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ABSTRACT

This paper introduces a model of spatial cognition to describa the states of partial
knowledge that people have about the spatial structure of a large-scale
environment. Spatial knowledge has seversl different representations, each of
which caplures one aspect of the geography. With knowledge stored in multiple
representations, we must examina the procedures for assimilating new information,
for solving problems, and for communicating information between representations.
The model centers on an abstract machinae called the TOUR machine, which
executes a description of the route to drive the "You Are Here" pointer (a small
working memory) through a map that describes the gecgraphy. Representations
for local and global spatial knowledge are discussed in detail. The model is
compared with a survey of the psychelogical literature. Finally, the directions of
necessary and desirable fulure research are outlined.
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“Puluwat is one of & long chain of islands covering over a thousand miles of
fhe Pacific Ocean north of New Guines. The sailing canoe is al the very heart
of the Fuluwal way of life, and skilled navigafors occupy the positions of
highest status. There is quile & bit of drinking among men of Puluwal, A trip
to Pikelot island, one mils wide and over 100 miles distand, is offen launched af
# drinking party. Somscne jumps up and says, Tm going to Fikelol. Whe's
coming with me® The navigalor delermings his sailing plan only sfter he is at
sea; sl no time is an oversll plan developed for the voyags. Yal, without Fail,
al an average speed of 45 knols, the 26-fool safling canoe with 8 new-sobar
craw arrives two days lafer al 8 one-mile wide island in the opan ocaan
(Gladwin, 1970) What is the nalure of their knowledge about the sea and the
sky and the islands and the cance thet makes this possible?

Moast mornings, evary reader of this paper will find his way fo the office, less
axuberantly than the vopagers of Puluwal but no less decisively. He or she
will walk, ride a bicycle, take the frain, or drive. The route may be lorg or
shorf, simple or complex; |l may be interrupled or sccomplished around
diversions., What system of habits, schemas, imagerias, long= or short-term
memaries aliows him lo accompiish this?
Most mornings, thousands of 6-year-old children will find their way to school.
There will ba proteclions slong the way---sireel-crossing policemen===buf
there will be little fear on anyone's part that the children wili get lost. The
children will find their way to the school building, within the building to their
- classroom, and after school, parhaps, fo 8 friend's house. However, mosf 3-
year-olds do not typically engage in the seme process. s it that they are
incapable of following routes and will thys gel lost? It is quite possible that
these very young childran can recogrize landmarks in & large-scale terrain,
but have limited ‘roufe-knowledgs,’ and that sdults are swpre of this.” [Siegel
and White, 1975, p. 10.]

This paper introduces a model of spalial cognition 1o describe the states of partial knowledge
that people have abou! the spatial structure of a large-scils snvironment. Spatial knowledge
has several different repressntations, sach of which caplures one aspect of the geography.,
-With knowledge stored in multiple representations, we must examine the procedurss for
assimilating new Information, for solving problams, and for communicating information batween

representations.

A large-scale environment is definad as one whose struclure cannot be perceived from ona

location. Thus, the kind of information that can be acquired s very locsl and fragmented,



compared to the size of the environment as a whole. The structure of this body of knowledge
must be acquired through a temporal Integration of cbserved information. Whan new
Iinformation is scquired, t‘yﬁh:lﬂ:f #= a partial description of a route, it must be placed in
ecorrespondence with the description of what is already known, With this carraspondencs,
information in each kind of description can fill gaps in the other. The body of information that
is known sbout the gecgraphy is sometimes called a "mental map.”" The problems which this
mental map enables people to solve include finding new routes from one place to another, and
orienting themselves with respect to the pesitions of remote (and perhaps invisible) places.
The greatest skill which peopls have in the spatial domain Is the assimilation of new
information Into the appropriate representation, rather then deep or complicated problem

solving.

These are activities that people perform, with varying degrees of success, many limes daily.
This research proposes a compulational model of the representations and processes that
produce these kinds of human behavior. This involves distinguishing among the kinds of
knowledge involved, proposing representations for those different kinds of knowledge, and
showing what interactions take place between them. The first subgoal is to identify and
describe a class of human behavior to which a model can be addressed. The second is fo
propose a model---a computational process---which can explain that behavior. These
subgoals depend on each other because the vocabulary of the model is needed to identity and
describa the phenomena with precision, [ will treat these subgoals together through most of

this paper.

The development of this model (which 1 call the TOUR model) has relied on three kinds of

evidence: 1) a review of the psychological literature, 2) a series of qualitative experiments,



collecting protocols and drawn maps from individual subjects, and 3) the creation of a
computer program to simulste the behaviors being described. 1 compers the TOUR model in
some detail with the theory that Siegel and White (1975) derive from their survey of the
psychological literature on large-scale spalial cognition, and show that the two are largely in
agresment. Where they disagree, typicelly the TOUR model makes a precise claim, based on

computational constraints, where Siegel and White remain uncommitted.

Spatial cognition presents a very rich and complex set of phanomena. This paper focusses on
the representations for knowledge of large-scale space, and the processes by which new
knowledge is assimilated into those representations. [ am therelore omitting a number of
other important issues, though 1 belisve thal the representations presented here will provide
a useful basis for sddressing them. One such issue is a linguistic one. It seems clear that
verbal route-descriptions are generated with the intenlion thal the hearer will be able fo
derive the complete intended roule from the givan informalion and his own knowledge. Only a
clear description of the nature of that knowledge and the route-finding mechanism will allow
us to study this process in greater depth. Another issue Is that of testing potentially false
information against what is aiready known. In the TOUR model presented below, new
information s presentsd as English sentences, but is intended to correspond to personal
observation, and thus is assumed to be correct, though local. Of course, global conclusions
drawn from this local information may be misleading, distorted, or false. It seems that
understanding the representation of the knowledge, and the processes by which it is acquired,
is a prerequisite to understanding how new information is tested for plausibility. 1 am also

not addressing knowledge of smaller-scale spaces: visual space and kinesthelic space.

The TOUR model predicts that only cerlain kinds of partial knowledgs will be represented in



the map or the route. This prediction can be made precise and subjected to empirical test.
Much of the detalled behavior of the modal, howevar, is highly dependent on certain
qualitative parameters in the model, and on exsctly what knowledge the subject has. Thus,
testing predictions about such detailed behevior poses difficult methodological problems of
custom-fitting the model to each individual subject. The paramaters of variation and tha

model of the individual are discussed again in the concluding sections of this paper.

Soma readers will be concerned that the TOUR model is expressad in terms that are most
appropriate to city streets, while thers is a much larger varisty of large-scale environments
of which people have knowledge. The TOUR modsl includes a number of ways of deseribing
different features of the environmant, This research, llke most of the literature on large-scale
spaces, concentrates on the particular context of the city. The relative ussfulness of the
ditferant descriptive methods will of course vary with the kind of anvironment, but the same
methods apply te other conlexts. For example, see Gladwin (1970) for an analysis of tha
knowledge held by navigalors in the South Pacific. The navigation knowladge is very highly
structured, and new knowledge is nol often acquired by an experienced navigator, but the

represantations seem to be the sama,

Other readers may be concerned that the problem of cognitive representations of spatial
knowledge, or of route-finding, can be solved trivislly by applying one of several simpla and
well=known mathematical techniques: Cartesian coordinates for position, or route-finding with
an algorithm for solving the “travelling selesmen” problem. (The “travelling salesman”™ problem
is the problem of finding the shortest path through a glven set of nodes In a graph.) Neither
of these can be an adequate model of human spatial cognition if applied in a straight-forward

way. A “Cartesian coordinales™ representation for position provides a single, unrealistic



route-finding technigue, but more importantly imposes an assumption of a global frame of
reference for all positions. Both of these are contradicted by the simplest qualitative
experiments. Similarly, “travelling salesman™ algorithms presuppose a nelwork representation
which is of no halp in explaining the concept of a "sense of direction®, and has a computational
complexity well beyond the roule-finding technigues people actually wse, A hybrid
reprasentation which incorporates aspects of both is responsible for explaining the
interactions between them, and how knowledge is acguired and assimilated into thq-“.
representations. The TOUR model is, in part, such a hybrid, and much of the research deals

with the nature of the interactions belween pieces of knowledge in different representations.

The model of spalial cognition that | describe involves tha interaction of several kinds of
knowledge, mediated by a simple machine called the TOUR machine. [Mote 1.} The different
kinds of knowledge are: 1) routes, represented as seguences of instructions to TOUR; 2) e
small working memory, called the "You Are Here” pointer; 3) the map, which is a description
of the geography; 4) the problam-solving process, which proposes routes by examining the
map; and B) a procass that gansrates global descriplions of the map. TOUR haz savaeral noval
properties which allow it to facilitate both problem-solving and the assimilation of new

Information.

