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ABSTRACT

Uncertainty is fundamental to machine learning and decision-making, but the appro-
priate way to model it depends on the type of risk or randomness being considered,
which in turn is governed by the structure of the specific problem at hand. This
thesis explores structural uncertainty across diverse decision-making settings, from
classical frameworks such as contextual bandits and linear quadratic control to
modern foundation model systems including tool-using LLM agents and automated
scientific discovery, arguing that effective decision-making requires identifying and
exploiting the structure underlying uncertainty. We begin with off-policy evaluation
in contextual bandits, where distributional uncertainty has factorization structure.
We introduce a distributionally robust approach that models the factorization of the
data-generating process for improved uncertainty quantification and robustness under
general covariate shift. Next, we study linear quadratic control with untrusted ML
predictions, where system disturbances have compositional structure arising from
heterogeneous latent sources. We introduce DISC, an online policy that simultane-
ously disentangles latent disturbance structure and learns per-component confidence
parameters, achieving near-optimal consistency when predictions are accurate while
maintaining worst-case robustness guarantees when they fail. For tool-using LLM
agents, standard logit-based uncertainty estimation fails to capture agent-environment
interaction structure. We develop PROBECAL, which probes LLM hidden states to
extract structural features of execution traces, yielding calibrated probabilities over
execution correctness and improving existing LLM reasoning techniques. For LLM-
based symbolic regression, uncertainty structure lies in the environment feedback
mechanism, where scalar metrics like MSE compress rich statistical structure into a
single number. We develop PROAUG, enabling code-based data analysis that lets
agents actively extract structural signals during evolutionary search, significantly
improving discovery efficiency. Across these settings, a common principle emerges:
uncertainty is inherently structured, and decision-making systems that explicitly
model this structure achieve superior robustness, efficiency, and reliability. This
thesis demonstrates that structural uncertainty provides a unifying foundation for

trustworthy machine learning across classical and modern Al paradigms.
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h contexts an 1O0Sd . v v v o e e e e e e

2.2 (a): Description of the robust regression method. The density ratio

‘Wi(x, a) is estimated from the logging data and the target data. The

feature set 2 1s obtained from logging data to constrain the adversarial

player g. The estimator f is estimated by taking minimax loss over

target data distribution, with density ratio ‘W (x, a), base distribution

fo, and adversarial player g. (b): Comparision between the setting

of classical off-policy evaluation (OPE) and policy evaluation under

general covariate shift. There are two types of information derived

from the data: (1) density ratio information, obtained from the

covariate (context and action) distribution from both logging and

target data and used by the inverse propensity score (IPS) method

(green arrow), and (2) pairing information between covariate and

reward from the logging data, used by the direct method (DM) (red

arrow) to estimate the reward conditional distribution. Traditional

DM relies solely on the logging data, whereas the proposed DM-PS

and DM-GCS methods also utilize the density ratio information in
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and (d)/(h) are comparisons between individual estimators. Better

performance 1s indicated by CDF curves positioned 1n the top-left

corner, signifying a relatively lower MSE. In the first row, among

the evaluated methods, the DM-PS family 1s the best performer in

known and unknown logging policy cases. In the second row, in the

context of known W(x, a), the DM-GCS family performs best, while

in scenarios with unknown ‘W (x, a), the DM-PS family prevails. | . .

(a) The proportion of each DM method achieving the best performance

across conditions. As the covariate shift increases, the advantages

of DM-PS become more pronounced, signifying the importance of

considering covariate shifts in reward estimation. (b) The CDF of

the relative MSE of DM-GCS with respect to DM-PS 1n Gaussian

increase, DM-GCS demonstrates more advantages.| . . . . . . . . ..

Overview of the system model considered in this work. Left time

series: Disentangled latent variable time series predictions provided
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i = 1,...,k); Right time series: Observed mixed perturbations
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3.2 Drone Navigation under challenging windy and rainy weather condi-

tions, with the drone’s target path illustrated by a dotted curve. The

external perturbations impacting the drone’s flight are modeled by

two independent, time-varying latent variables: w; for wind speed

and r, for rain intensity at time ¢ € [T]|. The trajectory produced by

the Disc policy (Algorithm |2 1in Section [3.3)) 1s represented by the

blue curve, while that from the offline optimal policy 1s traced in red.

More comparison results with other baseline policies can be found

in Appendix [B.2l Right: Ratio of Costs J(r)/J* (y-axis) between

Disc (red), linear quadratic regulator (LQR, orange), model predictive

control with untrusted ML predictions (MPC (UNTRUSTED), green),

and the self-tuning policy (blue), with a varying scaling factor v from

0.25 to 8. Shadow area depicts the range of standard deviations for 5

3.3 Voltage Control with in a dynamic environment. This figure 1llus-

trates the heterogeneity and variability of power injections at different

nodes within an electrical grid, including a residential area, a solar

photovoltaic (PV) system, and a wind turbine. Right: Example

B. Voltage Control (Section [3.5]). Left column: Convergence of

confidence parameters A(1), A(2), A(3) corresponding to 3 latent com-

ponents. Right column: Temporal dynamics of latent time series s;

in R. We 1llustrate the time series data for three key latent variables in

the energy system (see Figure(3.3): Gaussian-distributed residential

consumption (bottom), real-world photovoltaic (PV) integration (top),

and wind generation (middle). The red dotted line marks a critical

transition point where there 1s a notable shift in the power generation

patterns. We use time series before the blue dotted line as the buffered
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4.1 Overview of our PROBECAL framework for calibrating tool-using

calculating pay after taxes from a pay stub. The agent 1s provided with
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| language agents. The process begins with a given task, exemplified by |
I |
I |

a user prompt to utilize 1ts tool-using capabilities, generating multiple

[ execution traces. These traces involve different combinations of tool |

| applications, such as row lookup, column lookup, and calculations. |

| However, integrating user prompts and external tools introduces |

| uncertainties, often resulting in misalignment between the agent’s |

addresses these 1ssues by calibrating the agent’s confidence levels

with actual performance, based on which we select the most suitable

an MLP with LLLM embeddings as inputs and calibrated probabilities

|
|
prompt and execution trace. The calibration model 1s implemented as |
|
|

as outputs, and 1s trained with the execution result supervision. The

4.2 The LLM generates two different code sequences to answer the |

question, with the first one being incorrect and second one being |

correct. However, their textual formats are similar, resulting 1n similar |

I
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Chapter 1

INTRODUCTION

Uncertainty is a core component of machine learning and decision-making. Whether
the task is evaluating a policy from historical data, controlling a physical system with
imperfect ML predictions, choosing how to use an external tool, or searching for a
hypothesis that best fits observed scientific data, an agent must act under incomplete
information about the world. How the agent represents and manages this uncertainty

determines whether it can perform in a reliable, effective, and principled way.

Crucially, uncertainty is not a single, uniform object—it is fundamentally shaped
by the type of randomness or risk being modeled. The relevant risks and the
appropriate ways to address them depend intimately on the structure of the specific
problem at hand. A policy evaluation task faces distributional shift between logging
and deployment environments. A control system faces disturbances drawn from
heterogeneous latent sources whose composition is unknown. A tool-using language
agent faces a miscalibration problem where interacting with external tools introduces
misalignments between the agent’s internal confidence and actual execution outcomes.
An LLM agent performing evolutionary search for scientific equation discovery faces
a bottleneck where rich dataset structure is compressed into scalar feedback, starving
the search process of the signals it needs. In each of these settings, exploiting the
specific structural form of uncertainty is the key to building systems that handle

decision-making both effectively and reliably.

This motivates the central theme of this thesis: structural uncertainty. We argue
that effective decision-making requires identifying and leveraging the structural
properties that govern uncertainty in each problem setting. This thesis explores
structural uncertainty across a range of decision-making problems, spanning classical
machine learning frameworks and modern foundation model agents, united by a
common methodology: identify the specific structural form of uncertainty in the
problem, build methods that model and leverage that structure, and demonstrate
through theory and experiments that the structural approach outperforms unstructured

alternatives.

The four chapters of this thesis fall into two methodological paradigms, summarized

in Table [[.1] Chapters 2 and 3 address classical decision-making settings where
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uncertainty can be tackled through probabilistic modeling of the data-generating
process—specifically, by identifying and exploiting distributional structure in how data
is generated. Chapter 2 models the factorization of the data-generating process under
distribution shift for policy evaluation, while Chapter 3 models the disentanglement
of latent variables in system disturbances for online control. Chapters 4 and 5
focus on LLM agent settings, where formal data-generating models are typically
unavailable. Here, we inject and exploit structure in the interaction between the
LLM agent and its environment: Chapter 4 utilizes probing of LLM internal states
to model agent-environment interaction for improved uncertainty calibration and
integration into LLM reasoning, while Chapter 5 augments the environment feedback

mechanism with programmatically extracted statistical structural context.

Table 1.1: Structural uncertainty across decision-making settings.

Chapter Task Structure Setting Method
Classical Methods: Modeling Data-Generating Process Structure
2 Offline Policy Evaluation Factorization of distribution Distributionally Robust Re-
shift gression
3 Online Control Compositional latent distur- Disentangled Confidence
bances Policy (DISC)
LLM Agents: Injecting Structure into Agent-Environment Interaction
4 Tool-Using LLM Agents LLM internal states for inter- Probing Calibration
action modeling (PROBECAL)
5 Symbolic Regression Statistical structure in envi- Programmatic Context Aug-
ronment feedback mentation (PROAUG)

1.1 Factorization of Distribution Shift in Offline Policy Evaluation

Off-policy evaluation (OPE) is fundamentally a problem of reasoning under distribu-
tional uncertainty between the logging and deployment environments. Distributional
uncertainty in OPE has factorization structure: it decomposes into shift in the context
distribution and shift in the policy distribution. Standard approaches address only
policy shift through inverse propensity scoring, implicitly assuming contexts are
drawn from the same distribution during logging and deployment. This accounts for
only half of the distributional discrepancy. In many real deployments, the context
distribution also shifts between environments—for example, when user populations
change. This creates general covariate shift, where modeling the compound effect of

both shifts becomes necessary.

In Chapter 2, we identify and address this structural uncertainty by analyzing the

factorization of the data-generating process that underlies counterfactual reasoning.
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In the contextual bandit setting, observations are generated by sampling a context,
then sampling an action given that context, then receiving a reward. We reframe
policy evaluation through the lens of covariate shift, which models the distribution
shift of a dependent variable when the marginal distribution of the covariates differs
between training and test time, but the conditional output distribution given the
covariates remains the same. Policy evaluation can be interpreted as a setting where
the dependent variable is the reward and the covariates are the contexts and actions.
Based on this formulation, we develop a novel family of distributionally robust policy
evaluation estimators built on robust regression techniques, covering both policy
shift and general covariate shift settings. By integrating our robust reward model
into established evaluation frameworks, including direct methods and doubly robust
methods, we obtain estimators with finite-sample bias bounds that provide clear
advantages when shifts are large. Comprehensive empirical evaluation across diverse
shift magnitudes and policy configurations demonstrates that our structured approach

significantly and consistently outperforms baseline methods.

1.2 Disentanglement of Latent Disturbances in Online Control

Disturbance uncertainty in control systems often originates from compositional
structure: multiple heterogeneous latent variables combine to produce observed
perturbations. Each latent component represents a distinct source of disturbance from
often independent resources or factors. For example, a drone navigating outdoors
faces external perturbations caused by a mixture of predictable elements like airflows
and less predictable factors like raindrops. When machine learning prediction
models are applied to model these disturbances, their reliability differs across latent
sources: stable components may be accurately predicted while volatile ones remain
unpredictable. This compositional structure creates a challenge: without knowing
which latent variables generated each observation, a controller cannot appropriately

calibrate its trust in predictions.

In Chapter 3, we develop DISC (Disentangled Confidence policy), an online
learning policy that tackles this challenge by explicitly modeling the latent structure
of disturbances for more precise uncertainty estimation. DISC simultaneously
disentangles the disturbance signal and adaptively learns per-component confidence
parameters for the corresponding ML predictions. This allows the controller to
calibrate its reliance on predictions at the component level. DISC achieves a
near-optimal consistency-robustness tradeoff, which provably improves what can

be obtained without learning the confidence parameters. We demonstrate the
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effectiveness and reliability of DISC through competitive ratio theoretical analysis, as
well as two real-world applications: a drone navigation problem with mixed external
disturbances and voltage control in a power grid with heterogeneous power injections,
where it outperforms baselines that do not distinguish between underlying latent

variables.

1.3 Calibration through Internal State Probing in Tool-Using Language Agents
Tool-using language agents solve complex problems by interacting with external
environments through tools that provide capabilities such as code execution and API
calls. Uncertainty in tool-using settings arises not just from the model’s internal
knowledge limitations, but from the complex interplay between the agent’s internal
confidence and its interactions with the external environment. Standard approaches
typically use the LLM’s token logits as the uncertainty signal. While logit-based
signals carry information about the model’s next-token predictions, they fail to
capture whether a full tool-call execution path is correct—correctness can hinge on
a single specific token or on the precise sequence of interactions with the external
environment. Two rollout trajectories can be textually nearly identical, with highly
similar token logits, yet one correctly invokes tools at a critical position while
the other does not. Distinguishing between such trajectories requires a structural
approach to extracting trajectory-level features that model the interaction between

the LLM and its environment.

In Chapter 4, we develop PROBECAL, a probing-based calibration framework for
tool-using language agents. Drawing on techniques from the interpretability literature
for understanding LLMs’ internal structure, PROBECAL trains lightweight probe
classifiers on hidden states at intermediate layers of the LLM, capturing structural
features of the rollout and producing calibrated probability estimates that serve as
uncertainty quantification over execution trace correctness. We further develop
uncertainty-aware mechanisms that integrate our calibration method into prompt
selection and execution trace ranking, improving upon traditional LLLM reasoning
approaches such as self-consistency. PROBECAL delivers significant and consistent

improvements across diverse tool-using benchmarks.

1.4 Structured Context in LLM-based Symbolic Regression
Symbolic regression studies the task of inferring mathematical equations that describe
observed data. Recent work has shown that LLMs can serve as effective hypothesis

generators in evolutionary search for symbolic regression, reflecting a long-horizon
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decision-making under uncertainty task in which LLMs must iteratively search
hypotheses in a high-dimensional, combinatorial space with feedback signals from
the environment throughout the search process. The structure of uncertainty here is
in the environment feedback mechanism. When an LLM agent proposes candidate
equations, each is evaluated against the dataset and receives only a scalar loss
(typically mean squared error) as feedback. This compresses rich statistical structure
in the dataset, such as variable correlations, functional behaviors, and power-law
relationships, into a single number. This deficiency of structure in the environment
feedback mechanism creates a fundamental information constraint that limits the

agent’s ability to reason about the dataset and guide its search effectively.

In Chapter 5, we develop PROAUG (Programmatic Context Augmentation), a
framework that augments the feedback mechanism with dataset structure. PROAUG
assigns the LLM agent a dual role: in addition to generating candidate equations,
the agent generates and executes data analysis code that actively extracts structural
signals from the dataset. These extracted signals—such as statistical properties and
variable correlations—are assembled into rich contextual augmentation that is fed
back into the hypothesis generation prompt. This transforms the agent from a passive
recipient of scalar feedback into an active explorer of dataset structure, achieving
substantially improved discovery efficiency and accuracy over strong baselines on

challenging benchmarks.



Chapter 2

DISTRIBUTIONALLY ROBUST POLICY EVALUATION UNDER
GENERAL COVARIATE SHIFT

This chapter is based on the paper:

Yihong Guo*, Hao Liu*, Yisong Yue, Anqi Liu. “Distributionally Robust Policy
Evaluation under General Covariate Shift in Contextual Bandits.” In: Transactions
on Machine Learning Research (2024).

2.1 Introduction

Contextual bandits are online learning algorithms where a policy learner repeatedly
observes a context, takes an action, and receives a reward only for the selected
action [22]]. It has a wide range of real-world applications, including recommender
systems [[I6] [24] [52]l, online advertising [} @3], experimental design [21]], and
medical interventions [23] 46]]. Evaluating policy performance is essential for
these applications, but assessing the value through direct online deployment can be
costly and impractical. This motivates the important task of policy evaluation from

historical, pre-collected data.

The key challenge in policy evaluation using pre-collected data lies in addressing the
counterfactual reasoning that arises from the divergence between the distributions of
the logging and target data. Specifically, the actions selected by the target policy may
not be covered in the pre-collected logging data, and shifts in the context distribution
can further complicate policy evaluation. When the distribution shift only occurs in
the policy distribution, we recover the classic setting of off-policy evaluation (OPE).
Existing OPE approaches can be divided into three main categories: (1) inverse
propensity scoring (IPS), which uses importance weights adjustment [[I5] A3]]; (2)
direct methods (DM), which directly regress the value of a target policy by learning a
conditional reward model; and (3) doubly robust (DR) methods, which integrate DM
and IPS [[2] [I0] [TT] 39 [50]I, achieving asymptotic consistency if either DM or IPS is
consistent. In both DM and DR methods, a high-quality reward estimation for each
context-action pair in the target data can be beneficial. However, compared to the
rich literature on improving the IPS component [39] B3] [50], less work has explored

how to integrate a carefully designed conditional reward model in OPE [[12]].
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Beyond the standard setting of policy shift discussed above, very few studies have
explored distribution shift in the context variables. [48]] suggested incorporating the
context distribution into IPS estimation for both IPS and DR methods when a context
shift occurs and may suffer from similar issues like high variance as traditional OPE
methods. However, their approach does not address how a shift in context distribution
might influence reward estimation. Recently, distributionally robust methods have
been introduced to enhance the robustness of the evaluation by constructing KL-
divergence uncertainty sets to capture potential distribution shifts in the
joint distribution of context, action, and reward. However, the substantially large
uncertainty set that characterizes the shift may lead to over-conservativeness in

practice.

In this paper, we tackle the problem of policy evaluation through the lens of covariate
shift [35]]. Covariate shift refers to the modeling of a dependent variable when the
marginal distribution of the covariates differs between training and test time but the
conditional output distribution on the covariates stays the same. Policy evaluation
can be interpreted as learning under the covariate shift, where the dependent variable
is the reward, the covariates are the contexts and actions, and we are interested
in learning a robust conditional reward model 7(x,a) ~ P(r|x,a) that performs
well under distribution shift. Specifically, we study the settings where shifts can
occur in policy distribution alone (the standard setting), and both policy and context
distributions, which we refer to as Policy Shift (PS) and General Covariate Shift
(GCS), respectively. Building on recent progress in robust regression under covariate
shift [[7} 27]], we introduce a novel family of distributionally robust policy evaluation
estimators, which is created by seamlessly integrating the conditional reward model,

obtained from robust regression, into existing DM and DR methods.

Our contributions. We formulate the task of policy evaluation using the framework
of covariate shift and incorporate a robust regression method into the policy evaluation
setting where shifts can happen in both policy and context distribution. Leveraging
a base distribution, the resulting shift-aware conditional reward model allows for a
conservative evaluation of policy value in scenarios where the context-action pair in

target data is not encompassed by the pre-collected logging data.

We develop direct methods based on the proposed shift-aware conditional reward
model, which can be easily integrated into various doubly robust methods. We

establish the finite sample upper bound results for the bias of the proposed method,
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demonstrating the proposed method’s robustness under large distribution shifts,

which is further validated in the experiments.

We conduct extensive experiments spanning 360 policy shift conditions and 1260 total
conditions for various combinations of logging, target policies, and covariate shifts
on data. In our comparison against strong baseline methods on standard benchmark
datasets, our method demonstrates superior performance under distribution shifts
across various conditions, outperforming the baseline methods in over 90% of cases

under policy shifts, and over 72% of the instances in general covariate shift settings.

2.2 Problem Formulation

Policy Evaluation for Contextual Bandits. In contextual bandits, a policy 7
iteratively observes a context x, takes an action a, and receives a scalar reward ry ,.
Assuming that the contexts x are independent and identically distributed (i.i.d.), the

target object, the value of the target policy, can be expressed as:

vl = x~P;(x),a~m(alx) [rx,a] , 2.1

where x ~ P;(x) denotes some known exogenous target context distribution (e.g.,
profiles of users), and a ~ m(a|x) denotes the stochasticity of the known target
policy. Ususally, we assume access to a pre-collected dataset of n tuples of the
form: S = {(x,a,r)}, where x ~ Py(x), a ~ B(alx), and r is the reward observed.
Then given S and x, the goal of policy evaluation is to reliably estimate \A/ST =V
of V1 in Equation In traditional OPE, the goal is to estimate V7 offline using
pre-collected historical data from some other (possibly unknown) logging policy
B(a|x) on the context distribution x ~ P(x), with the assumption that Py (x) = P;(x).
When we consider context distribution shift, we further assume Pg(x) # P;(x). Here,

s and ¢ stand for source and target distribution, respectively.
Policy Evaluation as Covariate Shift.

Covariate shift is a special case of distribution shift where only the distribution of the
covariates changes, but the conditional output distribution remains unaltered [35]]. In
the setting of this paper, our goal is to evaluate policy 7 over a potentially different
context distribution P;(x), as depicted in the data-generating process in Figure
The assumption can be expressed as Py(x, a) # P,(x,a) and Py(r|x,a) = P,(r|x, a).
Note we use “logging” and “source” distribution interchangeably. Based on this
data-generating process, the joint distribution of covariates (x and a in this case) can
be described as shifting from P(x, a) = Ps(x)B(alx) to P;(x,a) = P;(x)x(a|x). We



n(a|x)

P,(x)

Figure 2.1: Data generating process for policy evaluation under general covariate
shift. X, A, and R represent context, action, and reward variables, respectively.
Logging data distribution Pg(x)B(a|x) is marked with solid purple lines, and target
data distribution P;(x)m(a|x) is marked with dashed red lines. Black lines indicate
reward is generated by both contexts and actions.

can further assume that the distribution shift problem of policy evaluation can be
decomposed into two different mechanisms [31] [33]]: (1) Context distribution shift,
and (2) Policy shift. General covariate shift (GCS) refers to the setting when both
context distribution shift and policy shift occur. Asthe ground truth conditional reward
distribution P*(r|x, a), that we aim to learn, remains unchanged, we can formulate
the reward estimation problem in policy evaluation as a covariate shift problem. To
simplify the notations, We omit x ~ P(x) sometimes in the OPE setting. We further
define Py(x,a,r) = Py(x,a)P*(r|x,a) and P;(x,a,r) = P;(x,a)P*(r|x, a).

2.3 Distributionally Robust Policy Evaluation under General Covariate Shift
In this section, we formally present our robust regression approach for reward
prediction from logging data in policy evaluation, which is constructed from a
distributionally robust learning framework. The high-level goal is to estimate a
reward model f(x, a) that can be robust to the worst-case data-generating distribution
that can occur to maximize a loss function on the target data. We present the
formulation and derived predictive form in Section [2.3]and the parameter learning
algorithm in Section [2.3]

The Distributionally Robust Learning Formulation
ERM v.s. DRL. Traditional supervised learning frames reward estimation as an

empirical risk minimization problem (ERM). ERM seeks to minimize the following
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empirical risk on the logging data:

e, @) = argmin B,y [ £07,Fx.aD)] = argmin 0 53 £ f s ),
1€

(2.2)
where £ is a loss function that measures the disparity between the actual reward
and prediction from the model. However, this approach is susceptible to bias
under covariate shift, as the logging data reflect reward information solely within
the scope of the logging context and policy. To address this, the Distributionally
Robust Learning (DRL) framework provides an alternative perspective by modeling
the problem as a two-player minimax game over the target data, which involves a
predictor player minimizing and an adversarial player maximizing the expected target
loss as follows: f(x,a) = arg min ., ) MaXg(x,a)exs Br.a~P,(v.a).r~g [£(r, f(x,a))],
where 7# ~ f(x,a) is the predictor player and r ~ g(x, a) is the adversarial player.
The adversarial player is confined to reside in a constrained set X, defined on the
training data S. Covariate shift results in a mismatch between the expected loss we
are optimizing (defined on P;(x, a)) and the constrained set for the adversary (defined
on Pg(x, a)). The choice of the loss function £ and the constrained set X5 shape the
specific derived form of the predictor f(x,a). Both f and g are valid conditional

distributions of r given the context and the action (x, a).

DRL Formulation for Robust Regression. In this paper, we incorporate the

following relative loss function for the reward estimation:

L(r, f) = Ex,a~P,(x,a),r~g [_ logf + log fO] , (2.3)

where fy is a predefined base predictor. This loss function represents the conditional
log-loss difference between predictor f and a base conditional distribution f with
respect to g on the target data distribution. Given a fixed g, f aims to be as close as
to g if possible. If this is unachievable, f will be equal to fy. The motivation for
introducing the base distribution fj is that the logging data is not always informative
in minimizing the loss function on the target data. Therefore, there should be a default
choice of prediction when logging data does not cover the target data distribution
well enough. To further shape this process, we incorporate the following constrain

2s (used in the definition of f (x, a)) to regulate the adversary g:
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ZS = {g

Exa~P (x,a),r~g [r(x, a) 1-—= IS] Z
ieS

1
D ripx,a)

Ex a~Pg(x,a), r~g[r(x a)p(x,a)] -
|S| ieS

< n}, 2.4)

where @(x, a) is a feature vector and 7 is the slack term. In general, ¢(x, a) can
be any feature functions. In this work, we set it to be the concatenation of x and
a. For simplicity, we use the same slack for the two constraints in Equation [2.4]
This constraint indicates that the expectation of a quadratic function in r under
the adversary conditional probability distribution g must be close to the empirical
expectation (i.e., the average) of that function within the logging data. We choose
this quadratic function because it leads to a Gaussian distribution predictor, which is

an exponential family distribution with a quadratic form.

Derived Predictive Form. If we also choose the base distribution to be Gaussian
as fo ~ N(uo, 0'3), we have the following form for the predictor f: fy(x,a) ~
N(ug(x,a), 0'02(x, a)) (The full derivation can be found in Appendix :

-1
o3x,a) = (2Wx, )0, + 0?)

Ho(x, @) = 73(x, @) (-2W(x, )6xp(x, @) + 10052 2.5)

where 0, and 6, are components in the full parameter 6 = [0, 6], and 6, is a vector

Py(x,a)
P;(x,a)

in the OPE setting as the context

with the same dimension as ¢. ‘W (x, a) is the density ratio, which equals to

Blalx) .
n(alx)

distribution does not shift. The derivation involves using strong duality to switch

under general covariate shift, and reduces to

the min and max problem and applying the Lagrangian multiplier § to convert the

constrained problem of Equation [2.3]and Equation [2.4]into an unconstrained one.

The Role of the Density Ratio ‘W (x, a) and the Base Distribution fj. The density
ratio W(x, a) is defined as the ratio of the source density P(x, a) over the target
density P;(x, a). For cases where the magnitude of P(x, a) is significantly smaller
than P;(x, a), the corresponding (x, a) occurs infrequently in the logging data but
frequently in the target data. Under such cases, the estimator will rely more on
the base distribution fj rather than the logging data, as ‘W(x, a) becomes closer to
zero in Equation [2.5] In other words, the estimator heavily depends on the base
distribution when there is a large discrepancy between the logging and target data.

On the other hand, if the logging data is well-covered, the estimator becomes more
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Algorithm 1: Stochastic Gradient Descent for Robust Regression under General
Covariate Shift
Input: Training data points {(x;, a;, r;)}, logging policy B(a|x), target policy
n(alx), source data distribution P(x), target data distribution P;(x), 6 with
initialization, SGD optimizer Opt, learning rate Ir, epoch number 7.
0 — random initialization, epoch « 0;
While epoch < T
For each mini-batch
Compute ug(x, a) and 0'02(x, a) following Equation
Compute gradients for  following Equation [2.6|and Equation
Stochastic Gradient descent on € using Opt.step(lr);
Output: Trained model parameters 6.

confident in its predictions, with ug relying heavily on the learned parameters 6, and
6,. Intuitively, the base distribution will affect the result more when the distribution

shift is considerably large.

The Role of Gaussian Predictive Form. We assume a Gaussian base distribution
and a quadratic feature constraint, which results in a Gaussian conditional target
distribution p(r|x, a). While this Gaussian assumption is generally valid for real-
world examples and widely applied in ML literature, we can construct synthetic
examples to violate such assumption. For instance, we can define the conditional
target distribution as an exponential family with cubic terms over the exponential,
corresponding to a cubic function feature constraint. In such cases, the standard bias
and variance tradeoff analysis applies: using a model with Gaussian assumption
in this situation leads to an overly simplified model, resulting in high bias and
low variance. However, in practice, when little is known about the underlying
data generation process, the robust regression model under Gaussian assumption is
preferred due to its nice implementation properties and broad applicability. Further

discussions on the Gaussian assumption is provided in Appendix[A.2]

The Proposed Algorithm for Parameter Learning

We summarize the proposed robust regression approach for reward prediction in
Figure[2.2](a). After deriving the predictive form, we here present how to learn model
parameters 6. With the predictive form of f in Equation we can plug it back
into the Lagrangian form of the constrained optimization problem in Equation [2.3]
and Equation [2.4] and obtain the target loss to be equivalent as maximizing the

log-likelihood over the target distribution: £(0) = Ep,(x 4.r) [log folx, a)]. Given
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the form of f, this objective is convex w.r.t 8. By taking the derivative of £(6) w.r.t

the 6, and 6,., we can obtain the following gradient form, where Sp,ch 1S the set for

data mini-batch. Standard gradient-based learning can then be applied for learning

the parameters. The training procedure is summarized in Algorithm[I] Detailed

derivation are in Appendix
1

Vo, L(6) = > (ugx,a)+ og(x,a) - 1), (2.6)
|SbatCh| (x,a,r)ESbatch
1
Vo, L(0) = D1 (e(x,a) = r)g(x, a). 2.7)
|Sbatch| (%,a,7)EShatch
2.4 Methods

In this section, we first provide an overview of how our robust regression approach
can be integrated into existing policy evaluation methods as a reward model. A
detailed comparison between classical OPE and the setting of policy evaluation
under general covariate shift considered in this paper is illustrated in Figure[2.2] (b).
We then establish upper bounds for the bias of these methods. We will refer to our
methods using the notation PS and GCS as suffixes, representing policy shift and
general covariate shift, respectively. Specifically, the proposed methods DM-PS,
DR-PS, DM-GCS, DR-GCS, SnDR-PS and SnDR-GCS are formulated as follows.
We also investigate the integration of our robust regression approach into other OPE
methods including SWITCH [50]] and DRoS in Appendix [A.4]

DM-PS. In the OPE setting, the context distribution P(x) does not shift, reducing

the density ratio W (x, a) to f EZK; We enhance standard DMs by incorporating the
mean value predictor estimated from robust regression, denoted as ug(x, a), yielding

the “Direct Method with Policy Shift” (DM-PS) estimator.

Vomps = [g7 Zxes Bavr |1 (2, @)] - (2.8)

DR-PS. We apply DM-PS to be the reward model part in DR framework, yielding
the “Doubly Robust estimator with Policy Shift” (DR-PS) estimator.

r—iPSx.apraley |
é ) ] + VbMm-ps. (2.9)

VbRr.ps = |—é| 2(x,a,r)ES [

DM-GCS. Under general covariate shift, we set ‘W (x,a) to be P°g a; in robust

regression and plug it into the standard DM to get “Direct Method with General
Covariate Shift” (DM-GCS) estimator. We also plug W (x, a) = I; g Z; into IPS to
implement IPS-GCS as a baseline. More details can be found in Appendix [A.1]

VbM-Ges erSE a~r (G (x, a)] (2.10)
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(a) The Robust Regression Method (b) Comparison between OPE and the proposed approach

Figure 2.2: (a): Description of the robust regression method. The density ratio
Wi(x, a) is estimated from the logging data and the target data. The feature set X
is obtained from logging data to constrain the adversarial player g. The estimator
f is estimated by taking minimax loss over target data distribution, with density
ratio ‘W(x, a), base distribution fj, and adversarial player g. (b): Comparision
between the setting of classical off-policy evaluation (OPE) and policy evaluation
under general covariate shift. There are two types of information derived from the
data: (1) density ratio information, obtained from the covariate (context and action)
distribution from both logging and target data and used by the inverse propensity
score (IPS) method (green arrow), and (2) pairing information between covariate
and reward from the logging data, used by the direct method (DM) (red arrow) to
estimate the reward conditional distribution. Traditional DM relies solely on the
logging data, whereas the proposed DM-PS and DM-GCS methods also utilize the
density ratio information in the robust regression.

