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mechanisms. In particular, it suggests how the probabilistic and com-
puter models that have been used, in somewhat complementary fashion,
to analyze memory data can be modified, unified, and strengthened.
Psychophysiological models provide a natural framework for this syn-
thesis because they must routinely deal with the evolution of patterned
activities within hierarchically organized networks. Such models also
synthesize serial and parallel processing properties into a unified frame-
work, and weave together phenomena about development, perception,
learning, and cognition into an interactive portrait. If nothing else, the
method of deriving complex phenomena and predictions from simple
environmental pressures confronts us with unexpected and nontrivial
consequences of our present beliefs, and provides a rigorous and
transparent conceptual superstructure with whose aid new concepts can
be more effectively fashioned.

Ancther basic property of much psychophysiological data is their
evolutionary character, whether due to the development of species, the
development of individuals, or individual learning. The theory tries to
respect the wisdom of evolution by imitating it. At each successive stage
of theory construction, prescribed environmental pressures determine a
definite class of network principles and mechanisms, and mathematical -
analysis shows what these mechanisms can and cannot do. As more
sophisticated pressures are considered, the earlier principles and mecha-
nisms provide a substrate on which newer principles and mechanisms
are superimposed. Similarly, by imposing ever-more-demanding varia-
tions on the same problem, we find a sequence of related networks
capable of ever-higher levels of behavioral sophistication. Such a
sequence illustrates the evolution of a network principle in response to
an environmental pressure. Of particular interest in the present work is
the evolution of serial order in behavior.

The paper’s structure imitates this evolutionary method, subject to
space limitations. It is self-contained and written for an audience of
nonspecialists. The remainder of this section motivates some central
themes of the paper in a heuristic fashion.

A. Does MEMORY PRESERVE ORDER?

We shall consider a maze as illustrative of the many situations in
which there exists a succession of choice points leading to a goal, such
as in walking from one room of a house to another room at the other end
of the house, or from home to school. (see Fig. 1). Suppose that one
leaves the filled-in start box and is rewarded with food in the vertically
hatched goal box. Every successful transit from the start box to the goal
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FiG. 1. Correct performance from the start box to a goal box is always order-
preserving, with the goal box occurring last.

box requires the same sequence of turns at choice points in the maze.
Correct performance is therefore order-preserving, and the goal box
always occurs last. In some sense, therefore, corre.ct pe.rformance
requires that our memory traces remember the orde.r in which eveqts
occur. The most naive possibility is that choice points are .somehow
organized in a chain, as in Fig. 2. Such an en.codmg is c}early
insufficient, however, if the sequence of choices is tnggered w1¥hl.n tl}e
start box by the desire to attain the goal. For example, if I am sxttnpg in
my office and decide to go to the cafeteria for lunch, I can then ehcx.t a
characteristic series of sensory-motor coordinations that end by eating
lunch. This could never happen using the mechanism of Fig. 2. In such a
world, if a friend stopped me while I was walking down the hall and
asked where I was going, I could only say, “I don’t know. I'll tell you
when 1 get there,”” because the goal in Fig. 2 always occurs las_t and is
unaccessible to me until I reach the last link in the chain. In Figure 2,
there is no behavioral plan. In goal-directed behavior, by contrast,.an
internal representation of the goal occurs first, and thi§ representation
somehow triggers the behavior that can lead to goal attainment.

This state of affairs can be rephrased as the Goal Paradox.: Hovy can
the goal representation occur both last and first? More preclse!y, in all
of our experiences with the goal, it is the last event to occur. This malges
it plausible that our memory-traces order our choices so that behavior
appropriate to the goal occurs last. However, if these memory traces are
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FIG. 2. A chain of associations can accurately code order, but it is insufficient to
achieve goal-oriented serial behavior.
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order-preserving, as is necessary to actually reach the goal, and if the
goal always occurs last, how can an internal goal representation also be
activated first, as is necessary for this representation of the goal to
trigger a compatible behavioral plan? _