In the next saction, [ will describs in some detail the TOUR machine, the "You Ars Hars®
painter, and the routs and map repreasentations. A detailed example of the assimilation of
information from a route description into the map s included. Following that, | presant
sevaral other aspacts of the map, including orientation, abstraction, and more global ways of
describing the geography. The next section reviews soma of the ralevant psychologlical

ressarch, and shows how the TOUR model of spatisl cognition agrees with the empirical data,



and allows a more precise description of spatial knowledge than had previously been possible.

A final section discusses the work yel to be done to complate the TOUR model,



THE TOUR MACHINE AND ITS DOMAIN

In this section, | describe the TOUR machine, the route programs that drive it, and the
representation of the map it moves on, As [ explain it, I will begin with a somewhat simplifiad

varsion, which [ will progressively sxtend to accomodats more complax phenomena.

Let us begin with & conirasting analogy. Consider a robo! vehicle which can travel on a
featureless plane in responss to two commands:

FORWARD <number of units’
RIGHT {number of degress

The vehicle is completely described by a "state” that consists of its pesition and heading on
the plane. LOGO {Note 2} is & programming system that consists of a plane, a vehicle, and an
interpreter for this simpls language. The key difference between LOGO and TOUR is that the
festureless plane is replaced by a highly structured, network-like mep. So the "state™ of the
traveller must be correspondingly maore complex. TOUR executes a simple LOGO-like

programming language that drives the "You Are Hara" pointer through the map.

A PLACE is a description of & zaro-dimensional geographical object: a location or landmark. A
PATH is a description of a one-dimensional geographical object: often a street or & road. The
PLACE description includes the PATHs that the PLACE is on, and it haz a local geomelry lo
describe the relation among those PATHs. A PATH description includes an order on the
PLACE=s on that PATH This order lets us define a DIRECTION on a PATH: +1 or -1 i &ning
“with” or “against” the order on the PATH The local geomelry of a PLACE is an arbitrary sel
of radial coordinates, with respact to which the headings of (PATH DIRECTIOM) pairs can be

defined as they leave the PLACE. These descriptions are intended to represent partial



knowledge of the geography. Therefore, the order of PLACEs on a PATH may be a partial
order, and the description a PLACE has of its Jocal geometry may not be complete. This
allows the map to represent cerlain quite partial slates of knowledge, and to assimilate new

fragments of information into existing descriptions. {Nete 3 summarizes the map definitions.}

The local geometry makes it possible to predict the eifects of a parlicular turn on the state of
the TOUR machine. The state of the TOUR machine is represented by the “You Are Hera"
pointer, which consists of: the PLACE it is al, the PATH It iz on, and the DIRECTION it faces on
that PATH Jus! as the map can reprasent parlial knowledge, so the “You Are Here™ pointer
can laave parts of the current state unspecified, and, as we shall see below, TOUR can run on

an incomplate program

A PLACE contains only part of tha knowledge a human would have about a geographical place.
In particular, 8 human has & rich sensory image, visual and otherwiss, which is associated with
# place and helps him recognize it. In the TOUR model, a PLACE hes only that part of the
‘knowlsdge which s strictly spatial in naturs. Similarly, & PATH lacks information that lies

apart from its spatial properties.

The basic TOUR instructions are GO-TO and TURN, which bear a strong resemblance to their
LOGO counterparts, but with some important ditferences. First, a LOGD irutrmtln.n specifies a
change to be made to the sssumed current state of the turtle. A fully specified TOUR
instruction specifies the initial state, the change to be made, and the resulling state of the
"fou Are Hers™ pointer. Second, a TOUR instruction need not be fully specified for TOUR to
be able to execule it, while an underspecified LOGO instruction has no meaning. Third, a LOGD

instruction specifies an action to be executed, while the TOUR instruction specifies a state to



be achisved. The full forms of the twe basic TOUR instructions are:

{80-T0 {from-place’ {to-placed <en-path} {in-directioni)

(TURM Cat-piacer (Frem-pathy (from-dirsctioni

{turn-smountd Cto-pathd Cto-dirsctiond)

GO=-TO instructs TOUR to move the "You Ars Hara™ pointer from one PLACE to snother on the
sames PATH, and specifias the direction of travel with respect to the PATH order. TURN
Instructs TOUR to move the “You Ares Hare™ pointer from one (PATH DIRECTION) pair to
another at the same PLACE, and specifies the amount of the turn. A route is simply a
sequance of instructions that TOUR can treat as a program. {MNote 4 summarizes the TOUR

instructions.}

The TOUR machine communicales information beiwean saveral differsnt representations of
spatial knowledge by fllling in underspecified instructions and descriptions when possible.
When executing a fully specified instruction, TOUR matches the current position in the “You
Are Hera" pointer against the current stale presupposed by the instruclion. Then it checks
tha instruction for consistency with the map, and changes the "You Are Here" pointer to
represent the new position. A fully specified instruction can contribute new information to
the "You Are Hera™ pointer, or to the map, adding to the order information in a PATH, or the
local geometry of a PLACE.

On the other hand, an individual TOUR instruction can be substantially underspecified. For
example, the English command "Turn right® translates into a TOUR instruction lacking almost all
information, The current stete cen be obtained from the “You Are Here™ pointer, and the
destination PATH and DIRECTION cean be obtsined by examining the local geometry of the
current PLACE. Maturally, it is nol always possible o fill in all the gaps in the current

instruction, the “You Ars Hers" pointer, or the current parts of the map. TOUR can move the



“You Are Here™ pointer along a route which is quite underspecified sven when it is unable to
fill in all the gaps, but thers will be information sbout the geography implicit in the route

description, which cannot be transferred to the map,

A route program is underspacified whan the current position prasuppased by an instruction is
different from the "You Are Here® pointer. For example; it | am in Kendall Squars, desiring a
route to Harvard Square, and the proposed route is “Take Mass Ave from Cantral Square,” the
assumplion is that 1 can find the routs to Central Square. In this case, TOUR formulates a
difference description, and calls the problem-solving component to propose a solution. The
proposed solution to such a problem may itself be an underspacified routs, with smaller gaps
to be filled in their turn. A route is stored in the map, indexed under source and destination,

&0 that it can be found when neadad |ater.

Since the program executed by TOUR can be mors fully specified than the one it was given, it
produces the updated program ss oulput, as well as having side-sffects on the "You Are
Hera" pointer and the map. This is important because often not all of the information in the
route description is sssimilated into the map on a single pass. Thus, by saving the updated
route descripltion, the knowledgs is available for that particular route, and later tours may be

able to extract more information. They may slso update the route description further.

We can now intreduce two new TOUR Instructions: TAKE and GET-TO. The TAKE instruction
refers to a route, and lets it be used as a sub-program for a longer routs. This can give a
route program a hierarchical structure, and it ellows frequently-used routes to be shared.
The GET-TO instruction formulstes a problem to be solved by the problem-salving component

by specifying the stale of the “You Are Here" pointer al source and destination. In case no



solution can be found, the problem-statemant iz left as an instruchion in the route program,
and TOUR continues from its destination. Tha forms of thess instructions are:
{TAKE <routa) <From-place> (fo-placed)

1“1’-1‘1: £from-place? {from-path} {(from-directionl
(te=placer {to-pathd <to-direction}}.

The most straightforward increass in the amount of knowledge contained in the map is the
sddition of a new PLACE or PATH This happens when a route program refers lo the new
PLACE or PATH. The new part of the map is automatically created and added by the
processes that create the route. This process s typically the natural language interface
which transiales noun-phrases In & sentence into references into the map. Thus, the map Is

affectivaly infinite by being implicitly self-sxtending upon demand,

So, bafore forging onward and adding rew properties to the mep and to TOUR, lat us take
stock of where we are. The repressntations for PLACEs and PATHs, which make up the map,
have besn describad, The instructions to TOUR which make up route programs have been
presanted. TOUR and the "You Are Here™ pointer have been described and their properties
discussad, In addition, the inlerfece to & problam-solver has besn discussad. What has bean
prasented thus far is sufficient to support an example of assimilation of knowledge into the

map from a route description.

A mental map made from the representation as presented so far would consist primarily of
stored routes, each quite well specified, with some topological knowledge sbout the PATHs
and PLACEs involved, but faw if any powarful problem-salving mathods. Such a mental map
would serve a parson wall in a situation that did not require knowledge of a huge geography,

or rapid mastery or discovery of new routes.



TOUR IN OPERATION

Here 1 present an exampla of the operation of the TOUR machine on a simple route, to show
how information is extrected from the route program and assimilated into the PLACEs .-nd
PATHs that make up the map. The example is very simple indesd, so it is important fo notics
that the assimilation methods used are independent of the size of the dala base. They use
only Information directly accessible from the currenl instruction and the “You Are Here®

pointer, and thus would work in exactly the same way within a much larger map.