DR-GCS. We apply DM-GCS to be the reward model part in DR and apply IPS-GCS
to the IPS part of DR to obtain the “Doubly Robust estimator with General Covariate
Shift” (DR-GCS) estimator.

r-u§S@appxa) | | o

L S rar)es ) + Vbm-Ges.- (2.11)

VDRr-GCs = g

SnDR-PS/SnDR-GCS. Similar to standard DR, following the idea of SnIPS, we can
further control the variance of the IPS component and obtain the self-normalized
DR-PS (SnDR-PS) and self-normalized DR-GCS (SnDR-GCS), by normalizing over

the sum of the importance weights.

. 1 (r— ubSx,a)n(alx) | .
VSnDR-PS = T ~ 0 + VbMm-ps, (2.12)
IS| wi7es | Blalx) 2 ¢ elx)
»a, (x,a,r)e Blalx)
, 1 r — u$S@x, a)P(x,a)|
VsnDR-GCS = 17 . poe | T YPm-Ges. (2.13)

S| warles | Ps(x, @) Sxames P
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Theoretical Results

Bias Analysis

Expected Error. We first establish the upper bound for the robust regression-based
reward estimation’s expected squared error on the target distribution as follows:

Theorem 2.1. Assuming the density ratio of the target over the source distribution

112822; is upper bounded by a constant C for (x, a) in the source distribution, the base

distribution is chosen in the way that Ep,(x q.n[(r — ,uo)z] over the target distribution
is upper bounded by a constant H, and source distribution has n i.i.d. data samples.
Assuming there are m percentage of samples in the target distribution that have a

non-zero density ratio W(x,a) = i;gig , the expected squared error in the target

data distribution for the robust regression estimator is upper bounded as follows

with probability at least 1 — §:

Ep,x.ar) [ = fiCx,a))?]

SIS

1 & . lo
<mC |= D)o x;,a) + 1+ AMR(F) + 3M? 514 (1-mH.
n

P 2n
(2.14)

where ¥ is the function class of f with sup; prex ., o|f(x,a) — f'(x,a)|< M and a
Rademacher complexity of R, and 11 upper bounds the gradient of optimization
algorithm when it converges, as shown in Equation

Bias Analysis for DM Methods. Based on the analysis of the expected error as
above, we obtain the following upper bound for the bias of the proposed direct
method estimators, DM-PS/DM-GCS.

Corollary 2.2. Under the same assumptions as Theorem the bias of the robust
regression direct method estimators over the target data distribution are upper
bounded as follows with probability at least 1 — §:

Ep,(x.a.r) [(r — fi(x, a))]
1/2

S

1
o2 ]+(1m)H
n

< |mC

1 & .
= >\ xi, ) + 1+ AMR(F) + 3M° - €
n

i=1

(2.15)
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Bias Analysis for DR Methods. We further analyze the bias of the proposed doubly
robust estimators, DR-PS/DR-GCS. We have the following upper bound.

Theorem 2.3. Under the same assumptions as Theorem the bias of the robust
regression doubly robust estimators over the target distribution are upper bounded

as follows with probability at least 1 — 6:
. . 2
[Epyx.ar) [Vor-Ps/pR_GCS — VT]| < S+ 2CMR(F) + 3CMA 55 + 6. (2.16)

The proofs of Theorem [2.1]and [2.3|can be found in Appendix[A.3]

Robustness under Large Shift. The above bias analysis shows that the proposed
methods remain robust under large distribution shifts. Our bias analysis results
consist of two parts, the first term is based on data with a non-zero density ratio
where we reweight the target distribution into source distribution and use standard
Rademacher complexity. The second term refers to the bounded error of the base
distribution for target data that do not share support with the source data. In this
case, the m value, which is the percentage of target data points well-supported by
the source distribution, represents the magnitude of the distribution shift. When the
shift becomes larger, more proportion of the data will have a density ratio close to 0,
and m becomes smaller, corresponding to cases where the prediction relies more
heavily on the base predictor fy. Note that traditional ERM methods can have an
arbitrarily bad performance when there is a severe non-overlapping issue between
the source and target data distribution, such as large part of the target distribution
is uncovered by the source distribution. Reweighting-based methods also become
ineffective as the importance weights will have a zero denominator in a subset of data
points. Our methods can effectively alleviate the issue as the bias of the proposed
methods, which is shown in Equation [2.15] and Equation [2.16] will lean towards
utilizing the base predictor fy and have a bounded error as m becomes closer to 0.
This makes our method more favorable than other methods under large shift settings,
as further illustrated in the experiments section. In particular, we demonstrate how
our method performs compared with other methods under different scales of shifting
in Section The experimental results show that our method remains robust and
outperforms other methods, especially when the shift becomes large, as shown in
Figure 2.4] Besides, we also provide a consistency analysis result for the settings

where the density ratio is bounded away from 0 in Appendix [A.3]
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2.5 Experiments

Experiment Settings

Datasets. In line with the experimental settings employed in previous studies [T}
, we conduct experiment{] on 9 UCI datasets by transforming the
classification problems to the contextual bandits setting. Specifically, the context is
set to be the input feature of the dataset, while the policy is a classification model
and the action is the predicted class from the model. The reward is 1 if the predicted
class matches the ground truth label and O otherwise. More details about how the
dataset is created can be found in Appendix and the statistics of these datasets

are summarized in Table 2.1l as follows. o
Table 2.1: Dataset Statistics.

Dataset Glass Ecoli Vehicle Yeast PageBlok OptDigits Satlmage PenDigits Letter

Actions 6 8 4 10 5 10 6 10 26
Features 9 7 18 103 10 64 36 16 16
Instances 214 336 846 1484 5473 5620 6435 10992 20000

Logging Policies. We conducted experiments using three distinct categories of
logging policies, encompassing 10 different policies. Specifically, we employed the
softened policy, which is in line with previous off-policy evaluation (OPE) work [[12]
9], as well as Tweak-1 (p) policy and Dirichlet (y) policy, which were inspired by
prior research on label shift and offline contextual bandit optimization [[51J|. 1)
Softened policy: Softened policy is defined as 71 ¢)(alx) = A+ {uifa = ¥ (x), where
u ~ Uniform(—0.5,0.5) and ¢ is a deterministic policy trained by logistic regression.
The remaining probability mass, 1 — (1 + {u), is evenly distributed among classes
a # &(x). 2) Tweak-1 (p): One class accounts for p probability, and the other classes
evenly share the remaining 1 — p. 3) Dirichlet (y): A fixed probability distribution
generated by Dirichlet distribution parameterized by y. Compared with the softened
policy, the Tweak-1 and Dirichlet policies create more probability values close to
0 or 1 among the arms, resulting in a larger distribution shift between the logging

policy and the target policy.

Target Policies. We evaluate our method across various combinations of logging
policies and three distinct types of target policies. 1) Softened target policy: We
use the softened policy with parameters (4, ) = (0.9, 0). 2) Softened perfect policy:
We further apply the softened policy techniques to modify a perfect policy, which

consists of a 100% accuracy classification model. 3) Softened diverse perfect policy:

IThe code for the experiments is available at |l_1tt]gs:// github.com/guozihonggyh/Distributionally{

|R0bust-Pohcy-Evaluatlon-under-General—Covarlate-SElft—m-( “ontextual- Banaltsl



https://github.com/guoyihonggyh/Distributionally-Robust-Policy-Evaluation-under-General-Covariate-Shift-in-Contextual-Bandits
https://github.com/guoyihonggyh/Distributionally-Robust-Policy-Evaluation-under-General-Covariate-Shift-in-Contextual-Bandits
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We set the target policy value for each class as a random permutation of the sequence
12
n’n’’

discrete version of uniform sampling from the interval [0,1].

e 1] , where n represents the number of classes. This can be viewed as a

Covariate Shift on the Context. In our study, we examine two different types of
context shifts within the data. We uniformly sample context for the target data, while
manipulating the distribution of the context in the logging data in the following two
ways to create covariate shift. 1) Gaussian covariate shift: We first apply Principal
Component Analysis (PCA) to reduce the dimension. We then define a Gaussian
distribution on the first principal component as the new data distribution. 2) Tweak-1
covariate shift (w): Following the logic of the Tweak-1 (p) logging policy, we assign
a specific class of data a higher weight w and all other classes with weight 1, and then
do weighted sampling. Detailed information about the policies and data generation

process can be found in Appendix [A.4]

Estimation of the Density Ratio. We consider both the density ratio ‘W known
and unknown conditions in our experiments. For ‘W unknown cases, we need to
estimate them. Specifically, in policy shift settings, we estimate the logging policy
B with a logistic regression model, where we use the context x in the logging data

as features and the corresponding action a as labels. For general covariate shift

Py(x)
Pi(x)"

using both the logging and the target context. For instance, we train a

case, we also need to estimate
P(source|x)
P(target|x)
logistic regression model to classify whether the context x comes from the logging

data or the target data. Then, according to Bayes’ theorem, we can obtain the Psx)

Py(x)
P(source|x) _ Ps(x)P(source) ; P;(x)P(target) _ Py(x)
b Pliargetly) = ) /= ) = 5 (when the source and target data has

the same size, i.e. P(source) = P(target)) [H].

We leverage a discriminative classifier to obtain

Baselines. For our experimental comparisons, we consider several baseline methods,
including Direct Method (DM), Inverse Propensity Score (IPS), Doubly Robust
(DR) [2} [I0 32]], SnIPS, Self-Normalized Doubly Robust (SnDR) [43]], More
Robust Doubly Robust Estimator (MRDR) [[12]], and Distributionally Robust Policy
Evaluation (DRPE) [[36]]. We include a variant of our proposed methods DM (R),
shown in Equation [A.8] as a baseline by setting the density ratio in the robust
regression to 1. More details about the baselines, including SnIPS, SnDR, IPS-GCS,
and DM(R), can be found in Appendix Additionally, we provide the further
comparison with other OPE methods in Appendix [A.4] including SWITCH [[50] and
Doubly robust estimator with Shrinkage (DRoS) [B0]], demonstrating the advantage

of our method when integrated with various kinds of OPE approaches.
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Figure 2.3: First row: Cumulative Distribution Function (CDF) of relative MSE
w.r.t SnIPS when only policy shifts exist across 360 conditions. Second row: CDF
of relative MSE w.r.t SnIPS-GCS when general covariate shifts exist across 1260
conditions. Subfigures (a)/(e) and (b)/(f) are comparisons between different families
of methods, while (c)/(g) and (d)/(h) are comparisons between individual estimators.
Better performance is indicated by CDF curves positioned in the top-left corner,
signifying a relatively lower MSE. In the first row, among the evaluated methods, the
DM-PS family is the best performer in known and unknown logging policy cases.
In the second row, in the context of known W(x, a), the DM-GCS family performs
best, while in scenarios with unknown ‘W (x, a), the DM-PS family prevails.

To better compare our methods with baselines, we consider the corresponding
families. Each DM estimator family comprises DM itself, DR, and SnDR employing
the corresponding DM. Each family contains the same number of estimators for
fair comparison. For instance, the DM-PS family includes DM-PS, DR-PS, and
SnDR-PS. We select the best-performing method from each family for comparison

in our experiments.

Evaluation Metric. We measure the performance of each estimator using Mean
Squared Error (MSE), which is defined as E[(V — V(n))?], where V is the value
calculated from the estimator and V(i) is the ground truth value of the target policy
on the target data distribution, both computed on a test set which consists of 25% of
the dataset.
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Experiment Results

We present the results for various combinations of logging policies, target policies,
and covariate shifts on data, encompassing 360 conditions for the policy shift-
only experiments and 1260 conditions for the general covariate shift experiments.
Following the established setting in previous studies [39}[50]l, we show the Cumulative
Distribution Function (CDF) of relative MSE with respect to SnIPS for the policy
shift and CDF of relative MSE with respect to SnIPS-GCS for the general covariate
shift as the evaluation metric in Figure [2.3] Our analysis covers both cases where the
logging policy is known (Subfigures (a), (c), (e), and (g)) and unknown (Subfigures
(b), (d), (f) and (h)).

General Performance Comparison: From Figure (a) and (b), which compare
the performance across different method families under policy shift, we can see
that the DM-PS family consistently outperforms other methods substantially. In
Table [A.T] in Appendix [A.4] we further present the number of conditions where
our proposed method families perform optimally. The DM-PS family emerges as
the top performer in both known and unknown logging policies, outperforming
other baseline methods in over 90% of the conditions. For general covariate shift
settings, when the density ratio ‘W(x, a) is known (Figure (e)), the DM-GCS
family exhibits the best performance. When W (x, a) is unknown (Figure (1)),
the DM-PS family leads in performance. In both scenarios (Figure [2.3] (e) and (f)),
both DM-GCS and DM-PS families outperform SnIPS-GCS in over 70% of the
examined conditions. In (c), (d), (g), and (h), DM-PS and DM-GCS significantly
outperform MRDR and DRPE. Further comparisons with advanced OPE methods
such as SWITCH and DRoS are provided in Appendix [A.4]

Comparison between DM-PS and DM-GCS: When comparing DM-PS and DM-
GCS in Figure[2.3|(g) and (h) as well as in Table[2.2] we observe that DM-PS and its
family perform better when the density ratio ‘W (x, a) is unknown, while DM-GCS
and its family excels when W(x, a) is known. These results can be attributed to
that the GCS setting introduces the disparity between Py(x) and P;(x), creates larger
distribution shifts and harder-to-estimate density ratios, and destabilizes the training
of DM-GCS and the IPS component within DR methods. We further demonstrate
this by comparing SnIPS and SnIPS-GCS in Table [A.2]in Appendix [A.4] Also,
the relatively weaker performance of DM-GCS when ‘W (x, a) is unknown can be
attributed to the estimation of P(x, a), which requires a concurrent estimation of

both P(x) and S(a|x). The inherent difficulty in accurately estimating P(x), which
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Table 2.2: The number of conditions where each family is the best under general
covariate shift. DM-PS and DM-GCS families outperform baseline methods in over
72% of the conditions. When comparing the settings of Ps(x, a) known with P(x, a)
unknown, the DM-GCS family outperforms DM-GCS family among known settings
while the DM-PS family excels among unknown settings.

SnIPS-GCS | DM | DM(R) | DM-PS | DM-GCS
Py (x,a) known 40 148 93 372 607
P¢(x, a) unknown 60 265 84 690 161

Table 2.3: The number of conditions where DM-PS or SnDR-PS is the best under
different Tweak-1 logging policies. From left to right, the shift becomes larger. This
suggests that SnDR-PS’s advantage can be weakened by the worsened performance
of the IPS component and disappear, as SnDR-PS consists of the DM-PS and the
IPS component.

Tweak-1 (p = 0.91)

Tweak-1 (p = 0.95)

Tweak-1 (p = 0.99)

DM-PS

6

8

18

SnDR-PS

30

28

18

is typically more complex than estimating the logging policy, negatively affects the
performance of the DM-GCS family.

Comparison between DM Methods and DR Methods: In Figure (c) and (d),
by comparing the DM-PS with DM(R) and DM, we see that our method shows the
best performance, highlighting the advantages of accommodating covariate shifts
in reward estimation. We also observe that the SnDR-PS has the best performance.
However, in the left corner, we see instances where the DM-PS outperforms the
SnDR-PS, indicating that although SnDR-PS generally outperforms the DM-PS, as
the shift becomes larger, its advantage is weakened by the worsened performance
of IPS component. This is further demonstrated in Table [2.3] where we show the
number of conditions where DM-PS and SnDR-PS are the best under different
Tweak-1 logging policies. A larger p represents a larger shift. One can see that when
the shift becomes larger, the SnDR-PS’s advantage becomes smaller. Furthermore,
in the general covariate shift setting, we can still observe that DM-PS outperforms
SnDR-PS in many conditions shown in Figure (c) and (d), a pattern that is also
seen between DM-GCS and SnDR-GCS. This can be explained by the negative
effect on performance when incorporating the unreliable IPS into the SnDR method
when the distribution shift is large. Additionally, when the distribution shift of Py(x)
occurs, obtaining a reliable estimation of S(a|x) becomes increasingly challenging,
consequently affecting the estimation of the density ratio ‘W (x, a), and harming the

performance of SnDR methods.
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The Effect of Different Shift Magnitudes: We analyze the performance of DM-PS

and DM-GCS under various scales of policy and covariate shifts to show how shifts

affect the performance of the DM methods.

1. Policy Shift. Consider two types of softened shift logging policies: small
shifts, such as m(g.95,0y(alx) and 7 7,0.1)(a|x), where logging policy deviations from
the target policy are modest; and large shifts, represented by 7 .5,0.1y(a|x) and
70.1,0)(alx), that exhibit more substantial deviations. The Tweak-1 and Dirichlet
policies are treated as even larger shift logging policies due to more probability values
close to 0 or 1. Figure[2.4](a) illustrates the proportion of each DM method achieving
the best performance across these conditions, revealing that DM-PS consistently
surpasses other methods across diverse logging policy scenarios. DM-PS’s advantage
grows as the shift enlarges, demonstrating its excellence in accommodating policy

shifts in reward estimation and aligning well with our theoretical results in Section
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2. General Covariate Shift. Figure[2.4] (b) showcases the CDF of the relative MSE
of DM-GCS with respect to DM-PS in Gaussian covariate shift scenarios, with a
larger w indicating a larger covariate shift. As the covariate shift increases, DM-GCS
exhibits widening advantages over DM-PS, indicating the benefits of accommodating

covariate shifts in reward estimation.

Collectively, these analyses highlight the superior performance of DM-PS and
DM-GCS in handling varying scales of covariate shifts in reward estimation. They

consistently exceed other methods, particularly as shifts become more pronounced.

1.0 — Tweak-1,w=15
Tweak -1, w =12

Softened, small shift 0.8 —— Tweak-1,w=9

7 Tweak-1,w=6

Softened, large shift 0.6 I ;::tji:;

—— DM-PS bas;ahr\e
= DM-PS  Tweak-1 0.4
DM(R)
== DM Dirichlet 0.2
| 0.0
00 02 04 06 08 1.0 0.0 0.2 0.4 0.6 0.8 1.0
(a) Policy shift (b) General covariate shift

Figure 2.4: (a) The proportion of each DM method achieving the best performance
across conditions. As the covariate shift increases, the advantages of DM-PS become
more pronounced, signifying the importance of considering covariate shifts in reward
estimation. (b) The CDF of the relative MSE of DM-GCS with respect to DM-PS in
Gaussian covariate shift cases. As the Gaussian covariate shifts on context increase,
DM-GCS demonstrates more advantages.
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2.6 Related Work

Off-Policy Evaluation for Contextual Bandits. Classic approaches for OPE (which
only handle the policy shift setting) can be summarized into three categories: direct
methods (DM), inverse propensity scoring (IPS), and doubly robust (DR) methods
that combine DM and IPS. DMs aim to directly learn the mapping from context and
action to reward, but they can suffer from significant bias [[I0]] due to the divergence
between the target and logging policies. IPS tackles the problem using the idea
of important weighting between policy distribution. While unbiased, they exhibit
high variance, especially under large policy shifts, due to unstable estimations of
the density ratio [[I0]. A more recently proposed approach is the self-normalized
IPS estimator (SnIPS) [42]], which offers improved accuracy over standard IPS when

fluctuations in weights dominate that of the rewards.

DR methods [[I0HI2} 50] strike a balance between the biased, low-variance DM and
the unbiased, high-variance IPS by incorporating both. It can also be interpreted
as using control variates within an IPS framework [#7] @d9]. If either IPS or DM is
unbiased, DR methods are guaranteed to be unbiased [[I0]]. Much of the follow-up
work on DR methods has focused on mitigating the detrimental effects of variance
or extreme probabilities from the IPS component. For example, SnDR utilizes
SnIPS , SWITCH estimator truncates IPS using a threshold [@]] and DR with
Optimistic Shrinkage (DRoS) finds a weighting strategy by optimizing a sharp bound
on mean squared error [39]. While much of the prior work has emphasized improving
the IPS component of DR estimators and their asymptotical guarantees, our research
targets enhancing the robustness of conditional reward estimators, especially under
large shifts and limited data. Our key insight is to view this problem as a covariate
shift problem and utilize robust regression to train the conditional reward estimator.
Our proposed method can also be naturally incorporated into existing methods like

DMs and DRs by offering a distributionally robust reward estimator.

Covariate Shift and Distributional Robustness. Covariate shift is a specific
type of distribution shift, and has been extensively studied in the machine learning
community [35]]. Various methods have been developed to mitigate this challenge,
including importance weighting [35] @1]] and kernel mean matching [[14]]. In the
context of policy evaluation, [#8]] introduced a DR-based estimator under covariate
shift that uses a density ratio estimator between the source and target distributions.
However, their method focuses on the propensity score weighting formulation, and

the IPS component in the estimator introduces high variance when extreme weights
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exist. In contrast, we tackle the problem orthogonally in this paper, utilizing a
distributional robust direct method that can be effortlessly combined with their
method.

Distributionally robust optimization (DRO) [3] 37]], a prevalent approach to handling
distribution shifts, introduces the idea of optimizing with respect to the most adverse
scenarios over a defined family of distributions. This has led to different variants such
as Wasserstein DRO [[3]]. A few studies have explored distributional robustness in
policy evaluation. [36] and [[I8]] augmented evaluation robustness by conservatively
estimating reward mapping with KL-divergence uncertainty sets. However, in these
methods, the uncertainty set covers all possible shifts in the joint distribution of
context, action, and reward, which does not characterize the covariate shift specifically.
As a result, the estimator can be overly robust and less effective. Another line of
work utilize DRO for estimating confidence interval in the off-policy setting [[8] [13]
[20]], following a generalized empirical likelihood approach [J]]. The differences
from our approach lie in the formulation of the DRO problem. Specifically, they
do not use the conditional distribution of the target variable (the reward in our
case) as the adversarial player, and the uncertainty set constraint is formulated by
the perturbation of empirical distribution of the data with distance measured using
f-divergence, rather than using feature matching as in our case. Robust regression
[26] tailored distributional robustness methods specifically for the setting of covariate
shift. It constructs a predictor that approximately matches training data statistics
but is otherwise the most uncertain on the testing distribution by minimizing the
worst-case expected target loss and obtaining a parametric form of the predicted
output labels’ probability distributions. We are the first to employ robust regression
methods for policy evaluation, enabling the refinement of direct methods and the

further enhancement of doubly robust estimators.

Causal Inference. The task explored in this paper has close ties to causal inference
[T}[16]l. A core challenge in evaluating the individual treatment effect (ITE) and the
average treatment effect (ATE) in causal inference is the evaluation of a counterfactual
policy. IPS and DR have been investigated for ATE estimation using linear models
(19} @4]l and recent advancements have leveraged methods from domain adaptation
and deep representation learning [[I7]]. In particular, ITE estimation is challenged by
the specific type of distribution shift where the context distribution changes between
treatment and control groups [34]]. There has also been work on using causal models
to enhance off-policy evaluation results [29]. Besides, the setting of covariate
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shift has been studied in the task of randomized controlled trials (RCT) in causal
inference as an issue of lacking external validity [30]. However, these works mainly
focus on devising new identification strategies of causal estimands. In this work, we
focus on developing robust learning methods for counterfactual reasoning from the

perspective of covariate shift.

2.7 Conclusion

We introduced a distributionally robust approach for policy evaluation under general
covariate shifts in contextual bandits using robust regression. Utilizing this approach,
we developed a novel family of policy evaluation methods for not only the policy shift
setting but also the general covariate shift setting. We showed how the reward model
from such distributionally robust reward estimators can be integrated into direct
methods and doubly robust policy estimators. Theoretically, we established the finite
sample upper bounds on the bias of the proposed methods, providing advantages
in large shift situations. Empirically, we conducted extensive studies across a wide
range of varying distribution shift conditions, demonstrating the superior robustness
of our method. Future work includes the investigation of applying the distributional
robustness idea to the OPE in reinforcement learning, offline, and safe reinforcement

learning.
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Chapter 3

DISENTANGLING LINEAR QUADRATIC CONTROL WITH
UNTRUSTED ML PREDICTIONS

This chapter is based on the paper:

Tongxin Li*, Hao Liu*, Yisong Yue. “Disentangling Linear Quadratic Control with
Untrusted ML Predictions.” In: Advances in Neural Information Processing Systems
37 (2024).

3.1 Introduction

We study the problem of online decision-making with predictions. Such settings are
increasingly popular with the use of machine learning for predictive modeling, with
applications to power grids and robotics [35] 37,49 [60]. However, in many real-world
settings, such black-box predictors can be unreliable due to practical problems such as
high model variability [24} 5]}, and out-of-distribution generalization issues [40] [53]].
In settings that require making reliable and high-quality decisions, recent research
has been working on designing the decision-making policy that can be adaptively in

response to receiving low-quality predictions [37]].

In this paper, we consider the setting where there are different sources of disturbance,
each representing distinct (and often independent) resources or factors. For instance,
in electricity grids, machine learning (ML) forecasts of variables like power con-
sumption/generation fluctuations, electricity prices, and battery states can facilitate
near-optimal operational decisions on the one hand, but on the other hand, latent
variables such as power injections on certain loads can be highly unpredictable due
to their volatility [4§]]. Another example is the drone navigation task [43]], where the
challenge lies in managing external perturbations caused by a mixture of predictable
elements like air flows and less predictable factors like raindrops. When performing
online decision-making in this setting, one important technical challenge is to be
able to combine disentanglement with an adaptive online learning algorithm to
result in a more exact estimation of the trustfulness of the disturbance. To address
this challenge, in this work, we focus on a linear quadratic control problem where
system perturbations originate from unidentified and possibly heterogeneous latent

resources/components.
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Our contributions. We develop a novel policy Disc that does the disentanglement
and learns the adaptive parameter online simultaneously. We first introduce a
policy, A-Con, which extends the A-confident approach in by adapting a
vectorized confidence parameter A € [0, 11, where each A(i) represents the estimated
trustworthiness of the ML prediction for the i-th latent variable in the dynamical
system. We then show that a static A cannot guarantee an optimal consistency and
robustness tradeoff (see Definition [3.3|for a formal description) for 2-Con: if 1-CoN

is (1 + o(1))-consistent, then it is at least w(1)-robust.

To circumvent this limitation, we propose the dynamic policy Disc (Section [3.3).
This algorithm leverages online learning to optimize the confidence parameter A, at
each time t. We establish competitive ratio guarantees for Disc in both linear and
general mixing scenarios, as shown in Theorems|3.7)and 3.8](Section[3.4) respectively.
Under Assumption [3.1] and [3.4 The competitive ratio bound for Disc, outlined
informally as follows, incorporates a term that embodies our “best-of-both-worlds

utilization” of untrusted ML predictions:

E [CR(Disc)] < 1 +o(1)+ 0 (pZW) +0

k (i)
Z QT /w) +§(i))’ 3.1

i=1

Best-of-both-worlds utilization

where the o(1) term hides quantities that vanish when the total number of steps T
increases; k is the number of latent variables generating the perturbations; p € (0, 1);
w denotes the prediction window size and each €(i) (fori = 1, ..., k) denotes the
prediction error corresponding to each latent component. The last term in this result
highlights the desired performance guarantee: When a component-wise prediction
error £(7) is small, the individual term £(i)/(Q(T/w) + £(i)) will be negligible;
otherwise, it always holds that €(i)/(Q(T/w) + €(i)) < 1, regardless of how high
the prediction error becomes. Our proposed Disc is both (1 + o(1))-consistent and
O(1)-robust with a sufficiently large prediction window size. We offer the first bound
of this nature, grounded in a term as a function of the prediction error, without

restrictive assumptions on the errors (£(1), ..., (k)).

Proving our main result above is nontrivial due to the fact that despite it is known that
an input-disturbed linear system can be reduced to an online convex optimization
(OCO) with structured memory [49], the connection between the problem with 1-Con
and a memoryless online optimization is not previously discovered. In Lemma 3.5}
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we provide a result that decouples the loss terms in the total regret in equation [3.9]
and future perturbations, thereby reducing the problem of choosing 4; to an online
optimization instance. Then we use a two-stage analysis as depicted in Figure[B.4|
that combines a dynamic regret bound for our control policy and static regret bounds

induced by online learning algorithms to derive the main result.

We demonstrate the practicality of Disc through two real-world examples (Sec-
tion[3.5): a drone navigation problem with mixed external disturbances and voltage
control in a power grid with heterogeneous power injections. We demonstrate that
Disc, when applied with disentangled ML predictions, outperforms baselines that
do not distinguish between underlying latent variables. Additionally, Disc shows
remarkable adaptability to rapid changes in various scenarios, such as those involving

ML models trained with out-of-distribution data in a non-stationary environment.

3.2 Problem Formulation

Notational conventions. Throughout this chapter, ||-|| denotes the £;-norm for vectors
and the matrix norm induced by the {;-norm. We use a subscript (-); to represent a
length-k vector s; = (s;(1),...,s;(k)) at time ¢t whose i-th coordinate is written as
s¢(). Weuse 1o s = (1(49)s(@i),i = 1, ..., k) € R¥ to denote the Hadamard product

between vectors A, s € R,

Linear Quadratic Control with Latent Perturbations

We consider a finite-time linear dynamical system with latent perturbations. Let
[T]:=A0,...,T — 1} be the set of time steps. Denote by x, € R" a system state and
u; € R" an action from a state feedback policy 7, at time ¢ € [T]. The system update

rule is given by
Xtyl = Ax; + Bu[ + f(S,; 9), t e [T] (32)

where s; = (s;(1), ..., s;(k)) € R¥ (k < n) contains k latent variables (components)
that together generate a perturbation at time ¢ € [T] via a mixing function f :
R x ® — R” parameterized by 6 € ® C RY. The states and the actions are observed
after being generated, while the mixing function f transforms the unobservable latent
variables in s; to an additive system perturbation. Throughout this paper, we focus
on the nontrivial regime that f(s;; 0) # 0, for all € [T].

In equation A € R™ and B € R™™ are system matrices. We consider the
standard regime that the pair (A, B) is stabilizable [[37,[50]. Without loss of generality,

we also assume the system is initialized with some fixed xo € R”". The goal of control
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W 1 . . .
<\/\ ) Disentangled Latent Predictions B /\
NI NS Previous Perturbation f(s,_1;6) AN
T~k

~ o~ - l U |
gD i=1,...,k l—»l Control Policy 7z l—t> X1 = AX, + Bu, + f(s; 0) |

Untrusted ML Agent X; T Observed State Dynamical Systems

Figure 3.1: Overview of the system model considered in this work. Left time
series: Disentangled latent variable time series predictions provided by an untrusted
ML agent at time ¢ € [T], represented by (Eﬂ,(i) :i=1,...,k); Right time series:
Observed mixed perturbations (f (s;;6) : 7 <) attime r — 1.

is to minimize the following quadratic costs given matrices A, B, Q, R:

J(m) = > (x; Ox; + u; Ruy) + x5 Pxr, (3.3)

t

~

Il
o

where = (nr; : t € [T]); Q € R™", R € R™ are positive definite matrices, and P
is a symmetric positive definite cost-to-go solution of the following discrete algebraic
Riccati equation (DARE), which must exist because (A, B) is stabilizable and Q, R
are positive definite [[T4]]:

P=0+A"PA-ATPB(R+ B PB) 'BTPA.

Given P, we define K := (R+BTPB)"'BTPA, and u, = —Kx, is the feedback control
law of a linear quadratic regulator (LQR), which is optimal in the case of zero
disturbances (w; = 0 for all ¢ € [T]). Further, let F := A — BK be the closed-loop
system matrix. The Gelfand’s formula implies that there must exist a constant Cg > 0

and a spectral radius pr € (0, 1) such that ||F'||< Crp'. forall t € [T].

