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QUANTUM GUESSING GAMES WITH POSTERIOR
INFORMATION

CLAUDIO CARMELI, TEIKO HEINOSAARI, AND ALESSANDRO TOIGO

ABSTRACT. Quantum guessing games form a versatile framework for studying
different tasks of information processing. A quantum guessing game with
posterior information uses quantum systems to encode messages and classical
communication to give partial information after a quantum measurement has
been performed. We present a general framework for quantum guessing games
with posterior information and derive structure and reduction theorems that
enable to analyze any such game. We formalize symmetry of guessing games
and characterize the optimal measurements in cases where the symmetry is
related to an irreducible representation. The application of guessing games
to incompatibility detection is reviewed and clarified. All the presented main
concepts and results are demonstrated with examples.

1. INTRODUCTION

Information processing, both classical and quantum, is ultimately about getting
a desired output from a given input. This can be seen as a guessing game, where the
aim is formalized as a score function that gives high scores for successful outputs
and no scores for unsuccessful outputs. The guessing game setup is a natural
translation of many different information processing scenarios and it is therefore
a useful framework for studying the advantages that manipulation of quantum
systems can give in information processing tasks. The guessing game can be a
communication scenario, where Alice tries to transmit information to Bob, possibly
simultaneously hiding it from others. Or it can be a computing scenario, where Alice
chooses an input string and then runs a computation on it (in this case Alice and
Bob can be the same person). Our interest is in quantum guessing games, where
the transmitted information is encoded into quantum states and then decoded by a
quantum measurement. There can be processing between encoding and decoding,
but this can all be seen as a part of the measurement since we put no restrictions
on it.

In both of the previously mentioned scenarios it is possible that Alice, or someone
else, sends partial information after Bob has already performed a measurement. In
the presently investigated scenario this later sent information is classical and we
call these games (quantum) guessing games with posterior information. In the
computing scenario this kind of game can be seen as a hybrid computation, where
one runs classical and quantum computing in parallel and uses both to conclude
the final result. The classical part of a computation may, for example, find one
instance that is known to be incorrect with certainty while the quantum part tries
to find the correct answer even if some error is expected. The final guess takes into
account both parts and is then typically better than each of them alone.
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The main aim of this paper is to present a clear framework for different types
of guessing games with posterior information. We show that any such game can
be written in a certain kind of standard form and, further, the calculation of the
maximal average score in a given game reduces to the calculation of the usual
discrimination success probability of a so-called auxiliary state ensemble. We for-
mulate symmetry for guessing games with posterior information and present the
solution of a symmetric scenario when the symmetry is related to an irreducible
representation. With examples we demonstrate that it is, indeed, possible to calcu-
late the best average score analytically in many interesting cases. In our exemplary
cases we derive the solutions for a class of encodings in a qubit system (the angle
between the states of the encodings being a free parameter) and this therefore en-
ables to make comparisons and observations that a bunch of numerical solutions
could not provide.

It is instructive to compare guessing games with posterior information to similar
scenarios where the classical partial information is given to Bob before he is per-
forming a measurement. We call this kind of scenario a (quantum) guessing game
with prior information. Typically prior information allows Bob to adjust and opti-
mize his measurement in a more clever way than when the same partial information
is given afterwards. This difference in average scores is the basis of a method that
uses guessing games in the detection of quantum incompatibility. We reformulate
the incompatibility detection method in the present general framework, recall the
known results and point out some open questions. We further characterize a class
of encodings for which prior and posterior information are equally valuable. For
these encodings the timing of partial information is therefore irrelevant. The fact
that in quantum guessing games the timing of partial information can change the
maximal average score is the essential difference to classical guessing games. This
observation may aid in finding new applications of quantum guessing games where
the manipulation of quantum systems boosts information processing.

At this point, it is in order to briefly comment on related scenarios that have
been investigated earlier. As already mentioned, in this work by a guessing game
we mean a task that one party (Alice) sets for another party (Bob) and where
the goal is specified by a score function. The aim of Bob is to maximize the
average score and the basic question is how to do it, i.e., what are the optimal
actions and what is the maximal average score that can be achieved with those
actions. By calling this scenario a guessing game we want to make a distinction
with more general scenarios and emphasize their different basic questions and tasks.
Nevertheless, one should note that the terminology varies and a guessing game can
mean something different in other contexts. Also, the resources that are available
for the players vary in different investigations. For example, a prepare-and-measure
scenario refers to a similar setting, although it is often assumed that Alice and Bob
get independent inputs and that they might also have either shared randomness
or shared entanglement. The basic question is to characterize the correlations that
Alice and Bob can generate and to derive conclusions on properties (e.g. dimension)
of the system and devices [1, 2, 3]. A special type of these games are non-local
games, which usually mean games with several space-separated players that can
communicate only with a referee but can have a preliminarily agreed joint strategy
[4, 5, 6]. The basic question is to see the effect of shared entanglement or other
quantum resources. Another related topic is that of input-output processes and



their analysis. This is a broad topic and has diverse research questions, e.g. to
characterize some properties of the intermediate quantum dynamics [7, 8, 9]. All
the previously mentioned scenarios are under active research and their applications
grow rapidly. A general conclusion is that by analyzing how the use of certain
resources can facilitate the achievement of specific tasks has proven to be a powerful
way to clarify fundamental aspects of quantum theory.

The benefit of restricting the current work to (later precisely specified) guess-
ing games with posterior classical information is that we can present an in-depth
analysis and derive a reduction theorem for all such games. Our investigation is
organized as follows. In Section 2 we recall the basics of usual state discrimination
and, more generally, guessing games with arbitrary score function. This scenario is
expanded in Section 3 to cover guessing games with posterior information, which are
the focus of the current work. These games can be recast in the so-called standard
form, explained in Section 4. Strikingly, the maximal average score in any guessing
game with posterior information equals with the maximal success probability in the
usual state discrimination game of a related auxiliary state ensemble. This simple
but important result is also treated in Section 4 and it implies that all known meth-
ods to solve state discrimination games are applicable in our more general setting.
Section 5 reviews the connection of guessing games to incompatibility detection.
In Section 6 we formulate symmetry of guessing games with posterior information
and show how it can be used to calculate the maximal average score in symmetric
scenarios. Three different kind of examples that demonstrate all the presented main
concepts and results are treated in Section 7. Finally, in Section 8 we summarize
our conclusions and point out some new directions for future investigations.

2. GUESSING GAMES

2.1. State discrimination. We will deal with finite dimensional quantum systems
and measurements with a finite number of outcomes. We fix a d-dimensional,
complex Hilbert space H, denote by L£(H) the set of all its linear operators and
say that g is state on H if it is a positive element of L(H) (i.e. g is selfadjoint with
nonnegative eigenvalues) and tr [p] = 1. We denote by |X| the cardinality of a finite
set X. A measurement on H with the outcome set X is a map M : X — L(H)
such that M(x) is positive for all z and ) M(x) = 1. A state ensemble on H with
the label set X is a map £ : X — L(#H) such that £(z) is positive for all x and
> . tr[€(z)] = 1. Any state ensemble can be written as a product £(z) = p(x) 0q,
where (04)zex is a family of states on H and p : z — tr[€(x)] is a probability
distribution on X.

In the usual minimum error state discrimination, the system is prepared in one
of several possible states o,, x € X, and the task is to guess the correct state
by performing a measurement. This can be seen as a scenario where two parties
communicate by one of them sending one classical message x — the label of the state
— to the other, and to this aim he encodes = into a quantum system. The encoding
is then described by a state ensemble &, in which the probability distribution p is
the prior probability of labels to occur and x +— g, is the actual encoding. For
any measurement M with the outcome set X, we denote by P(€; M) the guessing
probability, given as

(1) P(EM) =) tr[E(x)M(z)] = > p() tr[o, M(z)] .
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The maximal guessing probability for £ is denoted as
(2) P& = max P(E;M),

where the optimization is over all measurements with the outcome set X. We refer
to reviews [10, 11, 12] for more background and details on state discrimination.

