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Abstract

This paper describes a cognitively motivated computa-
tional theory of identifying perceptually indistinguish-
able objects (PIOs) based on a set of experiments, con-
ducted with human participants, which were designed to
identify the knowledge and perceptual cues that people
use for this purpose. Identifying a PIO in this context
means connecting sensor data from some physical object
either to a new mental level symbol or to the correct pre-
existing one. We discuss the experiments with people,
several base and intermediate cases in the identification
process and the knowledge that is needed for the general
case. A summary of an algorithm for identifying PIOs

is included.

Introduction

People often encounter objects that are perceptually in-
distinguishable from objects that they have seen before.
When this happens, how do they decide whether the ob-
ject they are looking at is something never before seen,
or if it is the same one they encountered before? How
should an agent, a person or a robot, identify a perceptu-
ally indistinguishable object (PIO) the way that people
often can?

Identifying a perceptually indistinguishable object
means deciding if the object just encountered is a new,
never before seen object, or if it has been previously
encountered, which previously perceived object it is.
Identifying a PIlO is a sub-problem of objeittentifi-
cation rather than objectecognition Object recogni-
tion is defined in a computational vision textbook (Jain
et al., 1995) as the process of finding and “labeling
objects [in the real world] based on known object mod-
els”, that is object recognition in computer vision is the
process of deciding what category an object belongs
to. By object identification, we mean deciding which
individual object it is, rather than deciding what cate-
gory of objects it belongs to. When an agent perceives
an object, it first uses its object recognition system to
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decide what category of thing it is, then it uses its ob-
jectidentification routine to choose and anchor a mental
concept to the object. The object identification system
uses non-perceptual properties and background knowl-
edge to identify the object as being the same one that
the agent perceived at some previous time or to identify
it as something new that the agent has never thought
about before. This identification of objects across time
is a necessary part of any solution to the symbol anchor-
ing problem.

Sometimes identifying PIOs seems effortless. Con-
sider the case in which a man has a pile of stamps of the
same design in his drawer. He opens the drawer, takes
out a stamp and puts it on an envelope and mails the
envelope. The next day, he needs to mail another en-
velope and so needs a stamp. He opens the drawer and
takes out a stamp that looks just like the one used the
day before. The man never considers whether it is the
same stamp, even though there is no perceptual differ-
ence between the two stamps. He is able to quickly and
easily decide that this is a different stamp.

Sometimes the task is not as easy. Consider the case
in which a woman puts her glass down on a counter
at a cocktail party. When the woman returns to pick
her glass up again and finds more than one glass on the
counter, the woman will often find it difficult to decide
which glass is hers. Sometimes the woman is not able
to decide with enough certainty which glass is hers even
after thinking about it.

This paper proposes a cognitively motivated com-
putational theory of how agents, particularly artificial
embodied agents (such as robots) can use reasoning to
identify PIOs the same way humans do. Others have
used the performance of humans at a particular task to
design a robot that can do the same task in the same
manner (and as well) (Trafton et al., 2004). The scope
of the human trials used to formulate this theory is a lit-
tle larger than that used by (Trafton et al., 2004), but
the intention is similar: a theory based on human cogni-
tive methods will allow us to develop an agent capable
of doing a task, in this case identifying P1Os, in a man-



ner similar to the way humans do. Basing our algorithm

its sensors and its understanding of what things “look

on human performance gains us the twin advantages of like”! to those sensors to identify the type or kind of

both giving us a basis for a computational solution to a
very difficult common sense problem, and making our
artificial agent easier to work with and interact with be-
cause it does the PIO identification task in a way that
humans would expect it to.

