Cognitive Robotics: On t he Semantic Knife - edge

                                                                                           Mark Witkowski, Murray Shanahan, Paulo Santos and David Randell

Intelligent and interactive Systems Research Group

Department of Electrical and Electronic Engineering

Imperial College of Science, Technology and Medicine

Ex hibition Road,

London SW7 2BT

{m.witkowski, m.shanahan, p.santos, d.randell}@ic.ac.uk

5/4/2001

Abstract

Thi s paper describes some aspects of recent and ongoi ng work i n the area of Cognit ive Robotics in t he Department

of Elect rical and El ectronic Engineering at  Imperi al College. Our approach t o Cogniti ve Robotics has been to apply

abduct ive reasoning procedures usi ng the Event  Cal cul us, an ext ens ion to First Order Predicat e Cal cul us (FOPC), t o

provide a uni fied view of several  rel ated mobi le robot ics t asks: sensor data assi milat ion, map - building and pl anni ng.

Cognit ive robot ics depends on an expl icit  declarati ve representati on. Whi le t hi s greatl y facil itates  reasoning about

domain knowledge, i t comes wi th an extra computati onal  overhead. Th is is the basi s of the semanti c kni fe - edge ,

maint aining a deli cate balance bet ween expressivit y and effi cient i mplementati on.

1    Introduction

^Cogniti ve Robotics~ refers t o an area of st udy that applies formal logical represent ations t o physi cal  robots, wi th

the l ong - term goal t o endow them wit h higher - level cogni tive ski lls. Cognit ive Roboti cs [ 4 , 10 , 11 , 17 , 21 ] proceeds

from the convict ion that advances in developi ng a clear semanti cs for robots and their envi ronment s, within t he

principl ed framework of logical descripti on, will  l ead to further advances in our overall understanding of

intel ligence i n robot s and art ifici al agents [ 8 ]. Despit e a promi sing earl y start  wi th project s such as SRI´s SHAKEY

[ 13 , 20 ], the ri gours  of applying formal logic to real  robot s remai n probl ematic. In part , t hes e probl ems ari se from

the ^semantic knife - edge~ [ 14 ], t he observati on that logic representat ions are apparently inevit abl y bal anced

between a lack of expressi vi ty, which renders them useless for t he tasks they are to be empl oyed for, and t oo much

detail , which renders t hem int ractable t o automated proof generat ion met hods.

The use of explici t logical  formal isms in the context of the Event Calculus, al lows dynami c, non - trivial real world

domains t o be ri gorousl y described and reasoned about. The decl arative nat ure of the representat ional  formalism and

approach used faci lit at es the descript ion of structure within t he formali sm, whi c h can be expl oi ted by specialist

reasoning techniques. It  also lays bare the primi tive feat ures  of the language us ed and highli ght s how this maps

direct ly to observable events and properti es of objects i n the modelled domain. Consequent ly, we show how i t i s

possible t o start  wi th a high - level des cription of the worl d and eventual ly map t hi s direct ly to sense dat a; or rather

abduce from sensory informati on, hypot heses about  the world that  can be test ed and validated. In t hi s way compl ex

and meaningful behavi our observed in autonomous  robot s not only becomes possi bl e, t he us e of logic as the mai n

representat ional  language al lows both a uniform framework to identify and exploit  meta - level structure, but  also

provides the means  to rigorousl y specify and est ablis h program correctness, and lays the foundati ons for robots and

autonomous arti ficial  agents t hat  can reason about their own behavi our in a physi cal world.

The first  part of this  paper introduces aspects of the Event Calculus [ 19 , 21 ], then descri bes how sensor events and

the effect s of acti ons are represented in the Event  Calculus for a mobile robot. It t hen descri bes how abducti ve

reasoning i s appli ed to import ant  mobil e robot ta sks, sensor dat a assi mil ation, map - building, planning and

locali sation. We next provide a des cription of how an Event Calculus based robot  cont roller i s interfaced t o a

                        Proc. TIMR 01 ˘  Tow ards Intelligent Mobile Robots, Manchester 2001.

Technical Report Series, D epartment of Computer Science, Manchester University, ISSN 1361 ˘  6161

Report  number U MCS - 010401. http://ww w.cs.man.ac.uk/cstechrep/titles01.html

Khepera [ 9 ], a real, if miniat ure, mobile robot . In  the s econd part we wi den t he di scussion by introducing a new

visual Regi on Occlusion Cal cul us  (ROC), and i ndi cat e how i t may be used t o formall y describe a great er range of

more complex sensory events and in t urn generat e a spati al  segmentati on of a robot ´s environment, in whi ch the

robot may navi gat e and reason about i ts surroundings.

2    The Event Calculus

When applyi ng a logic formalism to robotics, it  becomes clear t hat the s cheme us ed must be able t o represent t he

effect s of act ions and t he consequ ential  changes that occur to t he robot and t he environment. Equall y, i t mus t be abl e

to represent  the effects of exogenous events on the robot, as detect ed vi a it s sensors. To achi eve this, t he underl ying

ontology (the pri mit ive or given feat ures of a l ang uage) of t he Event Calculus i s based on fl uent s , a descripti on of

entit ies t hat  can change state with time;  events  (or actions ), that can cause the st at e of a fluent t o change; and ti me

points , the instants of time at whi ch changes occur. Fluents can repre sent t he state of a sens or, the posit ion of a

robot, or the st ate a feature in the environment (for instance, whether a door is open or not). Action events may be

init iated by the robot (poss ibly as t he result  of planning), or represent other exogenous  eve nts wi thin t he

environment, causing fl uent s to change independentl y of the robot . Time points are ordered. In a more formal

treat ment of the Event  Calculus t hi s ordering woul d be made expli cit, here i t will  be assumed.