There is a communication task which is, in a sense, opposite to state discrim-
ination and therefore called antidiscrimination, also antidistiguishability or state
exclusion. As in state discrimination, the system is prepared in one of several pos-
sible states g,, * € X. But now the task is to guess one of the labels different
from the encoded label z. Hence, the success probability (i.e. the probability of
guessing a label different from the encoded label) in the antidiscrimination task is
1 —P(&;M), and its optimization amounts to minimizing — instead of maximizing
— the guessing probability (1). Apart from its simplicity, antidiscrimination has
turned out to be a fruitful notion. For instance, it has played a key role in discus-
sions on the controversy between epistemic and ontic interpretations of quantum
states [13, 14, 15], while a connection to quantifications of quantum resources has
been revealed in [16]

2.2. General form of guessing games. A guessing game can be something dif-
ferent than discrimination or antidiscrimination, although the basic idea is the
same (see Figure 1). Generally, we have a score function f: X xY — [0,1] and
the associated average score is given as

(3)  Ep&EM) =) flay)tr[E@) M) = fla,y) pa) tr o M(2)] -

The input and output label sets X and Y can be different (some examples are
presented shortly). We are often considering a scenario where a state ensemble &
is given and the used measurement M is optimized to give as high average score as
possible. The maximal average score is denoted by

(4) E;(€) = max By (&;M).

In a typical guessing game some pairs (z,y) € X x Y are wanted (successful guess)
and other pairs are unwanted (unsuccessful guess). If we assign values f(z,y) =
1 for wanted pairs and f(z,y) = 0 for unwanted pairs, then the average score
E;(&; M) equals with the probability of getting a wanted pair. Intermediate scores
(i.e. 0 < f(x,y) < 1) are also possible and can be e.g. used to give some reward if
the guess is almost wanted but not exactly.

OO B 000
OO ............ ' O@O

FIGURE 1. In a guessing game one party (Alice) encodes a classical
message r into a quantum state, and then she sends the state to
another party (Bob). Bob then performs a measurement and thus
he obtains an outcome y. By comparing x to y, a score f(z,y)
is assigned to the game. The set X of possible choices for the
sent message and the set Y of possible outcomes for the performed
measurement need not coincide.



In the previously discussed state discrimination we set X =Y and choose a score
function f which assigns nonzero values to all elements on the diagonal of X x X and
f(z,y) =0 for all x # y. If we additionally require that f takes only values 0 and 1,
then we get the standard discrimination score function f(z,y) = 6., =: f5(2,y), for
which E¢; = P. In the antidiscrimination task one aims to get any other outcome
than the sent message x, thus we choose a score function f such that f(x,z) =0
and f(x,y) > 0 for y # x. If we further require that f takes only values 0 and 1,
then we obtain the standard antidiscrimination score function f =1 — f;.

The general formulation of guessing games directs us to see that there are natural
generalizations of discrimination and antidiscrimination games to the cases in which
the receiver is allowed to guess several (fixed integer 2 < k < |X|) outcomes instead
of one. To formulate these type of guessing games, we choose Y = {S C X : |S| =
k} and f such that f(z,5) =1 for x € S and f(x,S) = 0 otherwise. The receiver
hence gets a score if and only if the input « is contained in the guessed set S. In
the respective generalization for antidiscrimination games we choose f such that
f(z,S)=1for x ¢ S and f(x,S) =0 otherwise.

2.3. Reduction to usual state discrimination. Different score functions de-
termine different kind of guessing games and they can have quite diverse goals.
However, the calculation of the maximal average score and determination of op-
timal measurement strategy are similar in all guessing games. In fact, following
[17, Section 2.2.2], any guessing game can be recast as a discrimination game by
suitably redefining the state ensemble at hand. To this aim, we set

(5) AE f) =Y f(a,y)p(x)

and whenever this constant is nonzero we further define the auziliary state ensemble
Er with the label set Y as

(6) Er(y) = AE L)Y flr,y) Elx).
With this definition we have the equalities

(7) Ef(&;M) = A(E, f) P(Es; M),
(8) Ef (&) =A(E, f) P(&y).

In this way a guessing game with an arbitrary score function f is recast in a usual
state discrimination game for the respective auxiliary state ensemble.

We remark that the precondition A(E, f) # 0 mentioned earlier means that
f(z,y) # 0 for some z,y with E(x) # 0. If A(E,f) = 0, the auxiliary state
ensemble can be defined in an arbitrary way without changing (7)-(8), since in that
case E;(€;M) = 0 for all M and thus (7)-(8) are satisfied for any choice of &;.

We end this section with an upper bound for P(£) which despite its simplicity
will be quite useful in the later developments (Sections 6 and 7). It has the same
derivation as [18, Proposition 2].

Proposition 1. For a state ensemble £ with the label set X, we denote by A(E)
the largest eigenvalue of all the operators E(x), x € X. Then,

(9) P(&) <dA(E).
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The above equality is attained if and only if there exists a measurement M with the
outcome set X satisfying E(x) M(z) = A(E) M(z) for all x € X. If this is the case,
then P(E) = P(&E; M) for such a measurement.

Proof. If A(z) is the largest eigenvalue of the operator £(x), we have A(z) 1—-E(x) >
0, and then

M) tr [M(z)] — tr [E(z) M(z)] = tr [(AM(z) 1 — E(z))M(z)]
- tr{ [(A(a:) 1- &)

In this expression, the last equality is attained if and only if (A(z) 1 —&(z))M(z) =
0, that is, £(z) M(z) = A(x) M(z). It follows that

P(EM) =D tr[E(@)M(2)] < > M) tr [M(2)] < Y AE) tr[M(x)] = A(E) tr [1]
=dA(£),

1
2

<
&
N
[E——
—~
>
—~
&
=
|
™
—~
8
~
 —
[N
<
—~
&
N
[E—"
—
Vv
o

where all the equalities are attained if and only if £(z) M(x) = A(z) M(z) for all
x and M(z) = 0 for all z such that A(z) < A(E). The latter two conditions are
equivalent to £(z) M(z) = A(E) M(x) for all z, thus proving the claim. O

To elucidate the previous proposition, suppose that a state ensemble £ consists
of n equally probable quantum states. In this case the largest eigenvalue of each
E(x) is at most 1/n and hence A(E) < 1/n. Therefore, (9) gives P(£) < d/n. This
bound has been called the basic decoding theorem [19] and it connects the Hilbert
space dimension of a quantum system to its information capacity.

2.4. Partition and property guessing games. There are two classes of guessing
games, namely, partition and property guessing games, that are concrete in their
goals but general enough to cover many applications. In a partition guessing game
the input set X is partitioned in some way and Y labels the partitions of X. For
instance, we can take X = {1,...,n} and Y = {even,odd}. The aim is to guess the
correct quality of the input label, which is obviously less demanding than to guess
the input label itself. Generally, suppose that Y is an arbitrary set, v: X — Y is
a function and let X, = v~=!(y) for all y. Then, (X,),cy is a partition of X, i.e., a
collection of subsets that are disjoint and whose union is X. The associated score
function f, is defined as

1 ifze X,

0 otherwise

(10) fv(x’y) = 6v(m),y = {

This game has been studied in [20], where it was called set discrimination of quan-
tum states. Another related score function f_,, is defined as f—, (z,y) = 1— fo, (2, y).
In the special case when X =Y and v is the identity function, the score function
fov is the standard discrimination score function fs5 and f-,, is the standard antidis-
crimination score function 1 — fs.

Let v: X — Y be a function that determines a partition guessing game in the
previously specified way. The reduction formulas (5) and (6) give A(E, f,) = 1 and

(11) Ery)= ) E).

reX,



We thus conclude that a partition guessing game can be recast as the usual dis-
crimination game where the states are mixtures of the states in the blocks of the
partition.

Partition guessing games are a special class of property guessing games. While
a partition divides a set X into disjoint subsets, properties can have overlaps. For
instance, we can take X = {1,...,n}, Y = {small, large} and agree that ‘small’ are
numbers z satisfying x < [”T“W and ‘large’ are numbers x satisfying x > L%HJ In
this case, the numbers x with L%‘HJ <z< [”T'H] have both properties. Generally,
suppose that X, Y are arbitrary sets and R C X X Y is a relation. The associated
score function fg is defined as the indicator function of the set R, i.e.,

1 ifzRy

0 otherwise

(12) fr(z,y) = 1g(x,y) = {

Another related score function f.p is defined as fog(z,y) = 1 — fr(z,y). In
the special case when ¥ = {S C X : |S| = k} and R is the ‘belongs to’ re-
lation, the property guessing games defined via fr and f_r are the generalized
(anti)discrimination games introduced at the end of Section 2.2.