In this work, we focus on designing a near-optimal policy 7 = (7r; : ¢t € [T]) that
minimizes the total quadratic cost in equation [3.3] subject to the linear dynamics
in equation Attime ¢ € [T], each 7, : R* x R¥ — R™ is a state-feedback policy
that produces an action u; € R™ with an observed state x;_;, and ML predictions
(s7,()) - i = 1,...,k) of the latent variables s, € R¥ for future w time steps with
a prediction window size w > 0 (denoting 7 := min{t + w — 1,T — 1}). Figure
above summarizes our system model. We defer a detailed introduction of the MLL
predictions in Section [3.2] together with the performance benchmarks considered
in this paper. We relegate concrete latent perturbation modelling examples and
real-world applications to Appendix

Inlight of the existing nonlinear ICA models summarized in Appendix[B.] throughout

this paper, we assume the continuity and invertibility conditions hold for the mixing
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function f to guarantee our theoretical results. This assumption is weaker compared
to those required in the nonlinear ICA literature [18] [26] [58] [62]] to guarantee
identifiability, as summarized in Table[B.I| (see Appendix [B.I)), noting that our goal
is instead to provide a near-optimal competitive ratio bound regardless of the error of

disentanglement and latent variable predictions (see our performance benchmarks
defined in Section [3.2)).

Assumption 3.1. The mixing function f : R¥ x ® — R" is Lipschitz continuous and

bijective with respect to s € RF.

Performance Benchmark

Let s7|; be the latent variable time series value at time 7, predicted by an untrusted
ML agent at time ¢ < 7. The prediction window size is an integer w > 0. We write
t =min{t + w — 1,T — 1}. The estimated mixing parameter at each time 7 € [T] is
denoted by 6,. Define the following error term forallt <t <tandf € [T]:

(et (1), .., &014(K)) = Eqps = Sz = Sgip 11 = O — 6. (3.4)

To assess the cumulative impact of prediction error over all 7" time steps, we define the
total prediction error corresponding to the component-wise latent variable time-series

prediction and the mixing parameter estimation as follows:

—

T—

T
50 = > > (05 e @), T= > I, (3.5)

=0 7=t =

—_

where pr € (0, 1) represents the spectral radius of the matrix F. The term pL~’
in equation accounts for the exponential decay phenomenon in the impact of
component-wise errors, implying that predictions further into the future contribute
less to the total error. This approach to error measurement is analogous to methods
employed in linear quadratic control models with adaptive offline adversarial pertur-
bations, as discussed in , which provides a foundational understanding of error

evaluation in our context.

Our performance benchmark is the competitive ratio for a given prediction error

g, defined as follows. To be more precise, we focus on the competitive ratio

'We define two pairs (s, 0) and (s, 8") as consistent if they yield identical outputs in the mixing
function f, i.e., f(s;6) = f(s";0"). For simplicity in our notation, we will treat consistent pairs (s, 6)
and (s’, 8") as indistinguishable when they produce the same perturbation effect in the system. Here,
at each time step ¢ € [T'], the estimated mixing parameter and the time series predictions are compared
against the consistent pairs 6 and s, with the smallest prediction error.
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defined for deterministic online algorithms with an adaptive offline adversary that
selects the system parameters A, B, Q, R, f, 6 and latent time series (s; : t € [T]).
Write € == (g(i) :i=1,...,k) and denote by J(m; &) the total cost obtained by

implementing 7 = (7r; : t € [T]) with some fixed prediction error &.

Definition 3.2. Fix some prediction error €. The competitive ratio CR(r; €) is defined
as the smallest constant C > 1 such that J(;&) < C - J* forall A, B,Q,R, f,0, and

(s; : t € [T]) satisfying the model assumptions.

The following notions of consistency and robustness with respect to the competitive
ratio offer a concise characterization to measure the algorithmic performance in the
presence of prediction error €. It aligns with the benchmarks used in the growing
literature on algorithms with predictions [[7} [9] (see further discussions
provided in Section [3.6)).

Definition 3.3. A policy r is y-consistent if its competitive ratio satisfies CR(r; ) <

v for € = 0 and k-robust if CR(rx; ) < « for all &.

3.3 Disentangled Confident Policy
In this section, we present our policy, Disc, which takes disentangled and untrusted

ML predictions and achieves near-optimal consistency and robustness tradeoft (see
Definition [3.3).

Warm-Up: Disentangled 1-Confident Policy (1-Con)
Before proceeding to introduce Disc, we first consider a policy that balances
consistency and robustness by combining an MPC policy that fully utilizes the

untrusted ML predictions, and an LQR without considering any predictions.

Denote by 7 := min{t +w — 1,7 — 1} and letY := (R + BTPB)"!BT. Recall that as
defined in Section[3.2] at each time ¢ € [T], (57, : t < T < 7) represents a sequence
of predictions for the future values of the latent variables (s, : t < T < f), with these
predictions spanning a predetermined window size w > 0. Similarly, the sequence
(5, : t € [T]) corresponds to the estimated mixing parameters. At each time ¢ € [T],
an estimate 6, is obtained by applying some disentanglement algorithm (see those
examples in Section [B.I). With this setup, we proceed to define an MPC-type action

as follows:

t
u,=—-Kx; =Y Z (FT)T_t Pf (/l o Szt 9,) ,  (1-Con PoLicy) (3.6)
T=t
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Algorithm 2: Disentangled confidence (Disc) policy

fort=0,...,T-1do

t—min{r+w-1,T -1}

/* Online learning of A; */
if ¢ = 0 then Initialize 1o € 1

else Set A; = ONLINE-PROCEDURE (¢ : ¢ € [t]) through equation 3.12]

or equation with {, defined in equation
/* Obtain disentangled predictions */

Get (57| : t < 7 <7) and an estimated mixing parameter 6,
/* Implement disentangled A;-confident policy */
Take u;, as in equation [3.6] with a learned A, such that

I
u; = —Kx; — YZ (FT)T_I Pf (/l, oEﬂ,;Ht) ,  (1;-Con PoLicy)
7=t

Update and observe x;.; following equation[3.2]
end

which specifies a disentangled A-confident policy, denoted by A-Con, where A €
T = [0,1]* is a fixed trust parameter. The term A o S7|: denotes the Hadamard
product of A and s7|,. It is worth noting that it is well known that equation [3.6|is an
optimal solution of the following MPC scheme 60]I:

t
min > (x] Ox; +u; Ru;) + x;THPx;H 3.7)
ueRm =t

S.t. Xr41 = Axr + Bur + f (/1 o's}“;@) ,T E [t,f] . (3.8)

In particular, if A is an all-one vector 1; in equation it trusts the ML predictions.
Note that it generalizes the A-confident policy in [37]], which linearly combines
actions from an MPC policy and an LQR. In Section (3.4, we present a negative result
for 1-Con, indicating that it cannot achieve the optimal consistency and robustness
tradeoff (see Definition [3.3). This motivates the disentangled confident policy

discussed in the next section.

Disentangled Confidence Policy (Disc)

At each time t € [T], the algorithm adaptively learns a trust parameter A, € 1 =
[0, 1]%, and uses a Hadamard product of ; and the ML learned latent variable A; o s,
to estimate future perturbations. The update rule of the trust parameter A, follows an

ONLINE-PROCEDURE, which can be constructed by the following explicit form of the
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overall dynamic regret (see 59]) with a fixed A € I

T-1
Jr(D) = J* = D W r(DH Y1), (3.9)
=0

where H := B(R + BTPB)™'BT, and ¢, 7(1) is defined as

min{¢+w—1,T—1}

b= > (FT)TP(f (w00 - f(10Fee)). (310)

=(

Consider the application of online optimization strategies to minimize total regret as
depicted in equation@ At each time 7, we obtain ¥z o(A), . . ., ¥ (). For (),
since the summation is over 7 € {{, min{{+w—1,t—1}}, ¢, : I — R"is afunction
that depends on ¢ € [T]. Thus, the formulation of the offline optimization equation[3.9]
does not conform to a canonical framework suitable for online optimization. This
necessitates a tailored approach for online learning, which is facilitated by Lemma 1,
allowing for the online learning of 4. Below we assume the following to regulate the
learned sequence (4; : t € [T]), which holds for typical online learning algorithms
with stationary environments [53]]. Note that when 7 — 7 < 0, we consider
Ai—r = Ap.

Assumption 34. If T > 0 is a constant, then (1, : t € [T)]) satisfies that
ZIT;()I |4 = A—z| = o(T).

Define £ := max{¢ — w + 1, 0}. The following lemma helps convert equation [3.9|to a

form that can be reduced to an online optimization problem. The proof can be found
in Appendix B.3]

Lemma 3.5. Define a function {y : I — R" as {¢(1) = Zfzf g (r,0)Hg(t,?),
where

8t 0= (FT) 7 P(f (52:00) = f (A0 5300)). 3.11)

Then for any t € [T], it follows that 22;(1) WTJ(/DH Yo () <w ZZ}) le.

Note that each {¢(1) defines a convex function of A, as verified in Appendix
Therefore, the selection of A; at each time ¢ € [T] follows from an online learning
procedure ONLINE-PROCEDURE, whose concrete realizations include the follow-the-

regularized-leader (FTRL) approach with an £,-norm regularizer [[16] 25]], which is
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equivalent to online mirror descent (OMD) when f is convex; and the follow-the-
perturbed-leader (FTPL) [[2}[15] 28] [53]| for online non-convex learning, taken previous
quantities ({; : € € [t]) as the input. Next, we will discuss theoretical guarantees
for linear and general mixing models with specified online learning procedures, as

detailed later in Section Our policy is summarized in Algorithm

3.4 Main Results

In this section, we present our technical results, proving that the scheme in Disc
achieves near-optimal competitive ratio bounds for both linear and general mixing
cases. Proving our main result above is nontrivial due to the fact that despite
it is known that an input-disturbed linear system can be reduced to an online
convex optimization (OCO) with structured memory [49]], the connection between
the problem with 1-Con and a memoryless online optimization is not previously
discovered. In Lemma [3.5] we provide a result that decouples the dependency
between cost functions in our problem that depends on previous actions via a linear
dynamical system (see the dynamical system defined in equation [3.2)), thereby
reducing the problem of choosing A, to an online optimization instance, then use
a two-stage analysis (see Figure that combines the dynamic regret analysis
of 1-Con and static regret bounds corresponding to applying online optimization

algorithms to learn a confidence parameter.

A Fundamental Gap

First, we motivate the necessity of learning (1, : ¢ € [T]) online. Based on
Definition [3.3] the following theorem reveals a negative result of 1-CoN, since for any
fixed non-zero A, there always exists predicted time series (’s}h t<T<ItE [T])
such that the competitive ratio CR(1-Con) for A-Con can be unbounded (when T
goes to infinity).

Theorem 3.6 (Consistency-Robustness Impossibility for CR(1-Con)). If the A-
confident policy A-Con is (1 + o(1))-consistent, then it is at least w(1)-robust, even if

the mixing parameter estimate is perfect, i.e., nj = Q.

Here, o(-) and w(-) characterize the asymptotic asymptotic growth rates with respect
to the time horizon length 7. Next, we show in both the linear and general mixing
settings, CR(D1sc) can be bounded as previewed in Section[3.1] thus the gap between
CR(2-Con) and CR(D1sc) can be arbitrarily large as implied by Theorem [3.6] above.
Especially, Corollary[B.3]in Section[3.4]implies that Disc is both (1 + o(1))-consistent
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and O(1)-robust, with a sufficiently large prediction window size w = w(1), revealing
that online learning of the confidence parameter provides a significant improvement

of the consistency and robustness tradeoff.

Linear Mixing

We consider a linear mixing setting, where the mixing function f is linear such that
f(s;0)=0sforall s € R¥ where 6 = (6; 1) denotes an n X k full column rank mixing
matrix. Suppose (s; : ¢ € [T]) and 8 are bounded such that ||s;||< s forall € [T] and
|16]|< 6. For this particular instance, we implement a (follow-the-regularized-leader)
FTRL procedure that sets

Ael £=0 :8

at each time ¢ € [T'] for some 5 > O that can be optimized. The Disc policy satisfies

1
1
A; € arg min (Z V1 (L) A+ =2 - /10||2) (FTRL For A-LEARNING) (3.12)

the following competitive ratio bound, whose proof can be found in Appendix |B.4

Theorem 3.7 (Disc for Linear Mixing). With our model assumptions, the competitive

k
w —
NT

where k is the number of latent variables; T is the time horizon length; pr € (0, 1)
is the spectral radius of F; (€(i) : i = 1,...,k) and 7] are defined in equation 3.5}
O(-) and Q) hide multiplicative constants (see the details in Appendix|B.4)).

ratio of Disc with a linear mixing function satisfies

k (i)

2 Q(T/w) +&(i)

i=1

CR(Disc) <1+0 +0

+0(p%w+¥),

This result highlights a consistency and robustness tradeoff of Disc, as claimed
in Section 3.1} which offers a dual advantage: it exploits accurate predictions when
available, and safeguards against the ramifications of trusting inaccurate forecasts,
thus ensuring system performance reliability. Besides, our analysis can be carried
out to convex mixing functions, as the online learning of A, in equation [3.12] via
FTRL guarantees a sub-linear static regret as long as {¢(1) is convex in A for all

{ € [T]. We further provide a bound for sample efficient ICA in the appendix.

General Mixing

In this section, we extend the linear assumption on f by considering a general
setting where the mixing function f is an arbitrary Lipschitz continuous function
(see Assumption [3.1)). To deal with the non-convexity of f, we revisit the (follow-

the-perturbed-leader) FTPL approach (see [[2] [53]]) and consider the following online
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learning procedure for tuning (4; : t € [T]):

-1
A; € arg min (Z Le() + O'tT/l) (FTPL FOR A-LEARNING). (3.13)
Ael =0

Here, o7 is a length-k random vector with each coordinate o;(i) (i = 1, ..., k) being
an IID random variable from an exponential distribution. The Disc policy satisfies

the following competitive ratio bound.

Theorem 3.8 (Disc for General Mixing). With our model assumptions, the expected

competitive ratio of Disc satisfies

= 2
E [CR(Disc)] < 140 +0 (Ep,%w + 2) +0 (ﬂ) . (3.14)

T VT

where the parameters pp,w, k,T,n, and (€(i) : i = 1,...,k) are the same as in
Theorem[3.7)and ||s;||< 5 for all t € [T]. The expectation is taken over the randomly
sampled (o : t € [T)).

k 0
2 Q(T/w) + &(i)

i=1

The notation O(-) and (-) above in Theorem 3.8 hide multiplicative constants such as
the Lipschitz constant of the mixing function f (details are provided in Appendix[B.7).
The result above implies the best-of-both-worlds prediction utilization as previewed
in Section except that the online learning of A, converges slower with a rate k2,
causing the term O(wk?/VT) in the competitive ratio bound equation Unlike
the linear setting, to ensure a near-optimal expected competitive ratio, the latent time
series (s; : t € [T]) is not necessarily bounded, as long as the prediction window size
w is sufficiently large (e.g., w = ©(log 7)) so that the term Ep%w vanishes. Finally,
note that the online learning procedure of A; is not limited to FTPL. For example,
the non-convex online optimization algorithm in can be used to optimize
(A; : t € [T]) online and leads to a similar guarantee. The proof of Theorem [3.8|can
be found in Appendix [B.7]

3.5 Experiments

Experimental Setup. To generate ML predictions, we use the FastICA method
in [21]] to decompose the mixed perturbations and train a multi-layer perceptron
neural network with 4 hidden layers to predict the future latent variables. FastICA is
a simple and efficient linear ICA method that aims to find an orthogonal rotation
of the observation that maximizes the rotated components’ non-Gaussianity using
fixed-point iteration. Furthermore, in our experiments, we implement a follow-the-

regularized-leader (FTRL) optimization with a £>-regularizer ||A — Ao||?, which is
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equivalent to the following equivalent online mirror descent (OMD) implementa-
tion [T6]: 7, =7-1 — gVﬂ ({THZ), A, = Projz(z;). The detailed parameters and
hyper-parameters used in our experiments can be found in Appendix [B.2] The code

is available at [https://github.com/tspbfs/DisentangleControl.|

Experiment A: Drone Navigation with Mixed Disturbances
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Figure 3.2: Drone Navigation under challenging windy and rainy weather conditions,
with the drone’s target path illustrated by a dotted curve. The external perturbations
impacting the drone’s flight are modeled by two independent, time-varying latent
variables: w, for wind speed and r; for rain intensity at time ¢ € [T]. The trajectory
produced by the Disc policy (Algorithm [2]in Section [3.3)) is represented by the blue
curve, while that from the offline optimal policy is traced in red. More comparison
results with other baseline policies can be found in Appendix Right: Ratio of
Costs J(mr)/J* (y-axis) between Disc (red), linear quadratic regulator (LQR, orange),
model predictive control with untrusted ML predictions (MPC (UNTRUSTED), green),
and the self-tuning policy (blue), with a varying scaling factor v from 0.25 to 8.
Shadow area depicts the range of standard deviations for 5 random tests.

We first consider the drone piloting task described in Example [B.1] (a detailed
description is delegated to Appendix [B.I)) to track an unknown trajectory, shown on
the left of Figure[3.2]

Competitive Ratio Analysis. We present a comparative analysis of the ratio of
costs achieved by our Disc policy (detailed in Algorithm [2)in Section[3.3) on the right
of Figure 3.2} against several benchmarks: the Linear Quadratic Regulator (LQR),
Model Predictive Control (MPC) using untrusted ML predictions (i.e., setting 4 = 1,
in Equation equation [3.7)), and the self-tuning policy outlined in and [39]].

We examine the impact of varying a scaling factor v in the range 0.25 to 8, adjusting
the additive perturbation r,c; in equation to (r;/v)ca. This scaling factor v
serves as a proxy for different rain intensities, influencing the level of environmental

unpredictability—the larger v is, the more predictable the environment. With the


https://github.com/tspbfs/DisentangleControl

42

theoretically guaranteed best-of-both-worlds utilization of disentangled and untrusted
ML predictions, Disc consistently outperforms existing baselines in terms of cost

ratios across varying levels of environmental predictability.

Example B: Voltage Control with Heterogeneous Power Injections

We consider the voltage control task outlined in Example B.2]for a distribution power
grid with 11 nodes, as depicted in Figure Specifically, nodes 3, 5, and 8 are active,
each supplying dynamic active power injections (p;(7) : i = 3, 5, 8) at every time step
t € [T]. Collectively, these nodes induce the composite perturbation G p; + vol,,.
The objective is to apply the Disc algorithm to determine near-optimal controllable
reactive power injections that will effectively mitigate voltage fluctuations across the
grid. More details of the problem setting can be found in Appendix
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Figure 3.3: Voltage Control with in a dynamic environment. This figure illustrates
the heterogeneity and variability of power injections at different nodes within an
electrical grid, including a residential area, a solar photovoltaic (PV) system, and
a wind turbine. Right: Example B. Voltage Control (Section[3.5)). Left column:
Convergence of confidence parameters A(1), A(2), A(3) corresponding to 3 latent
components. Right column: Temporal dynamics of latent time series s; in R. We
illustrate the time series data for three key latent variables in the energy system
(see Figure [3.3): Gaussian-distributed residential consumption (bottom), real-world
photovoltaic (PV) integration (top), and wind generation (middle). The red dotted
line marks a critical transition point where there is a notable shift in the power
generation patterns. We use time series before the blue dotted line as the buffered
data to warm start the ML model, learn the mixing matrix, and obtain disentangled
predictions. The x-axis in each graph marks the time steps, while the y-axis denotes
the values of the time series.
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We consider a realistic scenario when and use this to demonstrate the adaptivity
of Disc in changing environments. Figure [3.3] shows the change of patterns

corresponding to the solar integration and wind generation. We set T = 200. At
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time ¢t = 110, the solar generation switches from a regular pattern to generating
random Gaussian noise, representing miscommunication or system faults. Similarly,
at time ¢ = 100, the wind generation is recovered from the irregular mode to a regular
mode. For the regular solar and wind generation time series, we use the real solar PV
generation time series data from the DTU-Data in 2021 and wind generation
from the U.S. Virgin Islands Wind Resources from the National Renewable Energy
Lab (NREL) [44].

Adaptability Amidst Environmental Variability. Figure [3.3]exhibits the adapt-
ability of our approach in response to environmental shifts in renewable energy
generation and consumption patterns. Specifically, the figure presents the time series
for solar generation (s,(1) : ¢t € [T]), wind generation (s,(2) : t € [T]), and residential
power consumption (s,(3) : t € [T]). The transition points in the time series patterns

are marked by dotted red lines in the figure.

A notable observation is the reactive behavior of the confidence parameters to the
changes in predictability within each time series. For instance, as the solar generation
transitions to an irregular Gaussian noise profile at # > 110, this unpredictability
precipitates a decline in the corresponding confidence parameter A,(1). Conversely,
the wind generation time series exhibits a move towards a more predictable pattern
past ¢ > 100, resulting in a progressive increase in the confidence parameter 4;(2).
In the case of residential consumption, which is consistently modeled as Gaussian
noise, the algorithm adaptively learns to reduce the confidence parameter A(3).
The resilience of the Disc algorithm in dynamically adjusting confidence levels
demonstrates its robustness against environmental shifts, a critical feature for real-
world applications where conditions are subject to sudden and unpredictable changes.
This further highlights the efficacy of Disc in maintaining system stability and
performance through intelligent adaptability to the reliability of input data, as verified

by the theoretical results in Section 3.4

3.6 Related Work
Online Decision-Making with Predictions. The challenge posed by untrusted
ML advice in online decision-making processes has attracted increasing attention, as

evidenced by recent studies (e.g., [d2] [44]]) for various models such as ski rental [[7]

|4} 54]l, caching [23] @1} [@7]], bipartite matching [[5]], online covering [4] [6]], online
optimization [[9} [30]l, reinforcement learning [[33] [56]|, control [34} 35] [37] [3§]l, and

real-world applications [[I0} [3T] 32] 36]] with focuses on exploring the implications
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and potential solutions for handling unreliable ML predictions. The most relevant
result to this work is , which establishes a consistency-robustness tradeoff for the
linear quadratic control problem with untrusted predictions. However, the self-tuning
algorithm proposed in [[37]] has a competitive ratio that suffers from high variability
of system perturbations and predictions, yielding a sub-optimal consistency and

robustness tradeoft provided there.

Linear Quadratic Control Our work intersects with and extends upon established
research in the area of linear quadratic control (LQC) systems and the analysis
of the linear quadratic regulator (LQR), particularly in the context of integrating
predictions with control strategies. The existing literature primarily explores the
balance between achieving optimal control and managing the uncertainties inherent
in predictive models. Significant work has been conducted in the realm of LQR
systems, especially regarding model predictive control (MPC). For instance, Yu et
al. in [60] have analyzed LQR regret in MPC under the assumption of accurate
perturbation predictions. The implications of imprecise predictions are explored
in [59]]. In addition, there are notable contributions to the discourse on regret and
competitive ratio in MPC, as evidenced by works like 1]]. Our work is
closely related to , which reveals a consistency and robustness tradeoff in LQC,
with a self-tuning policy that updates a 1-dimensional confidence parameter based

on past observations.

Adaptive and Robust Control Moreover, our approach also aligns with the
adaptive control paradigm, especially in its recent intersection with learning theory
to address non-asymptotic metrics. While the adaptive control community has
traditionally concentrated on Lyapunov stability and asymptotic convergence [52],
the newer trend represented in [[T} 3} [I2] [5I]] employs learning-theoretic measures such
as regret and dynamic regret for finite-time horizon analysis. Our results contribute
to this evolving field by presenting a adaptive control policy that achieves the first
of-its-kind near-optimal consistency and robustness tradeoff, as a novel endeavor in
the context of LQR systems that also incorporates the unique challenge raised by
untrusted predictions. Besides, robust control is a large area that concerns the design
of controllers with performance guarantees that are robust against model uncertainty
or adversarial disturbances [[I4]]. Tools of robust control include H., synthesis [[I3]
[63]] and robust MPC [[§]]. Our work diverges from these existing approaches by
considering an LQC model that employs disentangled predictions. While it adheres to
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the robust control principle of resilience to uncertainties and perturbations, our work
also aims to achieve near-optimal performance when predictions become accurate.
This best-of-both-worlds strategy in utilizing untrusted predictions introduces a novel
dimension to the robustness-consistency tradeoft, a concept not extensively explored

in the existing robust control literature.

Learning Disentangled Latent Variables Disentanglement, a key goal of which
is to separate the typically independent effects of latent variables on observations, is
a well-established concept within the field of representation learning. For instance,
when the underlying mixing function that mixes latent independent signals to
observations is linear with respect to sy, i.e., f(s;;0) = 6s;, for a matrix 6 € Rk
linear independent component analysis (ICA) [[T1] 21]] can be effectively employed
to identify the k latent components. This linear approach, while powerful in its
simplicity, is often insufficient for more complex, real-world data structures. In
contrast, advanced nonlinear ICA methods [@] have been developed to address these
complexities, providing more nuanced tools for disentangling latent perturbations.
These methods extend the traditional ICA framework to accommodate nonlinear
mixing functions, thereby enhancing its applicability to a wider range of scenarios.
State-of-the-art techniques in nonlinear ICA have introduced novel algorithms that
can effectively manage the intricacies of nonlinear relationships between observed
and latent variables. Furthermore, nonlinear ICA has been explored under various
settings, with multiple assumptions ensuring the identifiability of the model, such
as sparsity [29] [62]], auxiliary information [[I9] [26]], and others. Recent work by
Hyvirinen et al. [20] has utilized contrastive learning to identify the nonlinear ICA
model in a time-series context, demonstrating the evolving capabilities of these
methods. Table [B.I] in Section [B.I] provides a summary of key assumptions of
recent nonlinear ICA methods. Note that these methods often incorporate deep
neural networks as critical black-box elements within their algorithmic structures.
We focus on optimally harnessing the predictions of latent variables derived from
those aforementioned disentanglement methods, regardless of their trustworthiness.
Therefore, our work uniquely represents a strategic shift towards effectively utilizing
uncertain or unverified predictions in downstream decision-making tasks, a challenge

not directly addressed by existing representation learning techniques.
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3.7 Conclusion

Our work combines online control and the concept of learning disentangled pre-
dictions. In this paper, we have introduced a novel policy Disc that achieves the
best-of-both-world utilization of untrusted ML predictions of latent variables for
a linear control problem, where the advantage of disentanglement is theoretically
validated. The practicality of our method has been validated through two real-world
applications, which exemplify its relevance and adaptability to complex, real-world
scenarios. Looking ahead, our results open several intriguing paths. An immediate
extension of particular interest is adapting our methodology to nonlinear dynam-
ical systems, which could strengthen our current results. Furthermore, our work
contributes to the growing community of algorithms with predictions, a compelling
question arises: can the best-of-both-worlds competitive ratio bounds we have
achieved be replicated across different online decision-making problems? Obtaining
either positive or negative results would potentially lead to broad implications for the

field of robust control and online learning.
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Chapter 4

UNCERTAINTY CALIBRATION FOR TOOL-USING LANGUAGE
AGENTS

This chapter is based on the paper:

Hao Liu, Zi-Yi Dou, Yixin Wang, Nanyun Peng, Yisong Yue. “Uncertainty
Calibration for Tool-Using Language Agents.” In: Findings of the Association for
ComputationalLinguistics: EMNLP 2024.

4.1 Introduction

Language agents are increasingly used to perform tasks and interact with a variety
of external tools to achieve specific, goal-oriented objectives [I6] [36]]. Recent
advancements have focused on designing agents to more effectively utilize a diverse
set of tools for different tasks M|1]. Tool-using agents have also been applied
to many domains, such as employing retrieval tools for multi-hop reasoning [43],
leveraging visual perception models for visual question answering [20]], and utilizing

calculators for mathematical reasoning [[17]].

Despite these advances, tool use poses inherent uncertainties for language agents.
Tools may be imperfect and produce erroneous outputs, leading to suboptimal
interactions and outcomes. For instance, in tasks requiring knowledge retrieval, the
quality of the retrieval tool can significantly affect the agent’s performance. If the
retrieval tool fails to fetch accurate or relevant information, the agent’s ability to
reason and generate correct responses is compromised. In visual question answering
tasks, Suris, Menon, and Vondrick demonstrated that even with the correct
algorithms, the performance bottleneck often lies in imperfect visual perception.

The above challenges highlight the need for systematically modeling and managing
the uncertainties associated with tool-use in language agents. Existing approaches
generally rely on the agent’s internal probabilities to choose which tools to use and
how to use them (e.g., Lu et al. and Wang, Fried, and Neubig [41]]). However,
because these tools are typically not involved during the agent’s training, their
operation and outputs can be misaligned with how the agent reasons using the tools’

outputs.
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Figure 4.1: Overview of our PROBECAL framework for calibrating tool-using language
agents. The process begins with a given task, exemplified by calculating pay after
taxes from a pay stub. The agent is provided with a user prompt to utilize its
tool-using capabilities, generating multiple execution traces. These traces involve
different combinations of tool applications, such as row lookup, column lookup,
and calculations. However, integrating user prompts and external tools introduces
uncertainties, often resulting in misalignment between the agent’s internal confidence
levels and actual success rates. The framework addresses these issues by calibrating
the agent’s confidence levels with actual performance, based on which we select the
most suitable prompt and execution trace. The calibration model is implemented as
an MLP with LLM embeddings as inputs and calibrated probabilities as outputs, and
is trained with the execution result supervision. The figure is adapted from Lu et al.

7).

In this paper, we study this problem of tool-use calibration, where the goal is
to calibrate a language agent’s internal probability estimates to more accurately
reflect the actual success rates of tool-using decisions. As illustrated in Figure 4.1]
we identify two primary scenarios where such misalignment can be significantly
mitigated through uncertainty calibration: language agent prompts and tool execution

traces.

Our key technical contribution is a set of calibration methods called Probing
Calibration (ProBCaL), which draws inspiration from probing literature [[4] [10],
involves training a classifier using large language model embeddings to predict the

expected reward for a given prompt or execution trace.

We also explore other design choices such as reweighting during training and
temperature scaling [I3]] during inference to further refine the calibration of language

agents, and provide a systematic analysis of different techniques.

We conduct experiments using various types of tool-using language agents, including
both static and dynamic agents, depending on whether a fixed or dynamic set of tools
is available. Our results on the MATH dataset and the TabMWP dataset [28]]
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demonstrate that off-the-shelf language models are not well-calibrated for tool-using
applications. Our PRoBECAL approach significantly improves both the calibration
and performance of these models consistently across different tasks. For example,
applying PROBECAL results in over 7% improvement on TabMWP in dynamic tool-
using settings compared with strong baselines. Furthermore, our analyses reveal
that our approach can generally perform well without the need for the LLM logit or
posthoc calibration, such as temperature scaling, which can translate into simpler

overall frameworks for tool-using language agents.

Our contributions. We proposed a lightweight calibration framework for tool-using
LLM agents via probing-based uncertainty estimation. We identified and addressed
the absence of systematically integrated uncertainty modeling in LLM reasoning
(e.g., self-consistency), improving tabular code-based mathematical reasoning by
7%. We showed that explicit uncertainty modeling enhances the performance and

reliability of tool-augmented LLM reasoning systems.

4.2 Tool-Use Calibration for Language Agents

Tool-Using Language Agents. We define a fool-using language model as an agent
that can interact with external environment such as program compilers via a defined set
of function interfaces ¥ = { f1, ..., fx }- Each function f; in ¥ represents a callable
program that the LM can utilize to perform specific tasks or computations external
to the LM itself. Given a textual query ¢ and the toolbox ¥, the language model
synthesizes a program z = LM(=(q, ¥)), where ~(q, ¥) is the prompt generated
from both ¢ and ¥, and fed to the language agent; LM is the language agent being
able to interpret natural language queries and generate corresponding executable
code. The generated program z is then executed in the given environment e by an

execution engine ¢, such that the result of the execution is given by r = ¢(e, z).

Following previous work M|1]], the programs z € Z are directly represented
as Python code. The execution engine ¢ is capable of handling various types of
inputs x (e.g., images, videos) and producing outputs r of different types (e.g., text,
image crops). In practice, multiple plausible candidate programs {zy, ..., zy} are
generated from the language agent, with each program z; being a tool execution trace,
and decoding strategies such as beam search and self-consistency [[7, 40]] are used to

select the best program from this candidate set.
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Question

The sum of two numbers is 25 and their difference is 9. What is their product?