The Event Calculus also defines seve n basic predi cates, which ful ly represent  the ways in which fl uents  and actions

interact, and the ti me orderi ng bet ween them:

                        ·
                                                 Init iall y( f ), indicat ing that the fl uent  f  holds a value of true (Initi ally

1

) or fal se (Init iall y

0

) at t ime 0.

                        ·
                                                 HoldsAt( f , t ), indi cates that t he fluent f  holds true at  an inst ant , t .

                        ·
                                                 Happens( a , t1 , t2 ), indicates that the acti on or event  I occurs during the t ime range bounded by t1  and t2 . In

                                                 practi ce t his wi ll be qualifi ed by preconditi ons, pl acing restri ction on when a robot might pe rform an

                                                 acti on, or when an exogenous event i s possible.

                        ·
                                                 Init iates( a , f , t ), indicat es  that fluent f  will  hold aft er an occurrence of action a  at  ti me t .

                        ·
                                                 Terminates( a , f , t ), indicat es  that f  will  no longer hold true aft er an occurrence of a  at  ti me t .

                        ·
                                                 Cl ipped ( t1 , f , t2 ), indicat es  that the st ate of fluent f  has altered duri ng the range of times t1  t o t2 .

                        ·
                                                 Before( t1 , t2 ), makes expli cit the ordering relati onship bet ween a pai r of time poi nt s.

The Event Calculus has  previously been proposed as a solution t o the fra me - probl em , [ 19 ];  as i t overcomes the need

to expli citl y maintai n knowledge about what does not change  as a consequence of performing acti ons or due to the

occurrence of exogenous events . Thi s is clearly a major conce rn when applied to robotics, but  is by no means

rest ricted to roboti cs tasks, and the Event  Cal cul us  axi oms may be used as  a ^wrapper~ to augment other l ogi c

representat ions  where time, change and the effects of acti ons must be considered. In principl e, i t  i s possibl e to record

a complete hi story of events  and changes to fluents (encoded as ^Init iall ỹ and ^Happens~ formul ae), though i n a

robot envi ronment  t hi s may be nei ther possi bl e, nor desirabl e, if the reasoni ng process i s not to become

overwhelmed wit h extraneous ^memories~.

3    Robot Control -  Building on the Event Calculus

A cognit ive robot control ler usi ng the Event Calcul us properly consists of the set of Event Calculus axi oms (st yl ed

as ^EC~), which define the underl yi ng rul es for reasoning a bout  time and change and a domain theory , robot

programs in the event calculus (st yled ^

S
~) that  describe various interacti ons bet ween the actual robot and its

environment. An event cal culus robot program wi ll, in turn, consis t of:

                        1)  The effects of t he robot ´s l ow - level actions on t he environment.

                        2)  A des cription of impact of t he envi ronment  on  t he robot´s sensors.

                        3)  The effects of high - level actions (for hierarchi cal pl anning).

                        4)  Hi gh - level actions i n terms of component l ower - level actions.

                        5)  The histori cal  ^narrat ive~ of past  events (styled as ^

D
~).

                        6)  A map of t he environment encoded as Event  Calculu s axi oms.

                        7)  Which predicates are abducible.

Robot control i s embedded in a ^sense - plan - act~ cycle, which cont inues ad - infi nitum . Short bursts  of pl anni ng

acti vi ty are i nt er - leaved wi th actions and sensor gathering. Planning is a computat ional ly demanding ta sk, oft en
more so when conducted in a formal reasoni ng envi ronment  than when conduct ed by ad - hoc  planning algori thms.

To alleviat e thi s problem, plans are created hierarchically, ini tiall y from high - level action descri ptions. Once a hi gh -

level plan is avai lable (for instance, at t he room level), only the fi rst step i s expanded (and the fi rst step of that, etc.)

until  a st arti ng sequence composed of only low - level actions i s formed. This i s progr ession order planning  [ 21 ].

4    Abduction

Abduction i s a form of reasoning which attempts to provide expl anat ions, by established proof procedures, for given

events. Abduct ion is t herefore particularly rel evant to the applicat ion of reasoning in logic to robotics, where we

expe ct a st ream of events to be generated by the normal process of t he robot sensi ng conditi ons arising (ei ther

through it s own act ions, or through the occurrence of extrinsi c events) wit hi n the robot´s environment. For example,

a robot may encounter an obstac le in it s path. Several  possible explanat ions  might be consi dered. If that obst acle i s

already recorded within t he robot ´s descri pt ion of t he world, the obstacle´s presence is t rivial ly explained, and t he

robot may perform some action t o avoi d the obstruct ion. However, if the robot were current ly i n an unexplored part

of i ts environment , t he expl anat ion would clearly invol ve adding knowledge about  the obst acle t o the robot´s model.

If not, s everal  alternate explanations could be formul ated from the robot ´s descripti on of the worl d and it´s

properties. It might be that an external  agent  had deposit ed t he obst acle whil e it was not being observed. If t he

obstacle is modell ed as ^immovable~, thi s explanation may have to be discarded. Finally, in t his example, th e robot

may be forced to t he concl usion that it has become disori ent ed in i ts environment .

Reasoning by abduct ion is rel ated to, but di ffers from deduct ive reasoning. The proces s of abduct ion is direct ed

toward an explanadum  (a fact or observati on t o be e xplained), gi ven a background theory (in t his case t he Event

Cal cul us axioms, the robot program and other component s int roduced i n the previous s ect ion). As with ot her forms

of reasoning, only expl anat ions  support ed by t he model  may be generated. As alread y noted, abductive reas oni ng

may give rise to several alternati ve explanati ons, which are (by definit ion) equall y supported, alt hough not

necessaril y equall y desi rable. Bout ili er and Becher [ 1 ] i nt roduce a preference  ordering  in t he context of beli ef

revisi on to res ol ve this probl em. We note t hat  the generat ion of more than one explanati on wil l have di fferent effects

according t o t he task being addressed, someti mes indicative, somet imes beni gn and s omet imes detri menta l.

