOF. Let (£k)ken be an increasing chain in QO We define £ to be its

“pointwise supremum”: for each p € DM,,,

m,n*

—

*

E(p) = sup &l(p) = lim E(p) (A4)

k—00 k—o0

2
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where the supremum is taken in the w-CPO DM,, (Lemma [2.8). In the proof
of Lemma we exhibited that the supremum is indeed the limit ((*) above).
We claim that this £ is the supremum of the chain (£g)gen-

We check that (A) indeed defines a QO €. In Definition 2:6] the trace
condition follows from the continuity of tr(_) : DM,, — R. For convex linearity
we have to show

Jim (@) (5 232)) = 55,25 (i (06 ())mn (0))
This follows from the linearity of the limit operation limg_,~,, which is straight-
forward since limg_, o, is with respect to the trace norm || _||s;. To prove com-
plete positivity of £, one can use Choi’s characterization of complete positive
maps (see |4, Theorem 6.5]). The operations involved in the characterization
are all continuous, hence one can conclude complete positivity of £ from that
of &g.

It remains to show that &£ is indeed the least upper bound. This is obvious
since C on QO,, ,, is a pointwise extension of C on density matrices. O

Appendix B. Proofs for §3.4|

Appendiz B.1. Proof of Lemmal[3.4
Proor. We let

e the set of evaluation contexts that is defined in Definition denoted by
EV, and

e that which is defined in Lemma [3.6] denoted by EV.

We are set out to show EV = EV. We rely on the following facts:

1. if B, E' € EV then E[E'] € EV; and
2. if D, D’ € EV then D[D’] € EV.

The former is proved by induction on the construction of E’; the latter is by
induction on the construction of D.

One direction EV C EV is proved easily by induction. We present only one
case. For E = E'[[_]M] € EV, by the induction hypothesis we have E’ € EV;
moreover [_JM € EV. Therefore by the fact B above, E = E'[[_]M] belongs to
EV.

The other direction EV C EV is similar; we present only one case. For
D = D'M € EV, by the induction hypothesis we have D’ € EV; moreover
[]M € EV. Therefore by the fact [[labove, D = D'M = [D’|M belongs to EV.

O
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Appendiz B.2. Proof of Lemmal3 13

PrOOF. [I1 Reflexivity A <: A is easy by induction on the construction of A.
Transitivity

A<: A and A <: A" — A< A"

is shown by induction on the derivation. We present one case; the other cases
are similar. Assume that A <: A’ is derived by the (X) rule:

B<:B C<:C' n=0=>n"=0 ()
A=1"(BRC)<:I"(BRC') = A

(B.1)
The form A’ = !",(B’ X C”) requires the relation A’ <: A” to be derived also by
the (X) rule:

B <:B" (C'<:C" n'=0=n"=0
A=1"(B'RC) <" (B"RC") = A"

(B.2)

Now we apply the induction hypothesis to B <: B’ and B’ <: B” in (BIHB.2)),
and obtain that B <: B” is derivable. Similarly C <: C” is derivable. That
n =0 = n" = 0 follows immediately from (BJIHB.2), too. Using the (X) rule
we derive A <: A”.

By cases on the rule that derives A <: B. We present the case (—o):

Bi<:A1 Ay<:By, n=0=m=0
AE!n(Al —OAQ) < !m(Bl—OBQ)EB

(=) .

Since n+1=0= m+ 1 =0 is trivially true, using By <: A; and A <: By we
derive "1 (A; —o Ay) <: ™1 (B; —o By). The other cases are similar.

By cases on the outermost type constructor in A (ignoring !). Assume
it is —o, with A = !¥(B — ). Then we have B <: B and C <: C due to the
item[l; and n =0 = m =0 implies n + k =0 = m + k = 0. Therefore

B<:B C<:C n+k=0=m+k=0
"H(B — C) <: "™™(B — O)

(=)

derives 1" A <:!™ A, as required. The other cases are similar.

M Straightforward, by cases on the rule that derives I A <: !™ B.

We show existence of directed sups and infs by simultaneous induction,
on the complexity of upper/lower bounds.

Assume A; <: mn-gbit and A <: n-gbit. Then A; = !"! n-qbit and As =
1"? p-gbit for some n1,ne € N. We define

A = In-gbit if n; # 0 and ng # 0,
0= n-gbit  otherwise.

This Ay is clearly a supremum of A; and As.
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Assume n-gqbit <: A; and n-gbit <: As. Then A; and As must both be
n-qbit, and Ap := n-qbit is the infimum.

In the cases where the given upper (or lower) bound is "' n-gqbit, T or
"1 T we can similarly compute a supremum (or a infimum).

Assume A; <: B — C and Az <: B —o C. Then the rules in () force that
A = !nl(Bl —o Cl) and As = !n2(BQ —o Cg), with B <: By, B <: Bo, C<:C
and Cy <: C. Since the complexity of B or C' is smaller than that of B — C'
we can use the induction hypothesis, obtaining By as a infimum of B;, By and
Cy as a supremum of C7,Cs. Now

Ay = '(BO —o Oo) if ny }é 0 and ng }é O,
0= By — Cy otherwise.

is easily shown to be a supremum of A;, As. The other cases are similar. (|

Appendiz B.3. Proof of Lemma[3.17

PROOF. By induction on the derivation of A = M : A. The proof is mostly
straightforward; here we only present one case.

Assume that the derivation of A F M : A looks as follows, with the (—o.I5)
rule the one applied last, and A = (! Ao, T), M = AzP.N, A=1"(B' — O).

z: BN, TFN:C FV(N) C |Ap| U {x} B'<:B
IAg, T FAzB.N :1"(B" — O)

(—012)

Since A’ <: A = (1A, T'), we have A’ = (A}, IV) with Aj <:1Ag and IV <: T.
Furthermore, by Lemma BI04 A{ must be of the form A = | Aj with some
Af. Thus A" = (1 Ay,I"). Similarly, from the assumption that A = "(B’ —o
C) <: A" we have A =" (B"” — C") with B” <: B’, C <: C" and n =0 =
m = 0.

Now we have (x : B,1A{,I") <: (z : B,!Ay,T'). Using the induction hy-
pothesis we obtain IF = : B,{!A{,T" = N : C”. Since FV(N) C |Ao| U {z} =
|AF| U {z}, the (—o.I3) rule can be applied.

x:BIAY, TN :C" FV(N) C |Aj|U{z} B"<:B
LAY, T F A2B.N :1"™(B" — C")

(—012>

To obtain B” <: B we used transitivity (Lemma BI5I). This derives A’
B N A O

Appendiz B.4. Proof of Lemmal3.20

Proor. [II By induction on the construction of a value V.

