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(57) ABSTRACT 

Sophisticated memory systems and intelligent machines 
may be constructed by creating an active memory system 
With a hierarchical architecture. Speci?cally, a system may 
comprise a plurality of individual cortical processing units 
arranged into a hierarchical structure. Each individual cor 
tical processing unit receives a sequence of patterns as input. 
Each cortical processing unit processes the received input 
sequence of patterns using a memory containing previously 
encountered sequences With structure and outputs another 
pattern. As several input sequences are processed by a 
cortical processing unit, it Will therefore generate a sequence 
of patterns on its output. The sequence of patterns on its 
output may be passed as an input to one or more cortical 
processing units in next higher layer of the hierarchy. A 
loWest layer of cortical processing units may receive sensory 
input from the outside World. The sensory input also com 
prises a sequence of patterns. 
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Figure 3B 
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METHODS, ARCHITECTURE, AND APPARATUS 
FOR IMPLEMENTING MACHINE INTELLIGENCE 

AND HIERARCHICAL MEMORY SYSTEMS 

FIELD OF THE INVENTION 

[0001] The present invention relates to the ?eld of 
memory systems and machine intelligence. In particular the 
present invention discloses methods, apparatuses, and archi 
tecture for implementing memory systems that exhibit 
machine intelligence. 

BACKGROUND OF THE INVENTION 

[0002] The ?eld of Arti?cial Intelligence (AI) has existed 
for over ?fty years. Many useful programs have been created 
from arti?cial intelligence research such as expert systems, 
skilled game playing programs, and neural netWork based 
pattern matching systems. Many of the programs can 
accomplish feats that no human could possibly match due to 
the signi?cant computational poWer of modern computer 
systems. However, no computer program has ever shoWn the 
type of understanding exhibited by the brain of even a young 
child. 

[0003] There have been tWo main schools of arti?cial 
intelligence research: classic arti?cial intelligence research 
and neural netWork research. These tWo main schools of 
arti?cial intelligence research differ in hoW the problem of 
attempting to create machine intelligence is addressed. The 
main difference betWeen the tWo schools is in hoW the tWo 
schools of arti?cial intelligence research are related to 
knoWn information about the human brain. 

[0004] Classic arti?cial intelligence proponents make no 
attempt to examine or replicate the manner in Which the 
human brain operates. Proponents of classic arti?cial intel 
ligence attempt to create programs that mimic basic human 
behaviors or problem solving in a manner that does not 
incorporate any fundamental understanding of hoW human 
brains actually Work. People that folloWed the classic arti 
?cial intelligence research school of thought felt that they 
should not be limited by the particular solution discovered 
by nature. This school of thought has some resonance since 
We created ?ying machines that do not operate the Way birds 
?y and We created fast land travel machines that do not 
operate the Way a cheetah runs. 

[0005] To create classic arti?cial intelligence, a program 
mer examines the problem to be solved or the human 
behavior to be mimicked and then determines an algorithmic 
solution to the problem. The programmer then codes the 
algorithmic solution in computer softWare. Examples of 
classic arti?cial intelligence programs include chess playing 
programs and expert system programs. These programs use 
an algorithm solution and a set of rules created by a human 
expert in order to solve complex problems, respectively. 
HoWever, these programs generally have no ability to learn. 
These programs can only handle the single problem that Was 
addressed. Nor can such arti?cial intelligence programs 
generaliZe upon the knoWledge incorporated into such pro 
grams in order to address completely novel input data. 

[0006] Neural netWork proponents have attempted to cre 
ate limited intelligent systems by replicating the operation of 
interconnected neural cells. There is a large body of knoWl 
edge that describes hoW individual neural cells (neurons) 
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operate and hoW connected neurons interact. Neural netWork 
proponents have built systems, knoWn as “neural netWorks”, 
based upon this knoWledge about neuron operation. Thus, 
neural netWork systems operate in a manner similar to a set 
of interconnected neurons. Neural netWork researchers are 
therefore often referred to as ‘connectionists.’ Intemeuron 
connection strengths are knoWn as synaptic Weights and are 
used to store the learned knoWledge. 

[0007] Before being used, a neural netWork must ?rst be 
trained With a set of training information. The training 
information consists of input vectors With associated output 
vectors that are deemed to be the correct output for the 
associated input vector. During the training, the connections 
betWeen the various simulated neurons in the neural netWork 
are adjusted such that the input vectors generate the asso 
ciated output vectors (or a close approximation). 

