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Abstract

:

Originally conceived as a theory of consciousness, integrated information theory (IIT) provides a theoretical framework intended to characterize the compositional causal information that a system, in its current state, specifies about itself. However, it remains to be determined whether IIT as a theory of consciousness is compatible with quantum mechanics as a theory of microphysics. Here, we present an extension of IIT’s latest formalism to evaluate the mechanism integrated information ( φ ) of a system subset to discrete, finite-dimensional quantum systems (e.g., quantum logic gates). To that end, we translate a recently developed, unique measure of intrinsic information into a density matrix formulation and extend the notion of conditional independence to accommodate quantum entanglement. The compositional nature of the IIT analysis might shed some light on the internal structure of composite quantum states and operators that cannot be obtained using standard information-theoretical analysis. Finally, our results should inform theoretical arguments about the link between consciousness, causation, and physics from the classical to the quantum.
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1. Introduction


Integrated information theory [1,2,3,4] stands out as one theory of consciousness that explicitly proposes a formal framework for identifying conscious systems. Specifically, IIT provides requirements about the intrinsic causal structure of a system that supports consciousness based on the essential (“phenomenal”) properties of experience. Its formal framework evaluates the causal powers that a set of interacting physical units exerts on itself in a compositional manner [1,4,5,6,7].



IIT does not presuppose that consciousness arises at the level of neurons rather than atoms, molecules, or larger brain areas but assumes causation to be a central concept for analyzing a physical system across the hierarchy from the microphysical to the macroscopic [2,8,9,10,11]. One prediction of IIT is that consciousness appears at the level of organization at which the intrinsic causal powers of a system are maximized [2]. To that end, IIT offers a formal framework for causal emergence that compares the amount of integrated information of macroscopic causal models to their underlying microscopic system descriptions [9,10].



Nevertheless, IIT’s causal framework has been formalized for discrete dynamical systems with macroscopic, possibly irreversible, cognitive/computational systems in mind [1,4,12,13,14]. Accordingly, in prior studies [8,9,10], micro-level systems corresponded to classical causal networks [15,16], constituted of individual, conditionally independent physical units that can (in principle) be manipulated and whose states can be observed. Thus, it remains to be determined whether IIT is compatible with quantum mechanics [17,18], especially because it is still contested whether causality plays a fundamental role in physics, and particularly in quantum physics [19,20].



Here, we are interested in the question of whether it is possible to apply or extend the causal framework of IIT to quantum systems, starting with IIT’s measure of mechanism integrated information ( φ ) [4,6]. Several attempts to apply the general principles of IIT to quantum systems have recently been proposed [21,22,23]. Of these, the work by Zanardi et al. [22] comes closest to a direct translation of the previous version of the theory (“IIT 3.0”) [1] into a quantum-mechanical framework. However, this translation is not unique, does not converge to the classical formalism for essentially classical state updates, and also does not explicitly take the philosophical grounding of IIT as a theory of consciousness into account.



Our objective is to accurately transform the various steps of the IIT formalism in its latest iteration (“IIT 4.0”) [4,6] to be applicable to both (macroscopic) classical and (microscopic) quantum systems. As a first step, here we propose an extension of the IIT formalism to evaluate the integrated information ( φ ) of a mechanism within a system [6] to quantum mechanisms (e.g., quantum logic gates). To enable a direct quantitative comparison between macroscopic and microscopic systems, quantum integrated information should converge to the classical formulation if the quantum system under consideration has a classical analog. (This means that we should get the same quantitative results when we analyze, e.g., a reversible logic gate applied to a classical basis state using the quantum or classical formalism.) Our main contributions, of merit beyond the scope of IIT, are (1) the translation of a newly defined, unique measure of intrinsic information [6,24] to a quantum density matrix formalism, and (2) a formulation of the causal constraints specified by a partial quantum state. To that end, we extend the notion of conditional independence and causal marginalization [16] to accommodate quantum entanglement. In the results section, we will apply our theoretical developments to classical computational gates and their quantum analogs (such as the CNOT gate), as well as quantum states and gates without a classical counterpart. The additional challenges of evaluating the integrated information of an entire quantum system will be outlined in the discussion.



While our investigation is based on IIT’s formal framework, it raises questions that apply to any theory of consciousness and its relation to (micro) physics [21,25,26]. However, we also want to emphasize that this work is not concerned with the question of whether biological systems (in particular, the brain) should be treated quantum-theoretically or classically. The question of whether a theory of consciousness, such as IIT, is generally applicable across microscopic and macroscopic scales and thus consistent with our knowledge of microphysics is important in either case.



Our work is also not directly related to the potential role of consciousness in quantum measurements and the operational collapse of the wave function [27,28,29], although we briefly discuss several difficulties in applying IIT’s causal analysis to measurement dynamics. In contrast to quantum theories of consciousness, such as “Orch OR” [30,31] we do not mean to suggest that consciousness depends on quantum-specific phenomena, such as the collapse or “orchestrated reduction” of the wave function, nor on entanglement, and there are arguments against a significant role of quantum effects in macroscopic brain processes, including consciousness [32,33] (but see [34,35,36]). Irrespective of this, at the finest level of description, the brain (and everything else) is a quantum system. However, the contents of our experiences seem to correlate with macroscopic neural mechanisms rather than microphysical processes. Our objective is to provide the tools to investigate and compare candidate classical and quantum systems within the framework of IIT, but also more generally, in terms of their informational, computational, and causal properties. At the very least, our results should inform theoretical arguments about the link between consciousness, causation, and physics from the classical to the quantum [37]. Finally, the compositional nature of the IIT analysis might also shed some light on the internal structure of composite quantum states and operators that cannot be obtained using standard information-theoretical analysis. To that end, we provide python code to analyze quantum mechanisms of two and three qubits, available at https://github.com/Albantakis/QIIT (accessed on 30 December 2022).




2. Theory


The purpose of IIT’s formal analysis is to evaluate the irreducible causal information that a system in a particular state specifies about itself. Notably, IIT’s notion of causal information differs from other information-theoretical measures in multiple ways: it is intrinsic (evaluated from the perspective of a mechanism within the system), state-dependent (evaluated for particular states, not state averages), causal (evaluated against all possible counterfactuals of a system transition [15,16]), and irreducible (evaluated against a partition of the mechanism into independent parts). Moreover, the IIT analysis is compositional [5]: instead of only analyzing the system as a whole or only its elementary components, any system subset counts as a candidate mechanism that may specify its own irreducible cause and effect within the system. The IIT analysis thus evaluates the irreducible cause-effect information ( φ ) of every subset of units within the system [6], which amounts to “unfolding” the system’s cause-effect structure.



In the following, we will extend IIT’s  φ -measure, the integrated information of a mechanism, to be applicable to finite-dimensional quantum systems. While the full IIT analysis assumes a dynamical system of interacting units, mechanism integrated information ( φ ) can be evaluated in a straightforward manner for any type of input-output logic, such as sets of logic gates or whole computational circuits, as well as information channels (see Figure 1, as an example). For a classical template of our quantum version of mechanism integrated information ( φ ) we follow Barbosa et al. [6], including minor updates within the most recent formulation “IIT 4.0” [4], which is briefly reviewed in the following. As a result, the quantum integrated information of a mechanism, as defined below coincides, with the classical measure [4,6] if the quantum system under consideration has a classical analog.



2.1. Classical Systems


In the canonical IIT formalism, a (classical) physical system S of n interacting units is defined as a stochastic system   S = {  S 1  ,  S 2  , … ,  S n  }   with finite, discrete state space    Ω S  =  ∏ i   Ω  S i     and current state    s t  ∈  Ω S    [6] that evolves according to a transition probability function


   T S  ≡ p  (  s  t + 1   ∣  s t  )  = Pr  (  S  t + 1   =  s  t + 1   ∣  S t  =  s t  )  ,   s t  ,  s  t + 1   ∈  Ω S  ,  



(1)




with the additional requirement that S corresponds to a causal network [6]. This implies that the conditional probabilities   p (  s  t + 1   |  s t  )   are well-defined for all possible states


  ∃  p  (  s  t + 1   |  s t  )   ∀   s t  ,  s  t + 1   ∈  Ω S  ,  



(2)




with   p  (  s  t + 1   |  s t  )  = p  (  s  t + 1   | d o  (  s t  )  )    [15,16,38,39], where the “do-operator”   d o (  s t  )   indicates that   s t   is imposed by intervention. Moreover, the individual random variables    S i  ∈ S   are assumed to be conditionally independent of each other given the preceding state of S,


  p  (  s  t + 1   ∣  s t  )  =  ∏  i = 1  n  p  (  s  i , t + 1   |  s t  )  ,  



(3)




which has to be revisited in the quantum case. The canonical IIT formalism does not extend to systems with infinite state space described in continuous time. In discrete systems, instantaneous interactions are associated with classical uncertainty (due to incomplete knowledge) and are discounted in IIT because those are not intrinsic to the system. Therefore, Equation (3) holds from the intrinsic perspective [10].



If S is an open system within a larger universe U with current state    u t  ∈  Ω U   , variables   W = U \ S   are treated as fixed background conditions throughout the causal analysis (see [4,40] for details).



