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Abstract

The main goal of this paper is to introduce the concept of iso-perceptual manifold for perception 

of body configuration and related variables (kinesthetic perception) and to discuss its relation to 

the equilibrium-point hypothesis and the concepts of reference coordinate and uncontrolled 

manifold. Hierarchical control of action is postulated with abundant transformations between sets 

of spatial reference coordinates for salient effectors at different levels. Iso-perceptual manifold is 

defined in the combined space of afferent and efferent variables as the subspace corresponding to a 

stable percept. Examples of motion along an iso-perceptual manifold (perceptually equivalent 

motion) are considered during various natural actions. Some combinations of afferent and efferent 

signals, in particular those implying a violation of body’s integrity, give rise to variable percepts 

by artificial projection onto iso-perceptual manifolds. This framework is used to interpret unusual 

features of vibration-induced kinesthetic illusions and to predict new illusions not yet reported in 

the literature.
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Introduction

The main goal of this paper is to introduce a theoretical framework for perception of body 

configuration and related variables (e.g., velocities, joint moments of force, contact forces, 

etc.) collectively addressed as kinesthetic perception. The discussion is limited to conscious 

perception as reported by a person or produced in a matching task, which is viewed as a 

result of measurement performed within a frame of reference with the help of a measuring 

device. We understand the frame of reference to be an abstract coordinate system and a set 

of reference points that locate and orient the coordinate system; these will be addressed as 
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reference coordinates (RCs). Defining such a frame of reference is associated with efferent 

processes, i.e. those involving signals from the brain to the spinal cord and to the muscles for 

motor action production. Playing the role of measuring device are afferent signals, i.e., those 

from peripheral sensory receptors to the spinal cord, brain stem and to the brain, reflecting 

deviations of the system from the RCs. Interactions between efferent and afferent signals are 

presumed to happen at different hierarchical levels and can lead to perception of salient 

variables at the levels of individual muscles, joints, limbs, and the whole body.

This paper first introduces a number of concepts and theoretical views developed primarily 

in the field of motor control (reviewed in Latash 2010, 2016; Feldman 2015). These include: 

(1) the equilibrium-point hypothesis and its recent generalization to the control of multi-

effector movements with changes in the body referent configuration; (2) relations between 

actual objective physical body states (and possibly dynamical states) with the current RC 

and afferent information; and (3) the uncontrolled manifold (UCM) concept (Scholz and 

Schöner 1999) and its relation to the classical problem of motor redundancy (Bernstein 

1967). Then, the novel concept of iso-perceptual manifold (IPM) is introduced. This concept 

refers to the invariance of percepts at different levels of analysis despite variable efferent and 

afferent signals. The IPM concept refers to sub-manifolds in the state spaces of afferent and 

efferent variables that produce the same (stable) percept, which may not necessarily match 

physical reality. The IPM concept is illustrated with particular emphasis on biased and 

illusory percepts. These include several well-known illusions and some new illusions that 

are predicted to exist but have not been described in the literature.

The general scheme accepted in the paper is that action in the environment may be coupled 

to perceptual information without updating the picture of the world (cf. ecological 

psychology, Kugler and Turvey 1987; Richardson et al. 2008). Signals at some point within 

this loop can be used to update the picture of the world and, for example, lead to verbal 

reports on percepts or to thoughts not reflected in overt actions as exemplified by the two-

system hypothesis of visual perception (cf. Goodale 1993; Milner and Goodale 2008).

Since this is the first paper to introduce the IPM concept, its goals are limited by both 

reasonable paper size and competence of the author. As such, numerous aspects of the 

overall scheme remain to be refined, developed, and illustrated. These include, in particular, 

philosophical aspects of perception and its relation to objective physical variables, 

psychology of kinesthetic perception and perception-action coupling, neurophysiology of 

such central concepts as efferent copy and referent configuration, potential role of different 

feedback loops and other sensory modalities such as the visual and vestibular systems, the 

mathematical apparatus associated with the described approach, and explanatory power of 

this approach in comparison with other approaches. Addressing all these aspects adequately 

in a single paper is impossible; besides, the author admits that some of those issues are 

beyond his expertise. Reflecting the current, early stage of development of the IPM concept, 

the paper uses purposefully simplified illustrations and omits certain potentially important 

topics. Such simplifications and omissions, which are in need of further development, are 

mentioned explicitly in further text.
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The introduced conceptual scheme raises more questions than it answers. There is, however, 

already an illustration that the suggested approach is productive: Since the first version of 

this paper was written, one experimental study motivated by this approach has been 

performed and published (Reschechtko et al. 2017).

Reference coordinates: Their role in perception and action

The traditional view on kinesthetic perception considers it a consequence of an interaction 

between two neural processes, afferent and efferent. One of the most influential concepts 

linking afferent and efferent processes has been that of the efferent copy (von Holst and 

Mittelstaedt 1950), also known as corollary discharge (Sperry 1950). Within this scheme, 

two types of changes in afferent signals are considered: exafference due to changes in 

external forces and reafference due to self-initiated action. Exafference always contributes to 

perception while reafference does not, unless it deviates from its expected level based on the 

efferent copy. In addition, the efferent copy plays an important role in modification of 

commands to muscles in response to changes in sensory information.

A simplified version of this scheme, associating efferent copy with the output signals from 

alpha-motoneurons, has been criticized recently (Feldman 2009, 2015, 2016). Further, a 

recent study has concluded that some muscle activations, in particular those during the 

Kohnstamm phenomenon, are not accompanied by an efferent copy (De Havas et al. 2015), 

in contradiction to its original definition. Despite these criticisms, the basic principle that the 

central nervous system actively processes signals related to its internal state for both motor 

and perceptual processes – the reafference principle – remains valid and is accepted in this 

paper.

A particular scheme of interactions between afferent and efferent processes has been 

suggested within the framework of the equilibrium-point (EP) hypothesis (Feldman 1966, 

1986) and its recent development as the control of movements with changing spatial RCs for 

the involved effectors (reviewed in Latash 2010, 2016; Feldman et al. 2013; Feldman 2015). 

Within this approach, the neural control of an action can be adequately described as setting 

time changes of RCs for salient variables at any level of analysis: from the whole body, to 

the endpoint of a limb, to individual joints, and to individual muscles. Figure 1 illustrates 

this concept for an arbitrary vector variable X and associated force vector FX. The 

physiological meaning of RC is subthreshold depolarization of a corresponding neuronal 

pool; in particular, at a single-muscle level, RC is equivalent to the threshold (λ) of the 

stretch reflex or, equivalently, to subthreshold depolarization of the alpha-motoneuronal 

pool.

Within this scheme, the neural control of a single muscle can be described as setting a value 

of λ, while performance variables, such as muscle length, force, and activation level emerge 

depending on the external load. Changing λ leads to a nearly parallel translation of the 

dependence of muscle force on muscle length (see the family of dashed curves in Fig. 1). 

External load may also be represented on the force-length plane as a line; the family of solid 

lines in Fig. 1 illustrates arbitrary load characteristics of different magnitude. For a given 

load characteristic and given λ (shown as thick lines in Fig. 1), the point of intersection 
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defines an equilibrium state (equilibrium point, EP, the filled circle in Fig. 1) with a 

combination of muscle activation level, force, and length. Note that, if the external load were 

zero (this is an unlikely situation given the presence of antagonist muscles and gravity), the 

muscle would shorten and come to rest at a length value equal to λ and zero activation. For 

this reason, λ can be called reference length or RC of the muscle.

Within this scheme, voluntary movements are produced by a change in λ with or without a 

change in the external load. Note that effects of a change in λ on muscle activation and 

mechanical consequences depend on the external load characteristic. For example, the same 

change in λ leads to a movement in isotonic conditions and to a change in force in isometric 

conditions. Involuntary movements occur if the external load changes while λ is kept 

unchanged.

This approach associates the efferent process (EFF in Fig. 1) with setting a frame of 

reference defined by the corresponding RC, within which afferent signals (AFF in Fig. 1) are 

measured and interpreted. This basic idea has been developed recently by the group of 

Feldman (Feldman 2009; Feldman et al. 2013) who have suggested that position sense is an 

additive function of a centrally set RC and deviations from the RC signaled by afferents. 