[0008] Once trained, a neural netWork is used by present 
ing a novel input vector to the neural netWork such that an 
output vector is generated. With a proper neural netWork 
design and adequate training data, the neural netWork should 
generate the appropriate output vector for the given input 
vector. Neural netWorks have been proven to be useful in 
some limited applications. 

[0009] Although there have been some limited successes 
With neural netWorks, most neural netWork systems are 
relatively primitive. Most neural netWork systems are sim 
ply a three layer structure With a set of input nodes, a set of 
middle nodes (also knoWn as the ‘hidden nodes’), and a set 
of output nodes. Although neural netWork systems are able 
to ‘learn’ in a very simple sense and exhibit a limited ability 
to generaliZe, there is clearly no real understanding of the 
World. Neural netWork systems merely create an internal 
function that best maps the training input vectors to the 
associated training output vectors. Thus, a neural netWork is 
only able to generaliZe in a limited sense by applying the 
internal function to the novel input vectors. 

[0010] To really advance the ?eld of arti?cial intelligence, 
a neW paradigm for arti?cial intelligence Would be desirable. 
The classic arti?cial intelligence approach has probably 
failed since We do not fully understand the essence of 
intelligence. And Without understanding the essence of 
intelligence, hoW can one be expected to encode intelligence 
in a computer program? The neural netWork approach has 
provided very limited results since neural netWorks gener 
ally emulate only relatively feW interconnected neurons and 
does so in a manner that ignores most of the complex 
anatomy of the brain. Since current estimates postulate that 
the neocor‘tex of the human brain contains approximately 
thirty billion neurons, such simple neural netWorks Will 
never provide the real intelligence exhibited by the human 
brain. Thus, to advance the state of arti?cial intelligence it 
Would be desirable to embark on a neW approach that avoids 
the problems of the current main approaches. 

SUMMARY OF THE INVENTION 

[0011] The present invention proposes creating sophisti 
cated memory systems and intelligent machines by con 
structing a memory system With a hierarchical architecture. 
Speci?cally, a system may comprise a plurality of individual 
cortical processing units arranged into a hierarchical struc 
ture. Each individual cortical processing unit receives a 
sequence of patterns as input. Each cortical processing unit 
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processes the received input sequence of patterns and out 
puts another pattern. As several input sequences are pro 
cessed by a cortical processing unit, it Will therefore gen 
erate a sequence of patterns on its output. The sequence of 
patterns on its output may be passed as an input to one or 
more cortical processing units in next higher layer of the 
hierarchy. A loWest layer of cortical processing units may 
receive sensory input from the outside World. The sensory 
input also comprises a sequence of patterns. 

[0012] Each individual cortical processing unit includes a 
memory that is used to help process the sequence of patterns 
received on the input. The memory may comprise previously 
encountered sequences of patterns that contain structure. An 
input sequence of patterns may be deemed to contain 
structure if that sequence of patterns has been encountered 
more than once. An individual cortical processing unit can 
use the stored sequences of patterns containing structure in 
order to later ‘recogniZe’ such structured sequences in the 
input stream. 

[0013] When a previously encountered sequence of pat 
terns is recogniZed by a cortical processing unit, the cortical 
processing unit can report such recognition to higher layer 
cortical processing units. The output to the higher layer 
cortical processing units may comprise an identi?er of the 
recogniZed pattern sequence. Over time, the output stream 
containing identi?ers of recogniZed sequences comprises a 
sequence of patterns itself. That output stream of patterns 
may comprise an input that Will be processed in a similar 
manner by the cortical processing unit in the next higher 
cortical processing unit layer. The outputs of more than one 
loWer layer cortical processing unit may be joined together 
such that the joined outputs form a sequence of patterns that 
may be processed. 

[0014] A cortical processing unit may also use the memo 
riZed sequence of patterns in order to make predictions about 
the incoming sequences in order to resolve ambiguous 
information. Speci?cally, When a cortical processing unit 
determines that it is currently receiving a knoWn sequence, 
the cortical processing unit may predict the next pattern to 
be received in the sequence. The processing unit may use the 
prediction to interpret the next pattern received. For 
example, if the input stream into a cortical processing unit 
is ambiguous, then that cortical processing unit may use the 
predicted pattern to help identify the next input pattern. 

[0015] The cortical processing unit may further provide 
the predicted next pattern doWn to the next loWer cortical 
processing units. The loWer cortical processing units may 
interpret this as a prediction of the next sequence that the 
loWer unit Will encounter (and hence output to the higher 
layer). Such prediction information may comprise informa 
tion that helps the loWer cortical processing unit layers 
correctly identify the next sequence. 