A mechanism   M ⊆ S   is a subset of the system S with current state    m t  ∈  Ω M   . The intrinsic information that a mechanism M in state   m t   specifies over a “purview”    Z  t ± 1   ⊆ S  , is defined by a difference measure   i i (  m t  ,  Z  t ± 1   )  , which quantifies how much   m t   constrains the state of   Z  t ± 1    compared to chance, but also takes its selectivity into account (how much the mechanism specifies a particular state of   Z  t ± 1   ) [4,6]. The mechanism’s integrated information   φ (  m t  , Z , θ )   is then evaluated over the maximal cause and effect states   z  c / e  ′   identified by the intrinsic information measure. It quantifies how much the mechanism   m t   constrains   z  c / e  ′   as one mechanism, compared to a partition  θ 


  θ = {  (  M  ( 1 )   ,  Z  ( 1 )   )  ,  (  M  ( 2 )   ,  Z  ( 2 )   )  , … ,  (  M  ( k )   ,  Z  ( k )   )  } ,  



(4)




of the mechanism and purview into k independent parts [1,6]. Below we will define all relevant quantities for computing the mechanism integrated information   φ (  m t  )   following Barbosa et al. [6] with minor updates from [4]. Figure 1 outlines the steps of IIT’s causal analysis for a simple example system, a COPY-XOR gate.



2.1.1. Cause and Effect Repertoires


How the state of a mechanism   M = m   constrains the possible states of a purview Z is captured by a product probability distribution   π ( Z | m )  , which can be computed from the system’s transition probability function (Equation (1)) [1,6,16]. Specifically,    π c   ( Z | m )  = π  (  Z  t − 1   |  m t  )    is the “cause repertoire” of m over Z, and    π e   ( Z | m )  = π  (  Z  t + 1   |  m t  )    is the “effect repertoire”. Without loss of generality, in what follows, we will focus on the effects of   m t   on purviews   Z =  Z  t + 1     and omit update indices (  t − 1  , t,   t + 1  ) unless necessary.



To capture the constraints on Z that are due to the mechanism in its state (  M = m  ) and nothing else, it is important to remove any contributions to the repertoire from outside the mechanism. This is performed by “causally marginalizing” all variables in   X = S \ M   [1,6,16]. When evaluating the constraints of m onto a single unit    Z i  ∈ Z  , causal marginalization amounts to imposing a uniform distribution as   p (  X t  )  . The effect repertoire of a single unit    Z i  ∈ Z   is thus defined as


   π e   (  Z i  ∣ m )  =   |  Ω X  |   − 1    ∑   x t  ∈  Ω X    p   Z  i , t + 1   ∣  m t  ,  x t   .  



(5)




In the general case of an effect repertoire over a set Z of   | Z |   units (where   | Z |   denotes the cardinality of the set of units Z), each    Z i  ∈ Z   must receive independent inputs from units in   X = S \ M   to discount correlations from units in X with divergent outputs to multiple units in Z (see Figure 2). Formally, this amounts to using product probabilities   π ( Z | m )   instead of standard conditional probabilities   p ( Z | m )   (again imposing a uniform interventional distribution). The effect repertoire over a set Z of   | Z |   units   Z i   is thus defined as the product of the effect repertoires over individual units


   π e   ( Z ∣ m )  =  ⨂  i = 1   | Z |    π e   (  Z i  ∣ m )  ,  



(6)




where ⨂ is the Kronecker product of the probability distributions. As in [4], we define the unconstrained effect repertoire as the marginal distribution


   π e   ( Z ; M )  =   |  Ω M  |   − 1    ∑  m ∈  Ω M     π e   ( Z ∣ m )  .  



(7)




The cause repertoire    π c   ( Z | m )    is obtained using Bayes’ rule over the product distributions of the corresponding effect repertoire (for details, see [4,6]). The unconstrained cause repertoire    π c   ( Z )    is simply the uniform distribution over the states of Z.




2.1.2. Intrinsic Difference (ID)


The classical version of mechanism integrated information ( φ ) evaluates the difference between two probability distributions   P = [  p 1  , … ,  p N  ]   and   Q = [  q 1  , … ,  q N  ]   based on a newly developed information measure, the “intrinsic difference” (ID) [6,24]. The ID measure is uniquely defined based on three desired properties: causality, specificity, and intrinsicality, which align with the postulates of IIT [4,6,24]. Specifically,


  ID  ( P , Q )  =  max α    p α  log    p α   q α     ,  



(8)




where  α  denotes a particular state in the distribution.



Formally, the ID is related to the Kullback–Leibler Divergence (KLD) or “relative entropy” measure,


  KLD  ( P , Q )  =  ∑ α   p α  log    p α   q α    .  



(9)




While the KLD can be viewed as an average of the point-wise mutual information   log    p α   q α      across states, the ID is instead defined based on the state that maximizes the difference between distributions (specificity property). For fully selective distributions (there is one state with probability one), the ID thus coincides with the KLD and is additive. Otherwise, the ID is subadditive and decreases with indeterminism (intrinsicality property). As argued in [6], this allows the ID to capture the information specified by a mechanism within a particular system. (We refer to [4,6] for further discussion of the ID as the proper difference measure in the context of IIT.) From the perspective of a mechanism, the system has to be taken as is (intrinsic perspective), while the KLD evaluates information from the perspective of a channel designer with the possibility to perform error correction (extrinsic perspective) [24]. To highlight this difference, the unit assigned to the ID measure is labeled an “ibit” or “intrinsic bit”. Logarithms are evaluated with base 2 throughout. Formally, the “ibit” corresponds to a point-wise information value measured in bits weighted by a probability. Note that while the ID (like the KLD) is, in principle, unbounded for arbitrary distributions, all IIT measures based on the ID are bounded, as demonstrated in [41].




2.1.3. Identifying Intrinsic Causes and Effects


Based on the intrinsic difference (8), the intrinsic effect information that the mechanism   M = m   specifies over a purview Z can be quantified by comparing its effect repertoire    π e   ( Z | m )    to chance, that is, to the unconstrained effect repertoire    π e   ( Z ; M )    (7),


    i i  e   ( m , Z )  = ID   π e   ( Z | m )  ,  π e   ( Z ; M )    



(10)







The specific state    z e ′  ∈  Ω Z    over which (10) is maximized corresponds to the intrinsic effect of the mechanism   M = m   on the purview Z,


   z e ′   ( m , Z )  =  argmax  z ∈  Ω Z      π e   ( Z | m )  log     π e   ( Z | m )     π e   ( Z ; M )      .  



(11)




The intrinsic cause    z c ′   ( m , Z )    is defined in the same way based on the respective cause repertoires. (Note that the definition of the intrinsic cause information    i i  c   and, consequently, also the integrated cause information   φ c  , has been updated in [4] compared to [6]. However, this update of the classical formulation is of no consequence in the quantum case and is thus not further discussed herein).




2.1.4. Disintegrating Partitions


The integrated effect information    φ e   ( m , Z , θ )    quantifies how much the mechanism m specifies the intrinsic effect    z e ′   ( m , Z )    as one mechanism and is assessed by comparing the effect probability   π (  z e ′  ∣ m )   to a partitioned effect probability    π e θ   (  z e ′  ∣ m )    in which certain connections from M to Z are severed (causally marginalized).



Barbosa et al. [6] (see also [4,16]) define the set of possible partitions   θ ∈ Θ ( M , Z )   as


     Θ  ( M , Z )  = {   {  (  M  ( i )   ,  Z  ( i )   )  }   i = 1  k  | k ∈  { 2 , 3 , 4 , … }  ,  M  ( i )   ∈ P  ( M )  ,  Z  ( i )   ∈ P  ( Z )  ,           ⋃  M  ( i )   = M , ⋃  Z  ( i )   = Z ,  Z  ( i )   ∩  Z  ( j )   =  M  ( i )   ∩  M  ( j )   = Ø  ∀  i ≠ j ,  M  ( i )   = M ⟹  Z  ( i )   = Ø } .     



(12)




In words, for each   θ ∈ Θ ( M , Z )  , it holds that   {  M  ( i )   }   is a partition of M and   {  Z  ( i )   }   is a partition of Z (as indicated in Equation (4)), but the empty set may also be used as a part ( P  denotes the powerset). However, if the whole mechanism is one part (   M  ( i )   = M  ), then it must be cut away from the entire purview. This definition guarantees that any   θ ∈ Θ ( M , Z )   is a “disintegrating partition” of   { M , Z }  : it either “cuts” the mechanism into at least two independent parts if   | M | > 1  , or it severs all connections between M and Z, which is always the case if   | M | = 1  , where again   | M |   denotes the cardinality of the set of units M.



Given a partition   θ ∈ Θ ( M , Z )   constituted of k parts (see Equation (12)), we can define the partitioned effect repertoire


   π e θ   ( Z ∣ m )  =  ⨂  i = 1  k   π e   (  Z  ( i )   ∣  m  ( i )   )  ,  



(13)




with   π  ( Ø |  m  ( i )   )  = π  ( Ø )  = 1  . In the case of    m  ( i )   = Ø  ,    π e   (  Z  ( i )   | Ø )    corresponds to the fully partitioned effect repertoire


   π e   ( Z ∣ Ø )  =  ⨂  i = 1   | Z |    ∑   s t  ∈  Ω S    p  (  Z  i , t + 1   ∣  s t  )    |  Ω S  |   − 1   .  