These authors schematized this idea with an equation Q = RC + P where Q stands for 

perceived position, and P for the position-sensitive afferent signals.

Stability of the perceived world and one’s own body is at least as functionally important as 

stability of action in that world: Without a stable picture of the world, one has no chance of 

generating purposeful movements in it. Within this paper, we address only one aspect of 

stability – namely dynamical stability of states and trajectories – issues of structural stability 

are not considered. Given the many sensory modalities and numerous sources of sensory 

information within each of the modalities, the overall sensory space is very high 

dimensional. Since sensory signals are interpreted within reference frames defined by the 

ongoing efferent processes, the dimensionality of the relevant space becomes even larger. 

The principle of abundance (Gelfand and Latash 1998; Latash 2012) considers the 

apparently redundant design of the human body (with respect to both motor and perceptual 

functions) as a beneficial feature that allows ensuring stability of salient variables in a task-

specific way across the range of behaviors and helps to avoid negative interference when two 

or more variables are produced simultaneously. In this paper, we develop this approach for 

perception and introduce a number of novel concepts, such as IPM and perceptual 

equivalence, which allow addressing stability of salient percepts. Later, we illustrate this 

approach using several examples including vibration-induced kinesthetic illusions.

Systems of coordinates

Experimental studies of action and perception involve measuring variables that are indirectly 

related to the involved neural processes. In most studies, these are performance variables 

directly linked to task success. Other variables, which may be recorded, reflect outputs of 

elements that contribute to the task-related performance (e.g., joint rotations, digit forces and 

moments, muscle activations, etc.) and are addressed here as elemental variables. Some 

variables may not be directly measured but computed based on measured or assumed 
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parameters of the system; these include, for example, joint torques, muscle forces, motion of 

the center of mass of the body or its segment, etc.

While these variables provide a wealth of valuable information, they reflect the combined 

effect of both the neural process and environmental factors such as the external force field. 

There have been several attempts to make a step toward identifying systems of coordinates 

reflecting neural processes based on measured performance variables. One of the dominant 

ideas, originating from the classical studies by Bernstein (1947, 1967), has been that 

elements are united by the central nervous system into relatively stable groups to reduce the 

number of parameters manipulated at task-related neural levels. In particular, analysis of 

correlations within large sets of performance variables and other methods have been used to 

reduce typically high-dimensional sets of elemental variables within an action to lower-

dimensional sets of variables addressed as synergies or modes (d’Avella et al. 2003; 

Krishnamoorthy et al. 2003; Ivanenko et al. 2004; Ting and Macpherson 2005; Santello et al. 

2016). To avoid ambiguity, we will use here the term mode for groups of recorded variables 

to be able to use synergies for neural organizations providing for stability of salient variables 

(reviewed in Latash 2008; Latash and Zatsiorsky 2016).

The word synergy has been used in at least two other meanings. In the clinical literature, this 

word has a strong negative connotation; it implies stereotypical patterns of motion or muscle 

activation interfering with intentional movements (e.g., flexion synergy and extension 
synergy) frequently seen after stroke (DeWald et al. 1995). As already mentioned, synergy 
has also been used to mean coordinated action of elements (muscles, digits, joints, limbs, 

and persons) with the purpose of ensuring stability of patterns of salient, task-specific 

performance variables such as resultant force, coordinate of the limb endpoint, etc. 

(reviewed in Latash et al. 2007; Latash 2008). This definition implies a crucial role of the 

central nervous system, although synergic patterns observed in experimental studies may 

depend on other factors such as the external force field and non-neural processes within the 

organism. Synergies, in this meaning, involve two important components. The first one is 

uniting potentially numerous elemental variables into a smaller number of groups (modes); 

further, the neural controller may use only one control variable to modify all the elemental 

variables within each mode. For a comprehensive discussion on modes see a recent review 

by Santello and colleagues (2016) with the accompanying comments and the authors’ 

response. The second step is using a set of modes as a coordinate system and ensuring 

stability of task-specific salient performance variables within that system. Experimental 

studies within this framework have been mostly performed in spaces of elemental variables 

representing kinetic, kinematic, or electromyographic outputs of the elements. Only recently, 

a step has been made towards defining synergies stabilizing behavior in spaces of 

hypothetical neural control variables associated with reference coordinates for the elements 

and the whole effector (Ambike et al. 2016; Reschechtko and Latash 2017).

Another coordinate system has been suggested recently that allows ensuring stability of 

performance using local control organized about each coordinate independently of possible 

changes in other coordinates (Akulin et al. 2015). A term control coordinates has been 

suggested for this system. Unlike modes, control coordinates are sensitive to task changes, 

particularly to changes in conditions that affect stability of performance. When a person 
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encounters a novel task, he/she may search for an adequate set of control coordinates that 

would allow implementing local control rules. A specific example of control coordinates 

may be the eigenmovements (Alexandrov et al. 2001): kinematic coordinates representing 

linear combinations of joint rotation organized in such a way that motion along each 

coordinate depends only on torque vector along that particular coordinate.

Transformation across sets of coordinates has been a non-trivial issue. This can be done 

relatively easily only for sets of coordinates linked by linear transformations. In such cases, 

matrices of partial derivatives (Jacobian matrices, J) can be used. Using J matrices allows 

resolving the problem of different units used in different coordinate sets. Such matrices have 

been defined using different methods, for example explicit models of the system (if 

available, e.g., in studies of multi-digit action and multi-joint motion) as well as linear 

regressions between sets of coordinates. The two methods have been shown to lead to 

similar results (Freitas et al. 2010). The idea of J matrices has been used primarily for 

efferent (motor) variables.

Transformations among systems of coordinates are inherent to the problem of perception. 

Indeed, individual sensors generate neural signals reflecting specific mechanical variables 

(sometimes modulated by a neural input, such as the system of γ-motoneurons). This step 

already involves transformation from mechanical variables (e.g., newtons and meters) into 

neural variables (e.g., millivolts). RCs can also be expressed in either mechanical or neural 

variables. For example, λ may be expressed in muscle length units (meters, as in Fig. 1) or 

in units of depolarization of the alpha-motoneuronal membrane (millivolts, see Feldman 

2015). As such, the mechanism of the stretch reflex plays the role of a translator between the 

languages of mechanics and neural processes. Further, these elemental variables are 

expected to produce meaningful percepts, e.g., those of joint configuration, contact forces 

with the environment, and/or body position in space. This step involves another 

transformation of coordinate systems. Some of these transformations will be considered later 

in more detail.

Redundancy, abundance, and the uncontrolled manifold

Any functional behavior is accompanied by variations in both intrinsic states of the body and 

the environment. Changes in the environment are commonly unpredictable; they include 

changes in both external forces and sensory signals, for example when stepping on a pebble 

during walking. These factors make dynamic stability a crucial feature of functions and 

behaviors.

One of the universal features of the system for movement production is the typical excess of 

elemental variables at any level of analysis as compared to constraints associated with 

typical tasks (cf. the problem of motor redundancy, Bernstein 1967). As a result, any task 

can be performed using an infinite number of patterns of elemental variables. Traditionally, 

motor redundancy has been viewed as a computational problem for the central nervous 

system, assuming that it had to “eliminate the redundant degrees of freedom” (Bernstein 

1947). Optimization approaches have been commonly used to address such problems 

(reviewed in Prilutsky and Zatsiorsky 2002). An alternative view, the principle of abundance 
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(Gelfand and Latash 1998; Latash 2012), considers the apparently redundant design of the 

human body as a beneficial feature that allows ensuring stability of salient performance 

variables across behaviors. The term synergy has been used to address such hypothetical 

organizations (reviewed in Latash 2008; Latash and Zatsiorsky 2016).

This approach assumes a hierarchical control scheme with a sequence of few-to-many 

mappings (Fig. 2). A low-dimensional input associated with a set of RCs for task-related 

salient variables (RCTASK) is transformed within this scheme into a high-dimensional set of 

control signals that define RCs for elements participating in the behavior (e.g., λ for the 

involved muscles). A number of mechanisms have been suggested to ensure relatively low 

variability of salient performance variables as compared to variability of elemental variables, 

ranging from optimal feedback control schemes to neural back-coupling schemes (Todorov 

and Jordan 2002; Latash et al. 2005; Martin et al. 2009). Control signals at different levels of 

the described hierarchy have been associated with spatial RCs for the level-specific 

effectors. For example, during a reaching movement, control at the task-specific level may 

be described as a reference hand trajectory (for simplicity, we do not consider here changes 

in apparent stiffness properties of the effector; cf. control of impedance, Hogan 1985). 