Let us examine what is required to identify an object
in the world. An embodied agent gathers information

thing that it (the agent) is looking at. The agent must
then reason about whattualobject it is looking at. A
simple solution, and one easy to implement, might be
to assume that all objects that look the same, are in fact
the same object, but this is clearly not the case. A bet-
ter solution, discussed in (Shapiro and Ismail, 2003),
is whenever an agent looks for an object with certain

about its world by observing the world with its sensors ~ properties, it conceives of a new entity with only those
and using its effectors to move itself to a better obser- properties. When the agent finds a real world object that
vation point when necessary. From its observations, the has those properties, it should recognize if it already has
agent forms beliefs about the objects in the world. Peo- a mental entity corresponding to the object it just found.
ple use these beliefs in conjunction with their common- If it does have such an entity, then it should adopt a be-
sense rules about the world to help them identify ob- lief that the object looked for is the same as the one that
jects in the world. Identifying PI1Os relies entirely on  was found. This approach has two drawbacks. First it
this mechanism since there is no sensory information sidesteps the issue of how the agent reasons about ob-
that will help to distinguish one P10 from another. ject identity. Second, even though the agent may now
The designer of an artificial embodied agent must correct_ly believe that the two .entities refer to the same
provide the agent a mechanism for both creating beliefs object in the world, there are times when a new entity is
from observations and using those beliefs to reason. In unnecessary. ltwould be better to simply use the agent’s
the remainder of this paper we will assume that a mech- original entity if, at the time of the second sighting, the
anism for reasoning from observations to beliefs, such agent can instantly reason that the object is the same as
as (Shapiro, 1998, p138) has been provided. The fo- One it has seen before.
cus will be on reasoning with beliefs about the world in In the remainder of this paper, we will first briefly de-
order to identify P1Os. scribe an experiment with humans upon which our the-

Our agent's beliefs and reasoning are based on an in- OrY is based, then we will discuss four base cases and in-
tensional representation (Maida and Shapiro, 1982). In- termediate cases in the identification of PIOs, and then
tensional representations model the sense (Frege, 1892)introduce the knowledge used in more complex cases.
of an object rather than the object referent, itself. The VWe Will then sketch an algorithm for identifying a cur-
terms of our representation language, SNePS (Shapiro rently perceived object as being the same or different
and Rapaport, 1992; Shapiro and the SNePS Implemen- fr_om any PIOs that the agent _has been encountered pre-
tation Group, 2002), denote mental entities. Some such viously. Fm_ally some conclusions drawn from the work
entities are propositions; others are abstract ideas; oth- SO far are discussed.
ers are the agent’s “concepts” or “ideas” of objects in
the world. This is important for the task of identifying
P10s, because before the identification task is complete,
the agent may have two mental entities,ande,, that
it might or might not conclude correspond to the same
object in the world. Itis in a similar situation as George
IV, who “wished to know whether Scott was the author
of Waverly” (Russell, 1905, p 108).

We will use “object” to refer to an object in the world
and “entity” to refer to a mental entity that is the deno-
tation of a SNePS term. The task is “identifying per-
ceptually indistinguishable objects”, because the agent
has perceived an object in the world that might or might
not be the same as a previously perceived object in the
world. Its task is to decide whether the entity(think
of “the author of Waverly”) corresponding to the newly
perceived object is coreferential with an entty(think
of “Scott”) that corresponds to a previously perceived
object.

When an agent wants to identify an object, it must
accomplish two things. First the agent must identify
whatkind of object it is sensing. The agent should use

Human performance as a base for the
theory

In order to understand how humans identify PIOs (and
how well) we conducted an experiment with 68 human
participants (Santore et al., 2004). The experiment was
designed as a protocol analysis experiment (Ericsson
and Simon, 1984) in which the participants were asked
to describe what they were doing and why they were do-
ing it as they performed the tasks in the experiment. The
utterances were recorded to tape and later transcribed as
completely as possible including things like false starts
and other disfluencies.

The participants interacted with a video-game like
environment giving them a first person view of the
world. (See figure 1 for a participants view of the exper-
iment.) This is the same first person view of the world
that our agent, a simulated robot, uses to interact with

!perceiving could be done using any sense, but in this pa-
per we will often use “looking” as a euphemism for any type
of perceiving.



Base Cases in the Identification of PIOs
What makes a base case.

