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"When in use, a tool is a sort of extension of the hand, almost an
attachment to it or a part of the user’s own body, and thus is no longer
a part of the environment of the user. But when not in use, the tool is
simply a detached object of the environment . . .the boundary between
the animal and the environment is not fixed at the surface of the skin
but can shift.”

~Gibson (1979, p. 41)

"The field of safe travel, it should be noted, is a spatial field but it is not
fixed in physical space. The car is moving and the field moves with the
car through space. lts point of reference is not the stationary objects of
the environment, but the driver himself. It is not, however, merely the
subjective experience of the driver. It exists objectively as the actual
field within which the car can safely operate, whether the driver is
aware of it. It shifts and changes continually, bending and twisting
with the road, and also elongating or contracting, widening or
narrowing, according as obstacles encraach upon it and limits its
boundaries. ”

—Gibson & Crooks (1938, p. 454, emphasis in original)
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11.0 Introduction

11.0.1 Aims and Motivations

Ecological psychology holds the belief that theory and basic research
must ultimately aspire to practical applications. This follows directly
from its primary aim to understand an actor’s functional relationship to
natural and manufactured environments. Although laboratory research
is useful, it is no substitute for observations and measurements in the
field. Even highly realistic simulations may be misleading. The safe
flight of aircraft (Gibson, 1950) and the much earlier study of the field of
safe travel for automobiles (Gibson & Crook, 1938; see above) presages
the work we have undertaken here. The explicit aim of the evolving
ecological approach is to develop methods of scientific investigation
with ecological validity. Methods with ecological validity treat the
organism and its environment as a system with variables defined on the
econiche—environmental variables that make reference to and are
scaled to the organism as a perceiver and actor in that environment.
Methods are sought to explain, first, how actors achieve success on
ecologically significant tasks performed in their natural environments
and, second, to extend these methods to architectural and landscaped
environments. This contrasts sharply with those methods that merely
seek to understand how subjects attain statistical significance on
arbitrary tasks performed in the laboratory. In this sense, the ecological
approach aspires to treating the laboratory as an extension of the
subjects’ econiche,

More than any other trait, the explicit commitment to strive for both
ecological validity and ecological significance in one's research is the
hallmark of an ecological psychologist. This commitment qualifies
many to contribute as ecological psychologists, even though they call
themselves by other names. One needs only share the belief that success
on practical problems involving the perceptual control of action is an
important, perhaps the most important, way to validate the consistency
and the significance of one's theory and research. Thus, the attempt to
wed ecological psychology with human factors and human engineering,
as this volume tries to do, seems quite natural and overdue.

Our specific goal in this chapter is to present a new approach to the
wheelchair navigation problem. How are wheelchair users able to select
and follow the best route though cluttered architectural spaces, such as
office and factory workplaces, or residential and public spaces? This
chapter is, in part, a progress report of an ongoing research and theory

o dllll:gt:fd“i:x.xg this problem we have three a'ims——one? pract:;:\al ax:;;l) lth“e:
others theoretical. One aim is to offer a practical sglutmn to- ; pr o ﬁ )
of measuring the dynamic fit of active w}}eelc_:halrs to their func C:o ia
spaces under the constraints of a givo:en navngatl?n goal. The lsecotx;1 3 xor;
is to place this problem under intgnhonal dy'r'tamzcs—a genera r:cithgu !
ecological psychology for modeling goal-directed act1v1t1te‘:‘s. tho% "
we use the wheelchair navigation probler'n as our focus, these me o
and principles should apply to other. activities as V\‘/ell. To rtr}\leet t'esei
aims, we explore the use of dimensnonles§ analysis—a ma enllla c;ca
engineering technique for finding dimensionless measures (fca ed m-
numbers) of the similarity in the structure and functgomx:}i ot zitier::
which may appear quite different. We shall nec?d to ta}lor st he. d ?m
to certain prospective control prob_lems.' This entails our thir ; 3
namely, to show how, in principle, dimensionless t‘neasures'(u-n;m o.:rsd
may allow us to compare the invariants of the lpformatlonaletetch et
about the layout of the environment relative to an mtendgd goal pat to
the invariant aspects of the control law that must be applied to navigate
attain that goal.
the Tt:};\slgaisat:d apology a§e in order. Our aim is to.inuoducelt}.te.ste;_)s
required to arrive at this conclusion without dev.elopmg or exp alhmng in
detail the mathematics involved. We recognize, theref?re( that our
explanations are somewhat opaque to the reader, but our aim is to po}:nt
the way to a solution to this problem rather than to provnde‘ sudcf a
solution, for such details would go well beyond th_e space permitte | ;)r
this chapter. We hope the reader nevertheless is stimulated to help

develop the approach sketched here.

11.1 Task Simllarity, Intentional Dynamics, and the
Prospective Control Problem

al navigation problem is a prospective conbol' probler‘n; it asks
gfvg;:rinmal iiform:)tion about a future state o_f affalrs—'—an mtendeci
goal—can be used to control a current state of ?ffmrs (Fhat is, the currerl1
forces) in order to reach that goal. More specifically, it ask.s hov}\ll a rule
for the perceptual control of action allows an actor to find his or her v(\i/ag
through a cluttered environment over a preferred path to an mtendelt
goal. We explore the prospective control perlem by focu}smg on a 1;
human actors who locomote through architectured envnronmer?ts y
wheelchair. The task selected for them is a simple one—to pass without
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collision through passageways of various clearances that connect
enclosed cubic chambers. We assume that the ceiling, wall, and floor
surfaces of these chambers are smooth, flat, level, and with sufficient
roughness to minimize wheel slippage. Although choosing this type of
actor, environmental situation, and task narrows down the possible
solutions to the prospective control problem considerably, it still leaves
the major issues of the general navigation problem intact.

Consequently, any steps toward solving this general prospective
control problem should help solve similar versions of the problem
involving different actors, situations, and tasks. Of course, how general
the method can be depends on how similar the tasks are. A formal
measure of task similarity would therefore be desirable. Discovering
such a similarity measure is one of the major goals of the current project.

What would a generic description of the prospective control
problem in navigation tasks involve? One requirement is that it makes
clear what variables of the task situation are most relevant to a solution.
Should the variables be mechanical, biomechanical, physiological,
psychological, or ecological? If the description depends on the first
three kinds of variables, then the explanation will be causal. Causal
explanations, however, are incomplete because they do not address the
roles played by perceptual information, skillful control, and intention in
goal-directed activities. On the other hand, psychological explanations
are likewise incomplete because they typically ignore forces, masses,
and friction. An understanding of the prospective control problem,
therefore, involves both causal and intentional variables.

Clearly, an ideal explanation must address how goal-specific
information specifies the forces by which actors intentionally control
their goal-directed movements. In this regard, there are two problems:
the scaling problem and the transduction problem. The scaling problem is a
measurement problem at the ecological scale or, more briefly, a problem
for ecometrics. Ecometrics asks how information at the scale of geometry
and kinematics, the scale at which intended goals are specified, might be
transformed into force units at the scale of the statics and kinetics of
control, the scale at which goals might be accomplished. Taken
together, these problems combine to form a more general problem of

measuring the similarity of environmental information detected by the
actor to the actor’s control of the behavior required to accomplish an
intended task in that environment. Put simply: We must answer the
question of how the information detected is similar to the action
produced whenever different actors succeed in solving the same task.
This is a natural question for similarity theory, and its natural answer is

il
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to be found in discovery of the appropriate dimensionless nutl?bers. e

The transduction problem, which presupposes a'solutlon ;c: "

ecometrics scaling problem, is a problem for ecomec.ham.cs. E'comfz a:: s
asks how forceless information might be made efflsaaous in dlrlec t::g
control processes so that the actor might reach an intended goal s eé
When classical mechanics is the study of laws governing motions o
inanimate bodies and biomechanics the stlfdy'of laws gover;ung
movements of biological systems, so ecomechanics is the study of1 ;\8~75
that govern actions (goal-directed moveme:-nts) of agents (Shaw, 87
Shaw & Kinsella-Shaw, 1988). Unlike the first two forms of mechanics,
the last one involves a special relationship holding between mfor.ma.ltlon
and control which goes beyond mere force or energy flow descriptions.
The details of this relationship have recently been spelled out as a theotI:y
that information detection and energy control must be self-adjoint lm ;
sense of having mutual and reciprocal quantities (Shaw, Kugler,
Kinsella-Shaw, 1990; Shaw, Kadar, Sim, & Repperger, 1992). '

Solving the scaling and transduction probl'ems ent:’:u'ls a nev;
approach to prospective control problems, one that is a hyblrldlzau(;\n :n
physics, biology, and psychology. Attempts to deve]:'1 O]P suc o
approach are being made. A branch of ?cologlcal psychology caTh
intentional dynamics subsumes ecometrics and ecorqechamcsl. e;
transduction problem of ecomechanics and the scaling p.rob em ol
ecometrics comprise dual aspects of the central problem of mtentloga
dynamics. Hence, the prospective control Problt?m falls natuTally un ﬂfr
this new discipline. (For an overview of intentional dynamics, see : e
earlier studies mentioned as well as §<ugler & Shaw, 1990, and Kugler,

i , & Kinsella-Shaw, 1990).
Sha‘g:ef‘(’)lrfl;t;dressing the questions raised, we proviqe a statement of
the social motivation for this project and explain the practical
significance of its potential success.

11.2 Part I: A Problem with Ecologicgl _Significance
and a Method with Ecological Validity

11.2.1 Overcoming Barriers

An estimated half-million persons are adde.d to the population of the
handicapped each year through illness or in]}l.ry (Ax:thur, 1967). Of the
estimated 36 million Americans with disabilities (Disabled USA, 1984),
many achieve education and, later, employment or self-employment
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because there are specially seated workplaces available for them in
accessible facilities (for example, homes, schools, offices, and factories).
Unfortunately, many other disabled Americans are excluded from these
opportunities because standardized design guidelines fall short of the
ideal and do not accommodate their particular disability. Current
minimal standards sometimes fall short of the ideal for the disabled for
two reasons: First, because the practices used to implement the
standards may be underconstrained by the current specifications, or,
second, because design tradeoffs are used to strike a practical and
economical balance between the architectural dimensions needed to
accommodate both the disabled and the nondisabled.

A significant reason for these problems is that, at present, it is
impossible to measure the dynamic fit of goal-directed activities (e.g.,
moving wheelchairs) to the environments in which they must be
performed. Consider the special case of designing environments for
wheelchairs. Only recently have methods begun emerging to determine
design guidelines for the fit of such activities performed from relatively
stationary chairs and wheelchairs (see Dainoff, 1987, 1991a, 1991b;
Abdel-Moty & Khalil, 1989). However, no significant work has yet been
done on ways to measure dynamic maneuvers of wheelchairs over
accessible routes through functional spaces toward goals. The proposed
Project offers a way to remedy this shortcoming.

In its specifications, the American National Standards Institute
(ANSI, 1986) emphasizes the need to recognize that persons with
disabilities that confine them to wheelchairs are no longer “average”
persons. They are shorter and wider, rolling instead of walking, being
unable to climb stairs. They require ramps or oversized elevators,
require more space to turn around, and more clearance under tables and
other equipment. Nor can they see over or cross over barriers that
others might more easily. Moreover, they require, on the average, more
time to egress through cluttered environments (such as furniture
arrangements and milling crowds).

This list comprises but a few characteristics that distinguish the
wheelchair-bound individual from ordinary individuals. Wheelchair
users have fewer opportunities for actions than the nondisabled.
Consequently, a question of great interest is how functional spaces for
wheelchair users can be designed to afford freedom for them to act in
ways comparable to nonwheelchair users. Consider other important
characteristics of wheelchair users that make the designing of functional
spaces explicitly for them even more critical.

11.2.2 Determining Dynamic Tolerances of Fit

The Uniform Federal Accessibility Standards (UFAS{MS}::ISl :::
specification for a clear opening width' f?r dqgra),fséo g o)
i the recommendation is for widths o ,
B s v i ing requires greater clear
ing a wheelchair to enter an opening req ;
:vv?;:}?: ° ;\:)r:“ mgst approaches, the addition of an inch leeway on 5ellthe)r
side sdffices-—making for a minimum clgarhwtldth ;)rf ?2 fu;ti:ghtclrlx:l é
ikelihood that control o
However, to accommodate the li Straightlin
ir wi i fect adds at least 2 in tolerance.
travel of the wheelchair will be imperf  in tolerance.
i traversing passageways tha
For instance, to accommodate in, e
i i the minimum clear wid a
than 24 in (61 cm) long increases ' :
in (91.5cm) as compared to doorways w1tt}}11 unfrecs}:ncl:id taggi(;:ci}:]e:.t OI;:
. ini idths of checkou
similar reasons, the minimal clear wi eckot " stores
i the specifications must be
must also be 36 in (91.5 cm). However, t! st be even
in librari their greater length makes larg
ore generous in libraries. Because ’ '
ge:mc%ers from the straightline path even more h::ly, alslest,hbe[t}\;:el:g
i In this case, the
i bookcases require greater tolerances. '
ll:::r;);nends a clear width of 42 in (106.5 cm) whf:re poss1ble.. Wt};elég :
wheelchair user might meet other wheelchair tr:fflc ord p:adest{e'langr :atle .
i t be adjusted to even
then the clear width of passages mus : ' .
i Ultimately, our project aims
s (66 cm and 48 cm, respectively). . im
::lfira::re;\ii in-the-field testing to see if such standards remain reallstl:i:
und);r a variety of wheelchair velocities, approach angles, an
intentions. .
" er';”hese alterations to the specified clear w1dth§ of doorwaysror
assageways, as a function of direction of appr9ad1, distance to trtav:risg:
(}:r type of traffic, are only estimates. Dynamic .nlgasguzzsdglghClZarly
justments to existin . ,
whether they are adequate adjus '
wheelchair speeds may increase when gouf11g dowr:i raon}g:a\un;i}:
i ith traffic flow, and s .
emergency egresses, keeping up w . D o ving
ibili i ds in approaching doorway ;
B oncemaye, thore ires dynamic measures to set their
through passageways, therefore, requires dy to set their
i ir velocities may vary as a func
clear width tolerances. Wheelchair ve ' .
the layout of the environment, the circumstances, and the intentions of
heelchair user. ' .
the Vl;,hysical mechanics dictates that wheelchelr.s moving at c:}\\ren
moderate speeds will have momentum charactenst;cs that m‘ake onzr:
i i ts than slow-moving .
demanding on space requiremen ‘ :
II:/;(c)nr;:entum inﬂuegnces both maneuverability and control———somectil.mes in
a positive way and sometimes in a negative way-—depending on




300
SHAW, FLASCHER, & KADAR

11. DIMENSIONLESS INVARIANTS 301

t<-:}11recurrr\rl\lsltt?n;:_es. ‘The formula for linear and angular momentum involves
Speed orp; rl\ci\}?:rr\n ofS ma:st}t:y vo;locity. For every unit of increase in
ass of the wheelchair user, there i i
d or in th ; e , e is a dramat
z\ltrlrl\tilr;:hcalt:lve t}’r:icrease in the minimal requirements for stopping arl\(c:i,
i %n tﬁ:_» Saier:azon onlfy dynamic measures can determine the
' nd comfortable fi i i
architectarat spaees le fit of the active wheelchair to
In i i
e o tifr?:::? fo:(S thc(elrest)of this chapter, it is well worth rereading
rooks' (1938) quotation gi th inni
the Gib: ' Juo given at the beginning of this
o c? er oglearltﬁ', its full appreciation entails an innovative app%oach to
mmodate the facts of dynamic measurement as discussed.