Abductive reasoning has been used to good effect in model - based diagnosi s, where possible explanati ons of mal -

function must  be formed [ 3 , 5 ].

5  Using Abduction for Sensor Data  Assimilation, Map - building, Planning and Localisation

Thi s secti on considers how the abductive reasoning scheme might be applied t o a range of di fferent tasks. In each

case the robot controll er is pres ent ed with some event (styled ^

G
~), either act ual , as i n the case of an incoming

sensor event (

                                                                             G

                                                                                     S

                                                                                          ), or desired, such as the goal in a plan (

G

G

), which must  be explained or ot herwise i nterpreted by

creati ng a residue of ^Happens~ formulae (st yl ed ^

Y
~) by automated reasoning. In map - build ing a novel sensor

event (repres ent ing an envi ronmental feature) must  be assimi lated i nto the robot´s map and model of i ts world. In

planning the robot must  also generate sequences of actions, recorded as ^Happens~ formulae, to achieve it s goals.

Because t hese abduct ive processes are al l similar we note that the bulk of the event cal cul us descripti on remains

identi cal  across al l t he acti vi ties. According t o the t ask, t he detail ed process es  invoked wil l differ, and in part icular,

the set of items  declared ab ducible changes (for example, t o generate plan items during pl anni ng but map

descripti ons during map buil di ng, etc.)

5.1    Sensor Data Assimil at ion

In sensor assimi lati on, the explanati on of a sensor event  (

Y

S

) is encapsulated by the abduct ive entai lment:

 EC &

                                                                                   S
                                                                                            &

                                                                                                            D
                                                                                                                     &

Y

S

G

S

That  is, generat e some new explanati on,

Y

S

, that, when taken wit h the Event Calculus axioms  (EC), the existi ng

robot control program and map, (

S
), and t he narrative of past  event s, whi ch ent ails ( ) t he new sensor input

G

S

.

Nor mall y, of course, a sensor event wil l be consis tent with the current map, and so be triviall y explained. Changes to

the environment, such as a door being cl osed, may equall y be explained i n this manner according t o the defi ni tion

S
.

Sens ing i s very restri c ted in the robot used, rel yi ng only on short - range (2cm) proximit y det ectors and wheel

odometry. The robot operates i n it s (mi ni ature) model  of an office environment , figure 1, by foll owing the walls and

edging around corners, so as t o maintai n a continuou s s ensory stream. When a door i s in pl ace (^closed~), it  appears
to form part of a l ong ^wall~, and the next fluent  encountered wil l be t hat  of t he next  corner around the room. The

abduced residue must be consi stent with the current plan, i f i t i s not, the  current  plan must  be abandoned and a new

init iated. Where t he residue is neit her cons istent with t he exi sting map nor be explained in t erms of a new map

feature, t he robot  can conclude it  has become dis oriented in the environment and i niti ate a localisat i on process.

5.2    Map Buil di ng

 EC &

                                                                                   S
                                                                                            &

                                                                                                            D
                                                                                                                     &

Y

M

G

S

Map - building i s a vari ant  of t his abductive scheme. If some sensor event

G

S

 occurs t hat cannot  be explained by t he

map, but  could be i f the map were ext ended by the resi due

Y

M

, then new knowl edge has been acquired and the map

can be au gmented. New features i n the map are automatical ly named (usi ng a successor function) and added to the

map descri pt ion formul ae. Clearly the abduct ive process mus t give rise to a si ngl e int erpretati on before the map can

be extended. The accuracy of t he Khe pera´s odometry s ense i s inadequat e to l ocal ise a room feat ure to a unique

place. We are therefore obliged to add integri ty constraints  [ 21 ], making explici t, for i nstance, t hat  a corner cannot

be located i n two rooms  t o gui de the abduct ive reasoning. We normal ly consider map - building i n this way to be a

specifi c process, rather t han an opportunist ic acti vity, wit h a complet e room explored by progressing around it  in a

clockwis e (or anti - clockwis e) directi on. Mappi ng a  complet e envi ronment  consi sts of expl oring a room, and t hen

planning a pat h to a doorway that leads to an unexplored room.

                            /* Room 4 */

                            ne xt_corne r(r4,c35,c36).

                            ne xt_corne r(r4,c36,c37).

                            ne xt_corne r(r4,c37,c38).

                            ne xt_corne r(r4,c38,c39).

                            ne xt_corne r(r4,c39,c40).

                            ne xt_corne r(r4,c40,c41).

                            ne xt_corne r(r4,c41,c42).

                            ne xt_corne r(r4,c42,c43).

                            ne xt_corne r(r4,c43,c44).

                            ne xt_corne r(r4,c44,c35).

door(d3,c 35,c 44).

door(d8,c 37,c 38).

door(d9,c 41,c 42).

inner(c 36).

inner(c 39).

inner(c 40).

inner(c 43).

conne cts(d3,r4,r1).

conne cts(d8,r4,r7).

conne cts(d9,r4,r8).

r4

                Figure 1: Actual office environment model, room 4 axioms (left) and vi suali sation of map axioms (right)

5.3    Planning

                                                 EC &

                                                                                   S
                                                                                            &

                                                                                                            D

                                                                                                                    0

 &

Y

P

G

G

In planning, some desired event

G

G

 is postulat ed (such as ^Hol dsAt(At(C19), t )~), given a current  pl ace in the

narrati ve of events (

                                                                                                                D

                                                                                                                        0

) and a residue const ructed (

Y

P

) t hen describes a sequence of action events t hat lead t o the

desired  goal conditi on (for instance, ^Happens(GoLeft ,T100), Happens(Forward,T101), Happens(GoRight,T102),

Happens(Forward,T103), Happens (GoLeft,T104), Happens (GoRi ght ,T105)~). In this case there may be several,

equally valid, residues, equating to mult iple possi ble paths through the envi ronment . Several strat egies can be

devised to sel ect between t hem, apart , of course, from taking the fi rst pl an formulat ed. Minimising the number of

steps is a reasonabl e measure, and mi ni misi ng di stance t ravel led. In t hi s i nst anc e t hough, timi ng informat ion is more

significant, as the el apsed time to t raverse corners is generall y greater than that  to fol low walls . Such informat ion is

available at t he lower, robot cont rol l evel , but  may not be made availabl e to t he logic level.

