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Abstract

Humans naturally use verbal utterances and nonverbal gestures to refer to various
objects (known as referring expressions) in different interactional scenarios. As col-
lecting real human interaction datasets are costly and laborious, synthetic datasets
are often used to train models to unambiguously detect relationships among objects.
However, existing synthetic data generation tools that provide referring expressions
generally neglect nonverbal gestures. Additionally, while a few small-scale datasets
contain multimodal cues (verbal and nonverbal), these datasets only capture the
nonverbal gestures from an exo-centric perspective (observer). As models can use
complementary information from multimodal cues to recognize referring expres-
sions, generating multimodal data from multiple views can help to develop robust
models. To address these critical issues, in this paper, we present a novel embodied
simulator, CAESAR, to generate multimodal referring expressions containing both
verbal utterances and nonverbal cues captured from multiple views. Using our sim-
ulator, we have generated two large-scale embodied referring expression datasets,
which we have released publicly 1. We have conducted experimental analyses on
embodied spatial relation grounding using various state-of-the-art baseline mod-
els. Our experimental results suggest that visual perspective affects the models’
performance; and that nonverbal cues improve spatial relation grounding accuracy.
Finally, we will release the simulator publicly to allow researchers to generate new
embodied interaction datasets.

1 Introduction

Natural communication forms of humans are inherently multimodal with verbal and nonverbal
(gestures and gaze) signals [1–5]. People use multimodal cues with their interaction partners for
the joint focus of attention on salient objects and events, specifically when they share a physical
space in an environment [3–9]. As humans use multimodal communication forms for interactions, we
need AI-driven agents interacting with us to understand multimodal referring expressions to generate
seamless interactions [3, 10–12].

Comprehending referring expressions has been generally studied in the form of the spatial relation
grounding task [13–26]. This task involves identifying whether the verbal utterance of the spatial
relationships between objects holds in the visual scene [15, 16]. However, the exclusion of nonverbal
signals in the model makes the problem different from how people interact naturally in shared
physical spaces, as people start to use multimodal signals very early in their developmental phase
[1, 2, 5, 27–32]. To address this gap, in this work, we have designed an embodied spatial relation
grounding task, which involves identifying whether a person is verbally and nonverbally (pointing
gesture and gaze) referring to the same objects in the visual scene. This task can help develop learning
frameworks to understand multimodal referring expressions in embodied settings.

1CAESAR Datasets: caesar-simulator.github.io

36th Conference on Neural Information Processing Systems (NeurIPS 2022) Track on Datasets and Benchmarks.

caesar-simulator.github.io


Figure 1: Embodied referring expressions generated using, CAESAR, with verbal and nonverbal modalities
from multiple views. Top: verbal utterance and nonverbal gestures both referring to the same object (i.e., Apple).
Bottom: verbal utterance refers to the Apple; however, the nonverbal gestures refer to the Blender.

A few datasets have been developed to capture embodied multimodal referring expressions, which
involve referring an object using verbal utterances and nonverbal cues (pointing gesture and gaze)
[3, 33]. However, these datasets have several crucial limitations. The primary limitation of existing
datasets is that the nonverbal interactions are captured solely from an exocentric perspective (exo,
ego, and top view denotes perspectives from an actor, the observer, and overhead, respectively
(Fig. 1)). As comprehending embodied referring expression requires perspective-taking, which is the
awareness of the actor’s and observer’s point of view in shared interactions, the lack of perspective-
awareness in these datasets can degrade the model’s performance. Additionally, multiple views can
help identify the referred object, which may be partially occluded from one view but visible from
another. Moreover, in human-human interactions, learning perspective is used innately to attend to
salient parts of interactions. Let’s assume an actor is requesting an observer verbally to “pick up the
left apple” (Fig. 1). This verbal expression can be interpreted differently from different perspectives,
where the “left apple” from the exo view can be interpreted as the “right apple” from the ego view.
Learning where the actor is looking and pointing can help identify the appropriate object in these
scenarios. These data samples with multiple views enable the model to learn perspective-taking to
ensure seamless and natural interactions in embodied settings.

