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1 Introduction

In a position-verification scenario, a verifier attempts to determine the location of a prover
by communicating with them remotely [1-3]. Position-verification may be of interest as
a goal in itself, or may serve as an authentication mechanism for use towards further
cryptographic goals. In the most widely studied setting, where the prover holds no
secret key, an adversary may use a strategy known as non-local quantum computation
to simulate the actions of the prover. A non-local quantum computation replaces local
actions within a designated spacetime region with actions outside that region along with
entanglement shared across it. The basic setting is shown in figure 1.

Non-local quantum computation has also been understood to arise naturally in the
context of quantum gravity [4-6|, in particular within the context of the AdS/CFT cor-
respondence. There, a higher dimensional theory with gravity is given an equivalent
description without gravity. In these two descriptions, processes that occur as local inter-
actions in the higher dimensional theory are reproduced in the dual, lower dimensional
description as non-local computations. This connection has lead to consequences for the
gravitational theory |7, 8|, and discussion around consequences for non-local computation
[9].

Because of the connections to position-verification and quantum gravity, position-
verification and the related task of non-local computation have been studied by a number
of authors, but basic questions remain open. In particular we have linear lower bounds on
entanglement [10] in a non-local computation, and exponential upper bounds [11], with
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Figure 1: (a) Circuit diagram showing the local implementation of a unitary in terms of a unitary U. In position-
verification, an honest prover implements the required unitary in this form. (b) Circuit diagram showing the
non-local implementation of a unitary U. Vi VE WL and WE are quantum channels. The lower, bent
wire represents an entangled state. In position-verification, a dishonest prover must use a circuit of this form to
implement a required unitary.

only a little known in between. For a special case of a non-local computation known as f-
routing, where each instance is defined by a classical Boolean function f, the entanglement
cost has been upper bounded by the size of span program computing f [12], so that the
class ModyL/poly' can be achieved efficiently.? For general unitaries, Clifford unitaries
can be implemented with linear entanglement, and circuits with 7" depth of logn can be
implemented with polynomial entanglement [14].

In this article we prove connections between two well studied cryptographic primitives,
conditional disclosure of secrets (CDS) [15] and private simultaneous message passing
(PSM) [16], and non-local quantum computation. These primitives are studied in the
context of information theoretic cryptography, in particular in their relationship to secure
multiparty computation [17, 18|, private information retrieval [15], secret sharing [19], and
other cryptographic goals [20]. We illustrate their functionality in figure 2. Both settings
generally involve k parties along with a referee, but in this work we focus on the £ = 2 case,
which is the setting we relate to non-local computation. In CDS, two non-communicating
parties, Alice and Bob, receive inputs x and y respectively. Alice additionally holds a
secret s. Alice and Bob compute messages mg(z, s,7) and m4(y,r) based on their inputs
and shared randomness, which are then sent to the referee. The referee should be able to
recover the secret s if and only if f(x,y) = 1. PSM is a similar setting. There, Alice and
Bob have inputs x and y along with shared randomness. They send messages mg(z, r) and
mq(y,r) to the referee. The referee should be able to compute f(z,y) from the messages,
but not learn anything else about the inputs (z,y) than is implied by the value of f(z,y).
We give formal definitions of both primitives in section 2.2.

To relate these primitives to non-local computation, we first show that the natural
quantum generalization of CDS, which we denote as conditional disclosure of quantum
secrets (CDQS), is equivalent to the f-routing task. More specifically, protocols for
CDQS induce similarly efficient protocols for f-routing, and vice versa. Further, we
show that classical CDS protocols induce similarly efficient quantum protocols. We also
introduce a special case of non-local quantum computation known as a coherent function
evaluation (CFE), which we show is closely related to the PSM model: efficient CFE

1This class is reviewed in section 4.1. It is inside of NC?2, the class of functions computed by (log(n))? depth
circuits.

2This builds on earlier work [13] achieving the class L.
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Figure 2: (a) A conditional disclosure of secrets (CDS) protocol. In the classical setting, Alice and Bob share
randomness but do no communicate. They receive inputs x and y respectively. Alice additionally holds a secret s.
They send messages to the referee. The protocol is correct if the referee can recover s from the messages if and
only if f(z,y) = 1. In the quantum setting, the randomness may be replaced by entanglement and the messages
and secret can be quantum. (b) A private simultaneous message protocol (PSM). Again Alice and Bob do not
communicate but share randomness. They hold inputs = and y respectively. The referee should be able to learn
f(z,y) but nothing else about (x,y). In the quantum setting the randomness is replaced with entanglement,
and the messages can be quantum.

protocols induce efficient PSM protocols using quantum resources (PSQM). We also give
a weak converse that shows good PSQM protocols induce CFE protocols that succeed
with constant (independent of the input size) probability.® The status of the relationship
among these primitives is shown in figure 3.

Our results relate position-verification to the wider setting of information-theoretic
cryptography. This provides a partial explanation of the difficulty of finding better upper
and lower bounds in non-local computation, since we now see that doing so would resolve
other long-standing questions in cryptography®. In a positive direction, we use results in
NLQC to give new results on CDS and PSM, and vice versa. Our key results are,

e Sub-exponential upper bounds on entanglement cost in f-routing for an arbitrary
function (corollary 68)

e Efficient CDQS and f-routing protocols for the quadratic residuosity problem, the
first problem not known to be in P/poly with an efficient non-local computation
protocol (corollaries 57 and 58)

These results represent significant changes in our understanding of the efficiency of f-
routing protocols. Previously the best upper bounds for arbitrary functions were ex-
ponential, and the highest complexity functions with known efficient schemes were in
Mod,L/poly.

From our connections between CDS, PSM, and NLQC, we also obtain a number of
other implications,

e Linear lower bounds on communication complexity in CFE (corollary 46)

e Linear lower bounds on entanglement in CDQS and PSQM for random functions
(corollaries 48 and 49), and logarithmic lower bounds on entanglement for the inner
product function (corollary 51 and 52)

3We only prove this in the exact setting, while all other implications allow for small errors in correctness and small
security leakage.

4For example lower bounds on f-routing give lower bounds on (classical) CDS.
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Figure 3: Implications among primitives: an arrow from X to Y says that a protocol for X implies a protocol
for Y with the same efficiencies (up to constant overheads). All implications shown in blue hold in the robust
setting where we allow small errors and leakages. The dashed red line indicates that a perfect PSQM protocol
that succeeds with high probability implies a CFE protocol that succeeds with constant probability. The subset
symbol C indicates that f-routing and CFE are special cases of NLQC. Primitive abbreviations (DRE, PSM, ...)

and theorem numbers link to relevant proofs or definitions.




e An entanglement efficient protocol for CDQS and PSQM when the target function
f can be evaluated by a quantum circuit with low T-depth (corollaries 63 and 65)

More broadly our results take position-verification from being an ‘island’ in the space of
cryptographic primitives, with no known classical analogues or connections to other more
standard notions, to being richly connected to a web of interrelated primitives, which
themselves are related to central goals in information theoretic cryptography. We hope
these results lead to new perspectives on position-verification, and new perspectives in
the study of CDS, PSM and related primitives. In particular a number of classical results
on CDS and PSM may find natural quantum extensions in the context of NLQC. In the
discussion we comment on some cases where quantum analogues in the NLQC setting of
classical cryptographic results are not yet known.

Outline of this article

In section 2, we present some relevant background. Section 2.1 gives a summary of the
quantum information tools we exploit. Section 2.2 summarizes the various cryptographic
primitives which we study and relate. Section 2.3 gives the already known relations
among these primitives.

In section 3 we prove new relationships among our set of cryptographic primitives.
The full set of connections is presented as figure 3. The relationships between CDS and
CDQS, CDQS and f-routing, CFE and PSQM, and CDQS and PSQM are new to the
best of our knowledge.

In section 4 we summarize the known results on the complexity of efficiently achievable
functions in the PSQM, CDQS and f-routing settings. The status of the complexity of
efficiently achievable functions in the general case is not too changed by our results:
existing CDS protocols give f-routing protocols, but in the existing literature on both
f-routing and CDS the most efficient protocols have a cost like (logp) - SP,(f) where
SP(f) denotes the minimal size of a span program over Z, computing f [12, 15].

Sections 5 and 6 spell out the implications for non-local computation and its special
cases that follow from known results in CDS and PSM, and conversely the implications
for CDS and PSM that follow from known results in non-local computation. In section 5
we give new lower bounds that follow in this way. In section 6 we give new upper bounds.
Our new upper bounds include the most significant implications that follow from the
connections we find, which are sub-exponential upper bounds on f-routing for arbitrary
functions and an efficient scheme for a function believed to be outside of P/poly.

Section 7 concludes with some discussion and open problems, in particular comment-
ing on connections to quantum gravity and to some results in the classical cryptography
literature that may have quantum analogues relevant to the NLQC setting.

2 Background

2.1 Tools from quantum information theory

In this section we briefly recall some standard tools of quantum information theory. We
follow the conventions of [21]|, where an overview of these tools and further references can
also be found.

Probability distributions

Given a random variable X, we label a probability distribution of X by Px. For the
distribution of X conditioned on Y, we use Pxjy. When the conditioning distribution Y’
takes the value y € Y we denote the resulting distribution on X by Pxj,—y = Pxjy.

Quantum one-time pad




The quantum one-time pad [22| uses classical randomness to conceal quantum infor-
mation. To understand this, suppose that Alice wishes to give Bob a quantum system
B, but wants Bob to only obtain B if he also knows a classical key k. Supposing that B
consists of qubits, Alice can do this by applying a random Pauli string P%. If Bob does
not know k, B is hidden to him since

1
oIkl

7
ZPZ;PABPEZPA@dj (1)
k B

where the index k£ ranges over all choices of Pauli strings, and Z represents the identity
operator. On the other hand, if Bob knows k he can undo the Pauli string and recover
the B system.

Distance measures and inequalities

Let D(H ) be the set of density matrices on the Hilbert space H 4. Given two density
matrices p, o € D(H ), define the fidelity,

F(p,o) = <tr< \/ﬁa\/ﬁ>>2 (2)

which is related to the one norm distance ||p—o||; by the Fuchs van de Graff inequalities,

1= F(0.0) < gllo— ol < /T~ Fip.0). (3)

It will also be useful to define the diamond norm distance, which is a distance measure
on the space of quantum channels.

Definition 1 Let Np_.c, Mp_c : L(Ha) — L(Hp) be quantum channels. The diamond
norm distance is defined by

N — Mp_cllo = SI;P max INBoc(Pa,B) — Mp_c(Pa,p)| (4)
d

where pa,p € D(Ha, @ Hp) and Ha, is a d dimensional Hilbert space.

The diamond norm distance has an operational interpretation in the terms of the maximal
probability of distinguishing quantum channels [21, 23|.

Decoupling and recovery

The basic idea underlying the connection between CDS and f-routing that we will
give is the notion of decoupling and complementary recovery. To develop this, consider
a quantum channel Np_,c : L(Hp) — L(Hc). We would like to understand when this
channel has an (approximate) inverse. Consider any unitary extension of the channel,
call it Vg _cE, which satisfies

Nooo() = trp(Vep-ce() Vip_op)- (5)

A classic result [24, 25| says if we input a maximally entangled state |U*) ,, and find
that I(A : E)ar(w+) is small, say less than €, then there exists an inverse channel N gic
which works well in the sense that the fidelity

FUH NglooNpoe(¥F) >1— /e (6)

The inverse channel is succeeding when acting on the maximally entangled state, which
can also be understood as acting correctly in an averaged (over input states) sense.

We will make use of a stronger notion of decoupling, which shows that a worst case
notion of decoupling implies the existence of an inverse channel that always succeeds.
The theorem was proved in [26].




Theorem 2 Let Ny, : L(Ha) — L(Hp) be a quantum channel, and let N'§_ 5 be the
complimentary channel. Let Sy_,g be a completely depolarizing channel, which traces out
the input and replaces it with a fixed state og. Then we have that

1 . .
1 Dmf 1 DpsaoNass —Zasall? <IN — Sasplle <2 inf || DponoNasp — Taalll?
B—A Dp_a

where the infimum is over all quantum channels Dg_, 4.

The above should be understood as saying that if there is a good inverse to the
channel M 4_ g, then the complementary channel is close to depolarizing, and vice versa.
Intuitively, the depolarizing channel reveals no information about A, so this is saying the
existence of an inverse is equivalent to not leaking information to the environment.

2.2 Definitions of the primitives

In this section we give the definitions of each of the primitives that we discuss in this
article. Note that we focus on information theoretic definitions of security. In all cases
there are meaningful versions of these primitives with computational security, but we
have not explored their connections to non-local computation.

Conditional disclosure of secrets

We first define the classical CDS setting, which we also illustrate in figure 2a.