Keep in mind, also, the distinction between TOUR, the modsl of spatial cognition, and MAPS, tha
program which iz an example of it. TOUR is a mathematical abstraction which is used to
describe states of partisl knowledge sboul space. MAPS is 3 computer program {Note 5}
which acts as a concrete model of TOUR, Some of the details described below, such as the
representation of PLACEs and PATHs as property lists, are facts about MAPS, and could be
done differently in some other model of TOUR,

For this example of assimilalion, MAPS will begin with & very limited knowladge of part of
Cambridge, Massachusetls, consisting of Harvard Square, Central Squars, and MIT on
Magsachusstts Av.ll'run (hereafter “Mass Ave®™). It begins the esxemple located at the
intersection of Broadway and Prospect Strest, whose relation with Mass Ave is unknown.
This can be graphically shown as balow:

B+P5



The initial state of tha map for this sxampls is listad below:

PATHL: FLACEL;
MAME: Mass Ave HAME: Harvard Sguare
BOW: (PLACEL PLACEZ PLACEY) oM: [PATHL)
EXTHAS: nil ETAR: nil
PATH2: FLACEZ:
NAME : Brosdway MAME: Central Squars
ROW: (PLACES) OW: ([PATHL1)
EXTRAS: nil STAR: (({0. PATHI -1)
{180. PATHL +1})
PATHE
MAME: Prospect Strast PLACED:
ROW: [PLACES) MAME: HMIT
EXTRAS: nil ' oN:  [PATHL)
STaR: mil
PLACE#®:
WAHE: mil
OM: (PATHZ PATHA)
STaR: mil

These descriptions are implemented as property lists with access functhons which maintain the
structure of the property values and can make limited deductions. A PATH description
contains a partislly ordered sel of PLACEs under ils ROW and EXTRAS properties. The largest
totally ordered subset is under HC-H. and additional fragments of the order are kept under
EXTRAS. The access functions In this case altempl to merge the fragments into a total order

whanever new information is provided.

The ON properly of s PLACE description is # list of the PATHs which that PLACE is on. The
STAR property represents the local geomeliry of the intersection. The valus of the STAR
property is a list of triples, esch of which specifies a heading (in degrees) with respect to the
local sat of coordinates, followed by the PATH and DIRECTION having that heading. The
DIRECTION on a PATH is specified as +1 or -1, and means "with" or "against” the order
contained in that PATH's ROW property. Thus il is a conventional attribute of a PATH, and

nead not correspond to any global property. The sxample will begin with the “You Are Hers™



polnter at the intersection of Broadway and Prospect Streel, on Prospect Streel, with an

urknown DIRECTION,
YOU ARE HERE:
FLACE: PLACEA

FATH: PATH3
DIRECTION: nil

The street directions

This example will follow the knowledga states involved in tha assimilation of the route
description given below. A new piece of information in & description will be underlined. A
racapitulation with minor varistions will iMustrate further properties. (Putnam Circle, which
MAPS does not yet know, is in fact located on Mass Ave belween Harvard Square and Central
Square.)

"Take Prospect 5treet to Central Squars.* (1)
"Turn right.” [Z)
*Take Mass Ave to Putnam Circle.® (3)

MAPS receives street directions in a subsel of English. They are translated in a straight=
forward way to instructions for the TOUR machine. Tha two TOUR instructions that we shall
be concerned with here are GO-TO and TURML. Thus, sentences (1) = (3) are translated into
the internal instructions below. The amount of a turn is given as the resulting heading in an

egocentric set of coordinates.

{80-TO ni1 PLACEZ PATHY nil) (&)
{TUBN ni1 nid nil 270. mil nil} (5)
{(80-TD ni1 PLACES PATHL nil} (8)

whila a naw _pllca-dunripth:ln is created for instruction (6):

PLACES :
NAME: PFutnss Circla
on:  nil

STAR: nil



Assimilation mathods

Assimilalion of the route-description by TOUR resulls in a thres-way interaction among the
instructions, the “You Are Here™ pointer, and the map. The result is to move the “You Are
Here® pointer along the path described in the instructions, adding new information to the map
and to the route-description wharever possible. The elaborated route-description is saved,

along with the additions to the map. The methods used in executing each instruction are given

below, with the direction of transfer of knowladgs, in sach cass,

A. Information from the “You Ars Hera™ pointer can supply omitted initial conditions in the
instruction. ["You Are Hera™ pointer ==> instruction]

B. Information in the instruction is sent to the relevant PATH and PLACE descriptions in the
map. This information includes topological connections, ordering information on & PATH, and

knowledge about the local geometry of a PLACE. [instruction ==> map]

C. The action specified by that instruction is parformed, changing the “You Are Here™ pointer.
The map may deduce omitted informalion about the result of an sction from what iz already In
the map: the strest turned onto, the direction down the streset, or the lurn required. This
inferred knowledge updates the route-description as well as tha "You Are Hera" pointer.

[map ==> “You Are Here™ pointer; map ==> instruction]



The first sentence

Santence (1) is translated into instruction (4):

“Take Frospect Street to Central Sguars,® {1}
{60-TO nil PLACEZ PATHI mil) (4)

Method A provides information about the current position, producing:

{8D-TO PLACES PLACEZ PATHI ni1) (4.1)
When sweculing a GO-TO instruction, Melhod B would like to send order information about °
PLACEZ and PLACEA to PATHS. The instruction, however, does not specify their relative order,
50 the two fragments (PLACEZ) and (PLACE4) are sent to PATH3. PATHI, via its access
functions, can now define an order on the places it knows sbout. PLACEZ and PLACE4S are
also told thal PATH3 passes through them. The changed descriptions in the map are:

PATHE PLACER:
MAHE: Prospact Strest NAME: Central Sguare
ROW: (PLACE4 PLACEZ) OM: {PATHL PATH3}
EXTRAS: nil STAR: ((9. PATHL -1)

{180. PATHL +1)})
PATH3 now has a defined direction, so Msthod C can deduce the diraction of travel missing
from instruction (4.1), to produce:
(60-TO PLACE4 PLACEZ PATHI +1) {4.2)

and the "You Are Here" pointer becomes:

YOU ARE HERE:
PLACE: PLACEZ
PATH: PATHI

DIRECTION: 41

{See note 6.}



The second sentence

Tha next sentance is:

*Turn right.” (z)
{TURN i1 mil1 nmil ]?E- nil mil) (%)

Methed A supplies the initial state from the "You Are Here” pointer to produce:

{TURM PLACEZ PATMI 41 270. nil nil) (5.1}
Method B edds ne new information to the map: the connection between PLACEZ and PATH3 is
glready known, and there is Insufficient information in (5.1) to add anything to tha STAR
properly on PLACEZ. When Method C performs the TURN instruction, howevar, it jumps to a
conclusion about the street turned onfo, The ON property of PLACER? contains PATHI and
PATHS, and sinca the turn is mads from PATHI, the destination of the turn iz assumed to be

PATHL. Not enough information is available to deduce the direction on PATHL. The result of

this is:
[ TURK PLACEZ PATHE 41 270. PATHL Afl) i8.2)
and
¥YOU ARE HERE:
PLACE: PLACEER
FATH: PATH]

DIRECTION: nil

The third sentence

“Take Mass Ave to Puinam Cirgle.® {2}
{60-TO nd1 PLACES PATHL ni1) [&)

Again, Method A provides the initial position, and confirms that we are on the right street.
This produces:

(60-TO PLACEZ PLACES PATHL mil) {8.1)



Exactly as in the first sentence, Msthad B can send anly minimal order information to PATHI.
This corresponds to knowing that Putnam Circls is on Mass Ave, but not knowing where. The

result on the map is:

PATHL PFLACES:
HAHE: Magy Avae MAME: Putnam Circie
ROW: ([PLACE] PLACEZ PLACEY) OW: PATHL
EXTRAS: ({PLACE3}) STAR: nil

Finally, Method C moves the "You Are Hare" pointer, but canncl deduce the direction of travel

for this instruction.

YOU ARE MERE:
FLACE: PLACES
PATH: PATHL

DIRECTION: pil
The route-description, extended by the Inferences that have been made by TOUR, is saved for
later use. It is indexed under the source and destination, and can be retrisved when that

route is needed again. The final version of the route-description Is:

(G0-TO PLACEA PLACEZ PATHI +1) (4.2)
{TURM PLACEZ PATHI +1 270, PATHL mil) (5.2)
{80-TO PLACEZ PLACES PATHL ni1) (8.1}

Because of the local nature of the inferences, and the one=pass assimilation, more infarmation
can often be extracted on subsequent passes over the same route. For example, this roube-
description includes the fact that, wherever Putnam Circle is located on Mass Ave, a right turn
at Central Square from Prospect Street points you in that dirsction. This fact is not captured
by the partial order in PATHL. A later assimilation of this routs may ba able to extract that
information for the map, once the local geomelry of PLACE? is maore fully specified. This

possibility is examined in the second altarnative below.



