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Abstradt.

A program to control a robot manipulator for industrial assembly operations must

. . . 1
take indp acdpunt possible errors in parts placement and tolerances of the parts themselves.

Previo

apfroaches to this problem have been to (1) engineer the situation so that the

errars 4re sipall or (2) let. the programmer analyze the errors and take explicit account

of the
checker
CAEJ,‘
thig syr
res#nlta
senFing

. THis paper gives the mathematical underpinnings for building programs (plan
) tolcarry out approach (2) automatically. The plan checker uses a geomedric
pe dhtabase to infer the effects of actions and the propagation of errors. It does
boliqally rather than numerically, so that computations can be reversed and desired
t, toferances can be used to infer required initial tolerances or the necessity for

ThE checker modifies plans to include sensing and adds constraints to the plan

which
executi
system

Ackno ‘

nsurf that it will succeed. An implemented systemn is described and results of its

pn arp presented. The plan checker could be used as part of an automatic planning

r adan aid to a human robot programmer.
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Figurel|l. thot systemns considered in this paper consist of three agents. A robot controller,
a plan ghecler and a combined robot controller and robot manipulator.

1. Introduction

This pAper presents a method for checking and modifying robot plans to ensure that
they will wdrk given mechanical errors in placement and orientation of workpieces, and
ranges [of toerances in the construction of the workpieces themselves. The paper goes on
to suggest hpw the same method might be used to generate complex robot plans in the first

place.

Allrobo{ plan is a program for a robot controller. It describes the motions to be made
by the|fobofand the sense operations to carried out. It is a computer program and includes

branchips copditional on sense operations.

Aytom{tic generation of plans for robots is a rich field of research that has many
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Th

proflems. Very few attempts have been made to build programs which completely
ymatfeally generate a robot. plan, then command the robot to actually carry it out.
6 mdhtions some previous attempts and their successes and shortcomings. Most

rriedfout by today's robots, even in centers of Artificial Intelligence research, are

to perfgrm spme task. A robot planner may either be a person planning the actions to be

carried

put

T
check
and u

grams 3

on hO\TJ :

about

compi

I

planner

Almaj

tai ntitI i
plan i

er provides the underpinnings for building programs that can automatically
r a plan gencrated by a robot planner is feasible, i.e. whether it is applicable

or what circumstances il will achieve the goals set by the robot planner. Such pro-

A:‘Ier
manipflatof and sensors to interact with the physical world. The plan checker must reason

thrust of this work is in ensuring that a plan will succeed in spite of uncer-

he physical world whose values can not be exactly determined at the time the

fornfulated. There are three major sources of uncertainties.
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1. Rob
and pa
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at a sp

speed

t mafipulators are complex mechanical devices. There are upper bounds on speed
nd limits to accuracy and repeatability. The absolute positional accuracy of

is the error in that resuits when it is instructed to position its end effector

precise* ' thefsame location and orientation when commanded to repeat an operation over

and OV+#. T}
stocha% ic e

» error measures the positional repeatability. There can be contributions from

wcts, and from long term drift effects which can be corrected by calibration.

The pogitiongl and repeatability errors of current manipulators are sufficiently large to
\

cause

during

roblefns in carrying out a large class of planned tasks in the absence of feedback

plan §xecution. Manipulators can be made more accurate by machining their parts

more adcurafely and using more resilient materials. There is however a tradeofl’ between

cost a# peformance of manipulators, so that there is a point of diminishing returns in

bufd cver more accurate mechanisms.

2. To #mke matters worse for the robot planner, multiple copies of a mechanical part are
|

never igd al in all their dimensions. It is impossible to manufacture parts with exact
speciﬁ% Instead, designers specify tolerances for lengths, diameters, and angles.
Parts mlade Jrom the design can take on any physical values for the parameters which fall
within signed tolerances. The effects of these variations might be large enough by
themse be a significant factor in the success or failure of a planned robot manipulator
task. N many parts are assembled into a whole, the individual srﬂal] variations can
combin become large.

3. Oftgn the most significant source of uncertainty is the position and orientation of a
workpigce \]Ien it is first introduced into the task. Mechanical feeders sometimes deliver

of the

parts Uith 1§rge uncertainties in position and orientation, sometimes on the order of 50%

ize of the part. Conveyor belts deliver parts with even larger uncertainties. A robot

planner ofteh includes actions in the plan that are aimed at significantly reducing these

initial

Uncerbainties. The methods described in this paper can be used to analyze those
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subplan
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uncerta
problem

too smal

1 to

als

lan (pr a robot to carry out a task must take into account these three sources of
nty if it is to be guaranteed to succeed. There are two standard responses to the
5 of §ncertainties. One is to ignore them, based on the assumption that they are

flect the success of the plan based on nominal values. (Significant engineering

may be necespary to ensure the validity of such an assumptien, e.g. the construction of jigs

and pall
and thg
approa
are sma
can beli
method

a differ

cts.) JA second is to estimate the uncertainties, compute the effects of uncertainties,

n defide if they are too large for the plan to work. This paper offers a third

h. If consists of computing the effects of the uncertainties symbolically. If they

1 enqugh, the plan can be accepted. Otherwise the most significant uncertainties
jentffied, and the plan can then either be constrained to succeed in spite of them,
can]be identified to reduce those uncertainties, or the plan can be modified to use

it affproach which can succeed.

Thirougout the paper uncertainty is used rather than error. This is intended to stress

that robot pfans can take into account what are traditionally called errors, and deal with

them in

T
direct)

infereny

1.2 PIJ

Mi
plans, ¢
-~ see {
The prg

decomp

nner which ensures that the plans will succeed.

thgne of this paper is that while uncertain situations are hard to compute with
it § possible to make inferences about uncertainties and compute with those

€s.

8.

skyr1963) introduced the notion of hierarchically decomposing a plan into sub-
VedpJanping islands. A plan is split up into a linear sequence of smaller subplans
gure. Kach level is more detailed. The levels are oflen called levels of abstraction.

cess pf planning then consists of making a top-leve] plan less and less abstract by

osing it into subplans, and filling in details at the lower levels.
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Figure [2. Plhns can be decomposed hierarchically into subplans. Any particular subplan,
e.g. A pr B,Jcan be abstractly viewed as a complete plan to get fromn the state left by its
left neighbof to the state desired by its right neighbor.

THere 4re various constraints that link the more detailed subplans together. Tor
instance, il fubplan A is followed immediately by subplan B, then at entry to subplan
B the gobotfplanner assumes the state of the world to be that upon exit from subplan A.
Thus edch s§bplan imposcs constraints on subplans that follow. Dually, a subplan inherits

constraints from preceeding subplans.

Adfl| any|stage of a planning process there may be many decisions that bave been
deferrjfI unt]l later constraints generated by the planning process have been checked (this is
commojply r§ferrcd to as posting constraints, e.g. Sacerdoti (1977), Stefik (1981)). There is
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Figure|8. Atli.ny level of abstraction a plan consists of specifications of the initial and final

states along

ith an action to effect the transition.

little agivantgnge to making a decision until absolutely necessary. Instead, facts that affect

a deci%ion siould be ccllected along the way and the decision should be made only when

it is fd‘ ced.
propaé ited
the co#strai
Eath s
of ﬁgu{Fe 3.
states ‘hvhic
a c]ast{ of p
final s(j:ates.

handh*l by

Figure
role of the r

paramgters

Eventually the combined effects of the facts affecting a decision have been
nd it simply remains to make all of the outstanding decisions while satis{lying

ts.

plan can be considered at some level of abstraction to conform to the scheme
here is a class of possible initial states of the world (which should include all
meet the conditions imposed by the previous subplan in the chain). There is
sible final states of the world. The action is a mapping from initial states to
The possible final states should be a subset of the initial states which can be

he following subplan.

shows a plan that has been modified to include some sensing operations. The
[bot controller is now clear. It must interpret the sensory data and relate it to

f the planned action.
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bot planner must maintain two models. One is a model of the world. The
el of the state of knowledge of the robot controller (which will perhaps be
ime the plan is being executed. The robot planner must reason about the
capabilities of the robot controller, in terms of the knowledge it will have

ata and its knowledge retained from previous plan steps.

med for simplicity that a plan generated by the robot planner corresponds
he plan may include sensing operations but they may be considered to be
black box of the initial state. The plan checker need only concern itself with
tions that it suggested. In reality, the robot planner and plan checker may
integrated, or even indistinguishable. The essence of the model presented

less remains valid in that context.

oach to plan checking presented here makes no particular commitment to the

ing used to generate the plans originally. In fact section 6.2 discusses ways

plan checker is checking a subplan, there are a number of possible outcomes.

six are considered here.

: It can accept the plan as workable, perhaps adding further constraints.

It can add sensing operations to provide more accurate execution-time

Lo the robot controller, to ensure that the plan will work.

: It can change the pre-conditions it requires from previous subplans in order

to ensufre thpt the plan works.




Tnitial Sense 'O Interpretation o Action Final
State Operation v State
Figure 4. A jplan can include an explicit sensing phase. This docs not change the initial

state of[the - borld, but it does change the robot’s knowledge of the siate of the world. The
robot cgntrofler must do some reasoning at plan execution time to interpret the sensory
data.

OUTCOME 4 It can do any of 1, 2, or 3 with the additional caveat that the final state will

not meeft corfstraints as tight as those currently required by the next subplan in the chain. '

OUTCQME It. can reject the plan il it determines that there are no sensing operations

available thay are powerful enough to guarantee that the action will be applicable.

outTcdME @ 1t can reject the plan if it is deemed geometrically infeasible independent of

how mujch tie uncertainties in the physical system can be reduced by sensing operations.

Thlr algLrithnl presented later in this paper has five of these six possible outcomes. In

additios thematical model is developed which provides a framework for designing such

an

algorithims glven any suitable mechanism for inference on constraints.




1.4 Outljne of the Paper.

Th

uncert,

initial ¢

be fixe

T
Taylor

of four

can he

2. Sec
tions
constr
ass80Ci:

operatj

d papqr approaches plan checking in three ways.

1. Secj}c n 2 flresents two cxamples of the use of symbolic algebra and reasoning to analyze

inties §n physical situations.

firs| example is a single step in a plan presenied in full detail. The algebraic
Hns igvolved have the complexity that can be expected in realistic plan checking
e 1o Taylor (1976). He estimated errors in an assembly task by propagat-

errors forward through a geometric model of a physical situation. In this

{l to r§otivate and exemplify the theoretical constructs. It is simnplified to bring out

sential spects of the plan checking algorithm in such a way that the symbolic algebra

folloled without the aid of a computer.

on Hdevelops a formal model of plans. In addition it shows how sensing opera-

ect fhe structure of a plan. Section 4 then examines the formal mathematics of
its lithin this framework, and identifies the properties of mathematical quantities
ed wth a plan which can be used to check the validity of the plan, suggest sensing

d propagate constraints forwards and backwards between planning islands.

10




3. Sectidn 5 ipstantiates the formal model of a plan checker developed in sections 3 and 4 in
terms of| certhin computable properties of non-linear algebraic inequalities. An algorithm
exists tg coifpute these properties. The instantiated plan checker is able to carry out

precisely the fomputations developed in the example of section 2.

Fil:l[lly ection 6 relates this work to previous work on planning, and points out

problems and areas for further development.
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2. Some Examples

b exgmples of plan checking are given in this section. The first example shows

the essehtial ffeatures of the plan checking algorithm on a realistic single plan island. It

demons
and ung
four int
suminarl

a plan ¢

rateq the basic idea of propagating desired results backwards through tolerance
ertaifty computations. The second example uses simplified geometry but shows
racthg plan islands. Only its structure is introduced in this section, along with a

v of the results of running an implemented plan checker over it. It demonstrates how

heckdr can choose the best place to introduce sensing into a sequence of operations,

and how it chn resolve plan decisions which may not be intuitively obvious. The example

is cons
checkin

given tyg

symbo
the A
detail

orienta

in more detail in section 5 to illustrate the behavior of an implemented plan

rithm. The appendix shows the complete specification of the four plans as

the Jmplemented plan checker.

tealisfically Complex Example.

s sechion illustrates a plan checker syinbolically analyzing the uncertainties involved

iple fnsertion task. The example is taken from Taylor (1976). It contrasts the

agh of propagating numeric errors with the methods described later in this paper for

c anfysis of uncertainties. The computations for this example were carried out by

‘RONFM model-based vision system, described in in Brooks (1981a) and in more

n Brdpks (1981b).

gure Lis a close up view of a model of the situation deseribed in example 2 of

ix Efof Taylor (1976).

ere if a box with four holes in its top sitting on a table with a given position and

jon §bout the vertical axis. The posilion and orientation are subject to known

dintief. A manipulator hand holding a screwdriver, with a screw at the end, is placed

ne of the holes. It has three degrees of position uncertainty, and three degrees of

jon fncertainty. In addition the screw has two degrees of rotational freedom in its

12
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Figure | [p. box rests upon a table with an uncertain position and orientation. A
manip jator and with uncertain position and orientation grasps a screwdriver to which a
screw g attafhed with two rotalional degrees of freedom.

attachmient §p the screwdriver. It can wobble backwards and forwards about two orthogonal
axes which gb through the center of the end of the screwdriver shaft. If all the uncertainties
in positjon ajd orienlation are zero then the tip of the screw should be exactly in the center

of the hole the box.

Taglor \lsed the following constraints on the errors. The variable names are mnemonics

for the |errorg to which they refer.

—0.3 < BOX-DELTA-POS-X < 0.3
—0.2 < BOX-DELTA-POS-Y < 0.2
—5° < BOX-DELTA-ORI < 5°
—0.05 < HAND-DELTA-POS-X < 0.05
—0.05 < HAND-DELTA-POS-Y < 0.05
—0.25° < HAND-WOBBLE-X < 0.25°
—0.25° < HAND-WOBBLE-Y < 0.25°
—0.25° < HAND-WOBBLE-Z < 0.25°
~—5° < SCREW-WOBBLE-Y < 5°
—5° < SCREW-WOBBLE-Z < §°

13




Taylor surrLd a screwdriver of length DRIVER-LENGTH that was exactly 10 inches. A fixed

screw 1 as algo assumned.

Taylor Jas interested in predicting the uncertainty that could be tolerated in the

location| of the tip of the screw relative to the center of the hole. This can be done by

hrodeh the coordinate transforms relating the parts of the model to get a symbolic
expressipn fdr the coordinates of the screw tip in the coordinate system of the hole. The
\te tghnsforms can then be multiplied out symbolically (provided suitable algebraic
atiof can be done — see Brooks (1981a)) to get expressions for the three coordinates.

efrors these coordinates would be (0,0,0). The ranges of possible values for
the thrde co§rdinates indicate the position errors in the placement of the screw tip. The

iflg is fhe expression so obtained for the error in the y-coordinate.

