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K-LINES: A THEORY OF MEMORY

Marvin Minsky

ABSTRACT. Most theories of memory suggest t ha t  when we learn or
memorize something, some • representation ” of that something Is constructed ,
stored and later retrieved. This raises questions like:

How is information represented?
How Is It stored?
How Is it retrieved ?
Then, how is it used?

This paper tries to deal with all these at once. When you gt’t an idea and
want to “remember ” it , you create a “K- line ” for it . When later activated ,
the K-line induces a partial mental state resembling the one that created it.
A “partial mental state ” is a subset of those inc’ntal agencies operating at one
moment. This view leads to many ideas abou t the development , structure
and physiology of Memory,  and about  how to imp lemen t  f rame- l ike
representations in a distributed processor .
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Marvin Minsky 2 K-Thfo !y of Memory

K-LINES: A THEORY OF MEMO RY

Marvin Minsky

M. I. T.

Most theories of memory suggest that  when you learn or m emorize
something, a representation of that something is constructed , stored and later
retrieved . This leads to questions like:

How is the information represented?
How Is it stored ?
How is It retrieved?
How is it used?

New situations are never exactly the same as old. So ii the information In
an old “memory ” Is to be useful , it must somehow be generalized or
abstracted. This leads us also to ask:

How are the abstractions made?
When -- before or after storage?
How are they later instantiated?

We t ry to deal with all these at once , by de veloping the thesis: the
f unction of a memory is to re-create a state of mind . Then each memory
must embody Information that can later serve to re-assemble the mechanisms
that were active when it was formed -- to recreate a “memorable ” brain
event . (See Note 1.) Our scheme is basically sim ple:

When you “get an idea”, or “solve a problem ”, or have a “memorable
experience”, you create something we shall call a K-line for it.

This K-line gets connected to those “mental agencies” that were recently
active -- i.e., which were involved in the memorable menta l event.

Wh en the K- l ine  Is later “act ivated” , it  reactivates those mental
agencies, creating a “partial mental state” resembling the nrig ina l .

H
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To make this concrete , we must explain:

What are “mental agencies”?
How do K-lines Interact with them?
What is a “partial mental state”?
How does this relate to “meaning ”?

DISPOSITIONS vs. PROPOSITIONS

In this modern era of “information processing psychology ” it may seem
quai nt  to ta l k  of mental  states . The concept of “ representat ion of
knowledge” seems lucid enough when talk ing about memories of sentences,
numbers , or even faces , for one can imagine how to formulate  these In
terms of propositions, frames, or semantic networks. But it Is much harder
to do this for feeli ngs, insights and understandings , with all the attitudes,
dispositions, and “ways of seeing things” tha t go with them. (See Note 2.)
Traditionally, such Issues are put aside, with the excuse t h a t  we should
understand simpler things first . But what if feelings and viewpoints are
the simpler things -- the elements of which the other s are composed?
Then , I assert , we should deal with dispositions directly, using a “str uctural”

t approach that portrays memory as re-setting the states of parts of the
nervous system.

We will view a memory as something that predisposes the mind to deal
with a new situation in an old , remembered way. This is why I put
“dispositions” ahead of “propositions ”. First we propose some “disposi tion
representing” structures . Then we try to show that these cai n evolve into
the more familiar kinds of cognitive constructs we know as adults. One
should not assume that  human memory has the same uniform , Invariant
character throughout development , nor att ribute to in fants  abilities that
develop only later. Our f irst  model might serve for an infant i le ,
dispositional memory. Later we try to see how It might evolve Into a more -
adult system.

MENTAL STATES and the SOCIETY of M I N D

One could say but little about ~inentaJ states” If one Imagined the Mind to be
a single, unitary thing. But If we envision a mind (or brain) as composed
of many partial ly autonomous “agents” -- a “Society ” of smaller minds --
then we can interpret “mental state” and “parti al mental state ” in terms of
subsets of the states of the parts of the mind. To develop this Idea , we will
imagine f i rs t  t ha t  th i s  Mental  Society works much l ike any human
administrative organization.4!
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On the largest scale are gross “Divisions” that specialize In such areas as
sensory processing, language , long-range planning, and so forth.

Within each Divisio n are multi tudes of subspec iallst s -- call them
“agents” -- that embody smaller elements of an individual’s knowledge,
skills, and methods.

No single one of these little agents knows very much by itself , but
each recognizes certain configurations of a few associates and responds
by altering its state.

In the simplest version of this , each agent has Just two states, active
and quiet. A total mental state Is just a selection of which agents are
active. A partial mental state Is a partial such specification: It f ixes
the states of J ust some of the agents .

It is easiest to think of partial states that constrain only agents within a
single Division. Thus one could think of a partial state that specifies some
“visual Imagery” without saying anything about agents outside the visual
division. In this paper our main concern will be with even “s malle r” pa rt ial
states, that constrain only some agents in one Division.

Note that the concept of partial state allows us to speak of entertaining
several partial states at once -- to the extent they are compatible -- that is,
they do not assign different states to the same individual agents. Even if
they conflict , the concept may still have some meaning, if the conflicts can
be settled within the Society. This could he important , beca use local
mechanisms for resolving differences could be the antecedents of what we
know later as reasoning -- useful ways to combine different fragments of
knowledge.