If V = x, a variable, then the type judgment must be derived by the (Ax.1)
rule. Then the claim follows immediately from Lemma

If V is some constant (i.e. new, meas?“,U, Cmp,,, ,,, ornew,), or if V' = x,
FV(V) is empty.
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If V= \xB.M, the type judgment A F V : ! A must be derived by the
(—o.I) rule:
x:B 1A, TFM:C FV(M) C|Ag| U {z} B'<:B
Ao, T = XeB .M :1"(B' — O)

(—012>

with A = (1A, T) and A = I""}(B — C). Now we have FV(V) = FV(M) \
{z} C (|Ao] U {z}) \ {z} = |A¢|, from which the claim follows.
If V = (14, V3), the type judgment AV : ! A must be derived as follows:

!Ao,l—‘ll—‘/lilnAl !AQ,FQI_‘/Q:!nAQ
Ao, Ty, Ty = (V4, Vo) : I"(A] K Ay)

(D), (1)

with A = (! Ag,T'1,T2). By the induction hypothesis, we have
(Ao, T1)|eviyy = 'Ar, (1A, To)|pv(re) = 'As

for some A; and Ay (here (! Ag,I'1)|pv(1;) denotes the suitable restriction of
a context). The claim follows immediately. The cases where V = inj? V' or
V = injA V' are similar.

By induction on the construction of a value V.

If V = z, a variable, then the claim follows easily from Lemma The
cases where V' is a constant or V = x are similarly easy.

In case V = A\zP.M: if A is of the form A = "(B’ — C) with n > 1, the
type judgment !A TV : A is derived by the (—o.I3) rule and it also derives
'ATEV VA TIf Ais of the form A = B’ — C, the derivation of | A, TV : A
looks as follows.

z:B,/ATFM:C B' <:B
IATFMBM:B —C

(—o.1}) (B.3)

Now the assumption FV (V) C |A| yields FV(M) C |A| U {z}; this can be used
in
x:BJIATHFM:C FV(M) C|A|U{z} B' <:B
AT AP .M (B — C)

(—.I) .

Thus we have derived !ATHV : 1 A.
Finally, the cases where V = inj? V’/ or V = inj? V' are easy using the
induction hypothesis. This concludes the proof. ([

Appendiz B.5. Proof of Lemmal[3.22

PROOF. The first two rules are straightforward, by induction on the derivation
of 'A,T5,x: AF N : B. Here we make essential use of the monotonicity rule
(Lemma B17) and the weakening rule (Lemma BI9B]). The third rule (Substs)
follows from (Substs) via Lemma and The last rule (Substy) for
evaluation contexts is proved by induction on the construction of E, where we
employ the “bottom-up” definition (Lemma B.6]) in place of Definition BH O
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Appendiz B.6. Proof of Lemmal323
PROOF. By induction on the construction of an evaluation context E. The step

cases where E # [_] are easy, since the local character of the typing rules of
Hoq (for a rule to be applied, the terms in the assumptions can be anything).
For the base case (i.e. E = [_]) we prove by cases according to Definition B.7

In the case where M —, N is by the (—o) rule of Definition 3.7 we have
p=1 M= Az M)V and N = M'[V/z]. By the assumption we have
IFAF ()\xA/.M "YV : A; inspection of the typing rules shows that its derivation
must look like the following.

2 AN T FM 2 A B<: A :
IAN' T XA M :B— A IN.ToFV:C C<:B
IA Ty, Ty - (M M)V : A

(—011)

(—.E)

(B.4)

Here A = (A, T1,T3). We have C <: B <: A, thus C <: A’ (Lemma BI5IT]).
Using the monotonicity rule (LemmaBI7) we have - ! A’ Ty -V : A’. Combin-
ing this with the top-left judgment in (B.4) via the (Substs) rule in Lemma[3.22]
we obtain IF 1A’ Ty, T’y = M'[V/x] : A, which is our goal.

The cases of the (X),(T), and (+;) rules are similar, where we rely on the
substitution rules in Lemma

We consider the case of the (rec) rule, where p = 1, M = letrec fF~Cz = M'in N’
and

N = N/[()\xB. letrec f8~Cx = M’ inM")/f]
= N'[(A\z8.1etrec fP~%2 = M'in M'[z/z]) ] f] .
Here z is a fresh variable and we used the a-equivalence. By the assumption

we have IF A F letrec fB~Cz = M’in N’ : A; inspection of the typing rules
shows that its derivation must look like the following.

IA, f:(B—C),z:BFM:C IAI,f:(B—C)FN':A
IA' T Fletrec fB~Yz=MinN': A

(rec)

(B.5)

Here A = (A’,T). Now by a-converging ! A’ f : (B — C),z : B+ M’ : C—the
top-left judgment in (BE)—we have IF!A’, f: (B — C),z: B+ M'[z/z] : C.
Applying the (rec) rule to the last two judgments, we obtain |- A’z : B |
letrec fB~Cx = M'in M'[z/z] : C. By the (—o.I3) rule this leads to I ! A’ -
A28 letrec fB~CYs = M'in M'[z/z] : /(B —o C). The last judgment is com-
bined with the second assumption in (B.]) via the substitution rule (Substs) in
Lemma[3.22 and yields Ik ! A", '+ N'[ A\zB.letrec fB~C2 = M'in M'[z/z]/ f]
A. This is our goal.

In the other cases, the reduction M —,, N is derived by one of the rules in
Definition B.7] that deal with quantum constants (such as new and U). We do
only one case, of the rule (meas;). The other cases are similar.
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By inspecting the typing rules it is easy to see that the type A of the term
meas] ! (new,) must be A =!bit K n-gbit. Therefore it suffices to show that
the term tt = inj, (x) can indeed have the type !bit = (T +T). This is shown

as follows. 1
AF*x: 1T (T.1)
A injz—(*) H(TH+T)

This concludes the proof. (I

(+.14)

Appendiz B.7. Proof of Lemma[3.24

PROOF. By induction on the construction of the (closed) term M. We only
present the case where M = N L. If N is not a value, by the induction hypothesis
N has a reduction N —, N’; this yields M = NL —, N'L. It is similar
when N is a value but L is not.

Now assume that both NV and L are values. By the assumption that M = NL
is typable, we must have IF= N : B — A for some B. A value N of the type
B — A must be either of the following forms: 2B’ N’ new, meas?, U or cmp.

If N = MzP'.N', since L is a value we have M = NL —s; N'[L/z]. If
N = new, it is easy to see that a closed value L of type bit must be either tt or
ff. Therefore the reduction (new;) or (news) in Definition BT is enabled from

M = NL. The other cases are similar.
O

Appendix C. The Quantum Branching Monad Q

The following characterization is standard. See e.g. [3§].