We want an internal representation of the goal to trigger a plan that
controls a sequence of acts leading to the goal. What we are demanding
is schematically drawn in Fig. 3a, where we indicate by points and
arrows, respectively, the minimal dimensions of the problem and di-
rected influences between these dimensions. The events (for example,
choices in a maze) have internal representations that are designated by
states v, 0,, %, - . . , U,, where n is the index of the goal. The plan is a
state that somehow organizes the order in which the events will occur—
hence the arrows from plan to events. The state corresponding to the
plan must be determined by the events themselves, since during a
correct sequence of choices on a learning trial, only these events occur.
This dependence is schematized by the upward-directed arrow in Fig.
3b. Thus the events determine the state that will represent the plan, and
this state thereupon gains control of the event-representations them-
selves. Simultaneously, an internal trace of the goal gains control of the
plan. Given such a picture, albeit vague at this stage, several definite
design problems emerge:

{a) What mechanism maintains the activity of the plan throughout the
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FiG. 3. (a) The goal representation organizes the individual commands i =1
2, ..., n; (b) the individual commands help to choose the plan.



504 CHAPTER 13

presentation of all the events so that the plan knows which events to
control?

(b) What mechanism tells the plan which of the events came first, so
that it will be able to perform them in the proper order?

Such questions apply to a host of related situations. To illustrate the
breadth of the problem, we.consider a similar problem in language
learning and performance. Suppose that I wish to say a long word, sugh
as MAGNETOHYDRODYNAMIC. There is a clear intuitive sense in
which I am ready to say the whole word at a given instant of time; that
is, the “*idea’ or “‘plan’ of saying the word is active in my mind at that
instant, yet the actual elicitation of the plan occurs serally, one
behavioral unit after another. A similar problem arises when we say the
name. of a familiar person or object that is visually perceived. qu canl
establish a command that can ‘‘see” the whole word at a given time, yet
also organizes the serial performance of its parts? Clearly, a picture such
as Fig. 3 is again called for, and the same formal problems must be
solved in synthesizing a mechanism that justifies the picture.

In the hall-walking problem, we are considering how tq cont.rol
muscles in our arms, legs, eyes, etc., using visual and propngceptnvev
feedback, etc. In the word-elicitation problem, we are considering hpw
to control muscles in our mouth, throat, larynx, diaphram, etc., using
auditory and proprioceptive feedback, etc. Both situations ad_dress
common problems about how sensory-motor loops between particular
modalities are serially organized by command structures or plans. A
related problem is playing a piece on the piano, in which the sensory-
motor loops that develop clearly depend on both visual and apdltory
medalities during various phases of reading and performing the piece.

B. FRree VERSUS FORCED PARAMETERS IN A PLAN

Suppose that I am navigating a maze (for example, a hallway) on my
way to lunch. On the way, I can stop for a drink of water or to ch.at with
a friend. Or, more simply still, I can walk quickly to the cafeteria, or I
can stroll leisurely, pausing along the way to rest. These event§ are r}ot
preprogrammed by my plan to get lunch, but they are compat.xble \Ylth
the plan. By contrast, I must not make the wrong turn at a choice point,
or I will never reach the goal. Thus, some of my behavior is under tight
control, such as how to respond to prescribed choice-point cues, but the
rest of my behavior is quite undetermined by the plan, in particular the
velocity with which the plan is executed. .

A similar temporal freedom occurs when I say a word or play a piece
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on the piano. Within rather broad limits, I can say certain syllables more
slowly than others, or play certain passages more slowly than others.
The order information in the plan is not tightly coupled to the velocity of
performance.

Uncontrolled parameters in a plan are also of a more subtle type. For
example, a common phrase in language might have a rigidly controlled
order, yet the plan might allow a wide choice of nouns or verbs to be fit
into the phrase between the rigidly controlled items—comparable to the
rigid control of choice points in a hallway versus the freedom to do other
things between the choice points. Or a certain number of equivalent
phrases can be chosen to express an idea, just as a variety of techniques
for executing the correct turns in the hallway will all lead to the goal.
Similar remarks can be made about playing a piece on the piano: Certain
passages can be played as tightly coupled units, so much so that it is
difficult to start playing them in the middle.