Definition 3 A conditional disclosure of secrets (CDS) task is defined by a choice of
function f:{0,1}*" — {0,1}. The scheme involves inputs x € {0,1}" given to Alice, and
input y € {0, 1}" given to Bob. Alice and Bob share a random string r € R. Additionally,
Alice holds a string s drawn from distribution S, which we call the secret. Alice sends
message mo(z,s,r) € My to the referee, and Bob sends message mi(y,r) € M;. We
require the following two conditions on a CDS protocol.

e e-correct: There exists a decoding function D(mg,x,my,y) such that

Vs €5,V (z,y) € X XY st f(z,y) =1, Pr[D(mo,x,m,y) =s]>1—¢ (7)

e )-secure: There exists a simulator producing a distribution Sim on the random
vartable M = MyM, such that

Vse S,V (z,y) € X xY st f(x,y) =0, ||Stmarjey — Prtjays|i <0 (8)

Notice that in our definition of CDS we have imposed that the secret be held only by
Alice. We can easily transform protocols that succeed with the secret held on both sides
to one where the secret is held only on one side. This is a standard remark about CDS,
though we don’t know a reference where this is shown in the imperfect setting, so we give
the simple proof of this fact here.

Remark 4 A CDS task where s is initially held by Alice and Bob can be turned into one
where only Alice holds s at the cost of |s| shared random bits, and |s| bits of communica-
tion. If the CDS protocol is e-correct and §-secure, the one-sided protocol will be e-correct

and O(9) secure.

Proof. To see this, suppose we have a perfectly correct and secure CDS protocol which
works when s is held on both sides. Then run this protocol on a randomly chosen s’, and
have Alice send s’ @ s to the referee. Only Alice needs to know s to run this protocol.




Suppose our initial CDS protocol is e-correct and d-secure. Then the new CDS will
also be e-correct, since s can be computed deterministically from s’ and the bit § = s&® s'.
To understand security, note that d-security of the original protocol implies

Using this, Pgg = PsPg (from the properties of the one-time pad), and that S and M
are independent conditioned on S, we have

||PS§M - PSPS'PMHI = HPS|§MP§M _PSPSPMH1
= ||Ps15Psy — PsPsPully
< [|Pg5PsPr — PsPgParlly + 6
= |[PsgPm — PsPgPull1 + 6
=9 (10)

which is exactly 0 security of the one sided CDS protocol. m

Finally, we remark that a CDS for secret s; and a CDS for secret sy can be run in
parallel using fresh randomness while maintaining security and correctness of each CDS
scheme. To see this, call the message for the first CDS M; and the message for the second
CDS M. If we consider how much the referee can learn about the secret s;, message
M, doesn’t reveal anything, because it depends only on the randomness 7y, the inputs
(which the referee knows already as part of the CDS for s;), and so. All of these variables
are already known by the referee as part of the CDS for s;, or are uncorrelated with s;.
More succinctly, the distribution on s; is independent of My when conditioning on XY,
so revealing My doesn’t help the referee learn si, given that they already know XY, or
in notation

PM1M2|xys = PM1|:cys1 PM2|xy32 (11)

A similar statement establishes security of the CDS hiding s, in the presence of message
M.

As a consequence of the above comments, the CDS hiding secret s = (s1, $2) given
by running the CDS for each secret in parallel has good security and correctness, as we
capture in the next lemma.’

Lemma 5 Suppose we have a CDS for function f which is e-correct and d-secure, and
hides k bits, and uses r bits of randomness and c bits of communication. Then we can
build a CDS for function f that hides mk bits, is me correct and md secure and which
uses mr bits of randomness and mc bits of communication.

Proof. The strategy is to repeat the CDS protocol that hides k bits m times in parallel.
To understand correctness of the new protocol, notice that on 1 instances the probability
of the referee guessing s; correctly is at least 1 — €, so their probability of guessing all m
strings s; correctly is at least (1 — €)™ > (1 — mk). To understand security, we define
a simulator for the composed protocol by taking the product of the distributions for a
single instance of the protocol,

SimM1...Mm|zy = SZliuyS’LmMm‘xy (12)

We also note that, using fresh randomness for each instance of the CDS, we can extend
equation 11 to

PMl...Mm|zys - PM1|zysl~--PMm|$ysm- (13)

5This is a simple, but weak, method of obtaining a CDS for a long secret from CDS for a short secret. It will suffice
for our purposes, but see [19, 27] for improved results.
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Figure 4: (a) lllustration of a CDQS protocol. Alice and Bob share an entangled resource state, illustrated as the
solid curved line. Alice receives the classical string x € {0,1}" as input, and a quantum system @), which we take
to be maximally entangled with a reference R. Bob receives input y € {0,1}". Alice and Bob prepare quantum
systems My and M, which they pass to the referee. The protocol is correct if when f(z,y) = 1 the map from
Q@ to MyMj can be reversed, and secure when for f(x,y) = 0 the M = MyM; system is independent of the
input state on Q. See definition 6. (b) A PSQM protocol. Again Alice and Bob share an entangled resource
state. Alice receives input = € {0,1}", Bob receives input y € {0,1}". Alice and Bob prepare quantum systems
My and M7, which they pass to the referee. The protocol succeeds if the referee can determine f(z,y), but the
system M = MyM; otherwise reveals nothing about the inputs x,y. See definition 8.

Then by repeated application of the triangle inequality, and using security of each instance
of the CDS, we have that on 0 instances

|‘SimM1..-Mmltcy - PM1-..Mm\ﬂ:ySH1 = “SimM1\wy'--SimMmlzy - PMl\zy51~-~PMm|zy8H1 <md

as claimed. m
Conditional disclosure of quantum secrets

To the best of our knowledge the quantum analogue of the CDS model has not been
studied explicitly in the literature.® We give a definition here which features quantum
resources and a quantum secret. The CDQS primitive is illustrated in figure 4a.

Definition 6 A conditional disclosure of quantum secrets (CDQS) task is defined
by a choice of function f : {0,1}*" — {0,1}, and a dg dimensional Hilbert space Hg
which holds the secret. The task involves inputs x € {0,1}" and system Q given to Alice,
and input y € {0,1}" given to Bob. Alice sends message system My to the referee, and
Bob sends message system M. Label the combined message systems as M = MyM;.
Label the quantum channel defined by Alice and Bob’s combined actions A/’éy_)M We put

the following two conditions on a CDQS protocol.

e c-correct: There exists a channel Dy, called the decoder, such that

V(r,y) € X xY st f(z,y) =1, [|Dylg o NG i — Loselle <€ (14)

o d-secure: There exists a quantum channel 83" ,,, called the simulator, such that

V(z,y) € X XY st f(z,y) =0, [|85% 0 trq=NgZyllo <0 (15)

6Tt has been studied in an indirect way, since (as we show later) it is equivalent to f-routing.
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The notions of e-correctness and d-security given here mimic the classical ones closely. In
words, the correctness condition is saying that when f(x,y) = 1 the referee can reverse
the effect of Alice and Bob’s actions on the () system. The security condition is saying
that when f(z,y) = 0 the system M seen by the referee is close to one that they could
have prepared with no access to Q).

In our definition of CDQS, we require a quantum system () be taken as the secret,
and allow the use of quantum resources. Another quantum variant of CDS we could
have defined would allow quantum resources but restrict to a classical secret. We could
call this CDQS’. This variant is in fact equivalent to the above definition. This follows
from our proof below that classical CDS protocols gives quantum CDS protocols, which
is easily modified to show a CDQS’ gives CDQS with similar resources. Then one can
observe that a CDQS protocol can be modified to a CDQS’ protocol by choosing the
secret to be a state in a chosen basis. Taken together these observations give that CDQS’
and CDQS are equivalent.

Private simultaneous message passing

Next we move on to discuss another basic cryptographic primitive of interest in this
article, which is private simultaneous message passing. This primitive is illustrated in
figure 2b.

Definition 7 A private simultaneous message (PSM) task is defined by a choice of
function f: X xY — Z. The inputs to the task are n bit strings x and y given to Alice
and Bob, respectively. Alice then sends a message mo(z,r) to the referee, and Bob sends
message m1(y,r). From these inputs, the referee prepares an output bit z. We require the
task be completed in a way that satisfies the following two properties.

o c-correctness: There exists a decoder Dec such that
V(z,y) € X xY, Pr[Dec(mg,mq) = f(z,y)] > 1—e. (16)

e 0-security: There exists a simulator producing a distribution Sim on the random
vartable M = MyM, such that

V(x,y) e X X K ||SimM‘f($7y) — PM\xyHl < 0. (17)

Stated differently, the distribution of the message systems is d-close to one that
depends only on the function value, for every choice of x,y.

In PSM we can allow the function f to take Boolean or other values. For instance
we can take f to be natural number valued and defined by a counting problem. Another
comment is that PSM protocols can be run in parallel, in the sense that e-correct and
d-secure protocols for fi(z,y) and fa(x,y) can be run together to give a 2e-correct and
2d-secure protocol for the function f(x,y) = (fi(z,v), fo(z,y)). This is straightforward
to show from the security definition.

Private simultaneous quantum message passing (PSQM)

As with CDS, there is a natural quantum version of PSM. In this case the functionality
of the protocol is unchanged, but the allowed resources are now quantum mechanical. A
PSQM protocol is shown in figure 6a.

Definition 8 A private simultaneous quantum message (PSQM) task is defined by
a choice of function f : X XY — Z. The inputs to the task are n bit strings x and y given
to Alice and Bob, respectively, each of which are chosen independently and at random.
Alice then sends a quantum message system My to the referee, and Bob sends quantum
message system M. From the combined message system M = MyMy, the referee prepares
an output bit z. We require the task be completed in a way that satisfies the following two
properties.

11



o c-correctness: There exists a decoding map V ,,_, 55y such that

V(@,y) € X x Y, |[rg(Vars zimon (@) Vi ) = [l fals| < (18)

where py(x,y) is the density matriz on M produced on inputs x,y.

o 0-security: There exists a simulator, which is a quantum channel Sz_,p(-), such
that

V(w,y) € X x Y, ||pn(,) = Sroar(| fan)ful )|, <6 (19)

Stated differently, the state of the message systems is d-close to one that depends
only on the function value, for every choice of input.

Just like in the classical case, PSQM protocols can be run in parallel with only small
relaxations in security and correctness.

Decomposable randomized encodings

A related primitive, which we will make briefer use of, is the notion of a decomposable
randomized encoding. We recall some definitions given in [28].

Definition 9 Let X,Y,Y,R be finite sets and let f : X1 x ... x X,, = Y. A function
f: X xR —Y isan e-correct and d-private randomized encoding for [ if it satisfies

e c-correctness: There exists a function Dec called a decoder such that for every
x € X we have

A

Pr[Dec(f(xz,r)) = f(z)] > 1 —e. (20)

where the probability is over R and any randomness in the decoder Dec.
e )-privacy: There exists a randomized function, called a simulator, producing the
random variable Sim such that

|[Simyy — Pyixl|li < 6. (21)

Definition 10 A decomposable randomized encoding (DRE) for a function f : X X
. X X, =Y is a randomized encoding of f that has the form

@y, ;) = (filzy, 1)y ooy fol@n, 7)) (22)

A DRE 1is e-correct and §-secure under the same conditions as a randomized encoding,
given above.

We will in fact only use that certain randomized encodings are decomposable across a
single splitting of the inputs. That is we are interested in functions f: X x Y — Z and
need the randomized encoding to take the form

fla.yir) = (A7), faly, 7)) (23)

In this setting we will say f(x,y) has a randomized encoding decomposable across X x Y.
Non-local computation

Finally we come to the notion of a non-local computation, which was first studied in
the context of cheating strategies for position-verification tasks. The general setting is
shown in figure 1. A non-local computation takes the form shown in figure 1b, with the
goal being to simulate the action of a local unitary (figure 1a).

12



We will not give a formal definition of a fully general NLQC here, but instead focus
on two special cases. The first, f-routing, was introduced in [2] and studied further in
[13]. It has been especially well studied in the non-local computation literature because
it is of interest in developing practical position-verification schemes. We will also see that
it is closely related to the CDQS primitive.”

Definition 11 A f-routing task is defined by a choice of Boolean function f : {0,1}*" —
{0,1}, and a d dimensional Hilbert space Hg. Inputs x € {0,1}" and system @ are given
to Alice, and input y € {0,1}" is given to Bob. Alice and Bob exchange one round of
commumnication, with the combined systems received or kept by Bob labelled M and the
systems received or kept by Alice labelled M'. Label the combined actions of Alice and
Bob in the first round as NgﬁMM,. The f-routing task is completed e-correctly if there
exists a channel Dy}, such that,

V(.Z',y) € X XY st f(xay> = 17 ’lpﬁ/’[y—)Q o tra oNéﬁMM’ _IQ%QHO Se (24)
and there exists a channel Dy}, such that

V(z,y) € X XY st f(z,y) =0, [[Dyf_gotrar NG vy — Zooolle <€ (25)
In words, Bob can recover Q if f(x,y) =1 and Alice can recover Q if f(z,y) = 0.