= —41.260 — 1.516 X sin(BOX-DELTA-ORI)
—1.25 % sin(HAND-WOBBLE-Y) X sin(SCREW-WOBBLE-Z) X sin(-—HAND~WOBBLE-X)
X sin(BOX-DELTA~ORI -+ HAND-WOBBLE-Z)
—{ BOX-DELTA-POS-Y X cos(BOX-DELTA~ORI)
—J HAND~DELTA-POS-X X sin(BOX-DELTA-ORT)
4 1.25 X cos(HAND-WOBBLE~Y) X cos(SCREW-WOBBLE-Z) X sin(SCREW-WOBBLE-Y)
X sin(BOX-DELTA-ORI -+ HAND-WOBBLE-Z)
- 1.25 X cos(SCREW-WOBBLE-Y) X cos(SCREW-WOBBLE-Z)
X cos(—HAND-WOBBLE-X) X sin{HAND-WOBBLE-Y)
X sin(BOX-DELTA-ORI -+ HAND-WOBBLE-2)
1.25 X cos(SCREW-WOBBLE-Y) X cos(SCREW-WOBBLE-Z)
X c0s(BOX-DELTA~ORI -+ HAND-WOBBLE-Z) X sin(—HAND-WOBBLE-X)
1.25 X cos{—HAND-WOBBLE-X) X cos(BOX-DELTA-ORI - HAND-WOBBLE-Z)
X sin(SCREW-WOBBLE-Z)
1.260 X cos(BOX~DELTA-ORI)
BOX~-DELTA-POS-X X sin(BOX-DELTA-ORI)
DRIVER-LENGTH X cos(——HAND-WOBBLE-X) X sin(HAND-WOBBLE-Y)
X sin(BOX-DELTA-ORI -t HAND-WOBBLE-Z)
DRIVER-LENGTH X cos(BOX~DELTA-ORI -~ HAND-WOBBLE-Z)
X sin(—HAND-WOBBLE-X)
HAND~-DELTA-POS-Y X cos(BOX-DELTA-ORI)

14




Thy

Th

to the three

where H

explessions for Az and Az are similarly complex.

sympolic expression bounding algorithms described in Brooks (1981a) were applied
“I;ordinate expressions, given the above crror bounds. The results were:
—0.0607 < Az < 0.0510

—0.590 < Ay < 0.585

—0.660 < Az < 0.654

L« isfthe direction down the hole (note that this is a different coordinate system to

that usgd by]Taylor). These bounds compare favorably with those obtained by Taylor:

Taylor

ignoring so

Ho
richer

compuy

as abovg, it i

—0.05 < Az < 0.05
—054 < Ay < 0.54
—062 < Az < 062

ed smaller estimates by using more powerful numerical methods, and by

small terms.

wevel by carrying out the computation symbolically it is possible to answer a much
lass pf questions about the geometry and the constraints. Rather than simply
ng ah error estimate based on propagation of errors through the physical system

possible instead to start from a desired tolerance and infer constraints on the

initial Sjituatjon. -

for instance, that the insertion task illustrated in figure 5 is to be achieved by

Suppos
applyill a dgwnward force, compliant about the screw tip, using either a passive compliance

device

e.g. Drake (1977)) or active dynamic control (e.g. Salisbury (1980)). Then it is

sufficielit thdt the tip of the screw falls somewhere in the top of the open hole. Note that

the holg

Compliant

can bejexpr

opefing is the size of the head of the screw rather than the size of the screw shaft.

otion will guide the screw into its correctly seated position. This constraint

sed by

(Ay)?2 + (A2)? < 0.25

where fthe hdle opening has radius 0.25 inches. To simplify the algebra slightly so that the

algorithims

escribed in Brooks (1981a) can handle it, and since the errors in the y and

15




z coord

above ¢

Th

plan for

Th

nate

nstr

the

> foll

are essentially independent, it is sufficient in this case to approximate the

int with the following two:

—0.25v05 < Ay < 0.25/05
—0.25V05 < Az < 0.25/05

2se c]nstraints ensure that the action will succeed. They can be used to check the

nsertion task in any well characterized circumstances.

wing example uses a tighter set of constraints than those used by Taylor on

errors iff plagement of the bos. The box placement errors he used tend to swamp any other

errors.

also asplimed

1t is fui

a numper of]

include

From t;:r bounds on the errors and the expressions for Az, Ay (such as above) and Az

it is pQ

A s

seled

sible

ller amount of wobble in the attachement of the screw to the screwdriver is

L The following bounds on the crrors are assumed:

—0.05 < BOX-DELTA-POS-X < 0.05
—0.05 < BOX-DELTA-POS-Y < 0.05

—0.5° < BOX-DELTA-ORI < 0.5°
—0.05 < HAND-DELTA-POS-X < 0.05
—0.05 < HAND-DELTA-POS-Y < 0.05
—0.25° < HAND-WOBBLE-X < 0.25°
—0.25° < HAND-WOBBLE-Y < 0.25°
—0.25° < HAND-WOBBLE-Z < 0.25°
—2° < SCREW-WOBBLE-Y < 2°

—2° < SCREW-WOBBLE-Z < 2°

ther ppresumed that the screwdriver length is not pre-determined -— i.e. there are

screwdrivers of different lengths available for use. The plan generated must

ion of one for this task, however it is known in advance that

DRIVER-LENGTH > 0.0.

to deduce bounds on those expressions in termns of the undetermined variable

16




DRIVERHLENGTH. For instance

—01164

4 0.004420 X DRIVER-LENGTH < Ay < 0.164 4 0.004420 X DRIVER-LENGTH

can be |deduded.

The des#ed constraints on Ay and Az can then be applied to these bounds. Thus

L0.25v/05 < —0.164 — 0.004420 X DRIVER-LENGTH
0.164 + 0.004420 X DRIVER-LENGTH < 0.25v/0.5
0.25v/0.5 < —0.162 — 0.004204 X DRIVER-LENGTH
0.162 -+ 0.004204 X DRIVER-LENGTH < 0.25v/0.5

are sufﬁcienlto guarantee that the insertion strategy will not fail due to the screwdriver

tip being ou

Thus a|pym
and thg|rob

desired |goal.
2.2 Simplifie

In|fhis
the effegts o
to suchl|a d
best p:lce i
constrajns u

Thie co
the conptrai
disjunc¢pions
plans often i

quadratic fo

ide of the boundary of the hole. These incqualities are satisfied whenever

DRIVER-LENGTH < 2.92.

lic analysis of the uncertainties in the positions and orientations of workparts

manipulator has provided a constraint on the tool to be used to achieve the

Coupled Plans.

ction four coupled planning islands are considered. A plan checker propagates
actions from one island to the next, checking whether the errors accumulate
sree that planned actions are untenable. When this happens it chooses the
the sequence of steps to introduce a sensing operation. At the same time it

resolved decisions within the plan framework.

iputations for these examples were carried out by an improved version of
t system described in Brooks (1981a). The new version can bandle expleit
f constraints (whereas the old version dealt only with conjunctions). Coupling
troduces disjunctions. As a by--product the new version is also able to handle

ms better than the old.
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figure 6. A box has previously been put on a table by a two link manipulator.

r the manipulator to place a lid on top of the box then insert a bolt. The
uncertainty considered is the inaccuracy in the joints of the manipulator. A

sensor is available and is subject to error.

ry of the objects and sensors.

ipulator has two links and two parallel revolute joints. It is thus restricted to
gle vertical plane. Each link is 24 inches long. Fach joint can be positioned
.1°. The plans below only require that it operate at approximately the height
nt, and at a range of 12 to 36 inches from that joint. Using the coordinate

in figure 6 the uncertainly Az in the z direction of its end-effector when
coordinates (z,0) can be bounded by

ax(0.0002215z — 0.043262, 0.0009857z — 0.063329) < Az
in(0.043262 — 0.0002253z,0.063329 — 0.0009895z) > Az (2.2.1)

36]. These bounds are no more than 6% larger than the actual uncertaintities
ge. Note that the position error is larger for smaller z and smaller for larger -
ition error behaves inversely to the z error. Le. y error is small for small z

large x. However in these plans only the z error is considered.

is 2 inches long in the direction parallel to the z-axis. Initially the box sits on
h an z coordinate represented by the named physical quantity box:position.
was placed on the table by the manipulator, the uncertainty in that position

terized by (2.2.1) above. The bolt hole in the box is 0.125 inches in diameter.

of the box is the same size as the box. The hole through it has a 0.125 inch
ares to 0.25 at the top of the lid.

, i3 0.125 inches in diameter. The tip of the bolt narrows down to 1/32 ==
es diameter at the tip. Once the tip is seated in a hole the manipulator is

ough for the bolt to be inserted without moving the object into which it is

18
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Figure|5. Altwo link manipulator must place a lid on a box then insert a 1/8 inch bolt
(with ﬁl/&!mch tip) through the lid with a 1/4 inch opening and into a 1/8 inch hole in
the bo

g

being ipsertdd.

THe visgal sensor is placed directly above the base of the manipulator with a horizontal

line of|Bightd It can measure the distance of an object on the table top by the displacement

of its imagelfrom the center of the image plane. The sensor is subject to error, and the

larger [the drtance it must measure, the larger is the error. The implemented plan checker

has been rull with a number of different models for the error characteristics for the sensor.

Thie erdprs are modelled by two functions: [, and r; dependent on the sensor reading

m. Thiis fo a true physical value v the sensor will produce a reading m such that

m+ L(m) < v < m A ry(m).
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the sengor is

2.2.2 Al|four

The pl

An exar|:1e sensor has —[(m) = r5(m) = 0.0004 X m, and then for physical value v

uaranteed to give a reading m where

m -+ l(m) = 0.9996 X m < v < 1.0004 X m = m 4+ hs(m). (2.2.2)

ktage plan.

is broken into four subplans; (A) move the lid to a position above the box,

(B) put|{dowq the lid, (C) move the bolt to above the lid and (D) insert the bolt. Note that

the steps to

problem for

by the|fnani

to the|jmpl

Plan Al Thd

as boxposi

cquire the lid and bolt are ignored in this formulation. This is to simplify the

bresentation.

The ini[al state of the world is determined by the position of the box. It was placed

ulator at box:position with uncertainty given by (2.2.1).

The fo:l subplans are given in more detail. The full details of how they are presented
n

ented plan checker are given in the appendix.

lid is moved to a position called lid:position. It has the same nominal value

ion. The only requirement is that the nominal position for the lid is within

the workspake of the manipulator, i.e.

12 < lid:position < 36.

The resultaft position for the lid will be subject to uncertainty characterized by (2.2.1).

Plan B Thllid is released onto the box. For the subplan to work, it must be that the

center|of gr

ity of the lid is above the box. Since the box is 2 inches wide this means that

—1.0 < lid:position — box:position < 1.0.

Plan (] Thl bolt is moved to a position called bolt:position. It has the same nominal

value a8 lid:

osition. As in plan A above the only requirement is that

12 < bolt:position < 36.

20




The resultant] position for the bolt will be subject to uncertainty characterized by (2.2.1).

Plan D,

lie whol

The bo

into the

4

The

y wi

hole

olt is inserted into the lid and through to the box. For the tip of the bolt to
Ilin the flared hole in the lid it must be true that

-7/64 = —0.109375 < bolt:position — lid:position < 0.109375 = 7/64.

willl(:omply with the hole in the lid. The condition necessary for it to be inserted

n the box is then

-3/6f = —0.046875 < lid:position — box:position < 0.046875 = 3/64.

2.2.3 Alnalys# of the four plans.

Th

process,

interact

Tl& pl
probleml. Infplan D the bolt tip can inserted into the lid without the aid of sensing, but

relative

In

ons.

unc

5 flur plans will be used throughout the text to illustrate the plan checking

ction 5 a plan checker is demonstrated analysing these four plans and their

A summary is given here.

checker follows through plan A through to plan D before it encounters a -

tainties in the positions of the box and lid have buill up so much that there

is no guaranfee that they will line up well enough for the bolt to slide though the hole in

the lid

sensing

into

he hole in the box.

T:I plah checker identifies the troublesome uncertainties as those for the box and
lid positions

bothfthe box and lid positions, but without doing any uncertainty analysis it realizes

but recognizes that the bolt’s uncertainty is not an issue. It briefly considers

that stich sdhsing will not change the geometric possibility of misalignment. The check

starts 1

in the |l

AY

positial

h ba

for

up through the plans propagating back the information that the uncertainty

ox ahd lid positions seem to be the cause of the problems.

pland C the checker considers sensing the lid position before choosing a norinal

he bolt. It propagates the new uncertainties through to plan D but finds again
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that the

operatiop.

Aty
that alng
reducing

sensor [ig

fundpmental problem has not been changed. The checker resumes the backing up

lan Bit decides that there is nothing to be sensed which will be any different from
ady fried in plan C. It continues to back up and gets to plan A. It decides that
the pincertainty in box:position may suffice. It introduces the use of the visual

r thefbox position in plan A, then propagates the effects forward through the plans.

Now the nomfinal values for lid:position and bolt:position depend on the sensed value

for box;

bosifion rather than the a priori value.

Assiime fhat a sensor with error characteristics given by equation (2.2.2) is used.

Wh
initial B
the low
manipu
box is
the exil
accurag
then it

bad so

throug}
wotld
here n
fail. H
differe

2 of
ither

en tHe checker returns to plan D it finds that the plan will succeed so long as the
bx plsition is around either end of the range of [12,36]. If the box is placed at

end bl this range then the scnsor accuracy is high and even with an inaccurate

tor he 1id can be placed sufficiently well on the box for the holes to align. If the

laced at the high ned of the range, then the sensor accuracy will be lower, but

errpr so introduced will be compensated for by the increased horizontal position
y of he manipulator in that range. If the box is placed in the middle of the range
urnsfout that the accuracies of both the manipulator and the sensor are sufficiently

hat fhe holes in the box and lid can not be guaranteed to be aligned sufficiently.!

an checker it had seemed that the any restrictions on where the box should be placed
form that constrained it to the middle of the range [12,36]. The reasoning was that
e sensor nor the manipulator would be sufficiently inaccurate to cause the plan to
ever] for that to happen the shape of the sensor error characteristics must be somewhat

the

'This rgult :Irprised the author. In thinking about it qualitatively before running the example
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3. A Model of Plans and Sensors

The| basif model of a plan used in this paper is that there is an initial state, a final

state anl a pdan of action to change the initial state into the final state. There are three

refinemints th this basic model. There may be uncertainty in the initial state, there may

be conditiongon the applicability of the action, and the planner may generate a plan with

an unceftainfinal state. All these need to be quantified. Furthermore the plan may be

just a smnall part of larger plan - a planning island. Decisions concerning certain details

associatid wih the plan may have to be deferred until adjacent plans in the plan island

space have bfen finalized. Alternatively, the decisions required for the various islands may

be mut

ually §ependent.