In the next few sections we postulate that certain units -- the K-nodes and
K-lines -- are the elements of memory. When activated , .‘,ich such un it
Imposes a specific partial state upon the Society. Such ef fec t s  are not
alwa ys easy to descr ibe, for we are m ost fluent at talking of arrangements
of sights and sounds -- or motor patterns; these are “concrete ” matters.
Much more elusive seem our recollections of attitud es , points of view, and
feelings. This does not mean that concrete recollection is fundamenta l ly
simpler ’ It may only reflect the enormous competence of the logical and
linguistic parts of the adult mental society to communicate about concrete
matters. That illusion of simplicity can fool ~is , as theo rists , Into trying
fi rst to solve the hardest problems. (See Note 3.)
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The novice remembers “being at” a concert , and something of how it affected
him. The amateur remembers more of what It “sound ed l ike ”. Only the
professional remembers much of the music itself , timbres , tones and textures.
So, the most concrete recollection may require the most ref ined expertise.
Thus, while our theory might appear to put last things first , I maintain that
attitudes do really precede propositions , feelings come before facts. This
seems strange only because we cannot remember what we knew in Infancy.

MEMORIES and P/I RTJ,IL BR/f iN  STATES

Old answers never perfectly stilt new questions, except In the most f orma l,
logical circumstances . To deal with this, theorists have tried various ideas:

Encode memories in “abstract” form.
Search all memory for the “nearest match”.
Use prototypes with detachable defaults.
Remember “methods”, not answers.

( Our theory resembles the latter . We propose remembering not the stimulus
Itself but part of the state of mind it caused . .So we .sha)l t ranslate

a “method” f o r  solving a kind of problem
into

1 once solved a similar prob lem. If  I can get into that
old state, I could probably handle this one the same way.

To carry out the translation we must sketch some of the archi tecture In
which our Agents are embedde d. (See Note 4,) We envicion a brain
containing a great lattice of “Agents”, each connected to just a few others.
In our model, we shall suppose that each agent’s inputs conic’ either from
below or from the side, and its outputs go upwards or sideways. Thus
information can move only upwards, on the whole. (See Note 5.) ThIs is
what one migh t  imagine for the lower levels of a visual system , with
simple feature- and texture-detectors at the bottom , then edge- and region-
sensIng agents, then Identifiers of larger structures.

( 
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Olve n these constraints , if one “looks down ” f rom the viewpoint of a given
agent P. one will see other agents arranged roughly in a hierarchical
Pyramid:

I’
/ \

/ \ P-PYRAMID
/

/ F ’  \
/ /\  \

/ / \
/ / \ ‘I

/ / / \  \
/ 1% / \ \

/ / \ /  \ \
/ / \/  / \  \

/ /\  \ / Si \
/ / \ / \  I /S i  Si

/ / \ / \ / \ ‘~ Si
/ / Si \ / \ \  Si

I Si

I emphasize that the network as a whole need not be pyramidal;  the P-
pyramid we speak of is an illusion of an agent’s perspective.

CROSS-EXClu SION and PERSISTENCE

In our concept of the Society of Mind , most agents are group ed in small
“cross-exclusion ” arrangements. Each sends inhibiting, con nnct ions to the
others in Its group, so that it Is hard for more than one to b.’ “acti ve ’ at a
ti me. This kind of sub-s t ruc ture , f a m i l i a r  in physiology, makes it
particularly easy to re-set the state of a system; one need only force to “on”
one agent in each cross-exclusion group . Then that agent will  inhibit Its
associates -- reducing their inhibiting effect on itself.

The result: networks composed of cross-exclusion systems have a kind of
built-in “short-term memory. ” Once such a system Is forced int o a partial
state , even for a moment , then that .ctate will tend to persist - - except for
those agents under strong external pressure to change. Accordingly, such a
system tends to have internal  persistences. To an outside observer , t hese
will appear as “dispositions” -- distinctive styles of behavior . To make a
large change in such a disposition , one has to change many of the agents’
states. Small changes will only slightly perturb the overall disposItion. 0 

0
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I
Finally, we suppose that agents at the lowest levels tend to change states
most frequently, in response to signals ascending from the outside or from
other P-nets. In the scheme described below, the states of in t ~’rmediate level
agents will have the most effec t on the longer-term dispositions , hence will
be most deeply involved with memory, the y wi l l  play re latively persistent
roles In determining how agents below them inf luence  agents above them,
In my image of development , the region in which agents are in this sense
“intermediate” will presumably move upwards dur ing  cognitive growth . (See
Note 6.)

For example , a “low-level” agent in the visual system would always compute
the same func t ion  of re t inal  s t imula t ion .  But at higher levels , d i f fe ren t
dispositions would induce different  “ways of sr.r ’ing things”. For example ,
the choice of perspective for the “Necker cube ” is dict ated , not by ascending
sensory information but by preference signals coming from other agencies.
Thus, one uses non-sensory Information to dispose oneself to regard sound as
noise or word -- or image as thing or picture. Each P-pyramid may have a
repertory of such dispositions , defined by prc ’-activating d i f f e ren t  subsets of
agents. And a single such system might maintain , at one time , fragments of

0 several such dispositions -- hut only if conflict s are not too seriou s.