The second special case we study is coherent function evaluation. We introduce this
as the special case of NLQC that implies the PSQM primitive, as we show below. As
well, it is similar to non-local computations studied in [30], which used Banach space
techniques to study lower bounds on quantum resources in these non-local computations.

Definition 12 A coherent function evaluation (CFE) task is defined by a choice of
Boolean function f:{0,1}*® — {0,1}. The task is to implement the isometry

V= Z 2Y) 4 ‘fxy>z (zlx (yly (26)

Y

in the non-local form of figure 1b. We say a CFE protocol is e-correct if the diamond
norm distance between V¢ and the implemented channel is not larger than e.

Secret sharing

An important tool throughout cryptography, and in particular in our context, is the
notion of a secret sharing scheme. We introduce this next.

Definition 13 A secret sharing scheme S is a map from a domain K and randomness
R to variables Sy, ..., Sy, here called shares. Let A be a subset of the S;, Sa the distribution
on the shares A, and A a set of subsets of the S;. Then a scheme S realizes access structure
A with e-correctness if, for each subset of shares A € A there exists a decoding map
Dy : A— K such that

Vs € K, Pr[Da(Sa)=s]>1—¢. (27)

A scheme S is §-secure if, whenever U ¢ A, there exists a map producing a distribution
Stm on U such that

|Stmy — Spjklli <6 (28)

If e = § = 0 we say that the scheme S is perfect.

7Our definition here gives a particular notion of an e-correct f-routing scheme, which requires the protocol route
an arbitrary quantum state correctly. Other definitions [29] require correct action on only the maximally entangled
state. For inputs of a fixed size these are equivalent.
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The access structure of a secret scheme can be specified as a set of subsets of shares, as
in the above definition, or equivalently in terms of an indicator function. The indicator
function is defined by

fi(e) = {1 if {S;iz;=1}eA (29

0 otherwise

We can observe that if A € A then necessarily AUS; € A. This follows because if we can
reconstruct the secret from A, we can also reconstruct it from a larger set. This means
that valid indicator functions will always be monotone.

The garden hose game

The garden hose game [13] is a model of communication complexity defined, infor-
mally, as follows. Alice and Bob are neighbours, and wish to compute a function f(z,y),
where Alice holds the input x and Bob the input y. They have a set of m pipes that run
through their fence and connect the two yards. Alice has a tap, which she can connect
to any of the pipe openings on her side of the fence. Alice and Bob additionally have
hoses, which they can use to connect ends of pipes on the same side of the fence. Their
strategy is to choose how to connect the tap to the pipes, and connect pipes to each other
with hoses, in a way that depends on their respective inputs. Then, Alice turns on the
tap. Alice and Bob win the garden hose game if the water spills on Alice’s side of the
fence when f(z,y) = 0, and on Bob’s side of the fence when f(x,y) = 1. For a formal
definition of the garden-hose game, we refer the reader to [13].

The garden hose game gives an interesting notion of the communication complexity
of a function, which we formalize next.

Definition 14 The garden hose complexity of a function f : {0,1}" x {0,1}" — {0,1}
15 the minimal number of pipes needed to complete the garden hose game for the function
f(z,y) deterministically.

All functions can be computed in the garden hose game. To see why, observe that for
any f(z,y) Alice and Bob can carry out the following strategy. They prepare 2" pipes,
which we label as {p;, p;}7,. Upon receiving input z, Alice connects her tap to pipe p,.
Bob connects pipe p; to p; whenever f(i,y) = 0, and leaves it open otherwise. Upon
turning on the tap then, water flows through pipe p,, then back to Alice if f(z,y) =0
and spills on the right otherwise, as needed. A sightly smarter strategy lowers the worst
case garden hose complexity to 2" + 1. See [13].

Other related primitives

Each of the primitives discussed above is in turn related to others in various ways.
Reviewing these further connections is outside the scope of this article. Instead, we
have included in our discussion only new connections among primitives, or primitives
for which we have found the connection to NLQC gives a new result on NLQC, or for
which NLQC implies a new result on the primitive. We briefly mention however some
settings with natural relationships to the ones discussed here; our list and references
are not exhaustive. CDS and PSM are related to zero-knowledge proofs [31], secret
sharing [32], communication complexity [33], private information retrieval [16], and secure
multiparty computation [16]. A useful review of these primitives and the broader context
of information theoretic cryptography is given in [34]. Quantum secret sharing was related
to f-routing in [12]. All of these connections may be interesting to revisit in the quantum
setting, and in light of the connection to non-local computation and position-verification.

14



2.3 Existing relations among primitives

SS gives CDS

In [15], the authors upper bound the randomness complexity of a CDS scheme in
terms of the size of a secret sharing scheme whose access structure is related to f. We
recall their result next, narrowing their result to the two player case for simplicity.

Theorem 15 Let fy; : {0,1}™ x {0,1}™ — {0, 1} be a monotone Boolean function and let
f : {07 1}n X {071}n - {07 1} be a pmjection Of fM; that s f(xay) = fM(fh(x)?gZ(y))
Let S be a perfect secret sharing scheme realizing the access structure fur, in which the
total share size is ¢, and let s denote a secret (from the domain of S) which is known
to all players. Then there exists a CDS protocol for disclosing s subject to the condition
f with randomness ¢, and a (perhaps different) protocol with communication complezity
bounded above by c.

The protocol which establishes this theorem is, heuristically, the following. We start
by illustrating the case where f = fj); is already a monotone function, and so can be
realized as the indicator function of some secret sharing scheme S. Then the protocol
is as follows. Without loss of generality take Alice and Bob to both hold the secret s
(see Remark 4). To carry out the protocol, both parties prepare a secret sharing scheme
S which has indicator function fj;, using their shared randomness as the randomness R
needed to prepare the scheme. Then, Alice sends those shares S; to the referee for which
x; = 1, and Bob sends those shares S;,, for which y; = 1. Then if fy;(z,y) = 1, following
this local rule they will have collectively sent an authorized set of shares and the referee
can reconstruct the secret s. If fy/(z,y) = 0, they will have sent an unauthorized set of
shares and the referee cannot learn the secret. To extend this to non-monotone functions,
Alice and Bob first locally compute g; and gy respectively, and then perform the same
secret sharing protocol now with bits of g;(x) or go(y) controlling which shares are sent
to the referee. Notice that the communication complexity is at most the total size of the
shares of the secret sharing scheme.

To see the protocol that gives an upper bound for the randomness complexity®, we
now have only Alice prepare the shares of the secret sharing scheme. For shares i < n,
she sends share S; if x; = 1 as before. For shares ¢ > n, she sends S; ®r;, where the XOR
is taken bitwise with a random string r; of length |.S;|. Bob then sends r; iff y; = 1. Notice
that the randomness complexity is now at most >, 7; < >, |S;|, which is just the size of
the scheme. The communication complexity is now somewhat larger, but is bounded by
twice the size.

We can also generalize the above theorem to the case of approximate secret sharing
schemes. In particular, if we use an approximate secret sharing scheme in the second of
the protocols above we find that an e-correct and d-secure secret sharing scheme of size ¢
for an indicator function f; leads to an e-correct and d-secure CDS for the same function,
using randomness complexity c¢. A similar observation holds for the protocol bounding
the communication complexity. We collect these observations as the following remark.

Remark 16 Let fy; : {0,1}™ x {0,1}™ — {0, 1} be a monotone Boolean function and let
f:{0,1}"x{0,1}" — {0, 1} be a projection of fur, thatis f(z,y) = fau(g1(x), g2(y)). Let
S be an e-correct and d-secure secret sharing scheme realizing the access structure fyr, in
which the total share size is ¢, and let s denote a secret (from the domain of S) which is
known to all players. Then there exists an e-correct and d-secure CDS protocol disclosing
s subject to the condition f with randomness ¢, and a (perhaps different) e-correct and
d-secure protocol with communication complexity bounded above by c.

8This protocol is not given in [15], but is a straightforward extension of their idea.
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DRE gives PSM

See for example [28] for the connection between DRE and PSM. We give a robust
version of this connection as the next theorem.

Theorem 17 Suppose that [ : X XY — Z has an e-correct and d-secure decomposable
randomized encoding using ng bits of randomness, and ny; message bits. Then there is
an e-correct and §-secure PSM protocol for f that uses the same amount of randomness
and message bits.

Proof. Let the DRE for f be

A A A

fQysr) = (fx(zr), fr(y,7)) (30)

To implement the PSM protocol, Alice prepares fx(z,r) and sends this to the referee,
while Bob prepares fy(y,r) and sends this to the referee. The referee then uses the
decoder for the DRE to determine f(x). Noticing that the conditions on the DRE and
PSM are in fact exactly the same under these identifications, we have that the PSM is
also e-correct and d-secure. m

Notice that a PSM for f also gives a randomized encoding for the function f, albeit
one that is decomposable across a particular splitting of the input bits into X x Y, and
not necessarily decomposable bitwise, as required in the definition of a DRE.

PSM gives CDS
Next, we relate the PSM and CDS primitives. See for example [15, 31].

Theorem 18 Suppose that an e-correct and §-private PSM protocol ezists for f(x,y) using
messages of at most ny; bits and no more than ng shared random bits. Then a CDS
protocol using nyr + 1 bits of message and ng random bits exists which is e-correct and
O(dlogdgr) private, and hides one bit.

Proof. We wish to carry out the CDS task using the given PSM protocol. First, we note
that by adding one bit of randomness we can assume s is held by both Alice and Bob.
This is because of remark 4.

Next, we show that given the PSM protocol for f there is a similarly efficient PSM
for the function f(x,y) A s, with s held on both sides. To show this, first consider the
case where f(z,y) is a constant function. Then Alice and Bob can follow a fixed strategy
(reveal s or not) and we are done. Thus we assume f(x,y) is non-constant, and choose
any input values for which it is 0 and label them (z,,y.). Run the PSM on inputs
t' =sr+ (1 —s)z, and ¥ = sy + (1 — s)y.. Then notice that f(z',y') = f(z,y) A s.

To see e-correctness, we have the referee output the outcome of the modified PSM
protocol as their guess for the secret s. Then their success probability conditioned on
f(z,y) = 11is exactly 1 — ¢, so the CDS protocol is 1 — € correct.

Next consider security. Let the distribution of values of f(z,y) be F, the distribution
of values of f(a’,y") be F’, and the distribution of 2’ and ¢ be X’ and Y respectively.
Security of the original PSM protocol implies

1Simare — Paxoy |l < 6. (31)

Then notice that because X'Y” are determined by XY'S, we have Pyxy' = Puixys.
Next, restrict to the distributions where f(z,y) = 0, leading to

|[Simarrr—0 — Puixysl|li <6 (32)

which is ¢ security of the CDS. m
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PSM gives PSQM

Next, we prove that a protocol for PSM also gives a protocol for PSQM. This might
seem trivial, since the quantum resources available in the PSQM can simulate the classical
resources used in the PSM, but establishing security requires we show the classical security
definition is strong enough to enforce the quantum security definition. As far as we are
aware this is not written in the literature (but see [35] for the introduction of PSQM),
but is straightforward enough we include it in this section.

Theorem 19 Suppose we have a PSM protocol which is e-correct and d-secure. Then we
can construct a PSQM protocol which is 2\/€ correct and 0-secure.

Proof. Correctness of the PSM protocol implies that there exists a decoder Dec(mg, my)
such that

V(z,y) € X XY Pr[Dec(mg,m1) = f(z,y)] >1—¢ (33)

where the probability is over choices of the random string r. In quantum notation, we
have that the message system is described by the density matrix

pu(z,y) = p(mlz,y) [m)m| (34)

and can write the output of the decoder as

Dyz(pu(z,y)) =Y plmlz,y) [D(m)XD(m)]. (35)
Then notice that
F(Dyoz(pm(,9)) 1 fay)) = D p(mlz, )| (D(m)| fuy) |° > 1 — € (36)

where the last line follows because we see the fidelity is exactly the guessing probability,
which is bounded from below by the classical correctness definition. Using the Fuchs van
de Graff inequalities, we get that

D= z(par(2,9)) = [ fayXfayl [ < 2V/€ (37)

as needed.
Next recall security of the PSM means that there exists a simulator which takes in
f(z,y) and produces output distribution Sim on the message system such that

V(:E,y) c X X Y, ||SimM|f(z7y) — PM|xy||1 < 0. (38)

To get security of the PSQM, we need to upgrade this simulator to a quantum channel. In
particular if the simulator is defined by the conditional probability distribution p(m|f),

define the Kraus operators
Sm.g = /p(m|f) [m)([]. (39)

Calling the corresponding simulator channel &, we have that

IS (| feyXSaul) = par(2, )l = ||Simanpay) — Parjaylls <0 (40)

so we have exactly ¢ security of the PSQM. m
GH gives f-routing

In [13], the following statement is shown.
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Theorem 20 The number of EPR pairs needed to implement a f-routing protocol for a
function f is upper bounded by the garden hose complexity of f.