11.2.3 Limitations of Current Measurement Techniques

;}LGizae:écagiv;ith Dti}s:ability Act (ADA) provides an important
actualizing the commitment of our soci
: : ciety to allow
ine me eve
me ;?gb:irn;ffg;xi ::hn:\tml:nlt);’to participate, fully, in all aspects of lifrey
itectural spaces that are accessible .
g fo and usabl
:iv:itz)lct},';atl;sr lfh a futgc%amolental step toward equal rights, Legislationec:r):
an to implement the best desi ideli i
honno better the gn guidelines that exist. If
quate, then the resulting standar
these ' g standards and codes will b
pcrl:caﬁlg;lv:antlrfg. In most cases, current standards have evolved fror:
practial b)zener:ce, legal precedent, and the intuition of experts. They
n set nor verified by scientific methods, With . i
measurements there is no alternative t ices, The simmtiois
o cutrent practices. The simplici
of th: proposed method can be better appreciate}:i. " simpliely
wheelsc }c\:ﬁ:isroe:':/oe:::i earlleF, the field needs dynamic measures of active
et o ts 0 determine the safest, most comfortable, and efficient
paths ¢ mravelmg bet;lween points in the environment. Current
ay measure the total time to travel a fi :
selection of the path, nor th i e e e al but no the
e continuous time accumul i
5 : mulated at each
inc;ri\gl ltl}lxae t:vdath. A few experimental studies investigate wheelchairrx::;
late emtr}l‘ronments. They use treadmills or dummies attached to
Whee Ns, rather tharf h'uman wheelchair users in actual workplace
settin lféme?\tr;e off the existing methods can make direct and continuous
meas: workplacc; v;'\l;:elchalr use over paths that connect different areas
i ' . now apprais isti i i
investigations of this orrte nsp ise the existing techniques for dynamic
t tf)rr:; mng}:nt use aerial movies to measure wheelchair paths through
environments. Unfortunately, aerial techniques proge

impractical for several reasons: One must mount several cameras at
heights greater than the ceilings usually available. Filming or taping the
wheelchair’s path requires an extremely wide angle lens that introduces
gross distortions. This makes exact measurements problematic. Finally,
the filmed or videotaped record from each camera must be digitized and
their data somehow combined—a costly, time-consuming, and tedious
job. Current automatic digitizing programs prove very expensive and
are not, indeed cannot be, entirely automatic. Alternatively, automatic
sonic digitized recordings are possible. This technique mounts sound
emitters on the wheelchair and distributes an array of microphones
widely over a prearranged path. As the wheelchair moves its location,
speed, and direction are recorded. Such devices work best in limited
spaces. They are also subject to serious problems of acoustic reflectance
in nonstandardized environments. Neither audio nor video techniques
work well in environments cluttered with furniture and other
architectural barriers. These methods restrict the wheelchair routes to
those within range of the camera or emitters. Consequently, they are
unable to measure the user’s natural preferences for routes that fall
outside the predetermined set. These methods are thus less practical,
more costly, and more restricted than the method to be proposed.

In short, we know of no current ecologically valid method for “in-
the-field” measurements. Such a method is indispensable to the design
of functional spaces in which wheelchair users perform daily a wide
variety of diverse activities. A chief concern is that although ordinary
environments may be sufficiently clear for walkers, they are usually not
barrier free for wheelchair users. Hence, design criteria must differ for
environments that allow these different modes of locomotion. Dynamic
measurement of clear movement through such environments requires
the development of new tools and techniques. We have built a
prototype of a new measurement instrument and tested its feasibility

which we describe next.

11.2.4 A New Technique for Measuring Dynamic Fit of Active
Wheelchairs

For this project we have developed a unique tool and associated
methods for determining the relevant variables for the fit of wheelchair
activities following paths through functional spaces. Following Gibson
and Crooks (1938), one of our aims is to discover how users
perceptually select fields of comfortable (safe and efficient) travel
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within fields of possible travel. A current series of experiments are
designed to uncover the informational basis and the stable styles of
control by which wheelchair users navigate successfully through
doorways and passageways. In the heart of this research is a typical
wheelchair that has been modified to gather data online, while running
diverse routes through such environments. A prototype of the
computerized wheelchair has been built and tested. These exploratory
experiments are described later. Here we use the computerized
wheelchair to examine a range of doorway and passageway width
tolerances under a variety of experimental conditions with different
velocities, widths, distances, and intentions. Our ultimate aim is to
discover the relevant information variables, control parameters, and
values or goals, whose interrelationships define the dynamic field that
moving wheelchair users carry with themselves as they move about
(Gibson & Crooks, 1938). For convenience, we might call these three
kinds of parameters—observables, controllables, and valuables—the
affordables! of the task situation.

This prototype computerized wheelchair has an on-board, laptop
computer that reads data from optically encoded accelerometers. The
accelerometers are attached to a pair of measurement wheels that have
been added to the undercarriage of a standard wheelchair between the
large wheels by which the vehicle is steered and driven. This
instrumentation allows the wheelchair's changing locations,
orientations, and velocities to be automatically recorded at each point
along the route traversed (within tolerances of approximately 2 mm for
each 100 cm of lineal distance traveled). The existence of this first
prototype demonstrates the feasibility of the concept, the soundness of

'Gibson (1979) introduces the term affordance for those objective properties of
environments which, taken in reference to an actor, provide opportunities for
that actor’s actions (i.e., goal-directed behaviors). It is one thing, however, to
have an opportunity for action and another to have the means to seize that
opportunity; hence, the necessary distinction between affordances as
opportunities to be seized and effectivities as the means by which such
opportunities may be seized. Similarly, it is still another thing for an actor to
value one opportunity more than others so that it and not they is intended and
acted on—that is, to select, on a given occasion, one affordance as being more
valuable than another; hence, the need for the term valuable to pick out the
intended affordance. For these reasons, we introduce the term affordables to refer
to the component parameters (observables, controllables, valuables) by which
affordances, intentions that select them, and the effectivities that realize them,
may be conveniently referred to under a common rubric.

303
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. .y neerin
the hardware and software designs, the practicality of ftheh engx;:e g
and production standards used, and a reasonable nt:o:=tt-e:(f:l ech:;ea;::ha i.r has

i t the computerized w ‘
these reasons, we believe tha 1 ‘
morl;ofrace validity for the purposes of relatively unrestnc:led :lv):;;ar;llz
measurements in natural settings than any other curre}x: Syfum:tioned
method. Furthermore, in field testing, th_e first protc:jtypeF a: functioned
successfully, although improvements might be ma ﬂf't oill nstar Str,ain
the future we hope to develop a secom‘::lh prototype Cta dv\;o Dave strain
bs which are connecte:
uges added to the wheel hu ' e
ﬁ:ngrails. This will allow manual forces appl'lefi to the wheel:l;o :egxisi eed
the torques applied to each wheel. Because it 1s these max;uh y ]:;11:; jed
wheelqtorques that both drive and steer thg wheg Cofall:(,)th ese
ificati i irect measures to be made
modifications will allow direc : to be m2 e oarally
i i ineti hicle’s navigation throug
inematics and kinetics of the ve '
lc<luttered environments. However, In what follows,hw.e ba:iiict);;;
analyses solely on the kinematic description of wheelchair ac
because these data are all that is currentlir available Foells.that adequate
learly recogniz
The approach to be taken c . ¢t adequa
i i heelchair users can not be y
environmental architectures for w s an e mere
i i llowances for a “special pop .
normal designs with add-on a . ' I population” ¢
i Ichairs require environ
sers. Rather, moving whee' ith
Fundamentally different designs than those thaftuacc:.c;r:arln:daces
nondisabled walkers. Clear passage through shared thn ; ;rmer pThe
for the latter is not necessarily clear passage for the for e ;lisﬁc
economics of design and construction, however, must remain re i be.
If minimal standards are too excessive, then costs of constrt}t:ctlc:; r\:lier e
wasteful, perhaps, even exorbitant—settm.g up but ano Zr barier 10
society’s commitment to provide realistic accommodati
Ichair users. . '
Whefl:'o reiterate: Our aim is to develop accur:;:e‘techm. q}:gs fc:;‘ :t)rx;ir:ils
i for wheelchair activities
measures of functional spaces F es that avoe
intuiti imati Such techniques cou .
intuitive overestimations. \ : o
i ic barrier to mainstre g
ignificantly to lowering the econom r
z\lr}g\eelchair-b)c,)und disabled individuals into society at !argii tOf c;:xsrus:é
merely having an instrument that is aplfrognately c:esllsg:i avce> ;ntheory
i ic fit i t enough. One must a
the required dynamic fit is no
that clgarly indicates which measureme;:ts l::;l'xo;:ld be rr‘;acfioe; the scaling
i lop the backgroun
n the next section, we deve ‘ . .
(ecoImetric) problem and the transduction (ecomechanics) problemr
With this background in place, we are better able to forr?ulate an answed
to the question of how to measure the similarity of information an
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control required for goal-directed actions to be successful.

11.3 Part lI: Theoretical Background: Dynamic Fit as
an Ecometric Problem

In this section we introduce some of the basic concepts that underlie
ecometrics and ecomechanics. Such concepts will be involved in any
attempt to solve the scaling and transduction problems associated with
actors (e.g., wheelchair users) navigating successful goal paths.

Consider, first, some properties an environmental situation must
have to afford an actor navigating through a cluttered environment: The
medium that surrounds the actor must permit freedom of movement,
and the actor—who may be a walker, flyer, swimmer, or vehicle user—
must maintain mechanical contact with a surface of support. For
swimming and flying creatures, the medium and surface of support are
the same—water and air, respectively. For arboreal and land creatures,
the medium is air or water, and the surface of support is tree, rock,
ground, floor, stairs, or sidewalk. If the actor is neither arboreal nor
aquatic, say a human, horse, or dog, then the surface must be sufficiently
rigid to support the actor’s weight, have sufficient friction to allow
traction, and be sufficiently level to prevent falling over. Environmental
properties that afford opportunities for actions—that is, goal-directed
activities—are called affordances (Gibson, 1979).

Examples of environmental affordance properties are the graspability
afforded by certain objects, the supportability afforded by certain
surfaces, and the edibility afforded by certain substances. In general,
properties of objects or surfaces count as affordances if they provide
appropriate structural and informational support for the action
capabilities of properly attuned actors, that is, actors who have the
means, opportunity, and motivation to carry out the relevant actions.
Hence the definition of an affordance necessarily implicates
corresponding action skills, called effectivities (Shaw & Turvey, 1981;
Turvey & Shaw, 1979). Such effectivities determine whether a specific
class of actors, for whom information specifying the relevant affordance
property is available, can use that information to realize that affordance
property, that is, to guide its behavior successfully toward an intended
goal.

Table 11.1 shows examples of how affordances, effectivities, and
actions have an underlying dimension of abstract similarity.
Affordances and effectivities are functionally defined and functionally

similar under the action of a sufficiently skilled organism relative to
appropriate environmental structures. The affqrdance refers to the
scale-dependent aspects of the physical situation that support an
opportunity for a definite action; effectivities refer to the commensurate
means available to the actor for realizing that definite action in that
given situation. The actor’s intention to act toward realization of t.hat
affordance goal in the given situation provides the motive to agt. Asina
court of law, when all three conditions—means, motive, and
opportunity—are met, then we may conclude that the agent .has a
realistic intention to act. Under this interpretation, an action is
necessarily goal-directed and intentional, involving the goal-specific
affordance and the intention-specific effectivity.

TABLE 11.1: The Interrelationship of Affordances, Effectivities, and Goal-

Directed Actions.
AFFORDANCE OFE | EFFECTIVITY OF O A(Cf Ilgl:\ Oiign?ieNdE
(opportunity for action) | (means for acting) rea £t Ej ance)
graspable able to grasp O grasping E
climable able to climb O climbing E
catchable able to catch O catching E
- able to pass O passing
passability throteh through E
sit-on-able able to sit Osittingon E

A wheelchair is a vehicular too], that is, a tool that aids locomotion.
Hence, whatever similarities carry over from affordance information to
effectivity control must do so through the tool that interfaces the actor-
as-perceiver with the environment-as-perceived and acted on. But what
happens to the affordance description of the environment and the
effectivity description of the actor when tools as objects and tools as
functions enter the story? We address this important question next.
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11.3.1 Tools as Ecological Interfaces

Tools enhance, extend, or restore the action or perception capabilities of
humans or animals. They may assist in manipulation, locomotion, or
exploration. Tools may extend existing capabilities or restore lost
functions either partially or completely. Tools may be simple machines
(e.g., levers, ramps, pulleys, springs) or complex tools (e.g., trucks,
bulldozers, automatic assembly lines, refineries) that amplify the
capacity for work, or they may be devices that amplify information
detection (e.g., microscopes, telescopes, sonar, radio, television) or
amplify its usage (e.g., computers, libraries). Currently, it is still an open
question whether computational tools may also amplify intelligence.
They surely carry out, in many ways, the tasks that would otherwise
take an intelligent person to do. In short, tools may focus or extend
effectivities of humans, thereby providing greater access to affordances
in the environment and, consequently, new opportunities for action.

Tools may also serve a prosthetic function by restoring the
effectiveness of lost or infirmed sensory abilities (e.g., eyeglasses or
hearing aids), or they may restore lost or infirmed action capabilities.
Some action prostheses restore manipulatory abilities, such as the
artificial hand or arm; others restore lost or infirmed locomotory
abilities, such as crutches, walkers, artificial legs, and wheelchairs.
Manually driven or motor-driven wheelchairs fall into the category of
vehicular tools, Little if any work, to our knowledge, has been done on
the formal description of such tools and how they alter the dynamic fit
of the disabled user to that environment in which they are typically
used. Moreover, achieving empirical validation of the dynamic fit of
vehicular tools might be furthered by considering how people navigate
other vehicular tools, such as automobiles. We consider such
comparisons later. A natural question is how does an object with a tool
function relate to the affordances of the environment and the effectivities
of the actor? Does the tool act as a mediator between the environment’s
affordances and the actor’s effectivities. Or, if the tool does not sit in the
seam between the environment and the actor, does it belong more to one
component of the ecosystem than the other?

