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In this paper we shall introduce the mathematical framework for the description of measurements
of quantum processes. Using this framework the process estimation problems can be treated in the
similar way as the state estimation problems, only replacing the concept of positive operator valued
measure (POVM) by the concept of process POVM (PPOVM). In particular, we will show that
any measurement of qudit channels can be described by a collection of effects (positive operators)
defined on two-qudit system. However, the effects forming a PPOVM are not normalized in the
usual sense. We will demonstrate the usage of this formalism in discrimination problems by showing
that perfect channel discrimination is equivalent to a specific unambiguous state discrimination.

PACS numbers: 03.65.-w,03.67.-a,03.65.Ta,03.65.Wj

Introduction. Born’s trace rule predicting the quantum
probabilities is the central object of quantum physics re-
lating quantum theory with quantum experiments |1, |2].
According to this probability rule any quantum exper-
iment is composed of two parts: preparation and mea-
surement. In quantum theory the preparation part is de-
scribed by the concept of quantum states represented by
density operators g, i.e. positive operators (¢ > 0) nor-
malized to unity (Tro = 1). The measurement devices
giving rise to outcomes x; are described by collections
of quantum effects F}, that is, positive operators smaller
than identity (0 < F; < I), and summing up to iden-
tity (3_, Fj = I). We say that these operators form a
positive operator valued measure (POVM). For a system
prepared in a state o the probability of measuring the
outcome associated with an effect F' is defined by Born’s
rule as p(F|o) = TroF.

Quantum process is an independent part of quantum
experiment that can be placed (in time) between all pos-
sible preparations and measurements. It is described by
a completely positive tracepreserving linear map [3], the
so-called quantum channel. Implementation of specific
quantum processes is one of the main goals of the area of
quantum information processing |4] aiming to run useful
quantum algorithms and simulations on quantum com-
puters.

All the problems (such as state estimation |5, |6, [7],
state discrimination [7, I8, 9], state comparison [10], etc.)
related to the identification of quantum states can be
mathematically formulated in the language of POVMs.
This concept is sufficient for our purposes despites the
precise description of a particular experimental setup is
not specified. The main aim of this paper is to introduce
a resembling mathematical framework for the description
of all possible measurements of quantum channels.

Measurements of channel parameters. Consider an un-
known quantum channel £ acting on a d-dimensional
quantum system (qudit). The most general pro-
cess/channel measurement M consists of the following
three steps:

1. Preparation of a (test) state g; € S(Hanec ® H) of
D; x d- dimensional system, thus, initially the test-
ing system is composed of a qudit and an ancillary
system of dimension D;. The ancillary system can
be of different size for a different test state o;.

2. Application of an unknown process £ on the qu-
dit and some known channel 7} anc on the ancillary
quantum system.

3. A measurement M; (given as a collection of pos-
itive operators, Iy, > 0, summing up to identity
operator, ., Fj, = I for all j) of the output state
0; = (Tjanc ® &)[oj] results in an outcome k with
a probability p;i(€) = Tr[Fjr0}].

It follows that a general experiment measuring a pro-
cess £ is associated with a collection of triples M, =
(05, Tj,anc, Fji) occurring with probabilities p;, defined
above. However, a channel 7j 4, can be considered as be-
ing a part of a preparation, or a measurement process, i.e.
the triples <Qja %,ancv ij>7 <7},anc ®I[Qj]7:zancv ij>7 and
(0js Zancs T ane @ Z[Fjk]), (where T is the identity quan-
tum channel, and 7;*, . is defined via the duality relation

Tr{ BT Tonc[A]} = Tr{(7.%.[B])T A} holding for all opera-
tors A, B) define the same probabilities p;i(£). Without
the loss of generality we may assume that the ancilla sys-
tem evolves trivially, 7 anc = Zanc for all j, hence, the
triples can be replaced by couples M i, = (g;, Fj) occur-
ring with probabilities p;i(E) = Tr{(Zanc ® €)[0;]Fjk }-

The following lemma is a version of the so-called Choi-
Jamiolkowski isomorphism |11, [12] relating qudit linear
maps with linear operators on d x d system.

