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Abstract

To successfully interact with the world, both humans and machines need to con-
struct models of the world and form beliefs about these models. These beliefs need
to be updated as new information comes in. We formalize this problem using a
simple flight recommendation task, where in order to provide useful recommen-
dations the assistant needs to infer the user’s preferences as it interacts with the
user. We evaluate the Gemma 2 family of instruction-tuned language models in
this setting, and find that they perform poorly compared to an optimal Bayesian
model. Most importantly, Gemma 2’s performance remains constant even as more
information becomes available. Overall, we identify probabilistic belief updating
as a central challenge for interactive language models.

1 Introduction

Humans reason about the world based on our beliefs about it. To effectively support decision making,
our beliefs need to take into consideration the structure of the world: they need to be supported by
appropriate “world models” (Johnson-Laird, |1980; [Wong et al., [2023). To the extent that we are
uncertain about our environment, our beliefs need to be probabilistic and reflect this uncertainty.
Finally, when the situation changes, or new information becomes available, we need to update these
probabilistic beliefs to reflect the new information.

In this paper, we propose a paradigm that evaluates whether a system is able to perform such
probabilistic inference over well-calibrated models of the world, and apply this paradigm to evaluate
interactive language models (LMs). As a proof of concept, we instantiate this paradigm in a simple,
controllable setting: a flight recommendation task inspired by [Lin et al.|(2022). This task involves
multi-round interactions between a user and a flight booking assistant. In each round, the assistant
is expected to recommend a flight out of multiple options. The assistant then receives feedback on
the user’s preferred option. The user’s preferences are shaped by a latent reward function, which
quantifies the strength of their preferences for, say, longer flights over shorter ones. Because the
assistant does not have direct access to the user’s preferences, to make optimal recommendations,
it must construct an implicit model of the factors that shape the user’s preferences, and reason
probabilistically about those factors as it learns about the user’s choices across different situations.

An optimal strategy to perform this task relies on Bayesian inference (Jern et al.,|2017; |Tenenbaum
et al., 2011; [ Xu and Tenenbaum), 2007; Baker and Saxel, 2011} [Tenenbaum et al., 2006). Such
a Bayesian Assistant maintains a probability distribution that reflects its beliefs about the user’s
preferences, and uses Bayes’ rule to update this distribution as new information becomes available.
For the simple task we focus on in this paper, exact probabilistic inference is tractable, which makes
it straightforward to implement the Bayesian Assistant.
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Round 1

Help me select the best flights for my trips. ... Which flight is the best option?

Flight 1: duration: 10 hr 15 min, # stops: 2, price: $100
Flight 2: duration: 4 hr 24 min, # stops: O, price: $750
Flight 3: duration: 7 hr 13 min, # stops: 1, price: $370
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Round 2

Flight 1: duration: 5 hr 20 min, # stops: 1, price: $290
Flight 2: duration: 10 hr 45 min, # stops: 2, price: $150
Flight 3: duration: 5 hr 5 min, # stops: 1, price: $370

Which flight is the best option?

User

The best option is Flight 3. % °OO
V Assistant U:b H]]
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R Your option Flight 3 is correct.
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R Your option Flight 1is incorrect. Duration # Stops ~ Price
| prefer Flight 2.
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Figure 1: Our task involves multi-round interactions between a user and a flight booking assistant.
In each round, the assistant has to make a recommendation to the user out of three available flight
options. The assistant then receives the flight that was in fact chosen by the user (based on the user’s
ground truth reward function). To make good recommendations, the assistant needs to infer the user’s
reward function from the user’s choices.

We find that LMs perform significantly worse than the Bayesian Assistant, and only slightly better
than random guessing. Their performance plateaus after a single round, indicating a limited ability to
update their beliefs. The Bayesian Assistant, on the other hand, is able to monotonically improve as
additional information comes in, and it often infers the correct reward function after a small number
of interactions.

A hallmark of a good reasoner is that it can maximally exploit the amount of information it is provided
with. Guided by this motivation, we investigate the relationship between the informativeness of
the options presented and the extent to which the model’s performance improves. We find that
informativeness has a large effect on the Bayesian Assistant, but not on the LMs. Overall, then, while
transformers have the computational capacity to learn and perform Bayesian inference (Miiller et al.|
2022)), in practice LMs do not implement this strategy when interacting with a user in this task.

This work has two main contributions. First, we propose a framework for evaluating a system’s ability
to update its beliefs as new information becomes available; and second, we apply this framework to
evaluate current LMs. We find that LMs struggle in this setting compared to the optimal Bayesian
strategy, and that their performance does not improve as more information becomes available. As LMs
are increasingly used in interactive settings where information is provided gradually, in particular in
the use case of adaptation to individual users, we see this as a central challenge for LM development.