Additionally, contrastive verbal and nonverbal expressions are common in many real-world settings.
For example, humans often mistakenly describe one object while pointing to another object. People
are adept at identifying these scenarios and involve themselves in a conversation to complete the
communication. Similarly, an intelligent AI-agent should identify inconsistent interactions from
multimodal referring expressions. However, existing datasets only contain congruent and complete
verbal and nonverbal interaction signals. Therefore, to train a robust model, we need a dataset with
contrastive data samples, enabling the agent to request additional information from human partners in
cases of incongruent signals.

To address the shortcomings of the existing datasets, we have developed a novel embodied simulator,
CAESAR, to generate large-scale datasets of referring expressions. To the best of our knowledge,
CAESAR is the first simulator to generate multimodal referring expressions with verbal utterances
and nonverbal gestures in a virtual environment. CAESAR has three novel aspects which differentiate
it from other synthetic data generation systems (e.g., CLEVR [34] and Kubric [35]). First, CAESAR
simulates scenarios in which verbal utterances and nonverbal cues (pointing gesture and gaze) refer to
objects in an embodied setting (Fig. 1). We have collected real human pointing gesture data using an
OptiTrack motion capture system [36] and emulated the same behaviors in CAESAR by incorporating
a new stochastic deictic gesture generation approach. Second, CAESAR renders multiple views
from different perspectives, such as ego-, exo-, and top-view, that can aid in training models to learn
different perspectives for comprehending multimodal referring expressions. Third, taking inspiration
from previous work [15], we have designed a module in CAESAR to generate contrastive samples,
where the virtual human is pointing to an object while verbally describing a different object.

2



Table 1: Comparison of the datasets of referring expression comprehension. V, NV, E, C, and A denote verbal,
nonverbal, embodied, contrastive samples, and ambiguous samples, respectively.� Average number of words.

Datasets V NV E Views C A No. of
Images

No. of
Samples

Object
Categories

Avg.
Words�Exo Ego Top

PointAt [37] 7 3 3 3 7 7 7 7 220 220 28 -
ReferAt [33] 3 3 3 3 7 7 7 7 242 242 28 -
IPO [38] 7 3 3 3 7 7 7 7 278 278 10 -
IMHF [39] 7 3 3 3 7 7 7 7 1716 1716 28 -
RefIt [40] 3 7 7 3 7 7 7 7 19,894 130,525 238 3.61
RefCOCO [41] 3 7 7 3 7 7 7 7 19,994 142,209 80 3.61
RefCOCO+ [41] 3 7 7 3 7 7 7 7 19,992 141,564 80 3.53
RefCOCOg [42] 3 7 7 3 7 7 7 7 26,711 104,560 80 8.43
Flickr30k [43] 3 7 7 3 7 7 7 7 31,783 158,280 44,518 -
GuessWhat? [44] 3 7 7 3 7 7 7 7 66,537 155,280 - -
Cops-Ref [45] 3 7 7 3 7 7 7 7 75,299 148,712 508 14.40
CLEVR-Ref+ [46] 3 7 7 3 7 7 7 7 99,992 998,743 3 22.40
YouRefIt [3] 3 3 3 3 7 7 7 7 497,348 4,195 395 3.73
CAESAR-L 3 3 3 3 3 3 3 3 11,617,626 124,412 61 5.56
CAESAR-XL 3 3 3 3 3 3 3 3 841,620 1,367,305 80 5.32

One of the primary goals of developing CAESAR is to democratize the data generation process so
that researchers without simulator development experience can have complete control of generating a
diverse dataset to train and evaluate a learning model. Similar to existing data generation systems,
the development of our simulator requires extensive knowledge of motion planning and game engine.
Thus, to make it accessible to everyone, we have developed a tool that enables researchers to generate
diverse samples without any simulator development experience. Using this tool, we have developed
two large-scale datasets, CAESAR-XL and CAESAR-L, for understanding multimodal referring
expression in an embodied virtual environment. A comparison of our developed datasets and other
existing datasets for referring expression understanding is listed in Table 1.

Although several state-of-the-art visual-language models have been proposed for different tasks,
such as spatial relation recognition [14–16], referring expression comprehension and visual question
answering [21, 20, 22], these approaches use nonverbal embodied interactions from only an exocentric
perspective. Thus, we have adopted state-of-the-art models and benchmarked on our datasets for
grounding embodied spatial relations using multiple views and multimodal data. Our experimental
results suggest that these models' performance varies with perspective, and nonverbal cues can
improve it. Moreover, the results also indicate that we need to develop models that extract salient
nonverbal cues and effectively fuse verbal utterances for robust performance.