5.4     Localisation

 EC &

                                                                                   S
                                                                                            &

                                                                                                            D

                                                                                                                    R

 &

Y

L

G

S

In l ocal isati on we at tempt to buil d a resi due (

Y

L

) comprising exactl y one abduct ive explanati on of t he current s ensor

fl uent (

                                        G

                                                 S

                                                     ) and t he recent his tory (

D

R

, that s ince the l oss  of l ocal isati on was detect ed), whi ch is uniquely consi st ent

                                                                                wi th the exi sting map, and so defi nes a current , speci fic l ocat ion wi thin t he map. Whil e there are mul tiple abducti ve

                                                                                explanations, the robot coul d sti ll be at one of a number of locati ons and further actions are required to disambi guat e

                                                                                these. Should the residue ever become empt y, t he map is  no longer vali d, and must  be reconstruct ed.

                                                                                6    Environment to Events: Robot Actions and Fluents

                                                                                Thi s secti on des cribes t he effects of the act ion events and generati on of sensor event fluents that charact erise model

                                                                                offi ce envi ronment s of the form shown in fi gure 1 when used with mi niature (6cm hi gh) Khepera mobile robots

                                                                                from K - Team [ 9 ]. The envi ronment  is defined in t erms of ^wall s~, ^corners~, ^doors~ and ^rooms~. As only t wo of

                                                                                the K hepera´s sens or modal iti es are used, s ix of the ei ght  infra - red proximi ty sensors (with an effect ive range of

                                                                                about  2cm, and l ocated as i ndicat ed in the robot out line i n figure 2), and wheel odomet ry, a number of rest ricti ons

                                                                                are pl aced on the d esign of this envi ronment . It must  be rect ili near. All rooms must be connected onl y by doors and

                                                                                doorways must  follow strict di mens ional  cri teria if t he robot is  to be able to detect bot h doorpost s wi th it s sensors.

                                                                                Sens or event s seen by t he Event Calculu s program detect  discont inuiti es (the corners, door - posts and doorways)

                                                                                between t hes e features. At  the robot level, these sensor conditi ons are completel y anonymous (that i s, t hey provi de

                                                                                no identifying informat ion about  the features t hey det ect) and must  be combined and built - up to provide a coherent

                                                                                descripti on and map of the environment. In t he model  office environment, we use seven dis tinct and mutuall y

                                                                                exclusive conditions t o s ense al l the si gni ficant t ransiti on events (fluents) used by the Event  Calcu lus programs

                                                                                ( Left , Ri ght , LeftAndFront , Ri ght AndFront , LeftGap , Ri ght Gap  and InDoorway ). These are complemented by fi ve

                                                                                acti on commands (Forward, GoLeft, GoRi ght, Turn and Back).

                                                                                Fluents ari se from actions, and termi nate them. The sensor fl uents  Left  and  Ri ght  i ndi cate that  the robot is beside a

                                                                                wal l and may follow it  Forward unti l t he next feature. The fluents  LeftAndFront  and Ri ght AndFront  i ndi cate t hat  t he

                                                                                robot has moved forward and encount ered another wall at a concave corner. The robot  may t hen perf orm a GoRi ght

                                                                                or GoLeft action t o align i tself wit h that connecting wall (a Back act ion allows it  to ret urn along the wall it is on).

                                                                                The fluents LeftGap  and Ri ght Gap  i ndi cat e that the robot has overshot the wal l it  is followi ng. This occurs i n two

                                                                                dist inc t cases, t hat of a convex corner (e.g. C21 or C32 of figure 1) or when a doorpost  is encountered (e.g. C1, C26

                                                                                or C38). The robot cannot directl y disti ngui sh these t wo cases, and so must  perform a GoLeft  (or GoRi ght) to follow

                                                                                round the corner. Sensi ng a L eft  or Ri ght  i ndi cat es a concave corner, InDoorway  t hat  it  was a doorpost . When in a

                                                                                door, t he robot  may proceed with act ions GoLeft or GoRi ght  to ent er the next  room, or perform a Turn foll owed by

                                                                                a GoLeft or GoRi ght  to continue in t he same room. Fi gure 2  charts  the values of the sensors, and t he cumul ative

                                                                                rotat ions of t he wheel s (diamond and square markers) for a sequence of t hree actions, Forward, GoLeft  then

                                                                                GoRight  giving rise t o three fluents, LeftGap , InDoorway  and Ri ght , as it  negotiates a doorway in the environment.

                                                                                Fluent events are detected by a combinati on of changi ng sensor value and dis tance moved.

0

2 0 0

4 0 0

6 0 0

8 0 0

1 0 0 0

1 2 0 0

1 4 0 0

Ev e n t  n u mb e r

S e n s e  v a lu e

le f t

r ig h t

l_ 9 0

l_ 4 5

l_ 1 0

r _ 1 0

r _ 4 5

r _ 9 0

Fluent:

LeftGap

Fluent:

InDoorway

Fluent:

Right

Action: Forward

l_90
l_45
l_10
r_10
r_45
r_90
right

left

Action: GoLeft Action: GoRight

Figure 2: Actions and Fluents at the Robot Level

                                                                                These act ion commands and sensor fluents have been embedded into an ^extended BIOS~ for t he Kh epera, which

                                                                                may be downloaded into the robot´s RAM (or blown i nto a repl acement  ROM), and become avail abl e to any hi gh -

                                                                                level cont rol program via t he Khepera´s RS232 communicat ions li nk.