(14)








2.1.5. Mechanism Integrated Information


In all, the general form of    φ e   ( m , Z , θ )    corresponds to that of the intrinsic difference ID (8), albeit over the specific effect state   z e ′  


   φ e   ( m , Z , θ )  =  φ e   ( m ,  z e ′  , θ )  =  π e   (  z e ′  ∣ m )  log     π e   (  z e ′  ∣ m )     π e θ   (  z e ′  ∣ m )     .  



(15)







Quantifying the integrated effect information of a mechanism   m t   within a system S, moreover, requires optimization across all possible partitions   θ ∈ Θ   to identify the minimum partition (MIP)


   θ ′  =  argmin  θ ∈ Θ ( M , Z )      φ e   ( m , Z , θ )      max  T S ′    φ e   ( m , Z , θ )     .  



(16)







The normalization factor    max  T S ′    φ e   ( m , Z , θ )    ensures that the minimum partition is evaluated against its maximum possible value across all possible system   T S ′   of the same dimensions as the original system. It was introduced in [4] and shown to correspond to the number of possible pairwise interactions affected by the partition.



The integrated effect information of a mechanism over a particular purview Z then corresponds to    φ e   ( m , Z )  =  φ e   ( m , Z ,  θ ′  )    (which is not normalized, see [4]). Within system S,    φ e   ( m )    is then defined as the integrated effect information of m evaluated across all possible purviews,   Z ⊆ S   with     φ e   ( m )  =  max Z   φ e   ( m , Z )    .



The effect purview


   Z e *   ( m )  =  argmax  Z ⊆ S    φ e   ( m , Z )  ,  



(17)




in state


   z e *   ( m )  =  argmax  {  z e ′  | Z ⊆ S }   φ  ( m , Z =  z e ′  )  =  argmax  {  z e ′  | Z ⊆ S }     π e   (  z e ′  ∣ m )  log     π e   (  z e ′  ∣ m )     π e  θ ′    (  z e ′  ∣ m )       



(18)




corresponds to the maximally irreducible intrinsic effect of   M = m   within S.



To summarize,


   φ e   ( m )  = φ  ( m ,  z e *  )  =  max  Z ⊆ S      π e   (  z e ′  ∣ m )  log     π e   (  z e ′  ∣ m )     π e  θ ′    (  z e ′  ∣ m )      ,  



(19)




with   θ ′   as in (16) and analogously for    φ c   ( m )   .



Finally, the set of all irreducible causes and effects   {  z  c / e  *  : m ⊆ s ,   φ  c / e    ( m )  > 0 }   within a system S in state s forms the basis of the system’s state-dependent cause-effect structure.



(While the value    φ e   ( m )    is unique, there may be multiple purviews   Z e *  , or multiple states   z e *   within a purview   Z e *  , that maximize    φ e   ( m )    [4,6,42,43]. As outlined in IIT 4.0 [4], such ties in   z e *   are resolved according to a congruence requirement with the overall cause-effect state of the system and further eliminated by the “maximum existence principle” applied at the system level, selecting the   z e *   that maximizes the amount of structured information  Φ  within the system. Here, we apply the simplified criterion that larger purviews are selected in the case of ties across purviews with different numbers of units    |   Z e   |   , as larger purviews typically allow for larger  Φ  values. Any remaining ties are reported in the examples below).





2.2. Quantum Systems


Our objective is to define a quantum version of IIT’s mechanism integrated information   φ ( m )   that is applicable to composite quantum systems and coincides with the classical measure [4,6] if there is a classical analog to the quantum system. To that end, we start with a discrete, composite quantum system Q in state   ρ =  ∑ s    ψ s     ψ s    , which can be pure or mixed and is described by its density matrix [22,23].



Q consists of n units    H 1  , … ,  H n   , which are each described by a finite dimensional Hilbert space such that    H Q  =  ⨂  i = 1  n   H i   . Without loss of generality [14], we will focus on systems constituted of n qubits. The system’s time evolution is defined by a completely positive (trace-preserving) linear map   T = {  T α  }   [44], as


   ρ  t + 1   = T  (  ρ t  )  =  ∑ α   T α   ρ t   T α †  .  



(20)







Rather than evaluating quantum systems with specific observables, these “CPTP” maps can be interpreted as general, but finite, quantum information channels (where the Planck constant is absorbed in the evolution operator  T ).



We will mainly consider unitary transformations (U)


   ρ  t + 1   = U  ρ t   U †  ,  



(21)




where    U †  U = 1  , which means that U is reversible and the inverse of U corresponds to its adjoint (   U  − 1   =  U †   ). However, we will also address quantum measurements   F = {  F α  }   with    ∑ α   F α †   F α  = I  , where the probability of obtaining the result  α  is given by   Pr  ( α )  = t r  (  F α †   F α   ρ t  )    in the discussion section. If Q is an open system with environment E, such that the joint system evolves under a unitary transformation, we can evaluate the subsystem Q by treating the environment E in its current state   e t   as a fixed background condition (see Section 4.3 below).



A mechanism   M ⊆ Q   is a subset of Q with current state   m =  ρ t M  = t  r  M ′    (  ρ t  )    within the corresponding Hilbert space    H M  =  ⨂  i ∈ M    H i   , where    M ′  = Q \ M   and   t  r  M ′     denotes the trace over the Hilbert space   H  M ′   .



The quantum integrated information of a mechanism M should quantify how much the state   ρ t M   constrains the state of a purview, a system subset    Z  t ± 1   ⊆ Q  , before or after an update  T  of the system, compared to a partition  θ  of the mechanism and purview into k independent parts (Equation (4)). As above, we will omit the update indices   ( t − 1 , t , t + 1 )   unless necessary and focus on effects.



2.2.1. Quantum Cause and Effect Repertoires


To translate the cause and effect repertoires into a density matrix description, we first treat the special case of a single purview node   Z =  Z i    with   | Z | = 1  , for which    π e   ( Z | m )  = p  (  Z  t + 1   |  m t  )    in the classical case. Replacing the probability distributions with the corresponding density matrices, we obtain


   π e   (  Z i  | m )  =  ρ  t + 1    Z i   | m    = t  r  Z i ′    T (  ρ M  ⊗  ρ  m m   M ′   )  ,  



(22)




where ’ denotes the complement of a set in Q and   ρ  m m   M ′    is the maximally mixed state of    M ′  = Q \ M   (see also [22,23]).



Next, we consider the case of purviews comprised of multiple units (  | Z | > 1  ). In the classical case, units in   M ′   may induce correlations between units in Z, as shown in Figure 2 by example of the COPY-XOR gate. The quantum equivalent of a classical COPY-XOR gate is the CNOT gate (Figure 3). For classical inputs, the CNOT behaves identically to the COPY-XOR gate and thus the same considerations apply. This means that, also in quantum systems, extraneous correlations should be discounted when evaluating the causal constraints of a system subset M, since they do not correspond to constraints due to the mechanism M itself. In the following, we will use   ρ  t + 1   Z | m    to denote   t  r  Z ′    T (  ρ M  ⊗  ρ  m m   M ′   )   , while    π e   ( Z | m )    corresponds to the final effect repertoire, after discounting extraneous correlations.



In the quantum case, units in Z may be correlated due to entanglement, which means quantum systems may violate the conditional independence assumption imposed for classical systems (Equation (3)). (Note that incomplete knowledge or a coarse-grained temporal scale can lead to a violation of conditional independence in a classical system, but those “instantaneous interactions” are not considered intrinsic to the system and are thus ignored in IIT’s causal analysis [10]). Simply inserting Equation (22) into Equation (6) would inadvertently destroy correlations in Z that are due to entanglement (either preserved or produced during the transformation  T ). In order to correctly capture correlations due to entanglement and discount extraneous correlations due to correlated “noise” from units in   M ′  , the entanglement structure of   ρ  t + 1   Z | m    must be taken into account.



The multipartite entanglement structure of an n-qubit pure state   ψ   can be identified through partial traces. Following [45], we define a partition    P r   ( V )    =    {  V  ( 1 )   , … ,  V  ( r )   }    with    r   =   |   P r   | ≤ n   ,   ⋃  V  ( i )     =   V   and    V  ( i )   ⋂  V  ( j )     =   ∅   if   i ≠ j  .



Definition 1.

An n-qubit pure state   ψ   is   P r  -separable iff it can be written as    ψ  =  ⨂  i = 1  r    ψ  ( i )     .





In the general case that   ρ  t + 1   Z | m    is a mixed state, it has to be decomposed into a convex mixture of pure states to identify its entanglement structure.



Definition 2.

An n-qubit mixed state ρ is   P r  -separable iff it can be decomposed into a convex mixture   ρ =  ∑ s   p s    ψ s     ψ s    , with    p s  ≥ 0  ,   ∀ s   and    ∑ s   p s  = 1  , such that every    ψ s    in the mixture is a   P r  -separable pure state     ψ s   =  ⨂  i = 1  r    ψ s  ( i )      under the same partition   P r  .





Note that Definition 2 differs from that in [45], as we require the same partition   P r   for all    ψ s    in the mixture.



Definition 3.

Out of the set of partitions     {  P r  }  ρ  =  {  P r  | ρ  i s   P r   - s e p a r a b l e  }   , we define the maximal partition    P *   ( ρ )    as the one with the maximal number of parts    r *  =  max  P r   r   and    r *  =  |  P *  |  ≤ n  .





Definition 4.