There nfpy be uncertainties in the robot planner’s knowledge of the initial state, so

the pla
section
orienta

on the

Tl
examp

circum

il mug be able to handle a set of initial states. For instance in the example used in
2.1 tHe set of initial states was all possible combinations of the block’s position and
ton the table, the hand’s position and orientation, and orientation of the screw

tip offthe screwdriver, subject to the constraints given.

13 éctlon may be applicable over a class of states. For instance the screw in the
of Bection 2 could be inserted as long as the tip was somewhere within the

ferendk of the hole. Given the uncertainties in the initial state of the world, the

robot planngf must determine whether the desired action is aplicable.

the tas

the par

Pl
at mo
single

islands

Th][lare ay be a range of final states of the world that are acceptable. For instance, if

is sfmply to throw a part in a bin then the particular position and orientation of

is npt important. It suffices that it is somewhere within the confines of the bin.

nninf islands provide a hierarchical decomposition of large plans into smaller plans
detdiled levels of abstraction. The model used for a plan in this paper deals with
islandk at a single level of representation. Section 6 discusses linking such plan

in thp context of constraint satisfaction as introduced here. A sequel to this paper
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will ela

3.1 Notation

To

notatijnn intr
necessafy.

Ind

f unctio]

functio

Sin
case let
upper

in lowes

ers,

oratd on these methods.

formrlize the model of a plan it is necessary to introduce some notation. The

duced in this section is sufficient to follow up to section 5 when more will be

vidubl functions are written as words such as DECIDE or support. Upper case
s ard those for which there exists a program to compute their values. Lower case

s ard mathematical entities which may not be computable.

gle u[per case letters, perhaps with subscripts, such as P or C4 refer to sets. Lower

uch as e are.used to refer to mathematical individuals. Strings of letters set in

ase t}pewriter font, such as BOX-POSITION-X are formal variables of a plan. Strings

casd such as box:length refer to slots in the geometric model of the world. Such

slots represeft actual physical quantities.

Fupeti

meanin

E
strain

expres

is an e

r th

(:Js defined on a domain are sometimes applied to a subset of that domain,

image of the subset under the function.

prcstms are constructed from constants, formal variables and slot names. Con-
are First order sentences over boolean—valued predicates applied to one or more
ons. [Thus

3.0 4 BOX-POSITION~X -- BOX~POSITION-DELTA~X

pres§ion while

—0.03 < BOX-POSITION-DELTA-X X cos(BOX-DELTA-ORI) < 0.03

is a comstraipt.
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A spt of

Lonstraints is written as a subscripted C, such as C4 and C;. The subscript

identifies a ;Jrhicular constraint set. A set of constraints is equivalent to the single con-

straint Whic

is the conjunction of its members.

DEFINITION] The support of an expression is the set of atomic symbols which appear in

it. It is|writt

n support(e). Similarly support(c) is written for the union of atomic symbols

which m:cursln all the expressions in the constraint ¢, and support(C) for the union of the

supportg of

] the constraints in the constraint set C. i

Fon| exafhple the suppart of the expression above is the set

that can be

<

,PE

DEFINJTION

{ BOX-POSITION-X, BOX-POSITION-DELTA-X }.

DEFIN[II‘I‘IOI\I The range of a formal variable v is denoted range(v) and is the set of values
u

bstituted for the variable. §

pically, the range of a variable will be the real numbers.

: A set of variables V defines a space, denoted space(V'), which is the cross

product| of t§e ranges of the elements of V. Le.

space(V') = H range(v)
veV

The ondering of the product is arbitrary but fixed for index sets V. I

space(Mf) is

Alpoint] p € space(V) can be written (py,, Puyy--+,Pv,), Where the product forming

rdered vy, vg,...,%,. Given p € space(V) and v € V' the vth ordinate of p is

written| py ahd of course p, € range(v).

appropfiate

Given tfvo variable sets W and V where W C V, space(W) is identified with the

hatural subspace of space(V).
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DEFIN

then praj

As

space -

DEFIN]

then U]

In part

DEFIN

p € spq
is the
v € suf
c. Thus {c]y

encomy

then [6

evaluat

where

[TON

pras({

culan

“—

lGiven variable sets W and V, where W C V, and a subset S C space(V),
¥, S) is the projection of S into space(W). Le.

broj(V,W,S) = {q € space(W) | 3p € §,Yw € W,py = qu }.N

fample a spherical volume in three space projects into a filled circle in two

vzh{,y} {(5,9,2) |22 +y?+ 22 <1 ={(z,9) | +¢* < 1}.

rioN: Given variable sets W and V where W C V, and a subset B C space(W),

V, R) is the largest subset of space(V') which projects into R. Le.

JU(V,W,R) = {p € space(V) | 3¢ € space(W),Vw € W, py = qu }.

proj(V,W,lift(V,W,R)) = R.K

. Given an expression e and a variable set V' where support(e) C V, and

then [e]y (p) is the interpretation of the expression e at the point p. Its value

[f evaluating e with the substitution of p, for v throughout for each variable

). The definition has a natural extension to the interpretation of a constraint

is a predicate on the domain space(V). The definition can be extended to

ass gartial evaluation of expressions. Thus if

V C support(e) =U

Orvill be an expression with support in U —V and will be the appropriate partial

e, i.e.

VeeU—V, [levplv-v(g = [eulr)

€ U such that proj(U,V,r) = p and proj(U,U —V,r) = q.
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For exaerle

[BqX-POSITION-X -+ BOX-POSITION-DELTA-X]({ BoX-P0oSITION-DELTA-X}(0)

= BOX-POSITION-X.

DEFINHIMON] Given a constraint ¢ and a variable set V where support(c) C V, the

satisfyil:ﬂi; set)

the con

of ¢ over space(V), wrilten sat(c, V), is the set of all points in space(V') where

raing holds. ILe.

sat(c, V) = {p € space(V) | [c]v(p) }

For a ¢pnstrhint set C and a variable set V' where support(C) C V, the satisfying set

of C over sy

hce(V), written sat(C, V), is the set of all points in space(V) where all the

constraints i C hold. Le.

sat(C,V) = n sat(c,V).1
ceC

Nofte tht for a constraint set C where support(C) C W C V then

sat(C, V) = lift(V,W, sat(C, W)).

Note aldo that for two constraint sets, C4 and Cg, and variable set V' then

sat(C4 U Cp,V) = sat(Cy4, V)N sat(Cs,V),

where guppoft(C4) C V and support(Cp) C V.

3.2 Represerfting uncertain physical situations.

There

robot ¢pntr

e two types of uncertainty which a plan checker must deal with. Plans can be

made Tite etailed, yet still incorporate unresolved decisions. Even at execution time the

ler will not have exact values for physical parameters. These are both handled

27




by the

variabled wh

Th

time w

those which

time ar

VaJllable

5e otlformal variables to represent uncertain knowledge and constraints on formal

is known.

e ark two distinct sorts of variables: those whose values though not known at plan

ha\I at least a known nominal value assigned them before execution time, and

ill not be known even at execution time.

whose values are not known at plan time, but will be known at execution

call§d plan variables.

Vafiableh whose values will not be known even at plan execution time are called

uncertajnty

Pk

ing scheme

Consid
box:po
physic

A

certain

boxppagiti

the naomina
variablp BOX]

the acl

ysica

ariables.

1gpresgnting physical values.

quantities are represented in geometric models by names. An ad hoc nam-

s used in this paper to avoid the introduction of unnecessary machinery.

r pl
iti

qu

nameg

A in the example of section 2.2. The only physical quantities represented are
and lid:position. In a more realistic representation of the plan, the named

tities would include box:width, lid:width and lid:feeder-position.

H physical quantity is represented as the sum of a plan variable and an un-

fy vIable. Thus for instance in plan A the position of the box on the table,

, is represented by the expression

BOX-POS - BOX~UNC.

TIU: plT variable BoX-P0s whose exact value may be unknown at plan time represents

value of the position of the box at plan execution time. The uncertainty

UNC represents the uncertainty that the robot controller will have concerning

1al physical position of the box at plan execution time.
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BOX-UNC This value for BOX-P0S can correspond
[ to all the shaded physical situations.

\

+» BOX-POS

Ppssible values of BoXx-Pos for All points on this line segment
represent the same physical

afingle physical situation.
situation.

Figure|[]. Afgiven physical situation can be represented by any point on the sloped line,
and haice itf nominal value can take on any value in the projection onto the horizontal
axis. Cpnverpely any nominal value can correspond to any physical situation whose sloped
line int@rsectp the vertical about that nominal point.

A|given|physical quantity may have many different representations at plan execution
timne. (I)ohsi er figure 7. The uncerlainty variable BOX-UNC is bounded above and below
by fundtiongof the plan variable BoX-P0S. A particular value for BOX-P0S can model many
actual |physifal situations - one for each value of BOX-UNC which lies within the bounds.
Similarly a fiven physical situation can be modeled by many values for BOX-POS. Any
particular physical situation corresponds to a straight line segment, with slope —1, as
illustrated ixl figure 7. Any value for BoX-P0S which lies in the project of the line segment
(the intersecfion of the line and and the bounded region) onto the axis is a valid nominal
represﬂltatiun of the physical situation.

3.2.2 Nomingl values of expressions.

The nothinal value of an expression can be recovered by substituling zero uncertainty

throughout. | Thus if P is the set of plan variables and U the set of uncertainties, then the
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nominall vahi of an expressions e, where support(e) C P UU, will be given by lelu(0v)

where Q) is

form n:mina

above, then

e zero point of space(U).

Thus, I‘ol instance the nominal value of BOX-P0S - BOX-UNC is BOX-P0S. The functional

acts on named physical quantities. Thus if box:position is represcnted as

nominal(box:position) = BOX~POS.

This mathcnlatical device will be useful when it is necessary to extract the nominal value

of a demived

3.3 What is

xpression.

{pecified and unspecified in a plan.

Pldns ligk an initial state, an action applied to that state and a final state.

At|plan

time there may be unresolved decisions and so not even the nominal initial

state dan bd known. At execution time there will be many uncertainties in the actual

values @f physical quantities. Thus a plan must consider a set of initial states, ranging over .

both umresolled decisions and physical uncertainties. With many possible initial states to

consider thefe are many possible final states. The action of the plan thus becomes a maping

from ipjtial

The rol

tateé to final states.

of a plan checker is to ensure that for all possible initial states the planned

action |is aleicable and will lead to a final state that can be handled by the next step in

D

the overall

3.3.1 Infitial

positign for

is actully e

an.

Ftate.

THe insprtion task in section 2.1 can be planned in some detail in terms of a nominal

he block on the table while still representing it as a variable. Before the plan

ecuted a specific nominal position will be chosen. (Note that it may be chosen

only mpmenfarily before the plan is executed - perhaps on the basis of a sense operation.)
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The un

at plan

Th

Th

T
terms ¢
over cdg
this p

repres

not con

A

the sef

Th

islands

this pa

AH

be repy

represe

pxec

esen

erta:rty in the two coordinates of the block on the table will not be known even

tion time. Bounds on those uncertainties were, however, known at plan time.

» set bf all plan variables in a plan is denoted P.

g set f all uncertainty variables in a plan is denoted U.

geofnetry of the initial state of the world is specified in terms of the geometry (in
nanfed physical quantitics) of the objects in the world and in terins of expressions

stanks and variables in the set P U U, representing named physical quantities. In

ly the correspondences between named physical quantities and expressions

ntingthem are considered. The details of representation of geometrical relations are

sidergd.
sct off initial constraints, CIV, where support(C;) C P UU, constrains the possible

initial uﬂ
those interpgetations of the variables which satisfy all the constraints, can be considered as

ateq to which the planned action may be applied. FFurthermore, sat(Cy, P U U),
of pgssible initial states.

‘:]C ; is derived by the planning system by tracing through the geometry of plan

the given initial state of the world. Its initial derivation is not a concern of

Iamp]e consider plan A of section 2.2. There is only one physical quantity to

d, namely box:position. The initial states of the world of plan A can be

nted py the sets

P = {Box-pos }
U = {BOX-UNC },

the asspciation

and th

box:position = BUX-P0OS 4 BOX-UNC,

. 7 consisting of the constraints
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12.0<B0OX-P08<36.0
e,(B0OX-P0S) < BOX-UNC < ep, (BOX-POS)

where
ei(z) = max(0.0002215z — 0.043262,0.0009857z — 0.063329)

ex(z) = min(0.043262 — 0.0002253z, 0.063329 — 0.0009895z).

Fdf plaf B the initial states of the world can be represented by the sets

P = {B0X-P0OS }
U = { BOX~UNC, LID-UNC },

the assqciatipns _ .
box:position = BOX-P0S + BOX-UNC

lid:position = BOX-POS - LID-UNC

and Cj| congsting of the constraints

12.0 <B0OX-P0S < 36.0
e1(B0OX-P0S) <LID-UNC < e, (BNX-P0S)
¢1(BOX-P0S) < BOX-UNC < ej, (BOX-POS).

3.3.2 Action]

ABsociafed with an action are certain applicability pre-conditions. The robot planner
generates these conditions as sufficient to ensure that the geometric consequences of the
action|will dorrespond to the modelled consequences. Some of these constraints might be
purely|[geonfetric. For example an insertion action requires the existence of a hole. It
is assumed phat the robot planner has ensured such prerequisites and can transmit the

identity of shch geometric features to the plan checker. In addition to the gross geometric

aspectd therp may be certain finer details which can be conveniently expressed in terms of
parameéters.[Ior instance in the insertion task of section 2.1 there was a condition that, the
tip of fhe scfew lie within the circumference of the hole. This is an abstract pre-condition

for th

18"

appllcablity of the insertion action. In the example it was tranclated in two steps

into conditigns on the plan and uncertainty variables. Firstly it was expressed as

\ﬂAx)z + (Ay)? < HOLE-RADIUS
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and thef as 4 much more complex expression as the quantities Az and Ay were related to

quantitips reffresenting the state of the world.

THé plag checker model of this paper assumes that the robot planner carries out the
;eome:l:nc inferpretation of the abstract action applicability conditions into constraints on
the plaiy andfuncertainty variables. Let that set be C4 for applicability constraints. Note

that support]C4) C PUU.

For plaj A the abstract applicability condition is that the lid be moved to some
place ifi| the vorkspace of the manipulator. Since the lid is to moved to physical position

lid:posiiitior§ then the condition can be expressed as

12.0 € nominal(lid:position) < 36.0

which Becornfes
12.0 € LID-POS K 36.0

which § thefsingle member of the set Cg4.