7    Generating Fluents from Visual Occlusion

As wit h the K hepera r obot s using i ts primit ive sensors t o provide the raw data from which feat ures in the model are

constructed, so also wi th a robot usi ng machi ne vision.  In the K hepera cas e, disconti nuit ies and invari ant s in t he

Khepera´s physical envi ronment  are used to in fer the existence of feat ures such as wall s, corners and doorpost s.

These gi ve rise t o fluents, which may t hen used within t he Event Calculus t o map bui ld and navi gate through its

environment.  In the second this part of t he paper we now consider the extra cti on of fluents from machine visi on

data. In part icular informati on garnered from occlusion events and motion paral lax. Occlusion events map direct ly t o

fl uents, and acti ons of the robot may bring about a change i n the rel ative posit ions and ali gnments be tween obj ects

wi th respect to t he robot ´s current viewpoint. In t his way, sensory data tied to movement of the robot agai n leads t o

explanations of what it sens es , and i n turn provides a way to disambiguate what it sees, or if not , the basis to re - plan

a s et of acti ons in order to achieve t his.

To fully charact erise the various relationships bet ween arbit rary - shaped obj ects i n a visual fiel d we have developed

the Regi on Occlusion Calculus  (ROC). The Region Occlusi on Calculus i s a first - order l ogi cal t heory that describes

the spati al relationships between bodies as seen from a robot´s vi ewpoi nt. The theory encapsulates two t hi ngs : (a)

spatial  occlusion (or interposit ion ) bet ween objects, and (b) t he means to reason about how these occlusion events

wi ll change  with res pect  to changes in t he robot ´s viewpoint , for instance i n the moti on paral lax effect , whereby a

change in viewpoint  causes rel ative dis pl acement s of object s at different distances i n the vi sual  fi eld. Both cues are

exploited to build up an awarene ss of three - dimensional form and di stance from a t wo - dimensional image.

Occl usi on events  help to determine where an obj ect´s boundary lies, or t o infer why an object cannot be s een, and

what needs to be done in order t o render it  visi bl e.  For example, co nsider t wo objects A and B in a robot ´s visual

fi el d  (Fi gure 3).  Suppose a robot moves to i ts l eft, whil e keeping these obj ect s i n sight.  If object  A passes across B,

or when movi ng toward A, B becomes compl etely obscured the robot  can infer that A i s i n front  of B.  Simi larly, if,

when moving t o the ri ght , no rel ative change ari ses, t he robot  may i nfer t hat  A and B are far away, or cl ose by and

possibly movi ng in the same directi on as it self.  Conversel y, i f A, when visi ble, always appears to be subtend ed by

B, t he robot  may i nfer t hat  A and B are physicall y connect ed. In each case, occlusi on events  and moti on parallax are

being used to derive an object ive model of the world from a natural ly restrict ed viewpoint.

                                                                  Figure 3: Spatial occlusion at w ork. O cclusion events arise w ith a change i n vi ew poi nt.

The Region Occl usi on Calculus ext ends the earli er Lines of Si ght  calculus  of Galton [ 7 ], and bui lds on t he Regi on

Connection Cal cul us  of Randell , Cohn and Cui  [ 16 ]. Dist inguishing features of the new calculus are t hat it  can

represent concave objects, and so i s therefore abl e to represent  objects that can mut ual ly occlude each other, and it

encaps ul ates a not ion of depth and comparat ive di stance between object s. Both are essent ial in a l ogi cal t heory if it

is to find practi cal  applicat ion in robot ics. Region Occlusion Calculus reduces t he descripti on of possibl e ali gnments

between object s to 20 relati ons.  These 20 relat ions are joint ly exhausti ve and pai rwi se disjoi nt  (JEPD), whi ch is to

say they completel y account for al l possible cases, and no two rel ation subsumes or is a more general case of

another. All are reduci ble to a pri miti ve relati on of connecti on ( x  connect s wi th y ) and t otal occl usi on ( x  tot ally

occludes y  from viewpont v ), and a functi on that maps three - dimensional bodi es and a vi ewpoint to their

correspondi ng images in the visual field (t he image of x  from viewpoint v ). The t heory is furt her augmented wit h

relat ions tha t express  comparative di stances between bodies ( x  i s nearer to y  t han z ), and their left /ri ght  orientat ions

wi th respect to a restri cted viewport  ( x  i s t o the l eft/right of y  from viewpoi nt  v ).

As each spatial  relat ion describes a possible al ignment i n the  world between two bodies in t he visual s pace, plus t he

fact we have a J EPD set  of t hes e, i t is  possible t o model all  continuous transi tions via sequences of discrete spatial

relat ions.  In the implement ed logic these changes map to changes in the apparent  connect ivit y of images i n t he

visual space as either posit ions of t he bodies or the viewpoint changes. These can be formul ated into a transit ion
graph (c.f. Freksa´s [ 6 ] concept ual  neighbourhoods ), which capt ures these  di rect t ransiti ons, wi th paths through the

graph interpret ed as possible sequences of i nst antaneous changes between occl usi on events  over time. Transiti ons

can also be expressed as a set of envisioning axioms  [ 1 5 ] to form the basis of a quali tati ve simulat ion program [ 2 ],

or can be re - worked directly withi n the Event  Calculus t hat  explici tly model s change over ti me.

                                NonO ccludesDC

                                 (DC: DisConnected )

NonO ccludesEC

(EC: External Connect)

PartiallyO ccludesPO

(PO: Partial Overlap)

PartiallyO ccludesTPP

(TPP: Tangential Proper Part)

PartiallyO ccludesNTPP

(NTPP: Non Tangential Proper Part)

Figure 4: Some of the Occlusion Rel ations hi ps

Figure 4 shows fi ve  of t he 20 occlusion rel ationships: NonOccl udesDC( x , y , v ), NonOccludesEC( x , y , v ),

Partial lyOccludesPO( x , y , v ), Parti allyOccl udesTPP( x , y , v ), Parti allyOccl udesNTPP( x , y , v ). In each case, from the

robot´s vi ewpoint v, NonOccludesDC( x , y , v ) descri bes the case where  from viewpoint v , two bodies x  and y  appear

separated. NonOccludesEC( x , y , v ) t he case where ext ernal  boundary of x  exactl y aligns t he ext ernal boundary of y .