K-L I N E S  and LEVEL Bl iNDS

Now i m a g i n e  the  whole  bra in  to i n c l u d e  m a n y  such l’- st r u c t u r e s ,
Interconnected and overlapp ing according to In t r ica te  genetic constraints.
Return to the psychological view for a moment , and suppose that one part P
of your mind  has just  experienced a men ta l  event EK wh ich  led to
achieving some goal -- call it GK. Suppose another par t 6 of your mind
declares this to he “memorable”. We postulate that two things happen :

K-NODE ASSIGNMENT: A new agent -- call  it the  K-node AK -- Is
created and somehow linked with OK.

K-LINE ATTACHMENT: Each K-node has a K-l ine  -- a wire having
potential connections to every Agent In the P-pyramid.  The act of
“memorizing” causes this K-line to make an “excitatory ” attachment to
every currently active P-agent .

The result: when AK Is activated at a later t ime , its K-line will make P
“re-enact” that partial state -- by arousing those P-agents that  were active
when EK was celebrated . So P will virtually “hallucinate ” that event . (See

( Note 7.)
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This is the basic Idea. But it might seem impractical because every K-line
has to come near  eve ry  P-agen t .  We now i n t r o d u c e  a ser ies  of
“improvements” that combine to form a powerful mecha~eism for abstraction
and Inference. First let us note that  it is not the goal of Memory to
produce a perfect hallucination. (See Note 8.) One wants to re-enact only
enough to “g et the I dea ”. Indeed , the perfect ha l luc ina t ion  would be
harmful , for complete resetting of the P-net would erase all the work done
in processing the recent data . It might even fool one into sr ’r ’ing the present
problem as already solved . The new state m ust he sensi t ive to the new
situation. A memory should induce a state through which we see current
reality as an instance of the remembered event. The Idea below of how to
do this is probably the most important idea of this  theory.

TIlE LEVEL-BlIND PRINCIPLE

To obtain the desired metaphorical activity, we do not connect AK to all the
P-agents that were active during EK , but only those within an intermediate
band of levels. To explain this , we must  suppose that  A K is somehow
associated with some agent PK at a certain level of the P-pyramid -- we
discuss this “P-->K” association later. Then:

LOWER BAND-LIMIT: the K-line must not reach agents at levels far
below PK , for this would impose false perceptions and conceal the real
details of the present problem. (See Note 9.)

UPPER BAND-LIMIT: Nor should that K-line reach up close to the level
of PK itself , for that would make us hallucinate the present problem as
already solved , and Impose too strongly the details of the old solution.

These two constraints combine to suggest:

LEVEL BILND PRINCIPLE:  /1 K-line should span only a band of levels
somewhere below that of PK , leaving it f r e e  to ( I )  exploit higher level
agents appropriate to current goals and ( I I )  be sens i t ive  to current
contigenc ies as perceived at louver levels.
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I’
/ \

/ \
/

K<<<<<<<<<<< ~<<.<<<<<< .~~z<<<P \
I / \

I too h i g h / \ \
I / /\
I / > > > > > > > / > > >,>  / \
I leve l —hand / / > > > > > > / > > > > > >  / / \  \
I > > > > >/ > > > > > > > /  / \

\ \ ) .> > >/ > > >>> > > / \  / \  \ \
\ >>> / > > >>>>>/  \I \

too low / /\ /\ /\
/ / \ /  \ /  \

/ / / \  / \  / \
/

To summarize: by activating agents only at intermediate levels , the system
can perf orm a computation analogous to one f rom the memorable past , but
sensitive to present goals and circumstances.

CONNECTIONS AMONG K-NODES

A second important principle is this: if K-lines are to contribute to memory,
they may as well benefit from memory! When forming a new K-node, we
should not ignore the existence of other , previously defined K-nodes. Here
is how w° embody this idea:

K-RECURSION PRINCIPLE: Whenever you solve a problem , you exploit
memories from the past. So we can assume that  when the memorable
event EK occurred , this  Itself was in large part due to activation of
some already-existing K-lines. Therefore it will s uf f i c e  to attach the
new K-line AK to J ust the currently-active K-nodes!

In effect , this says that new memories are composed mainly of ingredients
from earlier memories. By making connections to other K-nodes (rather than
P-nodes) we need fewer connections and obtain (we shall argue) more
meaningful  cognitive structures . The level-hand a rguments  apply just as
before, hence:

(

—
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We do not connect AK to all the K-nodes a ( :f i v e  during EK , hilt only to
those In  accord with the Level-Ban d Principle ?

Taken literally, this has a fatal flaw: if K-lines contact only other K-nodes,
they can have no ult imate contact wi th  the P-pyramid. That process has to
start somewhere! Our proposal: we envision that K-agents lie anatomically
near the P-agents of corresponding levels. Then it is easy for K-lines to
contact either P- or K- agents. Presumably genetics specifies the  proportions
and , during development , these preferences tend to shif t  over from P’s to K’s.

TIlE CROSSBAR PRO !JLEIII

Even using the Recursion and Level-Band principles, still each K-node needs
potential junctions with many agents. Every brain theory mu st  deal in some
way with this “crossbar” problem -- to make the mind capable of a great
range of “associations”. The re unay be no general solution . In the  cerebral
cortex , for example, the (potential) interconnections const i tut e  almost the
entire biomass and the actual computer is hut a thin layer bordc’ring a three
dimens iona l  mass of connec t ing  f ibres . But  note t h a t  t h e  Level-band
principle does reduce by one the app arent  d imens i ona l i ty  of the  problem .
(See Note 70.)

