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ARPEGGIO PARADOX

Primary Disciplinary Field(s): Cognitive Psychology, Motor Control, Behavioral Neuroscience,

Performance Studies

1. Core Definition and Fundamental Contradiction

The Arpeggio Paradox is a pivotal theoretical challenge within the study of human motor control,

particularly regarding how rapid, sequential movements are executed. It fundamentally describes

the contradiction that arises when attempting to explain highly skilled, rapid action sequences--

such as those performed by an accomplished pianist playing a complex arpeggio or scale--through

a purely mechanistic Stimulus-Response (S-R) chain hypothesis.

The paradox highlights that the time interval between successive key strikes in a fast musical

performance is often demonstrably shorter than the minimum physiological time required for a

complete sensory feedback loop to travel from the finger, up the peripheral nerves to the central

nervous system (CNS), be processed, and for a subsequent motor command to be transmitted

back down to the muscle. Therefore, if each individual movement (the striking of key 'A') had to

serve as the necessary stimulus (via proprioceptive or tactile feedback) for the initiation of the

next movement (the striking of key 'B'), the observed speed of performance would be

physiologically impossible. This contradiction necessitates the rejection of simple S-R chaining as

the exclusive mechanism for complex, rapid motor skills.

In essence, the Arpeggio Paradox functions as empirical proof against the sufficiency of closed-

loop feedback models for governing rapid sequential action. It demands an alternative explanation

rooted in anticipatory planning, central pre-programming, and the efficiency of the central nervous

system in coordinating complex motor patterns independent of immediate, inter-movement sensory

data. It is a classic illustration used in motor learning literature to delineate the boundary between

movements controlled primarily by feedback (slow, novel tasks) and those controlled primarily by

feedforward mechanisms (fast, practiced tasks).

2. The Stimulus-Response Chain Hypothesis (Precursor Context)

To fully appreciate the weight of the Arpeggio Paradox, one must understand the model it sought

to dismantle: the S-R Chain Hypothesis, also known as the reflex chaining theory. This theory,

highly influential during the early and mid-20th century, particularly within strict behaviorist

frameworks, posited that complex behaviors were merely concatenated sequences of simple

reflexes or learned S-R bonds.

According to this hypothesis, the execution of one segment of a motor sequence (e.g., the flexion

of a finger) would generate specific sensory information--proprioceptive feedback from muscle
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spindles, Golgi tendon organs, and tactile information from the skin--which would then serve as the

unique and necessary trigger, or stimulus, for the immediate subsequent segment of the sequence

(e.g., the extension of an adjacent finger). Thus, a long behavioral chain, such as playing a scale,

was viewed as a daisy chain of linked, triggered reflexes, where the feedback from the previous

action was the stimulus for the next action. This implied a reliance on a closed-loop control

system, where ongoing sensory information continuously regulates and adjusts the movement in

real time.

The elegance of the S-R chain model was its simplicity and its ability to explain basic reflexive

actions. However, when applied to highly trained, ballistic skills, the model quickly revealed its

inherent limitations. The central assumption that every component movement requires a full,

processed feedback loop before the next movement can begin fails dramatically when analyzing

the temporal constraints of human neurophysiology. The Arpeggio Paradox provided one of the

most compelling and easily visualized demonstrations of this failure, forcing researchers to look

beyond peripheral control and towards central mechanisms.

3. The Empirical Evidence: Pianistic Velocity

The core empirical data supporting the Arpeggio Paradox comes directly from the analysis of

accomplished musicianship, specifically the speed achieved by virtuoso pianists. An expert

pianist can execute musical passages, such as continuous scales or arpeggios, at exceptionally

high rates, often exceeding 10 to 12 notes per second. In some cases, world-class performers can

reach speeds approaching 16 notes per second.

If a pianist plays 10 notes per second, the time allocated for the execution of a single key strike

(from the initiation of movement for one note to the initiation of movement for the next) is

approximately 100 milliseconds (ms). If the speed increases to 15 notes per second, the inter-tap

interval drops to roughly 67 ms. This interval must account not just for the physical movement of

the finger, but also for the entire cycle of feedback and motor command generation required by the

S-R chain model.

However, basic neurophysiological studies establish that the typical time required for the shortest

possible human reaction time (simple reaction time involving visual or auditory input) is usually in

the range of 100 to 200 ms. More critically, the time required for proprioceptive feedback from a

limb to reach the cortex, be processed, and for a voluntary motor command to be generated and

transmitted back (the latency of the closed loop) is generally far greater than the 67-100 ms

observed in rapid arpeggios. Even if we consider only the fastest possible spinal reflexes, these

still involve latencies that consume a significant portion of the inter-tap interval, leaving no time for

cognitive processing or complex sequencing decisions.

Therefore, the objective measurement of speed in expert performance provides a critical temporal
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anomaly: the actions are too fast for nerve conduction and central processing to mediate them

sequentially via sensory feedback. The movement sequence must, consequently, be organized

and initiated largely independent of the information generated by the preceding movement.