2 Evaluation Framework

2.1 The Flight Recommendation Task

We consider a simple flight recommendation setting similar to |Lin et al.| (2022), where a user
interacts with an assistant for multiple rounds (Figure[I). During each round, a set of k flight options
O ={o1, ..., 0%} is presented to both the user and the assistant. Each flight option is represented by a
feature vector ¢(0) € R*, which indicates the departure time, the duration of the flight, the number
of stops, and the cost of the flight. Each feature can take one of 100 values uniformly distributed
between 0 and 1, except for the number of stops, which has 3 values. This defines 3 x 100% unique
flight options, which we deterministically map to a textual representation (illustrated in Figure|[I)).
We evaluate an alternative numerical representation in Section [6].

Each user has their own flight preferences, defined by a reward function # parameterized by four
numbers, which represents their preferences for the aforementioned features. The space © of reward
functions includes all four-dimensional vectors with the values {—1,—0.5,0,0.5,1}, where —1
corresponds to a preference for low values of this feature and 1 to a preference for high values. We
exclude the reward function (0, 0, 0, 0), which does not provide any information. This results in a
total of 5* — 1 = 624 possible reward functions. We then instantiate a user by randomly sampling a
vector f € O as their reward function.

Given a set of flight options O, the user determines which flight is the preferred one based on their
reward function 6. Concretely, they assign the reward r(0; §) = 87 ¢(0) to each flight o, and choose
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Figure 2: (a) Experimental design. We evaluate on held-out options at the end of each round. The
evaluation branches out from the main interactions (that is, the evaluation performed after the first
round is not included in the context of the second round). The LM’s direct evaluation, where we
ask the LM directly to choose a flight, follows the blue lines; the reward evaluation, where we first
extract the LM’s predicted reward function and then we use it to choose the flight, follows the gray
lines. The dashed lines indicate the deterministic conversion of the LM’s reward distribution into
flight recommendations. (b) Main results. Left: the accuracy of the flight recommendations made
by the Bayesian Assistant, directly by the LM, and using the reward function estimated from the LM.
Right: the normalized L2 distance between the reward functions estimated from the models and the
ground truth reward. The dashed lines indicates random performance.

Accuracy (%)

the preferred flight as follows:

0" (0, 0) = argmaxr(0;6). (1)
ocO

The goal of the assistant is to recommend the flight that best matches the user’s preferences. At the
end of each round, the assistant receives feedback from the user on whether or not it chose correctly;
it also receives the correct answer. The next round then proceeds with a new set of options. We
instantiate an LM assistant through prompting (see Table |4 for an example). We evaluate its ability
to perform the flight recommendation task by accuracy, which measures whether the LM’s directly
predicted output aligns with the user’s most preferred option.

2.2 The Bayesian Assistant

In each round the assistant receives a set of options along with the preferred option; this usually
provides only partial information about the user’s reward function. The optimal strategy is therefore to
maintain a probability distribution over possible reward functions: if the assistant made a commitment
to a single most likely one, this function could turn out to be incorrect in future rounds. After each
round, we expect the optimal model to update its distribution over reward functions using Bayes’
rule. This optimal model represents a ceiling on the performance that we can expect from any system,
including the LMs we test.

Since the space of reward functions is relatively small, we can perform exact Bayesian updates. At

each round, given options O and the user’s preferred option o*, the Bayesian Assistant updates its

posterior using

PO, 0" 10) g5 (6)
p(OIFT =it J

qu+1(9|0i+170*i+1) — (2)

where the likelihood function indicates whether the reward function is consistent with user’s choice:
0,0%6) =1 :0) = o*]. 3

P(O,0°16) = 1 [ max r(0:6) = 0" 3

The Bayesian assistant then makes flight recommendations based on its reward posterior mean,

6= Eq(0)[0]. following Equation As more information becomes available, the Bayesian Assistant
will rule out more reward functions that are inconsistent with the user’s choices, and will assign a
higher probability to the user’s true reward function, eventually converging on the correct one.

2.3 Assessing the LM’s Beliefs

We approximate the LM’s internal beliefs about the user’s preferences by explicitly prompting it about
them, using the user’s previous booking history provided as context (see Table [5|for an example).