Further Examples

It will illuminate the esxecution of a route by TOUR to discuss briafly a coupla of alternate
versions of the above example, snd show how the resull is different. First, consider the same
route-description, but with senfence (3) replacad by:

"Taks Mazs Ave te Harverd Sguars." (3.1)

Since the destination was previously known, Method C can deduce the direction of travel from

PATHI,
(G0-TO PLACE4 PLACEZ PATHI #1) (4.2)
(TURN PLACEZ PATHMI +1 270. PATHL ni1} (5.2)
{80-TO PLACE2? PLACEL PATHL :lb (8.2}

The next time this stored route-description iz executed, the resull of the TURN in (5.2) can be

found by looking shead to the following GO-TO.
{TURN PLACEZ PATHY #+1 270. PATH] i:l (5.3)
The TURN is now fully specified, so the next time Msthod B iz applisd, on a third pass over
the route, the local gsomatry of PLACEZ can be augmented:
PLACEZ:
HAME: Central Sguare

OM: (PATHL PATHI)
STAR: ((&. PATHL -1}

{90, PATHI -1}
(180, PATHL 1))
This additional knowledge about PLACEZ will increass the powar of Method C to deduce tha

result of an incompletely specitied TURN at PLACEZ.

Consider now a sacond alternative to the original exampls. Assuma that sentence (2) were:
*Turn right ente Mess Ave foward Harvard Sguare.® [2.1)

Thus, after sentence (2.1),



YOU ARE MERE:
FLACE: PLACEZ

PATH: PATH]
DIRECTION: -1

and

(TURM PLACEZ PATHE +1 279. PATHL -1) (5.4)
and PLACEZ adds an item to its local geomelry as described immediately above. Now, when
Instruction (6) is axeculed, Method A can fill it in completaly:

(60-TO PLACEZ PLACES PATHI -1) (8.3)
This, In turn, will allow Method B to send the ordered palr (PLACES PLACE2) to PATHL.

PATHL:

MAME: Maxy Ava
BOW: (PLACE] PLACE2 PLACE])

EXTRAS: ([PLACES PLACEZ))
This Is a much more elaborately specified partial order, ripe for the addilion of the Item

(PLACEY PLACES), which will allow the order to be linsarized oncs mors.

Summary of the example

This simple example has shown the way TOUR tekes an underspecifisd route-description, and
sxecules it to drive the "You Are Here” pointer through the map, The assimilation methods by
which TOUR transfers information between several representations are shown. In addition,
the example shows how small variations in the correspondence between the route-description
and the current contents of the map make a large difference in the amount of knowledge that
can be assimilaled at that time. However, nothing from the route-description Is discarded: it
simply wails in the relatively inaccessible route representation unlil the map is ready to

recaive if,

Two additional important facts are worth emphasizing. The first is that the assimilation



process uses only locally available information, with no search of the map. Thus, assimilation
proceads ir'!dapund-nﬁy of the size of the database containing the map. Second, assuming
that the route description is correct, the description in the map may be partially specified, but
it will not be wrong. The well-known inaccuracies in people’s mental maps lie in the more
global kinds of description which are presented beiow. In thoss cazes, global conclusions are

inferred from local observations, so they are quile vulnsrsbls 1o srror.,



ORIENTATION

The most conspicuwous lack in the descriplion of spatial knowledge presented thus far is any
notion of & "sense of diraction.® The only notion of direction that appears in the mep thus far
comes from the locel geometry of a PLACE, which defines the heading of a (PATH DIRECTION)
pair as it leaves that PLACE, with respact to en arbitrary, local coordinate system. Suppose,
however, that a set of PLACEs shared the same (still arbitrary) coordinale system. Then
headings from different PLACEs could be made comparable by being defined with respect fo a
common coordinate system. Add to this the notion of distance along a PATH, and we can

defire relative positions batween pairs of PLACEs.

We can use this shared coordinate system to capture some of the knowledge involved in a
"sense of direction” Lat us define an ORIENTATION-FRAME as a set of PLACEs, along with a
system of coordinates and a melric, with respect o which positions (distances and headings)
can be defined between pairs of PLACEs. Just as partial knowledge of one-dimensional
position is represented by the partial order in a PATH, partial knowledge of two-dimensional
pesition can be represented by allowing an ORIENTATION-FRAME to know the relative

positions of only some pairs of its PLACEs.

Another important aspect of partial knowledge of relative position is the idea of non-
comparable positions. It is possible te have a number of different ORIENTATION-FRAMES,
within which the relative pesitions of PLACEs are defined. However, the relation betwean the
different ORIENTATION-FRAMEs may be unknown, so that relative positions (especially

headings) are not comparable belween ORIENTATION-FRAKMES,



For example, consider two familiar parls of the Boston area: Harvard Square in Cambridge,
and Government Center in Boston. It is very common for & person to have a good sense of
direction within sach of thase areas without knowing the ralalion (relative position and
orientation) between them. In this cags, ha has an ORIENTATION-FRAME for sach area, which
defines relative positions for many pairs of PLACE: in the area. However, the connection
between the ORIENTATION-FRAMES, if it exists af all, is very indirect, When asked about this
relation, virtually everyonse finds the problem difficult, and most give an answer which iz at

least parlially wrong. [Note 7.)

The observation of distances and headings between pairs of PLACEs is simulated in the TOUR
madel by allowing a GO-TO on a straight PATH to oblain the distance betwesn two PLACESs,
and by providing a NOTICE instruction for TOUR, which contains the distance and heading of a
“visible" landmark from a particular PLACE. The NOTICE instruction simulates visual
observations: if the ™You Are Hers® pointer is at a given PLACE, PATH, and DIRECTION, then
the remote PLACE can be observed at a certain heading and distance. The heading is defined
with respect to an egocentric set of coordinates in which the heading of the observer is 0, In
the MAPS program, a NOTICE instruction is the result of a verbal statement. The format of
this instruction is:

(MOTICE <at-place} {om-path} {im-dirsctions
{remote-place} {distance) Chaading) ).

For lack of an adequate theory of partial metrical knowledge, all distance and heading
measuremants are assumed to be accurste and precise. This sssumplion is demanstrably false

for humans,

Having augmented the map with ORIENTATION-FRAMES, the "You Are Hare" pointer may



include, as part of its knowledge of the current position, 8 HEADING defined with respect to
the current ORIENTATION-FRAME. This can allow us to compute the direction of ather PLACEs
in the same ORIENTATION-FRAME from a given position, It also means that there are two
distinet kinds of orientation for the ™You Are Here” pointer: DIRECTION, which is a one-
dimansional orientation on the current PATH; and HEADING, which is a two-dimensional
orientation with respect to the current ORIENTATION-FRAME. Like othar parts of the "You
Aras Hare™ pointer, the current ORIENTATION-FRAME and HEADING may ba unknown.

The relative positions of PLACEs which are not directly measurable can be computed, either
using triangulation, or through a device called the IKON. The IKON performs a simple
*visualization® of spatial relations, allowing a skelelon of known relations to determine the
relative positions of many PLACEs. Its use is in some ways similar to the use of a piece of
paper to draw a map. The paper acts as an external memory which allows certain global
properties to be inferred, and global inconsistencies detected, which would not have been

possible with the purely symbolic descriptions.

For example, if the relative positions of PLACEs A and B, and of B and C, are known by the
same ORIENTATION-FRAME, then the relative position of A and C can be read off the KON,
Inconsistencies can be detected when two diffarent PLACEs are drawn on top of each other,
or when the relative position of two PLACEs asccording to the IKON is different from that in
the ORIENTATION-FRAME. In both cases, this indicates that the geographic knowledge, while
locally consistent and apparently correct, is globally wrong. [This kind of global inconsistency
will result in wrong answers from some of the problem solving procedures. Most of the
processing will be unaffected, howsver, and an inconsistency which would be troublesome to

remove may simply be left In] Facilities for analyzing lhese inconsistencies to isolate and



correct errors in geographical knowledge have not besn implemanted, so the use of tha TKON

is slill poorly understood.