3. GUESSING GAMES WITH POSTERIOR INFORMATION

3.1. General scenario. We will now expand the guessing game setup to cover later

sent classical information. Related formulations have been investigated earlier in

[21, 22] and their differences to the current approach has been explained in [18],

where the following scheme was introduced in a more specialized form. In guessing

games with posterior information, the standard communication scenario is modified
by adding one step to it. The starting point, known both to Alice and Bob, consists
of finite sets X, Y, a score function f : X x Y — [0,1], a finite set T describing

partial information, and conditional probabilities «(t | ) for all t € T and = € X

relating partial information to input labels. We can take T'= {1,..., m} whenever

it is convenient to label the elements of T by integers, although this is not always

the case as T may not have a natural ordering (see Section 3.4).

The scenario has the following steps (see Figure 2):

(i) Alice uses a state ensemble £ with the label set X. This means that she picks
a label z with probability p(x) = tr [€(z)] and transmits the respective state
0- = E(x)/tr [E(z)] to Bob.

(ii) Bob receives g, and performs a measurement M with the outcome set Z. Bob
obtains the outcome z € Z with probability tr [p, M(2)].

(iii) Bob receives a classical message t € T. This message depends on the input
label x; Bob receives ¢ with probability «(t | ). This additional information
can be sent by Alice, but it can have also another origin. The essential point
is that Bob receives it after he has performed the measurement. We call «
the partial information map.

(iv) Bob uses the additional information to post-process the obtained measurement
outcome z to an element y € Y. For each ¢ € T, Bob can use a different
post-processing matrix v; that relabels the outcome z into y with probability
vi(y | z). We denote v : t — 1y and call this the post-processing map. The
aim of Bob is to choose y such that f(x,y) is maximal.

Summarizing, a guessing game with posterior information is defined by a score
function f (the goal of the game) and a partial information map « (the additional
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FIGURE 2. In a guessing game with posterior information Bob
receives Alice’s partial information only after he has performed a
measurement in the quantum state transmitted by her. He then
postprocesses the obtained outcome trying to maximize the score
of the game.

OO
O®

aid for reaching the goal), while Alice’s preparations are determined by £ and Bob’s
guessing strategy is determined by a measurement M and post-processing map v.
The average score in the previously described scenario is

(13) ENT(EM ) = Y flzy)alt| 2)uly | 2) tr[Ex) M(2)]

and its maximal value is

(14) ENTN(E) = max ENZN(EM,v),

where the optimization is over all measurements M and post-processing maps v.
We remark that in (14) also the outcome set of M is allowed to vary. In particular,
the fact that the maximum in (14) is attained is not immediate. However, we will
prove in Section 4.1 that this is indeed the case (see Proposition 2).

3.2. Extreme cases. There are two extreme cases of posterior information, those
of telling everything or telling nothing. It is illustrative to see how the scenario in
these cases is simplified.

Firstly, Alice can tell the sent label 2 to Bob as it is, in which case T'= X and
a(t | ) = 01 4. This means that the quantum prepare-and-measure part as well as
the postprocessing are obsolete and Bob — as he learns x — can just choose ¥, such
that f(z,y,) is maximal. Indeed, in this setting we have

ERTHEM ) =) flay)vely | 2) tr[E(x) M(2)]

<Y s 3 (Lol 1)) trlee)mee)
= Zf(x’yx)p(x)

and the bound is achieved by choosing v, (y | z) = J,,, The maximal average score
is thus given as ) f(z,y.) p(x).



Secondly, Alice can tell a posterior message ¢ that is independent of the original
label, i.e., a(t | ) = «(t). This kind of posterior information cannot help Bob. In
fact, from (13) we get

ENSHEM,v) = Ef(E;M),

where

M(y) = (Z a(t) vy | Z)) M(z).
z t

The post-processing that Bob might choose to perform can hence be included in the
measurement and the guessing game reduces to that without posterior information,
as expected.

Still a related special case is the one in which Alice may send useful posterior
information but Bob is not taking advantage of it, i.e., Bob is post-processing his
measurement outcome in a fixed manner. Formally, this means that the post-

processing map v : t — 14 is constant, hence the measurement

M”(y) =3 w(y | 2) M(2)

z

does not depend on ¢, and (13) takes the form
EPCEM,v) = Y fz,y)alt | 2)tr[E(z) M (y)] = Ef(&;M”).

z,y,t
Choosing Y = Z and v (y | z) = d,,. one has M” = M and this confirms the
intuitively clear fact that

(15) E}7(E) 2 Ef(€)

for any choice of «, as Bob can always decide to ignore the posterior information.

3.3. Deterministic posterior information. As defined earlier, a partial infor-
mation map « specifies how partial information relates to input labels. Suppose
that a(t | z) € {0,1} for all x,¢. Since ), a(t | ) = 1, this means that for each
x € X there is a unique 7(x) € T such that a(r(z) | ) = 1. Therefore, the input
label = specifies the later sent posterior information deterministically. By denoting
X = 771(t), the sets (X;)ier constitute a partition of X and a = «,, where

16 ar(t|x)=0r = .
(16) (t]z) (@).¢ {O otherwise

We refer to this case as the case of deterministic posterior information. For the
task of state discrimination, this scenario has been discussed in [18].

As a paradigmatic exemplary case of the previously explained deterministic
posterior information, we recall the discrimination task presented in [23], where
|X| = Y| =4 and |T| = 2. In this guessing game the set X can be chosen to
contain four symbols {&, &, >, O}, and Alice chooses the input label among them
with uniform probability. She uses a qutrit system to send her message to Bob,
and the respective (pure) qutrit states correspond to the unit vectors

() - 1 (1) 1 (1)



10 CLAUDIO CARMELI, TEIKO HEINOSAARI, AND ALESSANDRO TOIGO

These are four states of a three dimensional system, hence there is no measurement
that would perfectly discriminate them. In fact, Proposition 1 and the discussion
after it implies that P(£) < 3/4 for any uniformly distributed four qutrit states.

However, we are considering discrimination with posterior information and Bob
knows that after he has performed the measurement, Alice will inform him about
the color of the symbol (black for {d, &} and red for {{,0}). In our notation,
this means that the partition of X is Xpjack = {d, #} and X,eq = {O, 0}, The
measurement M that Bob wisely decides to use is

1 1 11 1 1 1 -1
M(l):Z 11 11, M(2):1 1 1 -1,
1 1 1 -1 -1 1
1 1 -1 1 1 1 -1 -1
M(3) = 1 -1 1 -1 1, M(4) = 1 -1 1 -1
1 -1 1 -1 -1 1
This leads to the probability distributions

tr[Q*M()] = (%7%7070) s

tr [oa M(-)] = (0,0,3,3) ,

tr[QQ M()] = (%507%a0) s

tr [oo M(¥)] = (O, %,0, %) .

From these probabilities we confirm that Bob can indeed infer the correct input label
if he gets the color of the input symbol as a posterior information. For example, if
the outcome is z = 2, then Bob needs to post-process it to & if the color is black,
and to QO if the color is red.

3.4. Non-deterministic posterior information. We say that posterior infor-
mation is non-deterministic if 0 < a(t | ) < 1 at least for some x and ¢. This
means that for some x there are at least two possible labels ¢ and ' that can oc-
cur as partial information when z is the sent input label, and thus Alice makes a
random choice between some alternatives.

A paradigmatic exemplary case of non-deterministic posterior information is the
exclusion of wrong options. Let us set T'= X and define

(17) ex(t | @) = (IX] = 1) 7 (1 = bz,0) -

This partial information map means that Alice announces one wrong option ¢ after
Bob has performed his measurement, and she picks it with uniform probability
within the set X \ {x}. More generally, we can fix any positive integer k < |X| and
define

(18) T ={ScX:|S]=k}, aex(S | 2) = [X|[ITI(1X] = k)] 1x\s(2),

where |T| = |X|'[k!(|X] — k)!]7! and the normalization constant of aey is the
inverse cardinality of the set T, = {S € T : © ¢ S}. This choice of & means that
Alice announces a collection of k wrong options S = {x1,..., 2%}, and she picks it

with uniform probability within the set 7.
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4. REDUCTION TO USUAL STATE DISCRIMINATION GAMES

4.1. Standard form of guessing games with posterior information. As we
have previously seen, Bob’s guessing strategy is determined by a measurement M
and post-processing map v. There is a certain freedom in choosing M and v, still
leading to the same average score for a given state ensemble £. To see this, we
write the average score (13) as

(19) ERHEMv) = Y fla,y)alt | o)t [E(z) Ne(y)]

x,y,t

where N; are the post-processed measurements defined as

(20) Ne(y) =D wily | 2)M(z).

z

Thus, different measurements M and post-processing maps v which yield the same
measurements N; in (20) lead to equal average scores.