Partial lyOccludesPO( x , y , v ) t he cas e where x  parti ally overl aps y ; Part iall yOccludesTPP( x , y , v ) t he  case where x  is

appears insi de y , and their boundaries align; and Partiall yOccludesNTPP( x , y , v ) where x  appears compl etely inside y .

Note that NonOccl udesEC( x , y , v ) and Parti allyOccl udesTPP( x , y , v ) capture alignments between obj ect s x  and y , so

Partial lyOccl udesTPP( x , y , v ) is t he case whenever x  is both inside and edge ali gned, t here will  be many such

inst ances, and so for the ot hers. Si milarly Parti allyOccl udesPO( x , y , v ) describes all  t he instances where t he occl udi ng

object x  part iall y overlaps t he occl uded o bject y ´s boundary.

Withi n the Event  Calculus, these predicates now re - appear as funct ions indexed to t ime poi nt s, or to intervals where

the fluent holds, e.g. HoldsAt(NonOccl udesDC( x , y , v ), t ). To these fl uent s we add actions taken by the robot and map

act ions t o changes in the apparent connecti vity bet ween pairs of objects as t he robot ´s viewpoi nt , or the posi tions of

the bodies with respect t o its viewpoint changes. We now describe how we might map these high l evel  descripti ons

to dat a extract ed from t he visual fiel d.

8    From Visual Occlusion to Mapping Space

The goal  of t his el ement of our on - going research is t he devel opment  of a map building and robot navi gation syst em

based on a rigorous  first  order formal ism for represent ing and reasoni ng about obje cts and about the free space

between t hem. In general  terms, t he framework is consti tuted at  three l evels: first , at  the sensor dat a level, the dat a

from a st ereo vi sion system is  transformed in a depth profile of t he i mage which are then des cribed by l ogi c

formul ae. A sequence of s uch profi les consti tutes a transit ion of scenes involving changes in t he states of objects;

our logic reasoning syst em encodes t hese profi le t rans iti ons and entail s the rel ations between t he object s. Thes e

relat ions constit ut e th e second level of reasoni ng:  that of i mage interpret ation. On using a subset of the relat ions

defined i n the previous level  (more speci ficall y, t he relati ons concerned with object  occlusion) a tessell ation of t he

environment i s constructed, this i s the thi rd l evel : t he map level. A rigorous descripti on of the reas oning syst em i s

outside scope of t he pres ent  paper. The aim of t his secti on i s to dis cuss some of the mai n principles i nvol ved i n

developi ng this framework.

8.1    Level 1: Sensor data

Consider a r obot  that recei ves informati on from the environment t hrough a stereo vi sion system;  thus, from the

viewpoint of t he robot , the objects of t he ext ernal world are 2D regi ons in a camera i mage representi ng the depths of

the object s. In order t o transform the sensor data from the visi on system into a hi gh - level descripti on of the relati ons

between t he obj ects, we consider a simpl ificat ion of t he init ial dat a. Inst ead of analysing t he whole st ereogram of a

scene we analyse initi ally a hori zont al cut of it, creat ing t hen a one di mens ional  depth profil e  of the scene (fi gure

5b). The whole image can be analysed consi dering a grid of depth profil es wit h a granul arity depending on t he

complexity of t he requi red scene descri pt ion.

A depth profile (figure 5b) i s a 2D ch art representing, in the vertical axi s ( l ), the rel ative depths of the object s in a

robot’s vi ewpoint and, in t he horizontal  axi s (

Q
), the relati ve size of the objects meas ured i n terms of angular

coordinates w.r.t. the fi eld of vi ew of the robot (
q

n

). Th e l axis is constrai ned by the furt hest point that can be not ed

by the robot’s sensors, this limi ting dist ance is represent ed by the let ter L  i n the profil e in figure 5b. Therefore t he
verti cal peaks in a profile repres ent  obj ects and rel ation between obje cts in the environment, thus we also use the

term object prof ile  referring t o a peak in a dept h profil e. It  is  wort h not ing that the values of l  and

Q
 are qual itat ive

rather than quant itat ive, and they can be encoded in terms of fuzzy not ions such as less near , near  and very near  for

the depth variable l , and simi lar noti ons for the variable

Q
.

q

1
lb
la

L

B

A

q

2
q

3
q

4
l

Q
v

A

B

L

                                                                                                           v

   Figure 5: a) Tw o objects A, B inside of a robot’s ( ) f iel d of view ; b) depth prof ile relative to the fi el d of view

Another important feature of the depth profil es is the shape of t he peaks. For the moment  we are only i nt erested i n

two categories of shapes of object  profil es: single  and composed . Singl e peaks  are those depicted in fi gure 5b, whi le

a compos ed peak has  the shape of a step (fi gure 6.P3 below). The i mportance of this classi ficat ion i s briefl y

explained as follows.

8.2    Level 2:  Image i nterpretation -  occlusion

                                                     Q

                                                              1

                                                                                 Q

                                                                                         2

                                                                                                            Q

                                                                                                                    3

Q

4

                               lb

                               la

                               L

                                                                                                                       B

                                                                A

D

1

D

2

Q

3

Q

4
lb
la

L

B

A

F

1

F

2
lb
la

L

AB

Q

3

Q

4
lb

L

B

Figure 6: A depth profil e seque nce P1, P2, P3 and P4.

Many concl usions about  an object´s relati onshi ps can be asserted from the analysi s of sequences of depth profi les.

