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Abstract

In human robot dialogue, identifying intended referents from
human partners’ spatial language is challenging. This is
partly due to automated inference of potentially ambiguous
underlying reference system (i.e., frame of reference). To im-
prove spatial language understanding, we conducted an em-
pirical study to investigate the prevalence of ambiguities of
frame of reference. Our findings indicate that ambiguities do
arise frequently during human robot dialogues. Although sit-
uational factors from the spatial arrangement are less indica-
tive for the underlying reference system, linguistic cues and
individual preferences may allow reliable disambiguation.

Introduction
With the emergence of a new generation of social robots
(Fong, Nourbakhsh, and Dautenhahn 2003), techniques to
enable situated language understanding have become in-
creasingly important. In situated human-robot interaction,
it is ideal for human partners to use spatial expressions (e.g.,
“the cup to the left of the computer”) rather than complex
and descriptive noun phrases (e.g., “the green cup with a
big S on it”) to refer to objects in the environment (Skubic
et al. 2004; Moratz 2006).

However, correctly interpreting spatial language and iden-
tifying intended referents can be challenging. For example,
suppose a human and a robot are co-present in an environ-
ment where three cones surround a chair (as shown in Fig-
ure 1). The human issues a command “go to the cone to the
right of the chair”. Given this expression, the robot could
have different interpretations of the intended object. It could
be Cone 1 if “right of the chair” is interpreted based on the
speaker’s perspective; or Cone 2 if it is based on the robot’s
perspective, or Cone 3 based on the perspective of a third
entity, namely the chair’s intrinsic right side. So which cone
should the robot go to?

This example shows a typical problem with spatial lan-
guage understanding, which arises from the ambiguities of
the underlying reference system of spatial language. This
reference system is often called frame of reference in the
literature (Levinson 1996; Frank 1998) (more description
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Figure 1: An example of ambiguity.

in section 2). A spatial situation may allow a speaker to
use multiple frames of reference. Sometimes, this poses no
problem since different available frames of reference lead to
an unique interpretation. However, very often, as in the ex-
ample shown here, they do lead to ambiguous interpretations
for a listener.

A large body of research on human-human communica-
tion (Petra Weiss and Miller 1996; Tenbrink 2005; Coven-
try et al. 2005) have indicated that the speaker’s choice of
frame of reference depends on a wide range of situational
and discourse-related factors. Inspired by these previous
studies, we conducted an empirical investigation to under-
stand the prevalence of interpretation ambiguities caused by
frames of reference in human-robot interaction and examine
different contextual factors for disambiguation. Our findings
indicate that ambiguities do arise frequently during human
robot dialogues. Although situational factors from the spa-
tial arrangement are less indicative for the underlying refer-
ence system, linguistic cues and individual preferences may
allow reliable disambiguation.

Frame of Reference
One most commonly used class of spatial language is pro-
jective terms (Eschenbach 2005), such as front, back, right,
left. Projective terms describe the spatial relation between
two entities based on an underlying reference system, which
is often called frame of reference. In this reference system,
one entity serves as relatum, and the other entity (the ref-
erent) is spatially included in a region that is derived from
the relatum and a principal axis (direction). A particular
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Figure 2: Conceptualization of frame of reference: (a) Intrinsic;
(b) Relative use of “front”; (c) Relative use of “right”.

perspective (point of view) is then taken to specify the par-
ticular relation. Levinson (Levinson 2003) systematically
categorized frame of reference into three kinds: absolute,
intrinsic and relative. In an absolute frame of reference,
fixed-bearing systems such as north and south serve as an-
chor directions (Levinson 2003). This option is ruled out in
our study because it is usually not preferred in small scale
(indoor) scenarios in Western countries (Tenbrink 2005).