Lemma Appendix C.1. The trace condition (I7) holds if and only if: for

each m € N,
Z ZM((c(x))mn> C Zn - (C.1)

rzeX neN

Here C is the Lowner partial order (Definition[Z4); M ((c(a))m,n) is the matriz
from Definition[Z8 Note that M ((c(2))m,n) is an m x m matriz regardless of
the choice of n, hence the sum in (C1]) makes sense.

PROOF. We define a matrix A by

A=T,- Y ZM((C(m))m)n) . (C.2)

rzeX neN
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(c(@))ma(p))
reX neN
f(Ap)+ 3>t ( D Do (BT
z€X neEN i€1x m,n
where {Eg(f)m nYi€l,m., 15 an operator-sum representation of (¢(z))m,n
g+ Y (X (BB )
reX neEN €1y m,n
=tr((A+ Z ZM((C x)) n))(p))
reX neN
=tr(p) <1

To prove the ‘if’ part, assume that A is positive. We have, for each p € DM,,,
4+ Y Y

Hence it suffices to show that tr(Ap) > 0. It is a standard fact that any density
matrix p € DM,,, can be written as

by (C2).
> Ailvi)(wil
icl

with |v;) € C™, |[|v;)|| =1, \i > 0 and >, \; < 1. Therefore it suffices to show
that tr(Alv){v|) > 0 if |||v)]] = 1. Now

(Ap) = tr(Alv)(v])

(v|Ajv) >0,
where (%) is because tr(BC) = tr(CB) for any B,C; and the last inequality
holds because A is positive.

*

For the ‘only if’ part, we must show that the matrix A in (C2]) is positive
For that purpose it suffices to prove: for any |v) € C™ with length 1, (v|AJv) >0
(v|Alv) =

ZZ E(Z 1‘E(Z ’ >
where {EI m n}lel

xz,m,n

is an operator sum representation of (¢(x))m.n
)= 2 2 B ) B
i

B, )
_1—ZZtr(

B nlv) (0| (B

x,m, n)T)
using tr(BC) = tr(CB) and (v|v) = ||v||? =1
1 Ztr((c(x))m,n(|v><v| )) >0

This concludes the proof.

a functor

by (7).

O
Proposition Appendix C.2. The construction Q in Definition [{.1] is indeed
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PrOOF. First we check that, given a function f : X — Y and ¢ € QX, the
data (Qf)(c) defined in ([I8) indeed satisfies the trace condition. This is easy
by direct calculations. It remains to be shown that: Q(id) = id and Q(g o
f) = Qg o Qf. These are easy consequences of the facts that id™! = id and
(go f)~t = f~1og ! respectively. O

Lemma Appendix C.3. The sum in the definition (20) of u is well-defined.

PROOF. First we show that, for fixed v € QQX, m € N and p € DM,,, there
are only countably many pairs (¢, k) € QX X N such that

(7(e))mk(p) #0 , equivalently (because the matrix is positive), tr( (7(0))m)k(p)> #0 .

To see this, observe that the trace condition (I7) for v € QQX means ), tr((7(c))m.k(p)) <
1. It is a standard fact that a discrete distribution with sum < 1 has at most a
countable support; from this our claim above follows.

Therefore we can enumerate all such pairs as ((¢;, k1) )ien. Then ([20) amounts

(1x (@), = 3 (@), 0 (@), ., ) )

leN

to

The right-hand side is the limit of a sequence (over [ € N) in DM,, that satisfies
the assumption of Lemma [Appendix A.3] Thus it is well-defined. O

Proposition Appendix C.4. The construction Q in Definition [{.1] is indeed
a monad.

PROOF. First we verify that the data nx(z) in ([9) and px(v) in @0) satisfy
the trace condition ([I7)) and hence belong indeed to QX. For the unit nx(x)
this is obvious. For the multiplication px(v) we shall verify (IT). For any
p € DM,,,, we have

S St (x())@),,,.0))

zeX neN

=33 > S (@) (1m0 )

rxe€X neENceQX keN

:Zzzzﬂwmm%m<(%)m@ﬂ)

z€X neENceQX keEN

since (¢(z))k,n and tr are linear

_ Z Ztr((v(c))m,k(P)> . (Z Ztr((c(w))k,n( W(C))mk(ﬂ))) )))

L3k i b=t tr( (H(Omrlp

< Z Ztr( (”y(c))mﬁk(p)) -1 by the trace condition for ¢ € QX (%)
ceQX kEN

<1 by the trace condition for v € QOX.
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Note that in the above (x), the matrix

(V())m.k(p)
tr( (H()mr(p) )
has its trace 1 hence is a density matrix.

Next we verify that the maps nx and px in (I9H20) are natural in X. For
nx it is obvious. For px, given v € QOX and f: X — Y-

(o o QQf)(W)(y))m )

= Z Z ((Q2F)()(c ))m,k
c'€eQY keN

= Z Z knO (”Y(C))mﬁk)
c'€QY keN ce(Qf)~*({e'})

Z Z Z (' W)k © (Y(€))my  since (¢'(y))k,n is linear

¢'€QY ce(Qf) 1 ({'}) keN

3 S (@HOW)),, © (HW)m i

ceQX keN

Y0 Y (@) o ()i

c€QX keN zef-1({y})

S S S @i o ()

zef~1({y}) c€QX keN

= Y @ = ((QF 0 nx))W) )

zef~*({y})

m,n

This proves the naturality of pu.
Finally we verify that n and p indeed satisfy the monad laws, that is, that
the following diagrams commute.

nox Onx Oux

QX — QOX +—— QX QQOX — QOX
\ iux/ rox | Irx (C.3)
0X

The leftmost triangle is obvious; for the other triangle, we first observe

((QnX)(C)(C/))mm _ {(c(x’))myn if ¢ = nx(2') for some 2’ € X, (c.4)

0 otherwise.
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This is used in the following calculation.

((axo(@))@@) = 3 3 (@@kno ((Qu)ON))

T eQX keN

Y (x@) @)y, © (el@)ms
x’e€X keN
by (C4)

m,k

= T, 0 (e(e))mm = (@) mn -

This proves the commutativity of the triangle in the middle of (C3]). For the
square on the right, given I' € QQQOX:

((ex 0 Qu)D@)) = 30 S lelDrn o ((Qux)D)(e))

c€QX keN ™k
= S e@rao (X T
c€QX keEN verk' ({e})

o3 Y (e@in o Tk

c€QXkeNyen ({e})

Y D (ux(M@)ka © TNk

v€QQX keN

= Z Z Z Z N o (v(e))kr o (T())mp

YEQQOX keNceQX IeN

((x ono)™@) = 37 3 (el@)n © (rox (D))
’ ceEQX leN
= > D e@no (D D (kio TM))mk)
ceQX leN v€QQX keN
= > > > D> @i o (v()wa o CE)m -
~EQOX kEN c€OX IEN
This concludes the proof. (I

Appendiz C.1. The Kleisli Category K{(Q)

LEMMA (LEMMA [42] REPEATED). Given two successive arrows f : X + Y
and g : Y -» U in K¢(Q), their composition ¢ ® f : X -» U is concretely given
as follows.