The experiment with human participants described
above showed that there are four conditions under
which human agents find the identification of percep-
tually indistinguishable objects to be very easy. We'll
call these four conditions the base cases of the identifi-
cation task. Participants in the experiment actively tried
to put themselves into a position where they could use
one or more of these base cases to identify the PIOs in
the simulated world of the experiment.

When the computational agent identifies a percep-
tually indistinguishable immobile object using a base

: ' : case, it does not form a new mental entity for the object
and then try to find (or “remember” to use a common-
Table 1: A sample view of what a participant in the ~Sense colloquialism) an existing entity with an equiva-
experiment m|ght see. lent extension. The agent Only creates new entities as
needed for cognizing information (Maida and Shapiro,
1982). The object that the agent is perceiving is either
the onethat it has seen at this location before, or a new,
never-before-perceived object. If the objecthe one
the world. Each participant was randomly assigned two that it has seen here before, then the agent ought to
tasks in which they had to identify PIOs. Participants yse the original mental entity for it and not conceive of
were assigned one “counting task” and one “following  something new that the agent believes is really the same
task”. In a counting task, participants counted either thing in the world. If the object is a newly encountered
moving robots, or stationary glasses. In a following one, a new mental entity is created for the newly en-
task, participants followed a tour guide, either a robot countered world object that the agent conceives of.
or a person, through a virtual suite of rooms in which  Human participants support the claim that new enti-
several distractors were also wandering. ties are not created when using base cases to identify
PIOs. As an illustrative example, participant P55 is us-
ing a base case to identify PIOs when he says: "ahhh ok,
it seems to me I've already seen this room and counted
this one glass here." Upon seeing the glass, P55 imme-
diately identifies it ashe onehe has seen before. Con-
trast this to P33 who is not using a base case to identify
his PIO in the following utterance: "Where did the robot
go? | thinkthisis the one" In this statement, P33 indi-
cates that he has one entity for the robot he is looking
at now (vocalized a%his” in the transcript) and a sep-
arate entity for the robot he is looking for (vocalized as
“the oné in the transcript.)

Note that these base cases are all based on the be-
liefs of the agent rather than facts about the world. For
example when using the immobile objects base case, it
is the agent’s belief that the object is immobile that al-
lows the case to be used. Each of the other base cases is
based on the agent’s beliefs about the objects that it is
seeing. A last characteristic of base cases of identifying
PIOs is that so long as the agent’s beliefs that the base
case holds is correct, the base case is a nearly foolproof
method of identifying the PIO.

In order to count objects, a person must be able to
identify them. One cannot get a successful count of ob-
jects if one cannot reason about the identity of objects.
Likewise when following an object, one must be able to
identify the object at the various stages of the following
process. When the object to be followed and distrac-
tor objects have the same appearance, it is even more
important to identify the tour guide at all times. The
requirement to identify the tour guide in order to fol-
low it was even more apparent when a participant lost
the tour guide for a few moments. If the tour guide en-
tered a room before the participant, the participant had
to identify the tour guide in order to follow it through
the remainder of its journey.

The strategies of the successful participants (those
who gave the correct count or followed the tour guide to
the end of its route) were used as the basis of the com-
putational theory. The strategies considered are those
directly stated by participants such as participant 37’s
“I'm trying to see them simultaneously” or participant
48's statement “| was just moving fast in and out of the
rooms before the robots can actually move out of the e .
rooms.” Strategies suggested over the course of alonger Base Case 1. Simultaneous perceptions.
utterance were also used in the development of the the- If an agent perceives two perceptually indistinguishable
ory, though space limits prevent reproducing them here. objects in its sensory field at the same time, the agent



can trivially conclude that the two are not the same ob-

unique appearance turned out to be incorrect. While

ject? Unlike some of the base case strategies, partici- trying to follow a robotic tour guide who turns into a

pants were conscious that they were using this strategy

room on the left of a corridor P42 says “I can’t catch up

of simultaneous perceptions while they used the strat- with you. Where are you going?!” And then a second

egy and discussed its use while they used it. While
counting moving robots, P37 states “I'm trying to see
them simultaneously.” P4, while doing the same task,
is even more explicit when she states “The same two
robots at the same time, so | know that there are at least
two robots here.”

