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Abstract: The phonological short-term memory (pSTM) [2] depicts an interface for 

speech perception and speech production. In speech perception the information pro-

vided by auditory and visual (lip reading) sensors must be transformed into infor-

mation needed for language processing. In speech production the information of lan-

guage processing must be transformed into information needed for motor control of 

articulatory movements. Research on Brain Computer Interfaces (BCIs) is driven to 

develop therapies to correct disordered information exchange in the brain using neu-

romodulation [1]. For correcting disordered information,  the input-output codes 

of the pSTM, must be known. To understand these codes, the functionality of the 

pSTM must be known. The paper focuses on how the pSTM encodes (learns) and 

recalls (perceives) syllables. The pSTM is unique to human restricting invasive meas-

urements as electrocorticography. Thus, the functionality of the pSTM is poorly un-

derstood. To increase knowledge, the paper works with following pSTM-hypothe-

sis: neuronal functionality of the pSTM can be derived from the functionality of the 

episodic memory (EM), common to all mammals including humans. To provide ev-

idence of this hypothesis, the paper shows the similarity of the tasks to be performed 

in both memories and the common use of a multi-item code transmitted by Θ-oscil-

lations interfering with the synapses of the items stored in both memories. 

1 Introduction 

Research on Brain Computer Interfaces (BCIs) is driven to develop therapies to correct 

disordered information exchange in the brain using neuromodulation [1,3]. The paper sup-

ports the development of BCIs paving the way towards a neural model of the phonological 

short-term memory (pSTM) [2]. The pSTM is needed for speech perception as well as for 

speech production. During evolution, the pSTM developed together with speech produc-

tion and speech perception to improve speech communication. Speech communication is a 

unique ability of humans, thus the pSTM is unique. Because the use of invasive measure-

ments such as electro-cartography (ECoG), intracranial electrodes (iEEG) and deep brain 

stimulation (DBS) is very restricted to being applied to humans, deciphering the neural 

functionality of the pSTM has not achieved the maturity needed. For developing BCIs, the 

exact neural implementation as provided by microcircuits [9] must be known. For this demand 

most progress is achieved by applying invasive measurements, which have been applied to non-

human mammals such as rats, rabbits [4]. Due to state of the art, progress in studying complex 

areas of the human brain is fastest, when the human areas are common for nonhuman mam-

mals. In this case invasive measurements can be performed on nonhumans and the results 

are transferred to the human brain. The paper follows this approach to gain knowledge 

about the pSTM with following pSTM-hypothesis: the functionality of the pSTM can be 

derived from the neural functionality of the episodic memory (EM) common to all mam-

mals including humans [10]. Using the pSTM-hypothesis the knowledge gained from the 

EM can be transferred to the pSTM. The paper is focused on providing evidence of this 

hypothesis. For both memories, in sections 2 and 3 the functionality, state-of-the art-mod-

els of architecture and the role of the Θ-oscillations are described. Section 4 is focused on 
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providing evidence of the pSTM hypothesis. 

Both memories, EM and pSTM exchange information of stored items via a multi-modal code 

[5] describing different modalities of an item (e.g. a multi-modal code of an item with two 

modalities: the auditory loudness and the visual brightness). The information of each modality 

has its own code encoded as modulation of a cycle of a γ-oscillation. For a given item, γ-cycles 

of all modalities are embedded in a single Θ-cycle (see fig.1 taken from [22]; all codes of each 

modality are stored within a specific modality-memory). 

 

Figure 1 - Θ – γ oscillations in working memory.  

Θ – γ gamma coding scheme by which multiple mem-

ories are actively stored in the same network. Different 

memory items (3 are shown) are represented by differ-

ent groups of active cells (black) that fire in different 

gamma cycles of a theta cycle. The different memories 

thus have different theta phase. If the multiple items are 

being held in short-term memory, the entire pattern re-

peats on subsequent theta cycles. 