(Gon@w) =33 (o o (F@W),

y€EY keN

87



PrOOF. Given z € X, u € U and p € DM,,;:
(won@w) =((woege N@)w))
(ro(@oU@)w)

> Sk o (((Qo)(F@))(e) )

m,n m,n

cEQU keN ™k
by def. of p
=3 Yo (D U@ )
ceQU keN yeg—1({c})
by def. of Qg

Y3 Y (ew)in o (F@)@)m

ceQU keNyeg—1({c})

Y > @@ @)k o (f@))m - (%)

yeY keN

Here the equality (*) holds because, due to g : Y — QU being a function, we
have Y = [.cou{y | 9(y) = c}. o

Note that K£¢(Q) has finite coproducts, carried over from Sets by the Kleisli
inclusion functor.

Theorem Appendix C.5. The monad Q on Sets satisfies the following con-
ditions (from [33, Requirements 4.7]); and therefore by [33, Proposition 4.8],
the category K0(Q) is partially additive.
1. K¢(Q) is w-CPO enriched.
2. K0(Q) has monotone cotupling.
3. For each XY € KU(Q), the least element Lxy € K(Q)(X,Y) in the
homset is preserved by both pre- and post-composition: that is, fO L = 1
and 1L ©g= 1.

We note that, under this condition, there exist “projection” maps p; :
[ic; Xi = X; such that

i Ok = id ifi=j,
/ ! 1 otherwise,

where rj 1 X; -+ [1;c;
4. The “bicartesian” maps

X, denotes a coprojection.

bC(Xi

.
Yier = <Q(H X’L) <PL§I H QX,L> where pg = o Tpl

el i€l

88



form a cartesian natural transformation with monic components. This
means that all the naturality squares

T, X:) =1, TX;
(1L Y:) e [, TY:

are pullback diagrams in Sets, for each f; : X; — Y; in Sets.

The original condition |33, Requirements 4.7] is stated in terms of DCPOs
instead of w-CPOs. This difference is not important.

PRrROOF. We use the pointwise extension of the order T in Definition [£4] in
homsets K¢(Q)(X,Y). It is an w-CPO due to Proposition 213 It is easy to see
that the bottoms are preserved by pre- and post-composition. To see that
supremums are preserved too, one uses the following facts.

e A QO is continuous, since its operator-sum representation is.

e The fact at the beginning of the proof of Lemma [Appendix C.3| (that the

support of each of the relevant functions is at most countable).

e The limit operator limy_,~ (for increasing chains) and the countable sum
operator ), are interchangeable: limg >, pr = >, limg pg ;.

Cotupling is monotone since the order in the homsets are pointwise.
To see be is monic, assume be(c) = be(d). Then p?(c) = p(d) for each i € I.
It is easy to see that p(c) = c o k;, therefore

c:[com]i:[dom—]i:d .

It is straightforward to see that the naturality squares are pullbacks. O

Appendix D. Proofs for §5|

Appendiz D.1. Proof of Lemmal5.8

PROOF. The set Ag = KV(Q)(N,N) is an w-CPO due to the w-CPO enriched
structure of the category K¢(Q) (see Theorem [.5]). Therefore the order C on
Ag is essentially the Lowner partial order (Definition 2.4]).

To show the item [ we use the fact that composition ® of arrows and
the trace operator tr are both continuous in the Kleisli category K¢(Q). In-
deed, the former is part of the fact that K¢(Q) is w-CPO enriched (Theo-
rem |[Appendix C.5)). The proof for the latter is not hard either, exploiting the
explicit presentation of tr by Girard’s execution formula (see |59, Chap. 3]). In
the proof the following Fubini-like result is essential: if (2, m )n,men is increasing
both in n and m, then sup,, sup,, Tn,m = Sup,, £nn. The item [ then follows
immediately from the definitions of - and ! in (29) and (30I).

The item [l is proved using the presentation of tr by Girard’s execution
formula and the fact that composition ® in K¢(Q) is (left and right) strict. O
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Appendiz D.2. Proof of Lemmal 513

PROOF. For inductiveness of U x V, assume g C 21 C -+, 2y C 2y C -+ and
(z;,2%) € U x V for each i. By the definition of U x V, we find k;, l;, u;, ki, I}, u
such that z; = Pk;(Plyu;), o = PE/(PUu}), (kiug, Kul) € U and (Lyug, Uul) €
V. Since k; = Pz, by continuity of - we have that (k;); is an increasing
chain. So are (ll)“ (UZ)“ (k;)“ (l;)z, (u;)l, therefore (kzuz)z, (llul)z, (k;’u;)“ (l;u;)z
are increasing, too. By the admissibility of U and V we have

(sup kiu; , sup k;u;) eU and (sup liyug , sup l;u;) eV .
i i i i

Again by continuity of - we have
supx; = P(sup k) (P(supl;)(supu;)) and supa; = P(sup k])(P(supl})(supu})) ;

since sup; k;u; = (sup, k;)(sup; u;) (and so on) we conclude that (sup, x;,sup; =) €
UxV.

Strictness is the reason we use x instead of x. We have PL(PLLl) = L:
this is because Pzy = j © (z +y) © k (see @) and that © is (left and right)
strict. This shows (L, 1) e U x V.

Inductiveness of X —o U is easily shown by similar arguments. Finally,
strictness of X —o U is because for each (z,2') € X, (Lz, La’) = (L, 1) e U.
Here the left strictness of - is crucial. O

Appendiz D.3. Proof of Lemma[5.27

PRrROOF. The PER [0-gbit] (Definition BEI8) is admissible. Indeed, (L,1) =
(Qo, Qo) € [0-gbit] and an increasing chain in [0-gbit] is precisely an increasing
chain in [0, 1]. Therefore Lemma shows that the functor Fpy = [bit] —o
([0-gbit] x _) preserves admissibility. Since Bt = {(L, 1)} is admissible, each
object ngtB in the final sequence is admissible.

We prove strictness of R. By Definition [5.4] we have 1 = (L);en; hence
P(L);L = L by (@Q). Thus it suffices to show that for any j and any 7 such that
j <1, (cijL, 1) € FJ, Bt This is by cases: we distinguish j = 0 and j > 0.

If j =0, [eij] : Ff, Bt — Bt is the unique map to Bt = {(L, 1)} and hence
¢i ;L = L. Therefore (¢; ; L, 1) € ngtBt for any .