The crossbar issue is often ignored in t r a d i t i o n a l  p rog ramming ,  beca u se
computer memory can he regarded as total ly-connected in the sense that
register “addresses” can connect any cell to any other In a single step. The
problem returns in systems with mul t ip le  processors or more active kinds of
memory,

In any case, I would not seek to sol ve the crossbar problem w i th i n  the
context of K-theory nor, for that matter, in any clever coding scheme, or
holographic phase-detector -- although any such inventions mi gh t  help make
brains more efficient. Instead , I would seek the answer in th e  concept of
the Society of Mind itself. if the mechanisms of thought can he divided
into specialists that intercommunicat e only sparsely, then the crossbar
problem may need no general solution,: for most pairs of agents will have
no real need to talk to one ano ther. indeed , because they speak (so to speak)
d i f fe ren t  languages , they could not even understand each other. If most
commun ication is local , the crossbar p r ob lem scales to more  modest
proportions .

The reader might complain that  communica t ion  l imi ts  wi thin  th e Mind seem
counter- intui t ive:  cannot OflO menta l ly associate any two ideas, however
d ~fferent?
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Though the f ina l  answer is surely “ yes” , it would seeni t h a t  unusua l
connections are usually indirect” -- be it  via words, images , or whatever,
The bizarre structures used by mn emon lsts  (and , presumably unknowingly,
by each of us) suggest that  arbitrary connections require deviou s pathways.

TilE KNOWLEDGE- TREE

It will  not have escaped the reader tha t  we have arr ived at an elegant
geometry:

The K-nodes grow into a s tructure whose connections mirror those of
the P-pyramid , except that in formation (hut ’s goes the other way. P-
nodes activate units above them, K-nodes activate units below them.
Thus f o r m s  a K - p y r a m i d ,  lying closely against  the P - p yr a m i d ,  each
with convenient access to the level bands of  the other.