4. Physiological Basis of the Paradox

The physiological constraints that give rise to the Arpeggio Paradox are rooted in the physics of

neural transmission and the architecture of the human nervous system. There are two primary

temporal factors that render the S-R chain model implausible for rapid skills: afferent latency and

central processing time.

Afferent latency refers to the time it takes for sensory information (in this case, proprioception and

touch) to travel from the distal extremity (the finger) up the peripheral nerves and spinal cord to the

somatosensory cortex. While myelinated nerve fibers are fast, covering distances along long

pathways introduces unavoidable delay. For movements of the hands, this afferent travel time

alone can be 20-40 ms. Furthermore, this signal must reach and activate the appropriate cortical

areas.

Crucially, once the signal arrives, central processing time is required. The brain must interpret the

feedback, compare it to the intended plan, formulate the motor command for the next note, and

send the efferent (outgoing) signal down the corticospinal tract back to the muscles involved in the

next key strike. This entire voluntary process typically requires a minimum of 50-100 ms of central

processing, even for highly practiced tasks. When these times are summed--Afferent Latency +

Central Processing + Efferent Latency--the total feedback loop time far exceeds the 60-100 ms

window available between successive notes in a rapid arpeggio, solidifying the physiological

impossibility of sequential sensory triggering.

5. Alternative Explanations: Open-Loop Control Systems

The failure of the closed-loop S-R chain hypothesis necessitated the development of alternative

models, most notably the theory of Open-Loop Control, primarily realized through the concept of

the Motor Program. An open-loop system is characterized by the execution of commands that are

structured and initiated centrally, operating without the necessity of immediate feedback during the

rapid execution phase.

A Motor Program is defined as a pre-structured set of motor commands that are centrally stored

and can be executed as a unit. This program specifies the relative timing, force, and sequencing of

the required muscle contractions for an entire movement sequence--such as an entire phrase of an

arpeggio--before the first movement even begins. Once initiated, the program runs off

automatically, similar to a pre-recorded sequence, requiring minimal or no modification from

sensory feedback until the sequence is completed.
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This model resolves the Arpeggio Paradox because the central nervous system (CNS) has already

calculated and stored the entire sequence of key strikes. The pianist does not need to wait for

feedback from striking note 'A' to initiate note 'B'; rather, the CNS sends simultaneous or closely

timed sequential commands for the entire phrase (A, B, C, D, etc.). While sensory feedback is vital

for the learning and refinement of the motor program (error detection and correction between

practice sessions), it is not necessary for the control of the movement once it has become highly

automatized and ballistic. This feedforward mechanism is characteristic of all highly skilled, rapid

movements, including typing, speaking, and throwing.

6. Theoretical Implications for Motor Behavior

The introduction and acceptance of the Arpeggio Paradox, alongside other similar phenomena

(such as studies involving deafferentation, where sensory nerves are cut, yet rapid movements can

still be initiated), marked a fundamental shift in the field of motor control. It signaled the move away

from rigid, purely peripheral explanations rooted in classical behaviorism and towards a more

cognitive and centralized view of motor planning.

The paradox proved that the CNS is not merely a passive responder to peripheral stimuli, but an

active, predictive planner capable of organizing complex, hierarchical movement structures. This

understanding paved the way for influential theories such as Schmidt's Schema Theory, which built

upon the concept of the motor program by suggesting that generalized rules (schemata) govern

classes of movements, allowing for adaptability and scaling of force and duration without needing a

unique motor program for every specific movement variation.

The resolution of the paradox underscores the critical role of practice in motor learning. Repetitive,

deliberate practice is understood as the mechanism by which the individual develops and refines

these complex, centrally located motor programs, transitioning control from a slow, error-prone

closed-loop system to a rapid, efficient open-loop system. The speed demonstrated by the pianist

is not due to faster reflexes, but to the automation and pre-organization of the sequence in the

cerebral cortex and associated motor structures (like the cerebellum and basal ganglia).

7. Related Concepts and Further Research

Deafferentation Studies: Research involving the surgical removal of sensory feedback pathways

in primates demonstrated that rapid, coordinated movements could still be performed for short

periods, lending further support to the idea that movements are centrally programmed rather than

peripherally triggered.

Speech Production: Similar paradoxes exist in the realm of rapid vocal articulation. The speed at

which phonemes are produced (often exceeding 10 per second) also far surpasses the time

required for auditory or proprioceptive feedback from one syllable to trigger the next, confirming
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that speech relies heavily on pre-planned motor programs.

Internal Models: Modern neuroscience research elaborates on motor programs through the

concept of internal models. These are neural simulations (forward and inverse models) that the

brain uses to predict the sensory consequences of an action and calculate the motor commands

needed to achieve a goal, enabling extremely fast, anticipatory control.

Coarticulation: In both musical performance and speech, the movements for subsequent

elements begin before the preceding element is fully complete. This blending, known as

coarticulation, is a direct manifestation of the simultaneous, pre-planned execution inherent in

open-loop control, further contradicting the serial, triggered nature of the S-R chain.

Further Reading

Motor Program Theory (Wikipedia)

Stimulus-Response Model in Psychology (Wikipedia)

Motor Control (Wikipedia)

Motor Control and Learning Resources (ScienceDirect)
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