Given a collection of measurements (N¢)ier, all with the same outcome set Y,
we recall that the collection is called compatible if each N; can be written as in
(20) for some choice of M and v [24]. Otherwise, one says that the collection is
incompatible. As a consequence of (14) and (19), we can write

E??gt = max{ Z fz,y) at | z)tr[E(x) Ne(y)] : (Ng)ser is compatible} .

x,y,t

The compatibility constraint guarantees that the two measurement scenarios — us-
ing M and post-processing, or using the collection (N;);cr — are equivalent. In
fact, without the compatibility constraint, the scenario with many measurements
becomes a guessing game with prior information. We come back to this point in
Section 5.

The outcome set of M in the definition of compatibility of (N¢);er is not fixed
and it can be arbitrary. However, every compatible collection of measurements
has a joint measurement, i.e., a measurement defined on their product outcome set
and giving them as marginals [25]. In the current context, this means that we can
always switch from M to a measurement with the outcome set Y7 and to a fixed
post-processing map, defined as

N e

(Here and in the following we use the customary notation Y7 for the set of all
maps ¢ : T — Y. If T ={1,...,m}, then Y7 is identified with the product set Y™
canonically. The functional notation is convenient especially when T does not have
any natural ordering.) In fact, starting from M and v, we define a measurement
M, with the outcome set Y7 as

(22) M. (6) = > M) [ Jwi(e(®)
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and then we have

YomylOM(O) = M) ulyl2) [[D w2
o) z

t'#t oy

=S uly | IM(2),

which means that the post-processed measurements (20) are the marginals of M,,.
In particular,

(23) E?’O:f(é’; M,v) = E??:t(é’; M,, ).

The importance of this transition from M and v to M,, and 7 is that for the latter
pair the outcome set is fixed and so is also the post-processing map. We thus reach
the following conclusion.

Proposition 2. The mazimum in (14) is attained, and

(24) E?Ost(é') = max E?°'(&;M, 1),
£ v :

where the optimization is over all measurements M with the outcome set YT

Proof. Clearly, E?f’;t (E;M, ) < E??Oft (€) for all M, and (24) is then a consequence
of the bound

E?’O;t(é’; M, v) < m'\%X E??;t(é’; M, )
following from (23). The maxima in (14) and (24) are attained, since the measure-

ments with the outcome set Y7 form a compact set and in (24) the post-processing
map 7 is fixed. ([l

As a result, if the objective is to optimize the average score of a guessing game
with posterior information that has Y as the output label set and T as the partial
information set, it is enough to consider guessing strategies of the following standard
form:

e Bob is using a measurement M with the outcome set Y7 From the obtained
measurement outcome ¢, he chooses ¢(t) based on the posterior information
teT.

This general formulation is useful for proving results in the subsequent sections.

4.2. Reduction theorem. In the following we present the basic steps how the
maximal average score in a guessing game with posterior information can be calcu-
lated. Our approach is related but more general than a result presented in [18]. The
main point is that a standard form guessing game with posterior information can
be translated to a usual state discrimination task. We first recall from Section 4.1
than in the standard form Bob’s measurement is defined on the product outcome
set YT. For any measurement M with the product outcome set Y7 and for the
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post-processing map 7 defined in (21), the average score (13) can be rewritten as

EX(EM ) = Y flay)alt]|z)m(y| ¢)tr [E(z) M(6)]

z,y,t,¢

:%:HKZJC”S y) ot | x) y¢<t>5($)) M(¢)}

z,y,t

=S| (S omatinew) o

= YT AE ) P (Eai M)
In the last expression, A(E, f) is the constant defined in (5), while £, is a new
state ensemble with the label set Y7, which extends the auxiliary state ensemble
(6) to the scenario with posterior information. Under the presumption A(E, f) # 0
it is defined as

(26) Erale) = (IYIT71AE )™ me alt|z) ).

(25)

(In the case A(E, f) = 0 we can set, for instance, Ef,q(¢) = (d \Y||T|)_1 1 and then
the following formulae cover also this situation.) The normalization constant before
the sum in (26) is due to the fact that

Ztr[sz at|2)6@)| = V1" Y fo)alt | 0)p(e)

x,y,t
=Y AE ).

The main purpose of introducing the auxiliary state ensemble is summarized in the
following statement.

Theorem 1. For any £, « and f, we have
(27) B () = YT A f) P(Era).
Proof. The claim follows by combining (24) and (25). O

We remark that the definition of the auxiliary state ensemble £, is consistent
with the earlier definition of the auxiliary state ensemble (6). Indeed, if the posterior
information is trivial, then |T'| = 1, implying that £, = &; and (25), (27) reduce
to (7), (8), respectively.

4.3. State discrimination with deterministic posterior information. State
discrimination with deterministic posterior information is a prototypical example
of the discussed scenario and in Section 3.3 we recalled one concrete case of that
type. For this class of games the auxiliary state ensemble has a simple form. To
see it, let T = {1,...,m}, fix a function 7 : X — T, set X; = 7~ 1(¢) and define the
partial information map «., as in (16). Moreover, let Y = X and fix the standard
discrimination score function f = f5. The auxiliary state ensemble (26) becomes

(28) Efsan (s ) = | X|F™ Z E(xy),

ts.t.
r€X¢

where we write elements ¢ € X7 as ordered m-tuples (z1,...,%,) with x, = ¢(t).
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We remark that this case was already studied in [18], where it was proved that
E?;SOE (€) = A’ P(F) for another definition of the constant A’ and the auxiliary
state ensemble F (see equations (22) and (23) therein). The difference between the
ensembles &, o, and F is in the respective label sets, which are the product set
X™ for the former ensemble and X; X ... x X,,, for the latter one. Actually, up to
the constant factor A’|X|*~™, the state ensemble F coincides with the restriction
of &f;.a. to the set X; x ... x X;,,. Therefore, we see that in this particular case
there is a certain amount of redundancy in employing the auxiliary state ensemble
Ef,a to evaluate E?f’st(c‘)).

4.4. State discrimination with the exclusion of wrong options. State dis-
crimination with the random exclusion of one wrong option was discussed in Section
3.4. Suppose that T = X and a = ey is the partial information map (17). The
auxiliary state ensemble (26) becomes

gfa(lex C ZZ f - 62: t) S(m)
29) =C Z ST flay) (1= 600) E(x)

yeo(X) fst. o

=0 Y faw) |67 W)\ (2] £@).

where 1/C = (| X|-1) [Y|ITI=1A(E, f). We observe that the dependence on the out-
come ¢ is only in the cardinalities |¢’ {x}| appearing in the last line of (29).
These are integer numbers between 0 and \X|—1 such that > |67 (y) \ {z}| < |X].
We can perform a similar computation for the case in which one excludes more
than one wrong option. Using the same notation as in Section 3.4, we find that

(30) Eron(@)=C Y f@y) |67 W) N Ts| £(),

z,y

where 1/C = |T||X|71(|X| = k) [Y]TITA(E, f).

5. GUESSING GAMES WITH PRIOR INFORMATION

5.1. General scenario. We recall that E??:t(é’) denotes the best achievable av-
erage score when the optimization is over all measurements M and post-processing
maps v. In Section 4.1 we saw that finding E?f);t(é' ) is equivalent to optimizing the
sum in (19) over the compatible collections of |T'| measurements with the outcome
set Y. One can obviously write such a sum also without the assumption of com-
patibility, but ignoring this constraint may lead to a larger maximal average score
than E??;t(é' ). In fact, the usage of the additional information ¢ for the choice of
the measurement N; means that ¢ is used prior the measurement happens. We call
this different scenario a guessing game with prior information (see Figure 3), and
we write

(31) Eprlor( t)teT) Z f(@,y) a(t | ) tr[E(x) Ne(y)]

for its average score.
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FIGURE 3. In a guessing game with prior information Bob arranges
his measurement after he receives Alice’s partial information. The
postprocessing of the obtained outcome can now be included in the
measurement itself. In this scenario Bob is allowed to optimize his
measurement in order to get the highest score.