Assume j > 0. Let us first note the functor [bit] — _’s action on arrows:
it carries

[(]: X — Y to [Ath.c(th)] : [bit] — X — [bit] - Y . (D.1)

The functor [0-gbit] x _ carries [c] : X — Y to
[Av.v(Mkyw.w(Mkau.Pki (P(Az.c(k22))u)))] : [0-gbit] x X —> [0-gbit] X Y ;
(D.2)

after suitable insertion of the conversion combinators Cp_,; and Cp _,p, it de-
scribes the functor [0-gbit] x _’s action on arrows.
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Our aim now is to show
(ciyl, L) € FJ Bt = [bit] — ([0-gbit] x F 'Bt) ;
by B2)) it suffices to show
(cijLb, L") € [0-qoit] x FJ !Bt for each (b,') € [bit]. (D.3)
By (D) we have
(cij, Mb.di_yj1(th)) € Fiy Bt — FI Bt
where d;_1 j_1 is the realizer of the arrow
[0-gbit] X [ci—1,j-1] : [0-gbit] x F Bt — [0-qbit] x F/ !Bt
described as in (D.2)). Therefore
(cijLb, dii1j-1(1b)) € [0-gbit] x Fi "Bt . (D.4)
Now using that - is left strict,
di—1,j-1(Lb) =di—q j1 L =1=1b,

where for the second equality we also used the concrete description (D.2)) of

d;—1,j—1. Therefore (D.4]) proves (D.3]).

Inductiveness of R is proved much like the proof of Lemma [5.13] (I

Appendix E. Well-Definedness of Interpretation of Well-Typed Terms

Towards our goal of proving Lemma [5.35] we introduce another set of typing
rules, and we call them the principal typing rules. The system is a restriction
of the Hoq typing rules (Table [).

Definition Appendix E.1 (Principal typing in Hoq). The principal typ-
ing rTules of Hoq are in Table

In the rules, a square-bracketed entry like [z : A] in a context means that it
can be absent. The contexts in the (+.E)p rule are complicated: they form the
following partition of the free variables of the term in the conclusion. Notice
that I need not be of the form !T".

FV(M,)

VeV
o

FV(P) FV (M)
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(AX.l)p (AX-2)P

rz:AFx: A F ¢ :1DType(c)
[x: Al,Ar-M:B A £ 1A’ for any A’
Az M:A—-B

(—O.Il)P

[z: A,A+M:B A =!1A' for some A’
AF x4 M : (A — B)

(—O.Ig)p

'ATFM:!"(A— B) INT9FN:C C<: A

AT, T2 MN : B (—-E)p
(m=0<:>n=0) At least one of A1 and As is
!A,FlFMlt!nAl !A,FQFMQZ!”AQ /\(m:1<:>n21) not of the form ! B 21
A, T1,Ts b (M, M) (1™ A, K™ Ay) (B.De
!A,Fl}—MZ!m(C&@Cg) m=0=n=0
!A,FQ, [SCl : !nAl], [ZCQ : 'nAQ] FN:A Ci<: A1 Cy<: Ay (|Z| E)
n n . P
LA, T, Ty let (2} A1 2h 42) = MinN: A
IAT,FM:"T  1AT,FN:A
AT (D AT, T,F Tets—MinN. A (PP
m:0<:>n:0) Aj is
AFM:!nAl /\(m:1<:>n21) not of the form ! B
LA mm (+11)P
At ing,? M :"(1"™ Ay + Ap)
m=0&n=0) Ay is
AFN:I" A, /\(m:1<:>n21) not of the form ! B
. -A m m (""'IQ)P
AFinj/t N 1M (A + 1™ Ag)
'A,'Al,'AQ,FFP'm(Cl—FCQ) m=0=>n=0
!A,!Al,I",I"l,[xl:!"Al]FMlzB Ci<:A; Cy<: Ay
!A,!AQ,F/,F/Q, [ZCQ . 'nAQ] = MQ : B X Q |F,A2,F2|,I2 ¢ |F,A1,F1|
T (—l—E)p

IAVAL VA, T, TV, T, T - match Pwith (2} 4t — My | 2 42 — M) : B

'A[f: (A — B)|,[x: AJF- M : B"
AT [f:(A—B)]FN:C B"<:B

IATF letrec fA Bz = MinN : C

(rec)p

Table E.2: Principal typing rules for Hoq
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We shall write IT IFp A+ M : A if a derivation tree II, according to these
rules, derives the type judgment. We write IFp A F M : A if there exists such
II, that is, the type judgment is derivable.

Lemma Appendix E.2. Fp A+ M : A implies IF A+ M : A.

PROOF. By induction on the principal type derivation of IFp A+ M : A. We
only present some cases.
When the last rule applied is (—.E)p, that is
AT M 1A — A) A" ToF N C C<: A
!A/,Fl,FQ = M/N/ c A

(—O.E)p

with A = (1A’,T1,2) and M = M'N’, by the induction hypothesis we have
IFITA Ty M 1A — A) and IF!A ToF N :C .

Applying Corollary B.I8 to the former yields IF ! A’ Ty = M’ : A’ — A . Then,
together with C' <: A’, we can use the (—.E) rule (of the original type system) to
derive A" T'1,To F M'N’" : A. The case (K.I)p is similar using Corollary B.I8
For the case (K.E)p we additionally use Lemma 317 to show that

F'A T,z : " A, 20 : " Ay F N: A implies IF!A T,z :!"Cr,20:!"Co - N: A .
The case (+.E)p and (rec)p are similar. O
Lemma Appendix E.3. 1. IFp AF M : A implies |A| =FV(M).
2. Principal typing is unique in the following sense:
Fp AFM:Aandlkp A-M: A imply A= A,
3. Derivation in principal typing is unique: if Il lkp A= M : A and II IFp
AFM: A, then I =1I".

PRrROOF. 1. Straightforward by induction.

2. By induction on the construction of M. We only present one case; the
other cases are similar.

Assume M is of the form let (:r'ln Al,a:!; A2> = M'in N. Then its principal
type derivation must end with the (X.E)p rule, as below.