Given the maximal partition   P *   of   ρ  t + 1   Z | m   , we can define the quantum effect repertoire of mechanism m over purview Z as


    π e   ( Z ∣ m )  =  ⨂  i = 1   r *    π e   (  Z  ( i )   ∣ m )  =  ⨂  i = 1   r *    ρ  t + 1    Z  ( i )    | m    .   



(23)









The product in (23) is thus taken over the reduced density matrices of all subsets    Z  ( i )   ⊆ Z   that are entangled within themselves but not entangled with the other qubits in Z. Note that   P *   is a simple set partition and should not be confused with the disintegrating partitions   Θ ( M , Z )   (12) used to evaluate the integrated information   φ ( m , Z , θ )  . Identifying the entanglement structure for multipartite mixed states remains an area of active research [46,47,48]. For two-qubit mixed states, separability can be determined using the Peres–Horodecki criterion of the positive partial transform [49,50]. For general bipartite systems, however, this criterion is only a necessary condition for separability [50] and may thus miss certain complex forms of entanglement [51]. See [46] for methods to detect entanglement in multipartite mixed states.



Several implications follow from the definition of the effect repertoire (23):




	
If   ρ  t + 1   Z | m    corresponds to a pure state, the purview qubits are fully determined by the mechanism qubits. Thus,   ρ  t + 1   Z | m    is not influenced by qubits outside of m. It follows that    π e   ( Z | m )  =  ρ  t + 1   Z | m     if the latter is pure. This is analogous to the classical case, where    π e   ( Z | m )  = p  (  Z  t + 1   |  m t  )    if   p (  Z  t + 1   |  m t  )   is deterministic.



	
Conceptually, entangled subsets are treated as indivisible units in the effect repertoire. If a purview is fully entangled, then    π e   ( Z | m )  =  ρ  t + 1   Z | m    .



	
Extraneous classical correlations are successfully discounted, which means they will not contribute to the integrated information of a mechanism (Figure 3).








The cause repertoire of a mechanism in state m over a purview Z also requires causal marginalization (independent noise applied to conditionally independent subsets) to isolate the causal constraints of m over Z. In the classical case, the cause repertoire is obtained by applying Bayes’ rule to the effect product probabilities. The quantum case is more complex as the entanglement structure of   ρ M   might need to be taken into account.



If  T  is a unitary transformation (21), the cause repertoire for any subset    m  ( i )   ∈  P *   (  ρ M  )    that is, itself, mutually entangled (e.g., the subset could consist of an entangled pair of qubits) but is not entangled with units of other subsets (e.g., other qubits) can be obtained by applying the adjoint operator   T †  


   π c   ( Z ∣  m  ( i )   )  =  ρ  t − 1    Z |   m  ( i )     = t  r  Z ′     T †   (  ρ  M  ( i )    ⊗  ρ  m m   M  ′ ( i )    )   .  



(24)







Definition 5.

Given the maximal partition   P *   of   ρ M  , we can define the quantum cause repertoire of mechanism m over purview Z as


    π c   ( Z ∣ m )  =    ∏  i = 1   r *    π c   ( Z ∣  m  ( i )   )    t r   ∏  i = 1   r *    π c   ( Z ∣  m  ( i )   )     .   



(25)









Note that the product here is over parts of   ρ M  , not of   ρ  t − 1   Z | m   . This introduces an asymmetry in the formulation of cause and effect repertoires, as in the classical case [1,16]. This asymmetry is a direct implication of treating non-entangled subsets as “physical” causal units rather than abstract statistical variables. Causal units are conditionally independent in the present given the past, but not vice versa. This means that in the effect repertoire, purview subsets that are not entangled with other units are conditionally independent given the mechanism and independent noise from outside the mechanism (due to causal marginalization). By contrast, the cause repertoire is inferred from the conditionally independent mechanism subsets but is not itself conditionally independent. The set of effects specified by a quantum state   ρ t   undergoing a unitary transformation (U) may thus differ from the set of causes specified by    ρ  t + 1   = U  ρ t   U †    (Figure 3). (The assumption of conditional independence, paired with causal marginalization, distinguishes IIT’s causal analysis from standard information-theoretical analyses of information flow [16,39]).



As pointed out in [23], the quantum IIT formalism proposed by Zanardi et al. [22] does not include causal marginalization (which was formulated in terms of “virtual units” in [1]). We will show below that causal marginalization (Equations (23) and (25)) is necessary to isolate the causes and effects of system subsets in the quantum case—an observation that should be of relevance to the causal analysis of quantum systems beyond IIT.




2.2.2. Quantum Intrinsic Information (QID)


Our goal is to define a quantum version of the intrinsic difference measure, which coincides with the classical measure (8) [6] in the classical case. In quantum information theory, the classical definition of the KLD (9), or relative entropy, is extended from probability distributions to density matrices based on the von Neumann entropy. The quantum relative entropy of the density matrix  ρ  with respect to another density matrix  σ  is then defined as:


  S ( ρ | | σ ) = Tr ρ log ρ − Tr ρ log σ ,  



(26)




which coincides with the classical case if   ρ σ = σ ρ  . Unitary operations, including a change in basis, leave   S ( ρ | | σ )   invariant [44]. Specifically, if  ρ  and  σ  are expressed as orthonormal decompositions   ρ =  ∑ i   p i   i   i    and   σ =  ∑ j   q j   j   j   , we can write [52]


  S  ( ρ | | σ )  =  ∑ i   p i   log  (  p i  )  −  ∑ j   P  i j   log  (  q j  )   ,  



(27)




where    P  i j   =  〈 i   j   | j   i   〉   〈 j   i   | i   j   〉   . In this formulation, a quantum version of the intrinsic difference measure can be defined as


  QID  ( ρ | | σ )  =  max i   p i   log  (  p i  )  −  ∑ j   P  i j   log  (  q j  )   ,  



(28)




analogous to the classical measure. As for the relative entropy,   QID ( ρ | | σ )   coincides with the classical case if   ρ σ = σ ρ  , because, in that case,    P  i j   =  δ  i j    . Moreover,   QID ( ρ | | σ ) = S ( ρ | | σ )   if  ρ  is pure, as in the classical case for fully selective distributions. Otherwise, the QID is subadditive, as desired [24].



Zanardi et al. [22] proposed the trace distance as a measure of the cause/effect information based on its simplicity and widespread use in quantum-information theory. The trace distance quantifies the maximal difference in probability between two quantum states across all possible POVM measures [52], which is a useful quantity from the perspective of an experimenter. In contrast, QID is a measure of the intrinsic information of a quantum mechanism. Its value is maximized over the eigenvectors   {  i  }   of  ρ  (28). If  ρ  is pure, there is only one non-zero eigenvalue and the state identified by the QID measure is simply  ρ . If  ρ  is mixed, the eigenvalue   p i   that maximizes Equation (28) may be degenerate. In that case, the QID specifies the eigenspace spanned by the set of eigenvectors for which the difference between  ρ  and  σ  is maximal. Otherwise, the QID specifies the eigenvector of  ρ  with the optimal eigenvalue.




2.2.3. Identifying Intrinsic Causes and Effects


Equipped with the quantum intrinsic difference (QID) measure (28), the intrinsic effect information that the quantum mechanism   M = m   specifies over a purview Z can be quantified as


    i i  e   ( m , Z )  = QID   π e   ( Z | m )  ,  π e   ( Z )   ,  



(29)




where    π e   ( Z )  =  π c   ( Z )  =  ρ  m m  Z    is the maximally mixed state in the quantum case.



Following on from Equation (28), with   ρ =  π e   ( Z ∣ m )  =  ∑ i   p i   i   i    as the effect repertoire and   σ =  π e   ( Z )  =    ∑ j      q j   j   j  =  ρ  m m  Z    as the unconstrained effect repertoire, the intrinsic effect of mechanism m on purview Z is


      z e ′   ( m , Z )      =  argmax  i ∈  H Z     p i   log  p i  −  ∑ j   P  i j   log  (  q j  )            =  argmax  i ∈  H Z     p i   log  p i  − log   |  H Z  |   − 1    ,     



(30)




where    |   H Z   |    denotes the cardinality of   H Z  . The intrinsic effect    z e ′   ( m , Z )    is thus simply the eigenvector   i   of    π e   ( Z | m )    with the maximal eigenvalue. If the maximal eigenvalue of   ρ =  π e   ( Z ∣ m )    is degenerate,    z e *   ( m )    corresponds to the subspace of   H  Z e *    spanned by the set of eigenvectors belonging to the maximal eigenvalue (and the same for the intrinsic cause    z c ′   ( m , Z )    evaluated over    π c   ( Z | m )   ).



Note that, in the case that    π e   ( Z | m )    is a mixed quantum state (corresponding to a probability distribution with multiple possible effect states in the classical case), this means that the intrinsic effect    z e ′   ( m , Z )    differs from   ρ =  π e   ( Z | m )  =  ∑ i   p i   i   i   .




2.2.4. Disintegrating Partitions


As in the classical case, the quantum integrated information   φ ( m , Z , θ )   is evaluated by comparing the effect repertoire    π e   ( Z | m )    to a partitioned effect repertoire    π e θ   ( Z | m )    (and analogously for    φ c   ( m , Z , θ )   ).