Fo p]alB it is necessary that the center of gravity of the lid be above the extent of
the boftl Sinfe the box is two inches wide, and its coordinate system has the origin in the

center of thd box, and similarly for the lid, the condition can be expressed as
—1.0 < lid:position — box:position < 1.0

which [Recorges

—1.0 < LID-UNC — BOX-UNC < 1.0

which i thelsingle member of the set Cy.
3.3.3 Minal gate.

Tlﬂe ﬁnjl state of the world is similar to the initial state in that it is represented by
5

etd associations of expressions and named physical quantities and constraints on

variab

the vamabled.
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The| actipn of a plan transforms the initial state into the final state. Sometimes

the actipn isjmodeled purely geometrically, as in the insertion example of section 2.1.

Sometimes itwill introduce new uncertainties into the world. Plan A moves the lid to a

position|with uncertainty-determined by the position uncertainty of the manipulator arm.

Let| V

the set of introduced uncertainty variables. Members of V' model uncer-

taintics|[not resent in the world before the application of the action, which are a result of

the actign itgelf.

TH

resfts of an action can not, in general, be modelled precisely. This is the souce of

uncertd{pty i the plan checker’s model of the world. Thus the action can not be modeled

as a Sil]lple

geometigy of

nction from the set of initial states to the set of final states. Instead the

he action is captured by a set Cg, where support(Cg) C PUU UV, which

relates the inl’tvia] state of the world to the introduced uncertainties. Thus the possible final

states of the

If the g
initial gtate

that safisfie

orld are
sat(Cy UCQ,PUUUV).

ghmetry constraints correspond to a physically realizable action, then for every

here the action is applicable, il should be the case that there is a final state

the constraints of the geometry. Thus the geometry constraints Cg must

satisfy [the plysical realizability condition

proffP UP U V,PUU,sat(C; UC4UCg PUUUV)) =sat(C; UC,, PUU) (R)

As|jan efample the geometric constraint set Cg associated with the action of plan A

consistiy of the singleton

e,(BOX-P0S) < LID-UNC < e (BOX-POS)

where the infroduced uncertainty variable set is v == { LID-UNC }. The introduced association

is that

lid:position == BOX-POS - LID~UNC.
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3.3.4 Summagy.

In simmfpry, a plan is specified by its geometry g and by three sets of variables
P plan variables

U initial uncertainties

V  introduced uncertainties

subject|fo thiee sets of constrainis:

C; initial constraints support(C;)C PUU
C4 applicability constraints support(C4)C PUU
Cg geometry of action support(Cg)C PUU UV

A plan \]th geometry g is written as an T-tuple (g, P,U,V,C;,C4,Cg). Note that the
geometyly g iffcludes the associations of named physical quantities and algebraic expressions

to represent fhem.
3.4 Acqgptablle plans.

THe rold of a plan checker is to decide whether a plan will work and produce the

desired||resul}. The mathematical criteria for these objectives are easily stated in terms

of the mhodel developed above for plans. They are stated below. There is however some
difficully in franslating these abstract criteria into algorithms. Sections 4 and 5 develop a

general [apprgach and describe a particular algorithm,

3.4.1 The aclion must be applicable.

The geofnetric constraints Cg, describing the effect of the action on the initial state of
the world ard valid only if the applicability conditions are satisfied. Thus to guarantee that
the find] stafp of the world meets the derived constraints it must, be that the applicability

conditigns afe satisfied for all possible initial states. Thus

sat(Cy, P UU) C sat(C; UCy PUU). (A)
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3.4.2 The findl state must be reasonable.

THé plag used for a single planning island must leave the world in a state that is

feasibld[for tde next island in the planning chain. Thus a goal condition can be formulated

forap

l4n: giken any valid initial state a plan should produce a state of the world that is a

vaild irjitial gate for the next plan.

set of

In

S\:mpose-that the next planning island in the chain has an initial state described by a

an viriables P*, a set of uncertainties U™ and initial constraints C}.

, simple model of planning one could demand that P = P and UUV =U". The

goal cotlditidn for a successful plan then becomes

sa(C; UCg, PUUUV) C sat(Cy, P UU") = sat(C;, PUU U V).

Injfa rci[stic planning sytemn that assumption can not be made. Variables can both be
introdT red ahd removed at various points along the temporal sequence from plan island to .
plan island.

of this

initial

Vakiablds, including plan variables, are introduced by sensing operations. Examples

re s§en below in sections 3.5 and 4.2. This type of variable introduction does not

affect the gT] condition statement, as the variables are not used in the description of the

.ate pf the plan in which they are introduced.

V.
analys
state

this ca
by the
compli

nor to

iablds may be introduced for a sccond reason. To decrease the complexity of
of §lan islands, it might be the case that aspects of the geometry of the initial
' thel world are ignored until the first plan step in which they are relevant. In
ﬂc thd introduced variables must be independent of the state of the world described
resulls of the previous actions. The introduction of such variables considerably
dates fhe staterment of the goal condition, but in reality add litlle to its meaning,

he ifpplementation of algorithms to check that the condition is met. Therefore the
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remainder of fhis paper assumes that all aspects of the world geometry are modeled from

the initikl state of the world, and propagated through all actions. In an implementation of

the alg

v

sociated|bec

tion, then pi

tions of|

ithnfs presented later in this paper it is easy to add in this aid to efliciency.

iablel are removed when all named physical quantities with which they are as-

the dedgupliffg of planning jslands. It may mean that a sequence of plans, for which a valid

set of plan vlriables can be chosen, might be rejected due to failure to understand subtle

interactijons §f uncertainty dependence between plan islands. This paper assumes that the

increasgd eﬂ"tency derived from the decoupling allows extra planning effort, to find better

structumed p

It

becomes

ans in such obscure cases.

an thus be assumed that P* C P and U C U UV. The goal condition now

prolPUUUV,P UU",sat(C; UCg, PUUUV)) C sat(C},P* uu’). (G)

3.4.3 Sqund plans.

DEFIN]

descril

Th

it is soynd.

rioN: A plan (g,P,U,V,C;,C4,Cg) whose following plan has initial state
d by] P*, U and C} is called sound if both conditions (A) and (G) are true. i

e goi\of a plan checker is to either certify that a plan is sound or modify it so that

sound plan is illustrated in figure 8.

3.5 What a fensor is.

measuf

sens:I is used to measure a quantity in the real world. All sensors are subject to
emeng errors. A plan checker must have a realistic model of a sensor and its error
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Final States

(

Initjal

Sta Actio? @ Initial States
N | I ll (next plan)

|

States where Projection of

Figure é A

St

a

which rod

Final States

Jtes where applicable.
plicable. (next plan)
ound plan has an action which is applicable for all possible initial states, and

es a final state expected by the following plan.

characfieristifs in order to be able to plan the use of a sensor and to realize the consequences

of suchl use.

3.5.1 Measu

able quantities.

A|fjuan§ity which can be measured must be geometrically represented as an expression

in namied pHysical quantities. In addition a sensor which can carry out the measurement

must

311]1
ing in

av

lable.

posq ¢ is the expression in named physical quantities, and f the result of susbstitut-

for

Then suppo

he representations of the named pbysical quantitities in a plan
(Q,P, U,v,Cr,Cy, CQ)

t(f) € PUU. Expression f can be broken into the sum of a nominal expression
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n and dnd ufcertainty expression u by writing

n =(flv(0v)
u=f— [flu(0u).
Thus tm:a ungertainty in f is zero if the uncertainties in all the named physical quantities

in the sippoft of e are also zero. Note that

support(n) C P
support(u) CPUU.

Ty JicaIxamples of geometrically measurable quantities are the length of an object,
the coofrdinafes of the position of a detectable feature on an object, the orientation of an

object [dr the area covered by an object on a back lighted table.

Fdp exafnple consider a flat rectangular object whose length, object:1ength, is repre-
sented s

LENGTH - LENGTH~UNC

and width, dbject:width, as
WIDTH -} WIDTH~UNC

where _ENGTII‘and WIDTH arc plan variables, and the others uncertainty variables. Then with

a suitayle schsor the length of the object could be measured and in that case

n == LENGTH
U == LENGTH-UNC,

)

If therg|is a Jvision system available which can measure blob areas, then perhaps the area

of the tiop off the object could be measured. Then

n =LENGTH X WIDTH
4 ==LENGTH X WIDTH~UNC
- WIDTH X LENGTH-UNC
+- LENGTH-UNC X WIDTH-UNC.
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3.5.2 Sensor frror is a source of uncertainty.

Any serfor s capable of measuring a geometric quantity modelled by the expression
n -+ u|{nberpntly provides a measurement which is subject to error. Thus it provides a

measurgmenf which is the true value of the quantity in the real world plus some error term.

A ;ens:[ s is modelled algebraically by two error expressions, namely [, and r, (for
)

left ang righk), where

support(ly) = support(rs) = { READING, }.

A modglled fensor s can be read by evaluating READ(s) (recall that uppercase function
names|orrefpond to functions for which there is a piece of computer code somewhere).
This i$|the pominal value returned by the sensor. If correctly modelled then the actual
physical valge v of what is being measured lies somewhere within an error range of this

nomingl valfe. Let

m = READ(s)
then
m 4 (L] reap1ng, y(m) < v < m 4 [r4] rEADING. } ().

(Recal|that phe notation [ls] (READING, } is 2 \-expression which turns /5 from an cxpression

over o(me valiable into a function of one argument.) Thus a sensor can have an error

dependient lI the value it measures. This corresponds well to most physical sensors;
8

especially thpse that are non-linear. Often, of course the error expressions will be constants.

AB|an eckample, consider & sensor s which delivers a reading with 4+10% error. Then

~— g == 15 = 0.1 X READING,.

Cunsid] figure figure 9. A sensor is being used to read a value for the named physical

quantiy boyposition. It is represented as before by the expression

BOX-POS -+ BOX~UNC.
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Uncelftaintd More accurate
o)
' Sensor bounds sensor

r—-——"————\r_ch

¢+ Nominal

Reduced
uncertainty

ies sopewbere in the bounded part of the plan variable axis (refer to figure 7). The

. ]:sensor produces a bound on possible physical values. The correct nominal
regi

gives the valid representations of the physical situation.

sor phits a bound on the actual value of box:position. Recall that a given physical

n befrepresented by any point on a line with slope —1 in a diagram such as figure

all spch lines which go through the bounded region of the horizontal axis comprise
f poffsible realities which are consistent with the sensor reading. It makes no sense
to chogfie a vplue for BoX-Pos which is outside the bounded region. Thus any representation
of the physidpl situation which is consistent, with the sensor reading should be a point in
the shaded rggion of the figure. At plan execution time the sensor reading can be used to

constrain thqvariables Box-Pos and BOX-UNC to define a point in this region.

The sengor error expressions are used in different ways by the plan checker and the
robot cgntroller. The plan checker uses them to generate symbolic bounds on the errors
that will be fherent in nominal values chosen for plan variables at execution time. The
robot cgntroller uses them to generate numeric bounds on the actual sensor readings so
that, it gan cloose a set of nominal values for the plan variables which are consistent with

all sensor readings and with the state of the world known from previous steps in the plan.
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and plgn P

if P was so

S

strain

4. What A Plan Checker Can Do

Given Jlans P and P* where

P m(g,P»U;V;CI:CA:CQ)
Pt =(¢',P",U",V",C}, C Ch)

:[mmcdiately follows P in the planning island chain, a plan checker could decide

d by checking whether the conditions (A) and (G) were satisfied.

h a

It

approach requires the comparison of satisfying sets of different sets of con-

n be quite difficult to explicitly compute satisfying sels whenever non-linear

constraints gre involved, and it is also difficult to compare them. In addilion simple failure

to medd

that it{gan

that th

sound.

T
Values

often g

it may|be n

the effaq

80 morg

knowledge t

one

mo

ea

pf the conditions (A) or (G) may give no hint as to how to modify the plan so

{I(:ceed. In general it is easier for a plan checker to modify a plan to guarantee

ified plan is sound, rather than trying to decide whether a given plan is already

est way to modify a plan is to put extra constraints on the plan variables.

ust pe chosen for those variables before execution time, and the plan checker can

con

aranfee that the plan will work by simply constraining those choices. If' that fails

cessary to introduce sensing into the plan. Section 4.2 gives an analysis of

ts offsensing on a plan. Sensing essentially decreases the uncertainty in the world,

Iraints can be added to the initial state of the world to reflect the increased

at the robot controller will have at plan execution time. Section 4.3 relates

certain|properties of these various sets of additional constraints to the six possible outcomes

for chegking

4.1 Con

Thi

b plan given in section 1.2.

urreftly checking and rescuing a plan.

method proposed here requires a plan checker 1o construct an additional set of

constraipts Cl, (thé N is for new constraints), where support(C y) C PUU, such that the
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plan

is sount}.

C y whieh it

(g:P:U;f‘,CI ) CN’Cﬂicg)

TI: perrrmance of a plan checker can be measured in terms of the properties of the set
K]

able to compute. Some care must be taken in computing C 5 to avoid wishful

thinking whire the constraints on certain of the variables are physically unrealizable. It

is best|[to avpid making unforced decisions at any given plan island so a minimal Cy is

desirahle. B

dlow a minimality condition is defined for Cy.

4.1.1 Wishff thinking.

contain

of the iulan
constrain a

is valid|in b

TT set]Cy can not be chosen arbitrarily. It is easy to construct constraints which

hidden wiéhfu] thoughts about the initial state of the world.

Unlless $pme specific sensing operation is to be added to the plan, or some previous steps

e to be re-planned to meet new initial uncertainty constraints, C 5 should not
initial uncertainties for any set of values for the planning variables P which

th the old plan and the new. Le. the following condition must be true.

VP EP'G. (P U (J’P) Sat(CI UC\/,PUU)), (4.1.1)

lift

of consfrain

THus a
new plgn is
set Cy|whe
enablefthe i
imposedl by

realizahle.

PUU,P,p)Nsat(C; UCx,PUU) = lift(PU U, P,p)Nsat(C;, P UU)

This c:nditiLn is easily satisified when support(Cy) C P. In fact there is an equivalent set

with support contained in P whenever the above condition is satisfied.

blan checker should first try to compute a set of constraints Cy such that the

ound and support(Cy) € P. If it fails to do that, it can try to compute a
e support(Cy) € P U U, so long as there exist sensing operations which will
itial state of the world to be delermined within the uncertainty requirements

C v. A prerequisite for this is that the uncertainty requiremnents be physically
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For| instdnce, consider the measurable quantity box:position from plan A represented

by the

xpregsion

BOX-POS - BOX-UNC.

It may|jpe thit the constraints Cy imply that {for the plan to succeed it must be the case

that

BOX-UNC € [--0.05, 0.075].