 

Within memory, N-methyl-d-aspartate receptors (NMDARs) perform long term potentiation 

(LTP) of synapses changing the strength of synaptic connections between the items. NMDARs 

are sensitive to the information encoded in Θ-oscillations. This mechanism is the basis for 

learning, where synaptic connections between items are strengthened or even created, whenever 

a sequence of perceived items encoded by the Θ-cycles fits to items stored in the memory.  

Within the hippocampus the role of NMDARs has been studied for humans and nonhumans 

leading to the conclusion, that. NMDARs are crucial for regulation of excitatory synaptic trans-

mission and synaptic plasticity [13].  

2 The Episodic Memory, and the Role of Θ-Oscillations  

The human EM is located in the hippocampus of the medial temporal lobe (MTL) [10]. Re-

search for providing the functionality of the human EM started with lesion models derived from 

people with specific lesions. Those models show that the EM is critical for the recollection of 

past personal experiences and the retrieval of previously learned facts about general knowledge 

[10]. The process of decoding and recalling information from the EM is not just memory access 

via an address of an item stored as done for the memories used by a computer. Instead, the EM 

must handle as input sequences of snapshots of the sensors describing the environment and 

must provide as output a sequence of codes describing the sequence of snapshots. Each snapshot 

is given either by a single item or by different connected items. There is high evidence that the 

code of each item is a multimodal code [5] as described in the introduction. There exist several 

theories concerning the nature of the items and how the items are connected. In the community 

of neuroscience regarding liaison models, the structural nature of the items is termed the 'neural 

code', where specific neurons spike whenever a specific item of a episodic snapshot is present 

[11]. Further it is hypothesized that the items could be abstract constructions (e.g. a 'friend'-

neuron spikes, whenever this friend is part of the snapshot independent from the specific envi-

ronment recorded by the visual sensor). As described in [4] the temporal/spatial order of the 

sequence of the snapshots of an episode stored in the EM is realized by specific synapses con-

necting neighboring snapshots of an episode. Whenever a neural ensemble realizing a specific 

snapshot is activated, the ensemble of the following snapshot is activated. 
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Figure 2- Concept of pattern separation and completion taken 

from [12]. 

 Pattern separation makes similar input patterns (i.e., A and A') 

more distinct and reduces the overlap between representations. In 

contrast, pattern completion increases the overlap between two 

similar input patterns. 

 

The timing of the activation process is steered by phases of the cycles of Θ-oscillations gener-

ated in the hippocampus [5,10]. The sequence of the phases is called precession [27]. Another 

aspect of the capabilities of the EM is given by the process of learning of new items and the 

detection of similar items. As shown in fig.2 two capabilities termed pattern completion and 

pattern separation are active in the EM. 

2.1 The Architecture of the EM 

The first neural architecture of the EM was presented in 1994 [4]. Fig.3. depicts the architecture 

of the EM given by its components, and their connections. In [4] the functionality of the EM is 

characterized as follows: The neural ensemble CA3 is an auto associative memory and works 

together with the DG, and CA1. Via the entorhinal cortex the EM receives and transmits the 

information representing the episodes from respectively to the neocortex. In terms of cell num-

bers, information appears to be funneled from DG through the CA3 bottleneck and then spread 

out again into CA1. The output of CA1 returns via the subiculum to the entorhinal cortex, from 

which it is redistributed to neocortical areas. 

 

Figure 3 - Architecture of EM as presented in [12] 

 The basic components of the EM are the DG (dentate gyrus), the 

memories CA1 together with CA3, and the SUB (subicular com-

plex). Output and input of the EM is the entorhinal cortex (EC), 

which is the interface to many regions of the neocortex especially 

to all regions delivering the information provided by the sensors 

(visual, auditory, emotion, odor). In figure 3 the input and output 

of the EM with the EC is shown in more detail given by connec-

tions to or from the layers II-V of the EC (For all mammals the 

structure of the EC and the neocortex is described by 6 denoted 

as layers I-VI. Layer I is near the scalp, whereas layer VI is deep 

in the cortex). 