We won’t reproduce a careful proof of this, but it is easy to see: each pipe in the
garden hose protocol is replaced with an EPR pair in the f-routing strategy. Connecting
pipes corresponds to measuring pairs of systems in the Bell basis. Doing so, the input
system () will end up recorded into the Hilbert space corresponding to spilling end of one
of the pipes. Pauli corrections appear on this state, but the one round of communication
in the f-routing strategy can be used to communicate all the measurement outcomes and
then undo the corresponding corrections.

3 New relations among primitives

This section begins our study of the relationships among the cryptographic primitives
introduced in section 2.2.

3.1 Garden hose strategies give CDS

We point out that the garden hose game defines strategies for CDS.
Theorem 21 The garden hose complezity of a function f(x,y) upper bounds the CDS cost,

CDS(f) < GH(f) (41)

Proof. To show this, we construct a CDS protocol given a garden-hose protocol that
uses a number of shared random bits equal to the number of pipes in the garden hose
protocol.

Label the set of pipes used in the garden hose game p; with the tap labelled py,
the connections on Alice’s side by C, = {(pi,p;)}, and the connections on Bob’s side by
Cy = {(pi,p;)}. Note that because no pipe can be connected to two hoses, each p; appears
in C, at most once, and in (), at most once. Correctness of the garden hose protocol
means that for all (x,y), there is a path from the tap to the side labelled by f(z,y).

To turn this into a CDS protocol, we proceed as follows. Each pipe p;, ¢« > 0, becomes
a shared random bit held by Alice and Bob. The secret s corresponds to the tap po. For
each connection in C,, say (p;,p;), Alice computes ¢;; = p; @ p; and sends this to the
referee. Bob does the same for each connection in Cy. Finally, Bob sends each shared
random bit p, not appearing in any connection in Cy, to the referee. In contrast, Alice’s
unused random bits are kept hidden from the referee.

To see why this is correct and secure, consider the chain of connection bits ¢;,;,,, =
Pi, © Diy,., Where p;; = s is the secret. If the chain is of length 0, this corresponds to
an unconnected tap in the garden hose picture, so that f(z,y) = 0 and the water spills
on the left. In the CDS protocol, the secret, being an un-XOR’d bit, is not sent to the
referee, so that the referee cannot learn the secret, as needed. Now suppose the chain
has length > 1. Then ¢;;;, = s ® p;, is sent to the referee, and no other bits which
are computed from s are sent, so that the referee learns s if and only if they learn p;,.
Continuing in this way down the chain of connection bits, we see that the referee learns
s if and only if they learn p; , the final random bit (corresponding to the final pipe in
the waters path). But then p;  is not used to compute any other bits (by virtue of being
at the end of the chain), and is sent if and only if it is unused on the right. But it is
unused on the right if and only if the corresponding pipe spills on the right, which by our
assumption of correctness of the garden hose strategy is if and only if f(z,y) =1 =

18



3.2 Classical CDS gives quantum CDS

In this section we observe that a classical CDS scheme immediately gives a quantum CDS
scheme, via a use of the one-time pad.

Theorem 22 An e-correct and d-secure CDS protocol hiding 2n bits and using nys bits of
message and ng bits of randomness gives a CDQS protocol which hides n qubits, is 2./€
correct and d-secure using ny; classical bits of message plus n qubits of message, and ng
classical bits of randomness.

Proof. Let the quantum system to be hidden in the CDQS be labelled (). The basic idea
is to use the CDS protocol to hide the key of a one-time pad applied to the system Q).
The encoded system () is sent to the referee. The one-time pad key, call it s, consists of
2log dg bits, which we choose independently and at random and hide in the CDS. The
channel applied by Alice and Bob’s combined actions is then

XL 1 S S
ohou() = ol Y PH() Py @ Prnjays Im)ml (42)

We first study correctness. To do this, we recall that correctness of the classical CDS
guarantees the existence of a decoder which produces an outcome which is equal to the
secret value with probability 1 — €. In quantum notation, we can describe this channel as

Decyi s(°) Z Ps'|may ’5 m|M ) |m>M <S/|S . (43)

The correctness condition for CDS states that, for (z,y) € f~1(1) this produces a guess
s’ which agrees with the secret s, or more precisely,

P (D™ gy o 1) 1 (44)

Relating this to the trace distance via the Fuchs van de Graff inequalities, this becomes,

Z <Zps’m:pypm|smy - 58’8) < 2\/E7 (45)

where dyy = 1 if s = s’ and is zero otherwise. We will use this statement in establishing
correctness of the CDQS.

Define the decoding channel for the CDQS by combining the classical decoder with a
conditional application of Pé’, then a trace over the register S holding the secret, so that
our decoder is

m,s’

We need to bound the diamond norm ||Dg), o o N, 1 — Zo-qllo from above. From
the definition of the diamond norm and the channels Dy, .o, N5Y,yp, this is

[ Darr—q o NéiM’ - IQ—>Q||<>

= sup max ||2| F 2 PotmeyPulseyFe VR, PG — Yroll:

m,s,s’
L i ||2| -2 PemayPlsay PG VR, PG - ﬁ > 0ge Py UR, Py [
m,s,s’ s,s’

s+s

2‘ 5| Z Zps’|mmypm|sxy d ’|s) sup glax HPCS;_S/\DR Hl
n RnQ

SS/ n

= % Z(Zps’|mwypm|sa¢y - 6s’|s>
< 2\/e (47)
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where we used equation 45 in the last line, which recall held for all (z,y) € f~1(1).
To establish security of the CDQS, we define the simulator channel as’

. T .
S = dj © Y Simgjey [m)ml,, (48)

We need to show 877, /5 o trg is close to the channel 42 in diamond norm for all (z,y) €
f7(0). This follows from security of the CDQS and a simple calculation. Start with the
definition of the diamond norm,

1857 s © trg —No—qullo
= sup max 1857110 © t10(VR,Q) = No%om(Yr.0)Ih
7 ) 1
= sup max |[Ug, ® =2 @ Sitypuy [m)m|,, — 51 2= PV R, ® Parfays [m)mly [
n \I/RnQ dQ m 2 S m,s

1 S S : 1 S S
(49)

where we used that

7z 1 < <

To bound our remaining expression, we take the sum over s out of the trace distance and

find

HséiMQ otrg _NQHQM| lo

| . . .
= 5 Sl n0P) @ (X St il — sy el )

m
1 .
= o7 2 [18imasiays = Pasjoysll:
S

<4 (51)

where the last inequality is coming from security of the classical CDS. m

3.3 Equivalence of f-routing and CDQS

Our main claim of this section is that the CDQS and f-routing scenarios are equivalent,
in that a protocol for one induces a protocol for the other using similar resources. The
basic idea underlying the equivalence, and labelling of the various subsystems used in the
proof, is illustrated in figure 5.

Theorem 23 an e-correct f-routing protocol that routes n qubits implies the existence
of an e-correct and 0 = 2+/e-secure CDQS protocol that hides n qubits using the same
entangled resource state and the same message size. An e-correct and 6-secure CDQS
protocol hiding secret ) using a ng qubit resource state ny; qubit messages implies the
existence of a max{e, 2\/5}—007“7’601? f-routing protocol that routes system QQ using ng qubits
of resource state and 4(nyr + ng) qubits of message.

9Notice a potential confusion around the notation here: M is the message system of the CDS, M’ = MQ is the
message system of the CDQS.
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Figure 5: Corresponding CDQS (left) and f-routing (right) protocols. To define the CDQS protocol from the
f-routing protocol, we have Alice and Bob trace out systems M) and Mj. Systems My and M are sent to the
referee rather than to Bob. To define the f-routing protocol from the CDQS, purify the local channels N'* and
N to isometries VI and V. Send the original outputs of the channel to Bob on the right, and the purifying
systems to Alice on the left. We adopt the notation M = MyM; and M’ = M} Mj.

Proof. Begin by considering an f-routing protocol. Figure 5 establishes the subsystem
labels we will use here. We will first show that an f-routing protocol is easily modified
to construct a CDQS protocol. To do so, we send systems My and M; that Bob would
receive in the second round of the f-routing protocol to the referee of the CDQS protocol.
Then, if f(x,y) = 1, e-correctness of the f-routing scheme is immediately e-correctness
of the CDQS.

To show secrecy of the CDQS protocol, we first establish some notation. We label
the channel realized by the first round operations of Alice and Bob NQHMM/, and let
Voo mm e be a isometric extension of this channel. By correctness in 0 instances of the
f-routing scheme, we have that there exists a channel Dy}, ¢ such that

||DM’—>Q [trar ONSiM’M] IQ||<> = ||DM’—>Q [trME(VngaMM’E (VQ—>MM’E) )] = IQHO <e

Then the decoupling theorem 2 tells us that there exists a completely depolarizing channel
So- vk such that

trar (VEnmrs - Voanre) — Sohuslle < 2ve (52)

Adding a trace over part of the outputs of channels can only make the channels less
distinguishable, and hence the diamond norm smaller, so that

It e(Vennre - Vinre) — Sobulle < 2Ve (53)
but this is just
NG — Solmlle < 2Ve (54)

which is exactly 2y/e-security of the CDQS. Note that the CDQS protocol defined by the
f-routing protocol uses the same entangled resource state and no more communication.

Now suppose we have a CDQS protocol which is e-correct and d-secure. Then to
build the f-routing protocol, purify the channels Alice and Bob perform to isometries,
and send the original message systems of the CDQS to Bob and their purifications to
Alice. Then by e-correctness of the CDQS protocol, we immediately have e-correctness
of the f-routing protocol when f(z,y) = 1.
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Next consider the case where f(x,y) = 0. Then security of the CDQS implies that

there exists a simulator channel 83", ,, such that

18550 0 tro =NGhumlle <0 (55)

We will again apply the decoupling theorem. Notice that now, because of how we have
defined the f-routing protocol, the map from @ to MM is isometric, so (N)6_,,, =
(N™)g-nr. Then the decoupling theorem implies the existence of a decoding channel
D} g such that

D30 © (N™)omnr — Tollo < 4IISL 0 trg ~Nghull <25 (56)

which gives 21/8 correctness on 0 instances. The protocol is then max{2v/9, e}-correct.

To see how the communication in the resulting f-routing protocol is related to the
communication in the original CDQS protocol, we can use that a channel M4_,p can
always be purified by an isometry V 4_,pc where do < dadp. Let CDQS have messages
that each consist of at most n,; qubits, and use an ng qubit resource system on systems
LR. Then the most general possible protocol is defined by families of channels

{ E%MQ}7 {N]%%Ml} (57)

applied on the left and right respectively. We define purifications of these,

{Vi—>M0M6L {V%aMlM{} (58)

We see that the message sizes are now at most n,; + ng qubits, so the total size of
the communication is at most 4(ny; + ng). The entangled resource system used in the
f-routing protocol is identical to the one used in the CDQS. m

Explicit reconstruction procedure:

It is perhaps counter-intuitive that the f-routing protocol built from the CDQS pro-
tocol succeeds in the case when f(z,y) = 0. This is implied by the general physics of
decoupling as captured by theorem 2, but for intuition we give a more explicit description
in a special case here.

Let’s suppose the CDQS protocol is perfectly correct, and works in the following way.
Assume the quantum secret is a single qubit and is stored in system (). To hide the
quantum state on ), Alice applies the one-time pad using a classical string s = (s1, $2)
as key. Explicitly she has applied

[51,82) 4 1) = |51, 82) 4 ()72 X*1 22 ) . (59)

A message system M is sent to Bob, which reveals the key if and only if f(z,y) = 1. The
system A must be sent to Alice on the left. The full state of the message systems then
has the form

1 *\S1°S S S
> > plmu,melz,y,s)me) s, s2) 4 (02X 22 ) o Img)y, - (60)

51,52, L, MR

Suppose we are in the case where f(z,y) = 0. Then by security, the state on M is
independent of s. We can trace it out and the M’ system out and obtain the pure state

1
3 X lsts2), (02X 27 0)g (61)

81,52
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The claim is that Alice can recover the state on () from the A system. To do this, she
maps s, s2) to the Bell basis, obtaining

1
GUIT+IXX + 127 +1YY) LTS (62)

A1A>

Then notice that

1
5( A2[Q+XA2XQ +ZA2ZQ +YA2YQ) = SWAPAQQ (63)
so that mapping A; A, into the Bell basis actually swaps the state on () into As, so that

Alice recovers the state on Q.

3.4 PSQM gives CDQS

Analogous to the observation that PSM gives CDS, we can also show that PSQM gives
CDQS.

Theorem 24 Suppose that an e-correct and d-private PSQM protocol exists for f(x,y) €
{0,1} using messages of at most ny bits and an entangled state of no more than ng
qubits. Then there exists a CDQS protocol hiding one qubit using nyr + 1 bits of message
and ng qubits of entangled state which is 2¢ correct and & private.