Specifically, we ask the LM to provide a rating on a scale of 1 to 5, where, for example 1 indicates
a strong preference for cheaper flights, 3 indicate no strong preference, and 5 indicates a strong
preference for expensive flights. We score the numbers 1, 2, 3, 4, and 5 as possible continuations of
the prompt and re-normalize them to form a feature distribution over these five numbers. Then, we
approximate the distribution over reward functions as a factorization of these feature distributions:

arr (01O, 0" ) = | [ arhi (6,107, 0™ ). @)

J
where ¢ (0;|O"1, 0*F1) is given by the next-token probability that the LM assigns to predicting
each of the user’s preferences for feature j followed by normalization. In practice this independence
assumption may not be fully justified, as some features are likely to be correlated. We further note

that we cannot be sure, of course, that the LM’s responses to these prompts provide direct access to
beliefs derived from an internal world model that guides its flight recommendations.

For the Bayesian Assistant’s prior ¢% (), we use the LM’s initial reward distribution, i.e. the
distribution derived from the LM’s responses without providing any user-specific information. We
take this distribution to capture people’s general flight preferences (e.g., most people may prefer
shorter flights over long ones).

2.4 Evaluation Metrics

We use three evaluation metrics. First, we record the accuracy of the LM’s recommendations—
whether the option it selected is the one that most closely matches the user’s preferences. We refer
to this evaluation metric as “direct” (see Figure[2h). For the Bayesian assistant, we record accuracy
using the prediction obtained from the mean of its posterior distribution over reward functions, which
is equivalent to making predictions using the posterior predictive distribution as 7(o; #) is a linear
function. For consistency with this evaluation method, we derive a second LM accuracy metric, where
we first extract the LM’s posterior distribution over reward functions (as described in Section[2.3),
and then use the same posterior predictive decision-making rule to obtain a recommendation. Finally,
we compute the unit-normalized L2 distance between the mean of the posterior distribution over
rewards and the ground-truth (GT) reward function, following Lin et al.|(2022)). We use normalized
distance as some reward functions are equivalent. For example, the reward function [—1, —1] is
equivalent to the reward function [—0.5, —0.5] as they always lead to the same recommendation.

3 Experimental Setup

For replicability, our experiments focus on open-weights Gemma 2 family of models (Team et al.,
2024b)). This family performs competitively: in Chatbot Arena leaderboard (Chiang et al.,|2024), the
instruction-tuned version with 9B parametersﬂ which we use for most of experiments, outperforms
the similarly sized version of Llama 3.1 (Dubey et all 2024) (and also outperforms OpenAl’s
GPT-4-0314), and the 27B-parameter version of Gemma 2 outperforms the 70B version of Llama 3.

We instantiate users parametrized by each of the 624 reward function in the reward function space ©
(Section @ We have the LM interact with the user for five rounds; in each round we present a set
of three randomly sampled flight options. After each round, we evaluate the LM’s recommendations
up until that point on a held-out set of 100 randomly sampled option sets (see Figure [2a] for the
evaluation workflow). All experiments are carried out in-context. We evaluate predictions directly
outputted from the LM (“direct”) and predictions based on the reward distribution extract from the
LM (“reward”; see Section[2.4). We use greedy decoding for the LMs. To reduce sensitivity to the
specific randomly selected option sets, we average all experiments over three random seeds%]

4 Main Results

Overall, the quality of the LM-based flight recommendations is poor, either when we directly evaluate
the flight recommendation provided by the LM (“direct”), or when we first extract its distribution

'https://huggingface.co/google/gemma—2-9b—it .
The results were highly similar across seeds; all plots include error bars, but those are so small to be barely
noticeable.
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Figure 3: (a) Effect of option set informativity on model performance. Option set informativity
is defined as the increase in the log probability assigned by the Bayesian model to the ground
truth reward function after observing the provided options. We plot accuracy (left) and reward L2
distance (right) after five interactions as a function of option set informativity averaged over the five
interactions. (b) The relationship between the information gain computed from the Bayesian model
and that computed from the LM.

over reward functions and use that distribution to simulate the user’s preference (“reward”; results
are shown in Figure 2b). Whereas the Bayesian model consistently improves its predictions as it
receives more information, the LM’s performance remains constant and only slightly better than
random guessing, with the exception of a significant improvement after the first round of interaction.
The LM’s performance also does not improve even with 50-round interactions as shown in Table [I0}
We show a breakdown of results by reward functions in Appendix [A] including a qualitative example.
In terms of the L2 distance between the reward function extracted from the model and the ground
truth reward function, the LM falls far behind the Bayesian Assistant; in fact, it performs worse than
the random baseline.

While both LM-based methods are not very effective, the “reward” method does outperform the
“direct” method. This suggests that instead of expecting the LM to directly solve the task, it may be
beneficial to use it to compute beliefs about the state of the world, and then use those beliefs in a formal
probabilistic framework (Wong et al., [2023)). This method is more likely to be effective when the
structure of the underlying state of the world is known and easy to specify, as it is in our simplified task.