Base case 2: Objects with a unique appearance.

If the agent believes that an object has a unique appear-
ance and there are no other P1Os in the world, then the
agent can instantly identify the object. The agent has
only one entity for an object of this appearance and be-
lieves there is only one such object, so the agent should
immediately use this entity to refer to the object when-
ever the object is encountered. Thus, like other base
cases, the agent can and ought to use its original entity
for the object in this case.

Participants were often aware enough of their use of
this assumption of unique appearances to try to ver-
ify the assumption when possible. P15, when counting
robots when there were two groups of perceptually in-
distinguishable robots, says “And | see the clown dalek
here. aaand the little black and white one | don't.. annd
a clown here - is that the same clown?”

The belief that an object is unique is subject to being
“overruled” by a case of simultaneous perceptions. If an
agent believes that an object has a unique appearance

but then sees two P10s with that appearance, the agent

will have to put aside the belief that there is only a single
object with this appearance. For example P9 in the tour
guide following task ended up following a distractor af-
ter never seeing more than one robot at a time. When P9
sees another robot, he makes the following statement:
“So which one am | supposed to follow? There are two
robots now....", Indicating that he clearly abandons his
belief in the unique appearance of the robot. That P9
had that belief is born out in the retrospective interview
done a few moments later with the following exchange:

Experimenter: What strategies did you use
and why did you choose the robot that you chose
to follow?

P9: Well | had no clue that it's a different
robot. If I had known that there were more than
one robot, | probably would have been more care-
ful but I didn’t know.

The use of a single mental entity for an object believed
to have a unique appearance was particularly noticeable
when the participant’s assumption that an object has a

2\We are ignoring the use of illusions with mirrors and
other deliberate attempts to make a single object appear to
be multiple objects in this dissertation.

later as a second robot emerges from a room on the right
of the corridor a little further from the participant “He
came up that way. How did he come up that way?”

Base case 3: Immobile objects.
Immobile objects are defined here as those objects

which cannot move or be moved. We're also including

those objects which humans expect cannot be moved,
even if such an object might be moved by using a rarely
used technique. For example, people do not expect
things like houses and other buildings, or even large
trees, to be moved intact from one place to another, even
though it is possible.

Since the location of an immobile object does not
change, location is the most important feature that al-
lows an agent to identify immobile P1Os. In order to
identify an immobile PIO, the agent must first recog-
nize what kind of object it is perceiving. Next, the agent
needs to reason, or realize that objects of this kind are
immobile. Then the agent cognizes the location of the
object. At this point the agent can identify the object.
Either the agent knows about an immobile object of this
kind at this location, in which case it now identifies the
current object using the entity that denotes that previ-
ously seen object, or the agent has never encountered
one of this kind of object at this location, in which case

'the agent identifies the object as a newly encountered

object and creates a new entity to refer to the object
which has that description and is at that location.

The human-participant experiment supports the
claim that location is of paramount importance in iden-
tifying immobile PIOs. Human participants find the use
of location information so intuitive that they rarely no-
tice it at the conscious level. When human participants
were asked to discuss what they were doing and why
while counting immobile PIOs, they never mentioned
the object’s location as being important during the task,
even if they were clearly using location information.
However, when asked in a retrospective interview, par-
ticipants were able to articulate that location informa-
tion was what they were relying on. The following ex-
change is representative. It was taken from a retrospec-
tive interview following an experimental task in which
participants were asked to count glasses; The glasses
were immobile in the simulated environment and rec-
ognized as such by participants.

Experimenter: how were you able to distinguish
between the glasses even when they looked the
same?

P33: ah because they are lying in the different
rooms. That's why. They are different.