!A,Fll—Mli!m(Clg(jg) m=0=>n=0
!A,FQ, [,Tl 21" Al], [,TQ 1" Ag] FN:A Ci <:A1 Cy<: Ay (& E)
n n . P
LA, Ty, Ty F let (x4t 2 42) = M'in N : A
(E.1)

The context ! A, Ty, [x1 : " Aq], [x2 : I"? As] is determined by the given context
'A, Ty, To—in particular we can read off the types !" A; of the variables z;
from the explicit type labels in M. Therefore by the induction hypothesis, the
principal type A of N is determined; hence so is the principal type of M, too.
3. Straightforward by induction on the construction of a term M. In many
cases (including M = NL, where the rule (—.E)p is involved) the items 1-2.
play an essential role. O
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Definition Appendix E.4 (Interpretation of principal type judgments).
For each derivation II IFp A = M : A by the rules in Table [E.2] we assign an
arrow

[]” = [A] — T[A]
in the way that is a straightforward adaptation of Definition (.34
Lemma Appendix E.5. Assume Il IF A+ M : A (in the original rules in

Table [1). Then there exist a type A° and a derivation II° (in the principal
typing rules in Table[E.3) such that:

1. II° |Fp A|FV(A{[) =M : AO,
2. A° <: A, and

3. the following diagram commutes.

wea [me]® .

[A] == [Alpyan] —— T[A%]
|r1ac<:a (E.2)

] T[A]

PrOOF. The diagram in (E2]) can be refined into the following one; we shall
prove that the triangle therein commutes.

wea [reg® .
[A] — s [Alpy (an)] ——— T[A°]

\ |14 <A (E.3)
[M]rv

T[A]

Here [II]py is as in Definition 5341 The proof is by induction on II. We present
one case; the others are similar.
Assume II is in the following form, with the last rule applied being (—.E).

ST Ty

II=|IANT,)FM:A—-B IATFN:C C<:A
IAT,,TsF MN:B

(—.E)

By the induction hypothesis, there exist types D, E' and derivations II, II§ such
that

I p !AT, - M:D | IS Ip !A Ty - N : B
D<:A—B, E< C;
[[HlﬂFV:T[[D <2A—OB]]O[[HC1)HP ,and [[HQHFVZT[[E <: C]]O[[Hgﬂp .

Since D <: A — B, the type D must be of the form D =" (A’ — B’) with
A <: A" and B’ <: B. Now cousider the following derivation II°.

. o
I° .= 1A, FM: ™A — B 'A\ToFN:E E < A
IA,T;, Ty MN : B

(—OE)p
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Here the side condition E <: A’ holds since F <: C' <: A <: A’. Thus we obtain
I° lkp 'A, Ty, T = MN : B’ with B’ <: B.

It remains to show that [[I]py = (T[B’ <: B])) o [I°]¥. This is, however,
an immediate consequence of

e the induction hypothesis,

o [A<:C]=[B<:C]o[A<: B] (Lemma 537,
e bifunctoriality of M and —o, and

e naturality of str,str’,ev and pu.

This can be checked by straightforward diagram chasing. O
We are ready to prove Lemma [5.35]

ProOF. (Of Lemma [538) Assume I IFAF M : Aand I IFAF M : A. We
apply Lemma [Appendix E.F to obtain A°,II°, (A’)°, (II')° such that

II° “_P A|FV(M) M : A° y (H/)O “_P Ava(M) FM: (A/)O )
] = T[A° <: A] o [TI°]F o weak and [I'] = T[(A")° <: A] o [(IT')°]F o weak .

Applying Lemma [Appendix E.3|to the first line we have A° = (A’)°, and more-
over IT° = (II')°. This is used in the second line to conclude [II] = [II']. O

Appendix F. Proofs for §6

Lemma Appendix F.1. Let M be a term such that T'F M : A is derivable.
Assume a subtype relation A <: B. Then we have

T[A<:B]o[l'FM:4A] = ['kFM:B].

PrOOF. By induction on the term M. We only present two cases. When M = z,
the composition T[A <: B] o [I'F M : A] is equal to

[A'<:A] [A<:B]

[T % (AT [4] 18] 28, ). (F.1)

Since [A <: B]] o [A" <: A] is equal to [A" <: B] by Lemma [(E31] the arrow
(EJ) is equal to [z : B].

When M = M, Ms, the term environment I' is of the form ! A, I'y,T's, and
there is a type C such that | ATy - My : C — A and 'A,Ts = My : C are
derivable. The interpretation [I" - My My : A] is

figay © brag © TTevie) ria) © Tstrio)—rpal,c] © St{c)—rpa],ric]
o ([['A,Fl l—MlC—oA]}ﬁ[['A,I‘QI—MQC]]) occ ,
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where ¢: [ A, T,To] = [' A, T1] X [! A, T3] is a suitable permutation followed
by contractions. By naturality of u, str, str’ and ev, the composition T[A <:
B] o [I' = My My : A] is equal to

pgsy © prpsy © TTevicy gy © Tstricy—ris],[c] © $tTc)—1B].TC]

o ((T([[Cﬂ o T[A<:B]) o [!A, Ty F M : C — A])R[!A, Ty b My : O]]) o¢
where the arrow
T([C] = T[A<:B]) : T([C] — T[A]) — T(IC] — T[B])

is obtained by applying suitable functors to the arrow [A <: B] : [A] — [B]-
Since T'([C] — T[A <: B]) o [! A, Ty + M; : C — A] is equal to [ A, T'y
My : C — B], we see that T[A <: B] o [I' b My My : A] is equal to [I'
M1 M2 : B]]
We can prove the other cases in the same way. O

As is usual with the categorical interpretation of call-by-value languages in
Kleisli categories, the interpretation of a value I' = V : A in Hoq factorizes
through the monad unit n” and is the form n[[TA]] o f for some arrow f : [I'] —
[A] (see Definition B.34). We write [I' = V : A], for the arrow such that
[TV :A]= n[[TA]] o'V : A]y given in Definition 5.34] It is easy to see that
[F V :1A], is of the form ! f o ¢ for some f : I — [A]. Here ¢’ : T = !Tis from
Theorem 211

Lemma Appendix F.2. Assume that 'z : A M : B and EV : A are
derivable for a term M and a closed value V. Then the composition [I',x : AF
M : B] o (idyry ¥ [F V' : A]y) is equal to [I' = M[V/x] : B].

In Lemma we assume that x is the largest in |T'| U {z} with
respect to the linear order < in Definition[5.33] It is straightforward to generalize

the statement to an arbitrary variable z in a term context.