5 Sensitivity to the Informativeness of Option Sets

Even if the number of interactions with the user is kept constant, the amount of information contained
in a single interaction might vary. For example, two options that differ in only one feature dimension
could be more informative than two options that differ along multiple dimensions: the minimal pair
of options provides direct evidence for the user’s preference for this feature. We expect an ideal
probabilistic reasoner to be sensitive to this factor: when the user’s choice between a particular set of
options provides more information, we expect the system to update its beliefs more substantially.

In this section we test whether the LM displays this behavior. Whereas before we sampled the option
sets randomly, here we sample them based on their informativeness. To measure the amount of
information contained in a set of options O, we define the ground truth information gain as

9(0,0",p(0),q(0)) = KL(p(0)[l¢(0)) — KL(p(6)||¢(0]O, 0%)) (5)
= log q(0*|O, 0*) —log q(6*), (6)

where p(0) = §(0*) and ¢(6) is either g5 (0) or gz (0). This metric captures the increase in the
posterior probability of the ground truth reward function after this set of options has been observed.
Note that g is relative to the model that is used to update the probability distribution; we use gg and
gLy to refer to the gain derived from the Bayesian model and the LM, respectively.

Experimental setup. We randomly sample 5000 candidate option sets, compute the ground truth
information gain of each one based on the Bayesian model, and select the option set that leads to
the desirable value of gg. The performance is evaluated at the end of a 5-round interaction, and the
ground truth information gain is averaged over these five rounds.

Results. The Bayesian model’s performance consistently improves as option sets become more
informative: after observing highly informative options, its performance is almost perfect (Figure [3a)).
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Figure 4: Comparison of using Bayesian-informed, LM-informed, and random options. We show
the performance of the LM’s direct predictions (left), predictions derived from the LM’s reward
distribution (middle), and predictions derived from the Bayesian model’s reward distribution (right).

By contrast, the LM does not show sensitivity to option set informativity. There appears to be a slight
advantage to the LM over the Bayesian model when the options are very uninformative; since this
difference is very small we refrain from speculating on its causes.

LM-derived vs. Bayesian information gain. Recall that information gain is relative to the model
that is used to update the probability distributions: gzy quantifies the amount of information the LM
can absorb from a particular set of options, whereas gg quantifies the amount that an ideal reasoner
can absorb. Figure @ illustrates how these measures relate to each other. When gp is small, there is a
positive relationship between the two metrics, indicating that more informative options are beneficial
for the LM. However, this positive correlation does not persist when gg is large; if anything, in that
part of the range the correlation appears to be slightly negative. We leave an exploration of this
finding for future work.

Selecting options based on the LM-derived information gain. Here, we consider a pedagogical
setting where the user chooses option sets that would maximally help the assistant to learn their
preferences (Shafto et al., 2014} Rafferty et al.l 2015} Ross and Andreas}, 2024)). We assume the user
has access to the LM’s reward distribution; they use that distribution to identify the option set which
would lead to the maximal g;,,. We simulate this by giving the LM options that maximize the posterior
probability of the ground-truth reward function, using the LM’s current reward distribution as the
prior. Ideally, to select the most informative options, we would prompt the LM for its posterior reward
distributions for all candidates to obtain its reward posteriors. Since this approach is computational
expensive, however, we approximate this by using Bayesian updates. Surprisingly, we find that
providing LM-informed options hurts the LM’s performance (Figure [)). Since we make various
assumptions and approximations in this process, it is not guaranteed that these options are optimally
informative for the LM. We leave exploring the selection of optimal options for future work.

6 Additional Analyses

Table 1: Results using different flight representations. We compare the textual representation, which
uses natural language descriptions deterministically converted from the feature values, and the
numerical representation, which directly uses the feature values.

Direct Accuracy (%) Reward Accuracy (%) L2 Distance
0 1 2 3 4 5 0 1 2 3 4 5 0 1 2 3 4 5

Text 348 373 373 374 370 370 365 499 487 484 481 477 14 1.1 11 1.1 1.1
Num 33.6 343 343 342 342 341 349 401 399 389 394 385 14 13 13 13 13

1.1
1.3

Is the LM’s poor performance due to an inability to parse the flight representation? Our main
experiments use a textual representation that deterministically maps the feature value of each flight to
a text description. While this textual representation is closer to realistic scenarios, and may therefore
better align with the LM’s training distribution, this setup introduces a potential confounder that
complicates the interpretation of our results: the LM’s poor performance in the flight recommendation
task could be due to its inability to translate the text description into the feature space that is required
for reasoning.To control for this factor, we investigate an alternative numerical representation of the
flight options, where we directly provide the LM with the feature values (float numbers), in the same



way we provide them to the Bayesian Assistant (see Table[6]and Table 7] for examples). We find that,
if anything, the textual representation outperforms its numerical counterpart in both the task accuracy
and the reward inference metrics (Table[I)). This suggests that the LM’s poor performance cannot be
attributed to an inability to parse the textual input to numerical value.

