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“Tracer Bullet” across neuronal scales



Emery the Virtual Rat



What is a cognitive 
architecture and why bother?
• “a strongly-constrained and comprehensive 

framework … and applying it to many different 
cognitive phenomena, each of which tests the 
theory/architecture in different ways. If a 
cumulative theory can successfully do that, then 
there is good reason to believe in its validity as a 
model of human cognition. Otherwise, it is 
simply too easy to fit any given small subset of 
phenomena with any theory of limited scope.”



Motivations
• What are the roles and mechanisms of the distinct neural 

anatomies in the context of memory? 

• Using known neural architectures (neurotransmitters, rough 
connectivity, documented pathologies), designing a best guess 
computational systems 

• Can this be linked to learning? 

• Partly existence proof, partly using computational reasoning to 
guide experimentation  

• Can a parts-based, goal-based cognitive architecture 
accomplish tasks?
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20 Principles
• Principle 6 (Networks of neurons are the fundamental information processors in the brain): 

Neurons integrate many different synaptic input signals from other neurons into an overall output 
signal that is then communicated to other neurons, and this provides the core information 
processing computation of cognition. Simplistically, each neuron can be considered as a 
detector, looking for particular patterns of synaptic input, and alerting others when such patterns 
have been found. 

• Principle 7 (Synaptic weights encode knowledge, and adapt to support learning): Synaptic 
inputs vary in strength as a function of sender and receiver neuron activity, and this variation in 
strength can encode knowledge, by shaping the pattern that each neuron detects. There is now 
copious empirical evidence supporting this principle and it can probably be considered 
uncontroversial in the neuroscience community at this point. 

• Principle 8 (Pyramidal neurons in neocortex are the primary information processors of 
relevance for higher cognition): The neocortex is the primary locus of cognitive functions such 
as object recognition, spatial processing, language, motor control, and executive function, and all 
of the long-range connectivity between cortical areas is from excitatory pyramidal neurons 

• Principle 9 (Inhibitory interneurons regulate activity levels on neocortex, and drive 
competition): This inhibitory dynamic gives rise to competition among neurons, producing many 
beneficial effects on learning and performance



LEABRA attempts to encompass 
everything



LEABRA starts at the synapse



Modern Synapse Model

“Composition of isolated synaptic boutons” Wilhelm et al, Science 2014

300,000 proteins simulated 



AdEx Neuronal Model
• Brette & Gerstner, 2005. 5 differential equations 

with 31 different parameters. 



Are pyramidal cells really 
the core processing unit?

• “Neuronal cell types” are fighting words in 
contemporary neuroscience.

Jonas and Kording, 2014

Seung and Sumbul, 2014

Lichtman Lab



The GCaMP6 paper: Chen et al, Nature 2013

Dendritic logic calls into question 
the primacy of synaptic weights



The GCaMP6 paper: Chen et al, Nature 2013



Learning
“Local, Error-driven and Associative, Biologically Realistic Algorithm”

STDP 
Long time period

“Hebbian” 
Self-Organizing

Backpropagation 
Short time period



Spike Time Dependent Plasticity 

“Hebb’s Postulate Revisited”: Bi and Poo, 2001. STDP model: Urakubo et al 2008

Science XCAL Model



Spike Time Dependent Plasticity 

“Hebb’s Postulate Revisited”: Bi and Poo, 2001. STDP model: Urakubo et al 2008

XCAL original LEABRA combination 

ThetaP is just some constant, ~0.1 Combining information over short and medium time scales



Error-based learning model



Spike Time Dependent Plasticity 

“Hebb’s Postulate Revisited”: Bi and Poo, 2001. STDP model: Urakubo et al 2008

Inhibitory Dynamics: few neurons break threshold 
Rich Get Richer: Those that do get stronger 
Self-Balancing: Bound the positive feedback loop



Inhibitory Competition Model

k-“Winner Take All” model. Only the top k weighted neurons 
are allowed to be active.



• Principle 10 (Micro-macro interactions): The microstructural principles and associated 
mechanisms characterize the fabric of cognition, so they also define the space over which 
macrostructural specializations can take place — in other words, we should be able to 
define different specialized brain areas in terms o different parameterizations of the 
microstructural mechanisms. Furthermore, the system is fundamentally still just a giant neural 
network operating according to the microstructural principles, so brain areas are likely to be 
mutually interactive and interdependent upon each other in any given cognitive task. 

• Principle 11 (Interference and overlap): Learning new information can interfere with 
existing memories to the extent that the same neurons and synapses are reused — this 
directly overwrites the prior synaptic knowledge. Hence, the rapid learning of new 
information with minimal interference requires minimizing the neural overlap between 
memories. 