Proof. If the function f(z,y) is constant then the CDQS protocol is trivial, so we assume
without loss of generality that f(x,y) is non-constant.

Given the PSQM protocol, we build a CDQS protocol as follows. We introduce two
random shared bits which we call s = (s1,$2), which are held by Alice and Bob. Alice
and Bob also pre-agree on a pair of inputs (z,y) where f(z,y) = 0, call them (., y,),
which exist because f is non-constant by assumption. Upon receiving inputs x,y Alice
and Bob compute

z, = s+ (1 — ;)
yi = sy + (1= si)y. (64)

for i = 1,2. They run the PSQM protocol for f on inputs (x1,y;) and (z2,y2) in paral-
lel. Note that following the remark made after definition 8, the PSQM for F(x,y,s) =
(f(z1,y1), f(xa,y2)) is 2€ correct and 26 secure. Notice that

f@ ;) = fz,y) Asi (65)

This means that by running the PSM for f(z%, y!), the referee will learn s; when f(x,y) =
1. In the CDQS protocol, we have Alice act on the quantum secret () with the one time
pad using the key s = (s, $3). Then the referee will be able to undo the one time pad
when f(z,y) =1 (and so they know s), but not otherwise.

Next we establish correctness more carefully. First note that the encoding channel for
the CDQS defined by the above protocol is

T 1 s s

where pjs is the state of the message systems prepared by the PSQM. Correctness of the
CDQS requires we establish the existence of a channel which approximately inverts this.
Note that by 2e correctness of the PSQM, we have that there exists a channel V),
such that

Varosz(pa(2,y, 5)) — [F'XF' 4[| < 2¢ (67)
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where we defined F' = (f(21,v)), f(z},v5)). We define our decoding channel to apply
V.7, measure the Z system, then apply a Pauli conditioned on the outcome,

Dug-() ZPQ (Fl; Varsz() [F), ® Py (68)

We claim this is an approximate inverse to Néi mg- Using the definitions of ./\/'521, MQ>
Dig—¢ and the diamond norm, we obtain

[ Dug-q o Néy—mcg —Zglls

1 S S
Sls| ZPQJFF‘I’RTLQPJF ® <F\z VMaMZ(PM(% Y, 3)) ’F>z - ‘I’RnQ||1

~owi w2

1
< 2e + sup max || o > P U, gPGT @ (F |, |F'XF||F); = Vr,oll
n n s,F

where we replaced the Vy,_ i1, (pa(z,y)) with |F')F'| at the expense of the added 2e,
which is justified by equation 67. Continuing, we can see that the second term is actually
zero, since (from equation 65) F is just s when f(z1,v1) = f(22,y2) = 1, which removes
the Pauli’s and so the full diamond norm is bounded by 2e.

Next we study security of the CDQS protocol. Recall that security of the PSQM
implies that there exists a channel S;_, ), such that

lom (2, y,8) = Szom(IFNE L < 0. (69)

In the definition of security for CDQS, we need to show the existence of a channel 8’3", ,
such that 8’3", ,, o trg is close to the action of the protocol NQZMQ. We define

Iq

8’50 = Szou([F)NF']) @ & (70)

then consider,

||8/®—>MQ otrg — NéiMQ“O

1
_SupmaX||*®52—>M(|F><F/ —ﬁzpé‘l'RnQPEJ@PM(%ny)Hl

n YRryQ

< sup max ||— RSz m(|[F'YF']) — 2‘ ‘

=9

ZPQ\I’RnQPQ ® SZ—>M(|F ><F,|)||1 +9

where we used 69 in the inequality. This is ¢ security of the CDQS.
]

3.5 CFE gives PSQM and weak converse

Finally, we relate coherent function evaluation to PSQM. Note that the relationship is
only that good CFE protocols give good PSQM protocols, although a weak converse also
exists, as we describe.

Theorem 25 An e-correct CFFE protocol for the function f using ng EPR pairs and mes-
sages of nyr qubits implies the existence of an e-correct and +/e-secure PSQM protocol for
the same function, using np EPR pairs and no more than ny; message qubits.
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Figure 6: Corresponding PSQM (left) and CFE (right) protocols, with labellings of the subsystems involved
shown.

Proof. We define the PSQM protocol from the CFE protocol as follows. The PSQM
protocol uses the same resource state as the CFE, Alice applies the bottom left operation
of the CFE, Bob applies the bottom right operation of the CFE, and they send the
systems that would reach the top right of the CFE protocol to the referee, which we call
the M systems. To produce their output, the referee applies the top right operation from
the CFE. See figure 6 for labels of the relevant subsystems.

Correctness of the CFE protocol means that we have

IFC)FT = Ny zzlle <€ (71)

where A is the channel applied by our CFE protocol and F denotes the CFE isometry to
be implemented. Applying these channels to the input |z) y |y),- and using the definition
of the diamond norm distance, we obtain

[ zyXeyl g @ [ fayXfayly = pzrz(x9)llr < e (72)

Tracing out the Z’ system and using that the one norm distance decreases under the
partial trace, we obtain e-correctness of the PSQM.
Next we study security of the PSQM. We start again from the correctness of the CFE
protocol. To simplify our notation, we define the channels (see also figure 6)
Fxvozz() =F()FT,
L R R
Wiz = WM%ZM(')(WMAZM)T
R L L
WM’—>Z’]\7[’(') = VVJ\/[/—>Z/1\Z'<')(VVM’—>Z'J\Z'>T
L R
Winirsziizir = Wi zir @ Warszir
R L R L
Vxyoumr (1) = Vyoomn © Ve @ Yeo (Ve © VXC’HMOM(’))T
Then we note that the CFE protocol can be decomposed into two steps, and rewrite the
statement of correctness,

| Fxyozz() = iy Whainy s zinzr) © (Vxyomwr)llo < €
Next, we will use that Stinespring dilations of channels can be chosen to be close if the

initial channels are close [36]. In particular we have

T, — T .
H 1 2H<> S‘}n‘f/‘ ||‘/1_‘/2||0p§ ||T1—T2||<> (73)
VTl + Tl — 7
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where the infimum is over all dilations V; of T;. Noting that F is already isometric, we
have that its dilations must consist of adding a state preparation channel, which we label
Py_ . Further, all dilations are related by a partial isometry on the auxiliary space, so
the dilations of the tr,;,;;7# W o V channel can be written in the form

Uxyz28 = Ly © W ziizar) © (Vxy—ur) (74)
Then using the upper bound in 73, we have
1 Fxy 22 @ Pose — Ligip—p © W ziizir © Vvl < Ve (75)

Next, we will exploit the lower bound in 73 to translate this to an upper bound on the
diamond norm of these isometries. To do this, notice that from 73 we have

Vi —V; .
Vi = Vallo < nf i ® P =128 Bl < |IVi = Valloy (76)
VIVillo +/IlValls — 77

Using this in equation 75, we obtain

Fxvoz2 @ Pose — Ligxr—p © Wi itz © Vxyuwrlle < 2Ve. (77

Next, apply It  to both terms, which cannot increase the diamond norm, and obtain

MM’ —
N Fxv 22 @ Pyyxrir — Wi zirzi © Vxy—sanr|le < 2Ve. (78)
Apply VV]TMM,_> itz 00 both terms to obtain

||WLM’—>ZMZ’M’ o (fXY%Z/Z ® P@_>MM’) - vXY—)MM’HO S 2\/E (79)

Then, apply these channels to the input ]my} vy and call the output of the protocol on
the M system py/(z,y), and trace out the M’ system,

Nt Wi © Fxvozz(|zy)ay)) @ Y — par(z,y)|)1 < 2Ve.
Simplifying the state on the left using

_ WL . R _
Wi ziizier = Wiz © Wiz

Fxy-zz(|lzyleyl) = [foyX fayl z @ [zyXayl 5 (80)
we obtain
W o (e X Feyl @ 0) = par (e, 9) |1 < 2V/e (81)

which is 24/€ security of the PSQM protocol, where Wﬁl i1, dlong with the state prepa-
ration of o; defines the simulator channel. m

Next, we give a weak converse to the above theorem, which shows that a good PSQM
protocol implies the existence of CFE protocol that succeeds with constant probability
when acted on the maximally entangled state. Note that this falls short of bounding the
diamond norm. We show this only in the exact setting though a robust version might
also exist. We are also limited to the case where the function outputs a single bit.

Theorem 26 Suppose there exists a perfectly correct and perfectly secure PSQM protocol
for the function f : X XY — Z with Z € {0,1} using ny; bits of communication and
ng qubits of entangled resource system. Then there is a CFE protocol that implements a
channel Viy_, 1, such that

- 1
F(V§(Y—>Z'Z(‘I’J§XY)7V§(Y—>Z'Z(\I/+)RXY<V§(Y—>Z'Z)T) > 5

and which uses ng qubits of entangled resource state and ny; +ng + 2n qubits of commu-
nication, where n is the input size.

(82)

26



Proof. By security of the PSQM protocol, we have that when given input |zy) the
protocol produces a reduced state pys(z,y) with the form

pi(,y) = Sz (| o)X fryl) = 027" (83)

As part of the CFE protocol we are defining, we make a copy of the inputs |z) y |y), and
send this copy in a system labelled Z’ to the left. The overall state of the message system
then is,

ey )zyl , @ o (84)

Now consider purifying the channels used in the PSQM protocol, and sending the puri-
fying systems (call them M’) to the left. Then the message system becomes

|\Ijacy>Z/M/M = |my>Z’ Z Y )\I;zy wlfcxy>]\}[/ wl;xy>]\/[ (85)
k

where we used that the reduced density matrix on M depends only on f,, to enforce that
the Schmidt coefficients and Schmidt vectors on M can depend only on fy,.
Next, we consider adding to the protocol a unitary

Upp = 3 g, loyNayl, @ [K)X0k,

z,y,k

(86)

M!
where the ay,, are phases, |ay, [* = 1. We will determine later how to choose these
phases. This means we produce the state

Uy [Way) gy = 129) 20 Zafzcy \ )‘zy k) e
k

We’d like to exploit the correctness of the PSQM protocol to show this state can be
made, using an operation on M, to have large overlap with the correct output for the
CFE protocol, which here is |zy) ,, | f2y) ;- Looking at the reduced state on M again, we
have

Wi, (87)

on =Y N [, XUk | (88)
k
From correctness we have that there exists a map V,,_, 7, such that
SOt (Vs [U5, X5 L V) = el (89)
k

which is only solved if, for all k,

k k Tk
Visiiz [05,),, = B, 1 fe) 2 [95,) (90)
with 6’;@ being pure phases, |5’;§M|2 = 1. Returning to the form 87, we can now add an
application of V,, . 5 as the top right element of our CFE protocol and we see that we
produce the state

VMHMZUZ'M/ "ley>Z’]\~4’M = &fzy ’a:y>Z’ ‘fxy>ZZBIJ§o:y V )\kzy ‘k>M/ 7v/;Ilgacy>]\;[
k

= ap, [T 1 f) 7 [®r) (91)

By linearity, if we perform the same protocol on the state [¥'") .- we produce the output

1
‘\I]}>RZ’Z]\7[’M - ﬁ wzyafzy |xy>R |'ry>Z’ ‘faﬁy>Z ‘(I)fzy>M’]\7[ . (92)
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We would like to compute the fidelity of the state produced by our protocol on RZ'Z
with the correct one when acted on the maximally entangled state. Note that the correct
output state would be

0y = VZ_R S 29) g 75 g o) 5 - (93)

Computing the fidelity of this with the partial state of ‘\I/}> on RZ'Z, we find

1 *
F(Vy,0) = (Ul orzz |¥y) = = Y of,an,, (Or,[®r,) (94)

R zy,z'y’

Now, we can see how we should choose the phases oy, that enter through our choice of
the unitary U. We should choose the phases such that this sum is lower bounded, which
we can achieve by setting

Qp = 1,
(D1] Do)

(®10%0)| (95)

o) =

This ensures that the terms in the sum where f,, # f., are positive, so we bound them
below by zero and obtain

F(‘ijio-) Z d2 Z Z 1
R\ foy ayz'y:
fxy:fz/y’
1 1
— =Y N2 > (96)
dp o= =2

where V,, is the number of inputs that lead to f,, = m. This gives the needed lower
bound.

To understand the resource consumption of the protocol constructed above, notice
that it uses the same resource state, and so still ng qubits of entangled resource system.
Considering the message sizes, notice that in purifying the channels used in the PSQM
protocol we need no more than ng + ny; qubits in the auxiliary system, and then we
added an additional copy of the input sent to the left, so we use at most ng + 2n + ny,
qubit messages. =

Recently a robust version of this theorem was proven, see [37].