Figure 11.1 shows the relationship that a tool might have to the user
and the user’s environment in which it is applied. Notice that the tool
might be treated as a mediating device which belongs neither to the
organism nor to the environment, but interfaces the two. This
interpretation seems to overly complicate the relationship between
organisms and their environments and to potentially destroy the

s needed to keep affordances and effe.ctlvmes
tically dual) as illustrated in Table
desirable because it allow:s the
d control to remain epistemically
sed at length elsewhere

theoretical balance that i
mutual and reciprocal (i.e., mather.na
11.1. This theoretical balanFe is
relationship between information an o
i for all the reasons that we have discus
?Sllr'\eait g']?urvey, 1981; Turvey & Sha\'av, 1979; 'ljur:/}?z,ci};;vl\;,n Ig(e:fd,th &Z
1981). Mathematically, this directness In
gx;zments) of the ecosystem allows us to use some powgtrhﬂ te}l?)?\rsﬁ;
from (self-adjoint) information/ control Ct.:leory tha:2 pzr[:flfoigances kA
ipti i chological ecosystems,
of description for modeling psy @ e emcting cycle
ivities, information and control, and the per \
f}f\faetcs\lrzlulcelsnot otherwise be possible (Shaw et al., 1992; Shaw,'Kugle]:; C«ir\
Kinsella-Shaw, 1990). There seems to be another alternative w

keeps intact our fundamental assumptions.

(a) Tool as a mediator between O and E
(b) Tool as functional extension of O

(c) Tool as functional extension of E

artition the role of a tool in an ecosystem: (a)
>0; (b) or as an extension of envzronmentel
) or as an extension of an actor’s

Figure 11.1. Possible ways to p
as a mediator, where E<=>T<=
affordances, where ( E<->T)<=>0; or (c
effectivity, where E<=>(T<->0).
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We prefer to distinguish between tools-as-objects and tools-as-
functions. As objects, tools must be treated as contributing to the
affordance structure of the environment. That is, before the tool is used,
like any object it has its own affordances, thereby inviting certain
actions. But tools-in-use are no longer just objects but play an intrinsic
role in extending, replacing, or restoring the user’s repertoire of
effectivities—that is, the actor’s capabilities for realizing affordances of
the environment. Tools, therefore, have a dual function—as objects
within the environment’s affordance structure and as components
within the actor’s effectivity system. Through the dual function, a tool
both scales and transduces the information detected and the control
executed in the course of the task involving the tool use.

For instance, on the ground a steel rod may afford grasping, lifting,
and wielding. But once grasped and properly braced under a boulder,
the rod becomes a lever and is part of the effectivity for leveraging the
rock causing it to roll down a hill. Hence, to call this object a rod is to
distinguish its role in the affordance structure of the environment,
whereas to call it a lever is to distinguish its function as an integral part
of an effectivity system. There is clearly a logical distinction between the
affordance structure of an object that invites a goal-directed function
and the effectivity, or goal-directed function, it invites. These concepts
should not be confused. The former refers to the environment as a
source of goals that an organism might achieve, whereas the latter refers
to the organism as a source of intentions that achievement of

environmental goals might satisfy. Hence, there is no ambiguity
introduced by dually partitioning the tool, first, as a part of the
functionally defined environment with affordance properties and, then,
as part of the functionally defined organism with effectivity properties,
as shown in Figure 11.1b and 11.1c.

Consider the methodological benefits of recognizing the dual
functional roles that tools play: As objects they have affordances like
any other, but as tools they engage effectivities, thereby permitting
actors to perform tool-specific, goal-directed functions. Thus, a tool
function of an object contributes, in a unique way, to the affordance-
effectivity compatibility underlying an actor’s fit to its environment.
Furthermore, and here is the main point, because tool use requires a
high degree of coordination between perception and action, fools focus
behaviors. When theoretical description and empirical study might be
intractable at the microscale level of the enormous number of degrees of
freedom exhibited by neuromuscular acts, both theory and experiment
become more tractable when only the macroscale degrees of freedom of
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sing system is considered. '
the t';')}(::suwggeszts a way that one might develo]? a manageable 1'nv(elngtg;;'
of solutions to the degrees of freedom .recogmzec'l by Be.mstleltn and.
The scientific study of tool functions involved in manipula o:;ytheir
locomotory acts might identifydmore. ;ra:ictga::Ie :ix:zcl:)e%u:sti(:)  thelt
ing, more complicated, unaide - ; - !
:(t):;;sgglt}(\ieseg:’free-action’!aanalogues _might pro‘v1‘d‘e a tthheoretl(:l:al ba::z
for better understanding the underlying effectivities that underw
thenlif tools promote the fit of actors to t}}eir environments.m wa)?vr?t(i):
visible than tool-independent behaviors, then studying a;'lation
involving wheelchairs may help us undergtanfi th.e coorerlar]\ ion
requirements for successful locomotory nav1gat}on 13\ gfe_lx:)or sl.n'face
describing the behavioral interface of the w}}eelchalr to ll(e o surfacs
is much simpler than describing the free actions of.a walker. Ofcou fo;
so far as specifics are concerned, the study of one is not a substitu o
the other. Even so, as related locomotory cases, thgy_ a_ret eq::n ayl
interesting examples of how' sirtri\ilarl Z}'es;;ear:(ismay exhibit intenti
i der different navigationa . .
dyn;r:rlish:sz reasons, it wouldgbe important to haYe a way of meta:uxt-lani
the degree to which tools promote the common fit of actors ;o ! e ; )
environment, as compared to the same actors without the‘ tool. sette :
reasonable to assume that use of the same tools by .dlffere?}: atxct}c:er
performing the same tasks increases. the t'ask constraints Vzo t a e x};
become dynamically more similar as 1ntgnt10nal systems. el urr: "
to a discussion of various ways in v_vhlch systems (actors plus too
might be similar in performing goal-directed behaviors.

11.3.2 Similarity across Physical Systems

Assume there are two systems, each with the same tool interfac_e vY]lth
the environment but different masses. If t%\e tc?ols and tasks arelslrfm tar,
then their behaviors should be similar—dlfferm'g by' only a sc?1 e lz}c\ o:
reflecting their different masses. For instance', .1magme two w ee ﬁa:

users of different weights who must select efﬁcnenf paths for n;wga g
through a room cluttered with furniture so as Fo exit t.hrc‘)ugh :xh o}?rwazr
If they travel at the same speed (are kinema'tlcally ilrrular), }e\ e::lh ’
actor (greater mass) will require larger turning .radu becal‘xtse fe t}(\) she
will have the greater momentum (mass x ve!qaty), In spite (1}1 e !
that the two cannot travel the same curvilinear paths at the sam
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;c:::lcalg},, th_cle‘}rle are still numerous ways that they may perform their tasks
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means alike up to a scale factor). Geometric, ki  Ainetie ot
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the two systems arrive I P a simillr tomn
at homologous places imi
schedule; and kinetic imilari ' e o systeme o
' s path similarity means the two syst
[y . : ems
?:m!lar fprces to move over similar distances (similar workyforces) at?npily
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Table 11.2: Various Kinds of Physical Similari
ysical Similarity Two Syst
Might Exhibit,  Tioo Systems

EEd kS
distance v

time . v

direction v

work v v
impulse y v
torque v )
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Perceptual similarity involves a common proportionality defined
over information variables detected by the systems, whereas actional
similarity involves a common proportionality over control variables
used by the two systems to produce their respective behaviors. Finally,
intentional similarity means the two systems share similar goals (i.e.,
target parameters, manner parameters, or both). When the goalpaths
pursued by the two systems are similar, then we say that they are
similar with respect to their intentional dynamics. We now describe
how this works.

Table 11.3 indicates the intentional dynamical similarities that two
systems might exhibit in their goal-directed performance, in which the
physical similarities defined in Table 11.2 refer to measures indicating
how the path is generated from the initial condition (start-up) to some
final condition. This path may or may not reach the target nor do soin
the manner of approach intended. By contrast, the intentional dynamics
similarities, defined in Table 11.3, refer to measures indicating how the
path ought to be generated to conform to an intended final condition
(reaching the intended target in the manner intended). Hence, Table

11.2 refers to measures of the causal generation of the mechanical path
indifferent to the goalpath, whereas Table 11.3 refers to measures of the
intentional control required to generate the ecomechanical path, that is,
the intended goalpath. The former is a "blind push from behind" by

Table 11.3: Various Kinds of Intentional Dynamical Similarity Two Systems

Might Exhibit.
information control
(target parameters) (manner parameters)

type of distance| time |direction] work |impulse | torque

similarity to to to to to to
between contact |contact| contact | contact | contact | contact
systems ®) © MW | Exd | Fx7 | Fxy)

target v v v
manner v v v
goal-path v v v v v v
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forces determined retrospectively by physical law as a function of the
past states of the system; the latter is a ‘directed pull from in front’
determined prospectively by the actor’s control law being provided with
(perceptual) information about how the observed future states of the
system reckon with those intended. For example, time as a variable for
physical dynamics tells us how much time has elapsed since the system
left its initial start-up state given where it is; whereas time-to-contact, as a
variable for intentional dynamics, tells how much time should elapse
before the system reaches its intended final state, given where it is. A
similar prospective interpretation should be given to the other "contact"
variables.

The importance of extending physical similarity theory to include
intentional dynamical similarity is to allow measures of the similarity
between intentionally driven systems analogous to the similarity
measures possible for causally driven systems. Dimensionless analysis,
an outgrowth of dimensional analysis and similarity theory, provides a
way to construct measures of physical similarity between the observed
characteristics of two systems as well as between a single system's
observed and intended characteristics.? Both of these similarities will be
of interest to comparing systems with both physical as well as

intentional dynamics. The general nature of these measures is discussed
next.

11.3.3 Dimensionless Ratios as Measures of Similarity

Dimensionless analysis developed from dimensional analysis: the
classic parameter approach introduced by Buckingham (1914) and
Rayleigh (1915), systematically developed by Bridgman (1922),
reformulated by Drobot (1954) to recognize dimensionless functions,
and used by Schuring (1977) to emphasize law-based similarities.
Dimensionless analysis serves two important functions for model
construction and theory. First, it puts a limiting framework around the
model to be constructed. This framework is based on the necessity of
any functional relation to remain invariant if the units are changed. A
second important function capitalizes on the fact that any physical
System can be analyzed into functions of a limited number of

2The notion of ecowork and affordance-effectivity duality as dimensionless
quantities, were introduced in a series of lectures on ecometrics given in the late
1970°s at the University of Connecticut by R. Shaw, first reported in Warren &
Shaw (1981), and given experimental application by Warren (1982).
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dimensionally fundamental variables that define its equation o(fi statthe.
The number of independent dimensionless groups, as provenfun grbl eﬁ
n-theorem, is equal to the difference between the number of varia

that make them up and the number of di'mensi'ons involved‘ (I_pste}x:,
1960). We explore these two functions of dimensionless apalysns mir e;-
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control as exhibited by the perceiving-acting cygle involved in a giv tn
task.) On initial inspection, however, two equations may not appee:;r iﬁ
satisfy dimensional homogeneity because they {nay.b? exp;';ss < I
different derjved variables whose symbols are quite dlstn}ct. fo;vL D,
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a form to emphasize its dimensional analysis), F = MA, althoug nass
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F(LT;)}\é most important progress in the study of similarltyhamong
systems resulted in the development of the so-cal.lec.i n-t te}:)rem
(Buckingham, 1914), one of the great achievements of similarity theory.
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This beautiful theorem asserts that any analysis of a physical
phenomenon in dimensional terms can always be reduced to a simpler
functional relationship among dimensionless variables (Drobot, 1954;
Rosen, 1978; Stahl, 1963). An appreciation of this theorem is necessary if
one is to understand how systems too complicated to be described in
terms of mathematically closed formulae (e.g., differential equations)
might nevertheless be compared in terms of more abstract levels of

similarity. The worth of this approach was summarized by Stahl (1963)
as follows:

‘It is reiterated that similarity criteria may always be obtained in a
simple manner from governing differential equations, when such
equations are available. When clear differential formulations are not at
hand much progress can be made by the study of simplified model
formulations of the problem, followed by an apparent dimensional
‘integration’ which gives the pertinent similarity criteria without
actually performing the numerical integration process. In other cases
there may be no differential equation which appears appropriate and
one can choose similarity criteria on the basis of prior experience and
direct manipulation of dimensional variables, " (p. 369)

This is not the place to go into details regarding this approach, but
fortunately several lucid accounts are available that the interested reader
might consult (Birkhoff, 1960; Duncan, 1953; Johnstone & Thring, 1957;
Langhaar, 1967; Sedov, 1959; and in the area of similarity of biological
systems, see especially, Giinther, 1975; Rosen, 1978; Stahl, 1963). To give
the spirit of dimensional analysis and similarity theory, and to show
how dimensionless numbers naturally arise in the former and have
application in the latter, consider a classical example—the case of the
generalized Reynolds number.

An Example: The Reynolds Number. In 1638 Galileo made initial
contributions to similarity theory by noting that static objects, such as
pillars, tree trunks, and animal’s legs, should scale area of support as a
function of volume of the mass supported. Newton went still further by
recognizing that laws of nature should be formulated so as to be
independent of certain dimensions, such as the overall size of objects.
Finally, similarity theory moved to a new plateau of abstraction and
generality when it was recognized that one might avoid specific
dimensions altogether by composing variables from the ratios of two
variables which were not just identical in dimensionality, but whose
dimensions canceled. Such variables, when evaluated, came to be
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similarity for all livi i ”
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invariantly transposed from the particular form of information they
must take to be detected to the particular form they must take to be the
controllables that allow a successful action toward that target. This is
the basic assumption of ecometrics (Shaw & Kinsella-Shaw, 1988).
Mathematically, this assumption entails that a “flow” of information and
the “flow” of control over the perceiving-acting cycle together define a
dynamic invariant, or what physicists call a conserved quantity. A formal
argument can be made that this generalized abstract quantity, called the
total action potential (Appendix A), must be conserved if one is to explain
how action skills acquired in one situation can generalize to other
similar situations (see Shaw et al., 1990, for details).