Lemma 1. For arbitrary state of D x d system (p €
S(Hp ® Ha)) there exists a completely positive channel
Ry : B(Haq) — B(Hp) such that

(Re@D[V4] = o,

d . N
where Vi = [W ) (Ui | and Vi) = 375 1) @ |j) is
an unnormalized mazximally entangled quantum state on
d x d system.
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Proof. Consider a pure state o = |¢)(¢| = ® of a d x D-
dimensional system and |¢) = E;l:l Ele Dojla) ® 7).
Define an operator Ag : Hy — Hp acting as follows
Ap @ L|¥y) = |9), ie. Aglj) = 3. Pajla). We
can write ® = (Rg @ Z)[¥,] = (4g ® I)V, (AL @ I,),
where Rg is a unique linear completely positive map,
because the expression of |®) in the basis {|a) ® [j)}
is unique. Generalization to an arbitrary mixed state
is straightforward. For o = 37, \;|¢;)(¢;]| we can de-
fine a map R, = Ry x,0, = >_jAjRae; that maps the
maximally entangled state ¥ into p = (R, ®Z)[¥ 4] =
>N (Re; @ I)[Wy] = >, A;@;. Different convex de-
compositions of ¢ into pure states define different Kraus
decompositions of the same completely positive map
R, hence, this map is unique. It is straightforward
to see that similar result holds for a general positive
operator F', that is, the transformation Rpr defined as
Rr ®ZI[¥,] = F is completely positive, too. O

Using this lemma and the definition of the dual map
R}, the probability for a couple (g, F) of the test state
o and a measurement resulting in an outcome associated
with an effect F' can be expressed as follows

p(€) = Tr{(Zanc @ E)[0] F'}
= Tr{(R, ® &)[¥+]F}
= Tr{(Zanc ® E)[V+ (R, @ I)[F1]}
= Tr{(Zanc ® E)[ ¥4 M} .

Based on this calculation we see that an operator M =
(R ® I)[F] completely describes the considered process
measurement outcome associated with (g, F'). Since both
the operations R,, R} are completely positive, but not
necessarily trace-preserving, it follows that an operator
M = (R} ® I)[F] is positive and M < Ijxq, that is, M
is an effect defined on a d X d-dimensional system that
we shall call a process/channel effect. The most general
process/channel measurement is defined as a collection of
process effects M, = p;(R}, ® I)[Fj;] associated with
couples (p;jo;, Fji) with Y, Fji = Ipxga for all j labeling
potentially different test states p; chosen with a prior
distribution p;.

Let us assume that the process is probed only by a
single test state o, i.e. My < (o, F;). In such case
Zk My = (RZ ® Z)[Ek Fk] e (RZ ® I)[IDXd]- Since
Ro[X] = >, )\jA%XA];,j the action of the dual map
can be expressed as Ry[X]| = >, )\jA:fI,jXA@j. Conse-
quently, we get that the following normalization condi-
tion holds

ZMk = Z )\jAT{’jA‘I’j ®Iqg= (Traan)T ® 1.
k J

Thus, the process effects My, form a positive operator
valued measure not necessarily normalized in the usual
sense, because Y, My < Ijxq.

For a general process measurement (described by pro-
cess effects My, = p;(R;, @ I)[Fjk]) it follows that

ij Mjk = Zj(pjTraanj)T ® Id = (Tranca)T & Id7
where the operator g = Zj p;o; is the average test state.
Even if the test states are using different ancillas, it is
always possible to consider them as joint states of the
qudit and the largest of the ancilla systems. It follows
that the process measurement consisting of process ef-
fects M < (pjoj, Fji) can be understood as a process
measurement composed of M, < (Z,|5)(j| ® Fj) with
a single test state = = > p;[4)(j| ® o;.

We have shown that each qudit channel measurement
can be associated with a process positive operator valued
measure (PPOVM), i.e. by a collection of effects M, of
d x d-dimensional system summing up to o7 ® I, where
o is a qudit quantum state. In the following we will prove
that the converse of this statement also holds.