Note that we do not expect that a good PSQM protocol implies a CFE protocol that
succeeds with fidelity near 1, even in the perfect case, and the above is likely the best
implication from PSQM to CFE that is possible. To understand why, consider why the
fidelity of 1/2 appears in the above. The security requirement of the PSQM implies
that the density matrix on Bob’s side in the CFE depends only on f(z,y), and not
further on (z,y). In the proof above, this restricts the entanglement between ZZ’ and
M, which can be exploited to make the CFE protocol mostly coherent. However, since
the system on the right can still depend on f(z,y), there can be one qubit worth of
entanglement between ZZ' and M, which leads to the fidelity of 1 /2. We do not believe
there is any way to remove this last qubit of entanglement, since it seems consistent with
the security of the PSQM, and hence no way to achieve fidelity 1 in the CFE. For this
reason we should understand CFE as likely a stronger primitive than PSQM. It would be
interesting to understand if there is some other special case of NLQC, aside from CFE,
which is equivalent to PSQM.
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4 Complexity of efficiently achievable functions

The set of implications summarized in figure 3 imply efficient protocols for one primitive
imply efficient protocols for many others. In this section we briefly summarize what is
known about the efficiently achievable functions in various settings, and how they compare
across various primitives.

4.1 Relevant complexity measures

An important model of computation we will discuss is the modulo-p branching program.
These are computational models with close relationships to various non-uniform complex-
ity classes sitting inside of NC.

Definition 27 A branching program is a tuple BP = (G, ¢, s, g, t1) where,
o G =(V,FE) is a directed acyclic graph,

e ¢ is a function from edges in E to either a value “yes” or a tuple (b,7) for b a bit
and i € {1,...,n},

e s, ty, t1 are vertices from V.

Given a n bit string x as input, the branching program specifies a subgraph of G labelled
G, according to the following rule. If for e € E we have ¢(e) = (b, j) with x; = b, or if
o(e) =“yes”, then e is included in G,. We define a function acc(x) as the number of paths
s — ty in the graph G, and a function rej(x) as the number of paths from s to ty in G,.

Definition 28 The size of a branching program is defined as the number of vertices in V.
We label the minimal sized branching program computing f as BP(f).

We say a branching program is deterministic if the out degree of every vertex in every
G, is at most 1, and non-deterministic otherwise. The function f(z) computed by a
deterministic or non-deterministic branching program is defined such that f(z) = 1 iff
acc(x) > 0. A Boolean modulo-p branching program computes the function f(x) defined
such that f(z) = 1 iff acc(z) # 0 mod p. We label the minimal size of a mod p branching
program computing f by BP,(f).

The class of functions with polynomial sized modulo-p branching programs is defined
below.

Definition 29 The complexity class Mod,L /poly is defined as those Boolean function fam-
ilies { fn} which have polynomial (in n) sized modulo-p branching programs.

The uniform complexity class Mod,L can be defined similarly in terms of log-space uni-
form branching programs, or given an equivalent definition in terms of Turing machines
[38]. Another relevant complexity class, also based on branching programs, is the follow-
ing.

Definition 30 The class C_L/poly (read as “equality L") is defined as those Boolean func-
tion families {f,} which can be decided in the following way. We consider a branching
program of polynomial (in n) size. If acc(x) = rej(x), output 1 and otherwise output 0.

A related notion of complexity that we will need is that of a span program, defined
initially in [39].

Definition 31 A span program over a field Z, consists of a triple S = (M, ¢,t), where
M is a d X e matriz with entries in Z,, ¢ is a map from rows of M, labelled r;, to pairs
(k,e;), with k € {1,....,n} and ; € {0,1}, and t is a non-zero vector of length e with
entries in Z,. A span program S computes a function f : {0,1}" — {0,1} as follows.
Given an input string z of n bits, if the vector t is in span({r; : 35, ¢(r;) = (j, 2;)}), then
output 1. Otherwise, output 0.
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Definition 32 The size of a span program is defined to be d, the number of rows in M.
We denote the minimal size of a span program over Z,, that computes f by SP,(f).

The size of a span program computing {f,} and of a branching program computing the
same function family are related by the following theorem, noted in [39] to follow from
techniques in [38].

Theorem 33 For every prime p, Mod,L consists of those function families with polynomial
sized span programs over Z,.

Thus the size of span programs and of arithmetic branching programs are related poly-
nomially, and in fact [40]'

SE,(f) < 2BP,(f). (97)

We will never be interested in constant factor differences, so we can take that span
programs are always smaller than modulo-p branching programs.

An important notion for us will be that of pre-processing. We will consider functions
f:4{0,1}" x {0,1}" — {0,1}, and are interested in the complexity of computing f(z,y)
after allowing for arbitrary functions to be applied to x and y separately. We make the
following definition.

Definition 34 An interaction part of f(z,y) : {0,1}" x{0,1}* — {0, 1} is any function
F such that there exists functions a : {0,1}" — {0,1}™, g : {0,1}" — {0,1}™5 such
that f(x,y) = F(a(x), 5(y)).

We say that the complexity after pre-processing (with respect to some measure of com-
plexity) of a function f(x,y) is the minimal complexity of any interaction part of f(x,y).
More concretely, for span and branching program size we define the following pre-processed
complexity measures.

Definition 35 The pre-processed branching program complexity is defined as
BPo(f) = min{BP,(F) : f(r,) = F(a(a), 5())}, (98)
Definition 36 The pre-processed span program complexity is defined as

SPue(f) = pindSE(F) : fw,) = Fla(e), 8u)}, (99)

The pre-processed branching and span program complexities are related polynomially,
because the non pre-processed complexities are.
We define the following pre-processed complexity classes.

Definition 37 The complexity class ModyL9) is defined as those functions f : {0,1}" x
{0,1}™ — {0, 1} with an interaction part that can be computed with a polynomial size (in
n) modulo-p branching program.

Definition 38 The complexity class C_L) is defined as those functions [ : {0,1}" x
{0,1}™ — {0, 1} with an interaction part that can be computed according to the following
procedure. We consider a branching program of polynomial (in n) size. If ace(x) = rej(z),
output 1 and otherwise output 0.

We can analogously define the complexity class oy as those families of function families
which have a poly-time computable interaction part.

0Note that this statement is given in [40] in terms of arithmetic branching programs, which are a generalization of
modulo-p branching programs (and so are at least as powerful).
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4.2 Efficiency of protocols for PSM, CDS, and related primitives

PSM and PSQM protocols

The largest class of functions for which efficient PSM protocols have been constructed
are those with polynomial sized modulo-p branching programs. The following theorem
was proven in [16].

Theorem 39 [IK ’97] Let p be a prime, and let BP = (G, ¢,s,to,t1) be a Boolean
modulo-p branching program of size a(n) computing an interaction part of f. Then there
exists a PSM protocol for f with randomness complezity and communication complexity

both O(a(n)? logp).

Note that the original statement of this theorem considers f rather than its interaction
part, but the extension is trivial. An immediate consequence of this theorem, along with
the implications summarized in figure 3, is that CDS, PSQM, CDQS, and f-routing can
all be achieved with the randomness and communication complexity given in the same
way, up to constant factor overheads.

To better understand the implications of this theorem, it is helpful to understand
which complexity classes can be efficiently achieved. Fixing p, those functions with poly-
nomial sized branching programs are exactly the class Mod, L. Running the PSM protocol
on the interaction part, we can therefore achieve the class Mod,, L) efficiently as a PSM.
We can also choose p adaptively, and doing so achieve the class C_L . This is shown in
[16]. It is also interesting to find a complexity class that contains all of those functions
where (logp)BP,(f) can be made polynomial. The smallest class which we can show
contains all such functions is L#, which we state as the following remark.

Remark 40 Every function family {f,} for which (logp) - BP,(f,) is polynomial in n for
some choice of p is contained in the class L*L /poly.

Proof. By assumption, there is a polynomial sized branching program, call it BP and
denote its size by s, whose number of accepting paths counted mod p is non-zero if
f(z) =1, and 0 otherwise. Further, the choice of p needed must have log p be polynomial.
Our algorithm to compute f in L#L is as follows. We take our advice string to be a
description of the branching program BP. We give BP along with the input = to the
#L oracle, and it will return the number of accepting paths of this program, call it N.
Notice that N < 2¢, since there must be no more accepting paths then there are subsets
of vertices in BP. This means the output of the oracle consists of at most a polynomial
sized string. We then subtract p from N repeatedly until it obtains a number less than
p. Since p also consists of a polynomial number of bits, this can be done in log space. m

To relate L7* to more familiar classes, we can note that it is contained inside of DET
which is in turn contained inside of NC, where NC is the class of functions computed by
poly-logarithmic depth circuits.

Notice that from theorem 19 the result of theorem 39 carries over immediately to the
setting of PSQM. We move on to understand the implications of theorem 39 for the CDS,
CDQS, and f-routing primitives below.

CDS protocols

From theorem 39 and because PSM protocols give CDS protocols (see theorem 18),
we obtain the following corollary.

Theorem 41 Let p be a prime, and let BP = (G, ¢, s, to, t1) be a Boolean modulo-p branch-
ing program of size a(n) computing f. Then there exists a CDS protocol for f with
randomness complezity and communication complezity both O(a(n)?* logp).
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Note that the implication from PSM to CDS was known already, so that this implication
was already clear. Recently, this scaling was improved to linear in the branching program
size [41].

We can compare this to the most efficient CDS constructions in the literature. A CDS
protocol based on secret sharing schemes was given in [15]. They prove the following

theorem!!.

Theorem 42 [GIKM ’98] Let hy, : {0,1}" — {0,1} be a monotone Boolean function,
and let h : {0,1}"™ — {0, 1} be a projection of hyy; that is, h(yy, ..., yn) = (g1, - 90r),
where each g; is a function of a single variable y;. Let S be a secret sharing scheme
realizing the access structure hyy, in which the total share size is ¢, and let s be a secret
that can be hidden in S. Then there exists a protocol P for disclosing s subject to the
condition h whose communication and randomness complezity are bounded by ¢ + |s|.

Using the span program based constructions of secret sharing schemes [39], this upper
bounds the CDS cost of f by the minimal size of a monotone span program computing
any projection of f, call it fy,. If the span program is over the field Z,, the cost is
(logp) - mSP(far). In [12] (see lemma 5) it is shown that the size of a span program
computing the projection fj; is the same as the size of a (non-monotone) span program
computing f, up to a constant additive term. This leads to the following corollary.

Corollary 43 The randomness and communication complexity to perform CDS on the
function f is at most O(logp - SP,(f)), where SP,(f) is the size of any span program
over Z, computing f.

Notice that this is quite similar to corollary 41. Because the span program size and
branching program size are related by equation 97, the secret sharing based construction
for CDS is always more efficient than the branching program based approach inherited
from PSM.

Another protocol based on dependency programs [42] was given in [31]. Because
dependency programs are always larger than span programs (see [42], Lemma 3.6)'?, the
span program based construction remain the most efficient.

CDQS and f-routing protocols

Notice that efficient CDQS protocols are given by both efficient CDS protocols (the-
orem 22) and by PSQM protocols (theorem 24). Further, from theorem 23 we have
that efficient CDQS leads to efficient f-routing. These implications lead to the following
theorem.

Theorem 44 The randomness and communication complexity to perform CDQS or f-
routing on the function f is at most O(logp - SP,(f)).

Since it had not previously been studied in the literature, this gives the largest known
class of functions that can be implemented efficiently for CDQS.

We can compare theorem 44 to the most efficient protocols known for f-routing.
In [12], the authors proved an upper bound of O(logp - SP,(f)) on communication and
entanglement complexity of f-routing, exactly matching the result inherited from classical
CDS. It is also interesting to note that the protocol given in [12] that achieves this bound
is a close quantum analogue of the CDS protocol devised in the classical setting in [15]:
both protocols are based on storing the secret in a secret sharing scheme and sending or
not sending shares based on the value of bits of the input.

"The cost here being ¢ + |s| while the cost in the reference [15] being ¢ is due to our defining the CDS to have the
secret held on only one side, rather than on both as is the convention in [15].

12This is true when considering binary inputs, which we do here. The construction in [31] extends to non-binary
inputs, and in that setting there may be polynomial overheads.
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5 New lower bounds

5.1 Linear lower bounds on CFE

We have the following theorem from [35].

Theorem 45 [KN 2021] For a (1 — o(1)) fraction of functions f, : {0,1}" x {0,1}" —
{0,1}, the communication complexity of two-party PSQM protocols with shared random-
ness for f, is at least 3n — 2logn — O(1).

In theorem 25, which shows CFE—PSQM, we could replace shared entanglement in the
CFE protocol and obtain a PSQM protocol that only uses shared randomness. In fact,
the theorem gives that the resulting PSQM uses the same distributed resource state as
the CFE. From this, theorem 45 above gives the following.

Corollary 46 For a (1—o(1)) fraction of functions f, : {0,1}"x{0,1}" — {0,1}, the com-
munication complexity of coherent function evaluation protocols with shared randomness
for f. is at least 3n — 2logn — O(1).

Note that we would expect no amount of shared random bits to suffice for a CFE, and
instead for entangled states to be required. Thus the consequence of this theorem is very
weak in the CFE context.