Furthermore, the conserving of this total action potential whenever a
goal-directed behavior is successful has been mathematically shown to
entail that an inner (scalar) product invariant (Appendix B) must hold
between the dynamic flow of goal-specific information and the dynamic
flow of the control of goal-relevant energy expenditures (for details, see
Shaw et al., 1992). In other words, the information detected over the
path to a goal must determine the path over which the actor controls its
manner of approach to the goal—otherwise, either the target moved
toward is not the intended target or the manner of approach is not the
one intended. In either case, if there is an error in information detection
or control, the path traveled will not be the intended goal path.

Proving the existence of a conserved quantity, or dynamic invariant,
as a condition for success of goal-directed behavior might be called the
fundamental theorem of ecometrics. Showing empirically that this theorem
does in fact hold in a variety of experimental contexts for different
actors is very important for motivating research into systems that exhibit
intentional dynamics, that is, goal-directed behaviors. For the theorem
asserts that an abstract similarity must hold over the perceiving-acting
cycle whenever an actor successfully uses perceptual information to
achieve an intended action goal—a statement tantamount to the claim
that a dimensionless quantity exists which is a kind of intentional

dynamical invariant and may be constructed over the relevant task
affordables. These are clearly m-numbers at the ecological scale rather
than an arbitrary physical scale, as illustrated in the following example.

Consider two cats who satisfy their respective intentions equally
well by jumping to the top of a fence. Let one cat be more massive than
the other. If we construct the equations for each performance
(analogous to Reynold’s equations for flow), the control and information
variables should be similar (just as the inertial and viscous forces were

similar). The pair of resulting ratios of these similar quantities will
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produce a n-number that is the same for both cats, being indifferent to
the difference in their masses. The total action for a given cat comprises
certain functions of the information detection and energy control that
maintain an invariant relationship just in case the cat’s behavior is
successful. When the two cats’ behaviors satisfy similar goals, then
other similarities should hold as well. For instance, the parabolic paths
through the air to the fence top should be geometrically similar in shape
and kinematically similar in the time to traverse the paths; likewise, the
work-to-contact with the fence top should be kinetically similar, and so
forth. The fact that they also have the same targets and similar manners
of approach to those targets and hence similar goal paths should be
reflected in the dimensionless ratio. Hence, the similarity of their goal-
directed tasks with respect to both ordinary causal dynamics and
intentional dynamics should be revealed by their respective n-numbers
being identical. The degree to which these numbers are not identical
provides a measure of the dissimilarity of their actions. This is the
promise of dimensionless analysis that we wish to explore in tasks
involving different actors performing the same or similar locomotory
tasks.

Our research project, therefore, ultimately aims at determining the
empirical validity of the fundamental theorem of ecometrics, as sketched
earlier. As a means for exploring this thesis of intentional dynamics,
there is no problem more scientifically interesting nor socially significant
problem than wheelchair navigation. In the next section, we outline the
method of attack on this problem and present some recent encouraging
results. It should be clearly noted, however, at the outset that although
these results obtained encourage the use of n-numbers, they also
indicate that the current use has been too limited to solve the
prospective control problem in its most general form (e.g., locomotory
navigation toward a goal through a cluttered environment).
Consequently, after reviewing the promising but limited results of
current research by ourselves and others, we shall discuss the
mathematical foundations of n-numbers. Our goal will be to suggest the
ways of removing these limitations so that n-numbers might be
generalized to measure similarity of any actions by systems operating at
the ecological scale under the aegis of intentional dynamics.

11.4 Part lll: Recent Investigations of the Fit of Actors
to their Environments

11.4.1 7-numbers of Different Orders

ometry is the study of the design of environments, furniture,
é)g?s‘,rca)gd eq:;}];ment in uni)t; proportional to the intrinsif: measurement
of the human body (Panero & Zelnik, 1979). The arc]:utect Corl?usmrf
employed anthropometric principles, on a lafge scale, in the design o
cities and buildings and, on a smaller scale, in t}?e' design of furniture
and equipment. The famous Bauhaus initiated 'exploratory
investigations into such design principles in the 1930s. Since then, Fhe
anthropometric approach has become an integral part of all design
disciplines, especially architecture, human factors, _and hum_an
engineering. Anthropometric a-numbers are those dlr‘nensmnles.s ratlocsi
based on body-scaled measurements that play a role in the desn‘gn an
evaluation of environmental structures, furniture, hoo}s, and equipment.
Clearly, anthropometric n-numbers constitufe an 1mpprta!nt s:lass t}c:f
geometric t-numbers. Very recently the empirnca;\l investigation into the
validity of such geometric n-numbers has grown in popularity.

Specifically, in our laboratory and elsewhere,. we use ?t-number§ to
express similarities between energy control a.nd information dete<':t10nl.
As argued earlier, under the basic ecometric theorem of mtentlon:
dynamics, such similarities should exist whenever. efct.ors must' make
compensatory motor adjustments, given goal-specific information, to
carry out successful goal-directed activities. Such compensatory motor
adjustments, under the control of perceptual inform‘atfon, specify th'e
actor’s fit to the relevant environmental structures. This is the pragmatic
meaning of the perceiving-acting cycle (Gibson, 19?9).

A decade ago, as his dissertation, Warren carried qut a now fa{nous
study exploring the kinetic basis for anthropometric (geomefrlc) -
numbers (Warren, 1982, 1984). He showed that for P'eople of dlfferex)t
heights the perceived optimal stair design was specific to the person’s
individual height defined as a function of leg length. (Here thc'e measure
of optimal stair design is the riser-to-tread ratio tak,en rel.atlve to th‘e
climber’s leg length.) Nevertheless, the ratio of leg dlme_nSlons to stair
dimensions for all people (riser height in cm/leg length in em = 7/)—
short and tall ones—were identical (*/1 ==, = .88).. Th.ese people then
had to climb a variable motorized stairmill. The stairmill ran at spee'ds
requiring a wide range of step frequencies (39 to 70 cycles/ mm?, while
the subjects climbed as comfortably as possible. Warren obtained an
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important result. Subjects produced an invariant optimal work measure
(ry = .26, as measured in calories /kg-cycle by oxygen utilization
methods) only for those designs that matched the dimensionless number
obtained from their original perceptual judgments.® This research
showed convincingly the existence of anthropometric r-numbers that
hold predictably over both perceptual and action measures (r,; and ).
How general are these n-numbers?

Konczak, Meeuwsen, and Cress (1992) investigated stair designs
with maximum riser heights. They asked whether leg strength and
hip—joint flexibility provide additional relevant constraints on both the
perceptual judgment and action capability of subjects regarding such
stairs. Thus, their work generalized Warren’s conditions. Warren
measured only anthropometric factors, omitting the effect of different
dynamic conditions (such as different speeds) and used only young
adults of the same approximate ages. Konczak et al. (1992), by contrast,
showed that younger and older adults differ in the perception of
maximum climbable riser height. In other words, adults can accurately
perceive the relative limitations and, presumably, the change in their
action capabilities that aging brings. Specifically, their analysis showed
that one’s action capability (in stair climbing) is subject to multiple
biomechanical factors (that is, kinetic m-numbers). These factors, taken
together with anthropometric constraints, are better descriptions of the
action capability than the anthropometric constraints (geometric -

3The action R,-number, on first consideration, may not seem to be truly
dimensionless as it must be in order to be a t-number since it involves a kinetic
quantity (minimum energy expenditure per vertical meter measured in units of
calories/kg-m) taken in reference to a geometric quantity (leg length). However,
T, is found by, first, plotting energy expenditure, Ey, as a function of riser
height, R, and, then, taking R, the riser height value at which E4 is minimal, as
numerator and leg length, L, as denominator to obtain Ty = Ro/L = .26 for all
people regardless of height so long as the stair design is anthropometrically
optimal for them. This was Warren's (1982) method. A more general method
exists for computing f-numbers from dimensionalized measures that are
dimensionally inhomogeneous. If one takes the measures in two different
situations, as over learning trials for an individual, a test-retest, or over different
individuals, dimensionless ratios can be constructed from measures that fail to
satisfy the property of dimensional homogeneity. Let the two measures taken in
the first situation be k1 and ky, dimensionalized as MLT and LT, respectively;
and where k’'; and k') are the same measures taken on a different occasion. We

can then form a dimensionless quantity by taking their cross-ratio as follows:
kqMLT/k,LT.

bers) taken alone. ' - . ‘
numBy uzsing n-numbers, these experiments make an exciting discovery

They show that the control of energy expe'nded ff;rbleztglof]kgl}r‘lee‘fil;uzl
numbers) is formally similar to the mformatlor;1 availal le theough visue!
perception (geometric n-numbers). Bqt where is e e
homogeneity required? It must be supplied thOfne ls);, for it seems
that people can “see” the work to be don'e, the 1r'npbuh Jorces to b
scheduled, and the torques by Whidl ct{z ;lr§:ri1:;rs ih: o ectyime
ted goals in the manner intended. I , the lerlyir
Zf:lo‘:rcxetricgcommensurability requirgd for this to be t;oi nlS Sa ees:\mn(l;:;g
relationship existing between something feilt and §omed duéi " n. Could
it be the similarity betweecri\ :}}:e ’jrf‘e;lt eff:trit; nez];:g:;ein seeingg e act of
climbing the stairmill and the inform e aotic
ign? Is this not the source of the commensurability ;
?:fsolrg;.atiii with visual information required for their dimensional

ity? We return to this point later.
hom((;%he:: latl)::proaches have also successfully constructed n-numbers for

ili i d
different activities than stair climb'ablllty: ll)Elach iotfh t:f\si :} icroonsrtrr\z;:\tfal
tio of an anthropometric variable w /iro
f/raorrira\b?erii;fining what we call an ecological 1F-number. In prmcnptlgcztlxcﬁ
ecologic,al n-numbers may be anthr0pometr1ca‘lly basgd (geome A
numbers), biomechanically based (kl.nema'tlc 1|:-dnummicall ,
bioenergetically based (kinetic n-numbcf‘rs), ﬁr mtgcxi\tlo&iailg : Z::ge @ n)i

(ecological m-numbers). Resear ers have iden ;
l:::Sr.:\clix(::zoingcliifferent scientific domains. In Psychologgl, fo&z\év;;%
Warren (1982, 1984), Mark (1987) found geometrical T-num er;, hereas
Lee (1974) and Todd (1981) found kinematic ocri\es.d};s ltahon;\te ! :rucéptual

idated both for
se these numbers have been valida ‘
!‘:ft :\I::\tcaand for physiological measures of action und?r n?r::?:
]confiitions These findings suggest that the humarf\ lpercept;oan:y:uih i
suri i i dimensions of locomo ,
a fine measuring device for different T T
i ili ittability (Mark), catchability )
climbability (Warren), sitta
ili ili & Wang, 1987).
i lity (Lee), and passability (Warren '
brakll:gaacli):iil:iyo&, we have extended this methodology to wheelchair
passability studies. We review these results next.

11.4.2 Wheelchair Passability Studies

ivi Gordon, 1966) or

ith the exception of the work on Firwmg (e.g'., ‘ '

gﬁ(};ng Zutomgbiles (Lee, 1976), or flying anc_i laqdlng of alrpla;ms.st(]:.;!gi ;
Warren, 1991), research on the dynamic fit of actors
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environments has been restricted to the investigation of natural
biological motions, that is, movements unassisted by prosthetic or
vehicular tools. Humans, and gven some animals, use tools successfully
as substitutes to increase their innate or learned abilities. The success of
these tool-using activities naturally suggests the possibility that n-
numbers might be used to construct scales that measure the dynamical
fit of human activities to their functionally (affordance) defined spaces.

The General Hypothesis: Function Unit Scaled Actions. In the initial
research, we restricted our efforts to the careful measurement of some of
the chief dynamic variables that affect the observed value of n—numbers
for wheelchair passability with respect to doorways and passageways.
Our working assumption is that such z-numbers will be most stable
when the behavior engaged in is most comfortable. The orientation we
take to this problem is a functional one and was anticipated by Gibson
(1979). (Please reread carefully the extracted quotes at the beginning of
is chapter.)

What one derives from these passages is that the measure of it of an
actor to its environment is not'rigid but plastic and functionally variable;
the actor’s egospace, or field of safe and comfortable action, whether it
be manipulation or locomotion, is not restricted to a fixed region of
space-time. Because a tool extends the actor’s body so that the boundary
between the animal and the environment is not fixed at the surface of
the skin but can shift. Similarly, this action field is not stationary
relative to the environment but moves with the actor, shifting and
changing, continually, bending and twisting, and also elongating or
contracting to accommodate obstacles that encroach on it and limits its
boundaries. Thus, no dimensionless constants may be based merely on
static structural units of measure but must be based on functionally
defined units. :

In the same vein, we wish to argue that a wheelchair, as a vehicular
tool, may be considered an extension of the user’s body; moreover, it
carries with it a dynamically plastic field of safe and comfortable
travel—a field that functionally tailors its boundaries to fit whatever
constraints that might arise from the actor’s dynamics or from the
environment. This means tool changes the functionally defined action
capabilities of the user, or more briefly, the user’s effectivities by
enabling the user to do things in a way that otherwise could not be done
(Flascher & Shaw, 1989). The success of tool using activities naturally
raises the possibility of generalizing body-scaled relationships to the

environment so that anthropometric measures might be generalized to
ecological measures. When the former are geometrically defined, the

2
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latter must be defined as units of measure of the.funcﬁonal fit c;; the ui‘r?
to the environment—a fit that usually is dynamically scaled. encte(,) ve
call such measures function unit scalec.i. Such measures are e
contrasted with extrinsically defined, static anthropometric mleca;‘sqres ;
fit. But what difference should we expect tool use (e. g., wheelchair use

i ?
to make on the calculation of A-numbers? . ‘
As indicated earlier, a tool can be defined as an environmental

structure the control of which aids an actor.in achievir"lg a goal-l;delreiileci
activity. As shown in Figure 11.1, we are mterestec! in 7-numbers 'la
are identical when the two systems, S, ar:nd S,, are similar, havo;5 51m(; a;;
tool interfaces, T and T, with similar enwronment'al structu;es, ! Oa’n+ E
(recall Figure 11.1). That is, where 5;: O+T->]?. ylelfis T .anl Sy T
-->E’ yields ', then we expect 7, ideally, 'w1ll be identical to . o
example, where Warren (1982) found idgntlcal m-numbers for peop (;1 ?
different body-scales climbing stairs of dlfferept but anthrcgaometr:cth a};
proper designs, so, for the reasons given ea.rller, we w0}11 e;(lpec oo
the m-number yielded by one wheelcha_lr user passmg; roP%d :
doorway of proper clearance will be identlca_l to the #-num : fefr ylet be ;
by another user in a different wheelchair passing through a different bu
ly designed doorway. ) )

Propsfvzral sfundies of pasZing through apertures (that'ls, cle;r w1dthsi
revealed the possibility of a universal ratio of body. size an m1mmas
passable gap size. Humans as well as frogs perceive ar:ldiﬁe(rlturlee a&
affording passage if it is at least 1.3 times t}}elr body wi 11(%984)
Cook 1977; Warren & Whang, 1987). As pointed out, V\{ar;ex'i, {1984
found that the perceptual category b01'mda'ry between C]lmfua Ctie a v
unclimbable stairs corresponds to a critical riser height as a function of
riser height/leg length ratio. Interestingly, W'arren was al?le to compu

a critical, dimensionless number describing this relahonshxp. ol

By analogy, our laboratory uses 1F-numbers to dlsco;:er co}r: trh !
similarities among different wheelchair users whf) pass throug e
same openings at different velocities or through dfffe.rent openmgsb
the same velocities. Warren’s research showec.i convincingly a 1t-numt ?;
that holds predictably over perceived dimen.spns of the environmen @
stair design) can be used to predict the minima of a kinetic meaSuerl
(oxygen consumption). We try to generallzg these.: measures ev "
further so that ultimately they might include intentional dynamic
numbers. '
In pursuing these practical goals, we assume that:

1. The dynamic fit of a wheelchair user is a function of the
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efflqe'ncy, comfort, and safety associated with carrying out a
specific task in a given environmental setting.