The use of the original entity is supported by the human-
participant data in the immobile object case as well.
While performing the glass-counting task, no partici-
pant who was sure about what room he/she was in ex-
pressed doubt about the identity of a glass. The glass

ten as possible when asked to follow a virtual robotic
tour guide through a suite of rooms that also contained
several perceptually indistinguishable robots serving as
distractors. Like the simultaneous-perceptions case,
participants were aware enough of this strategy to re-

was either referred to as the same one seen previously port it while performing the task. P7, after an early bit

or it was referred to as a new glass. This contrasts with
mobile objects, where participants often clearly seem
to have more than one entity for an object and can talk
about both entities. To reuse the example from subsec-
tion above in more context, when following a robotic
tour guide in a suite with several perceptually indistin-
guishable distractors, P30 briefly loses the tour guide
robot and then makes the following statement “Where
did the robot go? I think this is the one”

The use of a single entity is contingent on an agent
correctly identifying its current location. Our partici-
pants were vulnerable to mistaking one room for an-
other if the two looked similar. Kuipers and his col-
leagues (Kuipers and Byun, 1991; Kuipers and Beeson,
2002) call this sort of mistake “perceptual aliasing” and
have discussed the problem and a solution for robotic
agents. When our participants fell victim to perceptual
aliasing, use of location information to identify immo-
bile objects was fallible. Sometimes participants would
notice the possible aliasing, such as when P20, while
counting glasses, says “I'm just, just curious to whether
or not this is the same room. So I'm going to go back
and retrace that, my steps.” Participants who fell vic-
tim to perceptual aliasing and never realized it generally
failed at the identification and thus the counting tasks.

Base Case 4: Continuous viewing.

Pollock has discussed reidentification of objects, a sub-
problem of identifying PIOs (Pollock, 1974). He notes
that an object under continuous observation can be rei-
dentified at a later time as being the same object, in par-
ticular, that “continuity of appearance is a logical reason
for reidentification.”

Continuous viewing of an object also appeared in the
human-participants trials as a base case for identifying
P1Os. Continuous viewing, like location, is used to
identify an object as being the same as a perceptually
indistinguishable object seen earlier (Pollock’s reiden-
tification). This ease of identification of object while
under continuous observation seems to be implicitly as-
sumed in Coradeschi and Saffiottifsack functional-
ity(Coradeschi and Saffioti, 2003).

More concretely, the continuous viewing case applies
if an agent views an object at positipn and later ob-
serves an object that is perceptually indistinguishable at
positionp,. If the agent has continuously viewed the
object as it moves from, to p,, the agent may assume
with great certainty that the object it is currently seeing
atp, is the same object that it originally saw.

Human participants tried to use this base case as of-

of difficulty, says “And | am following him very closely.
And | am not going to lose sight of him this time.” P23,
is also very specific about using continuous viewing:
“So I'm just staying, uh, close to this robot keeping my
eye on him.”

Intermediate cases of PIO identification.
What makes an intermediate case.

It has been pointed otthat the base cases described
above represent primarily perceptual cases of identify-
ing P1Os and that there were likely to be simple cases
that do not rely on purely perceptual mechanisms for
the identification of PIOs. When we examined the hu-
man performance data collected from the experiment,
we saw evidence of non-perceptual cases that are simi-
lar to the base cases. In fact, for every perceptual base
case, there is at least one non-perceptual simple case
which can be closely identified with the base case. We
will call these associated non-perceptual cases “inter-
mediate cases”. They are so named because they are
between the largely perceptual base cases and a mostly
cognitive general PIO identification mechanism. Like
the base cases, intermediate cases are chosen based on
the beliefs of the agent, not something that actually oc-
curs in the world. Therefore, like the base cases, the
intermediate cases might lead the agent to make an in-
correct identification if the belief that triggered the use
of an intermediate case was erroneous.

Intermediate Case 1: rapid perceptions

The first intermediate case is related to the base case
of simultaneous perceptions. In that case, seeing mul-
tiple objects at once was sufficient to assure that there
are multiple objects in the world. In the rapid percep-
tions case, on the other hand, the objects (usually two of
them) are not perceived at the same time, but rather in
rapid succession, with no P1O encountered between the
two perceptions. As in the case of simultaneous percep-
tions, the rapid perception case is used to prove to the
agent that two objects are not the same.