Further, it is transformed into a set of reference trajectories at the joint level associated with 

the reciprocal and co-activation commands (r- and c-commands, Feldman 1980). At the next 

stage, the {r;c} pairs are transformed into reference trajectories for individual muscles, 

which are equivalent to time-dependent changes in the thresholds of the stretch reflex (λ). 

Note that the mapping illustrated in Fig. 2 is not prescriptive and may be affected by signals 

not illustrated in the figure, including afferent information. Of course, the process in Fig. 2 

does not by itself define physical states of the body, which are at all times also affected by 

the current afferent signals and induced reflex effects (such feedback loops are not shown in 

the figure).

The few-to-many mappings in Fig. 2 do not imply computational processes, such as, for 

example, a pseudo-inverse, or another optimization-based mapping. This topic is too broad 

to be considered here in detail; it has been addressed in several publications (Martin et al. 

2009; Park et al. 2010). Such mappings may be based, for example, on local back-coupling 

loops similar to schemes described in the literature (Latash et al. 2005; Martin et al. 2009).

The UCM concept (Scholz and Schöner 1999; reviewed in Latash et al. 2007) originates 

from the idea of task-specific stability of sub-spaces within a high-dimensional space of 

elemental variables (Schöner 1995). UCM, by definition, is a collection of sub-manifolds 

forming a partition of the space of elemental variables (by definition a foliation) within 

which a particular salient performance variable remains unchanged. If a group of elemental 

variables is organized to ensure stability of a performance variable, two outcomes can be 

expected. First, if a task is performed several times, variance of elemental variables 

estimated at a comparable phase across trials is expected to be low in directions leading to 

changes in the salient performance variable, i.e., in directions orthogonal to the UCM, as 

compared to directions within the UCM. Second, if a quick action is performed, relatively 

large deviations are expected within the UCM (the, so-called, motor equivalent motion, 

Mattos et al. 2011) even if the purpose of the action has been to change the salient variable, 

i.e., to move orthogonal to the UCM (non-motor equivalent motion). Metrics of the variance 
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and motor equivalence analysis have been studied across motor systems, tasks and 

populations (reviewed in Latash and Zatsiorsky 2016).

Figure 3 illustrates the UCM concept for the task of producing a constant value of a 

performance variable, which is the sum of the outputs of two effectors (e.g., pressing with 

two fingers to generate a magnitude of total force). The UCM for this task is a line with 

negative slope corresponding to the equation E1 + E2 = C, where E stands for the output of 

an effector and C is a constant. If a person performs this task many times, the cloud of data 

points is expected to represent an ellipse elongated along the UCM such that inter-trial 

variance within the UCM is larger than variance orthogonal to the UCM (VUCM > VORT) 

reflecting lower stability within the UCM as compared to stability orthogonal to the UCM. If 

a person is asked to produce a quick change in the performance variable and then return to 

the previous value, the new state will show deviations both along the UCM (motor 

equivalent, ME) and orthogonal to the UCM (non-motor equivalent, nME); ME > nME is 

expected. Note that Fig. 3 does not assume any kind of control of probabilities within the 

central nervous system, for example as proposed in schemes based on Bayesian decision-

making (Körding and Wolpert 2003; Franklin and Wolpert 2011). In contrast, the unequal 

variances and unequal magnitudes of deviation in different directions reflect different 

stability properties along those directions. We do not know what physical/physiological 

processes lead to selective stabilization of salient performance variables reflected in the 

observed distributions of inter-trial variance and motor equivalence. The issue of saliency is 

definitely beyond the scope of this paper. We assume, however, that such physical/

physiological processes exist (e.g., similar to those described in Latash et al., 2005; Martin 

et al. 2009) and do not consider in this paper computational schemes, for example optimal 

feedback control schemes (Todorov and Jordan 2002; Diedrichsen et al. 2010), which can 

lead to a similar structure of variance.

Efferent processes for perception

Effects of action on perception have been known for a long time. These effects range from 

those limited to perception of a single joint position to perception of limb configuration and 

whole-body position in space. Arguably, one of the oldest examples is the illusion of motion 

of the environment when one displaces the eyeball by pressing on it with a finger. This 

illusion is absent when a similar eyeball motion is produced naturally. One interpretation is 

that eye motion leads to motion of the projection of the environment across the retina, which 

leads to different percepts depending on the efferent process associated with this motion. An 

alternative interpretation is that the apparent transient motion perceived during pressing on 

the eye is a consequence of a corollary discharge induced by the effort to keep fixation 

(Stark and Bridgeman 1983).

Another well-know example is the illusion of rotation of a symmetrical circular object 

induced by alternating presentation of two motionless circular objects with radial connectors 

turned with respect to each other (see Fig. 4; also see Zwickel et al. 2007). In this illusion 

the two objects are perceived as one, rotating either clockwise or counterclockwise, with 

about equal probabilities. If the viewer imagines that the object is a steering wheel and then 
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tries to rotate this imagined wheel with his hands, the direction of the illusory motion 

stabilizes to become congruent with the ongoing rotation of the imagined steering wheel.

The aforementioned scheme of interactions between afferent and efferent processes for a 

single muscle within the equilibrium-point hypothesis of motor control is illustrated in 

Figure 5. Setting a value of λ sets a force-length muscle dependence, F(L), and thus 

contributes to solving the problem of perceiving muscle length and force. Indeed, for a given 

λ, only points on the F(L) dashed line are possible as equilibrium states of the system 

“muscle + reflexes + load”. Consider now changes in different proprioceptive signals along 

the F(L) curve. All of them are expected to increase with an increase in the distance of 

points on this curve from λ. Indeed, as one moves along the F(L) curve from λ to the right, 

muscle length increases, which is expected to lead to an increase in the activity level of 

muscle spindle endings. At the same time, muscle force increases leading to an increase in 

the activity of Golgi tendon organs. Muscle activation level also increases along the F(L) 

curve. As a result, any of the aforementioned signals can be used to identify a point on the 

F(L) curve and disambiguate the problem of perceiving these two variables. In other words, 

spindle endings contribute to perception of force, Golgi tendon organs contribute to 

perception of length, and even activity from the α-motoneuronal pools can also be used to 

perceive F and L. Of course, this requires an assumption that the controller uses λ to define 

a reference frame and other signals to define a point within that reference frame.

The abundance of sensory signals contributing to kinesthetic perception does not lead to 

ambiguity in interpreting each signal individually. In contrast, it makes the perception of a 

point on the F(L) curve robust to possible problems with any one of the signals, for example 

due to a pathology or surgery. This view is supported by observations of nearly unchanged 

joint position sense following total joint replacement surgery (Cross and McCloskey 1973; 

Karanjia and Fergusson 1983; Wada et al. 2002). So, the central nervous system is able to 

recalibrate itself and use only a subset of available reliable sources of sensory information to 

perceive joint position and torque. Observations of vibration-induced kinesthetic illusions 

(VIKI, see later) suggest, however, that the central nervous system can be misled by artificial 

changes in signals along some of the relevant sources of sensory information.

Hierarchical organization of action and perception: The concept of iso-

perceptual manifold

Within the described scheme of control with RCs, a relatively low-dimensional set of task-

specific RCs defined at the top level of a hierarchy leads to higher-dimensional sets of RCs 

at lower levels (e.g., those corresponding to actions by individual limbs, digits, joints, etc.) 

down to RCs (equivalent to λs) for the numerous muscles involved in typical actions (Fig. 

2). The apparently redundant, actually abundant, transformations RCTASK => RCEFFECTORS 

stabilize trajectories of salient, task-specific performance variables defined by RCTASK, 

likely with an important role played by feedback loops, both within the central nervous 

system and involving sensory signals that reflect changes in the salient performance 

variables (as in Latash et al. 2005; Martin et al. 2009). This general scheme has been 

indirectly supported by studies showing the importance of sensory variables for stabilization 
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of motor performance. In particular, the importance of visual information has been 

demonstrated in several recent studies (Ranganathan and Newell 2008, 2009; Parsa et al. 