/\

/ K \ /  P

/ K~ <-< / ~ cr \
/ I /

/ K ’ .~c — ~ - -. —~~ P \
/ I I ’  I \

/ ( 1 /  I
/ I / ,

~~~>~~~>‘  I \
/ I / I~ >>’~ ’ I

/ I f  I~ ’’>~ ’,>>~>
/ I ,

/ / I ’ > > ~ >
/ I I • ~’’’-~

)>
/ / I>~>~~ ’

In terms of th is  d i ag ram , the loc al pa t t e rn  of c o m p u t a t i o n  fo rms  a
counterclockwise spiral. Globally, over several cycles ’ , the loc us of activity
can dr i f t  either upwards or down. This “computat i onal  architecture ” seems
very general and versatile.

I
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But the apparent symmetry is deceptive , because I suppres sed some hard
questions. I gave adequate descriptions of the connections wi th in  K , and of
those f rom K to P. I said little about the connections wi th in  1’, but that is
not part of this story, nor is it a problem here; this is discussed i n [I].
But of the connections from P back to K , all I said was that “... A K Is
somehow associated with some agent PK at a certain level of the P-pyramid

The idea was in some way to relate P-events with achievement  of Goals
represented elsewhere. The rest of the essay discusses various possible such
relations but does not settle upon any particular one . In fact , this ends the
constructive part of this essay and , f rom this point , the reader can assu me
that difficulties in understanding are my fault , not his . I hope only that
the foregoing intuitions may stimulate others to construct a more complete
theory.

It is tempting to try to find simple ways to restore the symmetry .  For
example, we talked only of makin g the K-tree learn to adapt to the P-tree,
but the P-tree itself must once have been the  learner . Could they take
turns training each other? Was the P-tree once the K-tree for another P-
system?

Alas, nothing so simple will do. We later argue that non-trivial learning
requires at least three nets to be involved. For there must he some link
from K and P to the rest of the Society, and the P--)K connection seems to
want that role .

K-kNOWJ.E DGF

We started with a naive idea that “memories re-enact past stair’s” -- without
atte mpting to expla in  what they “mea n ” . But now we cotne f u l l  circle:
since the K-system forms a sort of hierarchical web, one can hardly escape
asking what its nodes might mean. It seems natural  to try to see It as some
sort of abstraction lattice In which eac h K-node “represents ” some relation
among whatever its subordinates “represent ” .

K-Knowledge seen as Logical. What kinds of relations? In the simplest
case, when partial states do not interact much , a superior simply superposes
the effects of its subordinates. Concurrent  a t iva t lon  of two K-l ines  at
comparable levels will dispose P to respond to either meaning. Thus , If P
were a sensory system, and If detectors for “chair ” and “table ” a re activated ,
then P will be disposed to react both to a chair or to a table , So K-terms at
comparable levels tend to combine “disjunctively,” If the I’-net has multiple
outputs at its top, it would tend to produce both outputs.
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When the par t ia l  states of the subordinates do in terac t , the “logic ” of
combining K-lines depends upon the “logic” within P. In a version of cross—
exclusion that  Papert and I favor , the activation of two or more competitive
P-units usually causes their entire cross-exclusion group s u n  p l y  to “drop
out ” completely, defaulting to another group at the next h lghv ’r level. We
see this as a profound heuristic principle: if a single v ir ’wp o int  produces
two conflicting suggestions in a cert a in s i tuat ion , it is of te n better not to
seek a compromise, but to seek another , less ambiguous viewpoint! We
introduced this Idea as a general principle in [Z~ after Papr ’rt formulated it
as a theory of how Piaget’s Conser vatio n develops i n Ch ild ren .

K-Knowledge seen as Abstract. in i t ia l l y, we spoke only of creating an
entirely new K-node for each memorable event. Now we begin to allow for
more gradual and incrementa l ways to “accumulate” new subordinates to an
existing node. A chimpanzee might reach the too-high banana by different
means at different times -- first using a box, then a chai r , laI ~.r a table. 11
all these can he “accumulated” to the same node, it can becrimr ’ a powerful
“how to reach higher ” node. When re-activ,itr’d , it will concurrently
activate P-agents f o r  boxes, chairs , or tables, so that  perception of a~~ of
them *111 be considered relevant to the “reach hi gher ” goal. In this crude
way, such an “accumulat ing ” K-node wi l l  acquire the e f fec t  of a class-
abstraction -- an extensional definit ion of “something to stand on ’ .

But it may do much better than that! if conflicts between det ai ls cancel one
another  out  (because of c o n f l i c t  w i t h i n  c ross -exclus ion  s u b g r o u p s , as
mentioned above) then decisions will default to the  r ( ’m a i n i n g  nOt)-

confl ict ing details! This automatical ly  produces a more abstract  kind of
abstract ion -- the extraction of common, non-conf l i c t ing  properties!
Combining the concrete “accumulation ” of particular instances with the
rejection of strongly dissonant prop erties leads automat ical ly  to a rather
abst ract “unification ”. (See Note I i . )

K-knowledge as Procedural. When K-l ines  in t e rac t  at d i f f e r e n t  vertical
levels, the superposition of several partial states wil l  produce various sorts of
logical and “il log ical consequences ’ of them. We already know they can
produce simpl e disju ncts as well as “exclu sive-ors ” -- enough to make a
universal propositional logic. For predicate logk , a lower K- l in e  could affect
the instantiation of a higher-level, “more abstract’ K-line. For example, this
could be a way to partly instantiat e one frame 13] with other frames at Its
terminals. Thus, a group of K-lines could activate a frame displacing some

f ’ of Its ‘ defaults a”s~gnments ” by active sensory n’cognl7.ers. (Sec. Note 9.)
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What else can happen depends on the specifics of the P-logic. One might
even be able to design a “detach ment” operation to yield dr ’v itict lon chaining
via the overall K-P-K-- operation cycle . f lut  I have no detai l ed proposal
about how to do that.

LEARNING and REINFORCEMENT

Generations of experiments have led to many theories about learning —- In
animals -- via “reinforcement ” of su ccess. But I ma in ta i n  tha t  no such
simplistic, centralized reward mechanism could suffice for h u m an  learning
because:

The recognition of what events should be considered “me,norable ” -- in
an In te l l igent  sys tem -- cannot be a s ing le , u n if o r m  process .  I t
requires too much intelligence. For the p urposes of  any  particular
