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ABSTRACT

Unlike current state-of-the-art language models, young children actively acquire
language through interactions with their surrounding environment and caretakers.
One mechanism that has been argued to be critical to language learning is the abil-
ity to infer the mental states of other agents in social environments, coined Theory
of Mind (ToM) by Premack & Woodruff (1978). Drawing inspiration from the
modern operationalized versions of ToM implemented in Rabinowitz et al. (2018)
and Zhu et al. (2021), we build language-learning agents equipped with ToM, and
measure its effects on the learning process. We model ToM by giving the speaker
agent an internal listener model that is trained alongside the speaker and used
to rerank potential utterances. We experiment with varying task dif�culty, hy-
pothesizing that models will acquire more complex language to adapt to stronger
environmental pressures. We �nd that training speakers with a highly weighted
ToM listener component leads to performance gains in our image referential game
setting. We also �nd some evidence that increasing task dif�culty in the training
process results in more �uent and precise utterances in evaluation. This suggests
the potential utility of further incorporating ToM, as well as other insights from
child language acquisition, into computational models of language acquisition1.

1 INTRODUCTION

Human languages are fundamentally shaped by social-communicative goals in the grounded world.
Modern theories from developmental psychology often attribute humans' unique ability to quickly
acquire and adapt language to their ability to ascribe mental states to other agents (Tomasello, 2005),
an ability also known as Theory of Mind (ToM).

Some previous studies have attempted to perform computational modeling of ToM. For instance,
ToM-like mechanisms have been demonstrated to allow models to better predict the behavior of a
future agent (Rabinowitz et al., 2018), model agents' beliefs in a negotiation (Cao et al., 2018) or
a cooperative game (Bard et al., 2020), or choose good utterances based on the listener's linguistic
abilities (Zhu et al., 2021). However, the effects of ToM have not yet been studied in the higher-level
context of computational language acquisition.

In this paper, we study how aninternal ToM mechanismandexternal environmental pressurecon-
tribute to language learning. We use an image referential game setting consisting of a series of
training episodes between a speaker, which represents a language learner (Zhu et al., 2022), and a
listener, which represents a �uent teacher. When presented with a set of images, one of which is the
target referent, the speaker must learn to generate an English utterance that the listener can use to
select the target. The speaker is rewarded for generating utterances that are used to correctly guess
the target image. Additionally, the speaker may be given feedback depending on the con�dence
the listener has in the selection. This setting provides an attractive test-bed for testing the effects
of various reward signals or model designs on the speaker's learned language; previous studies of
pragmatics in language acquisition, such as Andreas & Klein (2016), have used similar settings.

1Code and data can be found athttps://github.com/neulab/ToM-Language-Acquisition .
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Figure 1: An example of how ToM is used by our speaker models in our implementation. The
speaker �rst generates candidate utterances before reranking them according to the probability given
to each target image, utterance pair by the internal ToM listener. It then selects either the highest-
scoring or a random utterance from the candidate pool to output.

Within this setting, we seek to better understand how models with and without ToM adapt to their
environments. We focus on two speci�c research questions in this area:

RQ1. How does the inclusion of ToM in language acquisition speaker models affect their perfor-
mance and learned language? (internal ToM mechanism)

RQ2. How do our models adapt to more dif�cult referential game environments during the lan-
guage acquisition process? (external environmental pressure)

We study the impact of ToM (RQ1) by modeling an internal listener module within our speakers that
aims to predict which utterances are most likely to result in the desired listener behavior. By incor-
porating the probabilities given to the target image by the ToM listener into the utterance reranking
process, as shown in Fig. 1, we select for more pragmatic utterances sampled from the speaker's
distribution. To study the impact of environmental pressure (RQ2) on our speakers, we create ref-
erential games with different dif�culties by sampling distractors from different distributions. These
distributions are based on the similarity between images calculated by various image representation
models, including CLIP (Radford et al., 2021), RoBERTa (Liu et al., 2020), and TF-IDF variants.