2016, 2017). Another study documented impaired ability of healthy persons to organize 

stabilization of salient variables when somatosensory signals from involved muscles were 

distorted by high-frequency muscle vibration (Arpinar-Avsar et al. 2013).

Here, we suggest a scheme that unites stabilization of salient performance variables and 

stabilization of salient percepts (Figure 6). Within this scheme, sensory information is 

postulated reflecting not local variables measured by individual sensors (such as muscle 

spindle endings, Golgi tendon organs, etc.) but variables salient at the effector-specific and 

body-specific level (such as limb endpoint position/velocity in space, force vector produced 

by the limb endpoint, total force and moment produced by a set of digits, etc.). Presence of 

such signals within the body has been supported by results of several studies. In particular, 

Bosco and Poppele (2002) have shown that the modulation of activation levels of neurons in 

the spinocerebellar tract during locomotion is related to changes in general characteristics of 

the hindlimb, such as its total length and orientation, rather than to muscle- and joint-specific 

variables. A recent study has provided evidence for links of complex variables salient to 

grasping with activation in the medial parietal cortex (Fattori et al. 2017).

The scheme in Fig. 6 illustrates two symmetrical processes that link multi-dimensional sets 

of variables on the periphery to lower-dimensional sets at higher levels of the hierarchy. This 

scheme is purposefully simplified with no interactions between the two hypothetical 

processes, descending and ascending. Such interactions may play an important role, but we 

leave this aspect of the scheme to be developed in future. The descending process, {RC}n => 

{r; c}i => λj, has been described earlier (Latash 2010, 2017). Here, the subscripts n, i, and j 
stand for dimensionality at each level, n < i < j. The parallel ascending process, which is 

intimately intertwined with the descending one, has not been analyzed. We express it as {Ia; 

Ib; II}p => {α;f}q => {S}m, where p > q > m are dimensionalities of the involved sensory 

variables. Within this notation, only one intermediate level is postulated for simplicity, 

{α;f}q, corresponding to combinations of perceived coordinate (e.g., joint angles α) and 

force (f) vectors relevant for that level. In Figure 6, perceptual state estimates are generated 

at each level but not all may be consciously perceived. For example, in a reaching task, 

perceptual state estimates are assumed to exist at the levels of muscles and joints while the 

person may have troubles reporting on those variables at levels below the task-relevant level. 

The scheme in Fig. 6 is a simplified reflection of a physical/physiological system where 

processes proceed without any particular purpose beyond the step of formulating a task (this 

aspect remains outside the scope of this paper). In contrast to typical control-theoretical 

schemes, where purposes play a major role, no teleological aspects are presumed in the 

scheme in Fig. 6.

Based on everyday experience, we know that our perception of the body state is stable 

despite possible changes in both afferent and efferent processes as long as they are changed 

in a balanced way. For example, co-contracting muscles acting about a joint without moving 

it is associated with veridical perception of the joint being motionless. Position of an effector 

is also adequately perceived during pressing against an external stop with varying forces 

(Feldman and Latash 1982b). Note that in both mentioned examples, efferent signals (from 
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both α and γ motoneurons) and afferent signals (e.g., from muscle spindle endings and 

Golgi tendon organs) are all changed. Hence, a manifold may be expected to exist in the 

high-dimensional space of afferent and efferent variables corresponding to stable perception 

of unchanged joint position. This manifold will be further addressed as iso-perceptual 
manifold (IPM).

More formally, we assume that, at a given level of analysis (e.g., one of the levels illustrated 

in Fig. 6), relevant afferent and efferent signals form a N-dimensional space, SN. This space 

may be viewed as the product of two factors (foliations in the original space), efferent and 

afferent, which we will associate here for simplicity with two sub-manifolds with the 

dimensionalities NE and NA. This step skips a few important issues. In particular, variables 

in the efferent and afferent spaces may not be independent. For example, this may be due to 

the well-known phenomenon of alpha-gamma co-activation, which is expected to produce 

changes in afferent signals from muscle spindle endings with changes in the efferent 

command to the muscle. Another potentially important issue, which is not discussed here, is 

the interaction of different sensory modalities, which may benefit from Bayesian estimation 

(Weiss et al. 2002; Körding and Wolpert 2006).

Perception of a set of j salient kinesthetic variables, Kj, is associated with measuring a vector 

P in a j-dimensional subspace in SN. This step assumes the existence of an origin of 

coordinates that allows the definition of P. Assuming that the percept is stable, i.e., Ṗ = 0, 

afferent and efferent signals can vary within a M-dimensional sub-space. The relation 

between the dimensionalities M, N, and j may be non-trivial because efferent and afferent 

signals represent joint variables, which are described together by a joint distribution. For the 

purposes of illustrating the concept of IPM, we assume that M = N – j. This M-dimensional 

sub-space is the IPM at the selected level of analysis.

As a result, a family of IPMs is presumed to exist within the afferent-efferent space 

parametrized by perceptions. This family may be constrained by a priori knowledge of the 

body. As described later, some IPMs may not exist because they violate constraints of body 

integrity. The IPM structure may be even considered as an alternative definition of 

perception affecting not only reported perception (which is the only type discussed in the 

paper) but also unconscious inference, i.e. an involuntary, pre-rational mechanism that may 

be responsible for a variety of phenomena including optical illusions (Wilson and Brekke 

1994; Clifford et al. 2015).

In the next few examples, counting dimensionalities of spaces and sub-spaces should be 

taken as a simplified exercise. For example, within the suggested scheme, muscle length and 

force sense (j = 2) emerges at the level of interaction between {λ} and {Ia; Ib; II}. 

According to the EP-hypothesis (Feldman 1986), the efferent space for a single muscle is 

one-dimensional (NE = 1). In fact, one can introduce λs for individual motor units so that 

the muscle-relevant λ becomes embedded in a very high-dimensional space of individual 

mini-λs specific to individual alpha-motoneurons; λ corresponds to the lowest mini-λ 
within the pool. This aspect is not considered here to keep the lowest level of analysis at the 

level of individual muscles. It is hard to estimate dimensionality of the afferent space. If 

each of the main types of afferent signals is viewed as a single dimension, then NA ≥ 3; once 
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again, this value refers to proprioceptive modalities, not to the number of receptors. In 

addition, the system of γ-motoneurons, dynamic and static, may be viewed as adding two 

more dimensions to the afferent system. So, the IPM is at least two-dimensional. While we 

do not know what the lowest reasonable level of analysis is, intuitively, considering 

individual neurons and subcellular structures (such as sensory endings) as degrees-of-

freedom seems an overestimation.

The joint/digit/limb position sense emerges as a result of interaction between {r; c} and 

{α;f}. At this level, percepts may be relatively high-dimensional, corresponding, for 

example, to perception of position and orientation of the effector as well as to perception of 

the force and moment vector produced by the effector on the environment. For a single joint 

with one kinematic degree-of-freedom, j = 2 (joint angle and moment of force, although one 

may want to add one more dimension for the sense of joint capsule tension caused by 

muscle co-contraction), while for a limb j ≥ 6. The efferent process may be associated with 

defining reference coordinate (and, possibly, reference orientation) for the effector and its 

ellipsoid of apparent stiffness (cf. Flash and Mussa-Ivaldi 1990; Tsuji et al. 1995); then NE ≥ 

9. It is hard to estimate the dimensionality of the afferent system, NA. Conservatively, it is 

about twice the number of muscles – corresponding to assumed higher-order afferent signals 

reflecting their length and force – plus the number of joints (reflecting the presence of 

articular receptors). This makes the IPM at least three-dimensional for a single joint and 

potentially higher-dimensional for a limb.

At the task level, perception is based on estimating {S} signals within the referent frame 

provided by {RC}. For example, one may try to estimate the weight and location/orientation 

of an object lifted by the two arms, or one’s body orientation with respect to the vertical, etc. 

The dimensionality of relevant efferent and afferent spaces, NA and NE, would be different 

in each of those examples. However, it seems safe to assume that the inequality j < (NA + 

NE) holds for all natural situations.