division of the mind , such recognitions m ust usually be mnade by some
other agency that has engaged the present one f o r  a purpo se.

To solve hard problems, one needs strategies and tactics that span very
dif fe rent time scales . When a goal is fi nal ly achieved , one wan ts to
“Teinforce” not only the Immediately preceding events, but also the longer
range strategy that caused them . Ru t, between selection and completion of a
strategic plan , there usually intervene a variety of tactical failures. So at
that final moment the traces that remain within the mind’s state include all
sorts of elements left over from bad decisions and futi le  experiments.

Traditional behavioristic learning theories rely on “recency ’ to sort these out .
This could work for simple strategies in which the most recent mental
events are indeed the host correlated with success . But for human problem
solving, I am sure tha t  the “credi t  assignhlient” problem Is much too
complicated for this to work. Instead , I con .iecture . d i f f e r e nt  scales of
strategies and tactics are segregated in different  agencies -- e.g., d i f f e r ent P—
nets. Then , the learning mechanisms can also be segregated to operate over
different time scales. After all , many human cognitive strategies actually
achieve their goals by assembling subsidiary learning systems that operate
over hours an d days. Strategies for dealing with loss and grief , acquisition
and ambi t ion , spa n the years -- yet , somet imes , in the  end we learn
something from them.
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For what that  is worth , we conclude that  deci~;ions about what and when to
“reinforce” cannot he made on a global recency basis. Nor can it he done
entirely locally within the K-P pair , for they lack enough information about
the in ten t ions  of other centers. At the  least , It  would seem tha t  control
over formation of K-P links must he held by a th i rd  agency -- either one
with i n n a t e , u n l e a r n e d  re in fo rce r s , or one t h a t  has a l ready  learned
something.

Consider a model based on these in tu i t i ons , in which a t h i r d  network G,
with an active goal-node GK , has the power to construct new K-nodes for P.
Suppose that at some earlier t ime GK wa.s achieved and was connected to a
K- node KG that  activates two subnodes K I  and K2 . At some later t ime G
achieves another instance of GK and celebrates th i . s  as mr ’morablr ’. if nothing
new happened in P. there is no need to change KG , But  suppose a new
element K3--)P3 Is involved this time: then we could add K3 to KG’s K-
line, so that P3 will be available for achieving GK in the future .

/\
6/ \ r / \ I

/ G K \
/ / f \ \ I

I \ \ I

I I\ I
iI \ / \P

/ \
/ I \ /

/ K l - - \ -—-P 1
/ K2- --  -/-- -P2 \

/ /
/ K3-/ P3 \

Of course, this  raises all the issues about novelty, conflict , adaptation and
saturation that any learning theory must face . (See Note 12.) What If P3
later became a d i rec t  compe t i to r  of Fl  or P2? What  If t he re  were a
mistake? How do we keep the web attached to KG within bounds? After
all , there is always something new! One can t ry to invent  local solutions
to all these problems , but I doubt there is any  single , adequa te answer,
Instead , it must be better always to leave l ink  formation n u d e r  the control
of a distinct system that itself can learn , so that the mnemonic strategies In
each locale can he made to suit their circumstances. Perhaps some people
become smarter than others because they develop better mnemonic strategies.

C These might more affect  the qual i ty  of intelligence than do the specific
problem-solving strategies we can observe directly.
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Ret urning to the three-part model , what act ivates KG? If the G-system
could call on a variety of P-nets for its purposes , GK m i g h t  he selected
because of some “cue” Involving P thai suggests it as a plausib le alternative
-- e.g., KG Is activated by an “and ” of OK and that P-condition. Through
such connections KG becomes part of the representation or meaning of GK --
a remembered solution to a problem. While this raises more questions than
it answers, it seems clear that a minimal learning theory wilt  involve at
least three n ets -- G, K , and P -- in which the f i rs t  controls how the
second learns to operate the third. This does not moan the system Is made
of distinct such triplets, Presumably, the same net could play a P-role in
one domain and a 0-role in another.

TACIT vs. ARTICULATE KNOWLEDGE .

It Is commonplace to distinguish between “tacit” knowledge ( l ike  how to
climb stairs) and “explicit” knowledge (like how to spell “spel l”), In a
“single-agent” theory, one might wonder how knowledge could possibly be
tacit , In a “society of mind”  theory,  one m ight  wonder  how could
knowledge ever become “explicit”. One cannot expect positive answers In
general; only where K--)P connections become somehow linked with such
cognitive elements as part icular senses of particular words.

It is better to regard the “tacit-explicit” dis t inct ion as merely a f irst
approximation to some richer theory of the different kinds of remoteness
between one mechanism and another. While surely some agencies In the
mind have exceptional expressive roles, each sub-society of the mind must
still have its own Internal  epistemology and phenomenology , wi th  most
details private, not only from those central processes. but from one another.

In my view, self-awareness is a complex , constructed illusion. As adults we
rightly place high value on the work of those ment al agencies that acquire
powers to ref lect  on the behavior of o ther  agencies -- esp ecia l ly  our
linguistic and ego-structure mechanism s. But probably no part of any mind
can ever see very deeply in to  other parts;  I t  can on ly  use models It
constructs of them. Any theory of intelligence must eventually explain the
agencies that make models of others : such self-awareness is probably
essential to highly intelligent thought , because thinkers  mus t  adapt their
strategies to the available mental resources.

Each part of the mind sees only the surface products of some other parts.
What l i t t le we can “directly” sense is swift ly refined , reformulated and
“represented” . We find it useful to believe that  these fragments  have
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meanings in themselves apart from the great wpbs of structure from which
they emerge. That Illusion (valuable to people qua thinkers hut not qua
psychologists) leads us to think that expressible knowledge is the first thing
to s tudy .  If the present theory is right , t h i s  is t o p s y - t u r v y ;  most
knowledge stays more or less where it was formed , and does its work there.