Theorem 1. Each PPOVM can be implemented as a
process measurement.

Proof. Consider a PPOVM {M,} with 3> M, =0 ®
Ig. Our aim is to show that this PPOVM really corre-
sponds to a process measurement. As it was argued be-
fore we can restrict ourselves to a process measurement
using only a single test state = such that Tran.Z = p.
Moreover, assuming that the test state is a pure state,
the question is whether M, = (Ag ® Ig)Fo(Az ® I4)
implies that

Fo = ([AL]7" @ L) Ma(AZ' ® 1),

hence, whether the operators A=, ATE are invertible. Let
r = rankp < d and assume that = is a pure state of a
qudit and an ancilla of the dimension r, hence, RE[X] =
ATEXAE and ATEAE = (Tranc=)T = o7. The support of
each operator M, is a subset of the support of o? ®
I, i.e. both are defined on (r x d)-dimensional system.
Since rank(ATEAE) = rank(AEATE) = rankAg = rankAJfE
it follows that operators A=, ATE, o7, o have the same rank

(equal to r). Because the operators AE,/UE act on r-
dimensional ancilla system (they have full rank) it follows
they are invertible. Consequently, the above equation
defines positive operators F,, forming a POVM, because
S Fo= (AL 0T AZY @ Iy =1, © 1. 0

To summarize, we have shown that arbitrary collec-
tion of process effects M, forming PPOVM can be im-
plemented by using a pure state |Z) € H, ® Hy such
that Tryn.= = o and performing a POVM given by pos-
itive operators F, = ([AL]7! ® I;)Ma(AZ! © I,) with
Az = /oT. This result allows us to abstract partic-
ular experimental realizations of process measurements
and employ the framework of PPOVM directly. In this
framework the qudit quantum channels are represented
by positive two-qudit operators wg = Z ® E[¥ ] satis-
fying Trwe = d and Trowe = I. Let us denote the set
of all processes (process state space) by Sproc = {w €
Bi(H ® H), Trow = I, Trw = d}. This set is convex
and compact subset of the set of positive operators of



trace d denoted as Biq(H ® H), which is isomorphic to
Bii(H®H) =S(H ®H) (set of density matrices).

Mazimally entangled probe. Consider that an unknown
qudit channel is probed by a (normalized) maximally en-
tangled state |¢4) = % >_;17) ®[4). In this case the
mapping Ry, = 17, ie. [¢y)(¢y| = 2, That is,
M= (Ry, @I)[F] = LF, where F is a two-qudit effect.
Considering a POVM consisting of effects I, ..., F;, the
corresponding PPOVM is composed of positive operators
M; = 1F;.

Ancilla-free test states. In this case the qudit test state
o can be understood as being a factorized state of an an-
cilla and a qudit, i.e. Q = £ ® o. The POVM effects
have the form I,,. ® F; and the corresponding process
effects are M; = (R @ I)[Iane ® Fj] = o @ F;. It
follows that if we want to perform an equivalent (defin-
ing the same PPOVM) process measurement with the
maximally entangled probe, the POVM consists of ef-
fects X; = do” ® Fj.

Informationally complete process tomography. A pro-
cess measurement {M,} is called informationally com-
plete if for each quantum process £ the probability distri-
bution p,(€) = Trlws M,] is different. Thus the process
can be uniquely identified from the observed probability
distribution. This happens if and only if a linear span
of operators M, contains the whole set of process states
Sproc-

Consider a qubit channel probed by a maximally en-
tangled state |1y) = %(|OO> + [11)). Performing the

measurements of sharp observables ¢, ® o, (each with
the probability 1/9), where pu,v = z,y,z. That is,
the POVM is composed of effects Fo, = 3$|a)(al @
|bY(b] = 2M,p, where a,b = +x,+y,+2. The states
| £ x),| £y),| £ 2) are the eigenvectors of o, 0,0, as-
sociated with eigenvalues 41, respectively. The set of
operators M, is overcomplete and its span contains
the whole set of process states, i.e. it is an informa-
tionally complete PPOVM. Calculating the sum we find
that 35, , Map = 312 @ Iz,