Note that at each level illustrated in Fig. 6, the efferent process defines a reference point, 

while sensory signals inform on deviations from that reference point. As a result, perception 

of relevant state variables (a vector P) can be expressed as: P = RC + S. In this equation, the 

"+" sign should be viewed as symbolic rather than reflecting addition of numbers or vectors. 

This equation is similar to, and may be viewed as a generalization of, the one proposed by 

the group of Feldman (Feldman 2009; Feldman et al. 2013) in the form Q = R + P for 

perception of muscle length and effort (see in more detail later).

Uncontrolled manifold and iso-perceptual manifold

The term uncontrolled manifold implies that the system of effector-level (elemental) 

variables does not need to be controlled as long as it resides within the UCM for salient 

performance variables (Scholz and Schöner 1999). While it is tempting to use the same term 

for stabilization of percepts, this would be misleading. Indeed, within the UCM hypothesis, 

the structure of inter-trial covariance among elemental variables (e.g., Fig. 3) is assumed to 

reflect an unobservable neural process related to stabilization of low-dimensional salient 

performance variables.
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Within the framework developed in this paper, afferent and efferent elemental variables lead 

to low-dimensional percepts that may or may not correspond to actual physical body states. 

The elemental variables are often impossible to measure and they may be incommensurate; 

in addition, mappings of individual afferent and efferent elemental variables on perception of 

salient mechanical variables such as forces and coordinates are all but unknown, and there is 

no clear way of linearizing these mapping with a J matrix. For these reasons, descriptions 

within this paper must remain rather general.

UCM and IPM are defined in different spaces and may be viewed as sub-manifolds (or 

foliations) within those spaces that may be related to each other. It is also important that the 

UCM approach is about the neural control process over sets of elemental variables, while 

here we discuss extraction of information, veridical or not, from different sets of elemental 

variables.

An IPM is viewed as a reflection of a non-observable neural process leading to stable 

perception of salient variables in the presence of substantial variability at the level of 

elemental variables. Within each IPM, elemental variables are of two origins, those related 

to efferent processes (defining RC) and those related to afferent processes (defining the 

sensory contribution of perception, S). Stabilization of RC at a task-specific level may be 

viewed as based on a higher-dimensional set of elemental variables {r; c}i or λj. Further, we 

will address them as EV (efferent variables). Stabilization of S is viewed as based on a set of 

afferent variables {α;f}q or {Ia; Ib; II}p, addressed further as AV (afferent variables). As the 

described example of adequate perception of joint position under different co-contraction 

levels suggests, there may be co-variation between RC and S stabilizing P.

Figure 7 illustrates the idea of interaction among efferent and afferent signals leading to 

IPM. In this figure, for simplicity, we assume that the UCM and IPM are defined within 

spaces that share efferent variables (which may not be generally true) and that they are linear 

manifolds (which is commonly not true). Consider a toy example with only two elements at 

a lower level of the hierarchy (E1 and E2) and only two sources of relevant afferent 

information (A1 and A2). We also assume that the elemental variables sum up to produce 

relevant RC and S:

(1a)

(1b)

Panel A of Fig. 7 shows the linear UCM in the space {E1; E2} corresponding to stabilization 

of their sum, see Eq. (1a); the UCM represents a line with negative slope on the {E1; E2} 

plane. Panel B shows a subspace similar to the UCM corresponding to a constant sum of A1 

and A2 (the thick solid line, Eq. (1b)). However, stability of a percept (P) is defined by the 

sum (RC + S). Stability of this variable corresponds to a plane in the three-dimensional 

space spanned by RC, A1, and A2. This plane is the IPM. It is impossible to illustrate it in 
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the full four-dimensional space relevant to this example because of the limitations imposed 

by the two-dimensional medium (page).

One of the central features of the UCM concept is that UCM is always specific to a 

particular performance variable. This feature allowed using quantitative analysis of inter-trial 

variance within the UCM framework as a method of testing hypotheses on different 

variables that can potentially be stabilized by the central nervous system (Scholz and 

Schöner 1999; Scholz et al. 2000). In contrast, IPM is situation and preconception specific. 

For example, a percept of a six-legged dog on the street is probably going to be unstable: 

The viewer will rub the eyes and try to substitute this illegal percept with another one of a 

four-legged dog running at a high speed. In a sci-fi movie, however, such a percept may be 

perfectly legal and will not lead to substitution. We will return to the role of preconceptions 

later.

Perceptual Equivalence

Within the UCM hypothesis, motion within a high-dimensional space of elemental variables 

can be viewed as superposition of two components. One of them, motor equivalent (ME), 

leads to no change in a salient performance variable, i.e., it proceeds within the UCM for 

that variable. The other component leads to a change in that salient performance variable – 

non-motor equivalent (nME, see Fig. 3). Similarly, changes in a high-dimensional space of 

sensory-motor signals may be viewed as leading to no change in perception of an important 

variable (along the IPM, perceptually equivalent, PE) and to a change in perception of that 

variable (orthogonal to the IPM, non-perceptually equivalent, nPE).

There are many examples of perceptual equivalence. For example, when a person presses 

against a stop, there is no illusion of a change in the joint position (Feldman and Latash 

1982a) despite the fact that all major groups of proprioceptors change their level of activity. 

Golgi tendon organs respond to the increased tendon force, articular receptors react to 

changes in the joint capsule tension, spindle endings react to changes in muscle fiber length 

(which changes despite the fact that the muscle-tendon unit length remains constant) and to 

changes in activity of γ–motoneurons due to the α–γ co-activation, and motor commands to 

muscles crossing the joint (λ) are changed as well. A somewhat simplified interpretation of 

this effect was offered as counter-directional shifts in the two components of muscle length 

(joint position) sense: In the reference coordinate defined by λ and in the activity level of 

length-sensitive receptors (Feldman 2009). While this scheme represented a step forward in 

understanding of joint position sense, it reduced the multi-dimensional space of neural 

processes that contribute to joint position sense to only two processes, afferent and efferent, 

similar to the earlier equation: P = RC + S, without considering the fact that both RC and S 
are embedded into high-dimensional spaces. A more complete interpretation would be a 

shift along the corresponding IPM, i.e. a PE motion illustrated as the dashed trajectory over 

the IPM from point 1 to point 2 in Fig 7B.

A classical study by Hulliger et al. (1982) provided evidence for no change in the activity 

level from length sensitive spindle endings following movement leading to a change in the 

corresponding muscle length. This is an example of nPE motion to a new IPM 
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(corresponding to the adequately perceived new joint position) along the axis representing 

activity of length-sensitive endings (illustrated as the straight trajectory from point 1 to point 

3 in Fig. 7B).

Vibration-induced sensory-motor effects

When a high-frequency, low-amplitude vibrator is placed over the belly of a muscle or over 

its tendon, kinesthetic illusions are frequently, but not always, reported (Goodwin et al. 

1972; Lackner and Levine 1979; Roll and Vedel 1982; Roll et al. 1989). These illusions have 

been interpreted as resulting from the vibration-induced unusually high levels of activity of 

the primary endings of muscle spindles, which are sensitive to muscle length and velocity 

(Matthews and Stein 1969). This interpretation sounds feasible and is able to account for 

some features of the vibration-induced kinesthetic illusions (VIKI), such as illusions 

compatible with an increase in the length of the muscle subjected to vibration; such illusions 

are typically observed in the absence of vision (Goodwin et al. 1972; Lackner and Taublieb 

1984; Roll and Vedel 1982).

Note also that muscle vibration also induces motor effects. These range from the tonic 

vibration reflex in the muscle group subjected to vibration, to reflex activation of other 

muscles of the limb, to complex motor reactions. In particular, vibration-induced muscle 

reflexes can be seen in different muscle groups depending on the initial body posture and 

some other factors (Latash and Gurfinkel 1976; Gurfinkel and Latash 1979). These patterns 

have been hypothesized to reflect involvement of spinal circuits responsible for locomotion; 

this hypothesis has been supported in studies of locomotor-like actions seen in some healthy 

person during muscle vibration (Gurfinkel et al. 1998; Selionov et al. 2009; Solopova et al. 