Relative position information can be used in a number of ways. [l can, of course, be used to
answer direct questions. It is also useful in problem-solving, where knowledge of the position
of the goal can guide axploration even whan a complate route cannot be found. A most
important use of position information is in orlenting oneself. The ORIENTATION-FRAME is an
abstract system of coordinates, 5o ons must continually be computing where it is with respect
to tha obsarvable snvironment. A MOTICE instruction at a particular point on a route alluw.t
TOUR to determine its HEADING with respect to that ORIENTATION-FRAME from the observed

{egocentric) direction of a distant PLACE,

For axample, in Boston many people orient themselves with respect to the Prudential Building
and tha John Hancock Building. These landmarks are visible from a great distance, and allow a
person to deduce his own heading and position with respect to the ORIENTATION-FRAME
which represents his position kowledge. Thus he can eslimate the egocentric direction of

PLACEs which are not visible.

The ORIENTATION-FRAME is an arbitrary frame of reference for defining relative positions of
PLACEs. In human davelopmant, a later stage brings the recognition thal there is a
distinguished conventional ORIENTATION-FRAME: the cardinal directions. This globally-
availabla ORIENTATION-FRAME allows useful relations to be staled belween directions in
reamole areas that would otherwise remain unrelated. The developmental seguence, from
topological to local orientation to conventional orientation, has besn documented in the

pasychological literature, beginning wilth Piagat and Inhalder (1967).



ABSTRACTION

The model of the map thal we have developed s0 far consists of a network-like collection of
PLACEs and PATHs, and a number of ORIENTATION-FRAMEs which allow two-dimensional
position te be defined among sets of PLACEs. Thers i, however, another important feature of
human spatial knowledge that is not described by this kind of map. Absftraction, in spatial
cognition, is the ability to use a schematized version of the map, omitling much of the known
detail, in order to solve problems efficiently. We can modify the current definition of the map
te encompass this phenomenon by allowing the mep to be made up of several disconnectad
companents, each describing the same geography at different levels of detail. Thiz reauires
us also to specify how a correspondence is represented betwesn diffarant componants of the

map.

It is likely that as the geography of an area is learned, the map consists of disconnectad
parls, representing different regions that are known, but not connected, To provide an
abstract description, two components must describe the same geographical area at different
levels of detail. It thus seems reasonable that the ability to represent lh:ll;itliun develops
from the ability to represent unrelated sress. However, it remains an opan guestion how tha

additional relations are laarned.

Two components of the map describing the same geography will have different levels of
detail, so I will refer to the more schematic component as the “higher™ one, and the m;:lru
detailed component as the "lower” one. A higher PLACE (ie. a PLACE in a higher component)
corresponds to a set of lower PLACEs, called a REGION. A higher PATH corresponds to a



lower PATH (or severasl of them), and provides an order on a sal of higher PLACEs.

The use of the higher components of the map is to simplify problem-solving. The problem of
finding & route between two PLACEs in the lower component may be vary cumplmﬁ, but
corraspond to a much simpler problem in a higher component. This leaves tha difficulty that
the proposed route begins and ends in the wrong component, so TOUR needs spacial
instructions to move the ™ou Are Here" pointer between corresponding positions in differant

componants.

Howewver, a higher PLACE corresponds to many lower PLACEs. How can positions correspond
between two components when they differ so in amount of detail? The answer is that the
higher components are built so that a fully specified “You Are Here®™ pointer (PLACE PATH
DIRECTION) in the higher component can be meapped onto a single fully specified “You Are
Here" pointer in the lower component. This correspondence is implemented as a property of
the higher PATH, indexed under the PLACE and the DIRECTION. There is an analogy between
this correspondence and that from the exits of a limited-access highway to the surrounding

surface roads.

For example, consider the Mass Pike as & higher PATH, containing as PLACEs Bosion,
Cambridge, Mewton, and Framingham. In this higher component, the "You Are Here™ pointer
has as its slate:

{(Cembridga, Maazs Piks, smstbound)
which corrasponds to a "lower” value of tha “You Are Here" pointer at a PLACE near the
tollbooth, where a choice must be made between a PATH leading to River Street in Cambridge,

snd one leading to Cambridge Street in Allston.



Essentially without physical motion, TOUR can change its “point of view" or "level of
sbstraction™ by changing the component where the "You Are Hers” pointer is, if the
appropriste mapping s known, Tha UP and DOWN instructions specify corresponding states of
the "You Are Here™ pointer in separate components, and instruct TOUR to move from one o
the other. UP spacifies mation from a lowar component to & higher one, and DOWN specifies
the reverse.
(UP Clower-place? {lowsr-path) {lower-dirsctions
thighar-place? <higher-pathd <highar-direction))

(DOWN {highar-piaces {higher-paths {highar-directions
Clower-place} <lower-path? ¢lower-dirsction?]).

A curious feature of these abstractions is that, although & TURN in a higher component lsaves
the “You Are Here™ pointer at the same higher F'L.l!.'.‘E._ it can correspond to travelling a
significant distance in the lower component. For sxample, consider the highar routa:

Take I-B3 to Bosteon,
Then taks the Hass Fike to Cenbridge.

TOUR will fill in @ TURN instruction at the PLACE Boston, changing the “You Are Here™ pointer
frem 1-93 to the Mass Pike, This requires a route to be found in the lower component for

accomplishing the TURMN

A question that remains open is how these abstract representations of the gecgraphy are
created automatically. Once the higher components exist and routes within them can be found
and followed, they can undergo the same kinds of gradual refinements as the lower

componants. However, it is not clear how to create these descriptions from local experisnce.



GLOBAL DESCRIPTIONS

At this point, the map is a network-like collection of PLACEs and PATHs, a set of
ORIENTATION-FRAMEs with positions defined batween pairs of PLACEs, and separate
components so that the same descriptive lechnigues can be applied to the same gecgraphy at
several levels of abstraction. In addition, the TOUR machine can allow roules to be specified
in various incomplete ways, filling in the gaps by posing them as problams to be salved, ar by

extracting the nacessary information from the map.

There are, however, additional ways of describing the space to capture more global {or
"gestalt”) properties. One category of such properties includes knowledge about streels
being parallel, and regions being lsid out as rectangular grids. The rectangular grid lends
iteelf to powerful route-finding technigues, so it is & very usaful way to describe a region
This makes it particularly popular, and many people apply it well beyond its legitimate domain
of applicability, leading to the most frequent errors in people’s mental maps. Another
category of such global properfies includes the gulline shapes of regions. The outline of a
region can act as a boundary, with a small number of "gates® sllowing travel across. This

simplifies problem=-solving by specifying a limited set of potential intermediate points for a

route that crosses a region boundary.

A REGIOM is a set of PLACEs and PATHs to which one or more of these global descriplions is
applied. Thus, route-finding within a REGION is often simplifisd by the aveilability of the
powerful problam-solving methods parmitted by the global descriptions. At the same time,
REGIOMNs land themselves to abstraction by correspondence with a single higher PLACE. This



simplifies route-finding between REGIONs as well.

A REGION which is described as 8 rectangular grid contains two bundles of paraliel PATHs,
each bundle partially orderad. An ORIENTATION-FRAME is sssociated with such a REGION to
define the headings of the bundles, and the heading of the order of the PATH: within each
bundle. A route-finding problem within a rectangular REGION is first expressed as the
problem of gelting from one grid intersection to ancther. Then it can be reduced to two
independent problems to be solved in parallel, one in each bundle of PATHs. The goal of each
problem is to reach a particular PATH Whan hﬂlﬂ-'l are achisved, the desired interseclion has
been reached. The power of the rectangular grid description is th-n:wm:a that these

subgoals can be pursued independently to solve the original problem.

The description of a REGION as & rectangular grid can be built up from locally observable
pleces of information. When TOUR executes a GO-TO instruction, it sends the source and
destination PLACEs and the connecling PATH to a separate process which attempts te build a
rectangular grid description. If a number of conditions are mel by that piece of the map, it is
added to a growing REGION and incorporeted into the rectangular grid. A REGION will Brow
by this local means until it is bounded by regions that fail to meel the conditions. Often such
a boundary is formed by another rectangular grid at a different orientation. Meither grid can
propagate across their common boundary, An sxample of this is Market Street in San
Francisco, which separates two grids al a 45 degree angle to each other, and which iz a

source of geographical confusion to both residentz and tourists.

The boundary description of a REGION does not sesm so amenable to local propagation,

unfortunately. This descriplion apparently goes through two stages in its developmant, The



first identifies a collaction of geographical features as “edges” which form a boundary to the
REGION, with "gates® for travel across. The boundary acts purely as a conlainer for the
REGION, without a shaps being represented. The second stage describes the shape of the
boundary, and seems to call on visual knowledge for shape descriplions. It may also be that
an accurate shape descriplion depends on some sort of global visual observation, either from

8 printed map or from an altitude.

The Charles River scts as a boundary for both Boston and Cambridge. The few bridges which
cross It provide a small set of intermediate points on roules being sought between the two
cities, even when the shape of the river is not known. A correct description of the river's
shape can be useful in route-finding, but the mistaken assumption that the Charles is straight

is & popular source of geographical confusion in the Boston area.