Alternatively, one of the simplest experimental imple-
mentations of an informationally complete process mea-
surement consists of the preparation of six test states
| £ z),| £ y),| + 2) distributed with the same probabil-
ity 1/6. The measurement of the output states is the
complete qubit state tomography measuring all three
Pauli operators o,,0y,0;, hence, it consists of effects
Fiq = z|£a)(+a| (u = z,y,2). Consequently, the whole
setup is described by PPOVM composed of operators
Moy = )T @ |l with 3, My = 31 ® I,
where v,u = +x,+y,+z. Let us note that PPOVMs
{My} and {M,} (described in the previous para-
graph) coincide, because (| £ z)(£x|)T = | + z)(Ez|,
(£ o) (Ey)T = | T u)Fyl, (| + 2) ()T = | £ 2) ],
where the transposition is performed with respect to ba-
sis | £ 2).

Perfect discrimination. Two processes &1, &y are per-
fectly distinguishable if there exists an experimental

setup such that in its single run the outcomes uniquely
identify the process. It corresponds to an existence of a
two-outcome PPOVM, M; + My = o7 ® I, such that
p1(&1)p1(E2) = pa(€1)p2(E2) = 0. That is, the process
effect M is associated with the conclusion that the pro-
cess is &1, and the process effect My corresponds to
the conclusion &. The conditions TrMjwe, = 0 and
TrMowe, = 0 imply that supp[Mi] L supplwe,] and
supp[Ms] L supp|weg, |, where wg, and weg, are the corre-
sponding process states. Without any doubts the process
and state discrimination tasks are closely related and it
seems they are almost the same in the sense that process
discrimination problems are reducible to state discrimi-
nation problems. It is so indeed, but there is still one
important difference: PPOVMs are not normalized to
identity. As the consequence of this fact we cannot make
a conclusion that orthogonality of supports of we, and
we, is the necessary condition for perfect discrimination
of processes £ and &;. In fact, there are process states
with non-orthogonal supports that can be perfectly dis-
criminated by means of PPOVM.

In particular, consider one of the channels being the
identity map (£; = Z) and second one transforming the
whole state space into a fixed pure state |0) (€2 = Ap).
The corresponding operators wz = ¥4, wy = I ®]0)(0],
have non-orthogonal supports, i.e. if considered as states
they are not perfectly distinguishable. However, there
exists a very simple experimental procedure of channel
discrimination using the test state |1). Probing the iden-
tity the output state is |1), whereas probing the contrac-
tion Ay the output state is |0), i.e. which is orthogonal
to |1). A simple measurement (described by POVM ele-
ments [0)(0], I —]0)(0|) tells us whether the channel was
Z, or Ay. The corresponding PPOVM consists of process
effects Mz = |1)(1|®(I—1]0)(0]) and My = |1)(1|®]0)(0],
Mz + Mo = |1)(1] ® I. Tt is straightforward to verify
that TrMzwzr = TrMowy = 1.

The characterization of all channels that can be per-
fectly discriminated is beyond the scope of this Letter.
Instead we will provide qualitative arguments why the
orthogonality of supports is only sufficient, but not nec-
essary for perfect distinguishability of processes. In a
sense any PPOVM can be understood as a normalized
POVM (of two qudits states of trace d) if an effect
Mextra = Ig @ Ig — Za M, = (Id — QT) ® 14 is added.
Because of the different normalization of states the prob-
abilities given by the trace relation are normalized to d
and we will use the term “rate” instead of “probability”.
In particular, the rate to get the extra outcome equals
TrwMexira = d — 1 for all process states w. This “extra”
outcome is a fake outcome that is not really measured in
the process measurement, but formally it describes the
outcome of a process state measurement for which no
conclusion is made. That is, the perfect discrimination
of processes by means of PPOVM can be understood as
the special case of unambiguous discrimination of states
via POVM. The inconclusive result is associated with the
7extra” outcome added to PPOVM. And in such case the



orthogonality of supports is not required. In particular,
the process states wg,wz (defined above) can be unam-
biguously discriminated.