The maximal average score is
(32) .
E}Y(E) = max {EF 7 (E; (Ny)ier) : (Ni)ser is any collection of measurements} .

The evaluation of E?r;()r (&) boils down to determining the maximal average scores
of |T| different guessing games of the usual type. To see this, we introduce the total
probability

(33) q(t) =Y _alt | z) p(x)

and, whenever ¢(t) is nonzero, we define the conditional state ensemble &; as follows:
(34) Ei(z) = q(t)alt | ) E(x).

With the above definition, we can rewrite (31) as
(35) EPYN(E; (Ner) = Y q(t) B(ENy)
t

and by combining (4) and (32), we then obtain
(36) EYY(E) =) at)Es(&).
t

Thus, the maximal average score with prior information E?r;or (€) is a convex sum
of maximal average scores E¢(&;) for different t. It can hence be evaluated by
means of the techniques of usual minimum error state discrimination, applied to
each conditional state ensemble &. The definition of & is subject to the same
remarks as those after the introduction of the auxiliary state ensemble in (6). Note
that in the present case the label sets of £ and £ coincide, and that their states
are essentially the same. Indeed, g, = &(x)/tr [E(x)] and o, = E(z)/tr [E(z)] are
equal for all ¢ and z such that ¢(t) # 0 and &:(z) # 0. On the other hand, the
probabilities p;(z) = tr[E:(x)] and p(x) = tr [E(x)] may be different in general.
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5.2. Detection of incompatibility. Summarizing the earlier discussion, a score
function f and a partial information map « define two different guessing games
as the partial information can be delivered to Bob either before or after he is
performing a measurement. If Bob can access this information before, then the
average score is EY"""(€; (N¢)ier) given in (31). While if Bob gets the information
only later and his usage of it is therefore limited to post-processing the measurement
outcomes, then we are back in the guessing game with posterior information, and
the maximal average score is

(37) E??;t(é') = max {E?r;or(g, (Nt)tET) : (Nt)tET is Compatible}

as discussed in Section 4.1. We thus see that the difference of the two games is
really about (in)compatibility of measurements. The following result, first proved
in [18] for a more restricted scenario, is based on these observations.

Proposition 3. If E?’T;OY(S; (N¢)ier) > E??jt(fﬁ), then (N¢)ier is incompatible.

The opposite question is: if (N;)¢e7 is a collection of incompatible measurements,
how can we detect their incompatibility by performing a guessing game? This means

that we compare the average score E?f;or (&€;(N¢)ter) to the maximal average score

with posterior information, E?O(jt (£). The first one can even be calculated from

experimental data if N; are real devices, whereas El;_ooft(é’ ) can be determined or at
least upper bounded analytically (more about that in later sections). This question
has been studied from various different angles in [26, 27, 28, 29, 30] and important
findings have been reported. One statement is the following (see Theorem 2 in
[26]).

Theorem 2. Let X =Y xT andv : X — Y, 7: X — T be the projections of
X onto the respective factors. Moreover, fix the score function f,, and the partial
information map c, as in (10) and (16), respectively. Then, for any incompatible
collection of measurements (Ni)ier with the outcome set Y, there exists a state
ensemble & with the label set X such that E?Zifgr (&; (Np)eer) > ER™ (£).

‘U7aT

Proof. The proof is a straightforward adaptation of the argument provided in [26].
Let V be the linear space of all collections (F})ier of operator valued functions
F,:Y — L(H). Any collection of measurements (N;)¢er with the outcome set YV
is an element of V), and all collections which are compatible constitute a compact
convex subset C C V. Indeed, by the discussion in Section 4.1, a collection (N¢)er
is compatible if and only if each measurement N; is obtained as the marginal of
a joint measurement, and joint measurements form a compact convex subset of
the linear space of all £(H)-valued functions on Y7. Now, suppose (N;)ier is
an incompatible collection of measurements. By a standard separation argument,
there exists a hyperplane in V which separates (N¢)ier from C. Equivalently, one
can find (Fi)ier € V and & € R such that, by defining

5((N;)t€T) =hk—= Ztr [Fi(y) Ni(y)]
y,t
for all collections of measurements (N}):cr, the inequality & > 0 holds on the set C,

while f((Nt)teT) < 0 for the incompatible collection (N¢);er. Fix p > 0 satisfying
Fy(y) + (1/2)1 > 0 for all y, ¢, and let 1/A = 3" | tr[Fy(y) + p1] > 0. Define

E(y,t) = XN (Fi(y) + p1).
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It is easy to check that £ is a state ensemble with the label set X. Moreover,
E?Ziﬁ’i (& (NDeer) = =AE((N)ier) + +,
where k' = A (k +dp|T|). By (37), it follows that
E?:S;T (€) = =X min {{((N;)teT) : (N})ier € C} + &
< =XE((NDer) + K =EY (£ (Np)rer)
as claimed in the theorem. O

We underline that, in order to detect all incompatible collections of measure-
ments with the outcome set Y in a guessing game with partial information from
the set T, Theorem 2 requires a sufficiently large label set X, namely, | X| = |Y||T.

Combined together, Proposition 3 and Theorem 2 lead to the conclusion that a
collection (N;):er is incompatible if and only if there is a guessing game such that
E?fﬁt (&; (N)ter) > E??;t(g) for some choice of f, @ and €. It appears that the full
realm of guessing games with posterior information has not yet been investigated
from the viewpoint of incompatibility detection and there are several open ques-
tions. For instance, when a given class of such guessing games is enough to detect
all incompatible collections of measurements? In particular, is it possible to use
smaller state ensembles and still be able to detect incompatibility? Further, what
is the condition for a pair of a score function f and a partial information map « to
detect some incompatible pair? We leave these questions for future investigations.

5.3. Quantum versus classical information. Proposition 3 and Theorem 2 also
point out a fundamental difference between quantum and classical theory: while
quantum theory admits guessing games in which prior information gives an advan-
tage over posterior information, in classical theory the two scenarios are equivalent.
In terms of the maximal average scores (32) and (37), this amounts to say that
for any classical state ensemble £, we have E?f;or(é') = E??jt (&) for all f and a.
To give a precise explanation of this statement, we recall that the states of a (fi-
nite dimensional) classical system are just probability distributions on a fixed finite
set H. Denoting by £(-) the linear space of all complex functions on a given set,
measurements on H with the outcome set Z are described by linear positive maps
M7: ¢(H) — £(Z) which send the probability distributions on H into those on Z.
The general structure is

(38) (M (9)](2) =D ulz | k) g(h) Vg€ t(H),
h

where p(z | h) are conditional probabilities uniquely determined by the measure-
ment M”. For classical guessing games, everything goes as in the quantum case up
to replacing the Born rule tr [€(z) M(z)] with the probabilities [M"(£(z))](z) inside
the expressions of the average scores. In classical theory, any collection (N7 );cr of
measurements with the outcome set Y is compatible. Indeed, if

(39) N2 (9] () = > _viely | ) g(h),
h

then each N} is the marginal of the following measurement M} with the product
outcome set Y7

(40) (M3 ()] (@) =D g(h) [Twe(o(t) | 1)
h t
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In particular, for all f, o and &, we have E]pcf;m(é’;(NQ)teT) = E?:’;t(é’;l\ﬂg,ﬁ),
where 7 is the post-processing map defined in (21). This implies that the probability
EY Y (€5 (ND)ter) can not exceed the bound E??jt (£), as claimed.

When the equality EY' 7" (€) = E??;t(g ) holds, we say that the timing of partial
information is irrelevant for the state ensemble £ in the guessing game with score
function f and partial information map «. As we have just seen, this is always the
case for guessing games based on classical systems. It is still true for quantum state
ensembles which are diagonal with respect to a fixed reference basis of the system
Hilbert space, as shown in the following statement.

Theorem 3. Suppose £ is a state ensemble such that the operators E(x) and E(x’)
commute for all x, 2’ belonging to the label set of €. Then, the timing of partial
information is irrelevant for £ in all guessing games.