5.2 Linear lower bounds on CDQS

We have the following theorem from [43].

Theorem 47 [BCS 2022, random function|. Let n > 10. Assume inputs x,y €
{0,1}™ are chosen at random. Then there exists a function f: X xY — Z with X,Y €
{0,1}*, Z € {0,1} such that, if the number q of qubits each of the attackers controls
satisfies

qg<n/2-5 (100)

then the attackers are caught with probability at least 2 x 1072. Moreover, a uniformly
random function will have this property, except with exponentially small probability.

Combining this result with theorem 23, we find the following result for CDQS.

Corollary 48 There exists a function [ : X XY — Z with X, Y € {0,1}", Z € {0,1} such
that a CDQS protocol which is e-correct and §-secure for f with max{e, \/5} < 2x 1072
requires Alice and Bob have a quantum resource system consisting of at least n/2—5 qubits.
Moreover, a uniformly random function will have this property, except with exponentially
small probability.

Now applying theorem 24 we obtain the following linear lower bound on the dimension
of the resource system in PSQM. Note that previously a 2n — O(logn) linear lower bound
on communication complexity was known, but no bound on shared entanglement was
previously known.

Corollary 49 There exists a function f : X xY — Z with X, Y € {0,1}", Z € {0,1}
such that an e-correct and 0-secure PSQM protocol for f with max{2e, \/ﬁ} < 2x1072
requires Alice and Bob have a quantum resource system consisting of at least n/2—>5 qubits.
Moreover, a uniformly random function will have this property, except with exponentially
small probability.
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In the same paper [43], the author’s prove the following bound for the inner product
function.

Theorem 50 [BCS 2022, Inner product| Let n > 10. Assume inputs x,y € {0,1}" are
chosen at random. Then if the number q of qubits each of the attackers controls satisfies

1
q< §logn—5 (101)

then the attackers are caught with probability at least 2 x 1072 when the function f is
chosen to be the inner product function.

This immediately leads to two corollaries analogous to the above, but now with a
logarithmic bound and a random function replaced with the inner product.

Corollary 51 A CDQS protocol for the inner product function on strings of length n which
is e-correct and d-secure with max{e,\/8} < 2 x 1072 requires Alice and Bob have a
quantum resource system consisting of at least %logn — 5 qubits.

Corollary 52 A PSQM protocol for the inner product function on strings of length n which
is e-correct and §-secure with max{2¢,v/26} < 2 x 1072 requires Alice and Bob have a
quantum resource system consisting of at least %logn — 5 qubits.

6 New protocols

6.1 f-routing for problems outside P/poly

As discussed in section 4, all general constructions of CDS and PSM only efficiently
implement functions inside of the class (L#%)). As we now discuss, there is a special
function which is believed to be outside of P but which has an efficient CDS, CDQS,
and f-routing protocol. This function is known to be at least as hard as the quadratic
residuosity problem modulo a composite of unknown factorization. This efficient protocol
is inherited from remark 16, which gives that efficient secret sharing schemes give efficient
CDS protocols, along with a non-linear secret sharing scheme constructed in [44]. A less
strong, but also interesting construction of a function outside of L#* with an efficient
PSM, CDS, CDQS, and f-routing scheme is based on a DRE for the quadratic residuosity
problem modulo a prime. This function is inside of P but believed to be outside of NC'
We give the two constructions below.

f-routing for a problem outside P from non-linear secret sharing

We define the computational problem that will interest us here.

Definition 53 The quadratic residuosity problem QR(u,v) is defined as follows.
e Input: Two integers u and v of n bits.

e Output: 1 if ged(u,v) = 1 and there exists an v such that u = r* mod v, and 0
otherwise.

The quadratic residuosity function is believed to be outside of P/poly. Its hardness is the
basis of a well studied public-key cryptosystem [45], and other cryptographic constructions
[46, 47].

For linear secret sharing schemes, it is known that efficient schemes have complexity
in the class Mod, L when the scheme is defined over the field Z, for k prime. Thus the
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connection from secret sharing to CDS to CDQS and f-routing reproduces the known
class of functions that can be efficiently implemented in the f-routing setting.

Beyond linear schemes, [44] constructed secret sharing schemes with indicator func-
tions that have complexity outside of P. Their scheme realizes the following access
structure.

Definition 54 NQR,, is an access structure on n = 4m parties for m an integer. We label
the 4m shares by W} and U} with b € {0,1} and j € {1,...,m}. Given two bit strings'®

w,u each of length m, we associate a subset B, ., of size 2m according to

By = {W"  1<i<m}U{UM :1<i<m}. (102)

The access structure NQR,, is then defined by its minimal authorized sets, which are
o (WP, Wi} foranyl <i<m
o {U),U}} forany 1 <i<m

o By for w,u such that u # 0,1 and QR(w,u) = 0, so that w is not a quadratic
residue modulo w.

o By y—o forw # 1.
Evaluating the indicator function for this access structure is at least as hard as solving
the quadratic residuosity problem. To see this, notice that we can reduce computing

QR(u,w) to evaluating f; as follows. From the string w of length m, define the two
strings w, W' according to

1 if w =1
=4 0T (103)
0 otherwise

1 it w; =
~;:{ i w; =0 (104)

0 otherwise
We similarly define o and @', and then notice that
QR(w,u) =~ fr(w, @, u,u) (105)

Since computing w, @', @, @ from (w,u) can be done efficiently, computing f; is not harder
than computing QR(w, u).

Despite the indicator function being of high complexity, there exists an efficient secret
sharing scheme for the access structure NQR,,. This is given in the following theorem.

Theorem 55 [BI 2005] There exists an € secure and ¢ private secret sharing scheme for
the access structure NQR,, storing a single bit secret with security parameter k, and

e share size O(k* + km),

e correctness e = 27F,

e security™ § = k/2%.

13To do modular arithmetic with w,u numbers in {0,...,2™ — 1} are associated to the strings w, u.

4Note that our security definition in terms of a simulator is different from the definition in [44], but it is straight-
forward to show their security definition with value ¢ implies ours with the same §.
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We refer the reader to [44] for the construction of this scheme.

In the context of these distributed cryptographic tasks, we are interested in functions
which remain of high complexity even when allowing for pre-processing. Thus we would
like to construct functions outside of Fy), perhaps starting with NQR. For a function to
be a likely candidate to be outside F), we need to ensure pre-processing is as unhelpful
as possible. We suggest the following function

Then, since Alice see’s only x and Bob see’s only y, pre-processing seems no better than
advice, so we expect that NQRyy, (2) is outside F) if we have that NQ Ry, is outside
P/poly, as we commented above is believed. We state this as the following assumption.

Conjecture 56 The function NQRum, 2)(z,y) is outside of Pa).

Next, we claim that there is an efficient CDS scheme for NQR4y, (2) (2, ). To see this, we
have Alice, following remark 16, prepare the scheme in theorem 55 with access structure
NQRum(z). Then she takes share S; to be the secret which will be conditionally disclosed
in a scheme on the XOR function with inputs z; and y;. Correctly implementing each
of these CDS schemes for the shares S; is easily seen to now correctly implement the
larger scheme with access structure NQR(2) 4. This CDS can be performed using O(|S;])
randomness, so the total needed randomness is still given by the size of the secret sharing
scheme.
From this construction for CDS and theorem 22 we obtain the following.

Corollary 57 Assuming conjecture 56, there exists a function outside of Py with n input
bits and hiding one (qu)bit for which CDS and CDQS can be performed ¢ = 2% correctly
and & = k27F securely with O(k® 4 kn) shared bits of randomness.

From theorem 23, we then obtain the following consequence for f-routing.

Corollary 58 Assuming conjecture 56, there exists a function outside of Py with n input
bits and hiding one (qu)bit for which f-routing can be performed ¢ = O(k27%) correctly
with O(k? + kn) shared entangled pairs.

f-routing for a problem outside NC from DRE

Next, we construct a CDS scheme for a lower complexity function, albeit one that is still
outside of NC', via a second route that begins with a decomposable randomized encod-
ing.'> The computational problem that will interest us is again quadratic residuosity, but
this time where the modulus is taken over a prime.
Definition 59 The quadratic residuosity problem over Z, is defined as follows.

e Input: An integer a of n bits and prime p, also of n bits.

e Output: 1 if a = b*> mod p for some b, and 0 otherwise.

While this problem is not known to be inside of NC, but is easily placed inside of P by
recalling the Euler criterion, which states that

a"T =1mod p (107)

15 Another route for a construction of an f-routing scheme for a problem outside NC but inside P, and which is
exact, is to begin with (exact) non-linear secret sharing scheme given in [44]. We’ve chosen to use a route beginning
with DRE to illustrate that interesting connection.
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if and only if a is a square. Given this, modular exponentiation can be used to determine
if a is a square in polynomial time. Note that if we pose the same problem but with the
prime p replaced by a composite number the resulting problem is thought to be outside
of P [48]. We focus on the prime case here. See [44] for a related discussion of the
complexity of the quadratic residuosity functions considered over a field Z, for p prime.

The quadratic residuosity problem over primes admits a simple randomized encoding
scheme. In particular take

a—r’a (108)

for r a randomly chosen integer in Z,,. To understand why this is a randomized encoding,
notice that QR(a) = QR(r?a), so we can compute the result of the function defined by
the residuosity problem from the encoded output correctly, by (in this particular case)
simply computing the original function, since 72a is a quadratic residue if a is. Next, to
show security one needs to show that if a is a quadratic residue then r2a is randomly
distributed over all those integers a in Z, which also are, and if @ is not a quadratic
residue then r? is uniformly distributed over all those @ which are also not. This amounts
to showing that if @ and a both are (or both are not) quadratic residues then there is a
unique 7 such that r2a = a. This follows because the product of two residues is a residue,
and the product of two non-residues is a residue.

We can further extend this to a decomposable randomized encoding as follows [49].
Use the encoding

a; = a2 b s =1y (109)

for s;, r drawn independently and at random from Z, for all but the last s;, which we set
so that }°; s; = 0. Then to decode use

oR (; y) ~ QR(r%) = QR(a). (110)

To see security, we assume that a, a are two integers with the same quadratic residue,
and then show there is a choice of r, s; which make the bits of a look like the bits of a.
This means we need to solve

a2t = 4,27 4 g (111)

subject also to >°;s; = 0. It is easy to see we can do this taking as an assumption the
same thing we used in the earlier case, that if a, @ have the same quadratic residue then
there is a r such that a = r%a.

Given the existence of a decomposable randomized encoding scheme for the quadratic
residue problem, we immediately obtain a PSM for this problem as noted above: Alice
and Bob simply send the randomized encodings of their input bits to the referee, who
runs the decoding procedure. This was observed already in [16]. This in turn implies
an efficient CDS, CDQS, and f-routing scheme for f(z) = QR(z). We collect these

observations as the following remark.

Remark 60 Consider an n bit string z and split its bits into arbitrary subsets S and
S¢. Let the bits from S define a string zs and a bit from S¢ define a string zsc. Then
the function f(zg,zsc) = QR(z) has perfectly correct PSM and CDS schemes that uses
poly(n) bits of randomness.

We can also use theorems 22 and 23 to upgrade these to quantum schemes, giving the
following corollary.
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Figure 7: The circuit implementing the unitary U’. The unitary U computes f(x,y) on its last wire with high
fidelity. System Ay is initially maximally entangled with reference R. At the end of the circuit, R with be highly

entangled with system Ay, ..

Corollary 61 Consider an n bit string z and split its bits into arbitrary subsets S and S°.
Let the bits from S define a string zs and a bit from S¢ define a string zgc. Then the
function f(zg,zsc) = QR(z) have perfectly correct PSQM and CDQS schemes that uses
poly(n) EPR pairs as a resource state.

Ideally, one would show that, assuming Q) R(2) is outside of NC implies f(zg, zsc) is outside
of NC(y) but we are unable to do so. Nonetheless, this constructs a second problem not
known to be in NC(,y with an efficient f-routing scheme, although this one is inside of
P. Another comment is that this problem has an exact scheme, while the construction in
the previous section that is outside of P is approximate.

6.2 Efficient PSQM and CDQS for low T-depth circuits

In [14], a protocol is given that performs a unitary Usp non-locally with entanglement
cost that depends on the circuit decomposition of U,g. In particular we write Uyp
in terms of a Clifford + T gate set, and obtain the following two upper bounds on
entanglement cost.

Theorem 62 Any n qubit Clifford + T quantum circuit C' which has at most k T-gates
can be implemented non-locally using O(n2%) EPR pairs. Further, if C has T-depth d
then there is a protocol to implement C' non-locally using O((68n)?) EPR pairs.

From theorems 44 and 25, these results lead to upper bounds on entanglement cost in
implementing CDQS, f-routing, and PSQM. These upper bounds depend on the number
of T gates needed to compute f(z,y) with a quantum circuit. We discuss the CDQS
setting first.