2. That geometric, kinematic, kinetic, or intentional dynamic
n-numbers provide scaling coefficients that can index the
dyr?amtc fit of wheelchair activities to the functional
environment.

3. That critical values of dynamic n-numbers can be defined and

usefi in qualifying guidelines for the design of wheelchair
environments.

11.4.3 Passability by Walkers, Automobiles, and Wheelchairs

Ecologic 1|:-n.umbers and their generalized forms provide measures for
characterizing the functional architecture of spaces designed to
accommodate active wheelchairs. The experiments reported next
suggest t}}e main themes of future investigations. The main purpose of
these preliminary experiments was twofold:

1. To assess whether passability is body scaled (i.e., indexed by a

geometric n-number) or whether it is dynamicall led (i
indexed by a kinematic x-number). ¢ olly scaled fie.

2. To compare passability n-numbers for walkin ivi
ire p: car drivin d
wheelchair using and other activities, & &

We investigate these questions and methods i

. n both the laborato d
the ﬁe'lbq.] ‘ Future entgeavors will focus more broadly on charactez:ilr:g
accessibility routes through functional workspaces of di i
(offices versus homes). ’ of cifferent designs

Experiment 1. Automobile Passability Judgments. (F1
& Owen, 1989). ty Judgments. (Flascher, Shaw, Carello,

Mftﬁod. Ten subjects (all experienced drivers) were asked to judge
- the minimum dear width passable by a car. Using the limits method
borrowed from psychophysics, subjects judged aperture clear widths
regarc?mg the maximum width of their own car and a smaller or larger
experl.mental car. Subjects made judgments under six conditions for
each size car from a distance of 12 m: with subjects (1) sitting in their

own car; (2) sitting in the experimental car; and (3) standi i
p ndi t .
Hence, there were 2 x 6 = 12 conditions in all. ) ng outside
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Results. We calculated the dimensionless m-number for passability
by dividing the judged minimal passable gap by the target car width.
The passability x-number in this task was 1.22. Judgment position had
no influence on judgment F(; gy = .747; however, there was a difference
between the judgment for the experimental and own car Fa, 18 = 7.008,
p <.05). The r-number for the subjects own car (1.24) was larger than the
7 -number for the experimental car (1.20).

Conclusions. These results support the assumption of a functionally
defined scale for the perception of passability, of which body-size scale
(that is, geometric dimension) is a limiting case when no dynamics are
involved. Even though the passability ratio for cars (1.22) was different
from that for walking (1.3), they seem close enough so that differences
may be accounted for by different task demands due to different modes

of locomotion.

Experiment 2. Dynamic Choices of Wheelchair Passability (Flascher et al.,
1989; Flascher & Shaw, 1989).

Method. Each of four subjects, while sitting in a wheelchair, was
confronted over 14 trials with a row of 11 apertures using a forced-
choice method. The apertures were ordered by size (either ascending or
descending order from the subject’s point of view). Subjects were asked
to roll themselves along a line parallel to the aperture row, stop when
they saw the smallest passable gap, and then race through the chosen
aperture as fast as they could. Apertures were varied in 2 cm
increments to create 7 ranges: 59-79, 61-81, 63-83, 65-85, 67-87, 69-89,
and 71-91 cm. Each subject approached each row from the left and from
the right in a counterbalanced design. The size of the passed aperture
and the direction of approach and speed of passage were recorded.

Result. The average passability 7 -number in this task was found to
be 1.18.

Conclusions. From these results it can be concluded that in active
selection as in passive judgment the same conclusions as in Experiment
1 are warranted.

Experiment 3: Perceived Passability Judgments for Walkers and Wheelchair
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Users. (Flascher & Carello, 1990).

Method. Fourteen naive subjects were asked to judge the minimum
aperture width that was passable under two different styles of
logomotnog: ‘walking through or wheeling through in a wheelchair.
Q51ng the limits method, subjects judged aperture passability under four
different conditions (two in each style) from a distance of one eyeheight:

standing or sitting in a wheelchair. None of th j
ety or stiing ne of the subjects had ever used a

R'esults. The passability #-number for wheelchairs in this
experiment was found to be 1.22 and for walking 1.12, F (,13) = 8564, p
<‘0§é Th(ext-e :«iras no significant difference between the judgment
positions (standing or sitting; F =.521), and there i i
Mtect Py e 00 1,13) ) re was no interaction

_dtC}fn(;lusian}i. In }t;his case, a direct comparison between the perceived
widths for wheelchair passability and walking reveals a signifi
difference in #-numbers. & * stgnificant

Discussion: How General are n-numbers ?

In these experiments we were able to identify a passability 5~
car driving (1.22), for wheelchair using (1.22f};ndp1.18 fortgifzer;::tﬂt):;lf;r
and for walking (1.12). The discrepancy in these results generall);
suggest a need to understand perceptual scaling in terms of function
;mts (fiynamic.n-numbers) rather than merely in terms of body
v\;:\rt:::qtg\;z()s.tahc m-numbers), as has previously been the case (e.g.,
Alt‘hough a significant difference was found to hold between
dynamic n-numbers for walking and for wheelchair wheeling, one
cannot argue for a basic difference in their perceptual characterisﬁ::s It
now seems likely that the value of a -number is changed (possi.bly
reduced) with experience, For instance, in the first experiment we found
that subjects scaled differently to their own cars than they did to an
experimental car (which was a different size from their own being
elth’er bigger or smaller). In the wheelchair experiments, none of our
subjects had any prior experience with wheelchairs, so no conclusions
could be drawn regarding learning and the possible reduction in the size
of the w-number. In future research, of course, the hypothesis might be
tested by comparing novice versus expert users. We intend to do so,
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On the one hand, these experiments confirmed the usefulness and
general applicability of the n-number methodology. On the other hand,
they suggest that limits might be placed on the generality of these
numbers. In other words, the assumption that a passability n-number
might be a fixed universal constant now seems less likely. However,
this limitation, if proper, still does not reduce their usefulness as the
basis for a generic function scale that might be used for measuring the
perceived or actual fit of actors to their environments (i.e., their use as
ecological n-numbers). Recent experiments support this appraisal.

An important issue is whether the n-number of passability is “body
scaled” or function-unit scaled (where the “body” scale may be defined
for geometric dimensions of a wheelchair, automobile, or walker). In
this regard, tasks involving different geometric ratios between diverse
bodies and apertures, relatively close n-numbers for passability were
nevertheless found. This presumably resulted from the tasks placing
similar functional requirements on relatively independent body
dimensions. Consequently, it seems likely that functionally scaled =-
numbers may exist rather than geometrically scaled ones, as originally
thought (Warren, 1982, 1984). However, to ratify this conclusion, further
investigations across a wide range of task categories are called for to
determine the exact relation of perceptual ®-numbers to action
n—numbers.

The experiments discussed also suggest that, although ni-numbers
are useful for gaining a handle on a problem, they should be treated as
functional and dynamic variables that may change rather than as fixed
universal constants—what we later shall call "dimensionless functions”.
Nevertheless, over a wide variety of modes of locomotion and
passability conditions, n-numbers provide useful measures for both
specific dynamic conditions (e.g., comfort mode or maximum speed) as
well as for limiting cases (e.g., minimum passable gap size, maximum
riser height, etc.). The differences in n-numbers over different tasks
further suggest that, because of their abstractness, they may provide a

task-dependency measure of great generality. Such a scale could be
used to index the differential properties affecting the degree of fit of
different types of behavior to different kinds of situations. In this way,
one might scale the dynamic fit of wheelchair users to their
environments, whereby making reference to effort and fatigue to which
they may be subjected in obtaining or maintaining the respective fit.

These findings suggest that the investigation of the various
n-numbers identified should be extended in new directions. For
instance, dimensionless analysis should be carried out in a wide variety
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?; v';'\(:)rk-sp;ces. To do 50, however, requires moving beyond n-numbers
Y re abstract descriptions of dimensionless quantities. We need
ese more general mathematical procedures for coupling the
affordables. intentionally—that is, for coupling the function un?ts i
]Cas;::zlaltu?l m.formation (observables) to the dual function units in thz
intenge; actions (controllables) as constrained by the goals (valuables)
For c!ynamic tasks, dynamic t-numbers are most relevant. Thus, a
method is needed to determine how expert actors (eg wi'\eelch;'
users) select those routes that are minimally clear for tIavei’from amonl .
those that are not, and from among the minimally clear routes how theg
se!ect those that are also most safe, efficient, and comfortable Onl il}‘,l
this manner will the most adequate design principles eme; e é
future project has as its chief aim to propose such mathematical §nétho:;

whereby continuing to develo i
. : p and evaluate the instrument we
making the required dynamic measurements. have for

11.5 Part IV: Generalized Dimensionless Analysis

11.5.1 Overcoming Traditional Failure
s to Add .
Scaling Problem ress the Ecometric

Earlier we discussed the seminal experiments on stair climbi
;c;‘r}ducted by Warren in his dissertation carried out in our laboratcing
_lS research showed convincingly the existence of anthropomet:iyé
1acc tr:ztr‘nlé):;i tthalt)l'\old predlctall:;ly over both perceptual (information) and
ction ntrol) measures—the use of geometric x- i
!<1net1F efficiency and comfort. Howevger, t: t:c;;;l}:gb&r: rt:a;nde);
intentional dynamics, even more general dimensionless co ﬂﬂ:O
these must be used. respts fan
By using m-numbers to express stair-cli ili ‘
experiments made an exciting dislgovery. The)S lsl}rlr:)iv)vaet:llht}gt, triarretn ?
of energy expended for action is formally similar to the inforrcr?alliro
ava.llabl'e through visual perception so that actors can see eometlc')'n
design information as if scaled in terms of energy demandgs In tl':C
second phase of the same experiments Warren validate.d thes:
gfrliespfc;xi\i.e f}f:r:t?'lbje'ci achally 1;:limbed stairmills of designs more
irs judged in the first phas i
Alt}'\ough actors of different heights found Ic)liffe:er(:: ;t\aeir:ilfle:ll:s\f I;t.
easier to climb, measurements showed they expended the least amo%mi
of energy on those stairmills that they had selected a priori in the first
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phase. Hence the actors were solving the ecometric scaling problem.
Because, as a function of anthropometric fit, geometric information {the
stair design) constrained the kinetic activity of climbing, we can also
conclude that the actors were solving the ecomechanics transduction
problem as well.

Earlier we suggested that the ecometric commensurability
underlying Warren’s climbability task was a similarity between
something felt and something seen. We speculated that the similarity
needed holds between the “felt effort,” experienced during the act of
climbing the stairmill, and the information detected in seeing the stair
design before climbing. Hence, haptic information must somehow be
commensurate with geometric visual information. This suggests a need
for understanding at a more general level how ecological n-numbers
work.

An ecological -number is specific to a rule for the perceptual
control of action as defined for a particular affordance goal (e.g., stair
climbability, aperture passability). Like any other m-number, it must
satisfy the physical property of dimensional homogeneity mentioned
earlier. Ecological psychology typically treats information and control
as being dimensionally inhomogeneous, thus creating the problem of
how kinematics can specify kinetic values. That is, information is
treated kinematically (e.g., L, T), being defined over dimensions of
geometry and time; whereby control is treated kinetically (e.g., F, L, T),
being defined over dimensions of force (or mass), length, and time. For
example, we speak of visual information as kinematic, as in the case of
time-to-contact with a target (Lee, 1974). Yet, such force-free
information somehow specifies forceful control, as in the application of
braking forces to avoid colliding with the target seen. Runeson has
identified the problem of how kinematic information gpecifies dynamics

(kinetics) as the search for the KSD principle (Runeson & Frykholm,
1983). Clearly, there is no dimensional homogeneity under this
interpretation. In contrast, here we argue that the KSD principle is, in
fact, a DSD principle with kinetic based information detection specifying
kinetic-based energy control. Thus, dimensional homogeneity is
satisfied, and ecological m-numbers may be constructed. Before
presenting this DSD, view as one way to rid ourselves of the
incommensurability problem, consider another way. The traditional
approach attempts to avoid this incommensurability problem by taking
a different tack. But, as we shall see, this approach has major

shortcomings.
In standard information theory, as developed by Shannon, the
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concept of information is dimensionless, being measured in "bits."
(Shannon & Weaver, 1949) (Bits are binary units obtained by taking the
logarithm to the base 2 of the total number of exclusive disjunctive
choices possible under a given choice-set of items.) Likewise, from the
development of abstract machine theory we have a dimensionless
concept of control. Consider Turing’s notion that state transitions a
machine makes (reading symbols on tape, writing symbols on tape,
erasing tape, moving tape right, moving tape left) are treated as
determined by rule-directed symbol manipulations independent of the
forces required to control a real machine. Just as information variables
are not bound to the semantic dimensions of a message’s content, so are
control variables not bound to the physical dimensions of a machine’s
plant components. By both being dimensionless, the problem of
dimensional inhomogeneity is avoided from the start by assumption.

Does not the existence of dimensionless descriptions imply the
widest possible theoretical generalization across a wide class of
analogous systems because their specific semantic and physical details
can be ignored? So why not build #-numbers directly from these
classical vacuous notions of information and control? If only
dimensionless variables go into the ratio, then there can be no problem
of their inhomogeneity. But is a deeper problem of incommensurability
really avoided by this tactic?