Table 2: Results using different methods to obtain the LM’s distribution over reward functions. We
compare scoring model continuations with directly asking the LM to generate probability judgments.

Direct Accuracy (%) Reward Accuracy (%) L2 Distance
0 1 2 3 4 5 0 1 2 3 4 5 0 1 2 3 4 5

Scoring 348 373 373 374 370 370 365 499 487 484 481 477 14 11 1.1 1.1 1.1 1.1
Generation 34.8 372 374 374 37.1 370 36.1 479 443 423 431 425 14 11 12 12 12 12

Scoring continuations leads to more accurate probability estimates than explicit probability
judgments. In the main experiment, we estimated the LM’s distribution over reward functions by
prompting it to rate individual features and scoring the possible continuations; for flight duration,
for example, we might ask it what the user’s preference is on a scale of 1 to 5. We refer to this
method as “scoring”. Here, we compare this method to one where we instruct the LM to assign a
probability for each of the five ratings on each scale (“generation”; see Table[§|for an example). As
in the scoring method, we renormalized the probabilities to sum to 1 (though they typically summed
to 1 even before normalization). Overall, the scoring-based reward distribution that is closer the
generation-based one to the ground truth distribution (Table [2)).

Table 3: We compare instruction-tuned Gemma 2 9B with instruction-tuned Gemma 2 27B.

Direct Accuracy (%) Reward Accuracy (%) L2 Distance
0 1 2 3 4 5 0 1 2 3 4 5 0 1 2 3 4 5

9B 348 373 373 374 370 370 365 499 487 484 481 477 14 11 11 1
27B 342 377 390 39.6 398 402 363 505 505 49.1 494 486 14 1.1 1.1 1.

1 1.1 11
1 1.1 1.1

A larger LM does not perform better. Finally, we use our paradigm to evaluate a larger LM, the
instruction-tuned Gemma 2 model with 27B parameters, and find that this model performs similarly
to the 9B-parameter one (Table [3). There is no evidence, then, that simply scaling up the model size
would improve performance in this paradigmﬂ We also include preliminary results using a stronger
closed-source model, Gemini 1.5 Pro, in Appendix [A.T] While it achieves better performance than the
Gemma 2 model, the overall trend remains similar and it lags considerably behind the Bayesian model.

7 Related Work

LMs and probabilistic inference. Existing studies have explored if LMs can perform probabilistic
inference from different perspectives. Several prior works have studied how in-context learning can
be viewed as implicit Bayesian inference (Xie et al.;2022; Hahn and Goyal, 2023} {Jiang, |2023)), but
see [Falck et al.|(2024)) for a counter example. Many studies have also investigated LMs’ probabilistic
reasoning capabilities (Nafar et al.| 2024} [Paruchuri et al., [2024), but most focus on asking LMs
to computing statistics explicitly. Other research evaluates LMs’ abilities to provide probability
judgements (Zhu and Gritfiths, |2024; Belem et al.| 2024)). Our evaluation differs from these settings
as we simulate a realistic setting where implicit reasoning about probability is beneficial.

A related line of work has explored leveraging LMs for better probabilistic inference (Feng et al.
2024b; Liu et al., 2024} Piriyakulkij and Ellis| [2024; |Grand et al.|[2023; [Ying et al., 2024} Ellis, |2023)).
These studies typically adopt a neuro-symbolic approach, where LMs propose and evaluate plausible
hypotheses or translate natural language into probabilistic programs, and then use existing inference
algorithms to perform probabilistic inference. Our “reward” evaluation is related to this approach.

LMs and world models. Several works have investigated whether LMs learn implicit world models.
Some studies find that the representations of pre-trained LMs can be mapped to meaningful conceptual
spaces (Patel and Pavlickl 2022;|L1 et al.| 2021;|Abdou et al., 2021} |[Feng et al., 2024a). Other works
have trained LMs on synthetic structured data and used probes to reconstruct world states from their
internal representations (Li et al.,|2023b; [Toshniwal et al.| 2022} Jin and Rinard, |2024; Hazineh et al.,

3 According to the Chatbot Arena this model is outperforms Llama 3 70B Instruct (Chiang et al.| 2024).



2023; Kuo et al., 2023} [Vata et al., 2024). Most of these studies only probe static world models.
We similarly investigate whether LMs construct models of the worlds, but we evaluate them in a
dynamic setting where LMs continually receive more information. This setup naturally allows us
to further investigate whether LMs can update their beliefs based on new observations. |Hase et al.
(2024) similarly study belief revision in LMs but focus on model editing.