The desired pensing operation would be physically realizable with a sensing device having

an accliracy pf +4-0.05. However it is highly unlikely that

'BOX-UNC € [0.125,0.25]

could eyer bL physically realizable. Such a range simply does not make sense as an error

estima

be for b sensor.

4.1.2 Minimqlity of additional constraints.

A
numbe
plan w
that th
but rat
detaile

least cq

plan cl

section|

Thie new constraints Cy narrow down the set of possible initial states since

sat(Cy UCyx,PUU) C sat(Cr,PUU).

lesirgdble property of the set of new constraints Cj is that it remove the minimal

i of aflowable initial states of the world at the same time as they ensure that the

ill wogk. This is equivalent to arguing for a maximal satisfying set of C; UCy. Note

is ifl no sense a condition of the complexity or size of expression of the constraints,
er op their effect. 1t is a desirable property because it allows maximal freedom in
d plargning concerning the other planning islands in the overall plan. It provides the

omstralnt on the rest of the plan.

Th[ performance of plan checkers can be compared more formally as follows. If two
|

cke:[ fix a plan by responding with the same outcome amongst 1 through 6 of
u

1.2, Qut with different sets of additional constraints, Cy, and Cy, say, then Cy, is
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smallen

Note th

Sin

more pi

or

efers

nfore preferable) than Cy, if

8at(C; U Cy,, PUU) C sat(C; UCy,, PUU).

at nof all pairs Cy, and Cy, are necessarily comparable.

ce otI'come 1is more preferable than outcome 6 (and in general lower numbers are

le than higher) a partial order on responses by a plan checker to a plan has

been defined] This is however only a partial order and so it can not be used to determine

the beg

plan cq

4.2 Plai

suppon
of the
howeve

to restp

(Cw

world at plan execution time to within the accuracy required by Cy. Sensing, .

respfonse to a given plan. That depends on how the planning island to which the

respgnds interacts with all the other planning islands in the overall plan space.
iningjto use a sensor.
posd the plan checker can not find a set Cy with support(Cy) C P which ensures

Su
the plaﬂl

wi}l work. In principle, the plan checker should search for a set such that

C P UU and such that there cxist sensors which can determine the state

, intfoduces new uncertainties and new nominal values. Therefore it is necessary

uctufe the representation of the plan with sensing to reflect the new variable sets.

4.2.1 New viriables must be introduced.

R

robot ¢

L4

variabl¢

quantit;

to chold
which

uncert|

B8, a

es.

ppe
nty

fer tq figure 4. The world has an initial state. A sense operation is carried out. The

mtr;ljer interprets the sense operation by choosing some nominal values for plan

then the plan proceeds as in the simple case of figure 3.

e goql of a sensing operation is to choose new nominal values for named physical

To fit this with the variable and constraint formalism used bere it is necessary

se n¢w names for all sensed quantities. Thus for each named physical quantity

a[s in an expression describing a physical quantity to be sensed, 2 new plan and

ariable pair must be chosen.
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Su

pposd that in plan A it is decided to sense the physical quantity box:position.

Originally itfis represented by the expression

BOX-P0OS + BOX-UNC.

BOX-SE

SE-UNC. The new representation of the physical quantity will be

Let thﬂ: ne‘lcplan variable be BOX-SENSE-POS and let the new uncertainty variable be

BOX-SENSE-POS -} BOX-SENSE-UNC.

Since bpth afe representations of the same physical quantities the constraint

can be

be sens

in nam

4.2.2 (

and ui

the sug

Simila
o is th

expres

must §

A
the rol

BOX-POS -+ BOX-UNC == BOX-SENSE-POS - BOX-SENSE-UNC

Essu ed even at plan time. Similar restructuring takes place when the quantity to
d isfhot a single named physical quantity, but rather derived from an expression

d phgysical quantities, such as the area of the top of the box in section 3.5.

onstrhints implied by a sense operation.

b 9e3

call ffom section 3.5 an expression f which is the representation in terms of plan
igertafnty variables of a physical quantity to be measured, can be decomposed into

m of 4 nominal expression and an uncertainty expression as

f=n+4u

rly lef§o -+ v be the expression in the original variables which it is replacing, where
norlina] component and v the uncertainty component. Since the old and new

sions fepresent the same physical quantity, the copstraint
n+u=o0-+4uv (4.3.1)

ld.

ensof reading at execution time provides a nominal value for the expression n. Le.

pot coftroller can interpret a sensor reading of m by assuming the constraint

m + L] (READING, }(m) < n < m -+ 7] READING, } (™).
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All suclyl con

controllpr wi

ltraints will be combined (also with constraints already known) and the robot

choose consistent nominal values for all the plan variables P.

Buf whynot simply use the nominal value returned by the sensor as the nominal value

for expriessiof n at plan execution time? There is a problem with consistency of multiple

sensor fpadings. Since each individual sensor has errors in its measurement, if more than

one senfor igused to measure values for non-independent expressions then the nominal

sensor Valuesjwill usually be inconsistent if used as the nominal values for the expressions.

Gi

et

en tHat the robot controller will not use the nominal value returned by sensors

directly,|it isfnot possible to use the sensor error characterization directly to constrain the

a priori| funtige uncertainty of using a sensor. The analysis below procecds as follows. First

the range of possible sensor readings is characterized, then the possible interpretations of

each regding Jare characterized as in figure 4. From that an a priori uncertainty can be

deduced

co

Fiml: rlsider the range of possible sensor readings which might be returned. The
actual physic

1 quantity a priori modelled by 0+ v must lie in the crror range sensed. Thus

m =+ [ls){ReapING, }(m) < 0+ v < m + [r.]rEADING, ) (™). (4.3.2)

Let|m bq replaced by a new plan variable READING,. At plan execution time an exact

value cap beobtained for this plan variable. Recall that I, and r, are expressions in

READING}

The

giving

Thqn the above constraint becomes

READING, -+ [, € 0+ v < READING, + r,. (4.3.3)

nomjnal value to be chosen for n by the robot controller ensures that

READING + [s < n < READING, + 7

READING, - I, — u < READING, + r,
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so that

Recall

Tl

constr

In
READIN
there ig
suffice

the ung

ly—7s S u < ry— L. o (4.3.4)

hat & and r, are cxpressions involving READING,.

ils lag constraint reduces the uncertainty u in terms of READING, which is itself

constrI ned In terms of the original model by (4.3.3). Together with (4.3.1) this also

ns tie possible range of n.

the gpecial case that the expressions {; and r, are independent of the variable
i (e.d for a sensor that has constant error characteristics over its whole range)
no nged to introduce READING, as a plan variable, and constraints (4.3.1) and (4.3.4)
to cofstrain the possible values which will be chosen for n, and for characterizing

cprtaifgty u.

Atffirst fight (4.3.4) seems to underconstrain the uncertainty u. Recall, however, that

it is th

checker| has

a consi

makes

¢ uncItainty at plan time in the derivation of n in terms of o, given that the plan
o knowledge of the algorithm the robot controller will use in determining -
Tent et of nominal values. The implemented plan checker described in section 5

ctterfuse of the accuracy of available sensors by introducing three complications,

First it fassughes that all constraints are “well behaved” in some sense and that the plan

checker ran determine at plan time all discontinuities in the valid values for a plan variable

derived

rom | sense operation. Secondly it plans sensing operations one at a time, with an

interprefatiod phase interposed between any lwo of them. Thirdly it conservatively adds

constra,

by the

423 T

ints td C; which ensure that the robot controller can use the nominal value returned

sensofas the nominal value for the physical quantity being measured.

he resjructured plan.

Let|Pt D P include introduced plan variables, and U+ D U include the introduced

uncerta:Ity vpriables. Also include in P+ any variables READING, associated with sensor s

when et

her [} or 7, included it in their supports.
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T

goeme

e nef expressions associated with some of the named physical quantities in the

bry ¢ §f a plan (¢, P,U,V,C;,Cy, Cg) make it necessary to reconstruct the constraint

sets Cyyl and|Cgs. Let the new versions be C;r and C}. Their supports do not contain any

variab

whose

s fron P and U associated with a named physical quantity which is in an expression

raluefwill be sensed. Let g7 be the geometry g, along with the new associations of

expresgions gnd named physical quantities.

L
time. ]
on its

€rror ¢

where

checke

T
plan ig
variabl
keeps 1
set P,

on the

st CgIbe the set of constraints on the new variables which can be deduced at plan

fach gensor contributes either two or three constraints. A sensor with error dependent
readinf; contributes constraints (4.3.1), (4.3.3) and (4.3.4). A sensor with independent
gntrifutes only (4.3.1) and (4.3.4). Clearly

support(Cs) C PTUUT.

He respructured part of the plan which follows sensing can now be written as

Pt =(¢t,PHut,v,cf ct,ch)

et
wl

12

= Cr U Cs. Once constructed it can be analyzed and checked by the plan

1 in ajnost the same manner as the original plan.

e only way in which the resulting plan must be treated differently from any other
that]a constructed set of constraints Cy may not constrain any introduced plan

s in fhe set P~ — P, The implemented plan checker described in section 5 actually

ack qf such variables separately, and constructs sets C y, with support in the original
Any cpnstraints on the introduced variables are thus expressed in terms of constraints

griginhl variables. A formal notation for this representation has not been introduced,

in the interefts of clarity and brevity.

4.24 1

At

he ropot controller interprets multiple sensors.

plaff execution time the robot controller makes measurements using all the
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prescrilyed salnsors. It then must interpret the values in order to choose a set of nominal

values {for vafious physical parameters, which will be used to carry out the planned actions.

The plap checker sets the stage for the execution time sensor interpretation by con-
structifg a Jet of constraints which must be satisfied by the new nominal values to be

chosen|ffor plan variables in P+ — P.

A lighj extension of previous notation needs to be introduced. Given a set of con-

straint§| C, alset of variables A and a point a € space(A), then

[Ca(a)

is the spt of fonstraints C partially evaluated at the point a.

Lep M pe the set of all formal variables READING,, one associated with each sensor s
to be yged. rote that M and P+ may have non-empty intersection.) Let Cy be a set of

constraints ¢ the form
READING, + ls < n < READING, -+ 7.

There g onefsuch constraint for each nominal expressions n being scnsed by sensor s.

Now cofsider the situation at plan execution time. The plan variables in P already
have nfmina values assigned to them. Let p € space(P) represent those assignments. The
sensorsfare 31 read. The result is a point m € M. (Recall that the error characteristics of

the sengors gre encapsulated in the constraints set C3.) The problem then is to determine

a set T nomgnal values for the variables in Pt — P, consistent with the sensor readings,
0

the ¢
P,

traifjts derived at plan time and the nominal values already chosen for variables in

Thl rob[t controller can find a set of consistent nominal values for all plan variables,
by chogsing p point
pt € space(PT)
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such that

and

p

in P

+

proj(Pt,P,pt)=1p

< proj(PT UU™, P, 5at([ [C1 UCs UCu]r(p) lm(m), PT UUT)).

The ﬁant of these two requirements simply says that the old nominal values for variables

e refained. The second takes into account the sensor readings and chooses an

interpretatign of the sensors consistent with the existing constraints.

4.2.5 Sensorf can checkpoint plans.

Giyen that a scnse operation has been introduced into a plan it is possible for the robot

controller tof check that the sensor readings could possibly correspond to the model of the

world gsed

to intgrpret

y the robot planner and the plan checker. It implicitly must do this in order

he sensor values and choose nominal values for the quantities being measured.

Le. it impligity checks whether

sat([ [Cr U Cs UCup(p) Ia(m), PH UUT)

contaifis a pgint consistent with the values for variables in P, and the sensor readings, when

searchipg fo an interpretation of the sensor values. If such a point does not exist then the

measugiemengs from the sensors are inconsistent with the model of the world.

controller ¢

Then af pl

can belfhec

Atlpla
s, independ

the form (4.

The plI checker can arrange for the robot controller to do more however. The robot

be told how to to identify which sensor readings are implausible in themselves.

r]:ime the plan checker can include in P+ a variable READING, for each sensor

t of whether /5 and 7, depend on that variable, and include a constraint of

.3)in Cg. Then it can compute a set B; where

Bs D proj(Pt YU, {READING, }, 5at(C; U Cs, PT UUT)).

zlexecution time when sensor s is read, and a value m, is returned, the plan

d by testing whether m¢ € B,. If not, then the planned model definitely does
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not fit

the

qurrent physical situation. Furthermore the identity of sensor s can give any

error rigcovefy system a handle on where the inconsistency lies.

4.3 How addlitional constraints affect the plan.

In

groupi
differe
to fix

treated

It
on the

plan to

pr
pla

for

hou

plan

ascribegd to

paper.

4.3.1 W

constra

P then

Otherw)]

comput

The pl

nts

it is

ce a

ectign 1.2 six possible outcomes for a plan checking algorithm were outlined. That

g wIsomeWhat arbitrary but the six outcomes are maintained here to explain how

erties of a computed set Cy can be used to characterize what can be done
i}. The mathematical considerations in the characterization of the set Cy are

the six outcomes below.

1§ be emphasized the the particular set Cy computed by a plan checker depends

Lhecker itself. Plan checkers differ in the extent to which they need to alter a

assule themselves that it will work. Such differences can be compared if costs are

ossible alterations to a plan. The issues involved will not be addressed in this

he plan checker does.

ln checker is given a plan P. It computes a set Cy of additional initial
1at, it deems necessary to guarantee that the plan is sound. If support(Cy) C

finished and the final plan is

(9, P,U,V,Cy UCN,CA,CQ):

ise t[e plan checker introduces sensing into the plan to derive plan P+. It then

ew set C],F as before on the basis of P+ resulting in a final plan

(gF,P,ut,v,ctuct,cl,cd)
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4.3.2 Six oufcomes.

OUTCAME J: If no sensing was introduced, support(Cy) C P and (A) and (G) hold then

the neW plag is sound and is simply the given plan subject to some extra constraints on
the plap varflables. That is to say, some of the as yet unresolved decisions concerning the

plan hgve bden further constrained.

Furtherfnore, if
Cy=20

or mor¢ gengrally
sat(Cy U Cy,PUU) = sat(C;,PUU)

then thie orgnal plan is the same as the new one, so in fact the original plan was sound.

OUTCOME §: Suppose sensing has been introduced, (A) and (G) are true for the new plan

and support C}') C Pt. Then the plan with sensing is sound.

OUTCQME § Suppose sensing has been introduced, (A)and (G) are true for the new plan,
but support]CH) & P+, while support(C}) C P+ UUY. In this case plan P+ should

be rejegted pnd the plan checker should back up to the original plan P augmented with
Cu. Note that suppori(Cy) & P. Now the previous plan islands should be rechecked,
but with Cgu Cy as a stronger goal constraint than previously supplied. Essentially this
strategy willfforce sensing to be carried out earlier in the overall plan so that the propagated

P

uncertdinty fhat reaches this plan island will be reduced.