Unfortunately, ignoring the dimensional variables and attempting to
work directly with dimensionless ones does not solve the
commensurability problem, so that information can scale control
constraints. Because information and control variables are not bound to
qualitative dimensions, their scale is left free floating, undefined, and
hence potentially incommensurate. For instance, the information value
of any nested (fractal) pattern is infinite (undefined) unless an ad hoc,
extrinsic measurement constraint is applied to fix the level of analysis.
Likewise, the control of state transitions in a nested state space is
undefined until the level of control is extrinsically constrained, say, by
an ad hoc programmer’s ploy or physical limitations of the machine or
organism.

How, then, can we be sure that the ratio of information to control is
the appropriate one for the perceiving-acting cycle involved? An
answer to this question comes in two parts: First, the concept of
n-numbers must be generalized to a mathematical level of abstraction
sufficient to allow information and control to be treated commensurately
if indeed they can be. Second, it must be shown that under the
intentional dynamics approach, one is, indeed, justified in treating them

ili dimensional
ensurately. Such commensurability would guarantee dir 1
;(c))lrr;\l:)‘geneity o¥ these dynamical processes over the perceiving-acting
cycle; thus, dynamical a-numbers might then be actually coqstructed to
reflect the degree of success of attempted goal-directed behaviors.

11.5.2 Higher Order Dimensionless Invariants

To illustrate the generalization process needed to pursue to get hlghgr
order invariants, it is useful to scrutinize further the hydrodyr}amelg
example already introduced with the Re.ynolds. r.mmber. As merfﬂ;\lon <
earlier, one specific Reynolds number. is sPeaflc toa fa'mlly of ows,
namely, to flows in which the ratio of inertial forces to viscous orch; 1(:sl
the given Reynolds number. In the literfature Fhesg flows are ca et
geometrically similay steady state flows, refemng Pn'manly to the constt}a‘nt
velocity of the flow along a given section. It is important to note 0 aCl
flows characterized by the same Reynolds number are oft'en ca eCl
dynamically similar flows. In other words, a Reync.>ld's number is deeme
necessary and sufficient to capture dynamically sxml!ar, steady ﬂow:.

An analogy can be drawn between a geometrical T-number o; a
wheelchair "flowing” through a passageway and a Reynolds numbgr ort
a liquid flowing through a passageway. However, the'analogy 11 no
simple; although in the former case we refer to a geometrical T-num grsi
in the latter case we refer to a different, more general, 'dynamlc_a
n-number. Consequently, a closer look is needed to clarify what is
meant by dynamical n-numbers as a generallzatlop.of geometric
n-numbers. Earlier studies on climbability and p?ss?§1llty ] revealed' a
geometric m-number which was specific to the "minimal” dynamics
involved. In other words, subjects were instruf:teq to apply la
controlling force (analogous to inertia force) to maintain a normal,
comfortable, and constant speed. Each subject belqnged toa Popl'xlatt;:m
with specific attributes affecting the effort_requfred to maintain that
comfort mode activity (similar to overcoming viscous forces): From
attempts to control (inertial forces) one’s movement while remammgb in
a comfort mode (overcoming viscous forces), a Reynolds number
i retation seems to follow naturally. '
mterllJ)sing terminology from hydrodynamics, we might consider the
"normal speed"” to be a steady-state mode of motion. However, t1'1ese1
steady-state modes are ideal and, in that sense, represent only a mlmmat
dynamical solution. We say ideal, because real flows. are not consf;an
but change as their boundary conditions change. For. instance, the ow
velocity of a river is not invariant but changes as the river’s cross-section
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changes, or the speed of a car changes according to the changing road
conditions (e.g,, roughness), even if road width remains the same. Thus,
for the general case of flow in natural settings, the term dynamical
means continuously changing velocity, or continuously changing
viscosity, or whatever. For our "dynamical” examples, the analogy
sought is between a Reynolds number for real rather than ideal dynamic
flow, that is, for flow that is continuously changing between cross-
sections and also in time at the same cross section. Thus, similarly, the
passability m-number must also be capable of reflecting change between
cross-sections and in time for each cross-section as a function of
changing environmental and subject conditions.

In Figure 11.2 we have an example of how the Reynolds number’s
effect on the mode of flow depends on the environmental boundary
condition that is present. For flows of equal velocity, equal viscosity,
and so on, but different boundary conditions (roughness of the pipe),
different frictional values arise causing a bifurcation into flows
exhibiting different modes of turbulence. Notice how the Reynolds
number range (R) of the joint critical-transition region increases as
friction (f) decreases. This is a function of roughness on the boundary of
the flow (which effects the growth of the boundary layer and therefore
the size of the region containing the inviscid core). The analogy to
intentional dynamics is straightforward; Intentions, defined on the
initial condition, not only select target parameters, defined on the final
conditions, but select manner parameters as well which, in turn,
determine the manner of flow toward the target from the point of initial
intent. The value of this manney parameter is a boundary condition, like
roughness, which selects the particular path over which the actor
moves. In fluid mechanics, the path that minimizes fluid action is that
which allows flow to remain most laminar, just as in ecomechanics, the
goal-path that minimizes the actor’s need for self- control (while
maximizing target direction information) is that which allows behavior
to remain most comfortable.

Consequently, the most natural generalization is from dimensionless
invariants that are constant t-numbers (constant dimensionless
functions along a steady flow) to nonconstant dimensionless functions
(along varying flow). At this level of generality, instead of using
invariant dimensionless constants (r-numbers) to express the dynamical
similarity between different flows (fluid particles or moving vehicles),
we should use n-functions—that is, invariant dimensionless functions.
A mathematical strategy for achieving the generalization process is
heuristically outlined next.

11.5.3 Searching for the Laws Responsible for Dynamical
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Figure 11.2 The effect of the environmental condition of roughness on flow as
a function of Reynolds number.

Similarities

The heuristic outline sketches a popular technique by.which the laws
underlying dynamical similarities might be discovered and
characterized.  (For more detail and definitions please consult the

appendices.)

tep 1: Identify the dynamical dimensional space (so called base space) in
whi;l :Pll’e laws goiyemingytr;le phenomena might be formally e'xpressed. The;
dimensional space in most cases captures a certain am'ount 0f
redundancy in the measured variables used. The denvgd variables o
velocity, acceleration, or momentum can be expressed in terms qf the
fundamental M (or F ), L, T dimensions. In most cases, the dynamics of
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this dimensional base space is expressed in differential equations.

Step 2: Characterize the redundancy of the dimensional base space that
expresses the dynamical similarities of interest. This redundancy can be
characterized in terms of the symmetry structure of the base space.
Symmetry structure is best characterized by the continuous Lie group of
infinitesimal differential operators derived from the original differential
equations modeling the relevant system dynamics (for details see Shaw
et al., 1990; Stephani, 1989). The Lie group symmetry technique is
especially useful for simplifying the analysis of complex dynamic
systems because it reveals the participating laws (invariant subgroups)
responsible for creating the symmetry structure of the base space in the
first place.

Step 3: Using the Lie-group technique, factor the dynamical space into its
invariant subgroups. These will identify the participating laws. In other
words, by unfolding the factor structure of the Lie-group description of
the base space, we reveal the laws (invariant subgroups) that are
operationally identified with the base space redundancies (symmetries).
By doing so, dimensionally homogeneous, invariant functions are
obtained (see Appendix A).

Step 4: By using Drobot's more general reformulation of Buckingham's ni-theorem
(Buckingham, 1914), obtain n-numbers (if the dynamics is simple) or invariant
functions (if the dynamics is complex). Invariant functions are those
functions that do not change when the system of measurement is
changed. Thus, similar properties remain similar over two systems,
even if one of the systems is rescaled. Generally, a two-step procedure is
required to obtain invariant functions: One first constructs
dimensionless constants and then generalizes them to the dimensionless
invariant functions. There is a more direct way to obtain invariant
functions. If one uses Drobot’s reformulation of the n-theorem (Drobot,
1954; Kasprzak, Lysik, & Rybaczuk, 1990), then there is no need to
construct the dimensionless constants first,

It is worth noting that Drobot reformulated the #-theorem so as to
obtain invariant functions that are directly defined over the s~numbers
of Buckingham’s n-theorem (see Appendix A for details): From
Buckingham’s #-theorem we are guaranteed that it is always possible to
reduce the number of independent parameters in a problem by
compacting the dimensional parameters into a set of dimensionless
parameters. From Drobot’s reformulation and generalization of this

theorem, we are also guaranteed that the Buckingham procedure will
work for more abstract dimensionless functions. (Usually the more
recent reformulation is given without crediting Drobot with the
generalization; e.g., Gerhart & Gross, 1985, p. 364, whose treatment we
follow.) . '
Assume any physical process governed by a dlmt.ensmx'\ally
homogeneous function whose argument consists of n-dimensional

parameters, such as

X1 =f(xz, X3, 004 xn),

where the x’s are dimensional variables. Then there exists an equivalent
function whose argument consists of a smaller number (n-k) of
dimensionless parameters, such as

;= F(ﬂz, T3reeoy Ry

where the 7’s are dimensionless groups constructed directly from thg
x's. The amount of reduction in the parameter set, signified by k, is
usually equal to, but never more than, the number of fundamental
dimensions involved in the x’s. Here the dimensionless parameters are
constructed as products of powers of the dimensional parameters (see
Appendix A for details).

Essentially this important theorem asserts that a complex system
with redundant structure can be made nonredundant and therefore
simplified. This amounts to finding the smallest number of parameters
for describing a system by discovering the minimal generator set for all
the paths through the system’s state space.

Step 5: Model the way and degree to which two systems }fave similar
intentional dynamics (i.e., goal-directedness). Drobot’s dimensxo.nal space
can be interpreted as a fiber bundle space. This suggests that d-lfferentlal
geometry can be used to provide a fiber bundle interpretation of t?xe
invariant functional associated with the flow of the relevant potenflal
(i.e., the generalized Hamiltonian representation of the tot'al action
potential). The similarity between the two systems can then be identified
with that connection in the fiber bundle which gauges the flow of
information on one manifold to the flow of control on the dual manifold.
A third lower dimensional manifold, called the quotient manifold, defines
a connection in the fiber bundle which carries the scale factors for
relating the two flows. The parametrically simpler flow of the
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generalized action potential on the quotient manifold is obtained
through group factorization of the flows on the other two manifolds (see
Appendices A and B).

Earlier we asked how one can be sure that the ratio of information to
control is the appropriate one for the perceiving-acting cycle involved?
IF was suggested that an answer to this question comes in two parts:
first, that the n-number concept must be generalized to a level of
abstraction sufficient to allow information and control to be treated
commensurately; steps 1-5 suggest an approach to answering this first
part 9f the question. The second part requires showing that an
intentional dynamics approach justifies treating information and control
flows as being commensurate. Intuitive and formal arguments
supporting this claim have been made by us elsewhere (Shaw &
Kinsella-Shaw, 1988; Shaw et al., 1990; Shaw et al,, 1992). These earlier
arguments were the primary motivation and justification for the
generalized dimensionless invariant story told here.

11.6 Conclusion: The Explanatory Value of
Dimensionless Analysis

This chapter has been organized around the notion of the n-number and
its generalization to dimensionless functions. The search for these
dimensionless parameters promises the following benefits to
psychological theory: (a) m-numbers and their generalizations can be
used as the basis for intrinsic measures that relate on a single scale
quantities that might otherwise be taken as unrelated. For example,
they. might show intrinsic measurement relationships holding betweex;
environmental variables and organismic variables, affordances and
effectivities, perceptual and action variables, and so forth. We have
concentrated on how n-numbers might be used to reveal intrinsic
ecometric relationships between information and control variables. (b)
n-numbers and their generalizations provide means to reduce less
tractable problems involving systems with high-dimensional state
spaces to problems involving systems with low-dimensional state
spaces. (Recall that the reduction in complexity of state space will
always be proportional to the number of relevant invariants, or n-
numbers, discovered.) Finally, (c) through the use of principal
n~numbers (or principal #n-functions), that is, =-numbers based on laws,
fhe functional relationship of psychological variables can be shown to
imply lawful rather than arbitrary bases for explanations. This should
have the effect of moving psychology into close alignment with other
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law-based sciences, such as physics and biology. (Readers interested in
pursuing this point might consult Kugler & Turvey, 1987; Rosen, 1978;
Schuring, 1977). Our main concern in this chapter has been to suggest
ways in which dimensionless analysis might serve the interests of
ecological psychology by providing a formal interpretation of
intentional dynamics. We return to this issue next.

11.6.1  Reducing Intractable Degrees of Freedom

The intentional dynamical approach to ecological psychology is a search
for laws that relate perception to the control of goal-directed actions.
Since Noether’s pioneering work in applying group invariant solutions
to characterize the classical conservations as symmetries (see Goldstein,
1968), one assumes that the discovery of such lawful invariants will help
reduce the degrees of freedom of intractably complex systems to
something more tractable. The search for invariants is the search for
fundamental symmetries in the relationship between energy control and
information operations as they interact to form the perceiving-acting
cycle. How might this search proceed?

Although algebra is needed to solve problems, geometry is used to
clarify them. An explicit geometrical setting for this approach is
provided by the notion of a quotient manifold, M/G, where a manifold M
is “divided” by the invariants of some regular group of transformations.
For our purposes, these invariants will derive from a “compounding” of
control and information detection operations into groups of operations.
The coupling of these groups is expressed in their common (dual) action
at conjugate points along a goal path on the ecological manifold. (In the
Appendices we show that this is a gauge manifold defining a connection
in the fiber bundle, and that it is of lower dimension than the control
and information base manifolds that it relates.) Why is the ecological
manifold, obtained from coupling the information and control
manifolds, simpler (more tractable) than either manifold taken alone?
The answer lies in showing that the ecological manifold can be
constructed as a quotient manifold from these dual groups characterizing
the two base manifolds. Each point on the dual quotient manifold will
correspond to an orbit of each group.

Two main points should be made regarding the relevance of these
remarks to the current approach: First, the Lie-group descriptions of the
control and information detection operations capitalize on the existence
of such invariant group solutions. When the goal-path is successfully
traversed by the perceiving-acting cycle, we reveal the major group
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invariant that all the orbits (possible paths) share. Any other quantities
that commute with a dynamical invariant also reduce the complexity of
the original manifold, M. The discovery of such invariants greatly
reduces the complexity of the original information and control
manifolds, when treated separately, to a simpler quotient manifold,
M/G, when treated jointly. From this joint treatment a single ecological
field manifold is derived on which the orbits of the separate group
operators are coupled into a single dual prescribed goal path. The
motivation for constructing the quotient manifold is but a more
geometric way to present the algebraic approach pioneered by
Buckingham in his famous n-number theorem (see Olver, 1986, for
details of this relationship).