In experiments, we �nd that (RQ1) speaker models including ToM components generally outper-
form those that do not in terms of �uency and �nal accuracy. We also �nd that (RQ2) training
with more visually and semantically similar distractor referents causes the speaker model to develop
longer, more �uent, and more preciseutterances to distinguish between potential referents, although
these do not always translate to gains in referential game performance. These results suggest con-
tributions to language acquisition from both ToM and environmental pressures in this setting. We
still �nd signi�cant gaps between the language that our speaker model acquires and human captions.
Additionally, we restrict both the vocabulary and the maximum length of our speakers' utterances.
These both suggest that there is still room for improvement in this class of models. However, we
hope our results still hint at both better training methods for pragmatic language models and a deeper
computational understanding of human language acquisition.

2 IMAGE REFERENTIAL GAME ENVIRONMENT

Following Lazaridou et al. (2016); Lowe et al. (2019); Zhu et al. (2022), we consider image ref-
erential games with real world images, where a speaker and a listener collaborate on identifying a
target imagex 2 C among distractors randomly sampled from a set of candidatesC. The identity
of the target is known only to the speaker. The speaker generates an English-language utteranceu
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that describes the target image, which is then passed to the listener. The listener will either select an
imagex̂, in the case where they understand the utterance with a high enough probability or refuse
to act, in the case where they do not. The listener can also determine whether or not to provide
feedback (linguistic input in the form of the ground-truth caption of the target image) to the speaker.

Speaker training is motivated by a reward function that seeks to model the communicative goal of
directing the listener to the correct referent. The speaker gets a positive reward of1 if the listener
chooses the target image and a penalty of� 1 if the listener chooses the wrong target image. Ad-
ditionally, a smaller penaltywnoop is applied to the speaker if the listener chooses to not choose an
image; this is done to penalize the speaker for generating unclear utterances.

2.1 AGENT FORMULATION

We follow the speaker and listener formulations de�ned in Zhu et al. (2022). The speaker is a model
f : I ! � � that generates utterances (sequences of tokens from its vocabulary) that correspond to a
provided image. We de�ne� � as the speaker vocabulary andI as the set of candidate images.

The listener is de�ned on� � andI N , which is a set ofN candidate images sampled fromI . Given
an utterance2 � � and an observation space2 I N , the listener will either return the index of its
predicted image ornoop , if it cannot predict an image. It may also return the ground-truth caption
from its vocabulary. We de�ne it with the modelg : � � � I N ! ([0; 1; : : : N � 1] [ noop ) � � � .

2.2 SPEAKER DESIGN

The speaker that we use is a captioning model composed of a pretrained ResNet (He et al., 2016)
model and an LSTM-based utterance generation model. After generating an embedding vector
of the target image using the ResNet model, the speaker autoregressively generates an utterance
u = f ui gM

i =1 using the LSTM network:

P(ui j u1; u2; : : : ; ui � 1; x)

/ exp(wT
u i

LSTM(wu 1 ; wu 2 ; : : : ; wu i � 1 ; h0 = ResNet(x))) ;
(1)

wherewu i 2 Rdw is the word embedding ofui . The speaker generates a sequence of tokens to
either the maximum length, which is set to 20 in our experiments, or an end-of-sequence token. In
our experiments, we use a vocabulary size of200 to limit the size of the action space and to more
realistically mimic the vocabulary of a language learner.

2.3 LISTENERDESIGN

Given a set of candidate imagesI j (j 2 1; 2: : : n + 1) , wheren is the number of distractors, and
an utteranceu, the listener computes embeddings for each image,L (I j ), for the utterance,L (u). It
then takes the dot product of eachL(I j ) with L(u), and the softmax of the dot products to compute
the probabilityP(I j ju) / exp(L (I j )L (u)) of the utterance referring to imageI j for each image.