The set of possible partitions   θ ∈ Θ ( M , Z )   is the same as for the classical case (Equation (12)). Likewise, the partitioned effect repertoire is defined as in (13), as a product over the parts in the partition. In the quantum case,    π e   (  Z  ( i )   | Ø )    corresponds to the maximally mixed state   ρ  m m   Z  ( i )    . The partitioned cause repertoire is defined in the same way.



Note that the disintegrating partition   θ ∈ Θ ( M , Z )   (12) here is applied on top of   P *   (Definition 3). Partitioning may thus affect entanglement within the repertoire. Conceptually, any entanglement in    π e   ( Z ∣ m )    that is destroyed by the partition  θ  will count toward    φ e   ( m , Z , θ )   . Ultimately, however,    φ e   ( m , Z )    is again evaluated over   θ ′   (16), the minimum information partition (MIP). This means that everything else being equal, partitions that affect entanglement less are more likely to correspond to the MIP.




2.2.5. Quantum Mechanism Integrated Information


Having identified the specific effect state   z e ′   as an eigenstate   i   of   ρ =  π e   ( Z | m )   , the integrated effect information   φ ( m , Z , θ )   is evaluated as the   QID ( ρ | | σ )   over that eigenstate, such that


  φ  ( m , Z , θ )  = φ  ( m ,  z e ′  , θ )  =  p i   log  p i  −  ∑ j   P  i j   log  (  p j θ  )   ,  



(31)




where   σ =  π e θ   ( Z | m )  =  ∑ j   p j θ   j   j    is now the partitioned effect repertoire.



As above, quantifying the integrated effect information    φ e   ( m )    of a mechanism m within a quantum system Q requires a search over all possible partitions   θ ∈ Θ ( M , Z )   to identify the MIP, and a search across all possible purviews   Z ⊆ Q  , such that


   φ e   ( m )  =  max  Z ⊆ Q    φ e   ( m , Z )  =  max  Z ⊆ Q   φ  ( m , Z ,  θ ′  )  ,  



(32)




as in (19), with   θ ′   as in (16), and analogously for    φ c   ( m )   .



The maximally irreducible effect purview    Z e *   ( m )   


   Z e *   ( m )  =  argmax  Z ⊆ Q    φ e   ( m , Z )   



(33)




again corresponds to the subset of Q upon which the mechanism   M = m   has the maximally irreducible intrinsic effect   z e *  , which corresponds to the eigenstate of   ρ =  π e   (  Z *  | m )    that maximizes Equation (30), or the eigenspace spanned by a set of eigenvectors corresponding to a degenerate maximal eigenvalue.



As in the classical case,   Z e *   is not necessarily unique, and we again choose the larger purview in the case of a tie between purviews of different sizes (see above). Any remaining ties are reported in the examples below.




2.2.6. The Intrinsic Structure of a Quantum System


Standard approaches for studying the causal or informational properties of a system typically assume either a reductionist perspective (focused on individual units) or a holistic perspective (describing the system as a whole). As the units in a quantum system can be entangled, focusing on individual units is ill-suited at the quantum level. However, a purely holistic description of a quantum system will still miss differences in the internal structure of a quantum state (see the comparison between the maximally entangled GHZ-type and W-type states below [53]).



In IIT, causation is neither reductionist nor holistic but compositional: the IIT analysis considers the intrinsic causes and effects of every subset within a system and quantifies their irreducibility as    φ  c / e    ( m )    [5]. As a result, it can elucidate the internal structure of composite quantum states and operators, as we will show in the next section.



We note that, typically, the IIT analysis assumes a current system state   s t   and identifies its compositional causes at   t − 1   and effects at   t + 1  . A subset   m ⊆ s   with an irreducible cause and effect forms a “causal distinction” within the system s, where   φ  ( m )  = min (  φ c   ( m )  ,  φ e   ( m )  )   is the integrated (cause-effect) information of m.



According to IIT, the phenomenal experience of a physical system S in state s is identical to its cause-effect structure, composed of a system’s causal distinctions and their relations [54]. Unfolding the full cause-effect structure requires assessing the integrated (cause-effect) information   φ ( m )   of every subset of units   m ⊆ s  .



For ease of demonstration, in the following, we will instead evaluate examples of system transitions from state t to   t + 1   and identify the intrinsic effects of the system in state   s t   and the intrinsic causes of the system in state   s  t + 1    (see also [16]).






3. Results


For a direct comparison between classical and quantum systems, we will focus our attention on computational quantum systems (see [55] for an overview and comparison to classical systems), constituted of a finite number of quantum units with a finite-dimensional Hilbert space, evolving in discrete updates according to unitary transformations, expressed in the computational (or “classical”) basis unless stated otherwise.



To compute classical IIT quantities, we made use of the openly available PyPhi python toolbox, developed by the Tononi lab [13,14], using the “iit-4.0” feature branch with standard IIT 4.0 settings. To compute quantum IIT results, we implemented a QIIT toolbox (https://github.com/Albantakis/QIIT, accessed on 30 December 2022), applicable to unitary quantum mechanisms of two and three qubits.



3.1. CNOT


3.1.1. Classical Case


As a first example, we will evaluate the “controlled-NOT” (CNOT) gate. Classically, the CNOT gate corresponds to a reversible XOR gate, with a COPY operation performed on the first input bit (A) and an XOR operation comparing the two input bits, A and B, as the second output (Figure 1). For instance, the input state   A B = ( 1 , 0 )   leads to the output   C D = ( 1 , 1 )  . In what follows, we will abbreviate the states of system subsets (mechanisms and purviews) by the state plus a set subscript, for example,   10  A B    for   A B = ( 1 , 0 )  .



Given the input state   A B = ( 1 , 0 )  , the IIT analysis identifies two irreducible mechanisms, one first-order and one second-order mechanism. The mechanism   1 A   specifies the effect purview   1 C   with   φ = 1  ibit  ; the second-order mechanism   10  A B    specifies the effect purview   11  C D    also with   φ = 1  ibit   (while there is a tie with the effect   1 D  , we choose the larger purview, as described above). Notably,   0 B  , by itself (with A replaced by independent noise), does not specify any information about the next state of CD (Figure 2). While this conclusion should be straightforward, it relies on the use of product probabilities instead of simple conditional probabilities (6). The latter would mistakenly count the correlation between C and D as an effect of B, although it is actually due to the common input of A.



In contrast to   0 B   on the effect side,   1 D   on the cause side specifies irreducible cause information about the previous state of   A B   in addition to   1 C   and   11  C D   , albeit only    φ c   (  1 D  )  = 0.5   ibit due to the remaining uncertainty about the state of   A B   (note the quantitative difference between the ID measure, (8) and the KLD (9), which would return a value of 1 bit).




3.1.2. Quantum Case


For a CNOT gate with the input state    ρ AB  =  10   10    (or    10   A B   ), we obtain the same results as for a COPY-XOR gate with input state   A B = ( 1 , 0 )   using the formalism outlined above (Figure 3a). With essentially classical inputs, the CNOT gate thus reproduces the intrinsic causal structure of the classical COPY-XOR gate.



To that end, it was necessary to discount the spurious correlation between qubits A and B through product distributions (23). This demonstrates that standard conditional probabilities are insufficient to identify the causes and effects of system subsets also in the quantum case.



Note that for the CNOT gate, the role of the “control” (COPY) and the “target” (XOR) qubit changes depending on the input state, which is not true for the COPY-XOR gate. For an input state in the Hadamard basis, e.g.,    − +   A B   , information seems to flow from B to C, not A to D, as for a classical input. Accordingly, the quantum IIT analysis now identifies    +  B   and    − +   A B    as irreducible mechanisms with   φ = 1  ibit  , while    −  A   by itself does not specify any effect information (Figure 3b). However,    +  C   does specify irreducible cause information about AB.



In quantum systems, CNOT is often used to produce the maximally entangled Bell state     B +   =  1  2    (  00  +  11  )   .   C D =   B +     results from the input state   A B =  + 0   , a transition for which there is no classical circuit equivalent [56]. In this case, the quantum IIT analysis identifies only the second-order mechanisms (constituted of two qubits)    + 0   A B    and     B +    C D    with   φ = 2   ibits each. Individual qubits specify no cause or effect information (Figure 3c). An analogous result obtains for the Bell state as the input to the CNOT gate.



Finally, with   A B =  0 +    as the input, there appears to be no interaction between qubits, and the quantum IIT analysis only identifies first-order mechanisms on the cause and effect side (Figure 3d).




3.1.3. Mixed States and Extensions to Larger Systems


The purpose of the IIT analysis is to evaluate the cause-effect power of a system in its current state. Evaluating statistical ensembles is conceptually not in line with the theory. Accordingly, the classical IIT analysis always assumes a particular (fully determined) state for the mechanism m. However, in quantum mechanics, mixed states not only describe statistical ensembles but also subsets of entangled pure states.



If we apply an even mixture    ρ  A B   = 0.5 ∗  (  00   00  +  11   11  )    to the CNOT gate, we obtain    ρ  C D   = 0.5 ∗  (  00   00  +  10   10  )    as a result. In this case, only the second-order mechanism   m =  ρ  A B     has an irreducible effect with    φ e  = 1.0   ibit over    z *  =   0  D   . There is no effect on C, as C by itself is undetermined (maximally mixed). In turn, only    0  D   specifies an irreducible cause with   φ (   0 D   ) = 0.5   ibits over purview    Z *  = A B   with   z *   corresponding to the subspace spanned by    00   A B    and    11   A B    (Figure 4a). Note the difference in the causal analysis of the Bell state     B +   =  1  2    (  00  +  11  )    above, where    + 0   A B    and     B +    C D    both specified second-order mechanisms with   φ = 2   ibit each.