• Principle 12 (Pattern separation and sparseness): Increasing the level of inhibitory 
competition among neurons, which produces correspondingly more sparse patterns of 
activity, results in reduced overlap (i.e., increased pattern separation)

20 Principles (continued)



Memory and Cognition

“Complementary Learning Systems” - O’Reilly 2011

Relevant for: Variable binding, memory replay, 
working memory retrieval, 



What do memories look like?

“Creating a False Memory in the Hippocampus”: Ramirez et al, Science 2013



“Creating a False Memory in the Hippocampus”: Ramirez et al, Science 2013

What do memories look like?



How does the memory 
circuit both read and write?

“Proposed Function for Hippocampal Theta Rhythm” Hasselmo 2002, Neu. Comp.



By toggling the sign of synaptic plasticity in different phases 
of the theta cycle, they use LEABRA to implement Hasselmo’s 
model

How does the memory 
circuit both read and write?



Results



Results



• Principle 14 (Activation-based memory is more flexible than weight-based memory 
changes, and crucial for exerting top-down control): Changes in neural firing can 
generally happen faster and have broader and more general effects than weight changes.

• Principle 15 (Tradeoff between updating and maintenance): There is a tradeoff between 
the neural parameters that promote the stable (robust) active maintenance of information 
over time, and those that enable activity patterns to be rapidly updated in response to new 
inputs 

• Principle 16 (Dynamic gating): A dynamic gating system can resolve the fundamental 
tradeoff between rapid updating and robust maintenance by dynamically switching between 
these two modes

20 Principles (continued)



PFC models to answer 
cognitive questions

How can we maintain focus on one task? How are we not 
constantly scrambling our representation of the world?



PFC modeling for various tasks



Mo’ parts mo’ performance



• Principle 17 (Meaning is in the activity pattern across neurons, not the individual neural messages): Meaning 
in a neural network is entirely derived from the patterns of activity across the population of input neurons (“receptive 
field”) to a receiving neuron — each individual neuron only has meaning in relationship to other neurons, and this 
meaning must be learned over time by each neuron.

• Principle 18 (Hierarchical stages required for complex processing): Given the relatively simple detector-like 
functionality of individual neurons, multiple hierarchically-organized stages of processing are typically required to 
extract high-level information out of sensory input streams. Each stage of processing detects patterns of an 
incremental increase in complexity relative to the stage before, and this incremental decomposition of the problem 
can enable information to be extracted in ways that single stage transformations simply cannot support 

• Principle 19 (Interact and override): As newer brain areas evolved on top of older ones, they generally have 
strong bidirectional interactive connections with the older areas, and leverage the more robust signals from the 
older areas to help train up the more flexible newer systems, while also having the ability to exert top-down control 
over the older systems through either directed or competitive inhibition (Munakata, Herd Chatham, Depue, Banich, 
& O’Reilly, 2011). 

• Principle 20 (Motivation and reward must be grounded): As higher-order motivational and affective areas 
evolved to be more flexible and adaptive to the specific environmental context an individual finds themself in, the 
risk of motivations becoming maladaptive over the course of an individual’s development emerged. The prevalence 
of suicide in humans is evidence that we have pushed this balance to the limit. Thus, there must be strong 
grounding constraints on the learning processes in these higher-order motivational systems — it is crucial that we 
cannot just make ourselves happy by willing it to be so.

20 Principles (continued)



Goal-Driven Primary Value, 
Learned Value (gdPVLV) Cognition

PV: actual reward. LV: Sensory cues that motivate towards PV. 
(Not pictured: goal selection)



Sample set of needs



Goal Processing Pyramid



Goal-Driven Primary Value, 
Learned Value (gdPVLV) Cognition

LV System PV System



Implementation: Emery the rat



Implementation: Emery the rat



Future Work

Rich virtual worlds, mapping insights to 
real brain anatomy (via glass brain)



Future Work

More complex simulations, such as Icarus (-2009)



Summary (editorial)
• Awesome in scope and comprehensiveness.  

• Impressive that neurotransmitters are in the conversation, but they are 
treated discretely which limits their effect to superficial only. 

• Intentionally considers both inhibitory and excretory dynamics. 

• “Some mistakes will be made … that’s good. Because it means some 
decisions are being made along the way” -Steve Jobs 

• Proof of existence for cortical<->hippocampal, gating 
mechanisms,robustness agains the catastrophic interference problem 

• Unclear how modular the system is as underlying models improved 

• Results will be limited until the models can scale to deep convent scale.