The listener also has a rule-based component to control when to give linguistic input in the form of
the ground-truth captionC(x). We introduce two thresholds,� 1 and� 2. After the listener computes
the most likely target image,t = arg max P(I j ju), and the probability given to this choice,Pmax =
maxP(I j ju), it returns its choicêx and inputf listener according to the following logic:

(x̂; f listener ) =

8
<

:

(noop ; 0) Pmax < � 1

(t; C (x)) � 1 < P max < � 2

(t; 0) Pmax > � 2

(2)

This control strategy mimics a caregiver who only gives feedback when they understand what the
language learner is referring to, but wants to direct it to generate higher-quality utterances. When
the listener's con�dence is very low, it will neither select a target image nor provide linguistic input,
as the speaker utterance is too low-quality. Meanwhile, when the listener's con�dence is very high,
it will stop giving linguistic input, as further improvement is deemed unnecessary.
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We use an LSTM-based model to learn embeddings of speaker utterances combined with a ResNet
model to derive image features. Because we want our listener to at least model a competent user of
the language that the speaker is trying to acquire, some pretraining is required before initializing a
listener in a new environment. The controller values� 1; � 2 and the ResNet parameters are set after
preliminary experimentation on the dataset. The listener's language network parameters are then
trained with mini-batch stochastic gradient descent to optimize the network values

� listener = arg max
�

EC �U ( I )N
1
N

NX

i =1

logPlistener(i j U �
i ; C; � ) (3)

3 SPEAKER TRAINING PROCESS

3.1 COMMUNICATIVE GOALS

We model communicative goals and learning from linguistic input as two separate learning objec-
tives for our speaker network, which we combine with an adjustable coef�cient� . The communica-
tive goal rewardOCG is simply the average reward (de�ned in §2) over each game in the training
episode. The space of possible output utterances is discrete and non-differentiable, so our speaker
learns its policy� via the reinforcement learning method PPO (Schulman et al., 2017).

3.2 LEARNING FROM L INGUISTIC INPUT

We model the learning from linguistic input objective as the maximum likelihood of the listener
input in the speaker models and optimize this continuous function with stochastic gradient descent.

OLI = Ex;C;u � � (u jx ) log � (U �
f listener(u;C ) j x; C ) (4)

We then combine the separate learning objectives for each task using a coef�cient� 2 [0; 1]:

Ojoint = � OCG + (1 � � )OLI (5)

Next, we introduce ToM Modeling, and an additional task objective,OT oM . This is a cross-entropy
objective that represents how accurate the speaker's internal listener model is. Similar to the objec-
tive above, we combine these into a single learning objective for the entire speaker network.

4 INTRODUCING TOM M ODELING

We incorporate into the speaker architecture an LSTM-based ToM listener. This listener model is
trained alongside of the rest of the speaker network to learn the “mental state” of the actual listener –
the neural network parameters that allow it to best replicate the probabilities that the listener would
assign to image-utterance pairs. It uses a similar architecture to the actual listener, combining its
own learned sentence embeddings from an LSTM network with pretrained image embeddings using
ResNet. In other words, our ToM listener seeks to learn the sentence embedding model� T oM that
will maximize the probabilities assigned to the listener's choice given an utterance.

� T oM = arg max
�

PT oM (ui jx̂) / exp(� T
T oM (ui ) � ResNet(x̂)) (6)

We introduce ToM into the speaker model by having our speaker sample candidate utterances and
rerank them with the help of the ToM listener. Our ToM speaker �rst samplesN candidate utterances
U = f u( i ) gN

i =1 from its distribution. Next, we generate a speaker and a listener score for each:

Pspeaker (u) /
Y

i

P(ui ju1; u2; : : : ui � 1; x) (7)

PToM(xju) / exp(LSTMT (u)Resnet(x)) (8)
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Here, the probabilityP(ui ju1; u2; : : : ui � 1; x) is computed according to 1. We then combine these
scores using a listener weight hyperparameterwl to get the overall score assigned to each utterance.
Finally, we select the best utterance,ub, as the argmax of this score:

ub = arg max
U

(PToM(xjuj )w l � pspeaker (uj )) (9)