The same transition may also be described as part of a larger system of three qubits. To that end, we can extend the CNOT gate by an identity operator acting on the additional qubit (Figure 4b), which may stand for the environment.



Assuming that the three qubits (ABC) are initially in a maximally entangled GHZ state [57], the state after applying I⊗CNOT leaves the first two qubits (DE) maximally entangled, while the third qubit (F) is in state    0  F  . The causal analysis of the three-qubit system reveals additional causes and effects that span all three qubits but also includes the cause and effect identified for the mixed two-qubit subsystem evaluated in Figure 4a.




3.1.4. Intrinsic Structure Due to Entanglement


The IIT analysis evaluates the potential causes and effects of a system in a state before and after an update of the system (20). In the classical case, there is no instantaneous interaction between the units of a system (which corresponds to the conditional independence assumption (3) [16]). In the quantum case, however, entanglement between qubits can lead to additional intrinsic structure (see also [28]). To identify the intrinsic structure of a quantum state that is due to entanglement, we can assume   T = I   (the identity operator) in (20). In that case, causes and effects are equivalent and should be viewed as constraints of the quantum state onto itself.



For classical states, causal analysis identifies only first-order constraints for   T = I   (Figure 5a). The entanglement of tripartite quantum states is not a trivial extension of the entanglement of bipartite systems [58]. In addition to biseparable states (A-BC, B-AC, C-AB), there exist two classes of genuine tripartite entanglement: GHZ-type and W-type states [53]. For the GHZ-state,    GHZ  =  1  2    (  000  +  111  )   , all subsystems correspond to unentangled, evenly mixed states of zeros and ones. For the W-state,    W  =  1  3    (  001  +  010  +  100  )   , all bipartite subsystems remain entangled with different probabilities of zeros and ones. The difference between these two states is clearly identified by the IIT analysis. While the GHZ-state only specifies a third-order constraint without any substructure, the W-state has full structure with intrinsic constraints on all subsets.






4. Discussion


Our goal in this study was to extend the mathematical formalism of IIT from discrete, classical dynamical systems to finite-dimensional quantum systems, starting with IIT’s mechanism integrated information   φ ( m )   [6]. To that end, we translated IIT’s intrinsic difference measure [6,24] into a density matrix formalism, and extended the notion of conditional independence and causal marginalization [16] to allow for quantum entanglement. Our results demonstrate that it is possible to extend the applicability of IIT’s formal framework to finite-dimensional quantum systems evolving according to unitary transformations, such that the quantum formulation converges to the classical formulation for essentially classical state updates (as demonstrated by the example of the CNOT gate, Figure 1 and Figure 3). In the following, we will compare our work to previous attempts of applying IIT to quantum systems [21,22,23], discuss several difficulties in applying IIT’s causal analysis to measurement dynamics and highlight several limitations and implications of our QIIT formalism.



4.1. Comparison with Previous Approaches


Potential extensions of IIT to quantum systems have been explored in [21,22,23,28,29]. Of these, only Zanardi et al. [22] aimed for a direct translation of the IIT formalism (specifically, “IIT 3.0” [1]) from a classical into a quantum-mechanical framework. As demonstrated by Kleiner and Tull [23], the quantum IIT formalism proposed in [22] captures the higher-level mathematical structure of the canonical framework (IIT 3.0). However, it does not converge to the classical IIT framework and thus does not allow for quantitative comparison across quantum and classical systems. Among other differences, Zanardi et al. omitted the causal marginalization of variables outside the cause or effect repertoires and across partitions. As we have shown above (Figure 2 and Figure 3), causal marginalization is necessary to identify the causal constraints specific to a subset of variables within the system in the quantum case. Paired with the conditional independence assumption, this also implies that the IIT formalism does not obey time-reversal symmetry, even when applied to unitary transformations (see also [5] for classical reversible systems).



Compared to [22], we have, moreover, incorporated several updates of the IIT formalism from “IIT 3.0” [1] to “IIT 4.0” [4,6]. These include an updated partitioning scheme [6,16], as well as a novel measure of intrinsic information based on the intrinsic difference (ID) introduced in [24]. While Zanardi et al. [22] used the trace distance to quantify  φ , we have developed a quantum version of the novel intrinsic information measure, starting from the quantum relative entropy between two density matrices. In combination with the implementation of causal marginalization in quantum systems, the QIIT formalism proposed above thus converges to the classical version for essentially classical state updates. This means that the quantum and classical formalism yield the same quantitative results for classical, reversible logic operations applied to classical basis states.



While [22,23] are mainly concerned with the mathematical framework of IIT, refs. [28,29] apply the notion of integrated information within the context of a consciousness-induced collapse model of quantum mechanics. To that end, Chalmers and McQueen [29] utilize the QIIT framework proposed in [22]. Kremnitzer and Ranchin [28] present an independent quantum-integrated information measure based on quantum relative entropy. However, their measure applies to the quantum state itself and does not take the dynamics of the quantum system into account. Our work has a different focus. IIT does not require a role for consciousness in the collapse of the wave function (but see Section 4.2 below). Conversely, our work also does not assign special explanatory power to quantum effects over classical cause-effect power when it comes to consciousness and its contents (which stands in contrast to quantum theories of consciousness, such as Orch OR [30,31]). As shown in Figure 5, entangled subsystems may contribute to the integrated information and cause-effect structure of a quantum system even in the absence of causal interactions (which unfold over the state update). However, according to IIT, entanglement or non-separability, more generally [59], are not required for integration (see IIT’s integration postulate [4]). Moreover, entanglement should not affect the overall bounds on a system’s integrated information (  φ s  ) [40] or structured information ( Φ ) [4] as derived in [41]. Based on empirical work investigating the spatio-temporal scale of human consciousness and its contents, IIT would predict a maximum of integrated information at the level of neural interactions in certain parts of the cortico-thalamic system [2] (see Section 4.4).



Finally, Tegmark [21] leans on the general principles of IIT’s approach to understanding and explaining consciousness in physical systems and addresses the so-called “quantum factorization problem” [60] using generalized measures of information integration. While we regard the quantum factorization problem as a serious issue, it is beyond the scope of this work. Our assumed starting point is a particular density matrix that undergoes a particular unitary transformation (21). While the QID measure (28) is basis independent, a system’s cause-effect structure and the mechanism integrated information values   φ ( m )   of its subsets   m ⊆ Q   will typically change under an additional unitary transformation and also depend on the specific factorization of the Hilbert space (   H Q  =  ⨂  i = 1  n   H i   ) [61].




4.2. Measurement Dynamics


The dynamics of a quantum measurement can be described by a quantum operator   F = {  F α  }   with    ∑ α   F α †   F α  = I  . While the output of a unitary transformation is a density matrix corresponding to a pure or mixed quantum state, the outcome of a measurement is probabilistic with   Pr  ( α )  = t r  (  F α †   F α   ρ t  )    for measurement outcome  α  [52].



The IIT analysis evaluates the potential effects and potential causes of a mechanism in a state. From the perspective of the quantum state   ρ t   being measured, the measurement outcome is still unknown. The effect repertoire of the quantum state   ρ t   directly before the measurement (23) could thus be computed from


   ρ  t + 1   =  ∑ α   F α   ρ t   F α †  ,  



(34)




following Equation (20). The density matrix   ρ  t + 1    then corresponds to a mixed state, that is, a probability distribution of possible measurement outcomes.



Measurement dynamics become problematic if we want to evaluate the quantum state directly after the measurement (and the same considerations apply in the case of a spontaneous collapse). Here, the cause repertoire has to be computed from the perspective of the quantum state post measurement   ρ  t + 1  α  , corresponding to a particular measurement outcome  α 


   ρ  t + 1  α  =    F α   ρ t   F α †    t r (  F α †   F α  ρ )   .  



(35)







Since measurements are not unitary transformations, the adjoint operator   T †   is not the same as the inverse   T  − 1   . For this reason, we cannot use Equation (24) to compute the cause repertoire of   ρ  t + 1  α   (note that the same holds for prior proposals [22,23]).



In the classical case, the cause repertoire of an irreversible mechanism can be computed using Bayes’ Rule [4,6]. However, in the quantum case, all information about the basis of the original quantum state before the measurement is lost, which means that there are infinitely many possible past states. While different past states should still be more or less likely, we do not know of any available method for obtaining a probability distribution of possible causes in this case.



That said, the amount of cause information specified by a post-measurement state   ρ  t + 1  α   depends on the way the measurement dynamics are conceptualized, and thus on the specific interpretation of quantum theory applied. While   ρ  t + 1  α   specifies (almost) no cause information under spontaneous collapse theories, the case may be quite different for deterministic hidden variable theories. No, or very low, cause information at the quantum level would imply that quantum systems are poor substrates for consciousness and may offer room for macro level descriptions to reach maximal values of integrated information, as predicted by IIT.