Proof. We show that for all collections of measurements (N;);cr there exists a
compatible collection (N});cr such that

() E(€; (Ne)er) = BRI (&5 (N))ser) |

and then the claim follows from (32) and (37). Let (¢n)nem be an orthonormal
basis of H which diagonalizes all the operators £(z), x € X. We define two linear
maps Ppeas 1 L(H) — ((H) and Pprep : ((H) — L(H) as follows:

[Puncas(0)] (h) = tr[|on) (¢n] o] , Cprep(9) = Y _ g(h) [on) (enl .
h

The state ensemble £ is invariant with respect to the composed map ®Pprep © Pmeas;
that is, Pprep (Pmeas(E(2))) = E(z) for all z. Let N7 be the classical measurement
on H with the outcome set Y which is given by

N7 (9)] () = tr [@prep(9) Ni(y)] -
We have

tr [5(1‘) Nt(y)] r [(I)Prep (‘I)meas(g(x))) Nt<y)] = [Ni/t\ ((bmeas(g(‘r)))} (y)

=t

= ((Nf 0 Prneas)(E(2)) , 0y ) = tr[E(z) (N © Prneas)” (0y)]
where (g, v) = >_, 9(y)7(y) is the duality relation for elements g,y € £(Y), 4,
is the delta function at y, and (N} o ®pens)® : £(Y) — L(H) is the dual map of
N7 0P ryeas- If we set Nj(y) = (N} 0 Ppeas)*(dy), then the collection of measurements

(N})ter so obtained is compatible, since such is the collection of classical measure-
ments (N7 );er. Moreover, (x) holds for (N})er, thus completing the proof. O

Remarkably, the converse statement of Theorem 3 is not true. In other words,
there exist state ensembles whose states do not commute, but for which the timing
of partial information is irrelevant in specific guessing games. A nontrivial example
is provided in Section 7.5.

6. SYMMETRY IN GUESSING GAMES

6.1. Symmetries and group actions. As we have seen in Theorem 1, evaluating
the maximal average score E?f’it (&) boils down to a usual state discrimination
problem for the auxiliary state ensemble &, defined in (26). However, finding the
maximal guessing probability P(€; ) may still be a difficult task since the number
of states involved in the calculation scales as |Y|!T!. Even assuming that the states
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of £ are pure does not provide any actual simplification, as typically those of £¢ 4
are mixed.

A natural attempt to reduce the complexity of the problem is by assuming that
the state ensemble £ possesses some symmetry, and then exploiting group theory in
order to obtain the desired results. This indeed works for usual state discrimination
[31, 32], and our objective is now to provide an extension to the present more general
setting.

For the rest of the section we fix a finite group G acting on the sets X, Y and T,
and we assume that the quantities f and « are G-invariant, i.e., invariant under the
action of G (see e.g. [33] for the basics of group actions). More precisely, denoting
by g both an element of the group and its (left) action on the three sets above, we
require that

(S1) f(g9z,g9y) = f(z,y) forallz € X, y €Y and g € G,

(S2) a(gt | gz) =a(t|x)forallz e X, t €T and g € G.

In concrete situations, the above conditions often arise in a natural way. As
examples, we consider the cases of partition guessing games and deterministic pos-
terior information described in Sections 2.4 and 3.3. Thus, let v : X — Y be a
surjective function and (X, )yey the partition of X determined by v as described in
Section 2.4. Moreover, suppose the group G acts on X in a way that for all y there
is 3’ such that gX, = {9z : € X} = X». Then, we can define an action of G on
Y by setting gy = 3. This action satisfies v(gx) = gv(z) for all z and g. Therefore,
the score functions f, and f-, associated with v are G-invariant (condition (S1)).
In the same way suppose 7 : X — T determines a partition (X;);er of X which is
preserved by the action of G. Then, the partial information map «, of Section 3.3
is invariant with respect to the action of G on T' defined by X, = ¢X; (condition
(52)).

In order to describe symmetry on the operator side, we fix a projective unitary
representation U of G on H and we suppose that the state ensemble £ is G-covariant
in the following sense:

(S3) U(g)E(x)U(g)* = E(gx) for all z € X and g € G.

We can now state the following straightforward result.

Proposition 4. If f, a and € satisfy conditions (S1)-(S3) above, then the auziliary
state ensemble E o defined in (26) satisfies

(41) U(9) E1,a(0) U(9)" = Ef,a(g-0)

forall € YT and g € G, where the action of G on YT is defined as
(42) (9-0)(t) = go(g™'t)

forallteT.

In other words, G-invariance of f and « together with G-covariance of £ imply
G-covariance of £, if we regard the set Y7 as a G-space in the natural way.

6.2. The case of an irreducible representation. If a guessing game possesses
the symmetries described in the previous section, evaluating the maximal average
score E?O(it(é' ) drastically simplifies if the representation U is irreducible, i.e., {0}
and H are the only subspaces of H which are invariant under the action of U.

Indeed, we have the following result.
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Theorem 4. Suppose f, a and & satisfy the symmetry conditions (S1)-(S3). More-
over, assume that the representation U is irreducible. The following facts are true.

(a) Denote by A(Ey.) the largest eigenvalue of all the operators (), ¢ € YT.
Then,
(43) E}(E) = d[YTITIAE, £ AlEa)-

(b) Fixz ¢po € YT such that the operator E¢ o (do) has A(Ef.) among its eigenvalues,
and denote by Iy the orthogonal projection onto the eigenspace of Ef (o)
associated with A(Ef.o). The equality E?ijt (E;M, ) = El;f);t (€) is attained by
the measurement

(44)

l\7|(¢) _ {d ( |G .o l"ank(HO))i1 U)o U(g)*  if ¢ = g.¢o for some g € G .
0 otherwise

Proof. By Proposition 4, for all g € G we have
E1,a(9-00) U(g) o U(9)" = A(Er,a) Ulg) o U(g)" .

In particular, ITy commutes with U(g) for all g belonging to the stabilizer subgroup
Go=1{9 € G :g.¢p = ¢}, and therefore the operator M(¢) given by (44) is well
defined. It also follows that £ (¢) M(¢) = A(Ef.a) M(¢) for all ¢ € Y. In order
to apply Proposition 1 to the state ensemble ¢, and the measurement M, we still
need to check that >, M(¢) = 1. Indeed, since U(g) M(¢) U(g)* = M(g.¢) and

U(g) > M(@)U(9)* =D M(g.¢) = > M(¢),
@ ¢ ¢
Schur’s lemma implies that 3, M(¢) = 1 for some p € R, where ;1 = 1 because
dp=trjpl] =Y tr[M(@)] = >  d|G.| ™' =d.
@ $€G.go
By Proposition 1, it then follows that P(£s,,) = P(Ef,a;M) = dA(Ef,4). Combin-
ing this fact with (25) and (27) yields the statement of the theorem. O

For all ¢ € YT, the set G.¢ = {g9.¢ : g € G} is the orbit of G passing through
¢. Item (b) of the previous theorem means that we can always find an optimal
measurement that is concentrated on such an orbit. As already remarked in the
proof, the measurement (44) satisfies the covariance condition

(45) M(g.6) = U(g) M(¢) U(g)*

for all ¢ € YT and g € G. This fact combined with the equality
(46) Tat(gy | 9-¢) = m(y | 9)

implies that the marginals (N;);e7 of M are such that

(47) Ngt(gy) = U(g) Ne(y) U (9)"

for all g € G, y € Y and t € T. Therefore, different marginals are related by a
permutation of the outcome set Y and a unitary conjugation by U.
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7. EXAMPLE: TWO PAIRS OF ORTHOGONAL QUBIT STATES

In the following we demonstrate the results of the previous sections by fixing
four noncommuting qubit states as our state ensemble and evaluating E?f;or(é')
and E??;t(é') for several choices of f and a. In all the examples below, partial
information increases the maximal average scores with both prior and posterior
information. However, we will see two cases in which E?f(ifr &) > E?f’;t(f) ) (Sections

7.3 and 7.4) and one in which the timing of partial information is irrelevant (Section
7.5).

7.1. Notation. We recall that the Hilbert space of a qubit system is H = C? and
that any qubit state g is represented as a vector in the Bloch ball {r € R? : ||r|| < 1}
by means of the relation

o=i(1+r-o).
In this formula we have denoted r - & = r101 + r909 + r303 for the vector r =
riei + roes + rzes, where o1, 09 and o3 are the three Pauli matrices and ey, es

and e3 the unit vectors along the coordinate axes. More generally, any selfadjoint
operator M € £(C?) can be written as

M=ul+m- o

for some p € R and m € R3, uniquely detemined by M. If m is nonzero, the
eigenvalues Ay, A_ of M and the corresponding eigenprojections Il , II_ are

Ax = pE|m], Hi:%(]lim'o')a

where 1 = m/ ||m|| = m/(AL — p) is the unit vector along the direction of m.
For 6 € (0,7/2], we fix

(48) a = cos (30) e, +sin (36) ez, b= cos (30) ey —sin (36) ez
and define
X = {+a, —a, +b, —b}
as the label set of Alice. The state ensemble £ is chosen to be
(49) Ex)=1t(1+z o)

for all x € X. It hence corresponds to two orthogonal pairs of pure states, 914, 0—a
and 04p, 0—p, all apprearing with the same probability 1/4 in the state ensemble
€ (see Fig. 4 for an illustration in the Bloch ball).