2016). Standing persons show postural deviations from the vertical under vibration applied 

to muscles of the legs (Eklund and Hagbarth 1967; Hayashi et al. 1981) and, to a lesser 

degree, to other parts of the body (Lund 1980; Roll et al. 1989); these vibration-induced 

fallings have been interpreted as secondary effects of VIKI.

As mentioned earlier, kinesthetic perception and motor action have been linked in several 

theories (von Holst and Mittelstaedt 1950; Feldman and Latash 1982a; Feldman 2009); 

therefore, motor effects of vibration could also contribute to the variety of kinesthetic 

illusions. Possible effects of vibration on the efferent component of kinesthetic perception 

have been discussed over 30 years (Feldman and Latash 1982a,b; Roll et al. 1989; Feldman 

2009; Feldman et al. 2013) and supported by recent studies of the effects of vibration on 

unintenional force drifts seen in the absence of visual feedback (Reschechtko et al. 2017) as 

well as by demonstrations of changes in corticospinal excitability during VIKI (Mancheva et 

al. 2017). In addition, Feldman and colleagues (2013) have discussed certain features of 

VIKI based on ideas closely related to the IPM concept.

A number of features of VIKI have remained largely unexplained. These include, in 

particular, the fact that subjects vary broadly in their sensitivity to muscle vibration: Some of 

them report strong VIKI (sometimes even leading to reports of anatomically impossible limb 

configurations, Craske 1977), while others feel only mild illusions, and still others report no 

consistent illusions at all. Another unexplained feature is that the direction of VIKI may 
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reverse when sensory signals of other modalities are manipulated (Feldman and Latash 

1982c). There is also a mismatch in the perceived joint position and velocity: Subjects report 

joint displacements that are much smaller as compared to those expected from the product of 

the reported joint velocity and time of observation (Sittig et al. 1985).

Let us consider within the proposed scheme possible effects of high-frequency vibration 

applied to a muscle group. While vibration spreads across body segments (Eklund 1971), for 

simplicity let us assume that only the muscle directly subjected to vibration responds with a 

very high level of activity of length- and velocity-sensitive spindle endings (Brown et al. 

1967). One of the common arguments is that the unusually high activity along those sensory 

channels creates an illusion of the muscle being stretched leading to reports of 

corresponding joint rotations and other effects (Goodwin et al. 1972; Lackner and Taublieb 

1984; Roll and Vedel 1982). So, according to this interpretation, PL = (AL), where PL stands 

for perception of muscle length and AL stands for afferent signals from length-sensitive 

spindle endings.

This argument and interpretation do not look convincing. Indeed, multiple muscles cross any 

joint, including bi-articular and poly-articular muscles. Sensory receptors in muscle groups, 

aside from those in the muscle directly subjected to vibration, are expected to provide 

veridical information about the actual joint position. So, for example, if a flexor muscle 

group is subjected to vibration, AL from the flexors may suggest that the flexor muscles are 

being stretched at a high velocity while AL from the extensors suggests that their length does 

not change. In this situation, the person is expected to report violation of the limb integrity 

corresponding to muscles detaching from their natural insertion points and/or bone 

deformation. This does not happen, however. A number of conclusions can be drawn from 

typical reports of joint position illusions corresponding to stretch of the muscle subjected to 

vibration (and shortening of the antagonist!).

In particular, the central nervous system avoids percepts of disjointed body even if afferent 

information suggests this. Interestingly, anatomically impossible rotations do not seem to be 

precluded (Craske 1977). Besides, there is also the so-called Pinocchio illusion (Burrack and 

Brugger 2005): If a person is asked to touch the tip of his/her nose with a fingertip of an arm 

and then vibration is applied to the elbow flexors, some subjects report perceiving their nose 

being slowly elongated. This last illusion is reported by only a handful of naïve persons. It 

can be interpreted as a consequence of three factors: (a) the head is correctly perceived as 

motionless, (b) there is contact between the fingertip and nose at all times, and (c) there is an 

illusion of elbow extension induced by the vibration. When the brain is forced to reconcile 

these three percepts, one solution is indeed creating a percept of nose elongation.

Three more effects make the traditional interpretation of VIKI questionable. First, the 

direction of illusory motion can be reversed by applying seemingly irrelevant stimuli of 

different modality (visual or auditory) and even by performing a cognitive task (Feldman 

and Latash 1982c). Second, healthy subjects show large variability in these effects, and it 

takes some time to “learn” how to experience VIKI (personal experience). Third, when 

vibration is applied simultaneously to agonist and antagonist muscle groups, no consistent 

illusion is reported while inter-trial variability of position sense is increased (Fuentes et al. 
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2012). These observations suggest that, unlike everyday perceptual experiences, VIKI are 

unstable. This conclusion suggests direct links of VIKI to the concept of IPM.

Recently, the group of Feldman (Feldman et al. 2013) have interpreted VIKI within an 

approach to position sense and sense of effort that is similar in many aspects to the scheme 

proposed in this paper. In that study, the authors suggested a simple equation linking actual 

position of body segments (Q) to a centrally defined referent coordinate (R) and afferent 

signals (P) reporting on deviations of the body from R: Q = R + P. This framework was used 

to interpret a range of perceptual phenomena including VIKI and a “no-motion illusions” 

when muscle vibration produces reflex muscle activation changes that lead to motion 

without the subject being aware of the motion. The equation Q = R + P may be seen as a 

reflection of interactions at any of the hierarchical levels, e.g. those illustrated in Figure 6. 

Here we accept the basic idea of Feldman and colleagues and try to develop it for various 

aspects of VIKI focusing on the issue of stability of percepts.

Figure 8 illustrates a situation when two afferent signals (e.g., from spindle endings in the 

flexor and extensor muscles) are used for kinesthetic perception of joint position. Note that 

this is a two-dimensional projection of a system involving more afferent signals as well as 

efferent signals; there is an IPM in that higher-dimensional system corresponding to 

veridical perception of the state of the joint. The initial state of the system is point P1 

corresponding to a particular joint angle value, αP1, where the subscript P refers to a 

perceived value. Assume now that joint motion is associated with coordinated changes in the 

length of the two muscles: when one muscle stretches, the other shortens. For example, this 

may be associated with the following relation between the two afferent signals: A1A2 = C, 

where C is a constant. For every αP, there is an IPM in the hidden higher-dimensional space. 

For all possible αP values, there is a family of IPMs; each IPM within this family intercepts 

the plane in Fig. 8 in a point on the line A1A2 = C corresponding to coordinated changes in 

the two elemental afferent variables. The dashed line in Fig. 8 is a particular example of a 

projection on the {A1A2} space of allowed combinations of afferent and efferent signals 

(e.g., those corresponding to coordinated changes in the length of the opposing muscles 

during natural joint motion) that belong to IPMs; we will address this line as AIPM.

Imagine now that one of the afferent signals is increased as a result of muscle vibration 

without changes in the other signal (point V). The new combination of signals is off the 

AIPM line. Point V corresponds to a disallowed muscle length combinations corresponding 

to violation of the anatomical integrity of the joint. To create an allowed percept of joint 

position, point V has to be projected onto the AIPM line such that it may be associated with 

an IPM, even though this projection will not be compatible with the actual combination of 

afferent (and efferent) signals. It seems safe to assume that projection can be realized in an 

infinite number of ways, and the ultimate percept will depend on where on the AIPM line the 

new point will emerge (see the black points on the AIPM curve in Fig. 8). The process of 

projecting the new actual point V to AIPM may lead to unstable solutions, i.e., those showing 

spontaneous motion along the AIPM, depending on other factors including those mentioned 

earlier (such as experience with vibration stimuli, sensory stimuli of other modalities, 

cognitive task, vibration of the antagonist, etc.)
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In more general terms, the process of creating a percept may be viewed as search for a 

meaningful (allowed) IPM “closest” to the actual set of afferent and efferent signals. Metric 

of closeness is unknown to us and, based on the mentioned observations, this metric may 

change with other afferent and efferent processes. Sometimes, there may be more than one 

IPM satisfying this criterion. In such cases, loss of stability may be revealed in effects of 

other sensory modalities, cognitive processes (e.g., counting backwards), and other factors. 

While the mentioned features of VIKI can be interpreted using the IPM concept, we have to 

admit that these observations fall short of providing direct support for this scheme.