C. CIRCULAR REACTIONS

To execute a sequence of sensory-motor coordinations, one must first
be able to execute one member of the sequence. Even at the level of
individual sensory-motor acts, there is a decoupling of order information
(or positional information) from velocity information. For example, I can
plan to move my hand to a fixed terminal position, and can move it there
at a wide range of velocities. *‘Knowing’’ where I want to move my
hand and. *‘willing”” it to move are not the same operation. Similarly,
being *‘ready’’ to turn right in the hallway when I see a certain cue does
not determine how fast I will turn right.

What is the cue that tells my hand where to move? Suppose that my
eyes are focused on a certain object. The tilts of my neck, head, and
eyes, along with the vergence of my eyes, etc., establish proprioceptive
coordinates that determine the relative position of the object from my
body. Somehow these coordinates must get translated into commands to
the muscles in my hand and arm that correspond to the cotrect terminal
coordinates of the hand on the object. In other words, the proprioceptive
map of the head, neck, eyes, etc., excites a rerminal motor map of the
hand. **Willing" the hand to move releases the information in the motor
map, and makes the hand move. .

How does the transformation between maps get established? Because
there exists so many individual differences in body parameters between
individuals, it seems clear that much of the transformation must be
learned. Piaget (1963) has carefully observed the development of the
ability in young children. He notes that at first an infant’s hand makes a
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two transformations between proprioceptive maps and motor maps code
only the (approximately) present motor positions. 1')ur-mg. performzl).lnce
trials, the transformation from eye-head-neck prf)pmoceptlon (or where
we are now looking) to hand—arm motor coordinates therefore dgtel;
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a saccade of the hand. To say that positional and Nelocnty' m,form-atlo'n
are decoupled translates into the statement that the saccadic velocity is
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no;g;e:é‘ﬁ%e observations cgn be reformulated to emphasn.ze an impor-
tant point. Since the terminal motor map §ufﬁces .t.o guxde.the ha(rlx.d
throughout its trajectory from initial to terminal position, all 1?term:h};
ate positions of the arm-hand system mus.t be anyable rom thi
information. What auxiliary feedback mecha_xmsms Wlthl-l'l the han(_l—arin
system translate the terminal motor map into a physmall.y realizable
trajectory of this system? More precisel_y, the transformatlcl’]n be.ttweetls\
maps codes only where the hand is destined to go, but not how hl geal
there. It ignores the properties of the arm-hand system as a mec am(j,al
system, and codes only the plan. In particular, on feach performance tfn
aimed at extending the hand to a fixed posmon,_ any of the free
parameters—such as hand velocity—can be chosen differently, apd c?ln
thereby alter the forces on the system, even thoug!l the plan remains 1; g
same. Somehow these varying mechanical properties must be controlle
by auxiliary mechanisms, which average them away, so that the invar-

iant plan can be realized. ‘
D. THE INTERNAL STRUCTURE OF MAPS AND THEIR TRANSFORMATIONS

If directed reaching for an object is contrplled by a trans;‘(?rrtflanon
between maps, then a tremendous reduction in the amount of informa-

(a) 1t partly excites ?, and %, both, with an intensity that depends on
how similar 2, is to P, and 2,

(6) ?, and P, will excite M, and M,, respectively,
that depends on how excited they are by ,. .

(c) The mixture of motor excitation will form a hybrid terminal motor
map #; that is between ., and M, which moves the arm closer to the
position that excited 2, than either My or M, could have separately (see
Fig. 4). In other words, each proprioceptive representation has a
generalization gradient. Representations excite each other with an
intensity that depends on how close they lie with respect to each other
on their gradients. Each motor map also has a generalization gradient.
The fact that #, can be synthesized from 4, and 4, to yield a position
close to the one determined by #; means that the transformation from

with an intensity