Preference learning. Inferring reward functions from observations has been widely studied in
reinforcement learning (Ng and Russell, 20005 |/Abbeel and Ngj, |2004; [Christiano et al.l 2017; Ziebart
et al., |2008). Recent studies have explored using LMs to elicit user preferences (Li et al.| [2023a;
Handa et al., 2024}, Piriyakulkij et al.,|2023} /Andukuri et al., 2024} [Peng et al., 2024} |/Aliannejadi et al.}
2021; Chen et al., 2024} [Lin et al., 2022). Some studies further combine LMs with other approaches,
such as Bayesian models, to select informative questions (Handa et al.,[2024} Piriyakulkij et al., 2023},
Austin et al.| [2024)). These approaches typically consider an active setting where LMs interact with
users. However, in practice, such processes may be time-consuming and expensive. In contrast, we
consider a passive setting where LMs only receive observations without asking open-ended questions.

Another line of work has also explored leveraging LMs for recommendation systems (T'sai et al.,
2024; |Korikov et al., 2024} Ji et al.,[2024; |Lyu et al.,[2023). While we use content recommendation as
our task, our focus is on evaluating whether LMs can infer latent models and update their beliefs based
on new information. [Liu et al.|(2024) conducted similar experiments where an LM is asked to infer
human preferences from their choices and found strong correlations between LMs and humans (Jern
et al.,[2017). However, they only evaluated the LM’s task performance without assessing its beliefs.

8 Limitations and Future Work

Models. We only evaluate on the Gemma 2 family of models. While these are highly competitive
open models (Chiang et al., [2024), we do not claim that our findings will necessarily transfer
to other models. Open models are essential for our goals as we need access to log probabilities
to obtain the LM’s reward distribution; this information is often unavailable for closed-source
models. Closed-source models can be evaluated using other methods for estimating the reward
distribution, such as directly generating probability judgments (Section[6) or Monte Carlo sampling.
We include preliminary experiments on a stronger closed-source model in Appendix [A.T]and leave
more comprehensive evaluations for future work.

Task. Our main interest is to evaluate whether LMs update their beliefs based on new information.
We focus on the flight recommendation task as it provides a controlled setting where LMs continually
receive new information, and it allows us to perform exact Bayesian updates, providing an upper
bound on performance given current observations. An important direction for future work is to extend
our paradigm to settings that involve inference over more complex world states (Wong et al., 2023)).

Evaluation. We use only greedy decoding for LM generation to ensure reproducibility. Sampling
with higher temperatures might lead to different results. We assess the LM’s reward distribution
through scoring and generation, but it is unclear whether these are the optimal methods. Other ap-
proaches, such as training probes, could also be possible, which we leave for future work. Finally, we
only uses standard prompting; other prompting techniques, such as chain-of-thought prompting (Nye
et al., 2021; Wei et al., 2022; [ Kojima et al.,[2022), have been shown useful for some reasoning tasks.
Future studies could investigate whether such methods improve performance.

9 Conclusion

In this paper, we study whether LMs can update their beliefs based on new observations. We evaluate
this using a controllable flight recommendation task, where a booking assistant needs to infer the
user’s preferences based on previous interactions to provide good recommendations. We compare
the LM assistant with an optimal Bayesian model. We find that LMs significantly underperform
compared to the Bayesian model, and their performance does not improve as more information
becomes available. We further analyze the relationship between performance and the amount of
information contained in the option sets. We find that the informativeness of options has a significant
impact on the Bayesian model, but not on the LMs. Our study highlights the limitations of LMs in
performing implicit Bayesian inference over world states, emphasizing the importance of improving
their probabilistic reasoning abilities for future work.
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A Additional Results

A.1 Other Models

Our main experiments only use the Gemma 2 family of models. Here, we evaluate a stronger closed
source model: Gemini 1.5 Pro (Team et al., [2024a)). We directly ask the LM to generate probability
judgements (Section [6)), as we do no have access to the LM’s log probabilities. We show results in
Figure[5] We observe that the LM achieves non-trivial performance compared to the random baseline,
and that the metrics slightly improve as more information becomes available. However, there remains
a considerable gap to the optimal Bayesian Assistant.
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Figure 5: Results using Gemini 1.5 Pro. Left: the accuracy of the flight recommendations made by
the Bayesian Assistant, directly by the LM, and using the reward function estimated from the LM.
Right: the normalized L2 distance between the reward functions estimated from the models and the
ground truth reward. The dashed lines indicates random performance.