Answer 1 X Answer 2

a, b = symbols('a b')
egl = a + b - 25

eq2 = a -b -9
solution = solve ((eql,

a, b = symbols('a b')
eql = a + b - 25

eg2z = a -b -9
solution = solve((eql,

eq2), (a, b))

. 2 r r b
a_value = solutionlal S alue = solution(al
b value = solution[b] =

b value = solution([b]

prduie (2 walve) print (a_value*b value)

print (b_value)

Figure 4.2: The LLM generates two different code sequences to answer the question,
with the first one being incorrect and second one being correct. However, their textual
formats are similar, resulting in similar uncertainty estimations with the uncalibrated
LMs.

Misalignment Scenarios in Tool-Using Language Agents

The central challenge that we study is when language agents do not have a calibrated
or aligned internal model of the effectiveness of tools, thereby leading to suboptimal

tool-use.

Because the model is typically not trained with tools, their estimation of whether
a tool-using trajectory is correct is often mis-calibrated. Consider the following
question from Math Algebra [[I/]]: “The sum of two numbers is 25 and their difference
1s 9. What is their product?”, the LLM (CodelLlama-7B-Instruct-hf) generates
two different code sequences to answer this question, with the first one being incorrect
and second one being correct, as shown in Figure4.2] However, their textual formats
are rather similar, resulting in similar uncertainty estimations with the uncalibrated
LMs. We identify two primary scenarios where uncertainty misalignment can be
alleviated through calibration: language agent prompts and tool execution traces.
The calibration in these scenarios can significantly impact the performance and

reliability of the language agents.
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Language Agent Prompts

Language models are often equipped with tool-using capabilities through the provision
of carefully designed prompts. These prompts, denoted as ~, include information
about the tools, such as task instructions, example pairs of queries and their
corresponding solutions, and comprehensive documentation detailing the tools’
functionalities. The variability in the design and content of these prompts introduces
uncertainty in the performance of the language models. Formally, let # represent the
space of possible prompts. The prompt = € P for a given query g can vary based on
factors such as the specificity of the examples, the clarity of the instructions, and
the comprehensiveness of the documentation. This variability can be an area of
miscalibration, as different prompts may lead to different levels of tool utilization

proficiency.

Prompt Design. These prompts can include information such as task instructions,
example pairs of queries and solutions involving the tools, and documentation
detailing the tools’ functionality. In addition, the prompts can specify if the agents
(1) only use primitive functions, which are basic, low-level operations within the
task environment, such as retrieving data from a database; (2) can induce and use
composite functions, such as data aggregation or filtering, integrate multiple primitive
functions into a single, cohesive operation. By defining whether the use of composite
functions is allowed, prompts can guide the agents to either rely on simpler, more
granular steps or leverage more advanced, integrated actions that align better with

the overall task objectives.

Variability in prompt design can significantly affect the agent’s performance, as
different prompts may result in varying levels of understanding and application of the
tools. Effective prompt design should balance between providing sufficient detail to
guide the agent while avoiding overwhelming it with unnecessary complexity. Clear
and concise prompts help minimize misunderstandings and reduce the likelihood of
errors in task execution. Therefore, prompt design is a crucial factor in managing

uncertainty and enhancing the reliability of tool-using language agents.

Tool Execution Traces

Another significant area of miscalibration arises from variations in tool sequencing
and the availability of multiple tools that can perform the same task. For any given
task, there can be numerous plausible execution traces, each represented as a sequence

of tool usages. Let 7 denote the set of all possible execution traces, where each
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trace z € 7 is a sequence of function calls from the toolbox . The challenge lies in

selecting the optimal execution trace that leads to the correct solution.

Given a set of candidate execution traces {zy, ..., zx} generated by the language
model, decoding strategies such as beam search and self-consistency are employed
to select the best trace [41]]. However, the presence of multiple valid but suboptimal
traces introduces uncertainty in the model’s performance. The correct trace z* that
yields the desired output r is not always apparent, making it difficult for the language

agent to consistently produce the correct solution.

Trace Selection. The process of selecting the optimal execution trace involves
evaluating the plausibility and effectiveness of different sequences of tool usages.
Each candidate trace must be assessed for its potential to achieve the desired result.
This evaluation can be challenging due to the inherent complexity and variability
of the tasks. The language agent must not only generate multiple potential traces
but also rank and choose the most promising one. This adds a layer of complexity
and potential for error, as even minor deviations in the trace can lead to incorrect

outcomes.

4.3 Probing Calibration (PrROBECAL)

As discussed, the performance of tool-using language agents is influenced by the
variability in tool information prompts and the complexity of determining the correct
tool execution traces. In this part, we introduce our proposed methods to calibrate
these uncertainties and use the calibrated scores to enhance the performance of
language agents. Inspired by the literature on probing, where a separate diagnostic
model is trained on top of a pretrained language model’s internal representations
to study linguistically-informed properties [4 23], we employ the training of a
classification model that takes inputs as the embeddings from a large language model

and to predict the expected reward given a prompt or execution trace.

Reward Estimation. Given a dataset containing questions and their corresponding
answers, we feed models with different candidate prompts or sample multiple
execution traces to collect the corresponding embeddings from a language agent
and the final reward r for each prompt or trace. For example, in question-answering
settings, the reward r equals 1 if the final result matches the ground truth answer
and O otherwise. Formally, given the embedding ¢ from the language model and the
corresponding reward r, reward calibration involves training a reward classification

calibration model to learn the mapping P(r|¢) from ¢ to r. In our setting, we use a
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three-layer MLP as the model.

We propose to use the embedding-based reward estimation to calibrate the language
model, which we call Probing Calibration (PrRoBCAL). We apply the embedding-based
reward estimation to the prompt design setting, (Prompt Calibration (PROBECAL-
Prowmpr)), the trace selection setting (Trace Calibration (PROBECAL-TRACE)), and
both of the settings (Prompt and Trace Calibration (PROBECAL-PROMPT& TRACE)) as

follows.

Prompt Selection Calibration. Under our framework, we consider the problem
of calibrating the probability of selecting which prompt to choose for different
questions. Formally, for each question g, we want to select each prompt 7 €
proportional to the estimated reward P(7|¢) obtained from a calibration method,
which we will illustrate in the next section. This is related to a classic method
for decision-making under uncertainty called Boltzmann exploration, where each
action is selected proportional to the exponential of the expected reward divided by a

temperature parameter [@]

Execution Trace Selection Calibration. Many existing strategies rely on language
agents to estimate the success probability, which can be unreliable since these
tools are external to the agents. We explicitly calibrate the success probability
and compute the answer by estimating the expected reward P(r|a, z;, q) using a
calibration model: arg max, P(a|g) = argmax, >, P(7|a, z;, q). This approach is
related to the literature on confidence-weighted majority voting [[12} 30} [31]|, which
posits that the theoretically optimal method for aggregating individual confidences is
confidence-weighted majority voting, where more reliable individual responses are

given greater weight.

Design Choices

Weighted Training. Reweighting has been a crucial technique in various machine
learning domains, particularly for enhancing the robustness of training in the presence
of significant class imbalances [[3} [9] [I8 [32]]. This technique is well-suited to our
setting, as our data samples typically include a few successful instances alongside a
large number of failure cases. Specifically, for each question, we generate multiple
answers from the training set, assigning a weight of 1.0 to the negative samples.
The weight of the positive samples is then set as the ratio of the number of negative
samples to the number of positive samples. This approach ensures that the positive

samples are appropriately emphasized, addressing the imbalance and improving
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overall model performance.

LLM Logits. We further study whether to incorporate the logit generated from the
LLM alongside the LLM embedding. This transforms the learning problem into
mapping the LLM embedding to the scaling factor necessary to adjust the LLM
logit to match the ground truth reward. Previous literature has explored the extent
to which the LLM-generated logit can accurately represent uncertainty [26] [29] [3§]|.
Given token probabilities {p1, ..., px } from a token sequence of length K, we adopt
two different ways to compute the sequence-level logit. The first is to compute the
final logit as exp >; log(p;),i = 1, ..., K, which we denoted as Exp Sum Log (E.S.L.).
As suggested by recent literature [[14]], we also adopt a method where {p1, ..., px }
are first sorted, and the second smallest value is then used to be the final sequence

logit. We denote this as SORT.

Temperature Scaling. Temperature scaling is a widely used post-processing
calibration method for neural networks [[I3]]. This technique is particularly effective
for adjusting the confidence of predictions without altering the model’s accuracy.
Specifically, the calibration model produces logits z. The softmax function is applied
to these logits, resulting in the original output probabilities p = softmax(z). In
temperature scaling, the logits z are divided by a temperature parameter 7 > 0
before applying the softmax function. This process modifies the distribution of the
probabilities, yielding calibrated probabilities ¢ = softmax(z/7"). The temperature
parameter 7 is optimized using the negative log-likelihood (NLL) loss on the
validation set. Note that while temperature scaling adjusts the confidence scores,
the parameter 7 does not change the class with the highest probability. Therefore,
the final accuracy of the model remains unaffected, but the output probabilities
become better calibrated. By appropriately scaling the logits, the model’s predicted
probabilities become more aligned with the true likelihoods, improving the overall

reliability of the predictions.

4.4 Experiments

Datasets

We evaluate our method on widely-used code-generation benchmarks, specifically
MATH and TabMWP [28]]. The task statistics for our experiments are detailed
in Table [C.1]in Appendix MATH is a benchmark comprising challenging
competition mathematics problems. Each problem in MATH has a complete step-

by-step solution and allows the use of code to obtain the final answer. TabMWP
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[28]] is a math reasoning dataset featuring relatively straightforward questions such
as numerical calculations based on relational tables. We employ 500 questions from
the training set to train the calibration model and 500 questions from the test set for
evaluating the results for TabMWP.

Language Agents

We study applications of our framework to both static and dynamic tool-using agents.

Static Tool-Using Agents. We first consider static tool-using language agents that
utilize a fixed set of tools. We feed agents with the Primitive and Instance prompts
in [41]]. The Primitive instructs agents to generate programs using primitive functions,
which is the standard approach for program-aided problem solving without tool
induction [[8} [TT]]. The Instance prompt allows agents to compose high-level functions
to solve tasks accordingly [33]]. We perform sampling with both of the prompts to

collect multiple tool execution traces.

Dynamic Tool-Using Agents. In addition to static tool-using agents, our experiments
extend to dynamic language agents capable of adaptively constructing and utilizing
tools tailored to specific inputs. One notable example is the TroVE framework [#1].
In TroVE, three distinct prompts are employed for each problem instance, offering
choices to import pre-existing tools, create new tools, or opt for a simpler approach
by relying solely on primitive functions. For every problem, each prompt is sampled
identically K times, and the final solution is determined through self-consistency via
a majority vote from the resulting pool of 3K answers. TroVE can deliver solutions

that are simpler compared to static tool-using language agents.

Settings

Implementation Details. We primarily use CODELLAMA-7B-INSTRUCT-hf in our
experiments without extra notice. The embedding dimension used in our experiments
is 4096. We implement the calibration model as a multi-layer perceptron (MLP)
consisting of three hidden layers with 256, 256, and 80 units, respectively. The
classifier is trained for 10 epochs using Adam optimizer with a learning rate 1e-4,
which can be completed within minutes given the training set. For model selection,
we split the training dataset into training and validation sets with a ratio of 9:1. The
final model is selected based on the minimum loss achieved on the validation set.
The temperature parameter is trained on the validation set when applying temperature

scaling.
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Table 4.1: Experiment results for static and dynamic tool-using in TabMWP
and Algebra. Our approach, despite being simple, outperforms baseline methods
consistently and substantially. Specifically, PROBECAL-PrRoMPT& TRACE achieves the
best performance in all settings. The ECE for INSTANCE, INSTANCE-SAMPLE, TROVE,
and TROVE-SamPLE are computed between all one vectors and the label, reflecting
each prompt and trace is treated equally. The ECE for PROBECAL-PROMPT& TRACE is
computed between the average of PROBECAL-PrRomPT and PROBECAL-TRACE logits,
and the label. Acc@k refers to the accuracy with the number of samples being k.

Method TabMWP Algebra
Acc@]1 Acc@5 Acc@10 ECE Acc@1 Acc@5 Acc@10 ECE

Static Tool-Using

INSTANCE 3223 4894 51.83 0.675 18.13 26.58 29.28 0.819
INSTANCE-SAMPLE 3578 5040 5277 0.675 18.73 27.19 29.72 0.819
INSTANCE-SORT 3223 49.00 52.19 0295 18.13 27.03 29.47 0.405
INstance-E.S.L. 3223 49.94 5326 0.170 18.13 26.59 28.44 0.051
ProBECAL-PROMPT 42.06 51.68 54.04 0.075 20.27 28.06 30.49 0.051
PrROBECAL-TRACE 3223 52.66 57.02 0.046 18.13 2829 31.18 0.048

ProBECAL-PrOMPT&TRACE 42.06 54.95 58.11 0.037 20.27 29.28 32.04 0.026

Dynamic Tool-Using

TroVE 22.32 3848 44.00 0.780 1541 2876 32.27 0.847
TrOVE-SAMPLE 2378 39.50 44.80 0.780 16.77 29.37 3235 0.847
TrOVE-SorT 2232 39.08 44.18 0.380 1541 28.62 32.09 0.404
TroVE-E.S.L. 2232 38.77 4323 0.163 1541 28.17 31.46 0.097
ProBECAL-PrROMPT 29.52 4299 47.67 0.082 20.23 30.25 33.12 0.055
PrOBECAL-TRACE 22.32 4277 4996 0.081 1541 29.77 33.54 0.051

ProBECAL-PrROMPT&TRACE 29.52 46.54 52.15 0.040 20.23 31.27 34.05 0.027

Metric. We use the task accuracy and Expected Calibration Error (ECE) as
the main metrics. ECE measures the calibration of a model’s predicted probabilities
by approximating the difference in expectation between confidence and accuracy. It
is defined as Zn]‘le %lacc(Bm) — conf(B,,)|, where M is the number of bins and n
is the number of samples, B, is the set of samples whose predicted probabilities
fall into the m-th bin, acc(B,,) is the accuracy and conf(B,,) is the average predicted

confidence in m-th bin. We choose bin numbers to be 15 in the experiments.

Baselines. Our first baseline is denoted as INSTANCE in the static setting and TRoVE
in the dynamic setting, where each prompt is sampled uniformly and the final
trace is selected based on self-consistency without confidence-weighting [40]]. We
further compare with the baseline where each prompt is sampled proportional to
the total number of positive answers generated by that prompt in the training set,
with the final result selected using self-consistency without confidence-weighting.

We denote it as INSTANCE-SAMPLE and TROVE-SAMPLE in the static and dynamic
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settings, respectively. We also compare with baselines where each prompt is selected
uniformly, and the trace is selected based on a confidence-weighted majority vote

using LLM logits, resulting in methods with suffixes E.S.L. and Sorr.

Table 4.2: Experimental results for Count, Geometry, TabMWP, and Algebra for
static and dynamic tool-using settings with different variants.

Method Count Geometry TabMWP Algebra
Acc ECE Acc ECE Acc ECE Acc ECE

Static Tool-Using

PrOBECAL-TRACE 27.88 0.083 11.38 0.045 57.02 0.046 31.18 0.048
ProBECAL-TRACE-TS 27.81 0.090 11.37 0.046 57.10 0.050 31.18 0.056
ProBECAL-TRACE-WEIGHT 27.69 0.079 11.54 0.042 57.18 0.047 31.49 0.046
PrOBECAL-TRACE-SORT 27.31 0.083 10.77 0.048 5697 0.041 31.27 0.046
ProBeCAL-TRACE-E.S.L. 2548 0.127 940 0.187 53.33 0.152 30.27 0.041

Dynamic Tool-Using

PrOBECAL-TRACE 27.30 0.068 9.23 0.023 54.89 0.081 35.77 0.051
PrOBECAL-TRACE-TS 27.33 0.069 921 0.023 55.00 0.086 35.75 0.057
ProBECAL-TRACE-WEIGHT 27.89 0.060 9.47 0.016 5492 0.079 35.33 0.050
PrOBECAL-TRACE-SORT 28.25 0.065 8.84 0.025 54.64 0.094 3499 0.053
ProBeCAL-TRACE-E.S.L. 26.58 0.092 6.65 0.126 53.74 0.094 3471 0.099

Main Results

We begin by applying our embedding-based reward estimation method to prompt
calibration (PRoBECAL-ProMPT), trace calibration (PROBECAL-TRACE), and a com-
bination of both prompt and trace calibration (PROBECAL-PrROMPT&TRACE), and
compare them against our baselines. To evaluate prompt selection calibration per-
formance, we initially sample 7" answers from various prompts to create a subset of
samples, with and without prompt calibration. Subsequently, we select the final an-
swer from this pool of T samples, with (self-consistency with confidence-weighting)
and without trace calibration (self-consistency without confidence-weighting). We
vary T from 1 to 10 for dynamic and static tool-using cases. The final results are
averaged over 5 runs. Within each run, performance is averaged across 10 instances

of sampling T answers.

We present a subset of results in Table {.1], focusing on tasks including TabMWP
and Algebra in both static and dynamic tool-using contexts. Despite its simplicity,
our method consistently outperforms baseline approaches in both settings. Notably,
ProBECAL-ProMPT& TRACE achieves the highest performance across all datasets in

all tool-using scenarios, surpassing the baseline by over 7% in the 5 and 10 sample
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settings for TabMWP in the dynamic tool-using settings. While E.S.L. can produce a
relatively calibrated logit, it does not always lead to performance improvement when
being used in trace selection. We empirically find the average of the logits from
ProOBECAL-PrompPT and PROBECAL-TRACE produce the most calibrated logits mea-
sured with ECE, which i1s shown as the ECE score for PROBECAL-PROMPT& TRACE.
Full results for each dataset are provided in Appendix [C.2]and Appendix for static
and dynamic settings respectively. Full results on the ECE loss are provided in Table
and in Appendix and the calibration curves for PRoBeCaL and LLM
logit are provided in Appendix [C.4]

Ablation Studies

Design Choice Variants. We compare the performance of our method with different
variants of design choices. As discussed in Section 4.3 we consider variants of
ProBECAL including whether to apply temperature scaling, utilize weighted training,
and incorporate the logit generated from the LLM alongside the LLM embedding as
the input to PROBECAL, with suffixes being TS, WEiGHT, SorT and E.S.L. respectively.
We summarize a subset of results of PROBECAL-TRACE variants on tasks including
Count, Geometry, TabMWP, and Algebra in Table [21;2] and the full results can be
found in Appendix[C.2] As seen in the tables, TS does not impact the model accuracy
and calibration results significantly, which is expected considering it only multiplies
all the LLM logits with a single constant. WEIGHT, on the other hand, can generally
improve the model marginally and achieve the most robust performance compared to
other designs. For the Sort and E.S.L. models, their performance can fluctuate, and

can occasionally degrade the model performance significantly.

Effect of Temperature Scaling on ECE. We further investigate the effect of
temperature scaling by investigating the ECE before and after temperature scaling on
both the training and testing datasets, as shown in Table and[C.10]in Appendix
[C.2] We observe that the PRoBECAL model without temperature scaling can already
produce a well-calibrated logit with a low ECE. Furthermore, we note a notable
distribution shift between the training and test sets, resulting in a higher ECE loss on
the test set compared to the training set. Moreover, a low train ECE loss does not
always correspond to a low test ECE loss. We find that applying temperature scaling
to the proposed calibration model method does not significantly improve either the
ECE loss or task accuracy. This observation may stem from the calibration model
already being generally well-calibrated and the distribution shift between the train

and test sets.
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Different Base Language Models. We also evaluate on other representative
language models, including Mistral-7B [21]], CODELLAMA-13B-INSTRUCT-hf and
Llama3-8b-Instruct. Results of Mistral-7B in dynamic tool-using setting are
summarized in Table Further results can be found in Table and in the
Appendix. We find that our proposed method can still deliver improvement when
applied to a different base language model. For example, our method can improve
the baseline accuracy by up to 4% on TabMWP as shown in Table[4.3] demonstrating
the generality of our method to different LLM-based language agents.

Table 4.3: Results for Count and TabMWP in Dynamic Tool-Using setting using
Mistral-7B. Our approach can still deliver improvement when applied to a different
base language model. The full results can be found in Table[C.2] Acc@k refers to
the accuracy with the number of samples being k.

Method Count TabMWP

Acc@]1 Acc@5 Acc@20 ECE Acc@1 Acc@5 Acc@20 ECE
TroVE 17.46 2570 29.27 0.826 33.02 56.60 61.92 0.663
ProBeECAL-PrOMPT 20.10 27.04 30.02 0.062 48.26 60.70 63.14 0.078
PrOBECAL-TRACE 17.46 27.06 29.05 0.065 33.02 59.08 65.29 0.071

ProBeECAL-PrOMPT&TRACE 20.10 27.66 29.67 0.036 48.26 62.87 65.94 0.041

4.5 Additional Experiment Results

Effect of the Size of the Training Set

To further analyze the generalization ability of our method, we conducted experiments
with different sizes of training sets ranging from 50 to 500 questions for TabMWP.
The results for CODELLAMA-13B-INSTRUCT-hf on TabMWP in the static tool-using
setting are summarized in Table [C.11]in Appendix Our results show that our
method PROBECAL can still deliver performance improvement even with only 50

questions from the training set.

Verbal Confidence

We further compare the proposed method with verbal confidence [3§]l, where
we instructed the LLM to output the probability between O to 1 to represent the
uncertainty itself. We summarize the results of using CODELLAMA-13B-INSTRUCT-hf
on TabMWP in the static tool-using setting in Table [C.13|in Appendix [C.3] We
find that verbal confidence performs badly for the tool-using reasoning tasks we

considered, and fails to bring improvement to the original baseline.
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Closed-source LLMs

While we focus on the experimentes with open-source LLMs due to their transparency
in this paper, we also conducted experiments with closed-source LLMs. For instance,
We find that GPT-40-mini (500 output length) results in an accuracy of 75.80%, but
with a ECE of 0.5149 for E.S.L. and 0.1183 for Sort on Math Count & prob. This
demonstrates that our claim “LLMs are not well-calibrated for tool-using scenarios”
still holds for these models.

4.6 Related Work

Tool-Using Language Agents. Tools serve as external functional interfaces that
significantly enhance and extend the task-solving capabilities of language models
[@2]]. Recently, there has been a surge of interest in equipping language models with
various tools, such as calculators, search engines, and general code programs. A
notable example in this line of research is Toolformer [[36]], which integrates tools like
Wikipedia search and machine translation systems. Toolformer utilizes GPT-J models
[39] as a baseline, fine-tuning the model on self-supervised, model-synthesized
examples. Another significant development is ToolLLM [34]], which fine-tunes
LLaMA using instructions generated from ChatGPT. Additionally, ToolkenGPT
[16] represents each tool as a token, learning their embeddings and augmenting the
original vocabulary, thus eliminating the need for fine-tuning. TroVE [#1]] prompts
code language models to curate reusable high-level functions for writing solutions.
However, addressing the uncertainty involved in using these tool-using agents has

been rarely studied.

Uncertainty in Large Language Models. Various works have explored different
methods to quantify the uncertainty within language models. These methods include
the utilization of token-level logit [I4] 29]], multiple response generation as a proxy
[26]l, and enabling the language model itself to express confidence verbally [38]].
However, only a few of them study uncertainty calibrations for language or embodied
agents[[T} 35]]. Among them, Han et al. [15]] propose the UALA framework, which
uses uncertainty as a metric to switch between the language model’s own reasoning
trajectory and the use of external tools, highlighting the importance of incorporating
uncertainty in the design of language model agents. While in this paper we focus
on the task of tool-using where the output is completely operated by external tool
execution, such as code generation, it would be an interesting direction to further
integrate our calibration method with reasoning frameworks that utilize uncertainty

such as UALA. Additionally, research has been conducted on investigating uncertainty
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calibration in few-shot learning [45]], long-form generation [[I9]], and knowledge
discovery settings [[5} [22]]. Distinct from these works, our focus is on language agents

where external tools are involved.

Probing. Probing is a growing area within machine learning interpretability [{] [L0].
Similar to our approach, probing in large language models involves training a small
classification model, often linear, on the internal representations of the language
model. This technique is used to uncover various types of information, including
linguistic properties and significant behaviors of the LLM, such as truthfulness [_2]
@ @] Different from this line of work, our focus is to align the confidence level
of language agents with their actual success rates instead of interpreting the model

behaviors.

Voting Theory and Majority Voting. Our work on aggregating multiple tool
execution traces with calibrated confidence scores connects to a rich literature on
voting theory and collective decision-making. The classical Condorcet Jury Theorem
[12]] establishes that when each voter’s competence exceeds random guessing,
majority voting converges to the correct outcome as the number of voters grows,
providing theoretical grounding for self-consistency in language model reasoning
[40]l. While our self-consistency setting shares this core motivation, it differs from
traditional voting scenarios in several important ways. First, our "voters" are not
independent human decision-makers but execution traces sampled from the same
language model, which means their errors can be positively correlated through shared
model weights and biases. Second, whereas voter confidence is difficult to directly
estimate in traditional settings, our framework estimates it explicitly via the output of
a learned calibration model. Despite these differences, our trace selection framework
shares the same motivation as competence-weighted voting in the classical literature:
work showed that when voters exhibit heterogeneous reliability, weighting votes by
competence can substantially outperform simple majority voting [[I2] 30} 3T]], with
more reliable responses receiving greater influence over the final decision. Beyond
this, traditional voting theory has developed a wide variety of aggregation mechanisms
for richer settings, including preference-ranking methods such as Borda-style scoring
and Condorcet pairwise comparison procedures [44]]. These mechanisms are less
directly applicable to our setting, where each execution trace produces exactly one
candidate answer together with its associated calibrated confidence score, making
confidence-weighted summation a natural and well-suited aggregation rule. How

best to incorporate richer voting-theoretic mechanisms into LLM reasoning and
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realize their potential benefits remains an interesting direction for future work.

4.7 Conclusion

This paper addresses the inherent uncertainties in tool-using language agents, crucial
for performing complex tasks. Despite advancements, challenges persist due to
variability and errors from integrating external tools. Our framework recalibrates
probability estimates for tool-using decisions to improve robustness and effectiveness.
We focused on two primary areas of miscalibration: language agent prompts and
tool execution traces. We systematically addressed these uncertainties by training a
classification model using embeddings from a large language model and employing
complementary methods like reweighting during training and temperature scaling
during inference. Experiments on the MATH and TabMWP datasets demonstrate
improvements in calibration and performance, underscoring the effectiveness of
our approach. Our work fills a critical research gap, enhancing the reliability and

accuracy of tool-using language agents.
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Chapter 5

PROGRAMMATIC CONTEXT AUGMENTATION FOR
LLM-BASED SYMBOLIC REGRESSION

This chapter is based on the paper:

Hao Liu*, Xiao-Wen Yang*, Atharva Sehgal, Yixin Wang, Lan-Zhe Guo, Yu-Feng
Li, Yisong Yue. “Programmatic Context Augmentation for LLM-based Symbolic
Regression.” In: arXiv preprint arXiv:2605.03101 (2026).

5.1 Introduction

Symbolic regression (SR) [[I0] [I6] is a central task across many scientific domains.
Given a dataset collected from observations or experiments, the goal of SR is to
discover concise and interpretable mathematical equations that can best explain
the underlying structure of the data. Unlike purely predictive models, SR offers
human-readable equations that provide interoperability and scientific insight, making

it a powerful tool for discovery.

The key challenges of SR lie in efficiently searching the vast combinatorial space of
candidate equations. Traditional approaches focus on using genetic programming
[TO]l, which iteratively generate populations of equations, evaluate them using fitness
scores derived from the data, and refine them through mutation and crossover. Other
approaches include neural-guided search [[3] [22]] and reinforcement learning [[T9]].
While these methods have shown success in small-scale settings, they remain limited
in efficiency and scalability, largely due to their reliance on random mutations and
their inability to leverage prior experience. To improve upon these limitations, neural

network—based SR methods trained on datasets of equation—data pairs have been
proposed [9]..

More recently, large language models (LLMs) have been introduced into SR through
evolutionary search frameworks [23]]. At each iteration, a textual prompt that
combines the problem description with insights from past iterations is provided to
the LLLM, which then generates new candidate equations. This paradigm leverages
the domain knowledge encoded in pretrained LLMs and has demonstrated promising
results. Methods such as concept-library learning [[f]] have further enhanced LLMs’

ability to reason symbolically in SR.
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Despite these advances, current LLM-based SR methods remain constrained by their
feedback mechanisms. Specifically, they rely almost exclusively on scalar evaluation
metrics—most commonly mean squared error (MSE)—as the sole interaction with
the dataset during the search process. That is, while candidate equations are evaluated
against the dataset, the only signal returned to the model is a single numerical score.
This stands in stark contrast to how human scientists approach the same task: rather
than relying only on scalar evaluations, they actively conduct exploratory data analysis,
examining relationships, distributions, and trends to guide the design of hypothesis
equations. In this work, we bridge this gap by introducing PROgrammatic context
AUGmentation (ProAuc). Our framework empowers the LLM not only to propose
candidate equations but also to generate code for analyzing the underlying dataset.
By executing such code, the model gains access to richer signals—such as statistical
properties and variable correlations—that can be used to refine its evolutionary

search.

Concretely, we propose a new LLM-based SR framework in which the model is tasked
with two complementary objectives: (1) proposing potential equation candidates,
and (2) generating data-analysis code that extracts informative signals from the
dataset. To rigorously assess our method, we benchmark it on LLM-SRBench [@] a
comprehensive and recently proposed evaluation suite that mitigates concerns about
LLMs leveraging memorized knowledge. Across both zero-shot and supervised
fine-tuning settings, our method consistently outperforms strong baselines in terms

of both efficiency and accuracy.

Our contributions. We introduce programmatic context augmentation, a novel
mechanism that enables LLLMs to actively interact with the dataset during evolutionary
SR. We design a dual-task framework in which the LLM generates both candidate
equations and code for data-driven analysis. We evaluate our approach on LLM-
SRBench and demonstrate consistent improvements over state-of-the-art baselines
across multiple settings. For instance, we see a 3x error reduction on LSR-Transform
when using programmatic context augmention with DeepSeek-V3.1 as the base

model.

5.2 Preliminaries

Symbolic Regression. Using the framework of Empirical Risk Minimization
(ERM), the problem of symbolic regression can be formalized as follows [[T0} 26]].
Given a dataset D = {(x;, y;)}",, where x; € R¢ denotes the input features and y; € R

=1’
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Figure 5.1: An overview of PrRoAug, with 7 being the task instructions, D being the
dataset, ® being the dataset context, F; being the generated program and L, being
the scalar feedback. Prior work in LLM guided symbolic regression [23]] (in gray)
rely on simplistic scalar evaluation metrics, such as MSE as feedback, ignoring rich
information contained in dataset. Intead, PRoAuG enriches the model’s interaction
with data by assigning the LLM a dual role-to generate data analysis code and extract
informative signals for context augmentation. Considering the classical problem
of deriving Kepler’s third law from planetary motion data as a example. The law
states that the square of a planet’s orbital period (T') is proportional to the cube of
its semi-major axis (R), i.e., T?> o« R3. While standard method might struggle to
identify this nonlinear relationship directly, PRoAuac leverages the LLM’s ability to
reason by data analysis. Specifically, the LLM generates code to apply a logarithmic
transformation to both 7" and R, yielding log(7T") and log(R). When plotted, these
transformed variables exhibit a clear linear relationship: log(T) = % log(R)+constant.
This linear trend immediately suggests a power-law relationship between the original
variables. Our method demonstrates how data-driven statistics complement structural
constraints in equation discovery.
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the scalar target, the objective of SR is to find a function f* € # that minimizes the
empirical loss: f* = argmin;. L(f), where ¥ is the discrete hypothesis class of
functions mapping R¢ to R, and L is a loss function measuring predictive accuracy.
A common choice is the mean squared error (MSE): L(f) = % 20 (yi—f (Xl'))z.