The use of n-numbers helps to resolve the crucial problem fa‘cing
psychological theorists—how to reduce the complexit~y of a given
system to the lowest possible level. For instance, th'e 'mtentlonally
dynamical systems to which we have referred may be dlfflCL?lt to mo'del
because they have equations of state that posit a very complicated, high
dimensional state space. This problem has been referred to in control
theory as the “curse of dimensionality” (Bellman & Drey.fus, 1962), in
action theory as the “degrees of freedom problem” (Bernstein, 1967), and
in ecological psychology as “intractable nonspecificity” (Shaw, Turvey,
& Mace, 1982). The original manifold, on which the system’s goal-
directed behavior is defined by superposing information and control
paths, may be extremely complicated. The use of dimensionless
numbers reduces the dimensionality of this manifold to a new
description using quotient manifolds. This move significantly reduces
the degrees of freedom of the original dual state-space manifold. Hence,
the search for law-based ecological ®-numbers and their generalizations
is clearly mandated.

11.6.2 Affordances as Dimensionless Invariants

Gibson held that perceptual information was scale-free, consisting of
formless and timeless invariants (Gibson, 1979). Affordances are
compounded from invariant relationships among environm'ental
variables taken in reference to organisms as acting perceivers.
Information is specific to these invariants of invariants. That
affordances are dimensionless invariants is exemplified by Lee’s
generalized tau numbers specifying time-to-contact (i.e., surface
contactability) and the tau derivatives specifying the marginal v'alue's 'for
braking to avoid hitting objects (the negative affordance of collidability)
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or accelerating to intercept objects (interceptabilty) (Lee, personal
communication, July 1992). Affordances as scale-free properties hold
across species, The invariant ecometric properties that make one surface,
say a bridge, afford support for one creature, say an elephant, makes
another surface, such as a leaf, afford support for another creature, say
an ant. The affordance of supportability is an abstract dispositional
property which, by definition, must be scaled to the animal in question.
Thus, the ratio of elephant-relevant properties to the bridge will reveal a
value that is dimensionless and equivalent to the ratio of ant-relevant
properties to the leaf. Warren (1982, 1984) showed that the climbability
of stair designs by actors of different size nevertheless yielded the same
m-number. Lee’s tau-derived m-number for a collidability is the same
regardless of the different distances and velocities of approach; hence, it
is the same, regardless of the type of animal approaching or the type of
surface being approached,

In all cases of affordances, supportability, edibility, collidability,
graspability, passability, or whatever, the affordance is nonspecific or
scale-free. It picks out an equivalence class of actor/environment ratios
which, if dimensional homogeneity is satisfied, are dimensionless
numbers or dimensionless functions. Not to see this is to miss one of
Gibson’s most elegant insights. For if affordances were merely specific
measures of an individual animal’s fit to its environment, there would
be as many affordances of a given type as there are individual animals
and individual environmental situations. Gibson aspired to a general
theory of perception that could be applied to all kinds of creatures in a
variety of econiches, and not one restricted to particular environmental
situations, individuals, or species. This generality of the affordance
concept allows ecological psychology to lay claim to being the study of
the lawful aspects of perception and action.

Effectivities by which affordances are realized are no less scalefree
than the affordances to which they are dual. Mathematically, the
isomorphism that takes an affordance into the corresponding dual
effectivity and vice-versa is called a duomorphism. The fundamental
ecometrics postulate asserts that the duomorphism which, by definition
must hold between affordances and their effectivities, guarantees that
the measurement of goal-specific information and of the control of goal-
directed action must be the same. (Mathematically, they must share
Lie-group orbits that are similar up to isomorphism.) Hence, by the
group factorization theorem, the same ecological dimensionless
invariants always exist when similar goal-directed actions are
successful—regardless of the goal, the creature, or the environmental
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situation.

The ratio of an affordance to its dual effectivity will yield a
dimensionless invariant and have a value specific to the degree of
success in attaining a goal-—a value independent of the semantics of the
situation. Information detection and energy control are operations that
coordinate the effectivities with the affordances they serve. The
intentionally coordinated perceiving-acting cycle can, therefore, be
thought of as a "gauge" group with orbits that run through the
environment and the organism thereby generating a goal path. If
intentional dynamics is as lawful as we suspect, then modeling complex
systems with such dynamics at the ecological scale will yield the
simplest explanations possible, and the curse of dimensionality will
have been lifted.

11.7 References

Abdel-Moty, E., & Khalil, T. (1989). Computer-aided design and
analysis of the sitting workplace for the disabled. In A. Mital
(Ed.), Advances in Industrial Ergonomics and Safety 1, Proceedings of
the Annual International Industrial Ergonomics and Safety
Conference. (pp. 863-870). New York: Taylor & Francis.

American National Standard Institute. [ANSI]. (1986). A117.1-1986.

Arthur, J. (1967). Employment for handicapped. New York: Abington
Press

Bellman, R., & Dreyfus, S. (1962). Applied dynamic programming.
Princeton, NJ: Princeton University Press.

Bernstein, N. (1967). The control and regulation of movements. London:
Pergamon Press.

Birkhoff, G. (1960). Hydrodynamics: A study in logic, fact, and similitude.
Princeton, NJ: Princeton University Press.

Bridgman, P. (1922). Dimensional analysis. New Haven, CT: Yale
University Press.

Buckingham, E. (1914). On physically similar systems. Physical Review,
4, 345-376.

Dainoff, M. (1987). Some issues related to seated posture and
workstation design. In G. Salvendy, S. Sauter, and J. Hurrell Jr.
(Eds.), Social ergonomic and stress aspects of work with computers,
Amsterdam: Elsevier.

Dainoff, M. (1991a). Ergonomic comparison of VDT workstations. In S.
Sauter, M, Dainoff, and M. Smith (Eds.), Promoting health and
productivity in the computerized office. London: Taylor & Francis.

Dainoff, M. (1991b). Reducing health complaints in the computerized
workplace: The role of ergonomics in education. Journal of
Interior Education and Research, 16, 31-38.

Drobot, S. (1954). Studia Mathematica, 14, 84.

Duncan, W. (1953). Physical similarity and dimensional analysis. London:
Ewald.

Flascher, O., Shaw, R, Carello, C., & Owen, D. (1989, July). Perceiving
aperture passability under ego-extension conditions. Paper
presented at The Fifth International Conference on Event
Perception and Action, Miami University, Oxford OH.




342 SHAW, FLASCHER, & KADAR

Flascher, O., & Shaw, R. (1989, October). Issues regarding tools, ego-
extension, and perception of affordances. Paper presented at The
Fall Conference of the International Society for Ecological
Psychology, Dartmouth College, Hanover, NH.

Flascher, O,, & Carello, C. (1990, June). Visual and haptic perception of
passability for different styles of locomotion. Paper presented at The
Spring Conference of the International Society for Ecological
Psychology, The University of Illinois at Champaign-Urbana.

Gerhart, P., & Gross, R. (1985). Fundamentals of fluid mechanics. Reading,
MA: Addison-Wesley.

Gibson, J. (1950). Perception of the visual world. Boston: Houghton-
Mifflin.

Gibson, J. (1979). The ecological approach to visual perception. Boston,
Houghton-Mifflin.

Gibson, J., & Crooks, L. (1938/1982). A theoretical field analysis of
automobile driving. In E. Reed and R. Jones (Eds.), Reasons for
realism: Selected essays of James ]. Gibson. Hillsdale, NJ: Lawrence
Erlbaum. '

Gordon, D. (1966). Perceptual basis of vehicular guidance. Public Roads,
34, 53-68.

Giinther, B. (1975). Dimensional analysis and theory of biological
similarity. Physiological Reviews, 55, 658—699.

Ingle, D., & Cook, J. (1977). The effect of viewing distance upon size
preference of frogs for prey. Vision Research, 17, 1009-1019.

Ipsen, D. (1960). Units, dimensions, and dimensionless numbers. New York,
NY: McGraw-Hill. .

Johnstone, J., & Thring, M. (1957). Pilot plants, models, and scale-up
methods in chemical engineering. New York, NY: McGraw-Hill.

Kasprzak, W., Lysik, B., & Rybaczuk, M. (1990). Dimensional analysis in
the identification of mathematical models. Singapore: World

Scientific.
Koffka, K. (1935). Principle of gestalt psychology. New York, NY:
Harcourt Brace.

Konczak, J., Meeuwsen, H., & Cress, E. (1992). Changing affordances in
stair climbing: The perception of maximum climbability in
young and older adults. Journal of Experimental Psychology of
Human Perception and Performance, 18, 691-697.

Kugler, P., Kelso, K., & Turvey M. (1980). On the concept of coordinate
structures as dissipative structures: I. Theoretical lines of
convergence. In G. Stelmach and J Requin (Eds.), Tutorials in
motor behavior, Amsterdam: North Holland.

11. DIMENSIONLESS INVARIANTS 343

Kugler, P., Kelso, K., & Turvey M. (1982). On the control and
coordination of naturally developing systems. In J. Kelso and J
Clark (Eds.), The development of movement control and
coorrdination. New York, NY: Wiley Press.

Kugler, P., & Shaw, R. (1990). Symmetry and symmetry-breaking in
thermodynamic and epistemic engines: A coupling of first and
second laws. In H. Haken (Ed.), Synergetics of cognition.
Heidelberg, Germany: Springer-Verlag.

Kugler, P., Shaw, R, Vicente, K., & Kinsella-Shaw, J. M. (1990). Inquiry
into intentional systems I: Issues in ecological physics.
Psychological Research, 52, 98-121.

Kugler, P., & Turvey, M. (1987). Information, natural law, and the self-
assembly of rhythmic movement. Hillsdale, NJ: Lawrence Erlbaum
Associates.

Langhaar, H. (1967). Dimensional analysis and theory of models. New
York, NY: Wiley Press.

Lee, D. (1974). Visual information during locomotion. In R. MacLeod
and H. Pick (Eds.), Perception: Essays in honor of ]. |. Gibson. (pp.
250-267). Ithaca, NY: Comnell University Press.

Lee, D. (1976). A theory of visual control of braking based of
information about time-to-collision. Perception, 5, 437—459.

Mark, L. (1987). Eyeheight-scaled information about affordances: A
study of sitting and stair climbing. Journal of Experimental
Psychology: Human Perception and Performance, 13, 361-370.

Olver, P. (1986). Applications of Lie groups to differential equations. New
York, NY: Springer-Verlag.

Panero, J., & Zelnik, M. (1979). Human dimension and interior design.
New York, NY: Whitney Library of Design.

Rayleigh, J. (1915). The principle of similitude. Nature, 95, 2368, 66-68;
and 95, 2389, 614.

Rosen, R. (1978). Fundamentals of measurement and representation in
natural systems. New York, NY: North-Holland.

Runeson, S., & Frykholm, G. (1983). On visual perception of dynamic
events as an informational basis for person and action
perception: Expectation, gender recognition and deceptive
intention. Journal of Experimental Psychology: General, 112,
585-615.

Schuring, D. (1977). Scale models in engineering. New York, NY:
Pergamon Press.

Sedov, L. (1959). Similarity and dimensional methods in mechanics. New
York, NY: Academic Press.




344 SHAW, FLASCHER, & KADAR

Shannon C., & Weaver, W. (1949). The mathematical theory of
communication. Urbana, IL: University of Illinois Press.

Shaw, R, Kadar, E, Sim, M., & Reppenger, D. (1992). The intentional
spring: Strategy for modeling systems that learn to perform
intentional acts. Journal of Motor Behavior, 24, 3-28.

Shaw, R. (1987). Behavior with a purpose. Contemporary Psychology, 32,
243-245.

Shaw, R, & Kinsella-Shaw, J. (1988). Ecological mechanics: A physical
geometry of intentional constraints. In P. Kugler (Ed.), Self-
organization in biological workspaces. Berlin: Springer-Verlag,.

Shaw, R., Kugler, P. & Kinsella-Shaw, J. (1990). Reciprocities of
intentional systems. In R. Warren and A. Wertheim (Eds.),
Perception and control of self-motion. (pp. 579-619). Hillsdale, NJ:
Lawrence Erlbaum Associates.

‘Shaw, R., & Turvey, M. (1981). Coalitions as models of ecosystems: A
realist perspective on perceptual organization. In I. M. Kubovy
and J. Pomerantz (Eds.), Perceptual organization. Hillsdale, NJ:
Lawrence Erlbaum Associates.

Shaw, R, & Turvey, M., & Mace, W. (1982). Ecological psychology: A
consequence of a commitment to realism. In W. Weimer and D.
Palermo (Eds.), Cognition and the symbolic processes, 1. Hillsdale,
NJ: Lawrence Erlbaum Associates.

Stahl, W. (1963). The analysis of biological similarity. In J. Lawrence
and J. Gofman (Eds.), Advances in biological and medical physics:
Volume 9. New York: Academic Press.

Stephani, H. (1989). Differential equations: Their solution using symmetries.
Cambridge: Cambridge University Press.

Todd, J. (1981). Visual information about moving objects. Journal of
Experimental Psychology: Human Perception and Performance, 7,
795-810.

Turvey, M., & Shaw, R. (1979). The primacy of perceiving: An ecological
reformulation of perception for understanding memory. In L.
G. Nillson (Ed.), Perspectives on memory research: Essays in honor of
Uppsala University’s 500th anniversary. Hillsdale, NJ: Lawrence
Erlbaum Associates.

Turvey, M., Shaw, R,, Reed, E., & Mace, W. (1981). Ecological laws of
perceiving and acting: In reply to Fodor and Pylyshyn.
Cognition, 9, 237-304.

Warren, R. (1991). Preliminary questions for the study of egomotion. In
R. Warren and A. Wertheim (Eds.), Perception and control of self-
motion. (pp. 3-32). Hillsdale, NJ: Lawrence Erlbaum Associates.

11. DIMENSIONLESS INVARIANTS 345

Warren, W. (1982). A biodynamic basis for perception and action in bipedal
climbing. Unpublished Doctoral Dissertation, University of
Connecticut.

Warren, W. (1984). Perceiving affordances: Visual guidance of stair
climbing. Journal of Experimental Psychology: Human Perception
and Performance, 10, 683-703.

Warren, W., & Shaw, R. (1981). Psychophysics and ecometrics.
Behavioral and Brain Sciences, 4, 209-210.

Warren, W., & Whang, S. (1987). Visual guidance of walking through
apertures: Body-scaled information for affordances. Journal of

" Experimental Psychology: Human Perception and Performance, 13,
371-383.

i _ .




346 SHAW, FLASCHER, & KADAR

Appendix A

Concepts and Theorems Required for Dimensionless Analysis and
to Build a Fiber Bundle Geometry

Here we present the basic definitions and theorems used in this
paper. We restrict ourselves to a pure mathematical language. The
discussion follows the major steps of dimensional analysis as expressed
by Kasprzak et al. (1990). Furthermore we also used Shaw et al. (1990)
and Shaw et al. (1992).