 

Nowadays more detailed functionality of the components of the EM has been deciphered (see 

the following subsections 2.1.1-2.1.2) 

2.1.1 The DG 

In the following the term ‘pattern’ is identical to the term ‘item’. The patterns are stored in 

Dentate Granule Cells (GC) [14]. As described in [14] the role of the DG can be stated as 

follows: In the feed-forward pathway from the EC → DG → CA3 synaptic transmission and 

plasticity have been implicated in pattern separation based on the spatial and temporal segre-

gation of the initially overlapping EC memory engrams (engrams are items describing parts or 

the complete snapshot). In [14] two kinds of GCs are regarded building the set of the GCs: 

young and old GCs. The young GCs represent GCs, which are created for new patterns not yet 

observed. Thus, the set of GCs increases fast especially for young mammals. The young GCs 

are very specific, as they are derived from a specific snapshot.  An old GC gathers all the pat-

terns, which represent similar patterns. Thus, old GCs represent a more abstract presentation 
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for cluster of patterns. To handle the properties of the GC, the DG must handle several tasks: 

• The DG must segregate patterns (segmentation task) 

• The DG must be able to generate new GCs (creation task)  

• The DG must be able to decide if a pattern is a candidate for a new GC or if it belongs 

to an old GC (recognition task) 

How the DG solves these tasks is not yet fully understood. NMDARs play an important role in 

performing these tasks e.g. in pattern segregation [14]. 

2.1.2 Memories CA3 and CA1 

Haselmo [15] and Buzsáki [8], were pioneers in developing neural models of the EM. In [8] the 

hypothesis is set up that in evolution navigation in the real world of nonhuman mammal devel-

oped to navigation in the mental space: we propose that mechanisms of memory and planning 

have evolved from mechanisms of navigation in the physical world and hypothesize that the 

neuronal algorithms underlying navigation in real and mental space are fundamentally the 

same. We review experimental data in support of this hypothesis and discuss how specific firing 

patterns and oscillatory dynamics in the entorhinal cortex and hippocampus can support both 

navigation and memory. Thus, the mechanisms of the nonhuman EM are like the mechanism 

of the human EM. Haselmo [15] argues in the same line. He gives a more detailed mechanism 

of mental navigation including the information of specific neurons located outside the EM: 

Entorhinal grid cells integrate the head direction input to update an internal representation of 

location and drive hippocampal place cells. 

[16] describes the memories CA3 and CA1 in more detail saying: We showed that activation of 

CA3 ensemble recalls the memory and that synchronous activation of distinct cell populations 

in CA3, which corresponds to distinct events links these initially independent events. These 

findings suggest that the CA3 recurrent circuit expressing NMDARs mediates artificial associ-

ation of memory events stored in CA3 ensembles.  

NMDARs in CA1 are involved in memory acquisition, indicating that NMDARs in the hippo-

campus are essential for multiple brain functions [26]. 

2.2 The Role of the Θ-Rhythm in the EM 

In 1954 regular waves of 5-7Hz have been detected in the hippocampus of a cat [17]. Nowadays 

these oscillations are called Θ-rhythm. In 1978 O'Keefe and Nadel [18] measured the activity of 

the hippocampus of rats performing a navigation task for food-finding. They detected a cogni-

tive map of place cells, where each cell is sensitive to a specific position of the rat. The activa-

tion of the place cells is triggered by phases of the Θ-rhythm. This property of the Θ-rhythm 

has been named Phase Precession [Buzsáki, 2002]. In the learning process the rat stores differ-

ent ways (episodes) to the food in the EM. In the finding process the rat uses the visual cues 

provided by the current environment and compares these with the snapshots derived from the 

episodes stored. These two discoveries, the Θ-rhythm and the map, are the basic ingredients 

for understanding the functionality of the EM. As mentioned in [8], the two discoveries [17,18] 

are the basis of fundamental properties of memories. Thus, I conclude that EM can be seen as 

a blueprint for other memories and thus, this statement is in line with the pSTM-hypothesis.  