Since the hypothesis class ¥ is constrained by Python code, one can also view this

problem as an instance of program synthesis [[I]].

LLM evolutionary search for SR. Recent work has integrated large language
models (LLMs) into the framework of evolutionary algorithms, yielding LLM agents
that iteratively propose solutions to tasks such as coding or scientific discovery. We
focus on their application to SR, as exemplified by LLM-SR [23]], which serves as a

main baseline in this work. The framework consists of three key components:

(i) Hypothesis generation. At each iteration, the LLM is prompted with a structured
input that includes: task instructions, problem specifications (e.g., the physical
meaning of variables), the optmization and evaluation function, and demonstrations
of promising prior hypotheses and their improvement trajectories from an experience
buffer. Conditioned on this prompt, the LLLM generates a candidate equation in the

form of a Python function skeleton with learnable parameters.

(ii) Hypothesis optimization and assessment. The free parameters of the generated
equation skeletons are optimized using external solvers (e.g., NumPy with BFGS).
The resulting hypothesis is then evaluated on the dataset to produce a fitness score. In
LLM-SR, this score is defined as the negative MSE on the training set. However, we
observed that this definition can lead to generalization mismatches between training
and test performance. To mitigate this, we split the training set into a train-train
(tr-tr) and train-val (tr-val) subset. Parameters are optimized on the train-train set,

and the fitness score is computed on the train-val set using the negative normalized
MSE.

(iii) Experience management. Inspired by mechanisms in evolutionary algorithms
(e.g., island models 21]), LLM-SR maintains an experience buffer of past
hypotheses. Candidate hypotheses are sampled from this buffer according to a
distribution weighted by fitness scores, and incorporated into future prompts as
demonstrations. This balances diversity and efficiency during the evolutionary

search.
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5.3 Overall Framework

Although LLM-based methods have demonstrated effectiveness in symbolic regres-
sion tasks, they still exhibit key limitations. As discussed earlier, existing approaches
primarily rely on scalar evaluation metrics derived from raw data samples, overlook-
ing the rich statistical characteristics of the dataset that can be extracted through
program. These characteristics can provide valuable inductive biases, helping to
constrain the search space and guide the discovery of correct symbolic expressions.
This naturally raises the question: Can statistical information enhance LLM-based
SR? In this section, we address this question through controlled analysis and then

introduce our proposed framework, PROAUG.

Can statistical information enhance LLLM-based SR?

Analysis Setup. To systematically examine the role of statistical information in
LLM-based SR, we conduct a controlled case study on a representative instance,
I1.6.15b_1_0, from the LLM-SRBench benchmark. The ground-truth expression

Jm
q'pco
the vector potential, current density, charge carrier density, elementary charge, and

for this case is: Ayec = , which corresponds to a physical relationship involving
mass of a charge carrier. To eliminate confounding effects from prior knowledge,
we anonymize all variables and remove the original physical background in the
experimental conditions here. Specifically, inputs and outputs are replaced with x;

and y respectively. We then compare the following three settings:

» Zero-shot: The model receives no data samples or additional information.

* Few-shot: The model is provided with random 12 raw data samples without any

additional background or statistical information.

* Statistical Hint: In addition to the 12 raw samples, the model is provided with
a structured dictionary that summarizes dataset-level statistics. This dictionary
includes (i) basic statistical measures for each variable and the output—such
as mean, standard deviation, minimum, and maximum, and (ii) feature-level
correlations, such as R? values between the logarithm of the output and simple

transformations of the inputs (e.g., log, exp, sin, cos).

Prompts used here for all settings are provided in Appendix We use DeepSeek-
V3.1 [[12] as the base model within the LLM-SR framework, conducting a total of

100 evolutionary steps for each experiment.
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significantly accelerates convergence, ultimately yielding an NMSE on the order
of 10713, To understand the reason for this improvement, we look into the model’s
behavior under the statistical hint setting. We find that the high R? value between
log y and log x provided leads the model to infer that y is likely proportional to certain
R

where a, b, ¢, d are parameters can be optimized. This inferred form aligns perfectly

powers of the four input variables—suggesting a functional form of y = x{ - x

with the ground-truth expression. These results demonstrate that even basic statistical
information can provide substantial guidance in the LLM-SR process for the specific
case. By constraining the search space and suggesting plausible functional forms,
statistical cues can improve both the efficiency and the accuracy of symbolic regres-
sion. This mirrors how human scientists often practice exploratory data analysis

before formulating hypotheses in the process of scientific discovery.

Limitations. Despite its utility, the design of the statistical context here has certain
limitations. The correlation metrics are manually designed and confined to a small
predefined set of transformations (e.g., exp, sin, cos). Consequently, complex
nonlinear or multivariate interactions may remain undetected. While effective for
highlighting simple algebraic relationships, this approach may fail with more intricate

structures.

Programmatic context augmentation (PRoOAUG)

To fully leverage statistical context, it is essential to move beyond manually engineered
heuristics. In the next section, we introduce Programmatic Context Augmentation
(ProAuG), in which LLMs—guided by physical knowledge—automatically generate

dataset-analysis code. This enables the model to extract richer and more adaptive
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Algorithm 3: Pseudocode for ProAua.

Input: Pretrained LLM M, dataset 9, number of iterations T

Output: Best symbolic expression f*

fort=0,...,T-1do

// Programmatic context augmentation

Generate dataset-analysis prompt and sample analysis code

Execute code on D to obtain informative signals

// Context construction

Construct enriched prompt using task instruction, problem specification, experience
demonstrations, and extracted signals

// Hypothesis generation

Sample candidate equation from M given enriched prompt

// Optimization and evaluation

Optimize free parameters on Dy

Evaluate fitness score on Dyy.yal

// Experience management

Update population buffer with candidate and score

Update best solution f*

end

signals, preserving the benefits of inductive bias while broadening coverage.

The goal of PRoAuG is to empower the LLM to actively interact with the dataset during
evolutionary search by first proposing data analysis programs. These programs are
executed to extract informative signals from the dataset, which are then incorporated
into the prompt context. The enriched context prompt is subsequently used by
the LLM to generate candidate symbolic expressions. In contrast, the original
LLMSR pipeline (see Section bypasses this step: it directly prompts the LLM to
generate hypotheses based only on task instructions, problem specifications, and past

experience, without any dataset-level analysis.

Formally, PRoOAuUG extends the LLMSR pipeline by introducing an additional dataset
analysis phase before hypothesis generation. The new pipeline proceeds as follows:
1. In the data analysis phase, The LLM is instructed with a structured prompt to
generate Python code that extracts statistical or structural information from the dataset.
2. The generated code is executed, and the extracted signals (e.g., summary statistics,
correlations, transformation relationships) are fed back as part of an enriched context
prompt. 3. Using this enriched prompt, the LLM generates candidate equations

within an evolutionary search framework similar as LLMSR.

The structured prompt in the data analysis phase includes both a task description

and a lightweight code template of basic analysis tools, which includes computations
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such as (i) descriptive statistics of each variable (mean, variance, range), (ii) linear
correlations, and R? tests between transformed features (e.g., log, exp, sin, cos) or
feature combinations and the target variable or the transformation of it. A brief
overview of PROAUG is shown in Algorithm 3] along with a pipeline illustration and

an example of a PROAuG prompt, is provided in Figure and Appendix |D.3

5.4 Experiments

Experimental Setup

Datasets Benchmarking LLMs in symbolic regression is challenging due to
concerns that pretrained models may exploit memorized knowledge rather than
demonstrating genuine reasoning and search capabilities. We evaluate PROAuG on
LLM-SRBENcH [24],, a recently proposed benchmark designed to mitigate this issue.
LLM-SRBench consists of two primary subsets: LSR-Transform and LSR-Synth.

LSR-Transform includes 111 target functions adapted from Feynman equations [25]],
further modified through variable substitutions and symbolic rewrites to increase
structural complexity. Due to computational constraints, we randomly sample
15% of the tasks (17 instances) for evaluation. LSR-Synth consists of symbolic
regression tasks that integrate canonical scientific terms with synthetically constructed
expressions, spanning four domains—chemistry, physics, biology, and materials
science.From this subset, we randomly select 16 tasks for testing. The complete list

of tasks used in our experiments is provided in the Appendix |D.2

Baselines We adopt LLM-SR as our primary baseline and evaluate three back-
bone models: Qwen3-4B-Instruct-2507 [27]], Qwen3-8B [27]], and DeepSeek-V3. 1 [12]],
covering a range of model scales. In addition to LLM-SR, we also compare against a
hand-crafted statistical hint baseline, which incorporates both the problem specifica-
tions (physical meaning of variables) as well as the statistical hint. All methods are
evolved for 150 iterations per task, with 2 samples generated per prompt. To reduce
the effect of randomness, each experiments is repeated three times with different

random seed, and we report the mean results.

Evaluation Metrics Follow prior work, we primilary evaluate performance using

the normalized mean squared error (NMSE). NMSE quantifies prediction error
Neest

T (x)=-yi)?
et (y-5)2
the true values. By emphasizing large deviations, NMSE is well-suited for assessing

normalized by target variance: NMSE = where y denotes the mean of

numeric precision in symbolic regression.
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Table 5.1: Comparison of different methods on LLM-SRBENCcH, evaluated using
normalized mean squared error (NMSE). The benchmark subsets contain 17 tasks
from LSR-Transform, and 5, 3, 5, and 3 tasks from Chemistry, Biology, Physics, and
Materials Science, respectively. Each entry reports the average NMSE across all
tasks within the corresponding subset. The final column (Average) reports the mean
NMSE over all LSR-Synth tasks (16 instances in total). Bold values indicate the
best performance for each model, while underlined values denote the best overall
performance across models.

Model LSR-Transform LSR-Syn

odels Chemistry Biology Physics Material Science Average

Qwen3-4B-Instruct-2507
LLM-SR 0.258 7.55e-6 2.48 0.048 1.60e-6 0.480
Statistical Hint 0.225 0.032 0.095 0.22 0.012 0.099
ProAuc 0.145 4.73e-3 0.036 0.060 9.62¢-6 0.027
Qwen3-8B
LLM-SR 0.199 0.012 0.041 0.077 2.05e-4 0.036
Statistical Hint 0.279 4.11e-3 0.019 0.019 0.034 0.017
ProAuc 0.148 3.10e-3 1.08e-3  0.021 1.67e-7 7.75e-3
Deepseek-V3.1
LLM-SR 0.230 0.080 0.060 0.110 8.47e-7 0.071
Statistical Hint 0.188 0.022 1.112 0.034 0.333 0.288
ProAuc 0.067 1.02e-05 0.094 0.058 1.82¢-9 0.036
Results

As shown in Table [5.1], our method achieves lower NMSE on most datasets, con-
sistently outperforming the LLM-SR baseline. For instance, in the LSR-Transform
subset with DeepSeek-V3.1 as the backbone, our method attains an NMSE of 0.067
compared to 0.23 for LLM-SR, which is a 3x reduction in error. Moreover, we
observe that the performance advantage of our method over LLM-SR becomes more
pronounced as the capability of the underlying model improves. In particular, with
DeepSeek models, our approach yields significant improvements across all tasks.
We attribute this trend to the nature of programmatic context augmentation, which
depends on the model’s semantic understanding: weaker models are more likely to be
overwhelmed by the extended context, while stronger models can effectively leverage
it. Therefore, as base models continue to grow stronger in semantic understanding
and context management, we expect our method to become even more effective in

the near future.
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Figure 5.3: Analysis of convergence efficiency on LSR-Transform for DeepSeek-V3.1.

Table 5.2: SFT results using NMSE on LSR-Transform. best performance for each
model in bold.

LSR-Transform \ Qwen3-4B-Instruct-2507 Qwen3-8B

LLM-SR 0.258 0.199

LLM-SR-SFT 0.110 0.131

ProAuc 0.145 0.148

ProAuG-SFT 0.107 0.106
Finetuning

Setting Furthermore, we conduct supervised fine-tuning (SFT) for the Qwen3-
4B-Instruct-2507 and Qwen3-8B models using samples drawn from the remaining
portion of LSR-Transform. The full training set consists of 77 problems, and
we employ DeepSeek-V3.1 for data distillation. The distillation data generation
procedure is divided into two stages. In the first stage, the model is provided with
the ground-truth expression and prompted to generate a data analysis program based
on background knowledge and the correct answer. The generated program is then
executed, and if execution fails, the generation process is retried up to ten attempts.
In the second stage, we concatenate the results of the data analysis and prompt the
model to produce the final expression together with its reasoning steps. The SFT
model was trained on two NVIDIA A800 GPUs with a batch size of 16, a learning
rate of 5e-6, and ZeRO Stage 2 for parallel acceleration.

We observe that the model occasionally generates non-executable code. To mitigate
this issue, we augment the training data with additional examples where the data
analysis code fails, but the model is still required to generate the correct expression.
For comparison, we also distill outputs from DeepSeek-V3.1 for the LLM-SR method
as an additional baseline. Finally, we omit SFT on LSR-Synth, as in this dataset
subset, distinct problems share identical input prompts, leading to a one-to-many

mapping issue that makes SFT ill-posed and counterproductive.
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Results Table reports the SFT results on LSR-Transform. We observe that

supervised fine-tuning consistently improves performance for both LLM-SR and
ProAug, indicating that even standard fine-tuning provides clear benefits in this
setting. For example, with Qwen3-4B-Instruct-2507, NMSE decreases from 0.258
to 0.110 for LLM-SR after SFT. Similarly, PRoAuG also benefits from fine-tuning,
with NMSE reduced from 0.145 to 0.107. Importantly, PRoAuG-SFT achieves the
lowest errors overall across both backbones, highlighting that our method remains

effective and complementary to supervised fine-tuning.

Method Behavior Analysis

Convergence Efficiency

We evaluated the convergence efficiency of PRoAuG relative to LLM-SR on the
LSR-Transform subset from the DeepSeek-V3.1 model, with results shown in Figure
The two plots on the left provide representative examples, illustrating that
our method achieves a more rapid reduction in NMSE on train-val set during the
iterative search process and ultimately converges to a lower error. The plot on the
right displays the win rate of PRoAuG over LLM-SR across 17 LSR-Transform test
cases as a function of the number of iterations. We observe that PROAUG starts
with a high win rate (above 50%) early in the process, indicating fast convergence
of scores in the initial stages. As the iterations progress, the win rate continues
to increase, eventually exceeding 80%. These results demonstrate that PRoOAuG

maintains superior performance while also converges efficiently.

Variance Analysis

To rigorously evaluate the stability and reproducibility of LLM-SR and ProAua, we
conducted multiple independent runs under controlled hyperparameters and random
seeds. Figure[5.4]presents boxplots summarizing the distribution of results, including

the median and interquartile range (IQR) for each method.

Overall, ProAuG exhibits substantially lower variance across runs. LLM-SR shows
high sensitivity to randomness, with outcomes occasionally differing by several
orders of magnitude. For example, on the Chemistry task with Qwen3-8B, the
NMSE varied from 107 to 10~ across runs. Such findings highlight a critical gap in
current LLM-based SR research, where multi-run evaluations are rarely reported. We
therefore recommend that future studies adopt repeated trials to mitigate randomness

and enhance reliability.
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Figure 5.4: Boxplot comparison of tri-run variance for LLM-SR vs. ProAua.

5.5 Related Work

Symbolic Regression. Symbolic regression (SR) is core to scientific discovery.
Interest began in the 1970s [{] [I1]] and SR has recently become prominent in
Al-for-science [[I6] [[7, 2T]l. SR methods follow three algorithmic themes: search-
based, learning-based, and LLM-based approaches (we discuss search-based and

learning-based methods in Appendix [D.I).

LLM based methods. Recent works leverage large language models for symbolic
regression [[6] [I4] 18] 21} 23]l. These methods rely on LLMs’ world knowledge
to propose and mutate programs conditioned on natural language instructions and
execution feedback. Specifically, Funsearch [21]] and AlphaEvolve 18] demonstrate
that LLMs as mutation operators within evolutionary algorithms can discover
novel heuristics for long-standing problems in mathematics, hardware design, and
algorithms. Many exciting works augment the evolutionary process with sketching
[23]I, library learning [[f]], and tool use [[14]. ProAuc leverages pretrained LLMs
similarly but treats the scientific dataset as a first-class citizen in the optimization
process rather than merely a scoring mechanism. Consecutively, PROAUG’s primary
contribution is complementary to that of these methods, and it is technically possible

to employ programmatic context augmentation to enhance other SR algorithms.

Scientific Discovery with Foundation Models. Modern scientific breakthroughs
increasingly demand both mastery of individual fields and trans-disciplinary insights

[BL[8]l. As such, many LLM frameworks have emerged that assist scientists in various
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stages of the scientific process — from hypothesis falsification [[7] and idea generation
[20] to data-driven discovery [[I5]], heuristic design [[I8] [2I]], and multi-purpose
systems spanning hypothesis generation to experiment design [[5] [I[3]]. While these
systems primarily interface with knowledge sources and scientists through natural
language, ProAuc (like 21]]) interfaces with these sources through code —
leveraging the precise semantics and deterministic execution of code to rigorously

analyze scientific data, in addition to using textual reasoning.

5.6 Conclusion

In this work, we address a key limitation of existing LLM-based symbolic regression
methods: their reliance on simplistic scalar feedback such as mean squared error.
We propose PrRoAUG, a novel framework that enriches the model’s interaction with
data by assigning the LLM a dual role—generating both candidate equations and
data-analysis code. This design fosters a more active, human-like discovery process
that leverages rich statistical signals and variable relationships. Experimental results
on the challenging LLM-SRBENcH benchmark highlight the clear advantages of
our approach. We believe this work represents a step toward more intelligent and
interactive Al systems with stronger capabilities for scientific reasoning and discovery.
The current framework, while leveraging richer statistical feedback than MSE-based
methods, still relies on a predefined set of data analysis workflows. This may restrict
its ability to discover equations that depend on highly complex or non-standard data
relationships not captured by our initial code-generation template. Future work could

explore enabling the LLM to propose entirely novel analytical procedures.
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Appendix A

APPENDIX TO CHAPTER 2]

A.1 Description of More Baseline Methods
DM. Given reward predictor 7, direct method estimate VoM as:
1

§ D Baer [F(x, )] . (A.1)

xeS

Vbm =

IPS. Inverse propensity scoring (IPS) uses important weighting on the entries in S
to reflect the relative probabilities of choosing some action a by the target policy 7«

versus the logging policy S:

. 1 n(alx)
Vips = 7 -7, (A.2)
S| (x.a,r)eS B(alx)
where £ is the logging policy (estimated if 3 is unknown).
DR. The basic formulation of the doubly robust estimator is:
N N | (r —7(x,a))n(alx)
Vbr = VpMm + Il Z A (A.3)
IS x.ames Blalx)

SnlIPS. The self-normalized IPS is normalized by the sum of the importance

weights. It follows the form as below:

n(alx)
. Z(x,a,r)eS rﬁ(a|x)
Vsnips = ) (A.4)
2 57
(x,a,r)e Blalx)

SnDR. The self-normalized doubly robust estimator normalizes the importance
weights following the idea of SnIPS. The formulation of the SnDR is:

(r—f(x,a))n(alx)

Z(x,a,r)eS ﬁ(a\x)

VsuDR = + VbM. (A.5)

nt(alx)

Blalx)

Z(x,a,r)ES

P,(x,a)

IPS-GCS. When general covariate shift exists, the density ratio of IPS is Pra)”

And the “IPS under general covariate shift” (IPS-GCS) is calculated by:
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. 1 P:(x,a)
Vips.- = — , A.6
TPS-GCs = 1 (x’Z " x. ) (A.6)

a,r)es

where P;(x,a) = P,(x)n(a|x) and Py(x,a) = Py(x)B(alx).

DM (R). We further obtain the baseline method DM (R) by setting W(x,a) = 1 in
the robust regression framework. Such a framework does not consider covariate shift

information. The solution of DM (R) is formulated as follows:

1 (6, a) = 2w, @) (<2026, ) + 1002

-1
;P = (20, +03?) (A7)

We then plug the mean estimates from Equation into the direct method and
obtain:
1

5] 2 Bar |1 )] (A8)

xeS

Vbm R) =

A.2 Derivation of Robust Regression Model
We here show the derivation of the robust regression model. According to [[T]], if we
have the constraints for the adversary g as follows,

ZS = {g

then the solution of the minimax formulation has the parametric form:

1
Ex,a~PS(x,a),r~g [6(r,x,a)] — — Z o(r,x,a)
|S| ieS

< 77} , (A9)

A P,
fotrlx, @) o folrlx, ayexp (—%m@T&r,x, a))
= fo(r|x, a) exp (—I; ‘:g,’gﬂTd(r,x, a)) . (A.10)

If we set the function ¢ in a specific way such that it has a quadratic form and
assuming the base distribution fo ~ N(uo, 09), we obtain a Gaussian distribution.
We provide the necessary details here for the derivation of the mean and variance
from this special form and refer more details to [I]].
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If our 6 = vector ([r, ox, ) [r, p(x, a)]), it corresponds to the following con-

straints in X:

1
Xg = 8 Ex,a~Ps(x,a),r~g [r(x, a)Z] ~ Tar Z ri2 <n,
|S| ieS
1
Ex~p,a~pr~glr(x, a)p(x,a)] - 5] Z rig(x,a)| < 77}, (A.11)
ieS

With strong duality and the constraint set for the adversary g in Equation the
solution of loss function Equation [2.3is equivalent to the solution of the following

minimization problem:

mfin Dx,a,\,Pt(x’u),r,\,f(f”fO)’

such that: Ex’aNPS(x,a)’er[(S(r,x, a)] =c,
where ¢ = % i o(ri,x;,a;). Let fg be defined as:

fo(rlx, a)exp (~<W(x,a)05(r, x, a))
Z(x,a,0)

fo =

where Z(x, a, ) denote the normalization term. Moreover, let
O(r,x,a) = —W(x,a)0'6(r,x,a) —log Z(x, a, 9),

and use the @ as the Lagrangian parameters, the Lagrangian of the optimization

problem is written as:

LO) =D, o px.arri([I1f0) + 0" (Bpyeanld(r,x,a)] - c)
- :x’a P;(x)m(alx) umrw f(rlx, a) 1og(£) + 0" (Bp,(x.ap[0(r,x,a)] - c)
_ [ P;(x)r(alx) nl frlx, a)(=W(x,a)0" 5(r, x, a))
| P,(x)r(alx) n f(rlx,a)log Z(x, a, §)

Jx,a Jrix,a

+07 (I Ps(x)B(alx) frlx, a)s(r,x,a) — ¢

rlx,a

=— J P;(x)n(alx)log Z(x,a,8) — 6 c.
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If we take the maximum of £(6), we have the following result:

arg max £ = arg max — I P,(x)r(alx)log Z(x,a, 8) — 07 ¢
7] 6 x,a

= arg max — J P,(x)r(alx)log Z(x,a, 0)
0

x,a

-o7 J Py(x)B(alx) P*(rlx,a)d(r,x, a)

rlx,a

= arg max — J P,(x)r(alx)log Z(x,a, 0)
0 X,a

-0 J P,(x)n(alx)W(x, a) P*(rlx, a)é(r,x, a)

rlx,a

arg max J P:(x)n(al|x)
(7] x.,a

1
Jr|x,a P*(r|x, %) (log m B (W(x’ a)oT(s(r, X,a)

argmax Ey 4-p, (x,a),r~P+ [10g f@(x, Cl)] .
6

If we use parameters 0 = [6,, Oy, O, O, ] as the Lagrangian parameters (here 6 is
a vector with the same dimension as ¢ ), we can derive the following predictive form
for fg(r|x, a) (note that 6y, is only relevant to ¢(x, a) but not r, so we do not need

to learn it explicitly):

farlx, a) o foexp (—i ‘:g:Z;OT(S(r,x,a)) (A.12)
= foexp (—M(Hrrz +20,rP(x, a) + Oxx P(x, a)z))
Pt(x, a)
1 1 (r — po)? Py(x,a)

- oo exp (_50—3) - exp (_ ) (0,12 +20,rd(x, a) + O P(x, a)z))

(A.13)
B 1 Pi(x,a) 2, Pi(x,a) Ho
oc exp ( (20_02 + P.x.q) 9,) re+( 2P,(x, 2 O:d(x,a)+ O'g )r) (A.14)

2
oc exXp (—lm) , (A.15)
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where
o[ Pyx,a) L)
op(x,a) = (th(x,a)gr-l-o-O ) , (A.16)
(x,a) = 02(x,q) —2PS(X’“)9 d(x, a) + poo > (A.17)
HolX, o\A> Pt(x,a) x s Mo 0 . .

Gaussian Predictive Form

Here we provide an example that the data is generated from cubic form distribution
instead of Gaussian distribution. In this scenario, we can adjust the robust regression
model by incorporating the cubic function feature constraint instead of the quadratic
constraint. Denote x as the covariate variable, y as the target variable, fy(y|x) as
the prior and ¢(x, y) to be the cubic function feature constraint. We can obtain the
derived predictive model form of p(y|x) o fo(y|x) exp(—w(x)0¢(x, y)), where 0 is
the model parameter and w(x) is the density ratio. This estimator has a hard-to-track
normalization denominator for the predictive model distribution, so we need to
sample from this distribution to obtain the prediction of y from such a model,
which will sacrifice the nice implementation convenience of our robust regression
model, and we may need to tailor specific sampling methods to efficiently obtain the

prediction from such an estimator.

We conduct experiments under settings where p(y|x) is not Gaussian by generating
synthetic data (x, y) such that p(y|x) oc exp(y>—2y?x—3yx?—4y?+5yx+6y) following
a cubic feature constraint assumption. Specifically, we created the distribution shift by
generating x following xain ~ N(0, 1) and x5t ~ N(1,2). There are 500 data points
in both the train and test datasets. Since the cubic feature constraint does not result
in a Gaussian distribution predictor model like the quadratic feature setting and the
denominator of such distribution is intractable, we use discrete target y by sampling
y € {0,1} from the aforementioned prediction distribution in this experiment, for

both the data generation and getting predictions from the robust regression model.

The cubic form robust regression achieved a mean squared error (MSE) of 0.31

(£0.00029). The quadratic form robust regression received an MSE of 0.42(+0.0003),
and the linear regression model received an MSE of 0.49(+1.2 x 107'9). These
results are averaged over 10 runs. These results suggest that a more tailored feature set
could improve the performance in synthetic settings and using a simpler hypothesis
class could induce bias. However, given the original model for regression without
Gaussian assumption, p(y|x) o« exp(—w(x)8¢(x, y)), can be less convenient for

making predictions (which is the reason we need to use sampling to get the y in this
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synthetic experiments) and the broad applicability of Gaussian data assumptions, a

robust regression model with Gaussian assumptions is still preferred in practice.

A.3 Proof of Bias Analysis

Expected Error. We prove the bias analysis results of the proposed robust regression
estimators under large distributional shift, building upon established results from [[5]].
We assume the selection of a base distribution N (uo, O'g), such that the expected
squared error over the target distribution Ep, (x4~ [(r — uo)z] is upper bounded by
some constant H. Typically, this condition is achieved in practice by appropriately

setting the base distribution, such as to be the empirical mean of the dataset.

Our analysis begins with establishing a generalization bound for the expected
squared error of the proposed robust regression-based direct method over the target
distribution. We divide the target distribution data into two disjoint subsets based
on whether it shares support with the source distribution, which is indicated by the
value of its density ratio between the source and target distribution. Specifically,
for the target distribution data points (x, @) with ‘W (x, a) — 0, which means they
do not share support with the source distribution, the robust regression estimator is
reduced to the base estimator based on the formulation. Consequently, under the

aforementioned assumption, the following inequality holds:

Ep,(x.a.r) [(” - ,Uo)z] <H.

For the remaining data points in the target distribution with ‘W (x, a) > 0, we assume

P;(x,a)
that P:(x,a),

by some constant C. Drawing upon Theorem 1 from [[5]], we derive the following

the density ratio of target over the source distribution, is upper bounded

upper bound for the expected squared error over the target distribution:

log %

= > = e, @) [+AMR(F) + 3M? ok
n

R 1
Ep,(x.anl(r — A(x,a))*] < C -

i=1

where ¥ is the function class of f with supy peqy | f(x,a) — f'(x,a)|< M, and
with a Rademacher complexity of R(F). Assuming the training process converges

satisfactorily, we can upper bound the training gradient and derive the following
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results:

r? = (u(x, ) + o (x, @) < 13

r— ux,a) < % (A.18)

where 11 is some small constant and / is the lower bound of all the features in the
context and action pair representation f(x, a). Without loss of generality, we assume
that there are n i.i.d sampled data samples in training and m percentage of samples
have a non-zero density ratio ‘W (x, a) in the target data distribution. We have the
following upper bound for the expected error on the target distribution holds with

probability at least 1 — §:

Ep,x.anl(r = fi(x, @))’]

SIS

log

1 & A
<mC —Zaz(xi,a,-)+m +4M9{(¢)+3M2
nia

+(1-m)H.

(A.19)

Bias Analysis of DM. Building upon our analysis of the expected squared error
of the proposed direct method using robust regression as above, we establish an
upper bound for the bias of the robust regression-based direct method estimator. The
following bound for the bias of DM-PS/DM-GCS holds with probability at least
1-o¢:

Ep,(x.anl(r — f(x, a))]
12

SIS

log

+(1-mH

1 & A
< |mC —Zaz(xi,a,-)+m+4M§R(77)+3M2
oo

= E.

Bias Analysis of DR. We then analyze the bias of the proposed DR-PS and DR-GCS
estimators. Similarly, assuming the training process converges satisfactorily, we have
the following lemma by upper bounding the training gradient and using Rademacher

Complexity.

Lemma A.1. The expectation of the L, distance between the reward and the mean

estimator from robust regression over the source distribution satisfies the following
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with probability at least 1 — §:

log %
2n’

Ep,r.am L7 — ux,a)|] < % +2MR(F) +3M (A.20)

where | is the lower bound of all the features in the context and action pair

representation f(x,a).

Given that Equation[A.20]in Lemma[A.T| holds, we establish the following bound for
the bias of DR-PS/DR-GCS:

[Ep,e.anlV = V| < [Epyx.am [Cr = fiCx, a]| + [Ep,x.am [ — fAlx, @)]| (A21)

log %

< @ +2CMR(F) +3CM re (A.22)
Consistency

We here analyze the asymptotic convergence of the proposed DM-PS/DM-GCS and
DR-PS/DR-GCS estimators using the asymptotic performance of robust regression
method [[T} B]]. We have the following conclusions.

Proposition A.2. Assuming Ep,x.o)[W(x, a)] is bounded away from zero, W(x, a)
is accurately estimated in training, ¢ is chosen to be a universal kernel, then
DM-PS/DM-GCS is consistent.

Remarks. This proposition can be proved by directly applying the consistency
results of the distributionally robust learning [3]]. Here, the estimator will converge
to zero error over the target distribution under the distribution shift. Note that the

result is applicable for all loss functions.

We then analyze the asymptotic behavior of DR-PS/DR-GCS estimators.

Proposition A.3. If DM-PS/DM-GCS is consistent, then DR-PS/DR-GCS is consis-

tent.

Remarks. This proposition is obvious since we formulate the DR-PS/DR-GCS
method as doubly robust methods with robust regression-based reward models.
It demonstrates that using robust regression as a reward model does not hurt the
asymptotic consistency of the doubly robust methods. Despite we need more
assumptions for DM-PS/DM-GCS to be consistent, such as accurate ‘W (x, a) and

expressive feature representation ¢, it does not mean that DR-PS/DR-GCS is weaker
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than general DR since we use a specific distributionally robust model for the reward

model, while traditional DR analysis treats the reward model as a black box.

A.4 Experimental details
We here describe the logging policy, target policy, and covariate we mentioned
in Section [2.5] in detail and the specific parameters we used. We also provide

experiment results on each dataset. The code for the experiments can be found at

lhttps://github.com/guoyihonggyh/Distributionally-Robust-Policy-Evaluation-under}

Data Generation

Logging Policies. We further describe our logging policy here. Firstly, we employed
the softened policy, which is in line with previous work of OPE [2] [6]]. The softened
policy is defined by two parameters, denoted as (4, {), and a trained deterministic
policy using logistic regression. Additionally, inspired by previous research on label
shift [4]] and offline contextual bandit optimization [[I0]], we generated the other two
types of logging policies, Tweak-1 (p) and Dirichlet (y), by creating biased “action

label distributions”.

