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•  Alternating intervals of relative stability (exploitation) and diversity (exploration). 
•  Increases in accuracy come after a period of heightened variability. 

Sample trajectories 

•  Extreme variability is well-documented in the earliest stages of word learning. However, 
much of this variability has been attributed to poorly specified, holistic word-level 
representations (e.g., Ferguson & Farwell 1975, Sosa & Stoel-Gammon 2006).  

•  In fact, spikes of extreme variability continue in older children who are presumed to have 
segmentally specified representations.  

•  Hybrid models like the A-map can model this continuing variability. 
•  Some variants are the selected output of the grammar; others are motor performance 

errors. Crucially, the grammar influences whether or not the child will attempt/tolerate 
variability. 

 
•  Exploitation occurs when PRECISE outweighs ACCURATE. Favors the most reliable variant attempted to 

date, even if this variant is inaccurate (A). 
•  Exploration occurs when the weight of ACCURATE increases, prompting the child to attempt variant(s) 

closer to the adult target (B). Spike in error scatter: Some errors reflect the selected output of the 
grammar, but others reflect motor performance errors as child tries to hit challenging new target. 

•  Exploration can result in updates to the A-map, leading to a new pattern of stability (C). 
•  Illustration with toy grammars (very loosely modeling stages exhibited by Ines) for learning trajectory for 

target /f/, with exploration due to PRECISE/ACCURATE reweighting in (B) and by execution error in B, C 

 
 
 

 A. Initial state:  B. ACCURATE upweighted:   C. A-map updated:  D: A-map updated; 
 exploitation of /t/;  exploration; new variants  still some errors of execution,  fewer execution errors, 
 little to no scatter  subject to execution error,  causing some scatter  little to no scatter

  causing lots of scatter 
  

   

 
 
 

•  Speakers possess an internal model representing mappings 
between motor plans and sensory outcomes (e.g., Wolpert, 
Ghahramani, & Jordan, 1995; Scott, Yeung, Gick, & Werker, 2013), 

•  Execution of a motor plan generates a predicted outcome 
(efference copy) in addition to actual sensory outcome. 

•  Two types of error signal (McDougle, Ivry, & Taylor, 2016): 
•  Output deviates from an external goal (performance error) 
•  Output deviates from an internal prediction (sensory 

prediction error) 
•  Tension between error types gives rise to an exploration-

exploitation tradeoff 
•  Exploitation: Use an existing stable motor plan to achieve a 

functional goal. Minimizes prediction error. 
•  Exploration: Try variations on existing motor plan to bring 

output closer to external goal (reduce performance error). 

Exploration & exploitation in motor learning 

 
 
 

• Competing pressures in motor control are relevant to speech: 
• Match an external target, the adult acoustic signal (minimize 

performance error)  
• Produce an output that can be attained reliably, whether it 

matches the target or not (minimize prediction error) 
•  These pressures are proposed to be encoded in a grammatical 

module termed the A(RTICULATORY)-MAP.  
•  Grammatical candidate outputs are linked to detailed 

episodic traces of inputs, outputs, and efference copies.  
•  Candidates are evaluated relative to conventional feature-

based markedness/faithfulness, as well as: 
•  ACCURATE:  Penalize a candidate in proportion to the distance 

from intended outputs to the adult target. 
•  PRECISE:  Penalize a candidate in proportion to the average 

distance between pairs of efference copies and actual outputs in 
the associated motor-acoustic mapping. 

T = Target;  A = Actual;  E = Efference copy 

The A-Map Model (McAllister Byun, Inkelas, & Rose, 2016) 

 
 
 

•  In Gradual Learning Algorithms, non-adult-like productions 
prompt constraint reranking (specifically, higher weight/rank for 
faithfulness relative to markedness).  

•  Error-driven learning predicts monotonically increasing accuracy. 
•  Previous errors may persist (e.g., Becker & Tessier 2011), but new 

variants should be more faithful to the target, not less faithful 

Standard models do not predict exploration 

Stability =   instances of most frequent variant 
 total observations 

Accuracy=  instances of accurate variant 
 total observations 

 
Diversity = 
  

1−
N j (N j −1)
N(N −1)j

∑

Attempts =  # attempts 
 # attempts in most prolific session 
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Exploration as a grammatical stage in the A-map model 

f PREC ACC 

weight 3 1 ℋ  

f -6 0 -18 

p -2 -3 -9 
? t 0 -4 -4 

•  Phonological development is often described as “U-shaped,” but reality often looks more like an explosion of variability (including variants 
that are both more and less accurate than previous attempts) prior to an increase in accuracy.  

•  This evokes exploration/exploitation tradeoffs in motor development.  
•  Predicted by hybrid models including the Linked Attractor Model (Menn et al., 2009, 2013) and the A-map Model. 
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f PREC ACC 

weight 3 4 ℋ  

? f -3 0 -9 
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