An example: Single-joint position and torque perception

Consider the problem of perceiving joint angle and torque. This problem is associated with 

defining a point on the angle-torque plane, {Pα; PT}. Assuming a simple joint crossed by 

only two muscles, flexor and extensor, the efferent process may be associated with setting 

two values of λ, {λFL; λEXT} or an equivalent pair of variables, r-command and c-

command, {r; c} (Fig. 9, panel A). These commands define the intercept of the torque-

length line with the length axis and the slope of that line, respectively. Assume also that 

projection of the multi-dimensional afferent space (including all the afferent systems from 

both muscles) on the torque-length line may be expressed as a change in a higher-order 

variable A (a weighted sum of afferent signals from various sources that increases with 

distance from r), which has the value of A1. Then:

(2a)

(2b)

Imagine that a person presses against a stop (panel B in Fig. 9). This is associated with a 

shift in r by Δr and possibly in c by Δc leading to a change in the angle βc by Δβc. Veridical 

perception of the increased joint torque and unchanged joint position means that

(3a)

(3b)

where A2 is the new value of A. Equation 2a gives a specific form for the IPM for Pα in the 

reduced efferent-afferent space:

(4)
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Consider now what can be expected if a vibrator is placed on one of the muscles crossing the 

joint. First, the increased spindle activity from the muscle with the vibrator will not be 

accompanied by decreased activity from the antagonist. Since this means violation of joint 

integrity, the new point of the joint torque-length characteristic will reflect a process similar 

to the one illustrated in Fig. 9 leading to a new value of A, AV. Equations (2) suggest that 

this will be accompanied by a change in both Pα and PT. i.e. illusions in both joint position 

and torque.

Figure 10 illustrates possible effects of vibration on perception of coordinate of an effector 

and force along that coordinate. Imagine that in an initial state illustrated by point 1 (black 

circle), vibration leads to an increase in activity of length sensitive receptors only (point 2). 

If this signal is interpreted in an unchanged system of coordinates (RC1), the dot has to be 

projected on the original force-length line. While such projections can be performed in 

different ways (e.g., to points 2a or 2b), they are likely to correspond to perception of higher 

force. To perceive a change in coordinate (classical VIKI) without a change in force, the 

system of coordinates would have to shift (to RC2 in Fig. 10). While effects of vibration on 

RC shifts have been postulated (Feldman and Latash 1982a) and confirmed in a recent study 

(Reschechtko et al. 2017), the lack of force illusions is only possible if the RC shift and 

sensory signal change are perfectly balanced. This is not impossible but does not seem likely 

given the different origins of the sensory shift and hypothetical effects of vibration on RC. 

Indeed, force illusions under vibration have been reported in two studies (Cafarelli and 

Kostka 1981; Reschechtko et al. 2017). In particular, in the latter study, vibration of the 

antagonist muscle (finger extensors during a finger pressing task) led to consistent 

overestimation of force magnitude, which is expected within the described scheme.

Note that the classical assumption that muscle length perception is based on signal from 

muscle spindle endings (and gamma-system) and muscle force (joint torque) perception is 

based on signals from Golgi tendon organs leads to a different prediction. Length and torque 

perception become decoupled. Since vibration is an effective stimulus for the primary 

spindle endings but not for Golgi tendon organs, length illusions are expected not 

accompanied by torque illusions.

Other illusions and predictions of new illusions

The mentioned example of disallowed muscle length combinations corresponding to loss of 

anatomical body integrity is arguably an extreme example of a more general phenomenon 

mentioned briefly earlier: The role of preconceptions in interpreting sensory signals. 

Consider the following well-known illusion. If you cross the index and middle fingers of a 

hand and close your eyes, and then another person touches both fingers simultaneously with 

an object (e.g., a finger), you will feel as if you were touched with two objects. This happens 

because, in everyday life, the radial surface of one of the fingers and the ulnar surface of the 

other finger cannot be touched with a single small object simultaneously. So, even though 

you know that the fingers are crossed, the preconception leads to an illusion.

Another example of the role of preconceptions is the classical size-weight illusion (e.g., 

Ernst, 2009; Buckingham, 2014): If you are presented with two similar objects of the same 
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weight but different size (e.g., two cubes), the smaller object is perceived as heavier. Here 

the cause for the illusion is violation of a natural expectation that the smaller object would 

be proportionally lighter. In these examples, the veridical sensory signals are misinterpreted 

because they are projected on an allowed sub-space (shown as AIPM in Fig. 8) based on 

preconceptions.

It is possible that implicit constraints play a role in movements driven by sensory stimuli, 

including those generated by the spinal cord. For example, a series of experiments on the 

spinal frog wiping reflex performed in the 1980s in Moscow (reviewed in Latash 1993, 

2008; also see Berkinblit et al. 1986) demonstrated the amazing ability of the spinal frog to 

reach the irritating stimulus on its back with the toes of the ipsilateral hindlimb even in 

conditions of artificial loading of the hindlimb or fixation of one of its joints. The frog, 

however, was unable to reach the stimulus and wiped consistently below its actual location if 

a “glove” was placed on the forcefully flexed toes of the hindlimb. Within the current 

framework, the frog’s spinal cord was unable to incorporate the veridical sensory 

information on the actual toe configuration (which was impossible in everyday frog’s life) 

into an image of the body configuration (cf. Fukson et al. 1980) and performed the action as 

if the toes were naturally extended.

The current framework allows predicting illusions and other phenomena that, to our 

knowledge, have never been reported. In particular, Figures 9 and 10 suggest that perception 

of muscle length (joint angle) and muscle force (joint torque) are intimately linked: They are 

based on a weighted combination of neural signals from the same sources. This implies, in 

particular, that VIKI are likely to be accompanied by illusions of force, not only of position/

velocity. Such illusions have been observed recently in a study motivated by the described 

scheme (Reschechtko et al. 2017). This study also has confirmed that vibration leads not 

only to changes in the afferent signals but also in the RC involved in the perception process 

(cf. Feldman and Latash 1982a; Feldman et al. 2013).

Another illusion following the scheme in Figure 1 has only been reported informally (Latash 

2008; Latash and Zatsiorsky, 2016), although a full-scale experiment was performed in the 

1980s. In that study, index finger motion was produced by electrical tetanic stimulation of 

the extrinsic hand muscles, and the subjects used a psychophysical scale to report finger 

position in a new steady state. In this situation, one can expect the sensory signals to be 

interpreted in a wrong system of coordinates because the natural link between activation of 

spinal motoneurons and muscle activation was distorted. Indeed, the finger displacement 

was consistently overestimated corresponding to perception of shorter length of the muscle 

subjected to the stimulation.

The concept of IPM implies the existence of a particular structure of variance reflecting 

stability of perception of a task-specific variable ensured by co-varied adjustments in 

perception of lower-level (elemental) variables. This prediction is somewhat similar to the 

phenomenon of structured inter-trial variance as explored within the framework of the UCM 

hypothesis (reviewed in Latash et al. 2007; Latash 2008). For example, a person may be 

expected to show small errors in perception of fingertip position in space during pointing as 

compared to perception of individual joint angles of the arm. Along similar lines, one may 
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be expected to show accurate perception of the total force and/or moment of force produced 

by a set of digits on a hand-held object while perception of individual fingers forces is 

expected to be less accurate.

Experimental exploration of the mentioned phenomena may be non-trivial. While action by 

elements may be quantified with a degree of objectivity and accuracy at both task-specific 

and element levels, perceptions are much harder to quantify objectively. Using verbal reports 

and psychophysical scales leads to poor resolution and reproducibility. Using reproduction 

of a percept by action involves many potentially confounding factors such as the necessity to 

produce another action, memory, and/or action by another effector. All these methods have 

an element of subjectivity, which seems to be unavoidable. One problem is that persons may 

match their percepts paying attention to sensory information (as one would hope) or try to 

match their “commands” (efferent processes, RCs). Several studies have suggested that 

humans do indeed sometimes match efferent processes, i.e., “doing the same” rather than 

“moving to the same magnitude of a positional or force variable”. This can lead to 

significant errors in mechanical variables that are to be reproduced (Rymer and D’Almeida 

1980; van Doren 1998).