The key contributions of this work are listed below:

• We have developed a novel embodied simulator, CAESAR, to generate referring expressions
with verbal uttrances and nonverbal gestures captured from multiple perspectives.

• We have generated two large-scale and one small datasets of multimodal referring expres-
sions in an embodied setting using CAESAR.

• We have benchmarked various models on our dataset. The results suggest these models
cannot effectively learn perspective-taking, which opens new research directions to develop
robust models for embodied referring expression comprehension.

• CAESAR allows researchers to tune the simulator's parameters without any development
experiences to generate customized samples for training and diagnosing their models.

2 Related Work

Spatial Relation Grounding Datasets:Several synthetic datasets of various images of objects are
generated for spatial relations grounding tasks using game engines, such as Unity [15, 16, 46–48]. For
example, Goyal et al.[15] uses Blender to generate synthetic dataset, Rel3D, for spatial relationship
recognition. However, in this dataset, the visual scene only contains two objects which simpli�es the
task. Lee et al.[16] addresses issues of Rel3D by generating multiple objects in the scene. Unlike
these synthetic datasets, other datasets use real-world images [40–42]. For example, SpatialSense
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[14] uses real-world images for spatial relationship detection. In these datasets, verbal referring
expressions are generated using either template-based methods [49, 50, 46] or human annotators
[41, 40, 49, 14, 51]. For example, the ReferIt3D dataset [49] uses a compositional template (<target>
<spatial-relation> <reference>) to generate verbal utterances. However, one of the limitations of these
datasets is the absence of the nonverbal cues (pointing gestures and gaze).

Datasets Generator:Existing synthetic data generation tools [15, 16, 46, 34] work adequately for
generating referring expressions in non-embodied settings. For example, the GRiD-3D dataset [16]
uses Blender [52] to generate referring expressions for relation grounding, object identi�cation, and
visual question answering. However, these tools were not designed to generate nonverbal gestures in
embodied settings. Moreover, it is non-trivial to extend the existing simulators [15, 16, 46, 34] and
procedurally generate non-verbal gestures. In our previous work [53], we found that a template-based
approach produces pointing gestures that deviate from realistic gesture.

Embodied Spatial Relation Grounding Datasets:A few datasets have been developed for embodied
referring expression comprehension [3, 33, 37–39]. For example, the YouRefIt [3] dataset was
developed in a real-world setting, which has several advantages over synthetic data. However, this
dataset is limited in sample size and lack detailed annotations, which only contains 4,195 unique
visual scenes. Moreover, the nonverbal interactions in the existing datasets have been captured only
from the exocentric view, which may limit the model's ability to learn multiple perspectives. Although
prior works have shown the importance of contrastive data samples to train models [15], the existing
datasets of embodied referring expressions do not include contrastive data samples. Furthermore, the
existing datasets do not include ambiguous expressions, which can be used to develop conversational
embodied agents to ensure seamless human-AI interactions. Additionally, the existing datasets do not
explicitly consider generating samples with the occluded objects from a particular view, which can
help diagnose the model's robustness to ground embodied spatial relations. A comparison of various
referring expression datasets has been presented in Table 1.

3 CAESAR: An Embodied Simulator

Figure 2: Comparison of real (left) and synthetic
motion generated from CAESAR (right). We used
real human motion using an OptiTrack motion cap-
ture system to synthesize gestures in our simulator.

In this section, we present CAESAR, an embodied
simulator capable of automatically generating mul-
timodal referring expressions with verbal utterances
and nonverbal cues (pointing gesture and gaze) to
refer to an object. Generated embodied referring
expressions are depicted in Fig. 1.

For CAESAR we have created an environment where
an embodied agent (an avatar) refers to various ob-
jects distributed on a table top through nonverbal
gestures and verbal utterances by exploiting spatial
relation with other objects in the scene. CAESAR
generates the environment by dynamically loading
various avatars, objects, walls, and tables.