* Softened policy, 7y s)(alx). Given a deterministic policy Y and parameters (4, £),
the softened policy is defined as m(y s\ (alx) = A+ {uifa = (x) and other classes
evenly share the 1 — (1 + {u), where u ~ Uniform(—0.5, 0.5). The deterministic
policy ¥ (x) is trained by logistic regression on 10% of training data. In our paper,
we consider four different softened policies, which are (.95 0y(alx), 70.7,0.1)(alx),
m0.5,0.1)(alx) and 7(.1,0)(alx).

* Tweak-1 (p). We allocate a probability of p to one class while the remaining
classes equally divide the residual probability of 1 — p. A higher p indicates
a larger distribution shift of the logging dataset since more probability values
close to O or 1 exist when p is large. We evaluate this setting with p values of
0.91,0.95,0.99.

* Dirichlet (). Dirichlet (y) represents a Dirichlet probability distribution param-
eterized by y. A smaller y implies a larger shift of the logging dataset since
there are more probability values close to O or 1. We generate one logging policy
randomly and fix that across all experiments. Our study considers y values of
1.0,0.5, and 0.1. Note that with Dirichlet (0.1), the probability for some classes
becomes so low that they may not be sampled. Hence, for Dirichlet (0.1), we
utilize a logging policy of 0.95 x Dirichlet(0.1) + 0.05 X Uniform.


https://github.com/guoyihonggyh/Distributionally-Robust-Policy-Evaluation-under-General-Co--variate-Shift-in-Contextual-Bandits
https://github.com/guoyihonggyh/Distributionally-Robust-Policy-Evaluation-under-General-Co--variate-Shift-in-Contextual-Bandits
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Target Policies. We test our method on various combinations of logging policies

and target policies. The target policies are as follows:

* Softened policy, 7(0.9,0)(a|x). We first obtain a deterministic policy ¢ by training
a logistic regression on the entire training set. Then we set (4 = 0.9, = 0) and

obtain the softened policy.

* Softened perfect policy, mperfect,1). Given access to the ground label when
generating the policy, we can have the perfect policy, mperfect, Which means that
for every x, the policy always chooses the action that receives the highest reward.
Following the idea of softened policy, we can soften the mperfect With (4, £) = (4, 0)

to obtain 7 (perfect ). Our paper considers 4 = 0.9, 0.7, 0.5, respectively.

* Diverse softened perfect policy. We create a case where the performance of policy
evaluation will be substantially affected by the extent of the general covariate shift.
As the covariate shift of the data we consider would generally make the target data
only focus on a subset of all the classes in a dataset, we make the target policy

value vary across different classes. Specifically, we set the target policy value for
2

each class as a random permutation of [%, =, ..., 1], where n is the number of

arms. This can be viewed as a discrete version of uniform sampling from [0,1].

Covariate Shift on the Data. We consider various context shifts in the experiments.
We uniformly sample context for the target data while we consider the following
choices for the scale of the distribution shift of the logging data distribution.

* Gaussian covariate shift. We first perform PCA on the dataset and select

the first component c. We then define a Gaussian distribution with mean as

min(c) + w and standard deviation as Stdb(c), where a € (0,inf) and

b € (0,1). We then sample logging data based on the generated Gaussian
distribution. Smaller b means a smaller variance in the generated Gaussian
distribution and a larger shift. Also, when a > 1, larger @ means a larger shift,
when a < 1, smaller @ means a small shift. In our experiments, we consider the
settings of (a, b) = (1.5,3),(2,2),(1.5,2), (0.6, 2), respectively.

* Tweak-1 covariate (w). Following the idea of the Tweak — 1(p) logging policy,
we assign one class of data with a higher weight w and other classes with weight
1. We can obtain a probability distribution for each data by normalizing the
weight to 1. A larger w means a larger shift. Our paper considers the setting of
w=15,12,9,6,4,2, respectively.
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When only policy shifts exist, we consider 9 X 10 X 4 = 360 conditions derived
from 9 datasets, 10 logging policies, and 4 target policies. When general covariate
shifts exist, we consider 9 X 7 X 10 x 2 = 1260 conditions derived from 9 datasets, 7
logging policies, 10 covariate shifts, and 2 target policies. Specifically, the 7 logging
policy are m(.950.1y(alx), m0.7.0.1)(alx), Tweak-1 (p = 0.99),Tweak-1 (p = 0.95),
Tweak-1 (p = 0.91), Dirichlet (1.0) and Dirichlet (0.1). The two target policies are

70.9,0)(alx) and softened perfect policy 7 (perfect,0.7)(@]X).

Dataset Generation. Based on the aforementioned settings, the dataset generation

and evaluation process is as follows:

1. Data Split: We randomly split the original dataset into 75% training set Dtr and
25% test set Drs.

2. Context and Policy Distribution Generation: We generate logging policy
and target policy & given the policy parameters. If under the general covariate
shift (GCS) setting, we further generate a logging context distribution Py(x).

3. Target Policy Value Calculation: We compute the ground truth of the target
policy 7’s value V7 on the entire test set Drs, by sample the action a for each
context x in PDrs and get the corresponding reward r.

4. Logging Dataset Generation: If under the GCS setting, we sample context
x from the training set Dt based on the logging context distribution Pg(x).
Otherwise, we sample the logging context x uniformly. We then sample the action
a for each context x using the logging policy 8 and obtain the corresponding

reward r to create the logging dataset DR ogging-

5. Model Training: We train the reward predictors, including DM, DM(R), DM-PS,
and DM-GCS, using (x, a, r) in the logging dataset DR Logging-

6. Evaluation: We sample another logging dataset Drs.1ogging following the Logging
Dataset Generation process in step 4 from the test set Drg for estimating the
importance sampling part of the estimators. All methods’ final estimated policy

value V is calculated on DrS-Logging-

Hyperparameters. The base distribution for robust regression is a Gaussian
distribution with mean = 0.6 and variance = 1. 6 is updated with SGD. We tune the
hyperparameters with a grid search on the learning rate in [0.001,0.0005]. We also
set the learning rate decay for the learning of 6, where the learning rate is multiplied

by VT at i-th epoch. The batch size is searched in [8, 32, 64, 256].
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Comparison of DM-PS Family and Other Baselines under Policy Shift
SnIPS | DM | DM(R) | DM-PS
B(a|x) known 9 7 10 334

B(alx) unknown 3 17 13 327

Table A.1: The number of conditions where each family is the best under policy
shift. DM-PS family outperforms baseline methods in over 90% of the conditions.

Comparison of SnIPS and SnIPS-GCS under different covariate shift

We also analyze the impact of various types of covariate shifts on the performance of
SnIPS and SnIPS-GCS in Table[A.2]as below. Specifically, SnIPS exhibits superior
performance under the Gaussian covariate shift, which generally creates a larger
covariate shift compared to the Tweak-1 covariate shift, outperforming SnIPS-GCS
across an extensive range of conditions. While under the Tweak-1 shift, SnIPS-GCS
demonstrates enhanced performance in a larger number of scenarios than SnIPS.
This observation demonstrates that large covariate shifts create harder-to-estimate
density ratios and negatively affect the performance of SnIPS-GCS, compared to

SnIPS.
Table A.2: The number of conditions where each estimator is the best when P (x, a)

is known.

covariate shift Target policy SnIPS | SnIPS-GCS
. . 7T((),9’())(a|x) 870 390
Gaussian covariate Diverse Softened Perfect policy | 945 315
-~ . 7T(()_9’())(a |x) 404 856
Tweak-1 covariate Diverse Softened Perfect policy | 240 1020

Further Comparison with Advanced OPE Methods

We present the result of our method applied to and compared with other advanced
OPE approaches such as SWITCH [[9] and DRoS [[7]] in Figure [A.T] Our method can
be integrated into SWITCH and DRoS by replacing their reward estimator with our
estimators, DM-PS and DM-GCS. Incorporating DM-PS into SWITCH and DRoS
results in SWITCH-PS and DRoS-PS, respectively. Similarly, applying DM-GCS to
SWITCH and DRoS results in SWITCH-GCS and DRoS-GCS. As shown in Figure
SWITCH-PS and DRoS-PS consistently outperform the original SWITCH
and DRoS methods, respectively, across all cases, including both policy shift and
general covariate shift cases. Additionally, in the general covariate shift setting,

the performance of DRoS is also further improved by DM-GCS. These results
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demonstrates the advantage of integrating DM-PS and DM-GCS into SWITCH and
DRoS.
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Figure A.1: Subfigures (a) and (b) present the experiment results under policy shift.
Subfigures (c) and (d) present the experiment results under general covariate shift.
DM-PS and DM-GCS enhance the performance of SWITCH and DRoS.

Experiments Results on Each Dataset

We show the experiment results on each dataset under policy shift and general
covariate shift in Figure [A.2] and Figure [A.3] as below. Specifically, each row
corresponds to the result of each dataset. In each row, subfigures (a) and (b) are
comparisons between different families of methods, while (c) and (d) are comparisons
between individual estimators. Subfigures (a) and (c) display the results when the
B(a|x) is known in policy shift conditions or ‘W (x, a) is known in general covariate

shift conditions, while (b) and (d) present the results when they are unknown.
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Figure A.2: Experimental results of different datasets under policy shifts.
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Figure A.3: Experimental results of different datasets under general covariate shifts.
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Appendix B

APPENDIX TO CHAPTER 3

B.1 Examples and Applications

Latent Perturbation Modelling

Understanding how the observed variables relate to a set of latent variables s; =
(s;(1),...,s:(k)) has been extensively studied in machine learning. When the
mixing function f is linear, standard statistical assumptions (see Corollary on
s; can guarantee the desired identifiability of f, up to multiplicative scaling and
permutation. For the case when f is nonlinear, recent advances such as [[10] [T1]
[14} 23] 23] in nonlinear independent component analysis (ICA) leverage additional
assumptions on the latent variables in s; and the mixing function f, to make the
model identifiable. Below in Table we summarize the key assumptions (besides
the common assumptions of mutual independence between latent variables and at

most one latent variable is Gaussian) made in those models.

Table B.1: Standard assumptions on f and s for a subset of nonlinear ICA models.

Nonlinear ICA Models Key Assumptions on f
Identifiable VAE Mixing function f is bijective and smooth

Contrastive learmng .

Structural sparsity model |-
Volume-preserving model |.

Mixing function f is bijective and smooth
Support of the Jacobian J ¢(s) of f is sparse
Mixing function f is bijective and |detd ¢(s)|= 1

Nonlinear ICA Models Key Assumptions on s

Identifiable VAE I. (s¢(1), ..., s:(k)) are conditionally independent given a variable u
Contrastive learning [|1 u (s¢ : t € [T]) is nonstationary or has temporal dependencies

Real-World Applications

Our model represents a classical control framework with extensive applicability
across a variety of real-world decision-making problems. In the following section, we
illustrate the versatility of our model through a selection of examples that demonstrate
our dynamical model in equation [3.2|(see Section [3.2)), subject to latent perturbations.
These applications not only exemplify our model, but also set the stage for the
comprehensive experimental results we discuss later in Section [B.2] where we

validate the model’s practical efficacy in real-world scenarios.
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Example B.1 (Piloting a Drone with mixed disturbances). Imagine the challenge
of piloting a drone to follow an unpredictable path (y; € R? : t € [T]) on a windy
and rainy day. This dynamic scenario can be mathematically represented in a
discrete-time counterpart of the kinematic model 24):

Axiyq

Vil

Ax
=A +Bu; +CW;,

Ve

for some matrices A € R¥* B € R¥?, and C € R¥*. The column vector w, =
(w (1), ws(2), w(3), w;(4)) contains 4 latent variables where w;(1) = y;(1) = y;1(1);
wi(2) = y;(2) — yi+1(2); w(3) is the environmental wind speed and w(4) is the

rainfall intensity at time t € [T]. More details are discussed in Section [3.5 and
Appendix|B.2]

Besides, it is well-known that any controllable system can be transformed into
a canonical linear input-disturbed systems with dynamics described by x;.; =
Ax; + B(u; + wy) [6] 20] that can be used in many real-world applications with
disturbances added to the control inputs. Now, we introduce another example in
an electricity grid, with latent variables representing power injections from distinct

buses of a distribution network.

Example B.2 (Heterogeneous Voltage Control). Consider a Volt/Var control task
with the Simplified Distflow model in a distribution power network consisting of n
branch buses and a substation bus [4) [16]]:

virl = Xq; + Gpy + Xq7 +voly, (B.1)

wherein imaginary constants of the complex power injection at time t € [T] are
separated into two parts q; € R" and qf € R", representing the controllable
reactive power injection and the uncontrollable external injection (perturbation)
respectively. The fixed and known matrices X, G € R™" are positive definite and
positive (Lemma 1 in [[]]]) with their entries depend on the line impedance and the
grid topology. Our goal is to design a Volt/Var controller to regulate squared voltage
magnitudes viy1 = (Vir1(1), ..., vir1(n)) to their nominal values by provisioning the

reactive power injection q; for each time step t € [T]. More details are discussed in

Section[3.5| and Appendix

For the above example, we focus on a scenario with a set of n heterogeneous

users corresponding to n branch nodes that generate a sequence of time-varying
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active and reactive injections (p;(7) : i = 1,...,n) and (¢;(i) : i = 1,...,n). The
injection at the branch nodes i = 1,...,n may be generated by various types of
renewable resources and power consumption patterns, e.g., solar/wind generations,
residential, and commercial activities, energy storage management, or charging EVs,
etc. Together they form a set of latent variables s; in equation with k£ = n and in

this special case, the mixing function f(s;; 0) = Gp; + Xq7 + vol, is affine.

In Section [3.5] [3.5] and Appendix [B.2] we explore in greater detail the two examples
previously discussed, and demonstrate the efficacy of our proposed method through

case studies using real-world data.

Sample efficient ICA

There are sample efficient ICA algorithms for independent latent variables [3] [§]
[22]]. The following corollary can be derived from Theorem and the sample
complexity result in [22]], which shows that 77 is sub-linear in 7', thereby concluding

the best-of-both-worlds prediction utilization claimed in Section [3.1]

Corollary B.3. Suppose the mixing matrix 0 is full column rank, and the latent
variables (s;(i) : i = 1,...,k) are mutually independent for all t € [T]. Let
w = @(logT). Under the classic assumptions such that E [s;(i)] =0, E [stz(i)] =1,
E [|sf(i)|] < M, and the fourth cumulant |cumy(s,(i))| > A for all t € [T] and
i=1,...,k, there exists a polynomial-time ICA algorithm that provides a sequence
of mixing matrix estimates 0, :t €[T)) of 0 such that with high probability, the

lo T\/E
ENT

Therefore, if for all i € {1,..., k}, £@i) is negligible, CR(Disc) will converge to

competitive ratio of Disc satisfies

k (i)

Z T/logT + (i)

i=1

1 logT

CR(Disc) <1+0 +0 +0(p,2pw+(logn)%ki

the optimal competitive ratio 1 with an increasing time horizon length 7 and a
sufficiently large prediction window w (e.g., w = O(logT)); otherwise, for any
£(i) > 0, CR(Disc) will be asymptotically bounded from above by O(k) + 1 where k
is the number of latent variables. It is worth noting that the statistical assumptions
on the latent variables (s;(i) : i = 1,..., k) are classic in the ICA analysis [5] 8] 22]].

B.2 Case Studies

In this section, we delve deeper into the practical applications of our main results
by using two real-world examples (see Example [B.I] and [B.2)) to demonstrate the
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efficacy of Disc. We first describe our experimental setup in Section[3.5] We then
demonstrate the effectiveness of the proposed method in Section 3.5 and compare
Disc with several baselines. In Section [3.3] we show the desired resilience with

respect to a non-stationary environment in a voltage control task.

Online Learning of Confidence Parameters. We illustrate the convergence of the
confidence parameter (A, : ¢t € [T]) with respect the latent dimensions. In Figure
we exemplify the convergence behavior of the confidence parameters associated
with each of the four latent components shown in equation [B.2] on the left column,

together the time series for the four latent components on the right.

Notably, the first three components display learnable patterns while the last component,
representing rainfall intensity is some unpredictable Gaussian noise. This distinction
is reflected in the convergence behaviors of the corresponding confidence parameters:
A(1), A(2), and A(3), associated with the more predictable components, quickly
converge to the optimal value of 1. Conversely, the last parameter A(4) associated with
the erratic rainfall component exhibits a decreasing trend due to the unpredictability
of the fourth component, highlighting the resilience of the proposed Disc policy

against the prediction error.

Implementation Details of Experiment A

The drone’s location at each moment, p,,; € R?, is determined by its current position
and velocity v; € RZ, evolving as p;y1 = p; + ¢,v;. The drone controller can adjust
its velocity at every time step through a control input u,, leading to the updated
velocity v;41 = v; + c¢yu;. The coeflicients ¢, ¢, > 0 are determined by control time
intervals and physical parameters like the drone’s weight and the drag coeflicient.
Defining Ax; := p; — y; the location mismatch at time ¢, this piloting task can be

mathematically represented in a linear control framework as shown in equation [3.2}

Ax Ax
R 3 1] _ A t + Bu, + Ye | | Vel +WieL + Feca, (B.2)
Vil v 025 0251
4 latent components
1 0 ¢, O 0 O
: ) 01 0 ¢p 0 O
with system matrices A = ,B =
00 1 O c, O
00 0 1 0 ¢

The term w;c| + r;c; represents external perturbations from the environment. The
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Figure B.1: Example A. Drone Navigation ( Section@). Left column: Convergence
of confidence parameters A(1), A(2), A(3), A(4) corresponding to 4 latent components.
Right column: Temporal dynamics of latent components 0s; in R*. We illustrate the
time series for the latent components in equation [B.2] with each sub-figure featuring
four distinct curves representing the dimensions of the respective 4-dimensional
component. Post the dotted red line, the additional blue curves visualize imperfect
ML predictions from the multi-layer neural network, elaborated in Appendix
The x-axis in each graph marks the time steps, while the y-axis denotes the values of
the time series.

column vectors ¢, ¢, € R* quantify the effects of the stochastic time-varying wind
speed and rainfall intensity, represented by two time series (w; : t € [T]) and
(ry : t € [T]). We assume the wind speed time series forms a sinusoidal function and
the rain intensity time series is Gaussian, which are visualized together with the ML
predictions in Figure Table B.2]in Appendix presents detailed choices of
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the matrices A, B, O, R and vectors ¢y, ¢3.

Additional Experimental Results

Windy and Rainy

_O Rain intensity
e
'y

Y (r:telT)
Wind speed e Offline optimal
g I <« (Wit €[TD LQR
MPC (untrusted)
e Self-tuning
e DISC
----- Unknown trajectory

Closer to the offline optimal

Figure B.2: Supplementary results showcasing drone navigation in windy and rainy
conditions, further illustrating the scenarios discussed in Section [3.5] depicted in
Figure[3.2] The external perturbations impacting the drone’s flight are modeled by
two independent, time-varying latent variables: w, for wind speed and r; for rain
intensity at time ¢ € [T]. The path navigated by the drone using the Disc policy
(detailed in Algorithm[2)in Section[3.3) is traced in red. Notably, this trajectory closely
aligns the best with the offline optimal trajectory upon convergence, demonstrating
the effectiveness of the Disc policy in adapting to complex environmental conditions.

We provide further experimental results that complement and extend the results

presented in Section [B.2)

In Figure we display the trajectories in the drone navigation task (Section [3.5])
corresponding to Disc and the three baseline policies: the LQR, the self-tuning policy
in [I7]], and the MPC with untrusted predictions (setting A = 1 in equation[3.7). The
trajectory for Disc closely aligns the best with the offline optimal trajectory upon

convergence.

In Figure [B.3] for the voltage control task (see Section[3.5), we compare the average
total costs J(r) (defined in equation[3.3) corresponding to Disc and the three baseline
policies. Note that Disc consistently achieves the lowest average cost with the
smallest variance computed from 5 random tests. The scaling parameter v of the

Gaussian component at node 8 is set as 1.25.

Detailed Setup and Hyper-Parameters
ML Model Setup We train an ML model online to generate predictions of
(s:(0)0() : t <7 <1)ateach time ¢t € [T]. Here, 6(i) denotes the i-th column of the
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true mixing parameter matrix 6. At each time step, the prediction model is trained
and updated using previously collected disturbances. The warm-start buffer size is set
as 100 and 50 respectively for the drone navigation and voltage control applications.
In particular, we update the ML prediction model at each time step ¢ € [T] and use a
length-b subsequence of the collected time series (sT(i)6~?,(i) :max{0, 7 — b} <T<1)
as the input to predict the future w = 5 (w is the prediction window size defined in
Section [3.2)) steps of perturbations, as the output. Note that 0,(i) is the i-th column
of the estimated mixing parameter matrix 6,1 provided by the FastICA method
in [I2]] at time ¢ € [T]. All prediction models are formed via a fully-connected neural
network with 4 hidden layers with a width 80 and LeakyReLU as the activation
function except the final layer, and are trained using Adam [[I5]] as the optimizer with

a learning rate 1e—3 for 500 epochs.



Disentanglement Implementation A
well-recognized issue in independent
component analysis (ICA) and its nonlin-
ear variants is the permutation indetermi-
nacy of sources. This implies that the or-
dering of disentangled components can
vary, such that the i-th component identi-
fied at one time step may not correspond
to the i-th component in subsequent algo-
rithm outputs. To mitigate this “permuta-
tion unidentifiability”, our methodology
involves pre-processing the time series

data by ranking the components accord-

110
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DIsC Self-tuning MPC (untrusted)

Figure B.3: Average total cost J(rr) with
error bars for four policies in the voltage
control task (Section IBEP

ing to their sample entropy, as suggested in [[I9]]. This step precedes the application

of the ML prediction model, thereby enhancing the consistency of component

identification across time steps.

Table [B.2] below summarizes the detailed parameters used in Section[B.2] In our

experiments, the parameters are not subject to extensive optimization.

Detailed Setup in Section [3.5]

The matrices X and G are generated from the following an impedance matrix

Z e C'™I1 with the following non-zero entries:

Zon=Z10=212=221=1+1,
Znz=2Z3p=Zpa=24p=1+2i,
Zsg=Z2ys=2Zs10=Zios=2+4i,
Zys=12Zs3=236="263=247=214=7248="234=2+2i,

where i denotes the imaginary unit.

B.3 Useful Lemmas

We first present some preliminary results that will be used when proving our main

theorems.



Parameter Value

Time horizon length T 240 (Section[3.5), 200 (Section[3.5
Warm start buffer length 100 (Section , 50 (Section (3.5
State dimension n 4 (Section , 10 (Section|3.5
Action dimension m 2 (Section , 10 (Section 3.5
Prediction window size w 5

Coeflicients ¢y, ¢p 0.2

Mixing Column c;
Mixing Column c;

0, R (Section|3.5
Initial confidence parameter A

0, R (Section

£(0.8,1.6,1.25,0.75)"
£(1.2,0.4,0.75,1.25)7
Lyy 022 by
02 Opa|

T10x10,0.1 X I1ox10
0.3

(a) Basic Control Problem Setup in Section and

Hyper-Parameter Value
Number of hidden layers | 4

Hidden layer width 80
Covariate size b 5

Input dimension nxb
Output dimension nXw
Activation function LeakyReLLU
Optimizer Adam
Learning rate le-3

(b) Neural Network Hyper-parameters.
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Table B.2: Parameters and hyper-parameters used in Section

Convexity of £,(1)
Below we verify that /(1) is a convex function of 4 € [0, 11%. By definition,

T

14 14

SYED TP (050 = 60T | H | SED TP (05 - G050 | (BI)

T=( =
equals to (since H is symmetric)

[ ¢ T ¢ ¢ N T

SUFEDTPOs| H|D(FNDPOse|+ | DYF PO 05y)

[ 7=C =C T=(

Constant independent of A

[ ¢ ~ ¢ T ¢ _
H|DYFEDTPOAosy) | -2 | DIYFEDTPOse| H|D(FHTPO(A05y,)|.

[ =¢ T=( T=(
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Now, we simplify the remaining two terms. We first notice that Zf= (F Tyt PgT (Ao
Seir) = A for some matrix A € R™ To see this, denote ¢, ; := (F T-1pg. e Rk,
We get

¢ B ’ : s1d1
SIUEDNTPO(A05g) = D ber(A05pe) = |ec(1) -+ (k)
={ = . . Sk/lk
: : Ve
= |8510¢7(1) -+ Sspde.(k)
: : Ak

=A

Therefore, it suffices to validate that the matrix H is positive semi-definite to show
(AD)TH(AA) — 29T H(AA) is convex, where we denote O := Zf=£(FT)€_TPQSg e R".
Note that H = B(R + BTPB)~'B™. Since R is positive definite by assumption and the
DARE solution P is also positive definite, (A1) T H(AA) — 297 H(AA) is a summation

of a quadratic form and a linear function of A, validating the convexity of the term

in equation |B.3| Following similar arguments, {y(1) = Zf=£ g(r,O)()"Hg(r, )(A)

is also convex.

A Generalized Lower Bound on J*
The following lemma is a generalized result from [[I7]], which provides a lower bound

on the offline optimal cost J*, as a function of system perturbations.

Lemma B.4 (Generalized Lower Bound on J* [[17]])). Let Ain(Q) and Amin(P) denote

the smallest eigenvalues of positive definite matrices Q and P, respectively. It follows

that

T-1 (T-1 2
T*2Co D D I f (s 0 (B.4)
=0 \ 7=t

— 2 .
for some constant0 < Co < Y55 min{Anin(P), dmin(R)/ | Bll, Amin(Q)/max{2, || A|1}}.
Next, we present the proof of Lemma [3.5]

Proof of Lemma 3.3
We restate the lemma below, which reduces the online learning objective Z;;(l) tp; {(DHY ()

to a canonical online optimization formulation.
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t—1 .........................................................%...;

tvy

Figure B.4: Illustration of the equivalence in equation When ¢ increases from
t — 1 to ¢, the reduced form adds a new term (; while the original form needs to
update w previous functions Yo, for{ =t —w, ..., t = 1.

Lemma B.5. Define {; : I — R" as in equation[3.11} Then for any t € [T], it
follows that

-1 -1

DU D H Y () < w D L),
=0 =0

Denote by g(7,¢) = (FT)T_K P (f (s7:07)— f (/1 o S7)¢3 55)). We first note that

-1 7 t—1

i3 7
28T, O)THg(r,0) = Z g, ) Hg(t,7) = 3 & (). (B.5)

=0 =0 ¢ 7=0

1

-
|

14

Il
(=)

Since H = B(R + BTPB)™'B” is positive semi-definite as we have shown in

Appendix[B.3] the function A(x) := xT Hx is convex. Applying the Jensen’s inequality,

1< 1
h (; TZ:;g(T,f)) <= Z h (8(x, 0)).

Therefore, equation [B.5]implies

-1 ¢ t—1

U (DHY (D) < w Z D8 (r,OHg(t, €) =w Z L2 ().

=0 1=C

~

14

Il
[}

The proof is illustrated in Figure We now proceed to show our main results.

The key structure of the lemmas and theorems is outlined in Figure [B.5]
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Dynamic Regret Bound for A-CON Lemma 4

J(A-CON) — J* _ Lo weG) . 2 (1—/1(1'))2
R AJ() = 0(2( i (A@) +W

<
B _J* Jl L £(i
J* Yl =1 Q(T/w) + &(i) — Theorem 4.2

J (A*-CON) := min J (A-CON) Theorem 4.3
2
Static Regret Bound for DISCO ICA: Lemma 5
J (DISCO) — J (4*-CON) = o(T) GM: Lemma 7 S

Figure B.5: Outline of key steps in the proofs of Theorem and Arrows
denote implications.

B.4 Proof of Theorem

We first state a detailed version of Theorem [3.7|below with explicit multiplicative

constants.

Theorem B.6 (Disc for Linear Mixing). Let H := B(R + BTPB)~'BT. With our
model assumptions, the competitive ratio of Disc with a linear mixing function
satisfies

k

C _ \2
CR(Disc) < 1 + J—i (Zﬁ ; (Hp;}}) T) +8Cow

. )

8(12 + Ll VKT | ],
Coo2 (@) +J*) \J*
where omin(0) > 0is the smallest singular value of ;s and 6 are defined in Section '

2 _
Co is defined in LemmalB.4: C) = 2||H||(£;F||P||§) and Cy = ||H||(CF||P||9) .

i=1

We now proceed to prove Theorem [B.6

Step 1: Consistency-Robustness Analysis of 1-Con We first show the following
lemma, which highlights a tradeoff between consistency and robustness. The
following definition of dynamic regret will be used as an alternative worst-case
performance metric in our main results. Dynamic regret is a more general (and often
more challenging to analyze) measure than classical static regret, which has been

mostly used for stationary environments [[2] [3]I.

Definition B.7 (Dynamic regret). The dynamic regret of a policy n = (n; : t € [T])
is defined as the difference between the quadratic cost induced by the policy 7, J(7)
in equation [3.3] and the offline optimal cost J* := inf, J(rr) subject to equation
i.e., DR(m) = J(nr) = J*.
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Lemma B.8 (Consistency-Robustness Lemma). With a fixed trust parameter A € 1,

the disentangled A-confident policy in Section[3.3| has a dynamic regret of at most

20HIQIIPIICFS) (ﬁ+ (A0%)’ ) . 8||H||Z (s +a™).  ®6)

where P, Cr, 1, pr are defined in Sectlon -5 and 6 are defined in Section The

con

terms g; rob

and g;°° are functions of A, deﬁned as

2

N

Mﬂl

wn — rob

Z (FT)™ ‘p (0, (xlosﬂt))

T=t

b

T=t

Proof of Lemma[B.§] Denote by A-Con the A-confident policy, and J (1-CoN) the

corresponding total cost induced by taking actions (u, . . . , ur—1) generated by A1-CoN.

Similarly, denote by J* the optimal total cost. Denote T := min{r +w — 1,7 — 1}.