OUTCOME §: If any of the above conditions are met, except that (G) does not hold, then

the ne plall is physically realizable except that it doesn’t achieve the desired goal. The set
of findll statgs which can arise should be propagated forward to the next planning island,
in the Hope fhat subsequent sensing and actions can be modified to handle the uncertainty

introdiyiced g this step of the plan.

OUTCAME ¥ If none of the above conditions could be met (e.g. there are neither powerful
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enoughl sensg operations available nor could the planning islands before and ahead of this
island [be adppted sufficiently) then the plan 7 is unworkable in the context of the global
plan.

ouTCOME §: If set([C; UC4lu(0y), P) = 0 then the plan is unworkable independently of

how mj:h tye uncertaintites in the physical system can be reduced by sensing operations.

The test simply asks whether the constraints are satisfiable even with zero uncertainties.
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5. an Algorithm For Dealing with Position Errors And Toleranced Parts

Alj| the fheart of a plan checker there must be a system which can reason about

constrfints, ibout their satisfying sets, and about the projections of those satisfying sets

into subspa

8.

The AQRONYM (Brooks (1981a)) system used such a constraint manipulation system

to reag@n abput consistent interpretations of image features. This section takes a constraint

manipMlatioh system of the form used by ACRONYM and constructs an algorithm for

checking thf algebraic aspects of robot plans. It is capable of producing five of the

six oufitomep previously detailed. In particular it propagates constraints forwards and

backwgrds gmongst planning islands, it introduces sensing operations when necessary and

plan.

but the| ext

appro;Liate, and when a plan is rejected it gives some analysis of what is wrong with the

xtmIing it to include the sixth possible outcome (outcome 4) is straightforward,

complexity detracts f rom the presentation of the algorithm.

Segtion 5.1 introduces some more notation concerning satisfying scts of sets of con-

straints

Segtion 5.2 details the formial properties of the constraint system used in the plan

checken| It if known as the SUP-INF method. These properties are precisely those needed

by the|jplan fhecker developed through the rest of section 5. Any other constraint system

with t

perfor

iase pfoperties could equally be used as the core of thé plan checking algorithm. The

ancefof the constraint system (and hence the algorithm) is not formally addressed.

The capstragpt system used here is understood formally when restricted to linear sets of

constrajnts. fllowever for non-linear constraints the best characterization known so far is

informgl and empirical. Section 4.3 discusses the issue of comparison of performances of

plan ¢

hecking algorithms.

Segtion p.3 introduces an important sub-procedure. It projects a set of constraints

into a

shibspdce, over the satisfying set of a second set of constraints. This procedure is the
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workhorse {qr constructing sets Cy .

Saegtion

b.4 describes the main plan checking algorithm based on the SUP-INF method.

Section(5.5 dptails how the SUP--INI" method can be used to decide which physical quantities

need to| be s

nsed, and section 5.6 gives a detailed example of the plan checker on the four

coupleq plagfs introduced in section 2.2.

5.1 Mdre nofation.

the follpwing

constraints.
DEFINITION

support|(C),

and

Thus luﬂ'b(e,(

satisfylhg se

The corfstraint methods used at the core of the plan checking algorithm described in

sections rely on estimating bounds on expressions over satisfying sets of sets of

Some additional notation is convenient in order to characterize their behavior.

: Given ap expression e, and a set of constraints C, let W = suppori(e) U

et S = sat(C, W) then define

lub(e, C) = sup[e]w(p)
pES
glb(e, C) = inf [e]w (p)

) is the least upper bound on the values achieved by the expression e over the

of the constraints C. The greatest lower bound glb(e, C) is defined similary.

5.2 Theg computational tools.

Bledsoe

sets of||linea

1975) introduced what be called the SUP-INF method, to determine whether

equalities had integer solutions. The problems he wished to solve arise in

autom Lic g

assertions.

neration of proofs of correctness of programs using methods of inductive

ostak (1977) extended the method and showed that it was equivalent to the

simplex| metRod over real linear inequalities.

hor (Brooks (1981a), (1981b)) extended the SUP-INF method to handle a
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large class 4f non-linear inequalities, and included simple extensions to handle eertain

elemengary functions (e.g. sin and cos) in a primitive way. To support an implementation of

acomplete glan checker, the author had to extend the method further to handle disjunctions

of both inegpalitities and conjunctions of inequalities. It already implicitly handled simple

conjuilttiony of inequalilies. As a by--product of this development it became possible to

includg| a mych fuller treatment of quadratic forms.

and cl

SupP-1

E
additi

a limi

his seftion describes the computable functions of the extended SUP-INF method,

][Lract rizes their capabilities. The precise algorithms used in the earlier versions of

F mpthod can be found in Brooks (1981a) and Brooks (1981b).

presqgons handled by the extended SUP-INF method can include operations for
i, suptraction, multiplication, division, square root, maximum, minimum, and (to

d esgent) some trigonometric functions. Operations are on numbers, the special

symbolg co gnd —oo and formal variables.

Ccnstr]nts are inequalities and conjunctions and disjunctions of constraints. _
Disjungtiongcan arise frorn simple inequalities if MIN is placed on the left of “<” or MAX
on thelright

5.2.1 Bpunding with projections.

T

expres

possiblg bou

they d

while the re

e SUP-INF method takes its name from two procedures, SUP and INF which bound
glons lver salislying sets of constraint sets. In general they do not provide the best
ds, but in many cases (linear for instance, see below, but also often otherwise)

48

Ty oicalI; the symbolic result of SUP will be an expression of the form min(ey,...,e,)

1t of INI" will be of the form max(ey,...,e,).

Copsidef as an example the set of constraints defined by
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Ce={zxc<yasty<T)

Then the pypcedures SUP and INF produce the results:

and

Let e be an

SUP(“z + y",Ce,{y }) = min(7,2.1926 + y,y + /7)

INF(“z”,C¢, ) = —3.1926

Tl;[: twp procedures take three arguments. First consider the following special case.

px pression, C a set, of constraints, and suppose that support(e) C support(C).

Then Hrookf (1981a) shows that

and

lub(e, C) < SUP(e, C,0)

glb(e, C) > INF(e, C, 0)

whenever CJis satisfiable, i.e. whenever

No guarante

sat(C, support(C)) # 0.

e is made concerning the results returned by SUP and INF when the constraints

are noli satigiable.

to thode of

constraints,

and

For linepr sets of constraints the extended versions of SUP and INF behave identically

Bhostak (1977). He showed that under those conditions they actually find

the beﬂb poIible bounds. That is for a constraint set C which consists entirely of linear

nd a linear expression e then

lub(e, C) == SUP(e, C, 0)

glb(e, C) == INF(e, C, 0).
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Bounds [El{x,y}(sat(C,{x,y}))

iny

Figure 10. /ln illustration of the projection and bounding behavior of the procedures SUP
and INJF. THe text contains detailed commentary.

Proceddres SUP and INF are more general however. Given a satisfiable set of con-
straintg, an pxpression over the satisfying set, and a subspace, SUP and INF compute sur-

faces dpfineq over the projection into the subspace of the satisfying set, which everywhere

boundthe ejpression over the inverse image of the projected points in the original satisfying
set. Mare [ofmally, but perhaps more clearly, suppose support(C) C W,V C W, and e is
an expfessiof where support(e) C W. If

sat(C, W) # @
then
support(SUP(e,C,V)) C V,
;support(INF(e, C,V)CcVv
and
Vo satfc, w), (5.2.1)
[SUP(4 C,V)lv(proj(W,V,z)) > le]lw(z) = [INF(e, C, V)|y (proj(W,V, z)).
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Figure

W:{x:y

0 gives an illustration of these capabilites. There the set W is defined by
,and V = {y}. The constraint set C is salisfied by the region shaded in

the z-y plage. The expression e takes values in the reals i over the satislying set and

gives rige to

Lhe surface patch illustrated. The darkened region of the y-axis illustrates the

projectﬂon off the satisfying set sat(C, W) into space(V'). The shaded region in the y—® plane

is the gorresponding projection of the values achieved by e. The curves in the y-R plane

above jand

returnfd by

low that shaded region correspond to the values achieved by the expressions

SUP(e,C, V) and INF(e, C, V), both expressions in y, over the porjection of

the saj msfyirt set. Notice that they are upper and lower bounds on the projection of the

surface|patc

5.2.2 Al|part

generated by e.

al decision procedure.

THe pr

cdures SUP and INF can be combined (following Bledsoe (1975)) to produce

a partiidl dedision procedure on sets of constraints. The decision concerns whether a set C

of consfraingp is consistent, i.e. whether the constraints are satisfiable, or formally whether

That the pr

sat(C, support(C)) # 0.

cedure is partial comes from the fact that it can not always decide whether

or not|this i

the case. In fact it has two outcomes; one that the satisfying set is definitely

empty}|and fhe other that it doesn’t know. This property is the cost of requiring that

it alwa}s iegminate in some bounded time determined by the size and complexity of the

constraint s

The ded

C.

sion procedure is called DECIDE. Given a set of constraints C, then if

Vv € support(C), INF(v,C,0) < SUP(v,C,0)

(wheref[the leﬁnition of “<” is extended to handle 4-00 correctly) DECIDE(C) returns

“possibly sa

isfiable” (or true), else it returns “definitely unsatisfiable” (or false).

The profedure DECIDE is sound in the sense that it never returns an incorrect result.
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This fy
satisfyjj

a set

Be
PROJ{
set of
satisfy
ing set

which

Giy
suppor

projecti
PROJf
= {

If a cong

tion ove

lowslfrom the fact that SUP and INF return upper and lower bounds over the

ng sef of a set of constraints.

courpe a procedure which always returns “possibly satisfiable” is also sound under
nitign of soundness. Such a procedure happens to be worthless, however. A partial
progedure is only interesting is it sometimes detects unsatisfiable sets of constraints.

re offen it successfully detects such sets, the more interesting it is.

only characterization of the extended SUP-INF decision procedure is empirical.
ice, pn its use in the ACRONYM system there was never a case observed where
to getect an inconsistent set of constraints. However it is possible to construct
corptraints which is in fact inconsistent, on which DECIDE rcturns “possibly
Ie”. [The philosphy adopted in ACRONYM was that if there was a failure to detect
sist[l“cy at some point in the computation, it would more than likely be detected

plications of the inconsistency were propagated and became less subtle.

tritica] sub-procedure.

ides IDECIDE, another important sub-procedure used in the plan checker is
S. ILjprojects a set of constraints into a subspace over the satisfying set of a second

Iin.ts in such a way that points which satisfy the projected constraints also
he ofiginal constraints. Essentially it tries to find prismatic subsets of the satisfy-
f thlﬁrst set of constraints, with elongation orthogonal to the projection subspace,

olly contained in the satisfying set of the second set of constraints.

en vpriables sets W and V where V. C W and constraint sets C; and C, where
Cy)JC W and support(Cy) C W, the procedure PROJCS simply computes the

on T/]Cl from space(W) to space(V'), over the satisfying set of Cg, by
CS(W,V, Cy, Cy)

“SUP(a,C3, V) < INF(b,Co, V)" | “a < b” € Cy,SUP(a, Cz,0) £ INF(b,Cy,0) }.
traing contains conjunctions or disjunctions then PROJCS simply maps this projec-

r thg terms. Thus PROJCS is a computable procedure which returns a set of
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constr)]jnfpé.
]

and lo

The set V supports those constraints. The comparison of the numeric upper

er bqunds of a and b respectively simply serves to prune out constraints which are

trivially trug over the satislying set of C3. The key property of procedure PROJCS is given

by the|follofing lemma.

LEMMA: Le} C = PROJCS(W,V,Cy,Cz). Then

=1

PROO]

sat(C U Cq, W) C sat(Cq, W).

: Letdx € sat(C U Ca, W), and let a < b where a and b are expressions in W be a

constraint if§ C; which is not trivially satisfied over sat(Cq, W).

and

Sigce = sat(Cq, W), then by the definition of function SUP (see (5.2.1))

[a]lw(z) < [SUP(a,Ca, V)l (proj(W, V, z))

[INF(b, Ca, V)v (proj(W,V,z)) < [blw(z).

But = & satl?, W) also and hence satisfies every constraint in C. In particular C includes

the conptrai

and hence

Thus z

The pr
expressed a
it constiruct

expressjons,

[{3 L)

min” gxpres

SUP(a, Cs, V) < INF(b, Cz, V)

[alw(z) < [blw(=).

E sat(Cy, W)
oI:edure PROJCS often results in a set of constraints whose satisfying set is
sja disjunction of sets satisfying subsets of the constraints. This is because

nequalities by putting expressions produced by INF, which includes “max”
Ln the right of “<” symbols, and expressions produced by SUP, which include

ions, are put on the left.
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5.4 Checking a plan.

A pro¢

plan s
of the

aspect,

F

the wq

that a

be gua

the ro

to a p

forwang

tiatio:J
addre

part of

within

e plah checker must check a sequence of subplans at a particular level of abstraction.

durq CHECK is defined later in this section which checks individual subplans, or
ps. Jt must be used by a higher level plan checker which typically would be part
ctuaf robot planner. In this paper we assume a simple model for the plan checking

f thg robot planner.

st it s given an initial state of the world and it propagates the effects of actions on
1d, wing CHECK, through the plan steps while constraining the plan variables so
actigns are guaranteed to succeed. Whenever a plan step is reached which can not

antegd to work by constraining plan variables or sensing at that step of the plan,

t plenner backs up, again using CHECK, carrying back a set of goal constraints
nt vihere CHECK can guarantee that the goal can be satisfied. It then proceeds
agafn from that subplan aplying CHECK and propagating the results.

is pr[cess is illustrated below by checking the four plans A through B introduced

arly Jthere is room for much work on the role of the robot planner and the nego-
whidh can take place between adjacent planning islands. This paper has not directly
d that issue, as it is more properly part of the planning process itself, rather than
lan fhecking per se. What this paper has done is to give a mathematical framework

hicll those negotiations can be explored.

5.4.1 Simple}checking.

Figure Y1 defines the procedure CHECKSIMP. It is the part of the plan checker which

tests whethe} a plan can be guaranteed to work simply by constraining the plan variables.