Participants in the experiment sometimes used rapid
perceptions to disprove a hypothesis of unique appear-
ance, as P18 does in the following transcript excerpt.

Going into the next room, there is a multi-
colored robot, and one who looks like the last one.
I’'m turning back, that robot is still in the other
room so | know that these are two distinct robots.

30ur thanks to the anonymous reviewer of another paper
who did so.



Prior to this excerpt, P18 has seen only one robot, a says “I'm stuck, okay but there is only one robot so |
silver-gray robot. As he enters another room, P18 sees a can followit.” P23, doing the same task, says some-
“multi-colored” robot as well as a silver-gray robot. In  thing similar “There aren’t any other robots in this room
order to identify this silver-gray robot as a new, never soit’s a little easier to follow.” In both cases, the par-
before seen robot, P18 looks back toward the place ticipants thought that the robot that they were following
where he last saw a silver-gray robot. When he sees a was the only object with the robotic appearance in the
silver-gray robot in the previous location, P18 assumes room. When entering the room they see only one object
(correctly in this case) that the robot seen in the current with that appearance and so they automatically identify

room is different from the one he looked back to see.

In order to take advantage of this rapid-perceptions
case, an agent must see an objeécthen must turn at
least as fast as objects of typecan move, turning no
more than 189, and must see another object that looks
like Q. The agent must turn at least as fast as the object
can move because if the agent turns more slowly, there
is the chance that the object will be able to move to the
new position before the agent views it. For example,
if the agent turns so slowly that the object can move

this robot as the one they have been following.

Intermediate Case 3: Stationary Objects.

The next intermediate case is related to the base case of
immobile objects. Stationary objects are those objects
that cannot move themselves and are not easily moved
by a breath of air. A helium-filled balloon is not a sta-
tionary object, even though it cannot move itself. On
the other hand, many of the objects that we come into
contact with in our daily lives are stationary: Lamps,

ahead of the agent’s gaze, then this intermediate case computers, textbooks, and similar objects are all sta-

does not hold. Likewise, if the agent turns more than
180, then the objecf2 could move around behind the

tionary objects. Their position will not change (or at
least people do not expect it to change) unless there is

agent and be seen again when the agent stops turning.an animate object to move the stationary object. P31 ex-
In this case, the agent cannot use the intermediate caseplicitly pointed this out in a retrospective after counting

of rapid perceptions. However, if all of the conditions

hold, the agent can determine with great confidence that

there are two different PIO objects in the world.

Intermediate Case 2: Locally Unique Objects

An agent can often easily identify an object without the
object being truly unique in the world, or even believed
to be by the agent. It is only necessary for the agent
to believe that an object is unique in the current con-
text. For example, suppose you know identical twins,
but one of them is in the army posted abroad for the
next six months. If you see someone that looks like
these twins in town tomorrow, you can immediately as-
sume that this person is the second twin. As with the

unique items base case discussed above, the simultane
ous perceptions base case described above will trump a

belief that an object has a a locally unique appearance.

glasses in task 1 of the experiment:

Experimenter: What strategies did you use to
do this task?

P31: Mmm | guess | just kind of based it on
the fact that they would be stationary throughout
the rooms and there was nobody else in there.

In the absence of a mover, stationary objects can be
treated just like immobile objects; that is, location be-
comes the paramount criterion for identifying the ob-
ject. The lack of another agent capable of moving a sta-
tionary object is something that a P10 identifying agent
must reason about.