Lemma 3 in implies the following explicit form of J (1-Con) — J*:

T-1 (T-1 N T
(FT)™"'p (e,sT — k(1)0; (10 Eﬂ,))) H
t=0 \ 7=t
-1 _
(FT)"™" P (e,s, — k(T); (Ao 's‘ﬂ,))) , (B.7)
7=t

where «(t) = 0 when 7 > T. The sum of quadratic costs in equation can be
further bounded by

J (/l-CON) -J*
(HsT — k(1)0; (10 St ) H
T-1 T t ~ 2 T-1 ; 2
< H]| ( (FT)™~ (esT s (Ao‘s‘ﬂ,)) H + H S (FT) Pos, )
=0 T=t T=t+W
short-term error g™ (linear setting) long-term error A" (linear setting)

(B.8)

In above, the first term characterizes a total cost gap induced by inaccrurate ICA
identifiability and predictions. The second term in equation is the long-term
error for disentangled times series predictions that are at least w steps away from
the current time steps, denoted by A;™", which becomes O whent+w > 7 — 1. It
follows that

hCI’I’OI’ S

71 _ 2 Cr 2,
> Cepi'|IPlI6s] < (1_pFIIP||9S) Ja (B.9)

T=1+w

(FT)""P (@ ((1k —/l)osm))

2
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since by our assumption on F, the Gelfand’s formula implies that there must exist a
constant Cr > 0, pr € (0, 1) s.t. ||F'||< Crp? for all 1 > 0. Moreover, for g;™™", we
can bound it from above by

_ 2
T
8™ =|| > (FT)7" P (057 = Byse + G5 = 0 (105
T=t
T 2 T 2
<27 (FT)™ Pose|| +2|| X5 (FT) ™ P (8 (s = a05))|| . (B10)
T=t T=t

where 7, = 6, — 0 is the mixing parameter error in equation |3.4{ defined Section

Furthermore, noting (&-,(1), ..., &7(k)) = &|; = 57 — S7|;, we obtain
_ 2 — 2
T T N
< 2|\ (FT) Pse|| 42| (FT) ™ P (6, (Lo &y + (1 = D o s
T=t T=t
_ 2 — 2
T T .
<2| > Crpy” IIPmsTII) SUET)T P (8 (1o eny)
T=t 7=t
consistency error g5°" (ICA setting)
- 2
S (FT) P (@ (e =)o sT)) (B.11)
=t

robustness error g;"b (ICA setting)

The right hand side of equation B.1 1| contains two types of errors - the consistency
error, denoted by g7r°" that occurs due to the estimated time series; and the robustness
error, denoted by g"™P(¢) that arises when A becomes small. Therefore, combin-
ing equation B.8] equation[B.9] and equation [B.T1|implies the following upper bound
on J (1-Con) —

T-1

J (/1 CON) J< 2||H||Z error hterror)
=0

2 2
Cr _\ — Cr —
S4||H||(1 _pF||P||S) 77+2||H||T(1 — F||P||95) +8||H||Z( C°n+g{°b),

where 77 is defined in equation

]

Step 2: Component-Wise Consistency Bound on g;*"

con

8;

In the sequel, we bound

and g™ (¢) respectively. First, the consistency error caused by inaccurate time
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series predictions can be bounded by

— 2
T

<| > Crop ’e||P||||zosT|t||) (cF||P||e) sz“ Do eq

COl’l

T=t

which can be further decomposed into a summation of component-wise latent
variable time-series prediction errors by denoting £(7) := Z ZZ ,(p(T t)sﬂ,(i))z
where e, = (&7,(i)) : i = 1,...,k), as defined in Sectlon @ Considering
A=(A),...,A(k)), it follows that

T-1 .\ 2T-1 T 5
g <w (CAIPIE) 3, D pp™" o e
=0 t=0 7=t
_\27T-1 T ) )
< (CrIPIT) 3, 302" o e
=0 1=t
2 Kk
= (CHIPIB) 35 (A0)*50). (B.12)

i=

Step 3: Robustness bound on g,"b Next, we consider deriving a bound on gr"b.
We obatin

2 2

rob

Zi] FT)™ P (6 (1 - D o s))

< (crlpi) (Zp JCTERIE sTn)

which leads to

- 2
—\2 T
& < (CrIPIB) it - DI (Z oy ||sf||4) (B.13)
=1
by applying the Cauchy—Schwarz inequality where ||-||4 denotes the £4-norm. Denote
by omin(#) > 0 the smallest singular value of the full column rank mixing matrix
6. Noting that ||s;||4 < [[s¢]| < mllesrll for all 7, and f(s;0) = Os in this linear
mixing setting, applying Lemma [B.4]

T-1 Cr||P||6 2||<1 -3
1 Z_l rob < i ¢ N (B 14)
J* = ! Coo2. (0)

min

for some constant 0 < Cp < % min{Amin(P), Amin(R)/|| B|l, Amin(Q)/max{2, [|A[|}}.
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Step 4: Competitive Analysis of 1-Con Putting together Lemma [B.8| equa-

tion|B.12} and equation [B.14} since J* > 0,

J(1-Con) —=J* 1 2 (= (7 w\? || &S N, or
< (2||H||(2||P||cfs) (n+(9p1¥) )) (g5 + &)
t=0
(B.15)
where the last term can be further bounded from above by
LIRSS A2 w & e = DI
T 2 e ) <ssiHl(CrIPla) | 7235 (a0 w0 + TQ)“
= = min

\2 [ & [weh) 2, (1 A())
<8||H|||CFr||P||O A
<8l1H(CrI1PI7) (Zl]( (A0 + = (@)))

rmn

(B.16)

Step 5: Online Learning of 1, via FTRL Consider a follow-the-regularized-
leader (FTRL) optimization with an £,-regularizer ||A — A¢||?. The following lemma
can be proved based on the equivalent online convex optimization (OCO) form of
the online mirror descent (OMD) (see the implementation described in Section
above as shown in Lemma[3.5] We reprise the OMD steps below.

=T - [—"w @), (B.17a)

Ay = Projz (7). (B.17b)

Now, fix 4 = (A; : t € [T]) generated by Disc. Let us consider a pseudo-cost AJ ()
defined below, which is compared with the true objective AJ (1) of Disc.

’ﬂ

AT (D) =€ 1%[@” P (650~ T 0T ) | [T (050 - B 00|

1l
o

AT = é |(F P (050 - 82 osm))] H | (FT) P (050 = B4 0 51|

T=

N

The lemma in the following holds.

Lemma B.9. The online mirror descent (OMD) equation [B.17alequation

generates a sequence A = (Ay, . .., Ar—1) in Disc such that

C 2
f ) VKT.
~ PF

AJT —minAJ (1) < 8||H||(§5||P||
Ael 1
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Proof of Lemma|[B.9, The gradient of the cost gap at time 7 € [T] satisfies

T-1 ¢
V(&) = ZJ (r,t) (H+H") g(z,1)

=0
T-1 ¢ _
=2 JT (e, ) H (FT) 7 P (65, - 8- (Lo 1)) (B.18)

t=0 7=(

where in equation we have used the fact that H = B(R + BTPB)"'BT is
symmetric. Moreover, noting that s,; = (’s],(l), ... ,'s7|T(k)), in equation m

above,
Seje(1)
J(r,t) =~ (F")"" PO,
St (k)
denotes an n X k Jacobian matrix J (7, 1) of g(t,t) with respect to A whose (i, j)-th
entry is aga(;zg“’). Normalizing the predicted time series yields that

Cy )2
-pr)
As we have verified in Appendix each g(r,1)T(1)Hg(t,1) is a convex function

of A € 1. Therefore, based on the static regret analysis for OCO [9} [[3]], FTRL with

an {»-regularizer guarantees (after optimizing f) that

IVa (ol < 4IIHII(EéllPII1

AJT(1) = min AJ (1)
Ael

<2||Va (&)l max |2 = A|INT
el

_ C 2
§8||H||(EQ||P||1 f )\/kT. (B.19)
— PF

]

Applying Assumption and noting that /l? - ﬂ%_T < O(|d¢ — A¢—|) for all € € [T],
we conclude that AJ (1) — AJT(1) = o(T), since for 7 that is not a constant, the

exponent p* = o(1).
Denote by A* the optimal solution that minimizes J (1-Con). Using and equa-
tion above, we conclude that

J(Disc) J (1*-ConN) — J* J(Disc) — J (1*-CoN)
T =1+ J* + J* >

Lemma [B8]and equation[B.T6| Lemma
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whose right hand side can be bounded respectively via Lemma [B.§|and Lemma[B.9
Furthermore, noting that f(s;;0) # 0 for all € [T], hence ||6s;||> 0. As a result,
Lemma [B.4]implies J* = Q(T). Therefore, using Lemma[3.3]

J(Disc) Cr V1 (— (= )2
= 2||H||(2||P|| st) ;(n+(epF) T)
A [ [wED (1 A(0)*
+81H(CrIIP|E) T?(Zl( GO+ o

+ 8||H||(||P|| 560 +o(1).
— PF

> wVkT
*
After optimizing over A € 1,

J (DISC)
J*

1 = )2
+2AHI2IPICS) (n+ (@) T)

2 [ wz(i)
+8|IH(CrI1PI?) (21( o)+ J))

Cr _\*wVikT
+8IH|I1P|—L=358] L= + (1),
1 — PF J

B.5 Proof of Corollary B.J|

Under the classic assumptions such that E [s,(i))] =0, E [s,z(i)] =1,E [|s,5(i)|] <M,
and the fourth cumulant |cumy(s;(i))| > Aforallt € [T]andi = 1,...,k, the
Recursive Fourier PCA algorithm in [3]] is a polynomial-time and it guarantees (c.f.
Theorem 1 in [3]]) that for all ¢ € [T],

Os(log )2 M2 k112
A3t1/2 ’

el = 116 = 61l < 1160 = Ol <

with high probability, which yields 7 = O ((log n) kY2 3 e ;) = O ((logn)"? k2 log T).
Therefore, with high probability, the competitive ratio bound in the corollary holds.

B.6 Proof of Theorem
Denote T := min{{+w —1,T —1}. Similar to the analysis in the proof of Theorem
in Appendix [B.4] we obtain

J (1-Con) — J*
-1 (T T T

SF)P(f fﬂgu))) SUFT)P(f fﬂgu))). (B.20)
=0 \1=¢ 7=(
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WLOG, we assume f is linear such that f(s; 6) = 6s for some n X k matrix 6 = (6;;)

and the estimated mixing matrix is accurate so that 7 = 0. Then it follows that

T-1
J (-Con) = J* = Ain (R + BTPBY™) 3 [[BTwcr
=0
where
T -l
Yer = > (FT)" PO (Aoer— (g =) 0 57) . (B.21)
7=(

Since A-Con is (1 + o(1))-consistent, we must have J (1-Con) — J* < o(1)J*
(by our model assumption that s; # 0 for all ¢ € [T], J* > 0). Combining this

with equation above, it is necessary to have

~

T
B> (F e (L = ) 0 57p¢)

o(1)J* > Amin ((R + BTPB)—l)
=0

t

Il
o

(B.22)

Since the competitive ratio is the worst-case ratio for all A, B,Q, R, f, 0, and

(s¢ : t € [T]), we must have A = 1; to guarantee equation [B.22] above.

Now, consider an adaptive offline adversary that generates e, = us;, for all

{<t<{. Since A1 = 1;, we obtain

T- T
J (A-CoN) = J* 212 Amin ((R +BPB)"! ) Z TS (FT) Plrsey
t=0 =(

Setting i = log T', above implies CR (1-Con) = w(1).

B.7 Proof of Theorem 3.8

We first state a detailed version of Theorem [3.7|below with explicit multiplicative

constants.

Step 1: Consistency-Robustness Analysis of 1-Con  We first show the following

lemma, which highlights a tradeoff between consistency and robustness.

Lemma B.10. With a fixed trust parameter A € I, the disentangled A-confident

control (Disc) has a worst-case dynamic regret of at most

Cr 2
Cf”P”) n+ 2IIHIIT(
~—PF 1

2
Cr .
_chflanfmax) v 8||H||2 (g5 + g1
(B.23)

4||H||(
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where H == B(R+BTPB)"'BT; fuax = fo+Crs with fo = |f(0)|; P,Cr, pr,w are
defined in Section|3.2] E Cy denotes the Lipschitz constant of f. The terms g;°" and

g,"’b are functions of A, defined as

= 2
T

g () = ZCFCfp}_tllPH”/lo£T|,||) ,
T=t
T 2
T

g’ = | 2 CrCrpp ' IIPNII (1 = ) o sTn)
T=t

Proof of Lemma[B.10] Similar to the analysis in the proof of Theorem [3.7]in Ap-
pendix we obtain

J (1-Con) — J*
T-1 (T- T
=§] Z FI)™P(f fw)))

where we simplify the latent perturbations and the corresponding predictions as
fr = f(5¢;0) and ﬁ|t(/l) = f (/l IO @) Especially, ﬁ|,(/l) =0 when 1 > T.
Thus, the total cost gap can be bounded by

T-1

SUF)TP(f fﬂtu))) (B.24)

T=t

J (xl—CON) —
T-1 t
—

<||H||Z SUE) P (fe - Fe) [

=0 T=t

T-1 T p T-1 . )

— _

<ol (| 5 P (- ) [+ | S e ),

1=0 T=t T=t+w

short-term error g;™°" (general mixing) long-term error A$™°" (general mixing)

(B.25)

Note that by Assumption [3.1] f is continuous with a Lipschitz constant Cy > 0,
hence, f is bounded, since ||s;||< 5. Denote by fmax < fo + Cys the largest value
of f where fy :=|f(0)|. The second term A" in equation can be bounded
similarly to equation in the proof of Theorem [3.7] (see Appendix [B.4):

2
T-1 2
] c ’
< | S Crpp ’CfnPnfmax) s(l_‘; —CrllPll s | PF (B26)

T=t+Ww

The first term gf™" in equation characterizes a total cost gap induced by

inaccrurate mixing matrix estimation and time series prediction errors. It follows
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that
2

error

é FT)™'p (f (57;6) —f(sf;@) +f(sr;5t) —f(/loiﬂt;@))

2
+2
T=t

T
<> crCrpiIPl0 -4

— 2
T

> CrCrpi IPNlse = e 37““) ’
=1

(B.27)

where we have used the fact that ||F ! || <C FP% for all ¢ € [T] with a spectral radius
or € (0,1).

Recall that n; = 0, — 6 is the mixing parameter error in equation defined
Section Furthermore, noting (&7/(1), ..., &7;(k)) = &7 = ¢ — S|, continuing
from equation [B.277] we get

~|

2
glrror <2 Z CFCf,O; t”P“”ST Ao STUH)

_ 2
Zchfp; ’||P||nt) +2

<2

M'\]I i
M~ 1

2 2
CrCrpy ’||P||nt) +4 | > CrCrpr ' IIP|l|| A 0 sﬂfll)

Il
-

T

]
-

T

consistency error g°" (general mixing)

T 2
T

41 22 CrCrp 'IPINI (A = A) © sT||)
=t

robustness error g; 1ob (general mixing)

(B.28)

The right hand side of equation contains two types of errors - the consistency
error, denoted by g7°" that occurs due to the estimated time series; and the robustness
error, denoted by g™P(¢) that arises when A becomes small. Therefore, rearranging

the terms and combining equation equation and equation imply the
following upper bound on J (1-Con) — J*:

T-1
J (/1 CON) J¥ < 2”[—]”2 error h(t:rror)
=0

Cr 2
Cf”P”) n+ 2IIHIIT(
—PF 1

2
C
s4||H||(1 : cf||P||fmax) "4 8||H||Z (g5 + &™),
—PF
(B.29)

with 77 defined in equation O
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Furthermore, we can bound the terms g5 and ;""" separately as:

T-1
g™ <w (CrCylIPl) Z(ﬂ(z)) (), (B.30)
t=0 i=1
and
— 2
T o (CRCAIPI) Ik = DIl B3
< : : .
T Coll]

where f~! is the inverse function of the mixing function f. Since by Assumption
f is bijective, £~! must exist. Thus, equation and equation m together imply

k 1 - 2())?
(60 + ) s(chf||P||)2(Z(W’3(’)< (i) + 4 ||f(l1)||)z))' (.32
i=1 Co|lf~

Step 2: Online Learning of 1, via FTPL  Consider a follow-the-perturbed-leader
(FTPL) optimization [[I] [21]], with:

.ﬁ

1 -1

J*

t

I
o

-1
A; € arg min (Z Le(A) + O'tT /l) (FTPL FOR A-LEARNING) (B.33)
Ael £=0

The following lemma is a result of [21]] by fixing each coordinate o4(i) (i = 1,.. ., k)
an IID random variable drawn from an exponential distribution with some parameter

a > 0.

Lemma B.11. The FTPL procedure equation above generates a sequence
A= (Ao,...,Ar_1) in Disc such that

1 ) ) k3/2
E [T (Aﬂ () —min AJ ((/l))) <0 (akS/ZCJ% + a—T) . (B.34)

Similarly to the proof of Theorem [3.7, applying Assumption (3.4, J (Disc) — J' =
o(T). Denote by 1* the optimal solution that minimizes J (1-Con). Putting

together equation equation and equation [B.34] we conclude

E [M +E [J (Di1sc) — J (1*-Con)
J* J*

J (1*-Con) — J*
J*

b

=1+ E[

Lemma(B.10]and Equation equation Lemma[B.11]
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yielding the following after optimizing over @ > 0:

J (Disc) Csy (. _ w k (@) (1 -4@))
|:J—* < 1+J—i (477 + 2T (fmaxpp) ) + 8C4 ml (le (Wg 1 ( ( )) W_IIH
+0 szfwf) (B.35)
7 k we(i) )) (wkz)
< 1+0 + +0|—],
(pF ) @l Collf~1|° wati) + 7+ VT
(B.36)

where we denote C3 = |

C4 = ||H|| (CpCfllPll)2 and have used

= Q(T)in equatlonn (1mphed by Lemmaand the assumption that f is non-
zero and Lipschitz continuous, similar to the proof of Theorem[3.7]in Appendix

to derive equation B.36]
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Appendix C

APPENDIX TO CHAPTER 4

C.1 Task statistics

We show the statistics of the dataset used in our experiments in Table.

Table C.1: Task Statistics

Task Dataset # of train # of test
Precalculus 198 156
Geometry 474 237
Count & prob. 483 291

Math Number 780 497
Algebra 1065 881
Prealgebra 814 636
Intermediate 607 503

TableQA TabMWP 500 500

C.2 Experimental Results

Different base language model

We here show the full results for Count and TabMWP in the Dynamic Tool-Using
setting using Mistral-7B in Table Our approach can still deliver improvement

when applied to a different base language model.

Static Tool-Using results
We here show the full results of Static Tool-Using settings on each dataset in Table

[C3l

Static Tool-Using results of different variants

We here show the full results of Static Tool-Using settings of different variants on
each dataset in Table [C.4] and

Dynamic Tool-Using results on each dataset
We here show the full experimental results on each dataset in the dynamic tool-using
setting in Table [C.6]
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Table C.2: Results for Count and TabMWP in Dynamic Tool-Using setting using
Mistral-7B. Our approach can still deliver improvement when applied to a different
base language model.

Method Count

#Samples 1 2 3 4 5 10 15 20
TroVE 1746 21.64 2390 2520 2570 28.14 28.87 29.27
ProBeCAL-PrROMPT 20.10 23.57 25.13 2636 27.04 2875 29.80 30.02
ProBECAL-TRACE 1746 22.73 25.17 2649 27.06 2851 2899 29.05
ProBECAL-PrOMPT& TRACE  20.10 24.63 2657 27.57 27.66 2893 29.61 29.67
Method TabMWP

#Samples 1 2 3 4 5 10 15 20
TroVE 33.02 4536 51.28 5441 5660 60.69 61.89 61.92
ProBECAL-PrOMPT 48.26 55.60 5848 5998 60.70 62.33 63.08 63.14
ProBECAL-TRACE 33.02 46.63 5323 56.73 59.08 63.83 65.13 65.29

ProOBECAL-PrROMPT&TRACE  48.26 5697 6038 6198 62.87 6490 6568 6594

Dynamic Tool-Using results of different variants on each dataset

We here show the full experimental results of different variants on each dataset in the
dynamic tool-using setting in Table and[C.§]

Static Tool-Using ECE results
We here show the full experimental results of ECE loss on each dataset in the static

tool-using settings in Table [C.9]

Dynamic Tool-Using ECE results
We here show the full experimental results of ECE loss on each dataset in the static
tool-using settings in Table [C.10}]

C.3 More Experimental Results
We here show additional experimental results on the effect of the size of the training

set, the performance of other language models and verbal confidence in Table
[CI2land [C13l

C.4 Calibration Curve

We show examples of the calibration curve of PrRoBECAL and the LLM logits
for each dataset in both static and dynamic settings. The calibration curve for
ProBECAL-PrOMPT& TRACE is computed between the average of the PRoBECAL-PromPT

and ProBECAL-TRACE logits, and the label.

In each figure of calibration curve, the X-axis represents the predicted probability
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(model confidence), the Y axis represents the accuracy, the red line (y=x) demonstrates
perfect calibration, the blue curve is the model’s calibration curve, and the grey

histogram shows the number of instances within each confidence bin.

Static tool-using calibration curve
We here show the calibration curve of PROBECAL and LLM logit including SorT and

E.S.L. for each dataset in the static tool-using setting.

Using

gggggggggggggggggggggggggggggggggggggggggggggg

Figure C.2: Calibration curve of PROBECAL-TRACE logits of LLM in Static Tool-
Using

Dynamic tool-using calibration curve
We here show the calibration curve of PRoBECAL and LLM logit including SorT and

E.S.L. for each dataset in the dynamic tool-using setting.
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Table C.3: Static Tool-Using results on each dataset

Dataset Prealgebra
# Samples 1 2 3 4 5 7 9 10
INSTANCE 24.67 27.88 29.96 31.00 31.71 32.74 32.87 33.15

INSTANCE-SAMPLE
INSTANCE-SORT

25.30 27.68 30.09 31.12 31.92 32.46 32.94 33.14
24.67 28.20 30.09 31.08 31.92 32.52 32.72 32.97

Instance-E.S.L. 24.67 28.44 29.72 30.55 31.04 31.57 31.57 31.78
ProBECAL-PROMPT 26.07 28.71 30.38 31.37 31.89 32.58 33.19 33.34
PrOBECAL-TRACE 24.67 28.82 30.90 32.03 32.91 33.65 34.04 34.19
PrROBECAL-PROMPT&TRACE 26.07 29.65 31.36 32.33 32.95 33.67 34.21 34.50
Dataset Count

# Samples 1 2 3 4 5 7 9 10
INSTANCE 19.66 21.34 23.46 24.47 25.13 26.11 26.63 26.98
INSTANCE-SAMPLE 20.50 21.72 23.81 24.18 25.26 25.97 26.83 26.50
INSTANCE-SORT 19.66 22.45 24.27 24.93 25.59 26.23 26.64 27.05
Instance-E.S.L. 19.66 23.60 24.65 25.79 26.08 26.61 26.84 27.42
ProBECAL-PROMPT 23.16 24.71 26.62 27.15 27.59 28.49 29.22 29.13
PrOBECAL-TRACE 19.66 23.66 25.20 26.54 26.76 27.51 27.81 27.88

PrOBECAL-PROMPT& TRACE

23.16 25.53 26.62 27.26 27.39 27.88 28.08 28.16

Dataset TabMWP
# Samples 1 2 3 4 5 7 9 10
INSTANCE 32.23 41.47 45.22 47.56 48.94 50.64 51.41 51.83

INSTANCE-SAMPLE
INSTANCE-SORT
Instance-E.S.L.
ProBECAL-PrOMPT
PrOBECAL-TRACE

PrOBECAL-PROMPT& TRACE

35.78 44.42 47.47 49.36 50.40 51.76 52.40 52.77
32.23 41.32 45.16 47.38 49.00 50.76 51.59 52.19
3223 41.49 45.94 48.41 49.94 51.84 52.70 53.26
42.06 47.52 49.56 50.85 51.68 53.02 53.80 54.04
32.23 42.36 47.50 50.64 52.66 55.06 56.30 57.02
42.06 49.18 51.76 53.58 54.95 56.79 57.73 58.11

Dataset Geometry
# Samples 1 2 3 4 5 7 9 10
INSTANCE 7.34 843 938 9.79 10.30 10.74 11.22 11.28

INSTANCE-SAMPLE
INSTANCE-SORT
Instance-E.S.L.
ProBECAL-PrOMPT
PrOBECAL-TRACE

PrOBECAL-PROMPT& TRACE

7.41 895 9.54 9.89 10.44 10.51 11.12 11.22
7.34 8.64 9.65 10.03 10.30 10.67 10.96 11.15
734 853 942 9.60 9.72 9.69 9.83 995
8.64 9.60 10.24 10.51 10.85 11.10 11.29 11.47
7.34 897 10.07 10.54 10.79 11.29 11.30 11.38
8.64 9.79 10.69 10.78 11.19 11.01 11.23 11.15

Dataset Algebra
# Samples 1 2 3 4 5 7 9 10
INSTANCE 18.13 21.96 24.47 25.99 26.58 28.01 28.96 29.28

INSTANCE-SAMPLE
INSTANCE-SORT
InsTance-E.S.L.
ProBECAL-PrOMPT
PrOBECAL-TRACE

PrOBECAL-PROMPT& TRACE

18.73 22.52 24.84 26.25 27.19 28.50 29.28 29.72
18.13 22.22 24.77 26.24 27.03 28.28 29.18 29.47
18.13 22.32 24.71 26.00 26.59 27.67 28.28 28.44
20.27 23.78 25.98 27.29 28.06 29.21 30.02 30.49
18.13 23.09 25.80 27.54 28.29 29.79 30.89 31.18
20.27 24.89 27.02 28.42 29.28 30.54 31.64 32.04

Dataset Intermediate
# Samples 1 2 3 4 5 7 9 10
INSTANCE 6.34 9.84 11.29 12.79 13.37 14.47 14.93 15.23

INSTANCE-SAMPLE
INSTANCE-SORT
Instance-E.S.L.
ProBECAL-PrOMPT
PrOBECAL-TRACE

PrOBECAL-PROMPT& TRACE

6.27 9.71 11.42 12.70 13.46 14.37 15.03 15.17
6.34 991 11.44 12,97 13.48 14.61 15.03 15.44
6.34 993 11.53 13.19 13.74 14.78 15.14 15.55
7.86 10.53 12.22 13.08 13.78 14.96 15.73 15.85
6.34 996 11.52 13.00 13.81 14.84 15.61 15.99
7.86 10.56 12.34 13.28 14.02 15.22 16.22 16.32

Dataset Precalculus
# Samples 1 2 3 4 5 7 9 10
INSTANCE 12.14 16.00 18.33 19.99 20.86 22.08 23.10 23.18

INSTANCE-SAMPLE
INSTANCE-SORT
Instance-E.S.L.
ProBECAL-PrOMPT
PrOBECAL-TRACE

PrOBECAL-PROMPT& TRACE

13.50 17.67 19.83 20.55 22.18 23.13 24.00 24.32
12.14 16.32 19.17 21.21 21.97 23.04 23.47 23.60
12.14 16.94 19.21 21.29 21.63 22.96 23.22 23.58
15.05 18.09 19.78 21.14 22.17 23.05 24.47 24.69
12.14 16.86 19.12 20.85 21.36 22.46 22.77 22.86
15.05 18.50 19.85 20.68 21.62 21.86 22.81 22.76

Dataset Number
# Samples 1 2 3 4 5 7 9 10
INSTANCE 23.76 25.08 27.46 28.55 29.51 30.31 31.33 31.50

INSTANCE-SAMPLE
INSTANCE-SORT
Instance-E.S.L.
ProBECAL-PrOMPT
PrOBECAL-TRACE

24.03 25.70 27.90 29.16 30.19 30.89 31.78 31.73
23.76 26.58 28.54 29.37 30.07 30.70 31.45 31.61
23.76 26.77 28.43 29.06 29.59 30.11 30.61 30.88
24.72 26.32 28.36 29.31 30.11 30.99 31.69 31.73
23.76 27.84 29.89 30.92 31.64 32.62 33.42 33.56

PrOBECAL-PrROMPT& TRACE 24.72 28.58 30.16 31.31 31.80 32.92 33.42 33.65
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Table C.4: Static Tool-Using results of different variants on each dataset - I

Dataset

# Samples

Prealgebra

1 2 3

4 5 7

9 10

ProBECAL-PrOMPT
PrOBECAL-TRACE
PrOBECAL-PROMPT& TRACE
ProBECAL-PrROMPT-TS
PrROBECAL-TRACE-TS
PrOBECAL-PROMPT& TRACE-TS
PrOBECAL-PROMPT-WEIGHT
PrOBECAL-TRACE-WEIGHT
PrOBECAL-PROMPT& TRACE-WEIGHT
PrOBECAL-PROMPT-SORT
PrROBECAL-TRACE-SORT
PrOBECAL-PROMPT& TRACE-SORT
ProBECAL-PrOMPT-E.S.L.
ProBECAL-TRACE-E.S.L.
PrOBECAL-PROMPT& TRACE-E.S.L.

26.07 28.71 30.38
24.67 28.82 30.90
26.07 29.65 31.36
25.91 28.36 30.40
24.67 28.82 30.89
2591 29.38 31.26
26.15 29.04 30.61
24.67 28.85 31.02
26.15 29.95 31.51
25.95 28.64 30.32
24.67 28.64 30.84
25.95 29.55 31.13
25.26 28.35 29.98
24.67 28.40 30.19
25.26 29.26 30.58

31.37 31.89 32.58
32.03 32.91 33.65
32.33 32.95 33.67
31.38 31.97 32.70
32.06 32.87 33.64
32.02 32.78 33.68
31.58 32.01 32.83
32.16 32.99 33.77
32.33 32.91 33.64
31.31 31.95 32.60
31.97 32.91 33.84
32.32 32.70 33.69
30.96 31.38 32.35
31.30 32.04 33.14
31.69 32.16 32.94

33.19 33.34
34.04 34.19
34.21 34.50
33.18 33.49
34.02 34.19
34.07 34.32
33.31 33.47
34.09 34.34
34.26 34.58
33.21 33.31
34.28 34.46
34.13 34.22
32.85 32.81
33.17 33.64
33.46 33.60

Dataset
# Samples

Count

1 2 3

4 5 7

ProBECAL-PrOMPT
PrOBECAL-TRACE
PrOBECAL-PROMPT& TRACE
ProOBECAL-PrROMPT-TS
PrOBECAL-TRACE-TS
PrOBECAL-PROMPT& TRACE-TS
PrOBECAL-PROMPT-WEIGHT
PrOBECAL-TRACE-WEIGHT
PrOBECAL-PROMPT& TRACE-WEIGHT
ProOBECAL-PROMPT-SORT
PrROBECAL-TRACE-SORT
PrROBECAL-PROMPT& TRACE-SORT
ProBECAL-PrOMPT-E.S L.
ProBECAL-TRACE-E.S.L.
PrOBECAL-PrROMPT& TRACE-E.S.L.

23.16 24.71 26.62
19.66 23.66 25.20
23.16 25.53 26.62
22.96 24.63 26.41
19.66 23.66 25.21
22.96 25.67 26.84
23.03 24.05 26.22
19.66 23.62 25.13
23.03 25.51 26.62
22.92 23.78 25.94
19.66 23.49 24.94
22.92 25.26 25.95
22.16 22.87 25.44
19.66 22.99 24.05
22.16 23.86 24.72

27.15 27.59 28.49
26.54 26.76 27.51
27.26 27.39 27.88
26.96 27.80 28.38
26.49 26.72 27.42
26.88 27.42 28.09
27.12 28.00 28.38
26.30 26.49 27.53
27.41 27.81 27.86
26.56 27.20 27.66
25.99 26.14 26.99
26.03 26.74 27.17
25.83 26.42 27.18
24.42 24.74 25.01
24.94 24.85 25.15

Dataset
# Samples

TabMWP

1 2 3

4 5 7

ProBECAL-PrROMPT
PrOBECAL-TRACE
PrOBECAL-PROMPT& TRACE
PrOBECAL-PrROMPT-TS
PrOBECAL-TRACE-TS
PrOBECAL-PROMPT& TRACE-TS
PrOBECAL-PROMPT-WEIGHT
PrOBECAL-TRACE-WEIGHT
PrOBECAL-PROMPT& TRACE-WEIGHT
ProOBECAL-PROMPT-SORT
PrROBECAL-TRACE-SORT
PrOBECAL-PROMPT& TRACE-SORT
ProBECAL-PrOMPT-E.S L.
ProBECAL-TRACE-E.S.L.
PrOBECAL-PROMPT& TRACE-E.S.L.