A.2 Analysis & Ablations

Robustness to Reward Functions. In Table 2b] we show results averaged over reward functions.
However, some reward functions might be harder to infer as it strongly deviates from the LM’s prior.
For example, the LM may assume most people prefer shorter flights over long ones, then inferring
the preferences of a “abnormal” user that prefers longer flights would be more difficult. In practice,
we find that the LM generally assigns a high probability to “no preference” when no user-specific
information provided. We show a visualization of the LM’s prior on each feature in Figure [§]

Departure Time Duration Number of Stops Price

Probability (%)
Probability (%)
Probability (%)

1 2 4 5 1 2 4 5 1 2 4 5 1 2 1

Rating Rating Rating

Figure 6: The LM’s prior on each feature. A rating of 1 indicates a strongest preference for the
earliest departure time, the shortest duration, the fewest number of stops, and the lowest price, while
arating of 5 indicates the opposite. A rating of 3 indicates no preference.

We show results with standard deviation across reward functions in Figure[7] We find that both the
LM and the Bayesian model have high variances. However, the variance of the Bayesian Assistant
decreases as the number of interactions increases, while the variance of the LM remains almost
constant. We provide a further breakdown in Figure 8] where we show the correlation between a
reward function’s final-round accuracy and its normalized L2 distance to the mean of the prior reward
distribution. We observe negative correlations across all settings. The Bayesian model demonstrates
greater robustness to a mis-specified prior, with a smaller coefficient when fitted to a linear model,
while the “reward” method is the most sensitive to the prior distribution.

Figure 9 shows the relationship between the performance and the reward value for each feature. We
do not observe strong correlations except for price, where the LM performs worse as the reward value
becomes positive, likely due to the LM’s strong prior that people generally prefer cheaper flights, and
it struggles to correct this prior based on the given observations.

Increasing the Number of Interactions. Our previous experiments include only 5 rounds of
interactions between the user and LMs. Although the performance of LMs does not improve over
interactions, this might be due to insufficient information from the limited number of rounds. We
investigate this by increasing the number of interactions to 50 and show the results in Figure[T0] For
the LM, we only show the accuracy using predictions derived from its reward distribution due to
computational constraint. While the Bayesian model achieves nearly perfect performance by the
end of 50-round interactions, the LM still shows similar performance to our main experiments. This
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Figure 7: Left: the accuracy of the flight recommendations of the Bayesian Assistant as well as
the LM when derived directly from its generated text (“direct””) and when derived from the reward
function estimated from it (“reward”). Right: the normalized L2 distance between the reward
functions estimated from the models and the ground truth reward. The dashed lines indicates random
performance. We show the standard deviations across different reward functions. The results of each
reward function are averaged over three random seeds.

LM (Direct) LM (Reward) Bayesian
100 100 100

Final Accuracy (%)

Final Accuracy (%)
Final Accuracy (%)

0.0 0.5 1.0 1.5 2.0 0.0 0.5 1.0 15 2.0 0.0 0.5 1.0 1.5 2.0
L2 Distance from Prior Mean L2 Distance from Prior Mean L2 Distance from Prior Mean

Figure 8: The relationship between the final-round accuracy and the L2 distance to the mean of the
prior reward distribution. We show the performance of the LM’s direct predictions (left), predictions
derived from the LM’s reward distribution (middle), and predictions derived from the Bayesian

model’s reward distribution (right). We also show the coefficients by fitting these data points to a
linear model.

suggests that simply increasing the number of interactions is unlikely to significantly improve the
LM’s performance.

A.3 Qualitative Example

In Figure [TT] we show a qualitative example of how the reward distributions of the LM and the
Bayesian model change over interactions. In this case, since the user’s true reward function differs
significantly from the LM’s prior, both the LM and the Bayesian model perform poorly at the start of
the interactions. However, the Bayesian model gradually converges toward the ground-truth reward
function after a few rounds, while the LM continues to assign high probability to reward functions
that are inconsistent with its observations.

B Example Interactions

We show example interactions with LMs in Table @} Table 5] Table[6] Table[7] Table([8]
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Figure 9: The relationship between the final-round accuracy and the reward function value for each
feature.
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Figure 10: Results using 50-round interactions between the user and the LM.
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Figure 11: The reward distributions of the LM (top) and the Bayesian model (bottom) over multiple
rounds. The reward functions are sorted by their normalized L2 distance from the ground-truth
reward function indicated by the blue dashed line at x = 0. Red indicates that the reward function’s
prediction on the given options is incorrect, while green indicates that its prediction is correct.