ProoFr. By induction on the term M. We only present two cases. When M = z,
the composition ',z : Atz : B] o (idpry X [F V' : A],) is equal to 77{3]] o[A<:

B] o [I'+V : Ay, which is equal to [I[' -V : B] by Lemma [Appendix F.1]

When M = M; Ms, the term environment I', z : A is of the form ! A Ty, T
and there is a type C such that ! ATy F M;: C — B and ' A, T's - My : C are
derivable. The interpretation [I',z : A+ My Ms : B] is

psy © prsy © TTevicy i) © Tstric)—ris],[c] © StTc)—TB],T[C]
9 ([['A,Fl |—M1 C—OBH@H'A,FQ I—Mg : C]]) ocC

where ¢: [ A, T',T2] = ['A, T X [! A, T'2] is a suitable permutation followed
by contractions. By the induction hypothesis and naturality of the permutation
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and contractions, the composition [I',z : A= My M : B] o (idprp X [F V' - A]y)
is equal to

ps © prpsy © TTevicy gy © Tstricy—ris],[c] © $tTc)—orB],TIC]
o (['A" T} F M [V/x] : C — B]R['A",TY = My[V/x] : C]) o ¢

where | A’ T}, T is the term environment obtained by removing z : A from
ATy, Ty, and ¢ : [' A, T, T5] — [' A", T X[! A, T'S] is a suitable permutation
followed by contractions. Hence, [I',z : A+ My My : B] o (idjry X [V : A]y)
is equal to [ (M; M2)[V/z] : B].

We can prove the other cases in the same way. ([l

Lemma Appendix F.3. If+ E[M]: A is derivable, then there exist a type B
such that= M : B and x : B+ E[z] : A.

PrROOF. By induction on the evaluation context E. O

Lemma Appendix F.4 (Lemma 6] repeated). Let E be an evaluation con-
text, and x be a variable that does not occur in E. Assume that  : A+ Elx]: B
is derivable. Then for any term M such that |- T'F M : A, the interpretation
[T+ E[M]: B]:[I'] — T[B] is calculated by

[PEEM]:B] = pfpgoTlz: AFElx]:Blo[lHM:A] .

Proor. By induction on the evaluation context E, where we use the charac-
terization in Lemma We only present two cases. When E = [_], since

z: AbF x: B is derivable, we must have A <: B. By Lemma
[T+ E[M] : B] is equal to T[A <: B] o [I' = M : A], which is nothing but
pry o Tlx : A Elz] : B] o [I' = M : AJ.

When E = E’ N, there exists a type C such that z : A+ E'[z] : C — B
and - N : C are derivable. The interpretation [I' - (E'[M]) N : B] is given, by
Definition (£.34] by

pusy © pris) © TTevieyrsy © Tstric)—rB],[0] © Stc)—r(B],TIC]
o([TFE'[M]:C —- B]XK[FN:C]) . (F.2)
By the induction hypothesis we have
[CHE[M]:C—-B] = pjcopolr:AFEz]:C—B]o[lFM:A] .
Using this we see that (E.2)) is equal to
pppe Tfo[l'EM: Al , where

£ | Hm o pris o TTeveris) © Tstrio)orgsy [c] © . [A] — T[B] .

Str/[[C]]—oT[[B]],T[[C]] o([z:AF E'x]:C — B]R[-N:C])

Here we notice that f coincides with the interpretation of z : A+ E'[z] N : B.
This concludes the case when E = E' N.
We can prove the other cases in the same way. O
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Lemma Appendix F.5 (Lemmal6.2] repeated). For a closed term M such that
IF= M : A, if there is a reduction M —1 N that is not due to a measurement
rule ((meas;-measy) in Definition[3.7), then

[FM:A] = [FN:A4].
Note that = N : A is derivable by Lemma[Z23.

PROOF. Assume M = E[(Az“.L)V] and N = E[L[V/z]|. By Lemma[Appendix F.3]
there exists a type B such that y : B+ Efy] : Aand - (\z“. L)V : B are deriv-
able. By Lemma [B23] we also have - L[V/z] : B. Since

[F B[\ . L)V]:A] = ppagoT[z:BFE[z]: Ao [ (\2.L)V:B]  and
[FE[LV/z]]: A] = ppagoTz: BF Elx]: Al o[- L[V/x]: B]

by Lemma 6] it is enough to show that [ (\z®.L)V : B] is equal to [~

L[V/z] : B]. By unfolding the definition of the interpretation (Definition 5.34)),

we obtain
[F\z®.L)V:B] = [oz:AFL:Bjo[-V:A] ;
this coincides with [ L[V/z] : B] by Lemma [Appendix F.2|

For the other reduction rules, we can prove the statement in the same way.
O

Lemma Appendix F.6 (Lemma [6.6(), repeated). If (t,V) is in Ra, then
(n[[TA]] ot,V) isin R}T.

ProoF. For (k,FE) € R:X, since ppigp © Tk o 773; ot=kot, we have
luﬂbitﬂ oTko ?’]i1 ot < E[V] .
Therefore (n[[TA]] ot,V)isin R} .

Lemma Appendix F.7 (Lemma [60([@), repeated). If (¢,V) € Ra and A <:
A, then (JA<: Al ot,V) € Rar.

PROOF. By induction on A. When A is T or n-qbit, the type A’ is equal to
A, and the statement is straightforward.

When A is BXC, by the definition of subtyping relation, A’ must be of the
form B’ X C’ for some B’ :> B and C' :> C. For (t X s,(V,W)) € Rpxc, the
composition [BR C <: B'RC'] o (t K s) is equal to ([B <: B'] o t) K ([C <:
C’] o s). By the induction hypothesis, ([B <: B’] o ¢,V) is in Rp/, and
(IC <: C'"] o s,W)isin Rcv, and therefore ([BRC <: B'RC'] o (tKs), (V,W))
is in Rp/gcr. We can similarly show the statement for A = B + C.

When A is B — C, the type A’ is of the form B’ —o C’ for some B’ <: B
and C <: C'. For (t,V) € Rp_oc and (s, W) € Rp/, by naturality of ev we have

evp],[c’] © (([[B —(C <:B —o C/]] o t) X S)
=T[C <: C'] oevip),joy © (tR([B' <: B] 0 5)). (F.3)
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By the induction hypothesis, ([B’ <: B] o s,W) is in Rp. Since (t,V) is in
Rp—oc, we see that (evigp o © (X ([B' <: B] o s)),VW) is in R,T. By
the induction hypothesis, (k o [C' <: C’], E) is easily seen to be in R/, for any
(k, E) € Rl,. Therefore,

Pppie] © Tk o T[C <: C'Toevipy ey o (tH([B' <: B]os)) < E[VW]
for any (k, E) € RL,. By the definition of RL" and (E.3), we obtain
(evipp e o ([B—-C<:B —C']ot)Rs), VW) €RL'

for any (s,W) € Rps, which implies that ([B — C <: B — ("] o t,V) is in
RB’*OC/-

When A is ! B, the type A’ is of the form !" B’ for some n > 0 and B <: B'.

If (Ito,V)isin Ra, then [A <: A] oltoy =1"([B<:BJot)o!" 1y o

<o ly’ o ¢'. By the induction hypothesis, ([B <: B'] o t,V) is in Rp/, and

therefore by (B3), ([A <: AJolto ¢’ ,V)isin Ra. O

Lemma Appendix F.8 (Lemma [6.7(), repeated). For any type A and M €
ClTerm(A), we have ([L], M) € R} .