In our experiments, we train models with three different settings ofwl . We train models withwl = 0
to isolate the effects of the ToM listener from the effects of the new model architecture. We train
models withwl = 1 which weigh the speaker and ToM listener input equally. Finally, we train
models wherewl is the arbitrarily high constant1000. In this case, the listener score dominates,
and our speaker essentially seeks to maximizePlistener (xjui ), which it approximates with the
ToM listener score. If we replace the learned ToM listener with a copy of the external listener,
this utterance sampling process is close to that of the learned Rational Speech Act (RSA) model in
Andreas & Klein (2016), which also trains pragmatic speakers on referential game environments.
We compare our ToM speakers to these “RSA” speakers to evaluate the impact of using our learned
approximation rather than the actual listener.

Finally, we introduce a hyperparameter� : our speaker outputs a random utterance with probability
� andub with probability1 � � . � is set to decay linearly over time; this randomization is done to
promote early exploration.

By default, we begin with an untrained listener that will be trained to emulate the actual listener's
outputs over time. To train the ToM listener, we introduce a third training objective in addition to
OLI andOCG , the ToM objectiveOT oM , de�ned as the cross-entropy loss between the distribution
of the ToM listener and that of the true listener. Thus, we are training it to give higher probabilities
to the listener's choicêx based on the speaker's utterances. Formally,

OT oM =
�

� logPT oM (x̂ju) Pmax > � 1

0 Pmax < � 1
(10)

Note that this requires a choice to be made by the listener, so we mask out the case where the actual
listener does not choose an image by setting it to zero. This is done using the same parameter� 1
and listener con�dencePmax that were used to control linguistic input in 2. We add this to the joint
learning objective previously de�ned in 5 to compute our combined objective for the ToM speaker
system as a whole:

Ojoint = � OCG + (1 � � )OLI + OT oM (11)

However, an untrained listener can introduce signi�cant noise to the utterance generation process.
To counteract this, we anneal the in�uence of the listener, by linearly increasingwl from 0 to the
�nal wl value over a �xed number of steps. This allows our speaker to only begin using its ToM
listener when the listener is at least somewhat capable.

5 INCREASINGDISTRACTORDIFFICULTY

Previous studies on language acquisition have found that infants initially look at familiar objects
when hearing semantically related labels for different objects, but adapt to more dif�cult tasks over
time by learning more complex semantic representations of objects (Bergelson & Aslin, 2017a). Ad-
ditionally, Yuksekgonul et al. (2022) showed that contrastive training on harder distractors improved
visiolinguistic models' performance on tasks involving compositionality. We hypothesize that the
usage of more similar distractor images might similarly force our speaker to generate more complex
utterances due to the need to further distinguish between images. This motivated us to generate
more similar distractor images in the training process in order to achieve such an effect. To do so,
we computed a similarity rank between images based on visual and semantic similarity. Then, after
selecting a “target” image in the training process, we sampled images with high similarities to the
target image to use as distractors during training.

We experiment with three options for calculating image/caption similarity:
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Table 2: Performance and language features of speakers trained on various distractors. We only
show the most performant variants of Caption and Hybrid similarity, with the others shown in A.1.

Model Performance POS F1 Average
Distractors Acc Fluency ADJ ADP NOUN VERB Length

Base 0.81 1.50 0.16 0.52 0.41 0.38 8.97
Gold Standard 0.92 2.52 1.00 1.00 1.00 1.00 10.79

Image 0.80 2.09 0.19 0.61 0.45 0.49 10.33
Caption 0.86 2.01 0.19 0.62 0.49 0.48 10.04
Hybrid 0.85 2.19 0.20 0.62 0.49 0.47 10.18

However, we �nd that speaker models that rerank utterances using a combined speaker-ToM score
generally fail to outperform models that do not use their ToM listener in training.