User: Help me select the best flights for my trips. I have specific preferences for what I
like and dislike in a flight, and these preferences remain the same. You need to figure out
my preferences and select the best flights for me. Use your best judgment if you are unsure.
Do not say you need more information.

Which flight is the best option?

Flight 1:
departure time: 02:00 PM, duration: 2 hr 30 min, number of stops: 1, price: $370
Flight 2:
departure time: 10:00 PM, duration: 4 hr 24 min, number of stops: 0, price: $730
Flight 3:
departure time: 03:36 PM, duration: 16 hr 6 min, number of stops: 0, price: $900

Model: The best option is Flight 2.

User: Your option Flight 2 is correct.

Table 4: Example of a first-round interaction between the user and the LM.
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User: Help me select the best flights for my trips. I have specific preferences for what I
like and dislike in a flight, and these preferences remain the same. You need to figure out
my preferences and select the best flights for me. Use your best judgment if you are unsure.
Do not say you need more information.

Which flight is the best option?

Flight 1:
departure time: 02:00 PM, duration: 2 hr 30 min, number of stops: 1, price: $370
Flight 2:
departure time: 10:00 PM, duration: 4 hr 24 min, number of stops: 0, price: $730
Flight 3:
departure time: 03:36 PM, duration: 16 hr 6 min, number of stops: 0, price: $900

Model: The best option is Flight 1.

User: Your option Flight 1 is incorrect. I prefer Flight 2.
On a scale of 1 to 5, what is my preference for price?
strongly prefer a cheaper flight

prefer a cheaper flight

have no strong preference

prefer a more expensive flight

|
G W N
H oH H H H

strongly prefer a more expensive flight

Model: Your preference for price is: 1.

Table 5: Example of prompting the LM for the user’s preference on a single feature.

User: Help me select the best flights for my trips. I have specific preferences for what I
like and dislike in a flight, and these preferences remain the same. You need to figure out
my preferences and select the best flights for me. Use your best judgment if you are unsure.
Do not say you need more information.

Which flight is the best option?

Flight 1:
departure time: 0.7, duration: 0.5, number of stops: 1.0, price: 0.9
Flight 2:
departure time: 0.9, duration: 0.6, number of stops: 0.0, price: 0.7
Flight 3:
departure time: 0.5, duration: 0.9, number of stops: 0.5, price: 0.1

Model: The best option is Flight 1.

Table 6: Example of a first-round interaction between the user and the LM using the numerical
representation of flights.
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User: Help me select the best flights for my trips. I have specific preferences for what I
like and dislike in a flight, and these preferences remain the same. You need to figure out
my preferences and select the best flights for me. Use your best judgment if you are unsure.

Do not say you need more information.

Which flight is the best option?

Flight 1:
departure time: 0.7, duration: 0.5, number of stops: 1.0, price: 0.9
Flight 2:
departure time: 0.9, duration: 0.6, number of stops: 0.0, price: 0.7
Flight 3:

departure time: 0.5, duration: 0.9, number of stops: 0.5, price: 0.1
Model: The best option is Flight 1.

User: Your option Flight 1 is incorrect. I prefer Flight 2.

On a scale of 1 to 5, what is my preference for duration?

strongly prefer the minimum value

prefer the minimum value

have no strong preference
prefer the maximum value

|
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strongly prefer the maximum value

Table 7: Example of prompting the LM for the user’s preference on a single feature using the
numerical representation of flights.
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User: Help me select the best flights for my trips. I have specific preferences for what I
like and dislike in a flight, and these preferences remain the same. You need to figure out
my preferences and select the best flights for me. Use your best judgment if you are unsure.

Do not say you need more information.
Which flight is the best option?

Flight 1:
departure time: 02:00 PM, duration: 2 hr 30 min, number of stops: 1, price: $370
Flight 2:
departure time: 10:00 PM, duration: 4 hr 24 min, number of stops: 0, price: $730
Flight 3:
departure time: 03:36 PM, duration: 16 hr 6 min, number of stops: 0, price: $900

Model: The best option is Flight 1.

User: Your option Flight 1 is incorrect. I prefer Flight 2.
On a scale of 1 to 5, what is my preference for price?
strongly prefer a cheaper flight

prefer a cheaper flight

have no strong preference

prefer a more expensive flight

|
g W N
H H H H H

strongly prefer a more expensive flight

Provide an integer between 0 and 100 (%) that reflects the probability of each scale.

Model: The probabilities of each scale are:

- 1: 70%
- 2: 10%
- 3: 15%
- 4: 5%
- 5: 0%

Table 8: Example of prompting the LM for the user’s preference on a single feature using the model’s
directly generated probability judgements.
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