Definition: Group G= (G, ) is an algebraic structure on a set G with an
operation * called multiplication if
(a) for any a, be G there is a unique ce G

ab=c¢
(b) forany a, b, and ce G
a(be) = (ab)c (asg»ociativity)
(c) there exists ee G, for which
ea=a foranyaeG
(d) for any ae G exists a’e G
aa=e
Furthermore if for any 4, be G
ab=ba, then the group is commutative (Abelian).

Definition: We call G; group an invariant group under transformation se G
if for any ae G;
GGy and sa =as.

In other words, s is a commutator of G.
Definition: We call S subgroup an invariant subgroup of group G if for
any 4ae G and any s€ S
sa =as.
An invariant group is sometimes called a normal subgroup.

Definition: If N is a normal (invariant) subgroup of G, then aN aeG

classes are compatible classes. That is, if
a#babeG, thenaNNnbN =0.
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Definition: If N is a normal (invariant) subgroup of G, and aeG, then

we can define the multiplication of aN compatible classes:
aNebN =abN forabeG.
These classes with this multiplication constitute a group which is called

the factor group of G with respect to N. The standard notation of this
group is G/N.

Example: If G is the quaternion group (11, i, #j, 1k}, and N = (1, -1}, then
G/N is the Klein group {1, i, j, k}. The Klein group is commutative and
ij=k, ik=j and jk=i.

Definition: Group G is called a Lie group if it has the structure of both a
manifold and a group. To be more specific, G is a Lie group if

- the manifold is a topological space

- the group multiplication is a continuous operation on the
manifold.

- differentiations (infinitesimal transformations) are also defined
on the manifold.

Definition: A G Lie group is called a Lie algebra if the infinitesimal
operators are represented by vector fields and satisfies a Lie bracket
operator defined as

[B,A] = (BA-AB),

which provides us another derivative (Lie-derivative) on the manifold.
The bracket product satisfies the Jacobi identity, that is

[A[BCIl +(BI[CAll +[C,[ABII=0.

If the bracket product vanishes for any A, BeG, then the algebra is said
to be commutative, because AB=BA.

Definition: The M/Q equivalent classes of M with regard to a G
transformation is a quotient manifold, if M is a smooth manifold and G is
a local group of transformations (e.g., infinitesimal differential
transformations). Any class of M can be identified for any xe M by the
orbits of G passing through x.
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Example: Let M be a manifold of an arbitrary physical system with Z,,
23 Z3, ..., Z; fundamental physical quantities, and G be the
corresponding group of scaling transformations a;, 4, a3, ..., a,. Then the
so-called = theorem (see later) for this physical system provides an
example of the significance of the M/G quotient manifold.

Theorem: Let A be an operator of a second-order differential
equation and X be the generator of a group of local (point)
transformations. Then the differential equation of operator A is
invariant under the symmetry operation dX/dt if and only if

[dX/dt, A] =kA.

Example: Kepler’s problem (Stephani, 1989, pp. 96-97): motion of
planets around the sun is governed by '

o ;
x = -Mx'/rg

which satisfies the conditions of the theorem for the following 5 point
symmetry transformations:

X,= af, m(xm—é—+ im—a—) nmk=1 23
v P k 1

x ox
X4= 12_
ot
Xs=ti+3x'"—a—-15c"'—9-k- mk=1,2,3

k .
at3ax3ax

The first three generators X,, constitute the three-dimensional rotation
group according to the spherical symmetry of the gravitational field of
the sun. The invariance of temporal translation expressed in X, reflects
the stationarity of the gravitational field. X; is an implicit expression of

Kepler’s third law (spatiotemporal relationship of any two orbits of
Planets):

2,3 2,3
t1/r1=t2/r2

In sum, these invariant transformations express the underlying spatio-
temporal symmetry structure of the gravitational field of the sun.

Definition: Assume that the sets X, Y have a group G defined on thfam,
and there exists an A:X -> Y mapping, then we call A an invariant
function if for any x € X and forany g€ G A( o(g)x) = W(g)A(x).

Without proof we present some of the important properties of an
invariant function. ' _

- Function A maps orbits into orbits. '

- A can be decomposed into the sum of invariant functions on

the orbits. ' . .
- The invariance property of function A is equivalent to the

commutativity as shown in Figure 11.A1. _
-The symmetry value of an invariant function (Figure 11.A1)
cannot be smaller than the symmetry of the argument.

On the basis of these properties there is a method to simplify the
determination of an invariant function (for more details see Kasprzak et

Y
l w(g)
Y

Figure 11.A1: Diagram for an invariant function.

X ——>

A
o(g)
X A

al., 1990).

Definition (by Drobot): An algebraic structure P= .(P,°', [']°) r "is ihe
base set on which two operations, "¢ = group multiplication’ and"[ J° = |
real power function” are defined) is called a dimensional space if ‘”

(a) (P, *) is a commutative (Abelian) group. |
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(b) The power function satisfies the following identities:
For any 4, beR and X, Ye P

Xa+b _xa o xb

(XeYf P =XAe Y2

((Xy9b = xab

xl-x
(c)Pp=R,eP
(d) On Py =R, the group multiplication ® = multiplication of
real numbers, and
(e) The powers of elements of the subset Py =R, are identical
to the ordinary powers of the numbers.

Definition: In a dimensional space every system of dimensionally
independent elements is called the base of this space.

Definition: Z = F(Zy, Z), Z3, ..., Z) is called a dimensional function of
21,23,23....24if 2,29, 29,23, ..., Z; €P.

Definition: Z is called a dimensionally homogeneous and invariant function
of 21,25, Z3, ..., Z if

(a)forany ay, ay, a3, ..., ae Py and Zy, Zp, Z3, ..., Ze P there
exists an ae P = R, for which
F(CIIZI, (Xzzz, a3Z3, vee (lszs) = aF(ZI, Zy, Z3, ceer Zs) .
(homogeneity condition).
(b) for each dimensional transformation ©
F(©Z1,0Z; 0Z3,...,9Z) =0F(Z7,25,23,..., Z,) .
(This guarantees the invariance of a dimensional function, that is, the
independence from the system of units used.) Note: These are the only

functions relevant in physics, and in that regard we do not want to make
intentional dynamics an exceptional case.

Theorem w: If Z is dimensionally homogeneous and invariant
function de;_)endir}g on 2y, 2, 2, ..., Z,, among which the first z;, z,, z,,
..., 2, are dimensionally independent and the rest z,,1, Z,, Zpy3 «+vs 2
are dimensionally dependent arguments, then

m
Z= f(nl,’tZy 33, '°'snk)n Za'
i=1

wherek=n-m.

Definition: A fiber bundle is a pair of manifolds (E, M) and a projection
Pr: E-> M. M is called a base space on which a dynamic structure (field)
is defined. For any me M Pr’1(m) is called the fiber over m. In most cases
fibers have further geometric structure. For instance, if they are vector
spaces then we call Pr: E -> M a vector bundle.

If the fibers are the cotangent spaces on the manifold M, we call it the
cotangent bundle, T M.

If the fibers are the tangent spaces on the manifold M, we call it the
tangent bundle TM. Physicists call it velocity space (see Figure 11.A2:
Examples of different fiber bundles). A fiber bundle can also be viewed
simply as a bunch of fibers projected from the same base space.

Definition: A Hamiltonian is a function H, defined in phase space (q,p).

n
H(p.q) = z q(a.p)pi - L(4(4.p))

1=

In other words, a Hamiltonian is represented by the vector field

_3HJ JHO

— —— . ——

dpdq dqdp

on a cotangent bundle (4,p). The cotangent bundle is its natural
structure.

Definition: A generalized Hamiltonian, G, is defined in a generalized

(complexified and compactified) phase space
(Qq ... QuPr . Py i@, ..., QY Py PP

where Q and P are the generalized (target-specific information)
coordinates and generalized momenta (manner-specific movements),
respectively, and both are observable in the exterior frame. In the
interior frame, accessed by the complex operator, we have dually Q" and
P*—the generalized (manner-specific information) coordinates and
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A fiber of v:
indefinite !
\2 magnitude to U

s

apath

Tangent vectors

to a path generates a
tangentpundle .
.
.'l
F
A4
A fiber to a path with Cotangent vectors v
length equal to to a path generates a
magnitude of a vector cotangent bundle
Vv

Figure 11.A2: Examples of different fiber bundles.

generalized momenta (metabolically produced control im

: ulses),
respectively. :I‘}.xe generalized Hamiltonian, G, therefore, is Ifiefinez:l
(complexly) adjointly over the exterior, and interior phase spaces by

GO, Pi@* P =(3 QQPPi-LQQPN+{3, GQ", P*)P%- LIGNQ", P}

i=1 i=1

Just as an ordinary H(g,p,t), over a time invariant path in phase
space conserves the time-forward flow of total energy (kinetic +
potential energy), so the generalized Hamiltonian, G(Q, p; Q*, p.t; +t, -t)
conserves the relationship between time-forward and time-backv»;ard’
ﬂoyvs of energy and information that comprise total (goal-specific)
action. Total action, G, is the sum of total control information, (Q, Q~, +t
.-t), a.nd total useful energy (P, P*, +¢, -t) over both frames (,i.e Ithé
interior and exterior phase spaces). (Shaw et al. 1991, pp. 607-608). !

Appendix B

A Sketch of the Fiber Bundlie Geometry Needed for the Intentional
Dynamics

A fiber bundle geometry is the appropriate mathematics in which to
express a potential solution to the ecometric (information) scaling
problem and the ecomechanic (energy) transduction problem. Using the
generalized Hamiltonian and its natural fiber bundle structure, we can
define two different fiber bundles on both the control field and the
information field construed as base spaces:

Prinfo: C >l and Preongy: I =C

Target Parameter
(information)

Pty * I A No scaling in
I ’ the (ix_ldeﬁnite)
fiber bundle l ’ fibers
projections l
V4
¢ Manner Parameter
P Lontr (energy)
Base Space

Figure 11.B1: Indefinite Ecological Fiber Bundles without Gauging.

Definition: A fiber is defined as a projectivity from one vector field
over a base space, containing information flow paths to another vector
field over another base space which contains control paths.

Fibers are parallel to one another and independent unless connected
by some function. For instance, a goal-path integral which scales
information detection flow paths in one base space to energy control
paths in another base space. The ecometric scaling problem is to
discover the definite magnitude (gauging) to place on the fiber defined
over the information field. The ecomechanics transduction problem is to
discover the definite magnitude (gauging) to place on the fiber defined
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over the control field. These two gauging procedures have no necessary
correspondence or commensurability to each other unless the intended
action is successful, then the gauging determines the same curve—the
~oal path (see, e.g., Fig 11.B2.).

Target Parameter
(information)
Base Space

Prinfo
fiber bundle / ™

workspace y ZN

Prconl1¢ Manner Parameter

(energy)
Base Space
Gauged information
' Gauged control

Figure 11.B2: Ecological fiber bundles with non-ecological gauging.

Definition: Assuming the proper gauging in two fibers the function
that maps values of one fiber onto the value of adjacent fibers is called a
connection in a fiber bundle (Fig 11.B4.).

In the case of navigation by a vehicle the connection is a vector
space, that is, the tangent space defined over the contact elements to the
fibers (i.e,, defined as the direction of the curve as it crosses the fiber).
The goal path in an ecological workspace is a connection in a fiber bundle
that gauges (or scales) one region of a field to another region of the same
or different field. We use a connection to relate the flow of information
to the flow of energy within the same field or across different fields,
such as, across the interior (organismic) field and the exterior
(environmental) field.

Definition: When the connection is itself a field it is called a gauge
field.

Definition: Ecological physics is the study of the gauge field between
energy flow fields and information flow fields that couples an
environment and organism into an ecosystem.
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Definition: Intentional dynamics studies the properties of this dual-
information-control gauge field for goal paths through a workspace.

Definition: Goal paths, therefore, are curves of dually compact points
of contact elements defining a gauge field coupling the interior and
exterior fields. Each point along the path is a dual pair of numbers—one
number specifying the location of the fiber in each base space, and the
other number specifying the value of the projection along the fiber to the
path, moreover:

—When the projection pushes the value forward from the
information base space to the curve, then it is the gauge value for
solving the ecometric scaling problem.

—But when the projection pulls the value back from the curve to the
control base space, then it is the gauge value for solving the
ecomechanics transduction problem. Together they determine the
gauging of the information and control flows to the goal path by means
of the complex involutional group of reciprocity maps characterizing the
perceiving acting cycle (as described by Shaw et al. 1990).

In other words, if we treat each fiber as unity, then the connection
(curve) partitions each fiber into complementary magnitudes (length)
whose ratio is proportional to the scaling of the first base space to the
second space, and whose reciprocal ratio is proportional to the scaling of
the second base space to the first. This is shown below.

Energy flow (+t)
Target

VY V ©
N A A A

Figure 11.B3: The information-energy potential along a goal path in the
ecological workspace exhibits an inner-product invariant relationship.

The dual cones represent projectivities (fibers) from a goal-path in
the environmental workspace. Each fiber is two dimensional (a cone)
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consisting of a tangent vector to the goal-path and the magnitudes of a
dual-potential specific to each goal-path point (The two base spaces are
suppressed). The upright cone, incident at a goal-path point, represents
a quantity of energy potential, whereas its dual inverted cone represents
a quantity of information potential. The fact that the sum of the control
and information complements remains constant over the goal-path
integral illustrates the meaning of the inner-product invariant. Notice the
mini-max relationship between the dual cones.

The points in either field's base space are dually compact because they
each hide reciprocal degrees of freedom (or constraint) that reside in the
other field's base space. These hidden degrees of freedom are
represented by the fact that the fibers incident at each point along the
goal-path are projections from each base space.

Target Parameter
(information)

' Base Space

T
fiber bundle
workspace 7
¢ Manner Parameter
(energy)
e Base Space
goal-path
connection

Figure 11.B4: The goal-path connection with an ecological gauging in a fiber
bundle workspace.

The three most important properties of intentional dynamics:

1 Since the goal-path connection (curve) partitions each fiber into
complementary magnitudes of energy control and information
detection, then their inner-product remains invariant over the
goal-path integral. This dynamical invariant is to be expected if
generalized action is a conserved potential.
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2 This inner-product invariant, therefore, provides us with a
metric criterion against which to measure the degree of success
of an intentional system in reaching its goals.

3 Also, because these energy and information fiber bundles exist
at each point in the workspace, then the coupling between the
two fields is both "soft" (transactional, or informational) and
"hard" (interactional, or energetic) (in the sense of Kugler &
Turvey, 1987, and Shaw & Turvey, 1981). Thus each point along
a goal path in the connection has conjugate values in the control
and information fields vis-a-vis the fibers projecting from each
of the dual base spaces