3.1 Observer-Aware Object Generator

To ensure plenty of variation across data samples
while limiting clutter, CAESAR randomly spawns
between four to ten objects from our pre-populated object library. Among these spawned objects,
CAESAR randomly chooses one object as the referred object, which will later be described through
nonverbal cues and verbal utterances. We apply some constraints to an object to be declared properly
generated. First, objects can only occur in a scene at most three times. Second, objects must be
partially visible from both the ego and exo views. To promote object diversity, CAESAR varies
spawned objects in rotation, color, size, and position. CAESAR does not vary some object colors,
such as oranges, to ensure proper object appearance.

3.2 Embodied Referring Expression Generator

CAESAR generates both verbal and nonverbal referring expressions for each embodied interaction.
To vary nonverbal expressions, different cues are used interchangeably by the human avatar to refer
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Table 2: Verbal referring expression generation templates. Here, <Obj>: Referred object name, <Obj-1>:
Reference object name, <Obj-n Prop.>: Color or Size of objectn, <SR>: Spatial relation. Note that spatial
relations/locations are relative to either the observer (exo view) or embodied agent (ego view).

No. Template of Verbal Referring Expression Example Instance
1 <Obj> The apple
2 <Obj Prop.><Obj> The red apple
3 <Spatial Location><Obj Prop.><Obj> The center small apple
4 <Obj><SR><Obj-1 Prop.><Obj-1> The apple to the left of the big cutting board
5 <Obj Prop.><Obj><SR><Obj-1 Prop.><Obj-1> The small apple next to the brown cutting board

to objects. Nonverbal data consists of procedurally generated pointing gestures and a gaze that refers
to an object. To achieve this, we dynamically calculate musculo-skeletal motion for eight different
avatars [53, 54]. Additionally, verbal expressions are generated randomly from a set of templates.

Pointing Gesture Synthesis:One of the primary goals of the CAESAR simulator is to generate
realistic pointing gestures that match the amount of variability in real human gestures. To accomplish
this, we have researched prior works for procedural pointing gesture synthesis and developed a novel
synthetic pointing gesture synthesis algorithm. Past algorithms generally fall under three categories:
data-driven algorithms that use motion-capture data to �t constraints [55], physics-driven algorithms
that build motion using a musculo-skeletal simulation [56], and hybrid algorithms combine aspects
of the prior two. Our method of synthesizing motion [53] is a hybrid algorithm that synthesizes a
motion path for pointing gestures based on motion-capture data (using similar timing and arc-like
motion). We also determine joint rotations based on inverse kinematics to �t this motion path, and
subsequently applies a physical simulation to account for gravity, momentum, and self-collision. We
have used real human motion data using an OptiTrack motion capture system to synthesize human
pointing gestures in CAESAR (Fig. 2).

Our gesture generation algorithm has �ve phases: rest, preparation, stroke, hold, and retraction.
The rest phase consists of a static idle animation; the subsequent phases are layered onto this to
simulate the micro-movements that occur while muscles are under tension. For the preparation,
stroke, and hold phases of the gesture, the motion path is determined by constructing a Catmull-Rom
curve [57] through a set of three points: one at the rest-coordinates of the pointing hand, one at
the peak-coordinates, where the hand is most extended in a pointing gesture, and a third point at
the midpoint of the previous points, with a varying displacement as to randomly alter the shape of
the motion. This curve is then converted into a Bezier Curve [58]. To allow human hands to travel
along paths we used 3D Bezier Curves [59]. We also added a Cubic Easing function along the path
and a basic physical particle simulation to the path-following object as a basis for our Two-Joint
Inverse Kinematics (IK) target when creating the arm animation. To implement the IK and physical
simulation, we used the Unity Animation Rigging [60] and Dynamic Bone [61] packages. The
retraction phase of the gesture is implemented by easing off the IK constraint's strength, allowing for
gravity to swing the limb back into its rest position, directly under the shoulder joint.

Gaze Synthesis:Our avatars' head and body orientation is calculated through a set of IK targets,
also using the Unity Animation Rigging package [60]. They are layered on top of each other: �rst,
the body is applied, and then the head is applied. The IK target weights are eased in according to a
timing parameter shared between the pointing and gaze systems. This constraint ensures that when
both gaze and pointing gestures are generated, the avatar will look towards the target and change their
body's orientation before pointing.