One of them has an immedi at e int erest to the present  work, the interpretat ion of occlusi on transit ions. Fi gure 6 is a n

example of a depth profil e sequence i nvolvi ng t hi s kind of transi tion. The first st ep towards the l ogi c reasoning

system is the descript ion of t he main features of the profi le t ransiti ons in such a way t hat  higher level i nt erpretati ons

are logically ent a il ed by this descripti on. Intui tively, the transit ion from  P1  t o P2  ( P1 - >P2 ), in figure 6, suggests that

eit her the obj ect A approached the object B  or t he observer made a s emi - circl e centred in B  in t he di rection of

decreasing t he distance between the pea ks A and B . The logic reasoning syst em should be capable of entail ing these

possibil ities.

From t he logic descri pt ion of t ransiti on P2 - > P3 (whi ch shoul d cont ain the informati on that t he single peaks A  and

B , in profil e P2 , became a composed peak AB  in p rofi le P3 ), the reasoning system should be abl e to entail  that

object B  partiall y occludes  A . Si mil arly, from t he transi tion sequence  P2 - >P3 - >P4   mut ual ly occlusi on bet ween A

and B  should be ent ailed from the informati on that t he peaks  A  and B  changed fro m two si ngl e peaks (i n P2 ) to one

composed (in P3 ) and eventuall y to one single peak (i n P4 ). Note that, as a simpli ficat ion, we use the same notati on

for t he peaks A  and B  and for the possibl e obj ects they mi ght  denote. Ri gorousl y, this  association should  be an

abduct ive inference si nce a single peak (from a particular viewpoint) can spl it in two (poss ibly composed) peaks

from anot her viewpoint .

8.3    Level 3: The Map

A simple sol ution to the problem of map building begins by maki ng the robot t urn 360° ar ound each of the object s

in t he environment . While t urning around an object, the i ni tial  task of t he map bui lding system is t o observe t he

occlusion rel ations between this object  and any ot her object i n the robot´s fiel d of view. The aim of observing this

relat ion is to note the point where i t t erminates holding; i n other words, the init ial task of the map bui lding syst em is

to note (analysing the profile sequences) the transi tion when (gi ven two object s A  and B  and adjacent viewpoi nt s v

and v´ ), for instan ce, Parti ally Occl udesPO(A,B , v)  becomes NonOccludesEC(A,B,v´) . The next  task of the map

building syst em is, then, to store the pair of poi nts [v, p], where p is  any poi nt  in object  A  t hat  is the nearest t o B

(fi gure7a). Such pairs of points define a straigh t line, which, for the purpose of t hi s work, we name a li ne of si ght .

The purpose of noting these li nes  is to use them t o const ruct a tessel lati on (figure 7c) of space defined by t he

intersections of the lines of sight between the obj ects in the envi ronme nt. This tessel lati on is a map of the

environment within which t he robot  can l ocat e it self and pl an paths through t he world. Thi s process i s si milar to t he

constructi on of orientati on regions (Levi tt and Lawt on, [ 12 ]). A sui table dat a structure must be creat ed in order to

store t he l ines of sight and the tessel lati on of t he environment, maintai ni ng t he order among t he l ines and t he

regions, so that path planning can be reduced t o effici ent  search. Thi s data st ructure mig ht be simi lar t o a quad - tree,

modifi ed in order to consider the orderi ng of regions and lines; Schl ieder [ 18 ] present s a possi ble way to defi ne such

an ordering.

(c)

A

B

C

10

1

2

3

4

5

7

9

8

6

11

(b)

A

B

C

(a)

                                                                         A

B

C

                                  v

                                                                                            Figure 7: Construction of ori entation regions from li nes of si ght (aerial vi ew ).

Another point of concern i n this framework is t he time efficiency of t he map bui lding proces s briefl y described

above. In order anal yse the mai n factors influencing ti me efficiency of t his map buil ding process, consider that  t he

environment i s composed of N objects. The worst case occurs, thus, when each one of t he N object s defines lines of

sight to each other from some vi ewpoint. In thi s case, for every t wo objects there are two different l ines of sight t o

be defined. Thus,  t he ti me effi ciency of t his t ask is 2 (n

2
) .

However, the most infl uenci ng is sue i n efficiency is t he t ask of construct ing orientati on regions. Clearl y, this

process depends  on the number of i nt ersecti on poi nt s of lines of sight, whi ch depends on the geomet ri cal  dist ributi on

of the objects  in the environment. If all  of the intersections between l ines of sight are calculated, the algorit hm

would produce a large number of pol ygons, most of them would be far t oo small for t he purpose of robot navigat ion

(as i s the case of region 6 in figure 7c). A soluti on to this probl em would be t o discard some of the li nes  of sight

using a preference cri teri on (or a conjunct ion of cri teria) while storing these l ines; an example of such criteria is

choosi ng lines that connect only objects that measure t wice the size of t he robot  (l imit ing i n this way st oring li nes  of

sight between objects that can have their posi tions al tered by the robot´s motion).

9    Conclusions

We have noted that the use of logic t o cont rol robots appears to be bal anced on a ^semantic kni fe - edge~, between a

representat ion that is t oo s parse to allow adequate reasoning about  the domain in hand, and one too ri ch to be

tract able to current  automated proof techniques. We have presented an approach to four close ly interrel ated mobile

robot tas ks, namely sensor ass imil ation, pl anning (and navigati on), map - building and locali sation, wit hi n a single

logical  framework based on t he Event Calculus. By careful  choice of t he primit ive events synthesi sed at t he robot

leve l and made available t o t he reasoni ng part , we t hen argued that i t is possi bl e to cons truct and reason wit h

complex descript ions and maps built  from many, but very low - level, sensor readi ngs. Event  Cal cul us programs are
typical ly conci se for each of these tasks when compared to equivalent code writt en procedurall y, but automat ed

reasoning is comput ationally intensive and performance suffers greatly as a consequence compared t o conventi onal

approaches t o map bui lding and navi gat ion, [ 22 ] for exampl e. Our on - going research not only i nvest igates bett er

ways of representi ng robot  knowledge, but  also bet ter ways of expl oi ting i t through reasoni ng. We suspect, however,

that the semant ic knife - edge problem will  never be ful ly res olved, for each t ime we make an advance i n the speed or

effect ivenes s of automat ed reasoning it  wi ll inevitably be countered by an increase in the ambi tion t o generate more

detail ed descripti ons of the world and extend t he bridge between grounded, sensor a nd motor bas ed, reasoning wi th

ever great er degrees of cogni tive ski ll.