Intermediate Case 4: Continually ‘Perceived’

‘Objects

It is well known (Johnson, 1998) that young children

an object has a locally unique appearance. Continuing
the above example, if you knew that one of the twins
was stations abroad, but you saw two people that looked

original objects. The participants in our experiment
overwhelmingly did likewise. Though participants may
have briefly lost sight of the focus object by looking

just like the twins, you must then put aside the assump- @way or having the object occluded, the participants
tion that the twins’ appearance is locally unique. You Nonetheless knew where the object was and looked for
may realize that something unusual happened and ask it “where it ought to be” when they viewed the object
the twin about his sudden return, but you must give up 29ain. Most of the time, participants were not even
the assumption of of locally unique appearances. aware that they had lost sight of the object in question.
Participants seemed to use this assumption that lo- . .
cally unique objects can be effortlessly identified as the Identifying P1Os in general.
same thing seen previously (using the same mental en- While identifying PIOs is trivial when one of the base
tity) when they could. Sometimes the assumption of lo- or intermediate cases can be applied, when one of these
cal uniqueness of appearance would be limited to a sin- cases does not hold, the task can be much harder. An
gle room. For example, P12, while following a robotic agent usually requires several more pieces of knowl-
tour guide in a suite of rooms with PIOs as distractors edge to identify PIOs in the general case. If people need



to identify an object as the mental entityexperiments [participant 23 following a robot “So | just cut in front
show that they use knowledge of how rare or common of that robot, in order to keep following mine.”] Suc-
they believe objects that look likeare. They will also cessful participants like participant 23 would often keep
use their beliefs about how fast the objects likean some awareness of nearby PIOs and act to avoid occlu-
move and the time between the tintg, that the agent sion of their focus object by other P1Os.

last encountered an object it thinks might have been

and the time{,, that the agent seesitself. Humans An algorithm

will also use the motivations of the object being identi- In this section we will give an English gloss of our PIO

fied if they can infer any. identification algorithm which is omitted here to save

for?uergafrlzrr?ac:ltalgg)r?/giisor?seeorp tﬁ]oe Ldvsfngen?fé ?ﬁ(l)'setfs space. For the complete algorithm see (Santore, 2004).
: To identify an objectO with descriptionD, just en-

salient is information about the class of objects to which : I
I i . : countered by agemt, Ashould first decide if it has ever
the PIOs being identified belong. These include things seen anythir)(g t%atlooks like D before. If not, tH@is a

like: how fast or slow do objects of this kind move? ) -
[P8 while counting movin r(J)botS' “l think that'’s the newly gncountered object. Ahas seen someth!ng that
9 9 : looks like D, thenA then checks the base and interme-

ﬁ;\);el fﬁé‘vnggiha;ﬁgg%ﬂ]bﬁgzujﬁ'O%hemegfﬁﬁgsugiﬁgﬂsg;t diate cases of identifying PIOs in an interleaved order.
J If there is only one thing with descriptioD visible to

Feeen Enovg;t.tg. Cgr?tngr?ossgeteodfi)l[lzfs aaskg(rjt_ig i;:ert(;gigec'A now, andA believes that there is only one thirg

“Il\t/’s Wogs?bleltr:gt it changed s ee\évs bput itl dLijdn’t reaII. that looks likeD or at least that there is only one thing
b 9 b -aY " here that looks likd®, andA has only seen one such ob-

appear to do so throughout the game] Have | ever iden- ject before A assumes that it has encounteegdagain.

tified more than one object that is perceptually indistin- 00 ise i objects that look lik® are immobile or

guishable from this one?? [P18 while counting robots in stationary and without a movel must decide if it has

a condition with two distinct groups of perceptually in- seen arey atthe same location before, if so, then the ob-

distinguishable robots: “Because | thought maybe the . " e . .
. : jectiseq, else the object is something new. Otherwise,
multicolored robot had traveled, into that last room that if Abelieves that it has continuously viewed or has con-

:)Jrlézt rs(ft?cﬁ:sh"e]}d’ but it laoks like there are two multi col- tinually perceived am, as it traveled to the place that
: A now seeO, A believes thaO is e;. If none of these

va:ilgrgac:} ?r?(;tlglpe?:?ftii ‘3';‘% gtzet:gifr?rr?c?gr?t?fizgmé)et)lfeig base or intermediate cases hold, then for each location
P J 9 : thatA currently sees a® with descriptionD, A should

formed from these observations include beliefs about : .
create a new mental entigg. With eache,, A should
\t’r\ggerzr%g? Zlvnh[et?eTihe?/:g(rar?it ﬁsé:?ﬁgugltgr?ﬁa?tﬁéo gft consider if thate, actually refers to the same object in
ticipgnt is pcurrently Iookingg at. [P25 counting robgts the world as some prgwously conqelved enéiy
with two distinct groups of per.ceptually indistinguish- We make a simplifying assumption at this point. that
able robots: “I am entering the third roont .. can a moving object will move at a constant speed. When
. " trying to decide ife, refers to the same entity & A