In an intrinsic frame of reference, the perspective point
(called origin by Levinson) is coincided with the relatum,
and the position of the referent is described by referring to
the relatum’s intrinsic perspective. It thus requires the rela-
tum to possess intrinsic sides which then serve as basis for
reference. For example, in the expression “the cone is in
front of the chair”, the position of the cone is specified by
referring to the chair’s front side (Figure 2(a)). The intrinsic
sides/parts of an object is often determined based on human
cognition and behavioral conventions with regard to the ob-
ject’s features and functionalities (Levinson 2003). For ex-
ample, front and back are found by taking canonical direc-
tion of motion, canonical direction of use etc. into account.
For the lateral sides (i.e., left and right), two types of objects
have opposite assignments: An object that serves as body
extension (e.g., a chair) inherits its right and left from the
human beings who wear it or drive it or sit in it; If an object
is characteristically confronted by human beings, such as a
desk or a laptop computer, its right/left side is then trans-
ferred from the closest right/left side of human.

The relative frame of reference, on the other hand, uses
the position of a viewer as the origin instead of referring
to inbuilt features of the relatum. Relative uses of frontal
terms (front/back) deal with distance and occlusion, thus the
referent is “in front of” the relatum means the referent (par-
tially) occludes the relatum or is closer to the viewer than
the relatum is (Figure 2(b)). Relative uses of lateral terms
(right/left) are interpreted as the viewer projects his own in-
trinsic right/left sides onto the relatum, so that the relative
position of the referent to the relatum can be specified using
the imposed sides (Figure 2(c)). Unlike the intrinsic frame
of reference which is viewer-independent and relies on the
inherent properties of the relatum, the relative frame of ref-
erence is viewer-dependent and irrelevant to the relatum’s
intrinsic directions.

Besides the general categorization, both the intrinsic and
the relative frames of reference have three variations de-
pending on whether the speaker, the addressee, or a third

entity serves as the origin. These three variations are called
egocentric, addressee-centered and object-centered in the
literature (Schober 1996; Trafton et al. 2005). The cate-
gorization of frame of reference is summarized in Table 1.

Frame of Reference Origin Example

egocentric speaker “the cone to the right of
me”

intrinsic addressee-
centered addressee “the cone to the right of

you”
object-
centered

3rd
entity

“the cone to the right
of chair”

egocentric speaker
“the cone to the right
of the chair (from my
viewpoint)”

relative addressee-
centered addressee

“the cone to the right
of the chair (from your
viewpoint)”

object-
centered

3rd
entity

“the cone to the right of
the chair (viewed from
the chair’s position)”

Table 1: Categorization of frame of reference.

Among different types of frames of reference, the egocen-
tric intrinsic and the addressee-centered intrinsic are easy to
recognize since they tend to have “me/my” or “you/your”
in the expressions, as in “in front of me/you” or “to my/your
right”. The object-centered relative which is not quite ap-
plicable in two-party conversation. The remaining types: the
egocentric relative, the addressee-centered relative, and the
object-centered intrinsic are often simultaneously applica-
ble to a single expression (e.g., “the cone to the right of
the chair” as shown in the previous example). Previous
study (Tenbrink 2005) has indicated that these three types
of frames of reference are in general not distinguishable on
the basis of the linguistic form alone. Therefore, this pa-
per particularly focuses on the ambiguities between these
three frames of reference (marked as bold in Table 1), which
caused different interpretations in our example in Section 1.

Related Work
Frame of reference and spatial language have been inves-
tigated from a number of perspectives. Given a situation,
the speaker’s choice of one particular frame of reference
is shown to be flexible, as a function of several situational
and contextual factors. For instance, the configuration of
an environment and spatial cues can affect the choice of
frame of reference (Taylor and Tversky 1996; Mintz et
al. 2004), so can the features of objects and the func-
tional relationship between objects (Carlson and Radvansky
1996), the communicative aspect of tasks (Petra Weiss and
Miller 1996; Tenbrink 2005), and the discourse history and
alignment (Schober 1993; Watson, Pickering, and Brani-
gan 2004). Choices of frame of reference can also be af-
fected by the speakers’ individual preferences (Levelt 1982;
Tenbrink, Maiseyenka, and Moratz 2007).