[0016] The prediction information may also be considered 
as useful predictions of What Will occur in the outside World. 
And if an incoming pattern signi?cantly differs from a 
predicted pattern or an incoming sequence of patterns sig 
ni?cantly differs from the predicted sequence of patterns, 
then there is a prediction failure. The occurrence of a 
prediction failure may be transmitted to a cortical processing 
unit in a higher layer. A cortical processing unit in a higher 
layer may be able to resolve the error. A detected error may 
be resolved in a number of different Ways. One Way to 
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resolve the error is to adjust the cortical hierarchy’s model 
of the World by storing a neW sequence of patterns. 

[0017] Other objects, features, and advantages of present 
invention Will be apparent from the company draWings and 
from the folloWing detailed description. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0018] The objects, features, and advantages of the present 
invention Will be apparent to one skilled in the art in vieW 
of the folloWing detailed description in Which: 

[0019] FIG. 1 illustrates a conceptual diagram of the 
visual processing portion of the brain concerned With rec 
ogniZing forms and identifying objects. 

[0020] FIG. 2A illustrates a revised hierarchical diagram 
for the human visual processing system of FIG. 1. 

[0021] FIG. 2B illustrates an alternate hierarchical dia 
gram for the human visual processing system of FIG. 1. 

[0022] FIG. 2C illustrates the alternate hierarchical dia 
gram of FIG. 2A With a local prediction feedback. 

[0023] FIG. 2D illustrates the alternate hierarchical dia 
gram of FIG. 2A With a prediction passed from a higher 
layer to a loWer layer. 

[0024] FIG. 3A illustrates a grid of pixels in the limited 
visual World considered by a prototype program machine 
intelligence program. 

[0025] FIG. 3B illustrates the pixel grid of FIG. 3A 
Wherein the pixel grid has been divided into a set of 
sixty-four pixel patches of four by four pixels that Will each 
be examined by an individual processing unit. 

[0026] FIG. 3C illustrates the pixel grid of FIG. 3B 
Wherein the sixty-four pixel patches have been grouped 
together in groups of four to form sixteen meta-patches that 
are examined by the sixteen processing units of the second 
processing unit layer. 

[0027] FIG. 4 illustrates one possible example of the 
hierarchy of the cortical processing units for the thirty-tWo 
by thirty-tWo grid of pixels illustrated in FIGS. 3A to 3C. 

[0028] FIG. 5A illustrates the hierarchy of the cortical 
processing units to process information from thirty-tWo by 
thirty-tWo grid of pixels illustrated in FIG. 3A in a prototype 
program. 

[0029] FIG. 5B illustrates the hierarchy of FIG. 5A With 
feedback information that provides context. 

[0030] FIG. 6 illustrates an alternate vieW of the cortical 
processing unit hierarchy of FIG. 5A Wherein the cortical 
processing units are each labeled With the addressing system 
set forth With reference to FIGS. 3B and 3C. 

[0031] FIG. 7 illustrates a Bayes belief net for the cortical 
processing unit hierarchy of FIG. 5A. 

[0032] FIG. 8 illustrates ninety training shapes that Were 
used to train the prototype program. 

[0033] FIG. 9 illustrates eight different possible sequences 
of four consecutive patterns. 

[0034] FIG. 10 illustrates some result data from three 
different line draWing tests using a prototype program. 
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DETAILED DESCRIPTION OF THE 
PREFERRED EMBODIMENT 

[0035] Methods, architecture, and apparatus for imple 
menting machine intelligence are disclosed. In the following 
description, for purposes of explanation, speci?c nomencla 
ture is set forth to provide a thorough understanding of the 
present invention. HoWever, it Will be apparent to one skilled 
in the art that these speci?c details are not required in order 
to practice the present invention. For example, the present 
invention has been described With reference to Bayesian 
netWorks for generating predictions. However, other types 
of systems may be used to analyZe the learned information 
in order to generate predictions. The numerous teachings of 
the present invention are set forth With reference to a simple 
image recognition system that uses image information as 
sensory input. HoWever, the principles of the present inven 
tion can be applied to any type of environment With any type 
of sensory input as long as there is detectable consistency 
Within the environment. 

Theory of Operation of the Human Brain 

[0036] The human brain consists of billions of intercon 
nected nerve cells (neurons). Like a computer system, the 
neurons of the human brain are connected to both input units 
and output units. The input units consist of the senses 
connected to our brain such as hearing, sight, smell, touch, 
and taste. The output units consist of controlled muscles that 
alloW us to perform complex actions With our bodies and 
alloW us to communicate by speaking. 