We also �nd that the usage of a highly-weighted ToM listener leads to signi�cant �uency gains when
training on both easy (15.6% relative increase in �uency score) and hard (11.6%) distractors. We
also see longer and more complex utterances when using normally or highly weighted ToM listeners.
Additionally, we �nd limited gains in general captioning ability between baseline and high-weight
models, as measured by BLEU score. However, these effects are more subtle, and do not always
lead to signi�cant accuracy gains, suggesting that the main driver of ToM accuracy gains is increased
pragmatic ability. We conclude that usage of a highly in�uential ToM listener during the training
process leads to signi�cant performance and �uency gains. We are also able to qualitatively observe
the improvement in model performance from ToM. As seen in one representative example in Fig. 3,
our ToM Speaker is able to identify two elements that clearly distinguish the target image from the
distractors (i.e. that there are multiple men who are playing baseball) in a �uent utterance.

Finally, we �nd that the ToM listener successfully approximates the external listener. Models with
learned listeners and RSA models with the pretrained listener perform comparably in accuracy and
�uency. Because the RSA models represent the upper bound of how good a speaker's listener model
can be, this suggests that our learned listeners are very bene�cial to the speakers. This is also shown
through the high ToM accuracies reported, especially in the most performant models, those with
high listener weight. These qualitative and quantitative results provide computational evidence that
ToM can play an important role in simulated language acquisition, similarly to how it has been
hypothesized to play a critical role in human language acquisition.

6.3 EFFECTS OFDISTRACTORDIFFICULTY

As shown in Table 2, we generally �nd signi�cant improvements in language quality in models
trained on more dif�cult distractors. The largest gains are those seen in the �uency score, where
dif�cult distractors achieve gains ranging between 25% to 46%. We also �nd that models trained
on more dif�cult distractors use more similar vocabulary to the ground-truth captions, as measured
by F1 score in the ground-truth captions and utterances produced. This is signi�cantly higher over
adpositions, nouns, and verbs on models trained with more dif�cult distractors. Finally, all speakers
trained on dif�cult distractors generate more complex utterances compared to the base speaker, with
utterances that are at least one word longer on average. This supports our hypothesis that when
confronted with increased environmental pressure, the speaker adapts by becoming more precise,
�uent, and complex with its language. These can be seen qualitatively in one representative example
in Fig. 3, which shows that a speaker trained on hard distractors is able to generate more �uent
utterances that more precisely describe the image (in this example, correctly identifying an object in
the image as a baseball bat, as opposed to an umbrella).

We �nd smaller differences between the language of models trained with various types of hard dis-
tractors. Speaker models trained with visually similar distractors achieve the highest �uency, at
2:094, and form the longest utterances. They also have more precise verb selection, as measured
by F1. Speakers trained on distractors that were selected with hybrid or caption similarity, achieved
high noun F1 scores of0:49 compared to0:41 for the base speaker model, indicating that semanti-
cally similar distractors in training may be better for identifying salient nouns. We �nd that training
on more dif�cult distractors does not consistently improve model performance when evaluating on
easier distractors. This suggests some disconnect between a language's �uency and its suitability to
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the image referential game environment. However, speakers that train on more semantically simi-
lar distractors still achieve up to5 percent higher accuracy than the base speaker, indicating some
bene�ts to performance from training on certain harder distractors.

7 RELATED WORK

Parallels in Human Language Acquisition. The concept of learning language through repeated
exposure to referents is a popular model within the psychology community. Smith & Yu (2008)
found that infants resolve the uncertainty of determining which referent in a scene a word refers to by
statistical learning over word-scene pairings. Yu & Ballard (2007) incorporated a social element into
models by considering “social-cognitive” capacities, such as attention reading, that act as a form of
ToM. Yu & Smith (2012) studied caregivers' social impact on early language acquisition using head-
mounted cameras, �nding that caregiver feedback during moments where a referent was visually
dominant directly led to language learning in the infant. Bergelson & Aslin (2017b) found that
unrelated images were easier for infants to differentiate between than semantically similar images.