In human robot interaction, previous work (Moratz and
Tenbrink 2006) found that human users overwhelmingly
choose addressee-centered frame of reference to facili-
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tate the robot’s comprehension of spatial referents. Such
partner-adaption (Tenbrink 2005) behaviors greatly reduced
the potential ambiguity when the speaker’s and addressee’s
perspectives were not aligned. However, these studies have
not investigated potential ambiguities between the relative
and the object-centered intrinsic frame of reference.

In a recent study based on a simulated 2D environ-
ment (Moratz 2006; Tenbrink, Maiseyenka, and Moratz
2007), ambiguities were found between relative and object-
centered intrinsic frame of reference which have led to con-
flicting interpretations. However, they only used 2D pic-
tures with abstract icons representing a robot and objects to
elicit users’ spatial expressions. Such 2D pictures forced a
“survey” perspective (Tenbrink 2005) which is very different
from the normal perspective in situated human robot interac-
tion. Thus it is not clear to what extent their data reflect the
truly situated environment. Nevertheless, these earlier works
in human robot interaction have inspired our work in this pa-
per. The difference between our work and previous work is
that we focus on the study of ambiguities between the rel-
ative and the object-centered intrinsic frame of reference in
a truly situated context and we are interested in identifying
contextual factors that may lead to reliable disambiguation.

Empirical Investigation
We conducted empirical studies in a Wizard-of-Oz setting,
based on human interaction with a LEGO NXT robot. The
users were made to believe that they were interacting with
an autonomous robot, meanwhile the actual responses of the
robot were controlled by a human. Microsoft Robotics De-
veloper Studio was used to implement control routines and
the wizard interface.

Spatial Arrangement
The spatial arrangement in our studies contained a human
user, a robot, four identical cones, and a center object which
was either a box, a chair or a laptop computer. Each of the
four cones was placed on each of the four sides of the cen-
ter object. During the experiment, the user and the robot
were situated at different positions. Figure 3 shows three
examples of the spatial arrangement (from the human user’s
view) in our study. More specifically, our spatial arrange-
ments were defined by the following three factors:
Center object. As mentioned in section 2, determining an
object’s intrinsic sides depends on its features and function-
alities. To study whether the features of different objects
may affect the choice of frame-of-reference, we used three
different objects to serve as a potential relatum in our ar-
rangements: the box has no intrinsic sides, the chair is a
body extension object, and the laptop is a confronted object.
Displacement between human and robot. Previous stud-
ies have indicated that the difficulty of taking other’s spa-
tial perspective is a function of the displacement between
the egocentric view and the to-be-imagined view (Presson
and Montello 1994; Rieser 1989), and that the difficulty of
taking a different perspective may influence the speaker’s
choice of frame of reference (Schober 1996). Inspired by
these findings, we designed four settings of displacements
in our studies: 0◦ (the user and the robot shared the same

Figure 3: Examples of spatial arrangements from the human
user’s point of view: (a) The center object is a box, and the robot
has a same view point from the human. (b) The center object is a
chair, and the robot is at a 90 degrees position from the human. (c)
The center object is a laptop, and the robot has an opposite view
point (i.e., 180 degrees) from the human.

view point), 90◦ (the robot faced to the user’s right or left),
180◦ (the user and the robot faced to each other), and 135◦
(the robot’s facing direction was between the 90◦ and 180◦).
Orientation of the center object. According to the “princi-
ple of ease of spatial terms” (Tversky, Lee, and Mainwaring
1999), asymmetric spatial terms (front/back) is easier to pro-
duce and understand than symmetric terms (right/left). In
other words, whether the referent is on the relatum’s frontal
or lateral side is related to the difficulty of using the intrin-
sic frame of reference, thus it may influence the speaker’s
choice of frame of reference. In our experiment, we ad-
dressed this issue by varying the orientation of the center
object with four settings: either faced toward or away from
the robot, or to the right or the left of the robot.