Finally, the technical difficulties introduced by probabilistic measurement dynamics would naturally be avoided by so-called “no-collapse” models of quantum mechanics, such as the Many-Worlds Interpretation [62]. However, theories that rely only on a density matrix encoding the state of the universe and a unitary transformation determining its time-evolution [21,61] face a different issue when it comes to identifying conscious entities through causal, informational, or computational means. If applied at the fundamental level, any entities obtained would correspond to subsets of the universal density matrix, never subsets within individual “branches” only (see for example Figure 3c). While the QIIT measures (and other quantities) could formally be applied within a branch, there is no principled justification for doing so from the perspective of a fundamental theory of consciousness (note that the notion of decoherence cannot resolve this issue).




4.3. Formal Considerations and Limitations


Formally, the restriction to unitary transformations eliminated differences between the unconstrained cause and effect repertoire that commonly arise in the classical formulation. Nevertheless, due to the assumption of conditional independence on the effect side, but not the cause side, cause repertoires are formally distinct from effect repertoires even under unitary transformations.



The quantum formulation also provides justification for treating all variables outside the candidate system under consideration as fixed background conditions, which is motivated by IIT’s intrinsicality postulate [1,16]: by the no-communication theorem [52], any unitary transformation on a system will leave the density matrix of its environment unchanged. However, not all subsets of unitary transforms are unitary. Future work should explore the implications of assuming fixed background conditions in such cases.



The IIT formalism for classical systems starts from a transition probability matrix (TPM), which corresponds to a complete set of transition probabilities (from every possible system state to every possible system state) (1). This has led some to criticize IIT on conceptual grounds, as it seems to imply that subjective experience would depend not only on the actual states a system inhabits in the course of its dynamical evolution, but also on hypothetical counterfactuals that may never happen [63]. In the QIIT formalism, the role of the classical transition probability matrix (TPM) is assumed by the unitary transform (21) applied to the quantum state. Just as evolution operators in quantum mechanics essentially are TPMs, in IIT, the TPM simply serves as a complete description of the system’s dynamics.



In this work, we have focused on mechanism integrated information  φ  [6]. In principle, it should be possible to formally extend our QIIT formalism to incorporate the full “IIT 4.0” framework, including the system-integrated information (  φ s  ) [40], a full characterization of the system’s cause-effect structure comprised of causal distinctions and causal relations [54], and the amount of structured information ( Φ ) specified by a system.



Nevertheless, there are several conceptual issues that need to be resolved before the QIIT formalism can be applied to identify conscious systems, which have to comply with all of IIT’s requirements for being a substrate of consciousness (IIT’s “postulates”) [1]. For example, it is unclear whether mixed states should count as permissible states for evaluating the system’s integrated information. While only specific sets of units, not ensembles, qualify as substrates, a particular set of units may still be in a mixed state if it is entangled with the environment (Figure 4). However, IIT’s information postulate requires systems and mechanisms to have specific cause-effect power. It thus remains to be determined whether mixed states can comply with IIT’s information postulate.



Recurrent quantum systems are another issue. In the classical formulation, recurrent connections between system units are required for positive system integrated information [1,40]. Physical units (e.g., neurons, transistors) are thus assumed to be dynamically persistent variables with at least two possible states. However, it is less obvious whether qubits, or qudits, more generally, may indeed be treated as variables that maintain a causal identity across their state updates.




4.4. From Micro to Macro?


Current empirical evidence suggests that consciousness and its contents are correlated with the dynamics and activity of neurons in some parts of the cerebral cortex [64]. While our experiences seem to unfold over macroscopic spatial and temporal scales, the brain can, in principle, be described at a multitude of levels, for example, as a network comprised of a few interacting brain regions, or a microphysical quantum system. Why is it then that the contents of our experiences correlate with neural activity in certain regions of the cortex rather than their underlying microphysical processes [9,21]?



IIT offers a single, general principle for identifying conscious systems: a substrate of consciousness must correspond to a set of units that forms a maximum of intrinsic cause-effect power over grains of units, updates, and states [2,9,10]. However, it remains to be determined whether IIT’s propositions are compatible with our current best knowledge about microphysics [17,18].



The QIIT formalism presented above allows for a quantitative comparison between (macroscopic) classical and (microscopic) quantum systems. Squaring IIT (as well as any other causal, computational, or information-based theory of consciousness) with our current knowledge of microphysics, moreover, requires a method for obtaining macroscopic causal models from microscopic dynamics. This could be achieved by a “black-boxing” of quantum circuits into suitable macro-units [10] or a quantitative framework that formalizes the emergence of well-defined probability distributions [65].



To identify the maximally irreducible description of a system across a hierarchy of spatio-temporal scales, we have to compare micro- and macro-level descriptions of the same system. While it is always possible to implement the global function performed by a classical system with a quantum circuit [52], these systems will typically not have the same causal structure (the CNOT gate described in Figure 3 is exceptional in that way). One reason is that quantum gates have to be reversible, and thus require so-called “ancilla qubits” to implement convergent logic gates, such as AND-gates or NOR-gates. These ancilla qubits cannot simply be ignored in the IIT analysis, as this would introduce an observer-dependent, extrinsic perspective. They also cannot typically be treated as fixed background conditions. Understanding whether and how irreversible logic functions might emerge from reversible quantum circuits is thus an important subject for future investigations.



As is, QIIT and its classical counterpart are only partially overlapping in their domains of applicability. While QIIT is, in principle, more fundamental as an extension of IIT’s classical, macroscopic causal framework to quantum systems, it is currently limited to reversible, unitary transformations, and thus cannot directly be applied to irreversible processes, commonly assumed in classical computational/cognitive systems.



Overall, we see it as a positive development that the updated IIT 4.0 formalism for computing the mechanism integrated information [6] is readily applicable within a quantum mechanical framework. Our work revealed several conceptual issues regarding theories of consciousness as they relate to fundamental physics. Regardless, the theoretical framework for identifying causes and effects of subsets of units within a quantum system should be of interest within the field of quantum information theory and quantum causal models more generally.
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Figure 1. Outline of the IIT analysis applied to a classical COPY-XOR gate. (a) The COPY-XOR gate and its (deterministic) transition probability function   T S   depicted by a probability matrix. To avoid a proliferation of subscripts, in the following we use different letters to denote inputs and outputs. For conceptual ease,   A / C   and   B / D   can (but do not have to) be interpreted as the same physical units before and after the update. Unit C is a copy of the input bit A, and D corresponds to an XOR function of both input bits (  A , B  ). For input state   A B = 10   (also denoted by   10  A B   ), the COPY-XOR gate outputs   C D = 11   (denoted by   11  C D   ). (b) Based on   T S  , we can identify the intrinsic effect of a mechanism M in its current state m over a purview Z as the effect state   z e ′   with maximal intrinsic effect information   i  i e   . For   m =  10  A B     and   Z = C D  , the intrinsic effect is    z e ′  =  11  C D    . (c) Next, we assess the irreducibility of the intrinsic effect by computing the integrated information    φ e   ( m , Z )    over the minimum partition (MIP). (d) To identify the maximally irreducible effect of a mechanism m, we compare    φ e   ( m , Z )    across all possible effect purviews Z. Here, the maximally irreducible effect of   m =  10  A B     is    z e *  =  11  C D     because it specifies a maximum of   φ e   and is the largest purview that does so (see text for details). (e) For a given system, we identify all maximally irreducible causes and effects. Given the input state   A B = 10  , the classical IIT analysis identifies two irreducible effects; the first-order mechanism   1 A   specifies the effect   1 C  , and the second-order mechanism   10  A B    specifies the effect   11  C D   . Given the output state   C D = 11  , the IIT analysis identifies three irreducible mechanisms, including mechanism   1 D   with purview   10  A B    or   01  A B    (which are tied). Both intrinsic information (  i i  ) and integrated information ( φ ) are quantified in “ibit” units (see text below). 
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Figure 2. Causal marginalization. Let us assume we want to identify the effect of the input bit   B = 0   (or   0 B  ) on the output   C D   in the COPY-XOR system of Figure 1. Intuitively, by itself,   0 B   does not have an effect on C, as it does not input into C. It also has no effect on D because, by itself, it specifies no information about the output state of the XOR D. However, simply marginalizing the input A (averaging over all possible input states of A while maintaining the common inputs from A to C and D) would result in a “spurious” correlation between the output bits that is not due to B, but instead due to the common inputs from A. Capturing the fact that   0 B  , by itself, has no effect on   C D  , requires causal marginalization (independent marginal inputs to each unit in the effect purview). 
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Figure 3. CNOT gate. The CNOT operator is shown in the top box. (a) For a pure input state in the classical basis, we obtain the same results as in the classical case (Figure 1). (b) For a pure input state in the Hadamard basis, the role of the “control” (here B) and “target” (here A) is reversed compared to (a) (as indicated in the circuit diagram). (c) The CNOT is often used to produce a “Bell state” of two maximally entangled qubits. In this exclusively quantum scenario, only the second-order mechanisms    + 0   A B    and     B +    C D    specify an effect or cause, respectively. None of the subsets has any cause or effect information (  φ = 0   ibit). (d) Conversely, given the input state    0 +   A B   , all second-order mechanisms are fully reducible (  φ = 0   ibit) and only the first-order mechanisms specify causes and effects. 
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Figure 4. Mixed states and entanglement with the environment. (a) IIT analysis of the CNOT gate with a mixed input state    ρ  A B   = 0.5 ∗  (  00   00  +  11   11  )   . (b) It is possible to describe the mixed state as a pure state entangled with the environment. Analyzing such an extended system for the case in (a), the cause and effect of the subsystem are preserved in the larger system (gray), but we obtain additional causes and effects that span all three qubits (black).    G H Z  ′   denotes a maximally entangled superposition of states   001   and   110  . 
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Figure 5. Intrinsic structure of three-qubit states. (a) Classical states specify first-order constraints under an identity function (equivalent to three classical COPY gates). (b) The maximally entangled GHZ-state only specifies a third-order constraint. (c) By contrast, the W-state, which is also maximally entangled, specifies constraints of all orders. Subsets   m ⊆ s   of the W-state are indicated by   ρ m  . The remaining units   s \ m   are traced out.    B  ′ +     indicates a superposition of   10   and   01  . 