In/jts arfument list P is the plan to be checked and P* the plan which follows it in the
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procedire CHECKSIMP(?, P*, FEEDFWD)
begi
no]uDECIDE([CI U C4lu(0y))

tcome 6

pegin
Cx «~PROJCS(PUU,P,C4Cy)
U (if FEEDFWD
then @
else PROJCS(PUU UV,P,C},C; UCy)):
if DECIDE(C; UCy)
then
begin
if FEEDFWD then PROPAGATE(P",C; U Cy U Cg);
return outcome 1
end
else return other
gnd

L. Frocedure to check whether a plan will work if its plan variables are sufficiently
ned. :

plagning islands. A flag, FEEDFWD, says whether the initial states of the following
plan A shopld be used as a goal condition (when the flag is false) or whether the initial
states

In that

theffollowing plan should be derived from the current plan {when the flag is true).
-ase b procedure PROPAGATE is called to update P. Details of that procedure are

not considergd here.

THEOREM: [f procedure CHECKSIMP produces outcome 1 then the plan
(g’P:U:V:CI UCN,CA,CQ)

is sound.
PROOF}: It syffices to show that conditions (A) and (G) hold.

Since C} was computed by procedure PROJCS the lemma of section 5.3 says that

sat(Cy UCx, PUU)C sat(Cﬂ,PUU)
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Iigure
finding
text c

whenc

Ir

used t

But P

¥
o

K

suffi

cong

¢

esta

sat(Cy, P UUY)

7

( sat(Cr UCg, PUU UYV)

sat(C; UCy, PUD)

~
sat(Cy,PUU) ™~ ~ /\\
(C Constraints C

U

12. An illustration of the various constraint sets and their satisfying sets involved in

jent constraints on plan variables to guarantee that a plan will succeed. The

pntaing detailed commentary.

ition (A) is proved.

'htDlIlD was true then the theorem is proved. Otherwise the lemma can again be

lish that
5at(C;UCg U Cy,PUUUV) C sat(C;,PUUUV).

and U" C U UV whence condition (G) is satisfied. §
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5.4.2 A

ing the

Fo

variable

of variaﬂb]es

— the
sat(Cy

mor

cons

I sim

s. In|

et o

P

intuitive explanation.

is seqtion tries to give a more intuitive explanation of what is going on in construct-

raints Cy above. Consider figure 12.

licity (and drawabilty!) the sets P, U and V have been compressed to single
deition the axes have been offset so that they don’t go through the zero values
n U and V. The large region outlined in the P-U plane is sat(Cy, P U U)
initial states possible for the original plan. The region in the P-V plane is

U”). Note that in this case P = P* and V = U". The smaller region in the

P-U pliane if the region where the action of plan P is applicable - i.e. sat(Cr UCy4, PUU).

to an in

it could

Th
where 4

set of i

Tqg
states

because

be introduce

ones 01

Cai
which 4
patch ¢
the P-§

conditio)

itial

e 10l

The surface floating above is the set of states which the action can achieve when applied

tate. In this diagram there is only one resultant state per initial state, so that

be rgpresented by a function. The surface patch is given by sat(C;UCg, PUUUY).

of procedure CHECKSIMP is to further restrtict the set of initial states to

¢ agtion is applicable and to where the resultant final state will project into the

nust

one

P, a

tisfy
fin

itial ptates of the following subplan P”.

avoi] wishful thinking (sce section 4.2) the cross section of the new set of initial

e identical in the U direction wherever it intersects the original set. This is

cannot. change the initial uncertainties purely by legislation — sensing must

l if that is desired. Therefore the only constraints allowed in this diagram are

d so they must be parallel to the U-axis.

ditigp (A) says that the initial states should be confined to be a subset of the points

C4. Condition (G) says that the initial states should be confined so that the

states above them projects into the initial set of the following subplan, in

plape in this case. The dashed lines give constraints C ) which guarantee that

s (

and (G) are satisfied.
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proceddre CHHECK(P, 7", FEEDFWD)
begin
¢ase QHECKSIMP(P, P*, FEEDFWD)ot
1: feturn outcome 1;
6: return outcome 6;
othpr: begin
Cy « C4U (it FEEDFWD
then
else PROJCS(PUU UV,PUU,CY,Cr UCy));
§ — SENSEVARS(C;,Cy, P,U);
P+ « RESTRUCTURE(P, s);
case CHECKSIMP(P+, P+*| true.) of
1: return outcome 2;
6: return outcome 6;
other: it PROPBACK(P,Cy)
then return outcome 3
else return outcome 5;

endcase
end;
gendcgse
end;
Figure|13. ‘The main plan checking algorithm.

5.4.3 FYll scqle checking.

Figure 1B gives the main plan checking algorithm. It uses CHECKSIMP to check the

original|planjand simply passes on the result if the plan either fails to work completely or
if it can be gharanteed to work by simply constraining plan variables. Otherwise CHECK
attempl]s to fptroduce sensing into the plan to see if that will help.

It constrpets a new set Cy, using PROJCS as does CHECK, but this time its support
can incjpde Ilcertainty variables from U. It calls a procedure SENSEVARS described in
section §.5 bdow to decide which of the uncertainty variables need to be reduced by sensing
to meet|the Jew constraints Cy. SENSEVARS returns a set of physical quantities to be
measured, anli associated sensors to do the measurement.

Thy progedure RESTRUCTURE is invoked to carry out the operations described in
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section 4.2 tp restructure the plan P by introducing new plan variables whose values will be

instanfiated]at plan execution time by interpreting the chosen sensors. (Section 5.5 below

shows

some fpractical simplifications which can be made to the constraints of section 4.9.

The simplifikations are not approximations, but rather conservative estimates which result

in mue

very &

h simpler constraint sets and thus less computation time. Their drawback is that in

zht sifuations the plan checker may reject a plan which is actually valid.)

Now pl]x:edure CHECK invokes CHHECKSIMP again to check the restructured plan.

The ¥

EDFWDYflag is passed true, so that subsequent planning islands will be restructured for

the new senfing variables. If CHECKSIMP says that the restructured plan P is sound

then Q

{ECK is done and by the theorem above the plan with sensing is sound. Otherwise

the prgcedufe PROPBACK is invoked. It recursivley re-invokes the plan checker on the

previolls (anfl already checked) plan, with FEEDFWD false, to sce if it is possible to deliver

the wo

tld tolplan P in a state where the uncertainties meet the constraints G ~- Of course

the reslyult of JCHECK on the previous plan may again result in PROPBACK being invoked,

and fu

finally

outcome 5.

and ou

5.6 bel

ther Fecrusive calls of CHECK back through the chain of plans. If that recursion

lails re PROPBACK returns false and procedure CHECK gives up by signalling
PROPBACK is successful then Cy defincs a new plan which is again sound
fcomd 3 is the resuli. Examples of the behavior of PROBACK are given in section

Ow.

5.4.4 An exajnple.

The fungtion CHECK is called on each of plan A through plan D succesively, with

FEEDFWD| truef so that the initial constraints of the following plans are generated. Section

3.3 sho

the call|to P

Cyu, na

wed tr initial states for plan B which bad beer generated from plan A. In that case
OJCS in CHECKSIMP produces no new constraints, as the constraint from

ely

12.0 < Box-pos < 36.0

is triviglly safisified.
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Plan B generates no new state information. Finally plan C generates initial constraints

of

where

12.0 < Box-Pos < 36.0
e(BOX-P0S) < BOX-UNC < ep(BOX-POS)
e((BOX~P0S) < LID-UNC < e (BOX-POS)
ei(BOX~P0S) <BOLT-UNC < ep, (BOX-PODS)

e(z) = max(0.0002215z — 0.043262, 0.0009857z — 0.063329)
en(z) == min(0.043262 — 0.0002253z,0.063329 — 0.0009895x)

for plam D. &gain PROJCS generated no new constraints in this case. Note that

P ={Box-Pos }
U == { BOX-UNC, LID-UNC, BOLT-UNC }.

When (UIECK is applied to plan D the first call to CHECKSIMP fails with outcome

“otherfl, Th

reason, although the plan checker can not isolate it to this level of analysis,

is thatjall tHe bolt and the lid line up well enough for initial insertion, there is too much

uncert
them |
SENSH

values

the next sec

in the rpnge

Th
RESTRUCT
sensing
the pragedu
constraints o
to false, it is
than before.

BOX-UNG|and

n the relative positions of the box and lid to guarantee that the holes in
- A new set Cy is computed where support(Cy) C P UU. The procedure

is invoked and it deduces that BOX-UNC and LID-UNC have smaller ranges of -

hen[‘, ~ constrains the intital states (SENSEVARS is described in more detail in

jon). It correctly deduces that there is no need to reduce BOLT-UNC anywhere

bf box positions.

plpn is restructured to introduce sensing. However the procedure

[RE notes that no named physical quantities are introduced in plan D, so

an 1ot affect any action which is to take place. Therefore it immediately invokes

PROPBACK. It propagates the set C; U Cy back to plan C as the initial
plan D. Thus when CHECKSIMP is invoked on plan C with flag FEEDFWD set
fealized that plan C needs to produce a more tightly constrained world state
Again SENSEVARS is invoked and it recommends reductions in the ranges of

ID-UNC.

Procedue RESTRUCTURE is once again invoked. It decides that since there is only
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5.5 Int

determ
The seq

551D

Re

The shi

single j

R4

of cong

identify

whi

sical quantity to be introduced, namely bolt:position, and since it depends

lid:;gpsition, then it can only possibly help to sense the latter, and thus it can only

to reduce the uncertainty in the position of the lid and not in the position of
Ilsing is introduced, and then PROPBACK propagates forward from the new
n D once again. However plan D once again fails as the relative positions of the
pave still not changed, and so there is no guarantee that they will line up well
I-e bolt to be inserted through them both. Therefore PROPBACK continues

om plan C. The result is described below in section 5.6.

ducfng sensing.

tion 5.4 described procedures to check plans. A major subprocedure invoked by

wad SENSEVARS. Its job is to select physical quantities and sensors to be intro-

plan to guarantee its success. There are two stages to that process. First

ertaipties which must be reduced by sensing need to be identified. These can be

y examing the set of new constraints Cy. The prcoess is described below.

tep is to choose sensors which will indeed reduce those uncertainties.

cidifg what needs to be sensed.

er tdfigure 14. The outlined area in the P-U plan is the original set sat(Cy, PUU).
ded qubset of that area corresponds to sat(C; UCy,PUU). For a given value of the
an vgriable in P a piece of the original set which is unshaded represents a tightening

rainI on the single uncertainty variable in U. In general it will be necessary to

uncertainty variables are so constrained.

Copsidef an uncertainty variable u € U and the problem of deciding if it has been

" further

consffrained. Let

0s = SUP(4,C;,PUU — {u})
0; = INF(u,C;,PUU — {u})
ns = SUP(u,C; UCyN,PUU — {u})
n; = INF(u,C; UCy, PUU - {u}).
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ExpreTions

space

0s and o; are the original bounds on u, (expressed as funciions of the parts of

‘rtholonal to u) and n, and n, are bounds on the newly constrained u.

Ifiu is ipdeed constrained by the set Cy then there exists some point

x € space(PUU — {u})

at which onp of

[ns] pPuv —{w3(2) < [0s]Puy—{u}(2) (5.5.1)
[na] puv —{w3{2) > 0] puv—{u)(2)

is true, In tfle remainder of this analysis only o5 and n, will be considered. Dual statements

hold for n,

05 — fis and

[

_

involving

Stppos

sets

is satisfiable

appliep| prog

Ind o;.

Ty detqrmine whether condition (5.5.1) were ever true it would suffice to examine

see if it were ever positive. However o5 and n, will typically be expressions

rpin” and thus their difference will be too complex for the SUP-INF method.

however that n, = min(nsy, Nsz,...,Nsk). Then if for any € > 0 one of the

C=CIU{u2n5j+€}

then condition (5.5.1) is satisifed.

erefdre the algorithm SIENSEVARS simply chooses some small € and for each u

bdure DECIDE to each set of the form C above. If at least one of the sets

is shown to Jbe possibly satisifiable then u us a candidate for reduction. Note that if for

some Y4 all

ts are said to unsatisfiable by DECIDE then (since DECIDE only says sets

are unjgatisiffable when indeed they are unsatisfiable) v has nowhere been reduced by more

than ¢ jover

pace(PUU — {u}).

In|the ggample of sections 5.4.4 and 5.6 a constant ¢ of 0.000001 was used.
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5.5.2 (thooskng a sensor.

0o

to cary|

to redp

named
which

in thig

O

mediat

tainty

desirab|

be don
the SU

5531

S¢

tionin

slow d

expensgj

the ex

to trad

constra

author

In
the nozx

being s

checking ti

ce tle uncertainties are to be reduced by sensing have been chosen, it is necessary

ouff some geometric reasoning to find which quantities can be measured in order
ce those particular uncertainties. Each uncertainty is associated with a particular
hyskcal quantity in the gcometry g of the plan. A quantity which can be sensed and
eperfds on that named physical quantity must be found. That topic is not covered

apel.

ce afcandidate sensor has been found it would be advantageous to determine im-

ly it} measurement error is small enough to provide the desired reduction in uncer-

If mqre that one candidate sensor is found then this capability would be even more
e. The SUP-INF method proves useful in this task also, but more work remains to
on fhe topic and meanwhile a useable plan checker can be implemented based on

~INF method without this capability.
rivifig the constraints.

tion #.4.2 defined the constraints which can be inferred from adding a sense opera-
a plhn. Those constraints contain many variables and an equality. Such constraints

Te SUP-INF method significantly, making the analysis of a sensing operation
e. If turns out however that a set of simpler constraints, essentially projections of
t fofms into a subspace, are almost as strong as the originals. Thus it is possible
| tin]: spent in plan analysis for the possibility of missing a correct plan when all

re extremely tight. This exactly what the plan checker implemented by the

ddifjon the implemented plan checker assumes that the robot controller will use

minal falue returned by a sensor as the new nominal value for the physical quantity

snse:L The validity of such sensor interpretations depends on the ability at plan

to be able to split up a satisfying set of C; into components where the
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physicgl quahtity ranges over a single interval.

Rgcall fhe notation used. A physical quantity represented by the expression 0 4 v,
where |p hasfsupport in P and v has support in U, is to be sensed and to be represented
by the lexprgssion n +- u where n represents the nominal value and u the uncertainty. The

implermented plan checker introduces the following three constraints.

n + ls(n)<o + SUP(v, C, support(o))
o + INF(v, Cy, support(o)) <n + rs(n)
L(n)< u <ry(n)

Ttuc firs two are an expression of constraint (4.3.1) projected into a subspace of plan

variablgs. THe projection is conservative in the sense that anything that satisifies these two

constraints il also satisfy (4.3.1). Thus the plan checker will have more situations to deal
with th

n might have been described by using the more exact constraint. Since no explicit

sense vy

the rel
the serﬂ

iablg is introduced, but n is used directly instead, these two constraints also express
ion given by constraint (4.3.3). The final constraint concerns the uncertainty in

d qfantity, and it takes the place of constraint (4.3.4).

ice that the first two introduced constraints allow n, the new nominal value, to

argef range of values than o, the older. Practically this often means that some

int, ngwly expressed in terms of n, will cut down the allowed range of values for
t n qnds up having the same range as did o before the sensing constraints were

ed. I is this process which validates the use of the nominal sensor reading as the

nominal valug for the quantity being measured.
5.6 Comipletigg the example.
Copsiderjagain the example of the four coupled plans.