With these three factors, the total number of all possible
spatial arrangements is 3 × 4 × 4 = 48. Since in each ar-
rangement, any one of the four cones could be the target
(i.e., referent to be specified by a user), in total we have 192
(i.e., 48 × 4) experimental configurations. Obviously, it is
not possible to conduct experiments based on all of these
arrangements. The orthogonal array method (Sloane 2001)
solves this problem by selecting a subset of configurations
which guarantees testing the pair-wise combinations of all
the factors with an even distribution. Thus we applied the
orthogonal array method and selected 24 out of all the pos-
sible arrangements for our experiments.

Experimental Procedures
We recruited 18 students (4 female and 14 male) with vari-
ous majors at Michigan State University to participate in our
experiment. Each user went through all 24 arrangements
one by one, in a randomized order. In each arrangement, the
moderator indicated the target cone using a laser pen pointer,
and the user then described to the robot which one of the
four cones the robot should move to. As the four cones are
identical, only spatial relations can be used to distinguish the
intended cone from the others.

To simulate the realistic situation in which the robot fails

52



to understand human language, we also simulated communi-
cation failures in our experiments as follows. In 8 of the 24
arrangements the users’ expressions would be correctly un-
derstood and the corresponding actions would be performed
by the robot. In 12 configurations the robot would ini-
tially fail to understand the user’s command (i.e., by reply-
ing “I don’t understand, please rephrase your command.”)
and would succeed when the user made his second attempt.
There were 4 arrangements in which the robot would never
succeed to follow the commands, and we would stop the user
and continue to the next arrangement after three attempts
were made. Each of the 24 arrangements was assigned to
one of the three cases in a random manner.

Empirical Findings
Two of the 18 users did not use any descriptions based on
frame of reference, but rather using path-based descriptions,
such as “drive a little forward, and turn 45 degrees to left,
and then drive forward, and then turn right”. We excluded
the data from these two users for our analysis. From the re-
maining 16 users, we collected 672 utterances in total. The
average number of utterances for one user is 42.1 For each
utterance, we manually annotated the underlying frame of
reference based on its corresponding arrangement in the ex-
periment. Next we report our findings based on this data.

Overall Patterns
Among the 672 utterances, 304 utterances were issued after
a simulated communicative failure. When simulated fail-
ure happened, 67.8% of the time (206 utterances) users just
repeated the same utterance or made some trivial changes,
such as changing the verb from “go” to “move” or chang-
ing the noun from “laptop” to “computer”. In the other
32.2% (98) utterances, users rephrased their expressions.
They often did this by switching to a different strategy (66
(21.7%) utterances), such as switching from a frame of ref-
erence based expression to a path description or vice versa.
It was less likely (only 32 (10.5%) utterances) that users
would switch from one type of frame of reference to another.
When this did happen, users most often (23 (7.6%) utter-
ances) switched to the egocentric/addressee-centered intrin-
sic frame of reference. These observations implied that users
were generally consistent with their choices of frame of ref-
erence in a given situation.

Out of 672 utterances, 193 did not involve any frame of
reference, but rather were based on other strategies such as
path or distance based descriptions. Thus they were ex-
cluded from the analysis of ambiguity of frame of reference.
In another portion of 103 utterances, either the user or the
robot was used as the relatum, namely either the egocen-
tric or addressee-centered intrinsic frame of reference was
used. These utterances were not ambiguous because of their
unique linguistic forms (e.g. “in front of you/me”).

Since our investigation focused on utterances that were
potentially ambiguous with respect to the underlying frame
of reference, we only include the remaining 376 utterances

1A small portion (4.5%) of utterances was discarded due to
users’ incomplete utterances and recording errors.

for analysis. By removing 86 duplicated utterances (users
repeated the previous utterance or made trivial changes)
from the 376 utterances, we have 291 utterances without du-
plication. For those utterances, either the egocentric relative,
the addressee-centered relative, or the object-centered intrin-
sic frame of reference can be applied. The interpretation
could be different from one frame of reference to another.