The rectangular grid description, with problem-solving and region-growing mechanisms, has

been implemented in the MAPS program. The beundary description has nol been implemented.



PROBLEM SOLVING

A number of problem-solving mechanisms have been referred to in the description of TOUR
thus far. They play an important role in the ability of TOUR to sccept undarspecified routes
by calling on the problem-solver to fill in the gaps. In fact, verbal directions given by peopls
seom to be designed to provide, not complete routes, but the key facts that leave only sasily
solvable problems, Thus, it is important not only to have a problem-solver, but to have an

accurate description of ifs capabililies.

The simplest and most straightforwerd problem-solving technique is to use previocusly known
routes, These are indewed by source and destination in tha map, and ara chesen to cover the
most frequent neads. When a naw one is neaded, rather than solving the problem by
examining the map, the persen can ask for a verbal route-description from a reliable
informant, assimilate it with the TOUR machire as shown in the example, then store it to be
used when needad, and filled in and clarified by TOUR on successive trips. If the demands on

one's geographical knowledge are light, this is a very practical strategy.

The next kind of useful problem-sclving is the simple network search on the map. When the
sot of possibilities can be pruned to a very small number, this can often be effective. There
are several methods of pruning that use different sspects of the map. The first is to use
infarmation in the current ORIENTATION-FRAME to suggest intermediale points located
between the source and the goal. The second is to rephrase the problem as one in a more
abstract component of the map, with a smaller sel of PLACEs and PATHs, spread over a larger

area.



The most sophisticated problem-salving technigues use global properties of the map as
described in some REGION. Thess wars discussed in the last section along with the

presantation of those region descriptions,

In general, it seams that people who are good geographical problem-solvers use all of these
methods in the appropriate circumstances, but that the firgt melthod, that of knowing the route
already, is the most effactive. Ability to navigate in a geographical area seems to be pfiMI.ril:p'
dependent on the amount of knowledge represented about an area, and only secondarily on
tha techniques used to solve problems. On the othar hand, the organization that imparts the
most problem-solving power is the reclangular grid, sven when it is Wrong in minor ways,
This doubtless accounts for jis over-enthusiastic application. Most of the obvious inaccuracies
In people’s mental maps seem to derive from the incorrect assumption of straight sireets and

ractangular grid patterns. [Note 7.}



Kuipars 34 Spatial Knowledge

PARAMETERS OF VARIATION

One of the most striking features of human spaftial cognition is the range of individual
variation, both in the amount and the kind of knowledge represented. Althaugh it is hardly
surprising that any reasonably complex computational model could support enormous amounts
of variation, it is interesting to examine exactly where in the model it takes place, and how it

can vary.

A simple production system control structure (Newell and Simon 1972) is used in several
places in the TOUR model. A problem to be solved or an action to be taken is described.
There are a number of simple procedures which can recognize and act on special cases of the
situation described. They are sctivated in sequence, and the first one which recognizes ils
special case handles the situation. Variation can take place in such a system, not by the value
of & numerical parameter, but by the selection and ordering of the sequence of procedures fo

be applied to a particular problem.

These simple production systems occur most importantly in three places in the TOUR model.
First, the TOUR machine itself operates by means of a production system which sxamines each
instruction along with the "You Are Here" pointer and th.t ralevant portions of the map.
Second, a problem is selved by a production system of potential melthods for solution. Third,
and most important, the global descriptions of the geography are constructed by a production
system of specialists who examine portions of the map suggested by TOUR instructions with

spacial proparties.



The largest part of the qualitative veriation among people in their styles of spatial cognition
ssems to come from the presance or absence of thess global descriptions. Among those who
do represent global descriptions, there is a very noticeable variation according to how
carafully they check for the legitimate applicability of that description. 1 have interviewad a
subject who was even willing to sacrifice lopologicsl connections to prasarve the description

of (what he beliavaed to ba) a rectengular grid. {Note 7.}

The presence or absence of global descriplions of the geography certainly affects the
salection of methods svailable for problem solving, since many of those are dependent on
particular global descriptions. A grest deal of empirical study must be done to clarify the
exact nature of variation in human spatial cognition, and how that relates to the gualitative

paramaters of variation in tha TOUR model.



~ THE PSYCHOLOGICAL LITERATURE

Thers has been a considerable smount of interest among psychologists in spatial cognition of
various kinds. Downs and Stea (1973) and Siegel and White (1975) both include extensive
bibliographies. Mosl of this section is devoled to a detalled comparison of the TOUR model

with the summary of the psychological evidence done by Siegel and While {1975).

After a number of interesting but isolated piaces of research in the first half of the century,
recent interest in spatial cognitien was sparked by "The Image of the City™ (1960) in which
Kevin Lynch, coming from an urban planning tradition, explored the phenomena of subjective
perception of the city. Thiz delightful book inspired a flood of further rassarch by urban

planners, geographers, and cognitive psychologists.

This surge of interest in spatial cognition resulted in a profusion of differant viewpoints on
and definitions of the research area. Downs and Slea (1973) collect & number of papers
showing the diversity and vitality of the emerging field A review article by Hart and Moore
{1973} surveys the work of psychologists looking at the devalopment of spatial cognition in
children. Most of the current work is based on the thesries and methodologies of Piaget and
Inhelder (1367). An excellent example of modern developmental theory following Piaget and
Inhelder Is the work of Moore (1972),

These developmental studies, however, looked at many different kinds of spatial cognition.
Siegel and White (1975) focus specifically on work dealing with spatial representations of

large-scale environments. The model of spatial krnowiadgn ihll Siegal and White synthesize



from their survey is very similar to the model that [ had developed, and was responsible for a

number of important refinements leading to the TOUR madal.

In the paragraphs below, | quote extensively from Siegal and White, to summarize their
theory of spatial representations of large-scale environments. [ also discuss the differences
belween their theory and the TOUR model. The TOUR model is intended to provide a pracise
framework for stating a theory like Ihal.r:., suggesting useful modifications, and proposing
possible exparimants,

"The terminology has  tendency fo suggest pictures or maps, bul & variely of
research indicales thal ‘images’ are not 'maps’ and are offen nol sven map-
like,

I, The representations are typically fragmented, Areas of considerable
datail are linked with sress having littis or no detsil sand are often separale
from one anciher,

2. The represenlations are often distorted. _sven topalogical and projeclive
relations are often not relsined.

3. The representations are often saveral separate, bul interlaced
raprasentalions of smaller chunks of the snvironment, _

4. The representalions do not need to ba entirsly visusl, _* e 21)

"Most theorists essentially sgree that landmarks and roules are the
predominant slements of spalial reprasentalions, From & logical point of view
it can be srgued thal landmarks and routes are parhaps the necessary and
sufficient elements for “minimal representalions that allow "'way-finding' fo
occur,

. Landmarks are unique palterns of perceptusl svents al & specific localion,
thay are predominanily visual for human aduits, thay are the sirategic foei fo
and from which one lravels, and they sre used as proximate or intermediale
course-mainfaining devices.

- Roules sre nonslersolypic sensorimotor routines for which one has
expectations aboul landmarks and other decision points. .. Thay represent
habitual lines of movemen! and familiar lines of travel, and thus they constitute
a first-order, "enaclive’ representation of the terrain. One can canceive, Hen,
of the environment consisling of potential landmarks connected by polential
routes. One can picture a spalisl representation as landmarks (visual '‘pags"’)
connected by routes (sensorimotor ‘lines’), to some extent guided by sequence
learning.



w I addition lo landmarks and roules, a third vseful and offen-presant
slement of a spalial reprasentetion iz constituled by gestalt knowledge.
Knowledge of configuralion gives somelhing more then a minimal map, If /s a
sophizlficated wrinkle that gives ifs ownar an adwvanfage in way-finding and
orgamizing experignce. There seem lo be al leasl three fypes of such
knowladge of configurabions: A parcaived oulline of & larrain (a.g., the oulline
of & United Stales mapk a graphic skelslon (a.g, a schemalic porfrayal, a
spalial reprazentation of London az & sel of routes lsading from a
diagrammalic image of the subway system); and a figuralive melaphor (eg.,
the ‘boal” of [taly) These "configuralions” anhance way-finding, and thay may
be & necessary condilion for invenlions of new roules. We would argue that
all spatial reprasentations are functionally “andmarks-connactad-by-routes,’
but that there sra varying degress of intagration or geslaitness of the spalial
represantalion.” (pp. 23-24)

A number of points of comparison are in ordar here. A PLACE in the TOUR model represents
only part of the knowledge that Siegel and While associate with a landmark, omilling the
complex of immediate sensory information, This sensory image allows a human to identify the
lamdmark he iz al without knowing how he got there. Although this knowledge is important lo
humans, | balisve that it cen be factored out of the TOUR model end treeted as knowledge of
a different kind for purposes of describing spatial cognition, This factoring is based on the
assumplion that the sensory image of a PLACE is important only in identifying the current
PLACE, and does not play a major role in problem solving or essimilation. A more refined

model will have to resxamine this assumplion.