[0037] But beyond that one similarity, computers and 
human brains are extremely different. A computer has a 
central processor that sequentially executes a set of instruc 
tions (With associated parameter information) retrieved from 
a ?atly addressed memory system. In a human brain, there 
is no central processor. Instead, there are billions of neurons 
interconnected in some parallel manner Wherein all the 
neurons operate concurrently. Nor is there a large ?atly 
addressed memory system With perfect recall in a human 
brain. Instead, the human brain has billions of synapses that 
form connections betWeen neurons. Each synapse in the 
netWork of synapses may be strengthened or Weakened thus 
acting as a ‘memory’ in the form of modi?ed operation of 
that synapse. 

[0038] As set forth in the background, independent efforts 
at creating intelligent machines have yielded many useful 
computer programs. HoWever, nothing close to real human 
(or other mammal) intelligence has ever been created. No 
one has yet ?gured out hoW to independently program a real 
intelligent machine. Thus, in order to build an intelligent 
machine, it may be Wise to determine the manner in Which 
the human brain Works in order to take advantage of the 
operational methods incorporated in that amaZing product of 
millions of years of evolution by natural selection. 

[0039] The human brain has been studied by scientists for 
over a hundred years. This extensive research has lead to 
many independent discoveries that have revealed a large 
number of insights into the operation of the human brain. 
HoWever, the overall operation of the human brain still 
largely remains a mystery. The teachings of the present 
invention combine a number of the discoveries about the 
human brain in order to create an overall theory on hoW the 
human brain operates. The operational theories mainly focus 
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on the brain’s neocortex since only mammals, the class of 
animals generally regarded to be the most intelligent, have 
a neocortex. A full description of the overall theory of 
operation of the brain’s neocortex can be found in the book 
“On Intelligence” by Jeff HaWkins, Times Books, Which is 
hereby incorporated by reference in its entirety. 

[0040] With an overall theory on hoW the neocortex oper 
ates, these teachings can then be implemented With a 
machine in order to create arti?cial intelligence. For 
example, the methods of the present invention may be 
implemented With softWare on a computer system. HoWever, 
the teachings can be implemented in many other formats 
such as directly in an integrated circuit. 

Sensory Input Comprises Sequences of Patterns 

[0041] The human brain is protected Within the con?nes of 
the strong bone that consists of the human skull. There is no 
direct contact betWeen the human brain and the outside 
World. To learn about the outside World, the human brain has 
millions of connections to sensory nerve cells located all 
over the human body. Millions of nerve cells on the surface 
of the human body provide the input of touch. Millions of 
rods and cones on the retina of the human eye detect light 
and transmit information about the detected light along the 
optic nerve to the brain. Thousands of sensor cells in the 
human ear detect different sound frequencies and transmit 
the detected sound information along the auditory nerve to 
the brain. All of this sensory information is received along 
different nerve pathWays to the brain. The brain must then 
interpret all of this information to form an understanding of 
the outside World. 

[0042] All of the different sensory input signals that are 
transmitted to the brain have at least tWo dimensions: a 
spatial dimension and a time dimension. The spatial dimen 
sion constitutes a collection of related sensory signals that 
arrive at the brain at the same time. The collective activities 
on related nerve ?bers that are received by the brain at the 
same time are deemed to be a “pattern” of information in the 
spatial dimension. Over time, different patterns are received 
by the brain from each collection of related nerve ?bers. The 
consecutive patterns received by the brain along related 
nerve ?bers constitute a ‘sequence of patterns’ Wherein 
consecutive patterns are closely related in time. 

[0043] An example can easily be provided With reference 
to the human sense of vision. All of the input signals 
received by the brain from the optic nerve at a particular 
instant in time represent a pattern of visual information in 
the spatial dimension. Over time, different visual informa 
tion enters our eyes as We move our eyes (in movements 

knoWn as ‘saccades’), move our head, or move our entire 
body. The constantly changing visual information received 
by our eyes is continually transmitted to the brain along the 
optic nerve. The constantly changing visual information 
creates different patterns on the optic nerve. The continuous 
stream of patterns transmitted on the optic nerve is thus a 
sequence of patterns of visual information. 

[0044] The pattern in a spatial dimension and a sequence 
of patterns in the time dimension model applies to all of our 
different senses. With regard to hearing, different hairs in our 
ears are activated by different frequencies of sound. The 
collection of all of the different frequency signals transmit 
ted from the ear to the brain along the auditory nerve 
