3 The pSTM  

The items stored in the pSTM are syllables. In [3] it is hypothesized that the cognitive units are 

syllables, which are encoded in the same way for speech perception as well for speech produc-

tion. The neural code of a syllable is termed the AC-code. As described in [3,6] each syllable 

is represented by a multi-item code (see fig.1) called AC-code representing articulatory gestures 

given by the onset, kernel, coda of a syllable and its emotional state. 
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3.1 The Architecture of the pSTM 

In various publications the term phonological short-term memory (pSTM) is called by differ-

ent names as phonological working memory (pWM) [20]. According to [20], the understanding 

of the neural functionality of pWM is poor, because speech processing belongs to human cog-

nitive abilities with high complexity, where multiple systems work together.  The task of the 

pSTM is to handle items concerning speech perception, speech production, and language pro-

cessing. The most widely used functional model for the pSTM is Baddeley's theory of working 

memory called the phonological loop [21]: The model comprises a phonological store, which 

can hold memory traces for a few seconds before they fade, and an articulatory rehearsal pro-

cess that is analogous to subvocal speech (fig.4). Memory traces can be refreshed by being re-

trieved and re-articulated. Immediate memory has a limited span because articulation takes 

place in real time - as the number of items rehearsed increases, it reaches a point at which the 

first item will have faded before it can be rehearsed. Evidence for the role of articulation comes 

from the word-length effect: immediate memory span declines as word length increases from 

one to five syllables. The suggestion that this reflects the slower rehearsal of interpretations 

assume that each item forms a cue or stimulus for the following item, with the result that once 

the initial item is activated, the sequence runs off relatively automatically. 

 

Figure 4 - A functional model of the phonological loop [21]. 

a Phonological analysis.  

b Short-term storage (STS).  

c Programming of speech output.  

d Visual encoding.  

e Grapheme-to-phoneme conversion. Auditory information gains di-

rect access to a phonological store, after which it passes to an output 

buffer for recall or recycling through rehearsal. Visual material can 

be recorded verbally and then gain access to the phonological store 

through rehearsal. 

 

3.2 The role of the Θ-Oscillations in the pSTM 

In speech processing the duration of a Θ-cycle describing a multi-modal code of a syllable has 

the duration of the related syllable. Thus, the frequency of the Θ-rhythm is dependent on the 

speaking rate. It is speculated that the information carried by one Θ-cycle is encoded in four γ-

cycles; three γ-cycles represent three articulatory gestures given by the onset, kernel, and coda 

of a syllable and the fourth γ-cycle represents the emotional state [3]. In [23], it is speculated 

that phases of the starting points of the γ-cycles are the starting point of the three related artic-

ulatory gestures. Further it is speculated that these starting points are acoustic cues specifically 

produced by the articulators to determine together with the phonetic content the temporal struc-

ture of a syllable. 

A still unsolved question is the neural position and functionality of the Θ-oscillator. The Θ-

oscillator must generate a Θ-cycle fitting to the start and duration of the related syllable. A 

plausible position is the hippocampus, where many oscillations are generated. As measured in 

[18] the frequency of the Θ-oscillator depends on the speed of rats searching food. In speech 

production the equivalent speed is the speed of the articulators. The emotional memory is also 

located in the hippocampus [3].  It seems that speed is also an emotional feature.  In [24] in the 

hippocampus as well in the vSMC synchronous Θ-cycles were observed during speech produc-

tion.  Surprisingly the information carried in a Θ-cycle increased substantially during the trip 
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from the hippocampus to the vSMC.  This increase can be caused by following mechanism: In 

the hippocampus the Θ-oscillator is steered by emotional status including the speed feature 

leading to a Θ-cycle including the single γ-cycle encoding emotion. The Θ-cycles are transmit-

ted to the vSMC via the pSTM, where the three γ-cycles needed to complete the AC-Code are 

added. 

4 Providing evidence of the pSTM-Hypothesis 

EM and pSTM are found in different areas of the brain: EM the hippocampus, pSTM in the 

inferior parietal lobule. The similarity of pSTM with EM can be explained by following strategy 

observed in evolution: 

Due to the similarity of their functionality, the functionality of the pSTM can be derived from 

the 'copy and paste' strategy of evolution. During evolution the development of new skills of 

the brain (e.g. gathering more food) is not done by developing completely new neural ensembles 

but by a 'copy and paste' strategy: existing neuronal ensembles are copied and placed near old 

neuronal ensembles achieving improved capabilities. In evolution this strategy has been proven 

to be the fastest method to develop new skills. As the pSTM is younger concerning evolution, 

the functionality of the pSTM may be an adapted copy of the functionality of the EM. 