Figure 5. Intrinsic structure of three-qubit states. (a) Classical states specify first-order constraints under an identity function (equivalent to three classical COPY gates). (b) The maximally entangled GHZ-state only specifies a third-order constraint. (c) By contrast, the W-state, which is also maximally entangled, specifies constraints of all orders. Subsets   m ⊆ s   of the W-state are indicated by   ρ m  . The remaining units   s \ m   are traced out.    B  ′ +     indicates a superposition of   10   and   01  .



[image: Entropy 25 00449 g005]













	
	
Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to people or property resulting from any ideas, methods, instructions or products referred to in the content.











© 2023 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/).






media/file4.png
What is the effect of 05 on CD?

Marginalize over the state of A

(0,1}, I {0,1}4 > C
0p D {0,1}5 e
T 1 p(cDlog) T 7 p(CD)
0.5 1 05 4
MS”LL al 1 11 B
0 1 0 1 0 1 0 1
0O 0 1 1 0 0 1 1
\ l J

D(p(CD|0g) || p(CD)) >0

Causally marginalize A

OO — > ¢ o —

{0,1},&. —N . {(],1},4 ——";i\I
0p — {01}g —%
T 71 me(CD|0g) T T ne(CD;B)
= 1e(C) @ me(D|0g)

05 ¢ 05 1
AAEAR T HEENR
0 1 0 1 0 1 0 1
0 0 1 1 0 0 1 1

\
|

D(m.(CD|0g) || me(CD;B) ) =0

Causal marginalization is required to discount extraneous correlations





nav.xhtml


  entropy-25-00449


  
    		
      entropy-25-00449
    


  




  





media/file2.png
(a) COPY-XOR

T5 = p(St4115t), V St, Se41 € Qg

current
et

(b) Intrinsic effect of m = 10,5 0on Z = CD

next
state

;
D 1

AB i, = 2.0
“State [1©]

(c) Irreducibility @.(m = 104g,2. = 11.p)

next
state

C
D

AB

current
state

]

(d) Maximally irreducible effect of m = 10,5

9e(1045,Z = CD) = 1ibit |z* =11¢p

0e(1045,Z =D) = 1ibit |z* =1p

©e(10,45,Z = C) = 0 ibit

- Z*(]-DAB:) = 115‘5
2> fpe(lﬂﬂﬁ) = 1 ibit

(e) Set of max. irreducible causes and effects

Effects:

@e(1045) = 1ibit | 2" =117p
pe(14)=1ibit |2z" =1,
Causes:

@:(11cp) = 1ibit |2z* = 1045
p:(1c)=1ibit |z" =1,

@.(1p) = 05 ibit |z* = {10,01} .5





media/file5.jpg
(o) Chassca basis Eecs.
w.([100)
wull) =1t

Iy e

100 —B— I

(6) Hadamardbasis  efes:

e e ) =1 = e

ol =1 12 =],
I—a— 10,

(@ selstte eecs:

—y— .l1400e)

12 80
8= 3000 ¢ 119eo
10—

@ Noimerscion  cs:

L e
ol =1me 15 =l

Hy—— M

#ull1o) = 1t
i) = e

adlig) 05wt 1z =som(i0pion),,

el o) =1 12
eli-)) =05
ell410) =1t

s 014 ) Ej

oullB)eo) = 20

ellong) = 1t
ll#10) =1

—f
—>





media/file3.jpg
Marginaize ovr the state of A

Whatis the effect of 0, on CD?

Causally marginalize A

o1 —L c m.ﬂ,.t] < o, — < o — c
o — o —3
e P e D =D
VI ey 11
SCEG
118
.
[T .

DR(CDI0R) (D)) >0
Causal marginalization i required to discount extraneous correlations





media/file1.jpg
a) copvxor

(5ea1ls0), ¥ suees €05

P2l =1045,2 = C0) =11y

(6) Maximally ireducible effect of m = 10,5

el10,

) =1 |

1o
P10 Z=D) =1 |z =1y
Pe(1013.2=0) = 0t

2210) = 11cy
> pu(i0gg) = 100

(o) Setof max.irreducible auses and effects

etecs:
0.100)
7l

cl1p) =05t |2 = (1001}





media/file7.jpg
{a) CNOT mixed state

05 100X001 + 11)11)45

)@ cnor

16HZ) = 341000) 1111 s

—g— 05+ (001 + 11D

——l0

18°)= 30000 + 110

—6— lor

tecs:
)

o
o) =osin

e

12 =span(fo0p110),,

et

(G 0c) = 2000 1°

18

8%000r) = 1 12 = [GH D)
%) = 10 12 =span(GH 1GHEY





media/file10.png
(a) Classical identity Constraints:

@e(|0)4) = 1 ibit | z* = |0},
004 —— [0} 0e(|0)s) = 1ibit [ z*=|0)g
|0)g —o— [0) 0.(|0)c) = 1 ibit | z* = |0),
|0} —— |0)¢
(b) GHZ state Constraints:
(GHZ) =%(|0m}+ 1111)) @e(|GHZ) gc) = 3 ibit | z* = |GHZ) 4p¢
(c) W state Constraints:
W) = < (1001) + [010) + |100)) ¢e(|Wasc) = 3 ibit |2* = |Wasc
v ©.(p“f) = 0.94 ibit | z* = |B"* )4
©.(p%) = 0.94 ibit | z* = |B"*)4c
©.(p%¢) = 0.94 ibit | z* = |B"*)pc
we(p*) = 0.28 ibit | z* = |0},
©.(p®) = 0.28 ibit |z* = |0)p

®e(p©) = 0.28 ibit | z* = |0)¢





media/file9.jpg
(a) Classical identity

[004 —— [0y
[0y —o— [0}z
[0)e —o— [0}

(b) GHZ state
|GHZ) = % (1000) + [111))

7

(c) W state
Wy =4

1001) + [010) + 100))

Constraints:
Pe(|00a) = 1ibit |z =0}y
@e(|0)s) = 1ibit |z*=|0)a
ee(l0)) =it |z = o)
Constraints:

9e(|GHZ apc) = 3ibit | 2° = |GHZ)apc

Constraints:
@e(IWhasc
9e(p*®)

ibit
0.94 ibit
0.94 ibit
0.94 ibit






media/file0.png





media/file8.png
(a) CNOT mixed state

——— 0.5 (|0)0] + [1{1])¢ Effects:
Pe(p*®) = 1ibit | z* = |0)p
0.5 * (J00)00| + [11)11]) 45
Causes:
—P— 00 oc(|1)p) =05ibit | z* =span(|00),|11)) .
(b) | ® CNOT [— Effects:

B*) = 2(100) + 111))p  @e(|GHZ)a5c) = 2ibit | 2° = [B*) 15
|GHZ)=%(|000)+|111))ABC 77—

Causes:

@c(|B*0)pgr) = 1ibit | z* = |GHZ) spc

- —— |0 @.(|B*)pg) = 1ibit | z* = span(|GHZ), |GHZ)") upc






media/file6.png
0.0 0.0

1.0 0.0
CNOT = 0.0 1.0
0.0 0.0

0.0 0.0
0.0 0.0
0.0 1.0

1.0 0.0

(a) Classical basis

|1)a—— |1)¢

10)s—— 1o

(b) Hadamard basis

|=)a—P— |-)¢

[+)p—e— |+)p

(c) Bell state

[+)a——

05 —D—
(d) No interaction

[0y —— |0)¢

+)s—D— I+)o

Effects:
@e(|10)45) = 1ibit | z* = [11)p
9e(|1)a) = 1ibit | z° =[1),

Effects:

@e(|—+)as) = Libit| z* = |~ +)ep

@.(|4)5) = 1ibit | z* =|+)p

Effects:
fpe(l‘f‘ﬂ}‘qg) =2 Ihlt IZ" = |B+)CD

IB*) = =(100) + [11))¢p

Effects:
®.(]0)4) = 1ibit | z* =]0),
@e(|+)e) = 1ibit  |z" =|+)p

Causes:

9c(|11)cp) = 1 ibit
@:(I11).) = 1ibit
®:(|1)p) = 0.5 ibit

Causes:

@c(|— +)ep) = 1ibit
@c(1-).) = 0.5 ibit
@c(|+)p) = 1ibit

Causes:

@c(|B*)ep) = 2 ibit

Causes:

@:(10).) = 1 ibit
@c(|+)p) = 1ibit

Classical equivalent:
|2* = 10),,
|z* =1),
| z* = span(|10),101)) .

Classical equivalent:

2" =1=+)ap —
| z* = span(l— +), |+ —})AB _
| z* = |+)B f:

Classical equivalent:

| z* = |40} ,5
None
Classical equivalent:
| z* =|0),
I zt = |+)B

4{ ~
—{ >