Based on the spatial arrangement from which each utter-
ance was collected, we annotated the 291 utterances in terms
of its underlying frame of reference. For some utterances,
multiple types of frame of reference might apply since they
all lead to the same interpretation. In such cases, we consid-
ered these frames of reference as coincided, which did not
present any ambiguity in interpretation.

Situational Factors
Based on the 291 utterances and their annotations, we exam-
ined how situational factors may affect speakers’ choices of
frame of reference.
Center Object. Table 2 shows the number of utterances us-
ing different types of frame of reference with respect to dif-
ferent types of the center object. The utterances are sepa-
rated into three groups (the three rows of the table) with re-
spect to the center object in the spatial arrangement. Each of
the first three columns shows the number of utterances that
used the corresponding frame of reference. The last column
shows the numbers of utterances with coincided frames of
reference.

egocentric
relative

addressee-
centered
relative

object-
centered
intrinsic

coincident

box 2 60 N/A 18
chair 0 45 28 31
laptop 0 49 24 34

Table 2: Numbers of utterances using different frames of reference
for different center objects.

As shown in the first row of the table, the box does not
possess intrinsic sides, thus only relative frame of reference
can be used. In this case users overwhelmingly adopted the
robot’s perspective by using the addressee-centered frame
of reference. This implies that when the relatum has no in-
trinsic sides, addressee-center relative frame of reference is
preferred and ambiguity is not likely to arise.

The second and third rows show the cases of the chair
and the laptop. Similar to the case of the box, the egocen-
tric frame of reference rarely happened. However, when ob-
jects with intrinsic sides are present, there is a high potential
of ambiguity between the addressee-centered relative and
object-centered intrinsic frames of reference as the speak-
ers’ choices between them can be flexible. We have 146
truly ambiguous utterances as highlighted in the second and
third rows in Table 2. Among them, 52 (35.6%) utterances
are truly with the object-centered intrinsic frame of refer-
ence and 94 (64.4%) utterances are truly with the addressee-
centered relative frame of reference. Thus, our following
analysis is focused on the ambiguity between these two
types of frame of reference (we just call them relative and
intrinsic respectively).
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Displacement and Orientation. As discussed in Section 4.1,
the displacement between the user and the robot and the
orientation of the center object were also involved in con-
structing the spatial arrangements. Each of the two factors
has four settings. The numbers of utterances using the rel-
ative and the intrinsic frame of reference under each set-
ting of the two factors are shown in Table 3. To investi-
gate whether different settings of the two factors may af-
fect speakers’ choices of frame of reference (i.e. the pro-
portion of using one frame of reference), for each factor
we used chi-square test to compare the proportions of the
relative and the intrinsic frames of reference under differ-
ent settings. However, the results indicate that the propor-
tions of using frames of reference are not significant dif-
ferent under different settings of the two factors (for the
displacement, χ2 = 9.08, p < 0.247; for the orientation,
χ2 = 5.42, p < 0.609).

Displacement
0◦ 90◦ 135◦ 180◦

Intrinsic 20 3 19 10
Relative 25 10 23 36

Orientation
away left right toward

Intrinsic 11 19 19 3
Relative 27 29 24 13

Table 3: Numbers of utterances using two frames of reference for
different settings.

Linguistic Cues
Although situational factors alone may not allow reliable
disambiguation of the underlying frame of reference, the lin-
guistic expressions specified by the users may provide im-
portant cues.

Users were usually (in 121 of the 146 utterances) explicit
with the relatum in their utterances. In the remaining 25 ut-
terances, the relatum was not explicitly specified, as in the
utterance like “go to the left cone”. As shown in Figure
4, when the relatum was underspecified, it was most likely
(96.2%) the relative frame of reference is used. It is signif-
icantly greater than the overall percentage (64.4%) of using
relative frame of reference (z = 3.30, p < 0.0001). How-
ever, when the relatum is explicitly mentioned, both the in-
trinsic (46.3%) and the relative (53.7%) frames are likely.