Siegel and Whita's routes are clearly very similer to TOUR programs. However, they omit
PATHs from their representation of tha gecgraphy. [t has seemed necessary to me 1o
separate the function of representing the order of PLACEs on a PATH (as a one-dimensional
geographical feature) from the function of regresenting the procedural descriplion of a route
uzed to travel from one place to another. This is basic to the dislinclion between the map,
which iz & descriplion of the geography, and the routes, which describe activities within that

geography.



The TOUR model uses the ORIENTATION-FRAME to capture the coursa-maintaining funclion of
landmarks. In addition, the ORIENTATION-FRAME represents partial knowledge of relative
position, an important part of human spatial cognition even sside from the coursa-maintaining
function. Only in passing do Siegel and White racognize the possibility of multipls
ORIENTATION-FRAMES, or “minimaps,” aliowing potentially incomparable relative positions to

ba dafined,

The graphic skeleton, which is one of the gestalt configurations proposed by Siegel and White,
corresponds quite well to the abstract, schemalic component of the map. The other gestalt

configurations strongly resemble the global descriptions which [ have sketched briefly,

"One can consider a route as a conventionsl sensorimotor system. Although
we are not in the posilion of providing a formal analysis of what this syslem
is, it is possible to point to likely elemants or characlaristics of what the
system must have,

. A route mus! involve & sequence of decisions--generally, changes in
heading. In several altempls to saf up modeis of route making, we have been
unable to project a reasonable hind of route learning without entering into the
knowledge system some such entry as 'bearing’ or 'heading.’ Unless the
orgamsm sleers its way through & route by & sequence of line-of-sight
approach movemenis, a kind of process thal seems uniikaly for all route
learning, the organism must computs its decisions in terms of an orientalion of
the dirsction of the organism wilh regard lo some feature of the snvironment.

2. The knowiedge of » routs could then conceivably exist through a kind of
serial learning, 8 memorized series of decisions. However, it seems much more
likely that a memorized route wouid be somewhat more skin to paired-
sssociale learning, changes in bearing asociated with the arrival al “stimulus’
landmarks.

3 Learning belwesn landmarks is, lo some axfent, incidental and irralevant
excepl lo the extent thal intermediary landmarks serve as course-mainfaining
devices (and thus as landmarks associated with no change in heading). A
conservalive route learning system would then be, in sffect, "smply” belween
landmarks. Al of the learning would be orgenized around the modes of the
decision sysltem, the landmarks. In the aduil's construction of a spatial

- represeniation, roufes become scaled by landmarks in an ordinal and roughly
interval sanse.” (pp. 28-29)
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In the TOUR model, there are two senses of "orientation™ that are used: DIRECTION with
respact to the one-dimensional ordar on a PATH, and HEADING with respect to the two-
dimensional positions in an ORIENTATION-FRAME. DIRECTION orientation is defined with
respect to local features of the map network, and does not imply knowledge of a global
heading. The assimilation example shows how this kind of one-dimensional orientation can be

acquired from local evidence,

"Once one locales oneself along a number of roules by a syslem of landmarks,
these routes with termin/ become interreialed info g networklike assembly as a
funclion of rapaatad sxperiance, lemporal integration, and suslained
meaningfulness. Taxi drivers, for example, organize such nefworklike
knowladga of Amarican cilisz, Thay sssociale condilions of fime, traffic, rosd
conditions, efc., to components of the nefwark, With such knowledge a laxi
drivar can plan 8 roula through the maze of city sirasls which will be both as
short a5 possibie, and which will oplimize speed of travel under prevailing
condilions. .. Once routes with farmini becoma interralated into B networkiike
assambly, the gaps are gredually fillad in [and beacome Lynch's (1960)
‘aigtricts,’ ‘edges,’ and ‘nodes’] The landmavrk-connecled-by-roufes spalial
reprasanialion becomes mora gestall-like.” (p. 30)

"Landmarks snd roulss are the minimal slemenis of spalial repressnialions;

they lead to whalt has baen termed route-represenlalions. Survey=

representations incorporale configuralional elements (ouliines, graphic

skalalons, figuralive melaphors) and may be the final derfvative of very dense

and richly interconnected and herarchically organized route maps.” (p. 45)
The TOUR model specifies how knowledge from the route is incorporated inte the map, into
descriptions of PLACE, PATH, ORIENTATION-FRAME, and REGION, and then how the map is
further describad from a global point of view to assist in problem-solving. Siegel and Whila
also observe this process, but their theory says only that some sort of union of the set of

roulas will constitute the global knowledge of the geography.

“With regard to children, the following sequence in the development of spalial
represenfations of the large-scale anvironment has been identified in the
research literafure. The seguence is the sequence with which we have
bacome familiar in digcussions of sdulf leerning, ..



i. Landmarks are noliced and remembered, ..

Z Once landmarks are eslablished, the child’s acts are registersd and
accassed wilh refarence o them. ..

3. Given landmarks, action-sequences, and organized decision sysfems aboul
where fo look next, the child forms clusters of landmarks and ‘minimaps.”

4. A key issue in the development of spalisl represeniation (s the child's
formation of some kind of objective frames of reference, and & concomifant
organization of oulside fealures into systems in space. Parl of whal is
involved in this process appears lo be 8 progressive differentiation of self-
orientation from oulside-orientation, and the development of a notion of
objeclive bearing. ..

5. Survey maps appear as coordinalions of routes within an objeclive frame
of referance. Thal is, survey maps become possible only affer both routes
and an objactive frame of reference sxist” (pp. 37-45)

. the development of children's spatial representations conforms to the
‘Main Sequence' idenlifiad in sdull learning: The process of going from
landmarks, to route-maps, to survey-maps is a process of going from
association fo sfructure, and of deriving simuitaneily from successivity.”
ip. 46)
This learning sequance is also apparent in the way that TOUR assimilates new information.
This model, unfortunately, sheds little light on how the TOUR machine itself is learned during
the development of the child. However, once its operation is precisely described, it may be

possible to represent it in a learnable way.
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TAKING STOCK

As is by now quite clear, this paper reports work in progress. This ressarch will be mors
fully reported in Kuipers (1976). Most of the TOUR model has been implamented as the MAPS
program, with some exceptions which will be discussed below. Although it is possible fo
describe the TOUR model as a mathematical abstraction, independent of any computer
implementation, it would not have been possible (for ma) te discover it. When attempting to
create a model as complex and pracisely specified as the TOUR model, it seems impossible to
evaluate the consequences of technicel design decisions withoul a computer implamentation.
The MAPS program has also allowed me to experiment with the model at various stages, to
discover which aspects are important. 1 have clearly specified where the model does not

have an implemented version, and whera furthar development is reguired in the theory.

The first part of the problem we set ourselves was to identify and describe a class of human
behavior te which a model could be addressed. This behavior is the assimilation of
fragmentary pieces of information into a variety of representations which can support the
kinds of problem-solving people do. [As we see, it is difficult to describe the phenomena we
are interested in apart from the vocabulary of the model we will use te explain it.] The
asgimilation process consists of 1)} maintaining a correspondence belween the imput route
description and the map, 2) filling in missing information in the route description from what is
known by thu'mlp. 3} filling in the map from new information provided in the route
description, and 4) building higher-level representations by describing selected pleces of the
map. The kinds of problems that people are thersby snabled to solve include finding new

routes from one place to another, and orienling themselves with respect to the positions of



remote places. The greatest siill that people have in this domain is the assimilation of new
information into eppropriste representations, rather than deep and complicated problem=-

solving,

The second part of our original problem was to propose a model---a computational process——-
which explains these phenomena. | have described a representation for the map, consisting of
PLACEs, PATHs, and ORIENTATION-FRAMESs, with separate components allowing several
abstract descriptions of the same geography. In addition, REGIONs permit the application of
global descriptions to subsets of the map. A problem solving process examines the map to
propose routes between one PLACE and ancther, and ancther process attempts to build global
descriptions and the REGIONs they apply to. The TOUR machine plays a central role in the
interaction belween parls of the model. In particular, It assimilates Information from the
route-description into the map, it uses information from the map to fill in omitted parts of

instructions, and it calls the problem solver to provide missing parts of the roule.

Thus, although some perts of the model are still somewhat incomplete, we have proposed a
solution which appears to salisly the conditions of our original problem. As mentioned above,
there are several parts of the model which have not been fully implemented, and are
tharefore not as well undersicod as others.