Concluding comments

To summarize the main message of the paper, at each level of the assumed hierarchy, 

afferent (sensory) signals from multiple sources are estimated within a frame of reference 

provided by the multiple ongoing efferent processes adequately described as time-varying 

spatial reference coordinates. Percepts emerge within the high-dimensional afferent-efferent 

system of variables (elemental variables). Typically they are stable under variations of any of 

the individual elemental variables; this stability can be formalized using the notion of the 

iso-perceptual manifold (IPM). Many everyday actions are associated with coordinated 

changes in both afferent and efferent elemental variables that preserve stability of salient 

percepts; this is an example of perceptual equivalence – motion along the IPM. Stability can 

be violated under strong distortions of elemental variables leading to illusions, e.g., under 

high-frequency muscle vibration. Both veridical and illusory perceptions are constrained by 

sets of preconceptions that do not allow certain kinds of percepts, e.g., ones violating body 

integrity. In such cases, points in the original space of elemental variables are projected to an 

allowed IPM leading to actually reported illusions. This scheme allows interpreting a 

number of well-known illusions and predicting illusions that have not yet been reported in 

the literature. Testing some of these predictions is in the immediate plans of our group.

Numerous issues have remained outside or only been alluded to in the current paper. These 

obvious “holes” in the discourse are due partly to the limited expertise of the author and 

partly to reasonable size of a journal paper. The following incomplete list mentions some of 

the obvious issues in need of further clarification, definition, and discussion. First, there is a 

philosophical issue of defining perception and of its relation to the IPM concept. Second, the 

mathematical definitions and computational apparatus of the UCM and IPM concepts 

remain to be developed rigorously. Third, the paper contains numerous obvious 

simplifications such as non-interacting afferent and efferent hierarchical processes, shared 

variables in the spaces where UCM and IPM are defined, linear manifolds, etc. It would be 
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highly desirable to eliminate at least some of these simplifications to move the IPM concept 

closer to real-life situations. Fourth, it would be very interesting to link the geometrical, 

physical, and physiological concepts presented in the paper with the framework of Bayesian 

estimation and decision-making, for example as it has been recently suggested based on 

minimization of variational free energy (Friston et al. 2017a,b).
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Highlights

• Stability of perception is considered within the efferent-afferent space;

• The concept of iso-perceptual manifold is introduced corresponding to stable 

percepts;

• The concept is used to analyze kinesthetic illusions produced by muscle 

vibration;

• New illusions are predicted not yet reported in the literature.
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Figure 1. 
The plot shows a family of dependences of a force vector FX on a spatial vector variable X 
(the dashed line). The efferent process (EFF) defines a referent coordinate (RCX), while the 

afferent signals (AFF) inform on deviation of X from RCX. At a single-muscle level, RCX is 

equivalent to the stretch reflex threshold (λ), while FX is muscle force (F) and X is muscle 

length (L). For a given external load (the solid curves show a family of load characteristics), 

the system comes to an equilibrium point (EP) with a combination of F, L, and muscle 

activation (EMG), which is the point of intersection of two characteristics (shown as thick 

lines) defined by the actual external load and values of λ.
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Figure 2. 
An illustration of a hierarchical control scheme with a sequence of few-to-many mappings. 

A task-related low-dimensional input (RCTASK) is transformed within this scheme into a 

high-dimensional set of control signals to elements such as the r- and c-commands for the 

joints and λs for the muscles. Feedback loops between levels are not shown.
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Figure 3. 
An illustration of the UCM concept for the task of producing a constant value of the sum of 

the outputs of two effectors: E1 + E2 = C. The UCM is shown with the thick dashed line with 

negative slope, while the orthogonal direction (ORT) is shown as a thick, solid line. If a 

person performs this task many times, the cloud of data points is expected to represent an 

ellipse elongated along the UCM. If a person is asked to produce a quick change in the 

performance variable and then return to the previous value, the new state will show 

deviations both along the UCM (motor equivalent, ME) and orthogonal to the UCM (on-

motor equivalent, nME); ME > nME is expected.

Latash Page 30

Neuroscience. Author manuscript; available in PMC 2019 February 21.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 4. 
An illusion of rotation of a symmetrical circular object may be induced by alternating 

presentation of two motionless circular objects with radial connectors turned with respect to 

each other. The two objects are perceived as one, rotating either clockwise or 

counterclockwise, with about equal probabilities. If the viewer imagines that the object is a 

steering wheel and then tries to rotate this imagined wheel with their hands, the direction of 

the illusory motion stabilizes to become congruent with the ongoing rotation of the imagined 

steering wheel.
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Figure 5. 
Setting a value of λ defines a dependence of muscle force on muscle length, F(L) shown as 

a thick dashed line, from a family of possible F(L) characteristics shown as thin dashed 

lines. As one moves along a specific F(L) curve from λ to the right, all the relevant afferent 

(e.g., Ia and Ib) and efferent (e.g., α and γ) signals increase.
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Figure 6. 
Two processes contributing to perception at different levels: The descending process, {RC}n 

=> {r; c}i => λj, n < i < j, and the ascending process, {Ia; Ib; II}p => {α;f}q => {S}m, p > q 
> m. The subscripts stand for dimensionalities of the corresponding spaces. At each level, 

length and force sense emerges at the level of interaction between {λ} and {Ia; Ib; II}, 

between {r; c} and {α;f}; and between {RC} and {S}. Perception of relevant state variables 

(a vector P) can be expressed as: P = RC + S. The “+” sign in this equation should be 

viewed as symbolic. For simplicity, the figure is not showing interactions between the 

ascending and descending processes and feedback loops among levels.
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Figure 7. 
An illustration of the idea of interaction among efferent and afferent signals leading to iso-

perceptual manifold, IPM. A: The UCM in the space of two efferent variables, {E1; E2}, 

corresponding to stabilization of their sum: E1 + E2 = RC. B: A subspace in the space of 

afferent variables, {A1; A2}, corresponding to their constant sum A1 + A2 = S (the thick 

solid line). Stability of a percept (P) is defined by the sum (RC + S) illustrated as a plane 

(IPM) in the three-dimensional space spanned by RC, A1, and A2. Motion along the IPM is 

perceptually equivalent (PE) motion (the dashed trajectory from point 1 to point 2). A 

change in the efferent process without a change in afferent signals (point 3) is an example of 

non-perceptually equivalent (nPE) motion to a new IPM. The figure is simplified in two 

aspects. First, it shows linear manifolds. Second, it assumes sharing of elemental variables 

between the UCM and IPM.
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Figure 8. 
Two afferent signals (A1 and A2, e.g., from spindle endings in the flexor and extensor 

muscles) are used for kinesthetic perception. During natural joint motion, A1 and A2 change 

together along a line (the dashed line, AIPM). The initial state of the system in point P1 

corresponds to a particular joint angle value, αP1. Vibration leads to an increase in A2 

without a change in A1 to a disallowed point (V) off the AIPM. To avoid perceiving violation 

of the anatomical integrity, the new point is projected onto the AIPM line. This projection can 

be realized in an infinite number of ways (e.g., the black points on the AIPM curve), and the 

ultimate percept will depend on where on the AIPM line the new point will emerge.
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Figure 9. 
A: The control of a joint crossed by only two muscles, flexor and extensor, can be described 

with setting two values of λ, {λFL; λEXT} or an equivalent pair of variables, r-command and 

c-command. The r-command sets the intercept of the torque-length line with the length axis 

and the c-command defines the slope of that line. Projection of the multi-dimensional 

afferent space on the torque-length line may be expressed as a value A1 of a higher-order 

variable A. B: When a person presses against a stop r-command shifts by Δr and βc shifts by 

Δβc. The value of A changes to A2.
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Figure 10. 
Possible effects of vibration on perception of coordinate of an effector (X) and force along 

that coordinate (FX). The initial state is shown with the black circle (point 1). Vibration leads 

to an increase in activity of length sensitive receptors only (point 2). If this signal is 

interpreted in an unchanged system of coordinates (RC1), the dot is projected on the original 

force-length line. Such projections can be performed in different ways (e.g., to points 2a or 

2b), and are likely to correspond to perception of higher force. To perceive a change in 

coordinate (classical VIKI) without a change in force, the system of coordinates would have 

to shift to RC2.
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