The elements of X are permuted by the dihedral group Dy C SO(3), which
consists of the identity element I together with the three 180° rotations Ri, Ro
and Rs along the respective coordinate axes. The group Ds acts on C? by means
of the projective unitary representation

(50) ui) =1, U(R;) = o3,

and the state ensemble £ is manifestly Ds-covariant. Since the representation U is
irreducible, we can use Theorem 4 to evaluate Eljioojt(é' ) provided that f and « are
Ds-invariant.
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O0—b O+a

O—a O+b

FIGURE 4. The states of the ensemble (49) represented in a section
of the Bloch ball. Each state is chosen with uniform probability
and is directed along one of the labels +a, —a, +b and —b.

7.2. Discrimination and antidiscrimination without partial information.
For comparison we recall the maximal guessing probabilities in the usual discrimi-
nation and antidiscrimination guessing games when there is no partial information
available. By using Proposition 1, it is straightforward to show that P(£) = 1/2
irrespective of the angle §. A different proof of this fact can be found e.g. in [11].

The maximal guessing probability in the antidiscrimination guessing game is 1,
as it can be evaluated by forming first the auxiliary state ensemble given in (6).
An alternative way to see this fact is by observing that ) _ .y 0r = 21. This
condition implies that the four states can be perfectly antidiscriminated with any
prior probability distribution p [34].

7.3. Discrimination with deterministic posterior information. Let us con-
sider discrimination of the state ensemble (49) with deterministic posterior infor-
mation, hence we choose X =Y and f = fs. The set X is partitioned into two
disjoint subsets X, and X, where
(51) X, ={+a, —a}, Xy = {+b, —b}.
The partial information consists in giving the correct subset of the input label, thus
T = {a,b} and the partial information map is «, with 7(+a) = a and 7(£b) = b
(see Section 3.3).

We begin by evaluating the maximal average score Eprlor (€). Tt is enough to
observe that the conditional state ensemble (34) is

1 . if X
gt<w>:{3< tzo) fzeX,

otherwise

(52)

and that &; is perfectly discriminated by means of the sharp measurement

11 . if X
(53) Nt(:c): 2( +x O') 1 xe't .
0 otherwise

It follows that

(54) EPT (€)= 1.

In order to calculate the maximal average score Ep o, (€) in the posterior infor-
mation guessing game, we use the symmetry of the problem The score function fs
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and the partial information map a, are Ds-invariant by the discussion after con-
ditions (S1) and (S2) in Section 6.1. Thus, by Theorem 4, evaluating the maximal
average score E?:s;T (€) amounts to finding the maximal eigenvalue of the operators

Efyar(0), ¢ € YT, defined by (28), which in the current case become

(]1+381'U) if &1, x5 € X3

C 1 . if X

(55) 5f67a7(w17x2) _ . ( + x2 U) 1 T, T2 € X2
8 21+ (x1 +x2) 0] ifx; € X and x2 € Xo
0 if x¢1 € X5 and x5 € X

with 1/C = |Y[ITI=1A(&,d) = 4. By means of straightforward calculations, we get

< ¢ 1+ cosf
A(gfa,ozT):g(Q—‘,—Ha,_A'_bH) :Z <1+\/?> ’

and then Theorem 4 yields

. 1 1+ cosé
post _
(56) B} () = 3 <1+\/2 ) .

The average scores (54) and (56) were already obtained in [18], where a detailed
description of the optimal measurements was also provided. We remark that there
are strict inequalities

(57) EUT (€) > EX™ (€) > By, (€)

fs,ar fs,0r

for all # € (0,7/2] and of these three quantities only E2>*' (&) varies with 6.

fs,ar

7.4. Discrimination by excluding one wrong option. Let us still consider the
discrimination game, but now with a different kind of partial information. Namely,
Alice excludes one wrong option. We hence keep X = Y and f = f5, but now
X = T and the partial information map is aex described in Section 3.4, that is,
aex(t | ) = (1 —dgpt) /3.

In the present case, the conditional state ensemble (34) is

(58) E@) =2 (1—bpe) (1 +a-0).

Using Proposition 1 we conclude that E, (&) = P(&) = 2/3, the unique optimal
measurement being still given by (53) with ¢ = 7(¢). The maximal average score
with prior information is then

rior 2
(59) EI},;,(;OX (g) = g :

Since the sharp optimal measurements (53) do not commute for ¢ # t’, we expect
that E?;“;rex (&) > EX> (&).

f5,0tex
With the introduced group theoretical machinery we can find out that

(60) EP (€)= 1—12 (4 +/10 + 6cos 9) .

for0tex
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To see this, we first observe that the partial information map aeyx is Do-invariant,
hence Theorem 4 applies also in this case. The auxiliary state ensemble (29) be-
comes

Efr0n(@) = 2o 3|07 @)\ (2} (1 + 2 o)

(61)
C
= o {(@% +a?+87+82)1+ [(af —a®)a+ (87 - 8°)b| - o},
where 1/C = |Y|ITI=1A(E,d) = 64 and we have denoted
(62) af = [¢7"(+a)\ {+a}|, BL = [ (&b) \ {£b}].
The largest eigenvalue of £, o, (@) is
C
@) = 57 {al +a + 62+ 82 + (a2 —a?) a+ (82 - 52) b }
C o (a?

24 (O[+, a_, ﬂ+7 ﬂ¢)
where 7 is the function
Yoy, az, By, B-) =af +a® + 57 + 82
(g —an)+ (8 = B-)" + 2 (g —a-)(8y — B-) cos ]

The corresponding eigenprojection is

I(¢) = 5 (1 +1(9) - o)

N|=

with
m(¢): (aﬁ_a >a+(ﬂ+ Bf)b
Ve, az, By, B-) = (af +a? + 87 +52)
For all ¢ € XX, the numbers ai and Bi satisfy the constraints

a%,B% €N, af, B < |X| -1, af +a? + 8%+ 82 <|X]|.

The maximum of V(aJr, a_, By, 6,) with a4, B+ subject to these constraints is

equal to 4 + /104 6cosd (see Appendix A for details) and it is attained at the
feasible points

f0:(1703330)7 f1:(3,0,170), f2:(0737071)a f3:(0713033)'
If ¢ € XX is given by

(63) po(+a) = do(—a) = ¢o(—b) = +b, do(+b) =
and we further define
(64) ¢i = R;.¢pg fori=1,2,3,
then with straightforward calculations
fi= (%, a%, p%, p%) foralli=0,1,2,3.

Using the notations of Theorem 4, it follows that

c
MEfsan) = 57 (44 VI0+6eos0)

and the operator £y, o, (¢o) has A(€4.q,.) among its eigenvalues. Therefore, we
obtain (60).
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The optimal measurement (44) is

5) A(6) = {é (1 + m(e) - o) i)ftf:ef {¢o,¢1,¢z7¢3}
W1se
with
3b
m(do) = —1(d2) = \/ﬁv
(66) 3a+b

m(¢1) = —m(d3) = V0160050

Its marginal N4 is
Nia(+a) =0, Noia(+b) = 7 [21 + ((go) +102(1)) - o],
Nia(—a) =7 (1 —m(d1) o),  Nia(=b) =7 (1 —1m(¢) o),

and the other marginals N_g,, Nyp and N_; are obtained from Ny, by means of
the relation (47).

7.5. Partition guessing game by excluding one wrong option. Finally, we
consider a partition guessing game of the kind described in Section 2.4. We choose
Y = {a,b} and let v : X — Y be the function v(+a) = a, v(+b) = b. With this
choice of Y and v, we consider the score function f, defined in (10). Thus, the
task is to detect the correct direction of the label «, i.e., to guess whether © € X,
or x € X, for the two sets X,, X} defined in (51). We still have X = T and the
partial information map is aex(t | ) = (1 — 05,¢)/3 as in the previous section.