Verbal Referring Expression Generation: Taking inspiration from previous works [49, 50, 46],
we have developed �ve compositional templates to generate verbal referring expression, presented in
Table 2. In these templates, the target object is referred to by verbal and nonverbal cues, a reference
object is used to add context to the target object's location, and the object's properties, such as color,
size, and spatial location (left, right, corner), are varied. For example, using Template-5, we can
generate the verbal message "the red apple to the right of the black kettle", depicted in Fig. 1. We
also varied the spatial relation/location of the target object by referring to it from either the observer's
or the actor's perspectives, resulting in twelve verbal expressions formulated from the �ve templates.
Please see the supplementary for further details.
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3.3 Rendering Nonverbal Referring Expressions from Multiple Views

CAESAR generates nonverbal referring expressions in three scenarios - a person gazing at an object,
a person pointing to an object, and a person gazing and pointing at an object. There is another setting
where no human avatar is rendered and the scene only contains objects, namedno humanscenario.
Nonverbal cues in three of the scenarios are captured from three camera views: ego, exo and top. We
have also generated skeletal poses of a simulated human avatar using the Vectrosity package [62].

3.4 Contrastive Sample Generator

CAESAR generates contrastive embodied referring expressions where the given embodied referring
expressions are insuf�cient to successfully ground an object. As described in Section 3.3, there are
four different scenarios our simulator generates; CAESAR generates contrastive embodied referring
expressions for all four of these different scenarios. In the situations of only gaze, only pointing
gesture, and both gaze and pointing gesture, the human avatar points, gazes or both at an object
that it is not verbally describing. This is made apparent in Fig. 1, where the humanoid verbally and
nonverbally describing two different objects results in contrastive expressions. For the scenarios
with no humanavatar, CAESAR generates a verbal expression that describes an object not in the
scene. These contrastive data samples can help to train models to ground embodied spatial relations.
While generating these contrastive scenarios, we apply several constraints to ensure non-ambiguity in
whether a scenario is contrastive or not. For example, a chosen object's proximity to different copies
of that object is checked to ensure that a referred object can be distinguished from other referred
objects. Additionally, the contrastive object selected for nonverbal expression is checked for being
adequately spaced from the chosen object and of a different category. These constraints ensure the
person's gaze or gesture is suf�ciently different to make the sample contrastive.

3.5 Data Annotation

CAESAR generates detailed annotations of each data sample, including bounding box coordinates
for all the generated objects from all three views, object attributes (color, size, absolute location),
and their relative locations from the actor (ego view) and the observer (exo view). We found that
using Unity's object mesh renderer for bounding box calculations provided large overestimates, so
we calculate the position (x andy coordinates) of each vertex of an object relative to each camera,
which leads to accurate bounding box annotations. Additionally, as the ego view camera constantly
changes position and rotation (the other cameras remain static), we dynamically calculate bounding
boxes during videos for the ego camera to effectively track where each object is relative to the moving
camera. Moreover, CAESAR annotates each verbal referring expression according to object attributes
and spatial relations. It also records environmental parameters, such as lighting conditions (number
of lights, position, intensity) and background color. Please check the supplementary materials for
more details of data annotation as well as dynamic bounding box calculation.

3.6 Con�gurable Data Generation Interface

One of the challenges of many simulators that generate datasets is a lack of con�gurability or a
requirement of extensive development experiences using certain libraries. We have developed a tool
to con�gure CAESAR without programming or game engine experience through simply clicking
buttons in the Unity inspector window to toggle features. This tool uses serialized �elds inside our
main manager, directly allowing users to con�gure different features that will be used internally.
These con�gurable features include the ability to specify whether video should be recorded, activate
different cameras (i.e, the skeletal camera), designate the number of scenes to generate in parallel, as
well as many other features described in more detail in the supplementary document.

4 Dataset Analyses

Using CAESAR, we have generated two datasets. The �rst dataset, CAESAR-L, consists of124; 412
data samples created from11; 617; 626images at a resolution of480� 320pixels. These data samples
are divided into train, validation, and test data splits with74; 760, 24; 779, and24; 873data samples,
respectively. The second dataset, CAESAR-XL, consists of1; 367; 305data samples, which were
created from841; 620images by varying verbal expressions in the �ve different settings described in
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