4.1 Similarities in Tasks 

In the pSTM the sequence of syllable plays the role of the sequence of the snapshots of the 

episodes stored in the EM. Further the items stored are encoded by a multi-item code and trans-

mitted via Θ-cycles. The duration of a Θ-cycle active in the EM is given by the local speed of 

the items. In the pSTM the duration is given by the speaking rate i.e. the speed of the articula-

tors. Thus, the speed determines the frequency of the Θ-cycles.  

These findings lead to the conclusion that both memories have the same task: storing sequences 

of items related to the timing of the items. The memory must enable the recall of sequences and 

the handling the creation of new sequences. 

Both memories, pSTM and EM, must provide a mechanism to extract information given the 

input of sensors and transform ‘snapshots’ of this information as sequential stored items. In the 

EM the transformation of the snapshots to items is performed by the DG (see 2.1.1), which 

detects fitting patterns taken from a set of patterns stored in the DG.  Each item is encoded by 

fitting patterns. To detect fitting patterns, the DG performs three tasks: the segmentation task, 

the creation task and the recognition task (see 2.1.1). These 3 tasks must be performed also 

within the pSTM. Due to [3] the patterns are articulatory features, extracted from segmented 

auditory as well extracted from segmented visual input (segmentation task). In a learning pro-

cess those patterns must be found, which belong to the language spoken. The found pattern 

(creation task) relates to the articulatory gestures building syllables of that language.  According 

to fig. 4 these tasks must be performed by phonological analysis. In speech perception and 

speech production the neural mechanisms determining the timing of the movements of the ar-

ticulators is not well understood (see conclusion). 

4.2 Similarities in Architecture 

Comparing phonological loop (fig.4) with architecture EM-architecture (fig. 3), it seems that 

the STS plays the role of CA3, where the recursive links are provided via the rehearsal process 

and the phonological output buffer takes the role of CA1. In fig. 4 the box ‘c Programming of 

speech output’ has at the left the output the information of the rehearsal process. This infor-

mation can be interpreted as the sequence of AC-codes of the perceived auditory (speech)-input. 

These AC-codes enter the rehearsal system for planning the motor programs to steer the artic-

ulators (in rehearsal the programs are not executed). In parallel the sequences of the AC-codes 

perceived are fed back as sequences stored in the STS as done by the recursive links of the CA3. 
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In the feat-back the AC- sequences are channeled through the STS, where the path is realized 

by the synaptic connections between the neurons sensitive to the sequence of AC-codes.  

Further for speech perception, the articulatory features extracted from the auditory input and 

the visual input (lip-reading) are combined in the ventral sensorimotor cortex (vSMC), where 

the combined articulatory features are transformed into the AC-code [3]. Thus, in fig. 4 the 

action ‘a’ performing Phonological analysis, including auditory and visual information delivers 

as output the AC- code. 

5 Conclusion 

According to state of art, from both memories EM and pSTM, the architecture and the role of 

the Θ-oscillation influencing NMDARs are described. To provide evidence of the pSTM-Hy-

pothesis the strategy of evolution, the similarity of the tasks and the role of the Θ-oscillation 

are given. 

To increase the knowledge of the pSTM concerning speech perception and speech production, 

some functionalities of the EM are of interest: 

▪ The functionality of the DG can be transferred to speech perception, because the ability 

to perform pattern segmentation and classification without using a language model is 

not yet solved.  

▪ The mechanism of precession used in the EM can be transferred to speech production, 

because in speech production the control of timing of the articulators is understood only 

partly. 

Still the neural functionality of the EM has to be more deciphered in detail and the neuronal 

ensembles of the pSTM corresponding to those of the EM have to be identified. 
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