A. Several kinds of problem-solving are implemented, but they lack a
coherent framework of the kind that clarifies the rest of the model.

B. The methods for creating higher level descriptions are also poorly
understood; although some have been implemanted.

C. Tha [KON has not been interfaced to the rest of the TOUR modsl.

0. Metrical information is assumed o be accurate and precise, an
assumption aboul people which is known to be false in interesting ways,

E. The way people use the sensory image of the geography desarves
further study.



There are some espects of paople’s mental maps of cities which have been omitted from the
TOUR model in order to focus on parts of the model that apply more generally to cognition of
large-scale spaces. Some of these will be added to MAPS svantually to make it a more
interesting and useful computer program.
A. A strest has two sides, and the relation "across the street from™ is a
usaful one,
B. Stresls and intersections have traffic limitations which should be taken
inte account: traffic lights, ilegal turns, one-way strests, stc.
C. Proposed routes can often be evalusted for cost, usuelly by distance or

time, but also for convenience, quality of road surface, character of
neighborhoad, and time of day,

The immediate experimental test to which the TOUR model can be subjected is to test the
prediclions about what kinds of partial knowledge are actually represented. For deeper
resulls, it would be nice to examine the behavior of an individual in comprehension, problem-
solving, or explanation. Unfortunately, there are serious mathodalogical problems which must
be solved before the TOUR model can be fitted to an individual 56 such an experiment can be
set up. This custom-fitted model is required because overt behavior can vary so widely
depending on small variations in the knowledge the subject has, how it is represented, and the
particular methods he has for processing it. Each of thess problems may itsall réquire much
exparimantal study,

A. ldentily which parameters of variation in the modal are paramaters of
individual variation, and which remain fixed across a culture, or across all
humans.

B. Determine the settings of these parameters for the individual subject.

C. Determine sxactly what knowledge the subject has about some
geographical area, either by lesting him, or by teaching him a carafully
designed body of knowledge about an unfamiliar srea,

This is certainly an awesome problem, but pacple are awesoms in thair complaxity, with

individual variation being a particularly striking festure. One contribution of the TOUR model

Is to provide a descriptive framework for stating the answars to thess thras problems.



Without that, we cennol sven sxpress the questions discussed balow.

Thera are, of course, many aspecls of this enormous and complex domaein of knowledge which
area not directly addressed by the TOUR modal. [ belisve, however, that the TOUR modal
provides a framewark which will allow these phanomana to be invesligated with a clarity that
was nol previously possible.

A, There are interesting linguistic conwventions for describing routes and
raelative positions,

B. The process of understanding verbal directions given by a fallible or
dishonest speaker is different from the process of understanding
"observational” (i.e. presumably correct) route directions.

C. Peopls ara able to detect inconsistencies in their knowledge, and replace
them with more accurale information, under some circumstances,

D. One dramatic subjective avent is the "fash of comprehension™ where a
person recognizes a single new geographical fact which recrganizes a large
amount of his knowladge of an area,

E. Peopls occasionally have separate descriptions of PLACEs which turn out
later to describe the same physicel place. This realization can trigger the
"flash™ mantionad abowe.

F. Spatial metaphors play & prominent role in memory and problem-solving
in non-spatial domains,

An important assumption of this ressarch is that the representation of knowiedge, and the
assimilation of new information into that representation, is fundamental to spatial cognition.
The other aspects mentioned above are bullt on this fundamental basis, in the sense that they
cannot ba fruitfully investigaled without s prior theory of represenfation. 1 have attempted
to present the TOUR model a5 & precise way of describing the states of knowladge involved in
large-scale spatial cognition. [ hope that it will permit a kind of ressarch that was not

praviously possible.
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NOTES

{1. TOUR "machina™)

The TOUR machine is an abstract machine in the same sanse that a Turing machine is, A
Turing machine is a finite-state machine operating on an infinite tape. Typically the finite-
state machine and its instruction set are simple, while most of the machine's complaxily is
represented by the contents of the tape. Similarly, TOUR iz & simple processor with a small

instruction set, operating on a potentially infinite and very complex map.

{2. LOGO analogy}

A useful analogy is to the LOGO programming language, which was initially developed to teach
programming concepts to children. LOGD instructions drive a simple robot “turtle™ around the
floor. The state of the turtle is completely described by its position and its heading. The two
basic instructions are:

FORWARD {numbar of unita)
RIGHT <number of degress’

The turtle also has a pen which can be raised and lowersd to draw lines on the floor as it
moves. These instructions are enough to allow children to draw many kinds of intaresting
pictures. Adding the ability to define procedures to be used as parts of other drawing
programs makes LOGO a poewerful tool for a child to use for creating pictures. The process of
writing and debugging such drawing programs is believed to encourage the development of
powerful ways of "thinking about thinking."



{3. Definitions)

A PLACE is a description of a zero-dimensional geographical object. It includes the PATHs
which that PLACE is on, and a local geometry defining the radial headings of (PATH
DIRECTION) pairs leaving the PLACE, with respect to an arbifrary coordinate system. The
description need not be complete.

A PATH iz a description of a one-dimensional geographical object. It includes a partial order
on the set of PLACEs on that PATH,

The DIRECTION on a PATH can be +1 or =1, meaning "with® or “against® the order on the
PATH

An ORIENTATION-FRAME is a set of PLACEs, slong with a system of coordinates with respect
te which distances and directions cen be defined betwesn pairs of those PLACEs.

A HEADING is a direction (in degress) defined with respect to an ORIENTATION-FRAME.

A REGION is a set of PLACEs, to which a global description can be applied; for sxample,
nature of grid or shape of outline.

The map is a set of PLACEs, PATHs, ORIENTATION-FRAMES, and REGIONs.

The "You Are Here" pointer describes the current position of the TOUR machine in the map. It
Includes the current PLACE, PATH, DIRECTION, ORIENTATION-FRAME, and HEADING. Soms of
these may be left unspecified.

{4. TOUR instructions)

GO-TO instructs TOUR to move the "You Are Hare® pointer from one PLACE to another on the
same PATH, and specifies the direction of travel with respect to the PATH ordar.
(80-TO <From-place? <to-place? {on-pathd {in-dirsctieny)

TURN instructs TOUR to move the ™ou Are Hers™ pointer from one (PATH DIRECTION) pair to
another at the same PLACE, and specifies the amount of the turn.
(TURN {at-place} <from-path} {From-dirsctiend
Clurn-amount> (to-path> {to-direction:)

The TAKE instruction refers to a route, and lets it be used as a sub-program for a longer
route. This can give a route program a hierarchical siructure, and it allows frequently-used
routes to ba shared.

(TAKE <routed Cfrom-place) C(te-place:)

The GET-TO instruction formulstes a problem to be solved by the problem=-solving component
by specifying the state of the “You Are Here™ pointer at source and deslination. In case no



solution can be found, the problem-statement is left as an instruction in the route program,
and TOUR continuwes from ils destination,
(BET-TQ <from-place? <from-path} {from-direction:
£to-placer to-pathd {to-direction})

The MOTICE instruclion simulales visusl observations: if the "You Ara Hera™ pointer is at a
given PLACE, PATH, and DIRECTION, then the remote PLACE can be cbserved at a certain
heading and distance. The heading is defined with respect lo an egocentric set of coordinates
In which the heading of the observer is 0.

(MOTICE <at=-place> {om-path} {in-diraction:
cramote-place {distanced {hasdingd)

The UP and DOWN instructions specify correspending states of the ™You Are Here" pointer in
separate components, and instruct TOUR to move from one to the other. UP spacifies motion
from a lower component to a higher one, and DOWN specifies the reverse.
(UF {ipwer-place? {lower-path? <iower-directiend
{highar-place? Chigher-pathd ¢higher-diractiond)

(DOWN <highar-piace? <{higher-path» {higher-diractien}
lowar-placey <lowar-pathy {lewer-direction>)

{5. The MAPS program}

The MAPS program Is written in MACLISP, and runs on the MIT Al Laboratory’s POP-10. It
uses sbout 100K of memory, Including the LISP interpreter. Its natural language input is
provided by a small context-free grammar with B6 rules and a vocabulary of 123 words plus
place-names which can be lsarned on the fly. It typically reads, parses, and processes a

senfence in less than a sacond.
{6. Diagrams}
It is clear that disgrams would help an example like this. Unfortunately, existing graphical

conventions for drawing mape make it difficult to represent partial geographical knowledge

without committing cursalves to somathing actually false.



{7. Exparimental rasults)

This experimental resull is & qualitative conclusion drawn from my own interviaws, which were
not systematically designed or anslyzed. Given the theorstical framewark of the TOUR model,
it would be veluable to do & more careful interview study.
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