We first observe that, according to Section 2.4, without partial information the
task is equivalent to discriminating two totally mixed states. Indeed, in the current
case, &, (y) = (1/4)1 for both y = a,b, and therefore the best discrimination
strategy is random guessing, i.e.,

(67) By,(6) = P(Er) = 5

In other words, we can reach the maximal average score without making any mea-
surement.

To calculate the optimal average score in the cases with partial information, we
first observe that the conditional state ensemble & is the same as (58), but now
the score function has changed. We evaluate Ey, (&) by using (7)-(8), where in the
present case A(E, f,) = 1 and the auxiliary state ensemble (6) is

1'{(]1—#0) if y = v(t)

& ==
( t)fv (v) 6 21 otherwise

We obtain

)

[SVR )

E;, (&) = A&, f,) P((E)5,) =

where we used Proposition 1 to evaluate P((€)s,) = 2/3. A measurement N,
maximizing By, (E;Ng) = A(E, fu) P((E) 7,3 N¢) is the trivial measurement

(68) Ni(y) = (1= dy00) 1.



26 CLAUDIO CARMELI, TEIKO HEINOSAARI, AND ALESSANDRO TOIGO

Clearly, the collection of measurements (N¢)¢er is compatible. By (32) and (37),
it follows that

' 2
t

(69) B e &) =Ef L () =3
independently of the angle 6. As in the earlier consideration of the same task but
without partial information, also in this case the maximal average score can be

reached without making any measurement.

8. CONCLUSION AND OUTLOOK

In minimum error state discrimination the task is to correctly guess the un-
known state of a quantum system from a finite set of alternatives. Guessing games
constitute a natural extension to tasks that do not necessarily require the full de-
termination of the unknown state. The difference between the two scenarios is in
the choice of the figure of merit, which is assumed to be Kronecker delta for state
discrimination, and is allowed to be any score function (even with possibly different
input and output sets) for guessing games. Regarded in this way, the history of
guessing games traces back to the very origin of state discrimination, since in their
seminal works Holevo [31] and Helstrom [35] already considered a figure of merit
of a general type. Within this well-established framework, our contribution was a
systematic study of the role of partial information as a resource for improving the
score of the games. Actually, it is posterior information that fundamentally changes
the usual scenario and makes the already known optimization techniques for state
discrimination not directly exportable to the new context. Nevertheless, we showed
that even in this case all earlier results become applicable at the cost of switching
from the original game to a properly derived auxiliary state discrimination task.

There are several interesting generalizations of guessing games with partial in-
formation beyond the scenarios described in this paper. Firstly, in our approach we
optimized the game only on Bob’s side, i.e., on the side which receives information
and tries to retrieve the original message encoded by the sender. However, also
Alice could try to arrange her preparation in order to improve the score of the
game. In the scenario without partial information, this amounts to maximizing the
average score (3) both over the measurement M and the state ensemble €. If par-
tial information is taken into account, then also the partial information map « can
enter the optimization problem for the average score (13). When Alice is allowed
to cooperate in the game, however, suitable constraints should be imposed over
the encodings that she can access, as otherwise the game becomes trivial. Indeed,
without any constraint, Alice can always use the state ensemble £(z) = 04,4 0,
and then Bob’s optimal strategy is guessing any y which maximizes f(xq,y), with
no reference to Alice’s partial information ¢ and his measurement outcome z. For
example, the prior probability distribution p(x) = tr [€(x)] may be required to be
uniform, a constraint that is frequent in communication protocols.

As a second possible generalization, one may consider the case in which also
posterior information is of the quantum type, i.e., the partial information map «
is a collection of quantum states (a;).cx. In this case, the average score (13)
becomes

(70) EPY(E;M,0) = > f(,y) tr[as 0-(y)] tr[E(z) M(2)]

z,Y,2
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where each O, is a measurement with the outcome set Y and the correspondence
O : Z — O, takes the place of the post-processing map v. Indeed, in the classical
case all states a,, x € X, are diagonal with respect to the same basis (p¢)ier,
and then (70) boils down to (13) if one replaces a(t | ) = tr[|¢:){p:| @] and
vi(y | 2) = tr[|oe)(p:] O (y)]. In the latter replacement, the measurement O, just
consists in reading out the classical message ¢ and, according to its value and the
value of z, it yields the outcome y with probability v;(y | z). Although extend-
ing (13) to quantum posterior information, the average score (70) has a different
statistical interpretation. Namely, formula (70) describes a scenario in which Bob
receives two quantum states at a time, that is, o, and o, = £(z)/tr [E(z)]. He
then performs the measurement M on g, and, according to the result z of this
measurement, he makes a successive measurement O, on «,. Finally, based on
the outcome y of the measurement O, Bob gets the score f(z,y). As we see, in
this scenario partial information is still used to post-process the measurement M,
but in a way that depends on the result of another measurement. Of course, the
same alternative interpretation is also valid for the average score (13) if we regard
t as the conditioning variable in the probabilities v4(y | z). Interestingly, the two
interpretations coexist when partial information is of classical type, as they merely
differ in the order of conditioning over z and t. However, only one of them makes
sense when partial information is turned into quantum, since conditioning over ¢ is
then no longer possible.

As we illustrated in the paper, one of the main applications of guessing games
with partial information is the detection of quantum incompatibility. In Section 5.2,
we already pointed out several related questions which still remain unsolved. The
central one is characterizing guessing games that are capable of detecting all the
incompatible collections of measurements with a given length. We showed that, if
|T| is the length and Y is the outcome set of the measurements, then incompatibility
can always be detected by using a state ensemble of |Y||T'| states. However, it is not
clear whether smaller state ensembles still suffice for the task. An interesting related
question is to characterize those guessing games which do not detect incompatibility
at all, i.e., for which games the timing of partial information is irrelevant. Although
we proved that this is always the case for commutative state ensembles, we also
showed in Section 7.5 that commutativity is not a necessary condition, and other
features of the game (i.e., its score function and/or partial information map) must
come into play.
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APPENDIX A. AUXILIARY CALCULATIONS FOR SECTION 7

For the function
Y(ap, as, By, Bo) =ar +a + 81+ 5
+(ay —a )+ (B — B) +2(ay —a_) (B — B_) cost] 2
with 6 € (0, 7/2], we evaluate
max’y(a+, a_, By, ﬁ_) subject to
(71) ay, By €40,1,2,3} and ay+a_+p84+6-<4

and we also find the set of feasible points where the maximum is attained. Assuming
(71), we distinguish three cases.

(i) Suppose ay = a— = 0. Then,
7(a+7 a_, 6+7 ﬁ*) = ﬂ+ +ﬁ* + |B+ - B*‘ = 2maX{B+7 ﬂ,} < 6.

(ii) Suppose S+ = - = 0. Then, 7(a+7 a_, By, ﬂ,) < 6 as above.
(iii) Suppose «; # 0 and By # 0 for some j, k. We have
2

(0 +a-)’ = (ar —a-)’, (Bs +8)"> (Br - 8)
(a4 +a-)(Bs +B-) 2 (a4 —a-) (B4 = B-).
Moreover, the equality is attained in all the three relations if and only if either
ar =py =0o0r a_ = p_ =0. Then,

’Y(OL+, a_, B+a 6—) S ")/(Ot+ +O‘—7 Oa B+ +ﬁ—7 0)
<v(og+a-,0,4— (ay+a-),0),

2

where ay +a_ > 1 and 4— (a+ —|—a,) > B+ G- > 1. In the last expression,
both relations are equalities if and only if 5, +/5_ =4— (a+ +a,) and either
ar =py =0o0r a_ = F_ =0. It is easy to see that

max{7y(a, 0, 4 —a, 0) : € {1,2,3}} =4+ V10 + 6 cos §
and that the maximum is attained if and only if o € {1, 3}. Since
Y(og +a—, 0, B4 + B, 0) =7(0, ay +a_, 0, B1 + B_),
we conclude that fy(a+, a_, By, B_) = 4 + /10 + 6 cos A if and only if the
quadruple (a+, a_, By, 5,) belongs to the set
F =1{(1,0,3,0), (3,0,1,0), (0,1,0,3), (0,3,0,1)}

Combining the three cases above, we see that the constrained maximum of v is
44+/10 4 6 cos 6, and that the set F' constitutes all the feasible points at which the
maximum is attained.