It is the exception , not the rule, that lets one speak of what ~~~~~ knows.

To say much more about this would engage a world of issues beyond the
bounds of this  little theory. I mean to indicate no pessimism in saying that
explaining the meanings of memorie .c will nerd many more little theories
beyond this  one. We can unders tand  the ‘ meanings ” in the  parts  of our
minds if -- and only if -- we can model enough of them inside others. But
this is no different from understanding anything else -- except perhaps
harder.

( Cambridge, Massachusetts
January - June, 1979

NOTES

I gratefully acknowledge valuable discussions about K-lines w i t h  D. HUlls , 0.
J. Sussman , W. Richards , Jon Doyle , B. J. Solomono ff , P . Berwick. and
especially S. Papert -- for the basic idea came in conversations wi th  him.

Note 1: Background . The references to the “Society of Mind” relate to a
theory I have been evolving j ointly with S. l’apert . That theory tries to
explain thought in terms of many weakly interacting (and of ten conflicting)
specialists , ra ther  than In terms of a centraliz ed and logically , consistent
system. It is described briefly in 11], which th° present paper complements
in several areas. The computational structures described therein were
confusingly bid irectional , and the K-P dua l i ty  cl.,ri fies that  a l i t t l e . The C—
lines of that  paper correspond roughly to the K--) l’ connections here. The
discussion in [1] of cognitive cases and of di f ferences  supplement  the
discussion here of goals. But I do not mean to pretend t h a t  the  reader
should be able to figure out , even from both papers , exactly what happens
in P-nets; we simply haven ’t fi xed the details.



Marvin Minsky 18 
- 

K-Theory of_Memory

Note 2: Dispositions. The term “dispo sition ” is used here in  i ts  ordinary
language sense to mean “a momen tary range of possible behaviors”. I don’t
see a way to define It technically wi thout  making it synonymous  with
“state”, which does not capture the same intu it ion.  In a computer program,
a disposition could be imposed by selecting which items are active in a, data
base, e.g., as In Doyle ’s (4] flagging of i tems tha t  are “in ” and “out” of
current consideration.

The term “representation ” also has problems, It always involves three agents
-- 4 represents B as C. In a Mind theory, it might he either part of the
mind or the theorist himself; one must be clear about that ! In this  paper , a
“K-node” imposes a disposition on a P-net hence , f o r  us, that node can
represent that disposition. But what it represents f o r  the mind that contains
it Is another matter we touch on only at the very end of the paper .

Note 3: Modular i ty.  This is not to say tha t  unde r s t and ing  nmempries of
feelings should be easier than understanding memories of facts . T~ie latter
appear simpler in the adult perspective of “modu lar ” knowledge , t~ecause a
l i f e t i m e  of m e n t a l  t h e o r y -c o n s t r u c t i o n  b u i l d s  fo r  us o u r  orde r ly ,
commonsense epistemological h ie ra rch ies . A f r a g m e n t  of i nc remen ta l
knowledge -- e.g., that ducks have webbed feet - - is easy In “nr’present”,
once we have only to l ink together a few already established structures,
But should not mistake that surface smoothness for simplicity of u nderlying
process, It captures little of the real quality of “meaning ” - - of how such
linkages participate In the total “web” of our dispositions.

Note 4: BraI ns. Some might object that we just don ’t know enough about
brains to make such theories! But we are not proposing specific neurological
details -- only that  things are organized along the general I i , ~°s of the
Society theory. This architectural theory Is just another form of Informat ion
processing theory, emphasizing control structure and data flow rather than
data structure.

Note 5: Unidirectional ity . It is technically very d i f f icu l t  to make theories
about systems that allow large degrees of circular behavior . On the other
hand , one cannot base a theory of mind on unidirectional networks, because
loops and feed back are essential for non-tr ivial  behavior. This is why it has
been so d i f f i c u l t  to pursue the field of “neural net” models, and why so
little has happened therein since the works of llebh [5] and M,irr [6].

‘1
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What I f ind sat isfying Is the way the present theory Introduces the required
circularity in a controlled way. It begins w i t h  a near ly  un id i r ec t i ona l
network, avoiding mathematical universality and its t,s~ia t  theore’ical
intractability. (The lateral cross-exclusion of the P-nets sti l l  leaves basically
un id i r ec t iona l  behavior .)  Then , feedback loops are b u i l t  up  as steps In
t ra in ing  the K-net . Surely th is  strategy lends i tself  to c i r cu i t s  tha t  are
manageable and debuggable. With the loops introduced a little at a time, one
can watch for instability and oscillation, distraction and obsession.

We note that  K-logic must  he more complex t h a n  as described above . If
activating a K-nod e recursively activates subordinates all the way down , this
would vitiate the level-band idea. I do not s~e any ea;y local way to deal
with this;  it suggests tha t  th e  ac t iv i ty  hand of a K-P p a i r  should be
controlled , not locally, but  by some other agency -- using a fac i l i t a t ion
signal (with low spatial resolution) that enhances the ac t iv i ty  in a selected
level band. Such an agency could bias the ascent or descent of the K-P
computat ion , wi thout  needing to unders tand much of the  deta ils  of the
events within K-P. In effect it could instruct K-P to “try a more general

( method ” or to “pay more attention to the input” or , perhaps , to “try another
like that” , and so forth.

Such an agency would provide a locus for high-level heuri st ic  knowledge
about how to use the knowledge wi thin  K-P . and would be usefu l  for
implementing plans , looking ahead , and hacking up. It might he the natural
place for our all- important knowledge about knowlr dge ”.

More speculatively,  perhaps the d i f f i c u l t y  of dealing wi th  too-circular
networks Is no mere human  l imi ta t ion ,  Evolut ion itself probably cannot
cope with the uncontrolled range of recursive network behaviors. So, we
speculate, the Individual nervous system has to evolve Its circu larities by
separating the flows into distinct directional clas’;”c . If th e  present theory
were correct, this would suggest an evolutionary pressure that might have
led to it.

Note 6: Global 4rch ltectur e. An entire brain would contain many such P-
structures associated with different , genetically specified functions:  sensory,
motor , a f fec t ive , motivat ional , and whatever .  The present theory  would