Perfect discrimination of unitary channels. The dis-
crimination of unitary processes was already investigated
in several papers [13, 14, 15] and the solution is, in prin-
ciple, known. In the framework of PPOVMs the uni-
taries are associated with maximally entangled process
states |wy) = U ® I|¥,4). A pair of unitary channels
can be discriminated only if there exists an unambigu-
ous state discriminator of unnormalized maximally en-
tangled states wy = |wy){wy| and wy = |wy ) {wy|. Since
Mexira = (Ig — 07) ® I4 it is guaranteed that for incon-
clusive outcomes (wy|Mextralwr) = (Wy |[Mextra|lwv) =
d — 1, hence, the total failure rate reads Prajure =
Tr[Mextra(pvwy + pvwy)] = (d — 1). If the optimal
success rate of unambiguous state discrimination of two
maximally entangled states is strictly less than 1 the
corresponding unitary channels cannot be perfectly dis-
criminated, because Prjjure > d — 1 for all unambigu-
ous discriminators. For pure states the optimal failure
rate is given by the absolute value of the scalar product
9], i.e. Praiture = [{wu|wy)|. Tt follows that whenever
TrU'V > d — 1 the pair of unitaries cannot be perfectly
discriminated.

The problem of perfect discrimination of two unitaries
is equivalent to the discrimination of a single unitary
channel and the identity channel, U,I. Process effects
My, My are related to POVM consisting of two projec-
tors Er, Ey via the relation M = (R§, ®Z)[E], where the
test state 2 can be chosen to be pure. Identity does not
affect this state and therefore E; = |Q)(Q = Q is the
effect identifying the identity operator. Consequently,
Ey = I — Q is associated with the unitary channel U.
The no-error condition (wy|Mj|lwy) = 0 and the defini-

tion of My = (A}2 ® I)Er(Aq ® I) result in identity
0=[(V+|4hAe @ UITL) = [ @ UIQ)?,

hence, the existence of perfect discrimination is guaran-
teed if and only if there exists a pure state 2 such that
(QI ® U|Q2) vanishes. As it was argued in [13, [14, [15]
this is possible if and only if zero belongs to a convex

hull of eigenvalues of U distributed on a unit circle in the
complex plane. For a general pair of unitaries U, V' the
problem is reduced to the analysis of eigenvalues of UV,

In the qubit case each unitary has two eigenvalues,
thus the perfect discrimination of a pair I,U requires
that U = e™|p)(p| + | M) |], ie. TrU = 0.
Consequently, qubit unitary channels U,V can be per-
fectly discriminated if and only if they are orthogonal.
However, such statement no longer holds for qudits and
as it was shown in [13] for an arbitrary pair of (qudit)
unitary processes U,V there exists a finite n such that
U®" and V®" can be perfectly discriminated, i.e. the
distinguishability is not equivalent to the orthogonality.

Conclusions. The goal of this paper has been to
introduce a mathematical framework for the descrip-
tion of measurements on quantum processes. This idea
led us to the definition of the so-called process POVM
(PPOVM) defined as a collection of effects My, ..., M,
(0 <M; < I3®1g), such that 35, M; = 0" ®1,, where p
is an arbitrary single qudit state and 7 denotes its trans-
position. In this framework the channels are associated
with positive operators of d x d system with trace equal
to d. An arbitrary process measurement can be described
by PPOVMs and we have shown that also each PPOVM
can be implemented experimentally although the exper-
imental realization is not unique. This ambiguity is one
of important open problems left for further investigation.

The framework of PPOVMs provides us with a pow-
erful tool for different process estimation problems [13,
14, [15, 16, 117, [18], mostly in answering the optimality
questions. Moreover, the concepts originally developed
for POVMs can be directly translated and applied for
PPOVMs as it was demonstrated in the case of infor-
mational completeness of PPOVMs. Using the PPOVM
framework we have argued that perfect discrimination
problems for quantum channels are equivalent to very
specific unambiguous discrimination problems of quan-
tum states.
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