3?: fwsi g]r:? gg?g:’eb:&'ﬁ?lijsezisﬁg]r':r:ts,,]tgigﬁ]n;ft?é}?efs first considers the rate of movement of each. If the rates
are not the same they ande; refer to different ob-

formed about the object itself is the answer to the ques- jects. IfA doesn’t know the rate of movemertcannot

tion: “Does the .Obj,fCt appear to have _a?’[,)articu_la_r PU™ " make an informed decision about the identityegfand
Egsfe I(I)err? tlvattlonr. a?g 'f.‘.sl_% V\:hatrls 't't t[plart;ctlﬁ;’:mt . NextA checks to see if the distance tregt could
roboct) O-n h gr: ngu gBut € an detheea ee:mot(?bg mo e.ﬁ have traveled is less than the shortest path @hatows
d y II " Th dW‘ t!J o or trai tys that the obi \tll' 9 about) between the place it last sayvand the placé\
randomly-] The direction or trajectory that the object is seese,. If so, thene; ande, refer to different objects.

;nng %rl]rll IZIrrglg(t)icglnt&g?tntiertqneazgfte; rt ;g&ﬁ;ﬂﬁmg_ NextA should consider if it believes that the motivations
y y 9 and capabilities that it believesy has would disallow

other PIO [participant 18 following a robot “He hasn’t eq from being in the place that is currently being en-

ﬁﬁinﬁgg ?rlr:egtrlt%ﬁ, fz(r) :ﬁ:gsgmetg Vllulgi;:eh g(;]r‘ralés;vlvrg:ga- countered. If s@; ande; refer to different objects. At

ness of WheF;e other PIOs a?e in the area to make sure _this point, A should ponsider i the_p_ossible rang_eei)f

that it doesn't get unnecessarily confused if the object Elarlgerthan anr(]a nwrgnment)s pl?cmc (;]cgztant (“'tdCOUId

o . e almost anywhere by now”). If so, t annot de-

it is focusing on moves too close to one of the others. cide with certainty ife; ande; refer to the same object.
“When sequences of two or more dots appear inside of a OtherwiseA should decide ié; ande, are coreferential

quote from a participant, it indicates that the participant gave given that only a short distance could be traveled.

a noticeable pause at that point. The number of dots indicates ~ When there is only a short possible distance to travel,

the length of the pause. the agent can now make the closed world assumption.



Since an object moves at a constant speed, any other

object that might be mistaken for the object being iden-

tified will also move at the same speed, and thus be re-

stricted to a small travel distance of its own. Smow
checks to see if it knows of any other PIOs except for
e1 ande, that could reach the place whege is now.

If not, then it assumes thay ande, are coreferential.
Otherwise, ife; was headed toward the plaegis now
seen but no other PIOs were, thArassumes thagq
ande, are coreferential. If there is another PIO headed
in the same directionA can’t be sure ife; ande, are

coreferential. If none of the above cases hold, the agent

will assume thaeq ande; are not coreferential.

Conclusions and Future Work.

We are implementing this theory in a simulated embod-
ied robotic agent. Most of the base and intermediate

cases are currently implemented as well as most of the

general algorithm. We still need to formalize and im-

plement some of the the support functions that we have
assumed, such as deciding if an agent’s motivations dis-

allow it from being at a spot at a given time.

This paper has described a human-based computa-

tional system for the perception-based task of identi-
fying an object which is perceptually indistinguishable

from one seen before. The theory is built using the
strategies that were found by doing experiments with
human participants who did the same task. As a the-
ory based on human performance, it is both cognitively

plausible and designed to produce the same successes

and failures as humans performing the same task.
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