Acknowledgements

Thi s work has  been support ed by EPSRC project  GR/N13104, ^Cognit ive Roboti cs II~.

References

[ 1 ] Boutil ier, C. and Becher, V. (1995) ^Abduct ion as Beli ef Revision~, Art ifici al Int elli gence, Vol. 77, pages 43 - 94

[ 2 ] Cui, Z, Cohn, A.G and Randell D.A. (1992) ^Qual itati ve simul ation based on a l ogical  formal ism of space and

                        ti me~, Proceedings AAAI - 92 , AAAI Press, Menlo Park, California, pages 679 - 684

[ 3 ] Davi s, R. (1984) ^Diagnostic Reasoni ng Based on Struct ure and Behavi or~, Artif icial Int elli gence , Vol. 24,

                        pages 347 - 410

[ 4 ]  De Giacomo, G.  (ed.), (1998) Cogniti ve R obot ics: Paper s from the 1998 AAAI Fall Symposi um , Orlando,

                        Florida, AAAI Technical Report FS - 98 - 02

[ 5 ] de Kleer, J. and Wil liams , B. C. (1987) ^Di agnosing Mult iple Fault s~, Artif icial Intell igence , Vol. 32, pp. 97 - 130

[ 6 ] Freksa, C. (1992) ^Temporal reasoni ng bas ed on semi - interval s~, Artif icial Intell igence , Vol. 54, pages 199 - 227

[ 7 ] Galt on, A.P. (1994) ^Lines of Si ght ~, AISB Wor ks hop on Spatial  and Spat io - Temporal  Reasoni ng .

[ 8 ] Huhns, M.N. and Singh, M.P. (1997) ^Agents and Multi agent  Systems: Themes, Approaches and Chall enges~,

                        Readings in Agent s , Morgan Kaufmann Publ ishers, pages  1 - 23.

[ 9 ] K - Team (1995) ^Khepera User Manual ~, K - Team SA, Ch. du Vas set, CP111, 1028 Pr é verenges, Swi tzerland,

                        Vers ion 4.06, November 1995

[ 10 ] Lespérance, Y., Levesque, H.J. Lin, F., Marcu, D. Reit er, R. and Scherl, R.B. (1994) ^A Logical Approach to

                        Hi gh - Level  Robo t Programmi ng:  A Progress Report~, i n B. Kuipers (ed.), Control  of the Physical Worl d by

                        Intel ligent Syst ems: Papers f rom t he 1994 AAAI Fall  Symposium,  New Orleans, pages 79 - 85

[ 11 ] Levesque, H., Rei ter, R., Lespérance, Y., Lin, F. and Scherl, R.B. (1997) ^GOLOG: A Logic Programmi ng

                        Language for Dynamic Domains~, The Jour nal of Logic Programming , Vol. 31, pages 59 ˘ 83

[ 12 ]  Levitt , T. S. and Lawt on, D. T. (1990) ^Qualitat ive Navi gat ion for Mobi le Robots ~, Artif icial Intell igence , Vol.

                        44, pages 305 - 360

[ 13 ] Nil sson, N. J. (1984) ^Shakey the Robot~, SRI Technical Note no. 323, SRI, Menlo Park, CA.

[ 14 ] Prat t, I. (1999) ^Quali tati ve Spati al  Representat ion Languages wi th Convexitỹ , J. of  Spat ial Cognit ion and

                        Computat ion , Vol. 1, pages 181 - 204

[ 15 ] Randel l, D. A. (1991) ^Analysi ng t he Fami liar:  Reasoning About Space and Time in the Everyday Worl d~,

                        PhD t hesi s, Universit y of Warwic k, Covent ry, UK, 1991

[ 16 ] Randel l, D. A., Cui, Z. and Cohn, A. G. (1992) ^A Spat ial Logic Based on Regions and Connecti on~, in proc.

                        3

                               rd
                                        Int . Conf. on Knowl edge Representation and Reasoni ng , pages 165 - 176

[ 17 ]  Reiter, R. (1998) ^Sequential , t emporal GOLOG~, Proceedings 1998 Knowl edge Represent ation Conference

                        (KR 98) , pages 547 ˘ 556

[ 18 ] Schli eder, C. (1995) ^Reasoning About Ordering~, in: COSIT´95, Springer LNCS, Vol. 988, pag es 341 - 349

[ 19 ] Shanahan, M. P. (1997) ^Solvi ng the Frame problem: A Mathemati cal Invest igation of the Common Sense Law

                        of Inertia~, MIT Press.

[ 20 ] Shanahan, M.P. (2001) ^Reinvent ing Shakeỹ , in J. Mi n ker (ed.) Logi c - Based Arti fici al  Intel ligence , Kluwer

                        Academic

[ 21 ] Shanahan, M. P. and Witkowski, C. M. (2000) ^High - level Robot  Control Through Logic~, i n proc. Agent

                        Theori es, Archit ect ures and Languages  (ATAL - 2000), Bos ton, p ages 100 - 113

[ 22 ] Thrun, S. (1998) ^Learning Maps for Indoor Mobil e Robot Navigation~, Artif icial Intell igence , Vol. 99, pages.

                        85 - 111