Corollary 63 Suppose that a function f(x,y) can be evaluated with probability 1 — € by
a Clifford + T circuit with T-count k and T-depth d. Then there is a 2e-correct f-
routing protocol for the function f(x,y) that uses at most O(n2*) EPR pairs, or at most
O((68n)%*3) EPR pairs, whichever is smaller.

Proof. Let U be the unitary that computes f. Recall that this means a measurement
in the computational basis on the first qubit of the output of U returns f(z,y) with
probability 1 — e. Writing the state

Ulz,y) = D ouyin [0) ligyosin) + D @1y |1) 2, ey 2)

125meey in i27---7in

= ay [to) + au [¢hn) (112)
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we have that |y |> > 1— e

Now consider modifying the circuit that implements U by adding two ancilla qubits
AgA; and a controlled SWAP gate, where we control on the first output qubit of U. We
show this as a quantum circuit in figure 7. The controlled SWAP gate can be implemented
with 7 T-gates arranged in 5 layers (see e.g. [50]). Thus our new circuit has 7-depth
at most d + 5 and T-count at most k& + 7. We call the unitary U composed with the
controlled swap gate U’.

To implement the f-routing protocol, we implement U’ non-locally with AyX held
on the left and A;Y held on the right. Initially Ag is in the maximally entangled state
with the reference system R. Because U’ can be implemented with k + 7 T-gates and
T-depth of d + 5, theorem 62 gives that this takes no more than O(n2*) EPR pairs, or
at most O((68n)?"°) EPR pairs, whichever is smaller. Then we claim that at the end of
the protocol that the Ay, ,) system is nearly maximally entangled with .

To see this, notice that the state of the RAqgA; XY after the unitary plus controlled
swap have been applied is

a0 |[UF) 10) 4, [W0) ey + an [F) L [0) 4, [0) xy (113)

where 1)y and ), are orthogonal states as a consequence of unitarity of U. We take the
decoding channel to be the trace over the A;_ ,) XY system, followed by a relabelling
of Ay(zy) as Q. This produces the state

T
PRQ = sy Whq + ’O‘l—f(r,y)|2£ ® |0X0[, (114)
Then we can calculate the fidelity
F(U" pro) > |af@y > > 1 — 2€ (115)

so that the f-routing protocol is 2¢ correct, as needed. m
From theorem 44, this also leads to a similar upper bound for CDQS.

Corollary 64 Suppose that a function f(x,y) can be evaluated with probability 1 — € by
a Clifford + T circuit with T-count k and T-depth d. Then there is a 2e-correct and

Velogdg secure CDQS protocol for the function f(x,y) that uses at most O(n2*) EPR
pairs, or at most O((68n)™n®) EPR pairs, whichever is smaller.

Proof. Immediate from theorem 23. m
Next, we apply theorem 62 to give a class of functions for which PSQM can be
efficiently performed.

Corollary 65 Suppose that the isometry

V= Z [2Y) 2 ‘fxy>z (zlx (yly (116)

Y

can be implemented with closeness € (according to the diamond norm distance) with a
Clifford + T circuit with T-count k and T-depth d. Then there exists a PSQM protocol
for f(xz,y) which is e-correct and /e-secure that uses at most O(n2%) EPR pairs, or at
most O((68n)n>) EPR pairs, whichever is smaller.

Proof. Follows immediately from theorems 25 and 62 taken together. m
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6.3 Sub-exponential protocols for f-routing on arbitrary functions

In a surprising breakthrough, [51] showed that CDS can be performed for any function
using sub-exponential communication and randomness. We summarize their result as the
following theorem.

Theorem 66 [LVW 2017] Every function f : {0,1}" x {0,1}" — {0,1} has a CDS
protocol for single bit secrets using 2°0V*18™) bits of randomness and 2°0V"1°8™) bits of
communication.

Combining this with theorem 22 we obtain the following corollary.

Corollary 67 There exist CDQS protocols with perfect correctness and secrecy for every
function f: {0,1}" x {0, 1} — {0,1} using 200Vn1oen) bits of randomness and 20V loen)
bits of communication, along with a single qubit of communication.

Proof. Recall that CDS protocols for secrets si, s can be run in parallel if using fresh

randomness for each instance (see the paragraph after remark 4). Thus we can create a

CDS hiding two bits of secret while still using 2°v*1°6™) randomness and communication,

and then apply theorem 22 to see that we can perform CDQS on a single qubit. m
From here, theorem 23 leads to the following.

Corollary 68 There exists a perfectly correct f-routing protocol for every function f :
{0,137 x {0,1}" — {0,1} using 2°00V"1%8™) qubits of resource system and 2°0V"1987) qubits
of message.

Proof. Immediate from corollary 67 and theorem 23. m

Before moving on, we give some brief context for the construction in [51] that leads
to sub-exponential CDS protocols. The reader interested in the construction may refer
to the original reference [51] or to the lectures [34].

The construction begins with a reduction from a CDS protocol for a general function
f(x,y) to a particular function we denote as INDEX (x, D,), which takes as input Alice’s
input = and the string D, = f(00...00,y)f(00...01,y)... f(11...11,y) of length 2". Notice
that

f(z,y) =INDEX(z,D,) = D[] (117)

This means in particular that a good CDS protocol for the index function will lead to a
good CDS protocol for all functions.

The construction of a CDS for INDEX begins with a connection to the cryptographic
task of private information retrieval (PIR). In a PIR task, a client interacts with several
non-communicating servers to retrieve an item with label x from a database D, call the
item D[z]|. Security of the PIR requires that the databases not be able to determine the
label x. This primitive has long been noted to be related to CDS, and in fact CDS was
first defined in the context of studying PIR schemes [15]. While it is not known if all
PIR schemes induce CDS schemes, techniques used in PIR constructions have led to CDS
schemes. Theorem 66 was proven by applying tools from a sub-exponential PIR scheme
presented in [52] to construct a CDS.

The PIR scheme developed in [52] relies on the existence of large matching vector
families. A set of pairs of vectors {(u;, v;)}Y, is said to be a S-matching vector family if

(ui, Vi> =0 (118)
(u;,v;) € S, when i # j. (119)
Matching vector families find other applications as well, for instance in the construction
of locally decodable codes. An outstanding question is how large N can be taken for
vectors chosen in a given vector space. In [53], the authors constructed large matching

vector families over Z§, which lead to efficient PIR schemes. Using similar techniques,
the same matching vector families lead to the efficient CDS scheme of [51].
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7 Discussion

Collapse of CDQS and PSQM complexity with PR boxes

A Popescu-Rohrlich box is a hypothetical device, shared by distant parties Alice
and Bob, which allows them to satsify the CHSH game with probability one. More
concretely, given input x on Alice’s side and input y on Bob’s side, the device returns
a to Alice and b to Bob such that a ® b = x A y. Broadbent [54] showed that if Alice
and Bob share PR boxes, they can implement any unitary as a non-local computation
using only linear entanglement and a linear number of uses of a PR box. This can be
seen as a quantum analogue of a similar collapse that occurs in the setting of classical
communication complexity [55]. Because efficient non-local computation protocols lead,
via theorems 23 and 25, to efficient CDQS and PSQM protocols, Broadbent’s result
similarly leads to a collapse to linear cost for PSQM and CDQS.

In fact, an even stronger collapse follows for CDQS, PSQM and f-routing by applying
the result of [55] showing the collapse of classical communication complexity in the pres-
ence of PR boxes. In particular, PR boxes can be used to reduce computing f(x,y) with
x held by Alice and y held by Bob to computing a + 3, with a computed from z plus the
output of PR box uses, and 3 computed from y along with PR box uses.'® In the CDS or
PSM settings then, we need only execute CDS or PSM on the function g(«, 5) = a+ 3
with the inputs being single bits. This can be done with O(1) randomness. Via theorems
22 and 19 then, CDQS can be done with O(1) EPR pairs and PSQM with O(1) shared
random bits. We can further note that from theorem 23 this means f-routing can be
performed for arbitrary functions using only O(1) EPR pairs when given access to PR
boxes.

Connections to quantum gravity and holography

In the study of quantum gravity the holographic principle [57, 58| asserts that grav-
ity in d dimensions should have an alternative quantum mechanical description in just
d — 1 dimensions. This principle is realized manifestly in the context of the AdS/CFT
correspondence [59, 60]. In [4], holography and the AdS/CFT correspondence was related
to non-local quantum computation. In particular, they argued local interactions in the
higher dimensional gravity picture are reproduced as non-local quantum computations
in the lower dimensional quantum mechanical picture. As a consequence, computations
in the presence of gravity may be constrained by limits on entanglement in the dual
quantum mechanical picture [9], or interactions in the gravity picture may imply more
computations can be performed non-locally than we have so far found protocols for.

In this work, we see that as a consequence of their connections to NLQC, CDQS and
PSQM are also related to holography. One can also realize CDQS and PSQM protocols
directly in holography, using connections similar to the one in [4] or the more recent [6].
This implies that, as with NLQC, constraints on CDQS and PSQM correspond to con-
straints on bulk interactions. Conversely, the holographic picture has been argued |7, 9]
to suggest that a larger class of unitaries than is currently known should have efficient
non-local implementations. Importantly, the connection between CDQS and PSQM is
so far limited to the 2 input player case, which is also the case that ties to NLQC. It
may be possible to explore a connection between CDQS and PSQM to holography that
is realized more directly, not via NLQC, which could extend the connection to settings
with many input players.

Recalling [9], it was argued that the holographic connection suggests that at least
unitaries in BQP should be implementable non-locally. From this perspective it is in-

16See [56] for results on the number of PR box uses necessary. Note that in our setting we can use the PR boxes
sequentially if desired.
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teresting that, from the connection to secret sharing, we now have at least one function
outside of P but inside of BQP with an efficient non-local implementation.

Quantum analogues of recent classical results

Non-local quantum computation was previously thought to have no (non-trivial) clas-
sical analogue: taking the inputs and outputs of a computation to be classical, one can
immediately perform the computation in the non-local form of figure 1b without use of
shared randomness.'” The connections pointed out in this article give non-trivial classical
analogues of non-local computation: CDQS is equivalent to a special case of NLQC, and
has a non-trivial classical version (CDS), and similarly to PSM.

Traditionally, classical analogues are a source of techniques and conjectures in the
quantum setting. Taking this perspective on CDS and CDQS, two recent results in the
CDS literature are natural candidates to revisit in the quantum setting.

First, in [33], the authors relate CDS to various communication complexity scenarios.
In particular they consider the communication complexity class AM, defined as follows.
Alice and Bob hold inputs = and y and share randomness r, while a referee holds (z,y).
The referee will send Alice and Bob a proof p = p(x,y,r) that both Alice and Bob should
accept when f(z,y) = 1, and both should reject if f(z,y) = 0. AM(f) is the minimal
length of the needed proof, and AM is the class of functions for which the proof can
be taken to be of polylogarithmic length. Relating this to CDS, they show that for some
constant ¢ > 0,

CDS(f) = (max{AM“(f), coAM*(f)})® — polylog(n) (120)

where CDS(f) is the communication complexity of a CDS protocol for f (allowing for im-
perfect correctness and imperfect security), and a similar bound differing only by constant
factors exists for randomness complexity. Unfortunately, there are no explicit functions
known to be outside AM“NcoAM, but nonetheless equation 120 is an intriguing result.
A natural question is if a similar inequality holds when considering CDQS and quantum
communication complexity classes.

Second, the related work [31] studied the relationship between zero-knowledge proofs
and both CDS and PSM. The starting point is a zero-knowledge variant of the class AM®
discussed above, where an additional requirement that the proof p not reveal anything
about (x,y) is imposed. This is refereed to as the class ZAM. The authors of [31] found
that a PSM protocol with perfect correctness and privacy leads to a similarly efficient
ZAM protocol, and that a ZAM protocol (which may be approximate) leads to a similarly
efficient CDS protocol. Again, it is natural to ask for a quantum analogue of these results.

Classical analogues of further non-local computations

In this paper we relate two special cases of non-local quantum computation — f-
routing and coherent function evaluation — to other cryptographic tasks, CDQS and
PSQM. One aspect of these relationships we have emphasized is that while non-local
computation naively becomes trivial when considered classically'®, PSQM and CDQS
have natural classical variants. This raises the question as to whether NLQC generally
has a good classical analogue, perhaps one exploiting the same communication pattern
as CDS and PSM, and employing an appropriate secrecy condition. Less ambitiously,
we can also ask about classical analogues of other commonly studied non-local quantum
computation schemes. One commonly studied non-local computation which we have not

17This amounts to a special case of the impossibility result [1]. To see why it is true, consider copying the inputs
and y where they are received and forwarding a copy across the communication channel.

18]n particular we have in mind that a non-local computation with only classical inputs can always be implemented
without pre-distributed resources [1].
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considered here is the BB84 task [3, 10], and its extension to f-BB84 [29, 61|. It would
be interesting to understand if f-BB84 is related to a classical primitive.
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