Figure 4: Proportion of the underlying intrinsic and relative
frames of reference with explicit and implicit relatum.

The spatial terms used in the utterances also provide cues
for the underlying frame of reference. Here we call “front”
and “behind/back” as frontal term and “left” and “right”

as lateral term. Figure 5 shows the proportion of the un-
derlying relative and intrinsic frames of reference with re-
spect to whether a frontal or a lateral term was used in the
utterances. As shown in the figure, when a lateral term is
used, it is more likely (84.2%) to be generated by the rel-
ative frame of reference. This is also significantly greater
than the overall percentage of using relative frame of refer-
ence (z = 3.61, p < 0.0001). When a frontal term is used,
both types of frame of reference are likely to happen.

Figure 5: Proportion of the underlying intrinsic and relative
frames of reference with frontal and lateral terms.

Figure 6: Individual preferences of using frames of reference.

Individual Preference
Previous studies (Levelt 1982; Tenbrink, Maiseyenka, and
Moratz 2007) found that there could be personal style differ-
ences between speakers in using spatial language, such as in-
dividual preferences on choices of linguistic forms, choices
of relatums, or even choices of frames of reference. The
results from our study have confirmed the strong individual
preferences on the choices of frame of reference.

In the 146 utterances that are potentially ambiguous be-
tween the intrinsic and relative frame of reference, we ob-
served that more than half (10) of the 16 users showed strong
individual preferences on either the relative or the intrinsic
frame of reference. Figure 6 shows the percentage of using
the relative and intrinsic frames of reference from each user.
As shown in the figure, User 7, 10, 16 and 18 consistently
used the intrinsic frame of reference while User 5, 6, 13,
14, 15, and 17 consistently used the relative frame of refer-
ence. This observation suggests that uncovering the user’s
individual preference during interaction provide a potential
direction to resolve the ambiguities in frame of reference.

Discussion and Conclusion
Based on a small data set collected from human-robot inter-
action, we have investigated the ambiguities of spatial lan-
guage understanding caused by the underlying frame of ref-
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erence. Our studies have shown that, given a spatial arrange-
ment of objects, it is often the case that multiple frames of
reference can simultaneously apply (291 cases in our data).
Although it is likely this situation does not cause any am-
biguity in interpreting intended objects, about 50% of our
cases (146 out of 291 cases) actually lead to ambiguous in-
terpretation of intended objects. The ambiguity caused by
frames of reference is quite prevalent in our data.

Our results indicate the property of the object that can be
used as a relatum in the environment affects the ambiguity
of the underlying frame of reference. Objects without in-
trinsic sides, when used as relatums, are not likely to lead
to ambiguity. Object with intrinsic sides will likely lead to
ambiguity between the addressee-centered relative and the
object-centered intrinsic frame of reference. While spatial
factors (e.g., displacement and orientation) may impose dif-
ferent levels of difficulties (and thus require more efforts) for
the speaker to use a specific frame of reference, they are less
indicative of the underlying frame of reference. Other con-
textual cues such as linguistic expressions and strong user
preference may help reliable disambiguation.

In human human interaction, the ambiguity of language
interpretation can be handled gracefully. Accordingly to the
Gricean maxims, if the speaker could foresee the potential
ambiguity, he will provide more information to avoid such
ambiguity. Such prediction can be generally based on the
feedback from the listener, such as back-channel or the gaze
direction of the listener. However, in human robot inter-
action, automated generation of intelligent robot behaviors
is still at its infancy. Without good simultaneous feedback
from the robot (which is exactly the case in our study), it
is difficult for human partners to anticipate potential am-
biguities. This points to the future research direction that
addresses collaborative behaviors to resolve ambiguities be-
yond the handling of frames of references.
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