Pragmatic Modelling. Andreas & Klein (2016) used pragmatic models to jointly train neural
speaker and listener models to play a referential game that involved describing contrasting scenes.
They also use a sample-and-rerank method for selecting utterances in this setup. However, they
use the actual listener, rather than a learned listener, to rerank utterances. Additionally, we apply
this process to a computational model of language acquisition. Nematzadeh et al. (2018) created
a dataset to evaluate question-answering models' ability to keep track of inconsistent worldviews.
They found that state-of-the-art neural models lack this ability, indicating that they cannot solve
tasks with ToM. Monroe et al. (2017) studied the effects of visually similar distractors on a prag-
matic model of color identi�cation, �nding that pragmatic models had the largest gains in the most
dif�cult settings. Vedantam et al. (2017) also consider the effects of including pragmatic components
in image captioning models, namely an internal module to better discriminate between images.

Emergent Language.Lazaridou & Baroni (2020) surveyed recent progress in emergent language
from multi-agent communication, claiming that further progress can help deep networks become
more interactive and interpretable. Lazaridou et al. (2020) place a generally trained language model
in a multi-agent environment with task-speci�c rewards. Similarly to our work, this results in a
task-conditional language model which the authors claim can better communicate with humans over
visual tasks. Chaabouni et al. (2022) analyzed the effects of task dif�culty on emergent communi-
cation tasks by varying the number of distractors, leading to negative effects on model performance
during evaluation. Mu & Goodman (2021) attempted to improve interpretability of learned lan-
guages in referential games by forcing speakers to communicate over sets of objects representing
abstract visual concepts, and analyzed the compositionality of the ensuing emergent languages.

8 CONCLUSION AND FUTURE WORK

In this paper, we extend an existing computational framework that models the language acquisition
process in an image referential game environment. Most notably, we add a ToM component to our
speaker models, allowing our speakers to pragmatically rerank candidate utterances with a learned
internal listener. We also experiment with increasing distractor dif�culty by upweighting more se-
mantically and visually similar distractor images. We �nd that incorporating ToM into our speaker
models leads to improvements in speaker performance. We also �nd that incorporating harder dis-
tractors leads to the development of more complex and �uent languages.

Future work could measure the similarity of the learning process between human learners and our
models, and whether the changes implemented in this paper lead to a more humanlike learning
process. Further work could also consider the implications of more dynamic dif�culty adjustment
or curriculum design – for instance, studying whether models trained on a variety of distractor
dif�culties are able to adjust their utterances to �t a context. Finally, we can study these effects
in more complex environments by varying the listener architecture or by considering more dif�cult
settings, such as object referential games. We encourage the machine learning and psychological
modelling communities to consider the further incorporation of ToM into computational models of
language acquisition, which could help develop more pragmatically-aware models.
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A A PPENDIX

A.1 FULL EFFECTS OFDISTRACTORDIFFICULTY

In Table 2, we select the caption and hybrid distractors involved in the training of the most perfor-
mant models to be reported. Here, as promised, we report the results of experiments over a fuller
range of distractor variants.

Table 3: Performance and language features of speakers trained on all distractor variants.

Model Performance POS F1 Average
Distractors Acc Fluency ADJ ADP NOUN VERB Length

Base 0.81 1.50 0.16 0.52 0.41 0.38 8.97
Gold Standard 0.92 2.52 1.00 1.00 1.00 1.00 10.79

Image 0.80 2.09 0.19 0.61 0.45 0.49 10.33

Caption CLIP 0.83 1.87 0.18 0.57 0.46 0.43 9.56
Caption RoBERTa 0.83 1.93 0.20 0.60 0.48 0.47 10.06
Caption RoBERTa TFIDF 0.86 2.01 0.19 0.62 0.49 0.48 10.04
Caption TFIDF 0.83 2.05 0.21 0.63 0.46 0.45 10.30

Hybrid CLIP 0.81 1.87 0.24 0.58 0.46 0.45 9.78
Hybrid RoBERTa 0.83 1.94 0.20 0.61 0.48 0.47 10.09
Hybrid RoBERTa TFIDF 0.84 2.09 0.20 0.65 0.48 0.46 10.29
Hybrid TFIDF 0.85 2.19 0.20 0.62 0.49 0.47 10.18
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