PRrROOF. Let (k,E) € R}. We claim
Kpig] © Tk o [L] = [1] , (F.4)

where [1] denotes the arrow I — T[A] in PERg that is realized by L € Ag
(cf. Lemma [(5.27] E.8I2). We have
w= [)\k((([AﬂwR)AoR)wR)AoRyﬂAﬂwRk(Ah(ﬂA]}*oR)AoRhy)]
Tk = [/\v([[A]]*R)_chx(([[bitﬂ_()R)_c’R)_‘)R.v()\a[[A]].:zr(cka))]
where ¢ is a choice of a realizer of k. We put type annotations to explain

intentions of these realizers. The arrow ppyi¢) © Tk : T[A] — T'[bit] is realized
by
Mv.(Aky k(AR.hy)) (Avz.o(Aa.z(cipa)))v) = dvy.(Az.v(Aa.xz(cka)))(Ah.hy)
W Avy.v(Aa.(Ah.hy)(cpa))
@ Avy.v(Aa.cpay).

We note that (1) and (2) follow from Remark .12t the LCA Ag is a model
of the untyped linear lambda calculus modulo beta-reductions. Therefore the
left-hand side of (E£4)) is

[/\ar. Ay. L(Aa. ckay)}

that is nothing but [L] due to the left strictness of application of Ag.
From (E4) it easily follows that prob(tree(ppiy) © Tk o [L])) = (0,0).
Therefore we always have puppig) o Tk o [L] < E[M]. O
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Lemma Appendix F.9 (Lemma [67(2]), repeated). For any type A and M €

ClTerm(A), if there exists a sequence of realizers a; C as C -+ of arrows in
PERo (I, T[A]) such that ([an],M) € R}", then we have (Vps1an], M) €
RIT.

PROOF. Let (k, E) be an element in R ). Since the application of Ag is contin-
uous, the value assigned to any edge of the tree

tree(u[[bit]] oTko [\/ anD

n>1
is the least upper bound of the value on the corresponding edge of the trees
tree(pic) © Tk o [an]).

Therefore, if we have i) © Tk o [a,] < E[M] for every n > 1, then it follows
that pifpse) © Tk o [V,,5, an] < E[M]. O

Lemma Appendix F.10. Let M —1 N be a reduction that is not due to a
measurement rule ((meas;-measy) in Definition[3.7). Then

(t,M)e R} < (t,N)eR)" .

PROOF. Let (k, E) be an element in R . Assume (¢, M) isin R} "; then we have
Pit) © Tk ot < E[M]. By the definition of big-step semantics, E[M] Y (p, q) if
and only if E[N]Y (p, q). Therefore, pifpsr) © Tk o t < E[N]. The other direction
is similar. (]

Lemma Appendix F.11. For a type A such that !(bit —o qbit) <: A, the
pair (- new : A],new) is in R} .

PROOF. When A = bit —o gbit, since ([new,]const,new,) is in Rgps¢ for any
p € DMy, both ([ new|y(o : gbit],newtt) and ([ new|;y(;| : qbit],newff)

are in R, by Lemma and Lomma There-
fore, ([new]const, new) is in Rpit—ogpit, and by Lemma [Appendix F.6] ([F new :

A],new) is in R};{ oqpsc- When A = !(bit —o gbit), we have 77[[TA]] o ![new]const ©
¢' = [ new : A]. Since ([new]const, new) is in Rpit—oqpit, the pair (![new]const ©
¢',new) is in Rypis—oqpit). Lherefore, by Lemma ([F new :
Al,new) is in R} . When A satisfies !(bit —o gbit) <: A, the statement fol-

lows from Lemma Lemma and that (![new]const ©

p .
@', new) is in Rypit—ogpit)- ([

Lemma Appendix F.12. For a type A such that !(n-gbit — n-gbit) <: A,
the pair ([- U : A],U) is in R} .

PROOF. Similar to the proof of Lemma [Appendix F.11] O

Lemma Appendix F.13. For a type A such that !(n-qbit K m-gbit —o (n +
m)-gbit) <: A, the pair ([ cmp,, ,, : A], cmp,, ) is in RLT.
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PROOF. Similar to the proof of Lemma [Appendix F.11] O

Lemma Appendix F.14. For a type A such that '((n + 1)-gbit — !bit X
n-gbit) <: A, the pair ([ meas!"" : A],meas!'*") isin R .

PROOF. First we shall prove that, when A = (n + 1)-gbit —o !bit K n-qbit,
we have ([[meas?"’l]]const,meas?H) isin R4. It is enough to show that for any
p € DMyny1, the pair ([F meas!™'new, : Ibit X n-gbit], meas "' new,) is
in R!—';—i'—tgn_qbit. Let (k, E) be an element in R!Tbitﬁn—qbit' We define kg, k1 :

[n-qbit] — T'[bit] to be the following arrows.

ko = ko ((' ke © </7/) X id[[n—qbit]]) ki = ko ((' Kr O </7/) X idﬂn—qbit]])

+1

Then prob(tree(upis) © Tk o [- measi™ new, : 'bit M n-qbit])) is equal to

(0,0) + prob(tree(ko o [new,|p(0,)[const)) + prob(tree(ki o [new,|,/1,)]const)) ;
this is seen much like in the proof of Theorem Since

ko o [newo,pj0,) Jconst < E[(tt,new,|,0,))] and
k1 o [new,pj1,)Jconst < E[(ff,newq,|1.))]

it follows that fifps¢) © Tk o [ meas] ™" new, : | bitRn-qbit]<E[meas] " new,],
and therefore, ([ meas]'
When A = !((n+1)-qbit —o !'bitKn-gbit), since ([ meas] " const, meas? )

ta d : n+1 / n+1y s, :
is in R(p41)-qbit—o! bitRn-gbit, the pair (![meas]™ Jconst 0 ¢’ measi™ ") is in Ra.

Therefore, by Lemma [Appendix F.6} ([ meas} ™' : A],meas?™")isin R} .
Finally, when A satisfies !((n+1)-gbit —o ! bit K gbit) <: A, the statement

follows from Lemma[Appendix F.7, Lemma[Appendix F.6land that (![meas! ™ Jconst ©
1N - -
SﬁlameaS;H_ ) is in Ry ((n+1)-qbit—o! bitRgpit)- 0

+1 .1 hi ; n+1 il TT
new, : IbitKn-gbit], meas; newp) isin R, bitRn-gbit"

Lemma Appendix F.15. For a type A such that !(qbit —o !bit) <: A, the
pair ([ meas} : A],meas?) is in R} .

PROOF. Similar to the proof of Lemma [Appendix F.14] O
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