After refecting the introduction of sensing at the start of plan C the procedure
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PROPBACH
physicall quah

works back through plan B and plan A. At plan B it notices that no new

tities are introduced, so sensing can not help. The extra constraints request-

ing a reducfon in the uncertainty of the box and lid positions are carried back to plan

A.

Pracedgre SENSEVARS suggests that the box position should be sensed. Since
an intfpducqd physical quantity lid:position depends on box:position the procedure
RESTRUCTURE introduces sensing for that quantity.

Now thd

new constraints are propagated through the-series of plans using procedure

CHECHKSIMP. Extra constraints get added to the new plan A to ensure that the nominal

value of the Iensor can be used as the nominal value of box:position. For instance when

the sengor h

then the con

is added. Ng
places fxtra

BOX-PO0S$|is th

s error characteristics

—l¢(m) = ry(m) = 0.0004 X m

traint

12.0454 < BoX-Pos < 35.9579

extra constraints Cy are needed until plan D is reached. The final subplan
constraints on the plan variables (the initial nominal position of the box,

only plan variable), depending on the error characteristics of the sensor. The

following table suminarizes some results.

Funclion [, Function r, Resulting Cy
110.00p35 X x 0.00035 X z empty
-—-0.00»40 X 0.00040 X z BOX-P0S < 20.0892V 28.1397 < BOX-POS
HLo.00p45 x « 0.00045 X BOX-POS < 15.6811V 30.7618 < BOX-POS
—~-0.00’50 X T 0.00050 X z BOX-~PDS < 12.8564 \ 33.9237 < BOX-POS
+0.00955 X = - | 0.00055 X z unsatisfiable

lead to

nal

ThEI senslrs, with linear error, smoothly degrade the range of initial box positions which

ccess of plan D. With an error factor of 0.00035 the plan can be successfully




carried out Jwherever the box is initially placed. For 0.00040, 0.00045 and 0.00050 the
central regign of the working area of the manipulator is forbidden, as the combination
of sengor erfor and manipulator uncertainty makes the plan infeasible. If the only sensor

availafjle hag an error factor of 0.00055 then nowhere is sensing powerful enough.

In| the Jatter case when the plans are propagated forward from plan A with sens-

ing throughf to plan D, the plan checker finds that the set Cy computed by procedure
CHEQKSIMP leads to no feasible initial positions for the box. There is nowhere left to
propagiate Hackwards from plan A so it must conclude that in this case the sequence of

plans jp infepsible due to inadequate sensing.
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devela

6. Related Questions

his pqper has developed a formal model for checking robot plans. To do so it first

ped afformal model of plans. Plans are the result of planning. The plan checker is

able to| modfy plans, but there has been no development in this paper of the formal process

of pla

ingd Thus there are some deficiencies in the model of plans used. Work is needed

to int¢gratejthe model presented here with more creative planning processes.

6.1 Planning.

M

notion

S
Sacer(
tion rq
to kng
Stefik
but it

planning, b

Ipst vI:rk on planning has been restricted to abstract domains where there is little
of a [netric, let alone spatial relations, errors or tolerances.

ssah’s (1975) HACKER program works entirely in an abstract blocks world.
pti’s §1977) NOAH is not restricted to the blocks world, but every problem descrip-

rquired a procedural semantics of the domain to accompany it. The user really needs

thq solution in advance in order to decide the form of the semantic description.
(1941) MOLGEN works in a domain of planning molecular genetics experiments,
oes]’t even have 2 strong notion of quantity. All thesc programs concentrate on

t in a domain with impoverished semantics. The semantics of their worlds can

be completdy specified in a few lines. They plan within that very simple world. Many

of the

programs a

ideI are usefu] for robot planning, but one should not suppose that any of these

capable of producing plans that could possibly work in a real world.

HSTRIPS sytstem (Sacerdoti (1974)) is often cited as a real world robot plan-
Indeed, a physical robot, SHAKEY, was controlled by plans generated by

{owever, SHAKEY was restricted to a tightly controlled environment, and

ced were handled by having the complete planing system available at execu-
PLANEX) to modify the pre-computed plans. As such, this is an excellent

untime processing power makes it viable, to handle deviations in the modelled
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world

time gfrate

can o

R
from {

extra

[rom ghat encountered in the real world. It has the disadvantage of the execution

compl&te]y dequate, so a cycle of “action, sense, new action to achieve the same goal”,

ne bldcks world. Uncertainties of size and position ((1973) p. 48) were ignored as an

compRcation to be tackled later. Fahlman did however deal with objects touching,

gravity and frictional forces. BUILD is capable of impressive behavior in the face of complex

arrangemen)s of blocks where these forces are significant. Fahlman claimed that “80%% of

the pe

tfor

nce” of his system derived from the level of detail in the model it was given of

a particularfsituation, while the remainder came from the planning knowledge embedded in

the sygtem. [F'urther, he claimed that the planning aspects are greatly simplified by having

the de

tailedfmodels. His system is probably unable to deal with real-world problems, but

it is mpach cjoser than the other planning systems mentioned above.

Mpravet (1980) programmed a mobile robot to navigate through a cluttered environ-

ment W@sing fa visual map. It took into account errors and their effects at many stages

of its

known

dimen
errors,
that w

compy

T

compftations. Because of its simple model of the world as clusters of points with

threq space coordinates it had to be very generous in enclosing them with spheres

to be Elvoid . It had a self model of how commands to its motors would affect its three

onaljlocation and orientation. This model took into account frictional forces, and
but glways assumed worst case errors to analyze the possible outcomes. Features

¢

re logated by its nine eyes were also considered to be prone to error. All of Moravec’s

batiofls were of the form of propagating errors forward, then checking the result.

dylor [1976) has carried out by far the most realistic analysis of errors in robot

planning tofdate. He used some symbolic geometric reasoning techniques, and many

power]
due ta

and to

1] nufmerical techniques. The example in section 2.1 of this paper is originally
Taylpr. His work differs from that here, in that he essentially propagated errors

leranges numerically forward through a physical situation, then checked at the end
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whethgr sucp things as applicability conditions were met. If not, the plan was either rejected

or moglified pt the point where the applicabilty condition was violated (e.g. initiate a spiral

search

rl‘l

numer

the co

Al
velope
They {

from

using force sensing to find the hole for the screw to fit in).

¢ mdthods presented in this paper have their roots in Taylor’s work. Instead of
al cqmputation in one direction, the computation (of the constraints) is symbolic;

Inputdtions can be proceed in any chosen direction.

blerfand Popplestone (1975) and Popplestone, Ambler and Bellos (1980) have de-
an pssembly programming system which has many elements of planning in it.

e gepmetric models of objects and infer spatial locations and orientations of parts

atiofships between them (e.g. “against” or “fits”). They do not take into account

toleranges, Hut instead work with nominal representations of distances and angles. Within

the {ra

smewdrk of this paper much of what they do can be characterized as finding con-

straintg on flan variables.

6.2 Intggratipn of planning and checking.

'1'\

island

e detpils of how the implemented plan checker propagates information from plan

to pl islénd, and exactly how it might fit in with an automatic planning system

were o a grgat cxtent ignored in this paper. That is largely because there are many ways

to inte

A

langua

explictly the|

explici

treat e

grate puch plan checkers with planning systems,

plan ghecker such as presented here could be integrated with a robot programming
ge atr number of different levels. The programmer might be required to model
uncertainty effects of each individual motion command, along with providing

| pre-fonditions on the applicability of that motion. The plan checker could then

Mery rhotion command as an individual plan island in a sequence of planned steps,

check {s valldity and propagate the uncertainties to the next motion command. Like a

be inv

smart am)mpi er it could provide error messages about why the sequence of motions might

d. I} a higher level robot programming language which included geometric models
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approag
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6.3 The

Ideally |
partial
model
paramsef

how to

Th

being re

axliLulzxtor and objects in the world, applicability and geometric constraints could
red fnore automatically by examing the motion statements. Again, advice could be
thq human programmer concerning critical points in the program where sensing

ded Jor new motion commands were required.

orefautomatic planning system culd also benefit from the plan checking approach

d iff this paper. Both Lozano-Pérez (1976) and Taylor (1976) have discussed
g sygtems which expand skeleton program fragments into complete robot programs
g ifto account the constraints implied by the geometry of the particular world
. Often there are decisions to be made in fleshing out such skeletons which must
lobql interactions. The plan checker presented here could be used as such a decision
theame time it can be used as the “test” part of a “generate and test” approach

e plnner might use for decisions which its expertise gives no guidance.

RAPT system of Popplesﬁone, Ambler and Bellos (1980) takes over some of the
buden from the human programmer. From the discussion of the previous section
r thit much of what the plan checker does is in the spirit of the RAPT system’s
h to] planning by solving relational constraints. It seems that a plan checker

g thd framework described in this paper could be naturally built on top of RAPT.

fornd of constraints.

The conktraints used in the implemented plan checker are all algebraic inequalities.

e wpuld like to find ways to express much more geometric constraints and develop
decisipn procedures that could deal with them in a manner adequate for using the
[ plags presented in this paper. The algebraic constraints used to date, constrain
erizaions of, essentially, “topologically” equivalent situations. They give no hint

alk gbout classes of states whose members include radically different topologies.

motl of plans (but not of sensors) given in section 3 is independent of the variables

al-valued or the constraints being inequalities. This gives some hope that it may be
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possib

the th

pPu

lte to I(tend the plan checking formalisin into the area of geometric checking, besides
r

y algebraic aspects presented here.

6.4 Summay.

'JHis paIer has concentrated on the algebraic aspects of robot plans that include explicit
model

to map| from

model

of impleme
checker cou

ensurd [that

T

readin

of u

s of

certaintics in the physical world. Earlier work (Brooks (1981a)) has shown how

the geometry of a world model to the algebraic aspects studied here. A formal

of plIls was developed, and a formal model of a plan checker followed. The details

ing a particular plan checker were discussed, and it was shown that the plan
i check the plan, constrain certain decisions and introduce sensing in order to

he plan would work.
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Appendix

ﬁe expmple introduced in section 2.2 and referred to throughout the paper has been
checked by

an implemented plan checker. The plan checker runs on a Lisp Machine at the

the ir

g sy

al Inl;:lligence Laboratory at the Massachusetts Institute of Technology. Below is

ut specification to the checker which describes the four coupled plans. This

ed by hand, but in the future may be generated as the product of a task level

tem.

ga.

A

Nen

E).
ple

LIZE
\

¢ BOX
¢ LID

is no

Fl EL
(+ (

(+ (

WSt tRe plan data-base is initialized and then the named physical quantities are

e entries POS and UNC simply declare the postfixes to be used in generating

varfable names, so that internal data structures can more easily be debugged. The

ry defines the type of each named physical quantities (another example might

of four coupled plans

PLAN-DATA-BASE)

ed pRysical quantitites

POSITION P0OS UNC)
POSITION POS UNC)
POSITION POS UNC)

FTnctio[s are then defined to specify the uncertainty behavior of the manipulator.

pecific model of the manipulator used by the plan checker at this level. The

behavior is encoded in the sets of constraints C G

per afd lower bounds on manipulator uncertainty

)
0.0002216 X) -0.043262) (+ (* 0.0009857 X) -0.063329)))

)
-0.0002253 X) 0.043262) (+ (* ~0.0009895 X) 0.063329)))

p errgr characteristics of the sensor are defined, and then a model of the sensor itself
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ENSOR
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5 an

§ ope

AN P
N
N
A
A

Je model is in terms of its error characteristics and the type of named physical

hich it can measure.

jpnd bounds on its errors.

(X) (* -0.0004 X))
X) (* 0.0004 X))

CAMERA LS RS ' (POSITION))

bw te four plans are déﬁned. There are up to four slots defined for each plan.

a list of named physical quantities which describe the state of the world at

plan. NPQ-ADDED-DEFS is a list of pairs describing named physical quantities

ito the world state by the action of the plan. The first element of each pair is

me off the new quantity and the second is an expression whose nominal value will be

inal value for the introduced quantity. Thus in plan A the lid is to be placed

samq nominal place as the box. The slots ABSTRACT-CA and ABSTRACT-CG describe
mfstra' it sets C 4 and Cg in terms of the named physical quantities. During the plan

ng prpcess they will be expanded in terms of plan and uncertainty variables. As

Jations get introduced, those expansions will change.

an definitions

NA
)-INIT ’(BOX-POSITION)
-ADDED-DEFS * ((LID-POSITION BOX-POSITION))
TRACT~CA *((IN (NOMINAL LID-POSITION) 12.0 36.0))
TRACT~CG * ((IN (UNCERTAINTY LID-POSITION)

(EL (NOMINAL LID-POSITION))

(EH (NOMINAL LID-POSITION)))))

AN PLANB
NPR-INIT ’(BOX-POSITION LID-POSITION)

TRACT-CA ’ ((IN (- BOX-POSITION LID-POSITION) -1.0 1.0)))
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(DEFPLAN PIANC
NHQ-INIT ’(BOX-POSITION LID-PGSITICN)
~ADDED-DEFS * ((BOLT-POSITION LID-POSITICN))
TRACT-CA ' ((IN (NOMINAL BOLT-PUSITION) 12.0 36.0))
TRACT-CG ’((IN (UNCERTAINTY BOLT-POSITION)

(EL (NOMINAL BOLT-POSITION))

(EH (NOMINAL BOLT-POSITION)))))

> > =

(DEFPLIAN PIJAND
Nag—INIT ' (BOX-POSITION LID-POSITION BOLT-POSITION)
AJSTRACT-CA ’ ((IN (- BOLT-POSITION LID-POSITION)
% -7. 64.)
"% 7. 64.))
(IN (- LID-POSITION BOX-POSITION)
% -3. 64.)
% 3. 684.))))

Hinally§ the initial state of the world is specified, and plan A is appropriately initialized.
The slpt N:]—LIST is filled with a list of named physical quantities corresponding to physical
realities in fhe world’s initial state, while ABSTRACT-CS is a list of constraints which describe

the pogsiblg initial states of the world.

55, initial state of the world

(INIT)ALIZY-PLAN PLANA
NPQ-LIST ’(BOX-POSITION)
ABSTRACT-CS ' ((IN (NOMINAL BOX-POSITION) 12.0 36.0)
(IN (UNCERTAINTY BOX-POSITION)
(EL (NOMINAL BOX-POSITION))
(EH (NOMINAL BOX-POSITION)))))
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