apply only to the common properties of neocortc’x: the brain contains many
other kinds of structures . Finally, I repeat that  th e  “pyramid” image is only
relative to any particular ‘agen t”. Th ere is no reason to suppose tha t  P-
structures need either narrow or widen as they ascend.

C

— ..—~~ . •‘~‘
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Note 7: Excitation. G,A . Miller pointed out to me that  this  resembles the
idea of “redintegration ” popular in an earlier era of psychology. Note that
we do not need to add “negative” K-l ine connect ions to agents tha t  were
Inactive when EK occurred ; many of them will be automatically suppressed
by cross-exclusion via AK. Others  may persist , so t h a t  the  par t i a l
hallucination may include additional elements. It Is perhaps of interest that
(according to Mountcastle [7]) all lines entering the cort”x from other
centers are excitatory.

Note 8: Accuracy. Only a naive theory of memory would depend critically
on f i rs t - t ime perfect recollection. Many agents active d u r i n g  EK will  be
“inessentlal” to most new situations , so we need not demand perfect and
complete attachments; indeed we will need ways to correct serious errors
later. In the early days of simple neural models one might have welcomed
“sampling noise” as a desirable source of “variety.” In systems as complicated
as the present one , that view is obsolete; the problem is, rath e r , of f ind ing
heuristics to restrict excessive variation.

Note 9: Fringes and Frames . In this sense, a K-nod e acts Ilk” a “frame”, as
described in [31. When a K-nod e activates agents in the level-hand below
it , these correspond to the essential , obligatory t erminals of flee frame. By
making K-lines have “weaker” connections at its lower f r i n ge s, we obtain
much of the effect of the loosely bound “def ault assignments ” of the f rame
theory, For , weakly activated agents will  he less persistent in cross—
exclusion competition. What about the upper fringe? This might  he related
to the complementary concept of’ a “frame-system ”, emphasized in [3]. A
fai lure  of the P-net to do anything useful could cause it to default  control
to a slightly higher-level goal type; that is, to move up in ah~tractton level.
All this comes simply from making weak connections at the fringes of the
level-hand .

I recognize that this argument about th e upper l i m i t  is much l”ss clear then
for the lower l imit . I have no really strong re,~’,on even to ln~ i~ t that the
upper fringe end below PK , except for an over ,ill feeling of consistency. In
fact , PK wasn ’t defined clearly in the f i rs t  place , except for locating the
level bands. But the asymmetry really comes from the mur k i n e s s  of my
explanation of how the “P-->K” connections relate P-structures to goals and
actions. At the end of the paper are a few Incomplete  suggestions about
these matters.
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Note 10: Crossbar Probl em. I ant not very much concerned about this
problem’s size, because I envision the mind as employing a few thousand P—
nets , each wi th  a few thousand Agents . So the local crossbar problem .
which is the one that concerns me most , involves only thousands of lines,
not millions; that  is, K-lines must  have access to tha t  order of connections.
As for in terconnect ing all the P-nets , th is  mus t  tie th e  f u n c t i o n  of the
brain ’s white matter; we argue in [ I ]  that one need not suppose all P-nets
can or need to communicate with each other.

There exist communication-hardware schemes more physically e f f i c i en t  than
point to point wiring.  Since the d ens i ty  of a ctu a l  K- l i ne  connec t ions  iS
surely sparse in the space of all possible such onnr ’ct ions , they could use
such schemes as those of Mooers [8] or Wi li shaw r1 al . [9]. Tn Implement
these, one would make available a large bundl e  of d~’scendlnj ~ conductors ——
call them M-l ines . To s i m u l a t e  a K- l i ne , a t t a ch  th e  K-node to excite a
small , f ixed , hut  ra ndomly  assigned , subset of M - l in e s . To connect it to
another K-node , the lat ter  must  f i r s t  construct  the corresponding “logical
and” , then “logical or ” tha t  Into its exci ta t ion condit ion . U s ing  10-line
subsets of a 100-line bundle would stiff ice for very large K-pyramids . The
final chapter of Fahiman ’s thesis [10] speculates on other radical crossbar
schemes.

Note 11: Winston Learning. Because I consider Winston ’s f i t ]  the  most
interesting constructive theory of abstraction , I will  tr y to ic lat e it to the
present theory. “Emphasis l inks ” can tie identif ied with K-line :; to members
of cross-exclusion groups . But “prevention pointers ” must  enable specific P-
agents to disable higher level class-accepting agent; I do not see any easy
way to do that . Crucial to Winston ’s scheme Is the detection and analysis of
Differences. To make our system able to do this , one might want K-line
attachment to prefer P-agents whose activation status has recently changed;
then , perhaps by some “blinking” of input  contexts , the networks could be
made to detect and learn differences.

Generally, in this  essay, I have suppressed any discussion of sequential
activity. Of course , a K-node could he made to activate a sequence of other
K-nodes. But I considered such speculations to he obvious, and that they
might obscure the simplicity of the principal ideas .

(
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Winston’s scheme emphasizes differences in “near m iss” situations; in a real
situation there must be a way to protect the agents from dissolution by
responding too actively to “far misses”. Perhaps a broader form of cross-
exclusion could separate the d i f ferent  senses of a concept In to  famil ies.
When serious conflicts result from a “far miss”, this  should disable the
confused P-net so that a different version of the concept can he formed in
another P-net .

Note 12: Saturation. In the present theory, one only adds connections and
never removes them. This might lead to trouble . floes a person have a way
to “edit” or prune his cognitive networks? Well , the present theory, like
any other simple psychological theory, must pr oceed through stages -- just
as does its subject matter. Perhaps the Winston theory could be amended so
that only imperative pointers long survive. Perhaps the cross exclusion
mechanism Is adequate to refer low-level confusions to higher level agents.
Perhaps, when an area becomes muddled and unreliable , we replace It by
another -- perhaps using a special revision mechanism, Perhaps in this sense
we are all like the immortal people in Ar thur  Clarke’s novel [12]. who from
time to time erase their least welcome recollections.
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