42.06 47.52 49.56

50.85 51.68 53.02

53.80 54.04

32.23 42.36 47.50 50.64 52.66 55.06 56.30 57.02
42.06 49.18 51.76 53.58 54.95 56.79 57.73 58.11
42.33 47.04 49.44 51.00 51.44 52.84 53.50 54.00
32.23 42.36 47.51 50.66 52.70 55.16 56.36 57.10
42.33 48.78 51.59 53.67 54.77 56.73 57.49 58.32
41.84 47.00 49.22 50.55 51.46 52.72 53.36 53.90

32.23 42.38 47.63

50.73 52.84 55.17

56.37 57.18

41.84 48.78 51.32 53.26 54.59 56.43 57.19 57.76
41.91 47.32 49.06 50.66 51.49 52.70 53.48 53.79

32.23 42.37 47.53

50.58 52.64 55.13

56.14 56.97

41.91 49.01 50.94 53.25 54.02 55.89 56.79 57.06

37.96 44.35 46.77
32.23 41.86 45.85

48.35 49.55 50.75
48.27 49.95 52.02

51.59 51.93
52.88 53.33

37.96 44.75 47.12 48.93 50.30 51.51 52.62 52.76

Dataset Geometry

# Samples 1 2 3 4 5 7 9 10
PrOBECAL-PrROMPT 8.64 9.60 10.24 10.51 10.85 11.10 11.29 11.47
PrOBECAL-TRACE 7.34 8.97 10.07 10.54 10.79 11.29 11.30 11.38
PrOBECAL-PROMPT& TRACE 8.64 9.79 10.69 10.78 11.19 11.01 11.23 11.15
ProBECAL-PrOMPT-TS 8.44 9.78 9.80 10.59 10.84 11.37 11.39 11.33
PrOBECAL-TRACE-TS 7.34 8.97 10.08 10.53 10.82 11.27 11.29 11.37
PrOBECAL-PROMPT& TRACE-TS 8.44 10.12 10.70 11.00 11.24 10.96 11.33 11.15
PrOBECAL-PROMPT-WEIGHT 8.31 9.17 10.44 10.48 11.01 11.10 11.55 11.87
PrOBECAL-TRACE-WEIGHT 7.34 9.11 10.22 10.61 10.96 11.27 11.48 11.54
PrOBECAL-PROMPT& TRACE-WEIGHT 8.31 10.04 11.27 11.29 11.40 11.53 11.74 11.86
PrOBECAL-PROMPT-SORT 7.68 891 9.44 9.83 10.36 10.82 11.32 11.27
PrROBECAL-TRACE-SORT 7.34 870 9.54 10.21 10.29 10.83 10.62 10.77
PrOBECAL-PROMPT& TRACE-SORT 7.68 9.11 9.53 10.08 10.18 10.20 9.95 10.11
ProBECAL-PrOMPT-E.S L. 6.08 7.24 7.66 826 8.68 9.06 9.59 9.63
PrOBECAL-TrRACE-E.S.L. 7.34 842 8.67 9.09 9.12 9.22 933 940
ProBECAL-PrROMPT&TRACE-E.S.L.  6.08 690 7.49 798 8.35 8.77 9.02 9.15
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Table C.5: Static Tool-Using results of different variants on each dataset - 11

Dataset Algebra

# Samples 1 2 3 4 5 7 9 10
PrOBECAL-PrOMPT 20.27 23.78 25.98 27.29 28.06 29.21 30.02 30.49
PrOBECAL-TRACE 18.13 23.09 25.80 27.54 28.29 29.79 30.89 31.18
PrOBECAL-PROMPT& TRACE 20.27 24.89 27.02 28.42 29.28 30.54 31.64 32.04
PrOBECAL-PrOMPT-TS 20.15 23.68 25.98 27.14 28.16 29.23 30.08 30.37
PrOBECAL-TRACE-TS 18.13 23.09 25.80 27.53 28.28 29.77 30.87 31.18
PrOBECAL-PROMPT& TRACE-TS 20.15 24.77 27.08 28.33 29.39 30.56 31.48 31.95
PrOBECAL-PROMPT-WEIGHT 20.05 23.49 25.65 27.06 27.85 29.20 30.08 30.37
PrOBECAL-TRACE-WEIGHT 18.13 23.18 25.97 27.68 28.54 30.05 31.18 31.49
PrOBECAL-PROMPT& TRACE-WEIGHT 20.05 24.72 26.94 28.32 29.30 30.78 31.78 32.02
PrROBECAL-PROMPT-SORT 20.07 23.56 25.73 27.12 28.16 29.07 30.11 30.38
PrROBECAL-TRACE-SORT 18.13 23.02 25.80 27.50 28.21 29.74 30.92 31.27
PrOBECAL-PROMPT&TRACE-SorT  20.07 24.68 26.72 28.38 29.27 30.40 31.53 31.96
ProBECAL-PromPT-E.S.L. 19.42 22.68 25.03 26.15 27.03 28.30 28.95 29.35
ProBECAL-TRACE-E.S.L. 18.13 22.74 25.48 26.89 27.63 28.93 29.93 30.27
PrOBECAL-PROMPT&TRACE-E.S.L.  19.42 23.57 25.65 26.67 27.52 28.86 29.83 30.10
Dataset Intermediate

# Samples 1 2 3 4 5 7 9 10
ProOBECAL-PrOMPT 7.86 10.53 12.22 13.08 13.78 14.96 15.73 15.85
PrOBECAL-TRACE 6.34 9.96 11.52 13.00 13.81 14.84 15.61 15.99
PrOBECAL-PROMPT& TRACE 7.86 10.56 12.34 13.28 14.02 15.22 16.22 16.32
ProOBECAL-PrROMPT-TS 777 10.66 12.11 13.24 13.93 14.82 15.55 16.05
PrOBECAL-TRACE-TS 6.34 9.96 11.51 12.99 13.79 14.82 15.57 15.94
PrOBECAL-PROMPT& TRACE-TS 777 10.75 12.14 13.42 14.17 15.16 15.99 16.56
PrOBECAL-PROMPT-WEIGHT 8.00 10.68 12.25 13.14 13.97 1498 15.72 16.11
PrOBECAL-TRACE-WEIGHT 6.34 993 11.46 13.03 13.70 14.75 15.56 15.82
PrOBECAL-PROMPT& TRACE-WEIGHT 8.00 10.85 12.46 13.26 14.11 15.28 16.23 16.57
ProOBECAL-PROMPT-SORT 7.76 10.16 11.85 12.62 13.76 14.82 15.06 15.77
PROBECAL-TRACE-SORT 6.34 9.82 11.33 12.82 13.55 14.60 15.26 15.50
PrOBECAL-PROMPT& TRACE-SORT 7.76 10.10 11.85 12.60 13.74 14.95 15.48 15.94
ProBECAL-PrOMPT-E.S L. 6.30 8.93 10.22 11.17 11.93 12.91 13.23 13.57
ProBECAL-TRACE-E.S.L. 6.34 9.62 11.00 12.33 12.83 13.90 14.35 14.59
ProOBECAL-PrROMPT&TRACE-E.S.L.  6.30 8.80 9.96 10.84 11.49 12.56 12.97 13.34
Dataset Precalculus

# Samples 1 2 3 4 5 7 9 10
PrOBECAL-PrOMPT 15.05 18.09 19.78 21.14 22.17 23.05 24.47 24.69
PrOBECAL-TRACE 12.14 16.86 19.12 20.85 21.36 22.46 22.77 22.86
PrOBECAL-PROMPT& TRACE 15.05 18.50 19.85 20.68 21.62 21.86 22.81 22.76
PrOBECAL-PrROMPT-TS 14.88 18.15 19.64 21.44 22.08 23.01 24.12 24.73
PrOBECAL-TRACE-TS 12.14 16.86 19.10 20.87 21.26 22.27 22.60 22.74
PrOBECAL-PROMPT& TRACE-TS 14.88 18.56 19.51 21.12 21.49 22.22 22.47 22.45
PrOBECAL-PROMPT-WEIGHT 14.83 18.28 20.27 21.51 21.68 22.82 24.14 24.86
PrOBECAL-TRACE-WEIGHT 12.14 16.92 19.23 20.92 21.26 22.45 22.64 22.55
PrOBECAL-PROMPT& TRACE-WEIGHT 14.83 18.50 20.51 21.08 21.17 21.83 22.36 22.73
ProOBECAL-PROMPT-SORT 13.94 16.86 19.26 20.01 21.28 22.17 22.85 23.19
PrROBECAL-TRACE-SORT 12.14 16.94 19.35 20.72 21.27 22.19 22.69 22.65
PrOBECAL-PROMPT& TRACE-SORT 13.94 17.19 19.21 19.85 20.29 20.76 21.01 21.10
ProBECAL-PrOMPT-E.S L. 13.21 16.00 17.95 19.09 20.19 20.85 21.79 21.97
ProBECAL-TrRACE-E.S.L. 12.14 16.81 18.78 20.27 20.76 21.51 21.85 21.83
ProBECAL-PrROMPT&TRACE-E.S.L.  13.21 1596 17.17 18.40 18.72 19.45 20.08 20.09
Dataset Number

# Samples 1 2 3 4 5 7 9 10
ProOBECAL-PrROMPT 24.72 26.32 28.36 29.31 30.11 30.99 31.69 31.73
PrOBECAL-TRACE 23.76 27.84 29.89 30.92 31.64 32.62 33.42 33.56
PrOBECAL-PROMPT& TRACE 24.72 28.58 30.16 31.31 31.80 32.92 33.42 33.65
ProBECAL-PrOMPT-TS 24.70 25.96 28.54 29.19 30.03 30.91 31.67 31.94
PrOBECAL-TRACE-TS 23.76 27.84 29.88 30.94 31.67 32.64 33.47 33.62
PrOBECAL-PROMPT& TRACE-TS 24.70 28.33 30.16 30.99 31.81 32.78 33.43 33.86
PrOBECAL-PROMPT-WEIGHT 24.81 26.65 28.72 29.20 30.20 30.84 31.67 31.83
PrOBECAL-TRACE-WEIGHT 23.76 27.78 29.92 30.97 31.72 32.54 33.49 33.60
PrOBECAL-PROMPT& TRACE-WEIGHT 24.81 28.47 30.52 31.16 32.24 32.98 33.48 33.72
PrOBECAL-PROMPT-SORT 24.87 26.56 28.54 29.56 30.51 30.92 31.57 31.80
PrROBECAL-TRACE-SORT 23.76 27.62 29.76 30.78 31.51 32.42 33.35 33.35
PrOBECAL-PROMPT& TRACE-SorT ~ 24.87 28.55 30.15 31.32 31.90 32.65 33.15 33.38
ProBECAL-PromPT-E.S.L. 24.56 26.24 28.28 28.85 29.59 30.31 30.93 30.99
PrOBECAL-TrRACE-E.S.L. 23.76 27.10 29.02 30.05 30.54 31.14 32.12 32.25

PrROBECAL-PROMPT&TRACE-E.S.L.  24.56 27.40 28.73 29.51 30.34 30.97 31.54 31.54
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Table C.6: Dynamic Tool-Using results on each dataset

Dataset Prealgebra

# Samples 1 2 3 4 5 100 15 20

TroVE 18.81 23.74 26.47 27.88 29.34 31.78 32.33 32.98
TrOVE-SaMPLE 19.64 23.80 26.83 28.32 29.38 31.61 32.53 32.87
TrOVE-SorT 18.81 24.13 26.78 28.39 29.48 31.60 32.36 33.01
TroVE-E.S.L. 18.81 24.27 26.78 28.11 28.99 30.89 31.59 32.06
ProBECAL-PROMPT 18.77 23.53 25.93 27.80 28.65 31.29 32.03 32.48
PrOBECAL-TRACE 18.81 25.12 28.08 29.53 30.69 32.99 34.07 34.51
PrOBECAL-PROMPT&TRACE 18.77 24.77 27.23 28.89 30.33 32.62 33.64 34.20
Dataset Count

# Samples 1 2 3 4 5 100 15 20

TroVE 17.43 20.98 22.34 23.55 23.86 25.70 26.23 26.82
TrOVE-SamPLE 18.71 22.00 23.32 24.20 24.63 26.27 26.52 26.82
TrOVE-SorT 17.43 20.98 22.53 23.26 23.72 25.21 25.66 26.05
TroVE-E.S.L. 17.43 20.52 22.12 22.43 22.76 24.00 24.13 24.30
ProBECAL-PROMPT 20.36 23.24 24.44 25.30 25.82 27.00 27.52 27.70
PrOBECAL-TRACE 17.43 21.60 23.57 24.60 25.17 26.88 27.07 27.30
PrOBECAL-PROMPT&TRACE 20.36 24.09 25.31 25.73 26.43 27.11 27.71 28.39
Dataset TabMWP

# Samples 1 2 3 4 5 100 15 20

TroVE 22.32 29.54 33.84 36.47 38.48 44.00 45.88 47.62
TrOVE-SaMPLE 23.78 30.55 34.81 37.55 39.50 44.80 46.60 48.00
TrOVE-SorT 22.32 30.25 34.49 37.08 39.08 44.18 46.04 47.81
TroVE-E.S.L. 22.32 30.29 34.56 37.11 38.77 43.23 44.56 45.94
ProBECAL-PROMPT 29.52 35.82 39.03 41.54 42.99 47.67 49.15 50.44
PrOBECAL-TRACE 22.32 31.32 36.74 40.18 42.77 49.96 52.66 54.89
PROBECAL-PROMPT&TRACE 29.52 37.60 41.48 44.56 46.54 52.15 54.23 55.40
Dataset Geometry

# Samples 1 2 3 4 5 10 15 20

TroVE 398 5.13 5.87 6.80 7.05 884 9.20 9.82
TrOVE-SaMPLE 3.61 544 627 678 725 8.64 9.62 959
TrOVE-SorT 398 5.16 6.16 6.84 722 857 9.14 947
TroVE-E.S.L. 398 525 633 695 722 819 824 8.77
ProBECAL-PROMPT 450 623 6.68 7.54 8.16 8.96 9.90 10.37
PrOBECAL-TRACE 398 516 6.02 7.10 7.27 854 8.84 9.23
PrOBECAL-PROMPT&TRACE 4.50 648 6.84 7.66 8.05 8.89 9.55 10.04
Dataset Algebra

# Samples 1 2 3 4 5 10 15 20

TroVE 15.41 21.39 25.15 27.30 28.76 32.27 33.59 34.38
TrOVE-SaMPLE 16.77 22.96 25.97 28.39 29.37 32.35 33.66 34.25
TrOVE-SorT 15.41 21.45 25.11 27.21 28.62 32.09 33.37 34.15
TroVE-E.S.L. 15.41 21.45 25.01 26.94 28.17 31.46 32.72 33.29
ProBECAL-PROMPT 20.23 25.28 28.17 29.55 30.25 33.12 34.18 34.86
PrOBECAL-TRACE 15.41 21.94 25.92 28.18 29.77 33.54 34.83 35.77
PrROBECAL-PROMPT&TRACE 20.23 25.96 28.96 30.36 31.27 34.05 35.22 36.18
Dataset Intermediate

# Samples 1 2 3 4 5 10 15 20

TroVE 6.54 9.62 11.62 12.97 13.94 16.56 17.94 18.34
TrOVE-SaMPLE 6.47 9.44 11.51 12.60 13.88 16.27 17.33 18.22
TrOVE-SorT 6.54 9.74 11.65 12.94 13.80 16.30 17.49 17.93
TroVE-E.S.L. 6.54 9.75 11.73 12.99 13.83 16.37 17.50 17.97
ProBECAL-PROMPT 7.98 10.50 12.35 13.26 14.23 16.33 17.38 17.94
PrOBECAL-TRACE 6.54 9.67 11.67 12.97 13.94 16.58 17.75 18.34
PrROBECAL-PROMPT&TRACE 7.98 10.62 12.43 13.30 14.12 16.42 17.52 18.27
Dataset Precalculus

# Samples 1 2 3 4 5 10 15 20

TroVE 11.01 15.03 16.99 18.33 18.67 20.90 21.99 22.45
TrOVE-SAMPLE 11.24 15.69 17.65 18.08 18.42 21.42 21.53 22.18
TrOVE-SorT 11.01 14.87 16.81 17.77 18.44 20.17 21.17 21.60
TroVE-E.S.L. 11.01 14.91 16.54 17.68 18.36 19.68 20.42 20.97
ProBECAL-PROMPT 13.14 17.22 18.46 19.64 20.17 21.83 22.76 23.14
PrOBECAL-TRACE 11.01 15.09 17.13 18.32 18.72 20.88 22.18 22.77
PrOBECAL-PROMPT&TRACE 13.14 17.37 18.76 19.82 20.32 22.10 23.21 23.49
Dataset Number

# Samples 1 2 3 4 5 10 15 20

TroVE 14.39 19.96 22.57 24.31 25.34 27.44 27.97 28.63
TrOVE-SaMPLE 17.19 21.80 24.31 25.26 25.97 27.69 28.43 28.81
TrOVE-SorT 14.39 20.03 22.81 24.38 25.31 27.20 27.46 28.26
TroVE-E.S.L. 14.39 20.06 22.76 24.29 24.89 26.35 26.66 27.16
ProBECAL-PROMPT 17.20 21.65 23.91 25.20 26.18 27.94 28.56 29.15
PrOBECAL-TRACE 14.39 20.67 23.73 25.69 26.76 28.99 30.10 30.89

PrROBECAL-PROMPT&TRACE 17.20 22.53 24.98 26.65 27.43 29.65 30.57 31.24
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Table C.7: Dynamic Tool-Using results of different variants on each dataset I

Dataset Prealgebra

# Samples 1 2 3 4 5 100 15 20

PrOBECAL-PrOMPT 18.77 23.53 25.93 27.80 28.65 31.29 32.03 32.48
PrOBECAL-TRACE 18.81 25.12 28.08 29.53 30.69 32.99 34.07 34.51
PrOBECAL-PROMPT& TRACE 18.77 24.77 27.23 28.89 30.33 32.62 33.64 34.20
PrOBECAL-PrOMPT-TS 18.59 23.15 26.21 27.74 28.85 31.40 32.11 32.65
PrOBECAL-TRACE-TS 18.81 25.12 28.08 29.53 30.70 32.97 34.05 34.48
PrOBECAL-PROMPT& TRACE-TS 18.59 24.38 27.48 29.20 30.06 32.69 33.70 34.27
PrOBECAL-PROMPT-WEIGHT 19.03 23.46 26.27 27.69 28.82 31.11 31.93 32.47
PrOBECAL-TRACE-WEIGHT 18.81 25.14 27.97 29.43 30.69 33.17 34.03 34.74
PrOBECAL-PROMPT& TRACE-WEIGHT 19.03 24.72 27.39 29.03 30.17 32.42 33.70 33.96
PrROBECAL-PROMPT-SORT 18.85 23.80 26.37 27.74 28.93 31.18 31.86 32.33
PrROBECAL-TRACE-SORT 18.81 25.06 27.80 29.25 30.40 32.86 33.59 34.10
PrOBECAL-PROMPT& TRACE-SORT 18.85 25.05 27.60 28.93 30.04 32.43 33.47 33.96
ProBECAL-PromPT-E.S.L. 18.18 22.56 25.28 26.53 27.57 29.84 30.57 31.08
ProBECAL-TRACE-E.S.L. 18.81 24.79 27.37 28.77 29.65 31.97 33.05 33.52
PrOBECAL-PROMPT&TRACE-E.S.L.  18.18 23.48 25.88 27.04 28.16 30.47 31.43 32.02
Dataset Count

# Samples 1 2 3 4 5 10 15 20

ProOBECAL-PrOMPT 20.36 23.24 24.44 25.30 25.82 27.00 27.52 27.70
PrOBECAL-TRACE 17.43 21.60 23.57 24.60 25.17 26.88 27.07 27.30
PrOBECAL-PROMPT& TRACE 20.36 24.09 25.31 25.73 26.43 27.11 27.71 28.39
ProOBECAL-PrROMPT-TS 20.51 22.91 24.70 25.49 25.90 27.20 27.57 27.80
PrOBECAL-TRACE-TS 17.43 21.60 23.57 24.63 25.16 26.87 27.11 27.33
PrOBECAL-PROMPT& TRACE-TS 20.51 23.77 25.51 25.75 26.47 27.32 27.90 28.08
PrOBECAL-PROMPT-WEIGHT 20.59 22.99 24.89 25.35 26.05 27.37 27.44 27.85
PrOBECAL-TRACE-WEIGHT 17.43 21.80 23.77 25.11 25.54 27.27 27.55 27.89
PrOBECAL-PROMPT& TRACE-WEIGHT 20.59 24.40 25.64 26.40 26.72 27.53 27.84 28.27
PrROBECAL-PROMPT-SORT 21.36 23.81 24.95 26.12 26.64 28.20 28.58 28.84
PROBECAL-TRACE-SORT 17.43 21.75 23.61 24.94 25.41 26.95 27.71 28.25
PrROBECAL-PROMPT&TRACE-SorT  21.36 24.73 25.81 26.63 26.85 27.99 28.32 28.64
ProBECAL-PrOMPT-E.S L. 20.61 22.82 24.52 24.97 25.66 27.03 27.40 28.04
ProBECAL-TRACE-E.S.L. 17.43 21.64 23.47 24.42 2493 2595 26.39 26.58
PrOBECAL-PROMPT& TRACE-E.S.L.  20.61 23.45 25.18 25.24 25.53 26.74 26.93 27.11
Dataset TabMWP

# Samples 1 2 3 4 5 10 15 20

PrOBECAL-PrOMPT 29.52 35.82 39.03 41.54 42.99 47.67 49.15 50.44
PrROBECAL-TRACE 22.32 31.32 36.74 40.18 42.77 49.96 52.66 54.89
PrOBECAL-PROMPT& TRACE 29.52 37.60 41.48 44.56 46.54 52.15 54.23 55.40
PrOBECAL-PrOMPT-TS 29.39 35.47 39.77 41.25 43.10 47.49 49.48 50.55
PrROBECAL-TRACE-TS 22.32 31.32 36.74 40.19 42.77 50.00 52.71 55.00
PrOBECAL-PROMPT& TRACE-TS 29.39 37.45 42.10 44.22 46.60 51.78 54.32 55.45
PrOBECAL-PROMPT-WEIGHT 29.28 35.65 39.10 41.79 43.20 47.15 49.26 50.14
PrOBECAL-TRACE-WEIGHT 22.32 31.32 36.72 40.04 42.85 49.86 52.88 54.92
PrOBECAL-PROMPT& TRACE-WEIGHT 29.28 37.68 41.63 44.74 46.68 51.63 54.17 55.48
PrROBECAL-PROMPT-SORT 29.27 35.82 39.38 42.08 43.22 47.84 49.66 50.50
PrROBECAL-TRACE-SORT 22.32 31.29 36.76 40.18 42.74 49.78 52.62 54.64
PrROBECAL-PROMPT&TRACE-SOorT ~ 29.27 37.67 41.90 45.26 46.70 52.04 54.57 55.58
ProBECAL-PrOMPT-E.S L. 29.62 36.01 39.57 41.98 43.81 47.64 49.17 49.80
ProBECAL-TrRACE-E.S.L. 22.32 31.22 36.64 39.91 42.49 48.98 51.73 53.74
PrOBECAL-PROMPT& TRACE-E.S.L.  29.62 37.68 41.83 44.58 46.70 51.09 53.15 53.78
Dataset Geometry

# Samples 1 2 3 4 5 10 15 20

ProOBECAL-PrROMPT 450 623 6.68 7.54 8.16 896 9.90 10.37
PrOBECAL-TRACE 398 5.16 6.02 7.10 7.27 8.54 8.84 9.23
PrOBECAL-PROMPT& TRACE 450 648 6.84 7.66 8.05 8.89 9.55 10.04
ProBECAL-PrOMPT-TS 4776 584 695 7.48 7.80 9.22 9.84 10.27
PrOBECAL-TRACE-TS 398 5.16 6.02 7.11 7.26 8.3 8.89 9.21
PrOBECAL-PROMPT& TRACE-TS 476 6.08 7.02 7.53 7.83 9.08 9.70 9.69
PrOBECAL-PROMPT-WEIGHT 460 589 690 6.80 7.64 9.01 9.50 10.30
PrOBECAL-TRACE-WEIGHT 398 5.10 6.04 7.05 7.06 846 8.87 9.47
PrOBECAL-PROMPT& TRACE-WEIGHT 4.60 6.08 6.78 7.08 7.56 8.33 9.11 9.48
PrOBECAL-PROMPT-SORT 499 644 773 7.84 8.19 9.48 10.09 10.58
PrROBECAL-TRACE-SORT 398 5.11 595 695 7.24 8.14 8.50 8.84
PrOBECAL-PROMPT& TRACE-SORT 499 646 7.66 8.04 8.02 886 9.44 9.86
ProBECAL-PrOMPT-E.S L. 398 5.17 541 586 6.11 6.68 691 7.03
PrOBECAL-TrRACE-E.S.L. 398 4.88 550 6.46 643 6.80 6.58 6.65

ProOBECAL-PrROMPT&TRACE-E.S.L. 398 5.05 527 547 585 639 646 647
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Table C.8: Dynamic Tool-Using results of different variants on each dataset II

Dataset Algebra

# Samples 1 2 3 4 5 100 15 20

PrOBECAL-PrOMPT 20.23 25.28 28.17 29.55 30.25 33.12 34.18 34.86
PrOBECAL-TRACE 15.41 21.94 25.92 28.18 29.77 33.54 34.83 35.77
PrOBECAL-PROMPT& TRACE 20.23 25.96 28.96 30.36 31.27 34.05 35.22 36.18
PrOBECAL-PrOMPT-TS 20.09 25.47 27.88 29.55 30.54 33.04 34.21 34.86
PrOBECAL-TRACE-TS 15.41 21.94 25.92 28.17 29.78 33.53 34.80 35.75
PrOBECAL-PROMPT& TRACE-TS 20.09 25.99 28.79 30.35 31.33 34.15 35.21 36.06
PrOBECAL-PROMPT-WEIGHT 20.46 25.32 27.86 29.40 30.39 32.91 34.04 34.85
PrOBECAL-TRACE-WEIGHT 15.41 21.93 25.91 28.05 29.65 33.23 34.56 35.33
PrOBECAL-PROMPT& TRACE-WEIGHT 20.46 26.01 28.73 30.22 31.27 33.61 34.79 35.70
PrROBECAL-PROMPT-SORT 20.33 25.22 27.56 29.23 30.02 32.39 33.72 34.39
PrROBECAL-TRACE-SORT 15.41 21.86 25.80 27.85 29.35 32.90 34.15 34.99
PrOBECAL-PROMPT& TRACE-SORT  20.33 25.90 28.16 29.79 30.83 33.16 34.63 35.31
ProBECAL-PromPT-E.S.L. 19.26 24.00 26.35 28.00 28.91 31.38 32.60 33.07
ProBECAL-TRACE-E.S.L. 15.41 21.72 25.42 27.55 28.90 32.27 33.69 34.71
PrOBECAL-PROMPT&TRACE-E.S.L.  19.26 24.67 26.93 28.61 29.40 32.08 32.98 33.38
Dataset Intermediate

# Samples 1 2 3 4 5 10 15 20

ProOBECAL-PrOMPT 7.98 10.50 12.35 13.26 14.23 16.33 17.38 17.94
PrOBECAL-TRACE 6.54 9.67 11.67 12.97 13.94 16.58 17.75 18.34
PrOBECAL-PROMPT& TRACE 7.98 10.62 12.43 13.30 14.12 16.42 17.52 18.27
ProOBECAL-PrROMPT-TS 7.98 10.61 12.47 13.44 14.30 16.31 17.55 18.21
PrOBECAL-TRACE-TS 6.54 9.67 11.67 12.97 13.94 16.57 17.77 18.33
PrOBECAL-PROMPT& TRACE-TS 7.98 10.82 12.47 13.50 14.42 16.58 17.66 18.19
PrOBECAL-PROMPT-WEIGHT 7.95 10.37 12.41 13.32 14.04 16.36 17.53 18.02
PrOBECAL-TRACE-WEIGHT 6.54 9.68 11.65 13.00 13.90 16.76 17.83 18.52
PrOBECAL-PROMPT& TRACE-WEIGHT 7.95 10.54 12.47 13.42 14.13 16.47 17.79 18.43
ProOBECAL-PROMPT-SORT 7.64 10.12 11.54 12.99 13.79 16.20 17.63 18.17
PROBECAL-TRACE-SORT 6.54 9.65 11.66 12.95 13.88 16.52 17.75 18.20
PrOBECAL-PROMPT& TRACE-SORT 7.64 10.18 11.80 13.14 13.94 16.27 17.58 18.28
ProBECAL-PrOMPT-E.S L. 7.58 10.00 11.64 12.62 13.24 15.82 16.93 17.71
ProBECAL-TRACE-E.S.L. 6.54 9.68 11.55 12.97 13.77 16.29 17.23 17.60
ProBECAL-PrROMPT&TRACE-E.S.L.  7.58 10.11 11.67 12.52 13.22 15.60 16.70 17.40
Dataset Precalculus

# Samples 1 2 3 4 5 10 15 20

PrOBECAL-PrOMPT 13.14 17.22 18.46 19.64 20.17 21.83 22.76 23.14
PrOBECAL-TRACE 11.01 15.09 17.13 18.32 18.72 20.88 22.18 22.77
PrOBECAL-PROMPT& TRACE 13.14 17.37 18.76 19.82 20.32 22.10 23.21 23.49
PrOBECAL-PrROMPT-TS 13.85 16.59 18.23 19.42 20.01 22.10 22.86 23.38
PrOBECAL-TRACE-TS 11.01 15.09 17.13 18.32 18.72 20.91 22.10 22.81
PrOBECAL-PROMPT& TRACE-TS 13.85 16.92 18.49 19.69 20.23 22.24 23.06 23.56
PrOBECAL-PROMPT-WEIGHT 13.35 16.76 18.28 19.40 20.17 21.33 21.86 22.55
PrOBECAL-TRACE-WEIGHT 11.01 15.06 17.00 18.23 18.81 20.81 21.97 22.59
PrOBECAL-PROMPT& TRACE-WEIGHT 13.35 17.08 18.62 19.95 20.49 21.62 22.36 23.12
ProOBECAL-PROMPT-SORT 13.19 16.41 17.56 19.65 19.76 21.37 22.29 22.78
PrROBECAL-TRACE-SORT 11.01 15.09 17.03 18.27 18.63 20.90 22.21 23.01
PrOBECAL-PROMPT& TRACE-SORT 13.19 16.74 17.94 19.99 19.68 21.33 22.65 22.96
ProBECAL-PrOMPT-E.S L. 12.08 14.68 15.96 16.85 17.42 18.18 18.67 18.32
ProBECAL-TrRACE-E.S.L. 11.01 14.73 16.59 17.26 17.68 19.24 20.12 20.54
PrOBECAL-PrROMPT& TRACE-E.S.L.  12.08 14.86 15.85 16.62 16.83 17.65 18.18 18.13
Dataset Number

# Samples 1 2 3 4 5 10 15 20

ProOBECAL-PrROMPT 17.20 21.65 23.91 25.20 26.18 27.94 28.56 29.15
PrOBECAL-TRACE 14.39 20.67 23.73 25.69 26.76 28.99 30.10 30.89
PrOBECAL-PROMPT& TRACE 17.20 22.53 24.98 26.65 27.43 29.65 30.57 31.24
ProBECAL-PrOMPT-TS 16.87 21.57 23.91 25.30 26.12 28.04 28.73 29.20
PrOBECAL-TRACE-TS 14.39 20.67 23.74 25.69 26.74 28.97 30.06 30.90
PrOBECAL-PROMPT& TRACE-TS 16.87 22.41 25.05 26.60 27.68 29.81 30.53 31.19
PrOBECAL-PROMPT-WEIGHT 16.95 21.79 23.99 25.35 26.23 28.11 28.73 29.36
PrOBECAL-TRACE-WEIGHT 14.39 20.62 23.75 25.74 26.78 29.16 30.16 31.16
PrROBECAL-PROMPT& TRACE-WEIGHT 16.95 22.69 25.17 26.64 27.71 29.77 30.66 31.51
PrOBECAL-PROMPT-SORT 16.40 21.12 23.66 24.85 25.78 27.79 28.63 29.44
PrROBECAL-TRACE-SORT 14.39 20.61 23.69 25.60 26.59 28.94 30.02 30.87
PrOBECAL-PROMPT& TRACE-SORT 16.40 22.00 24.69 26.02 27.22 29.30 30.14 30.94
ProBECAL-PromPT-E.S.L. 16.43 20.51 22.61 23.71 24.40 26.07 26.93 27.54
ProBECAL-TRACE-E.S.L. 14.39 20.41 23.19 25.15 25.86 27.91 28.87 29.37

PrOBECAL-PROMPT&TRACE-E.S.L. 16:43 21.11 23.30 24.60 25.11 27.00 27.93 28.75
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Table C.9: ECE loss on the static tool using settings on each dataset. The settings are denoted using
two letters, the first letter corresponds to whether to use weighted training, with ‘W’ representing yes
and ‘N’ representing no. The second letter corresponds to whether and in which way using LLM logit
as the input or not, with ‘S’ representing using Sorr to get the logit, ‘E’ representing using E.S.L. to
get the logit, and ‘N’ representing not using LLM logit. When there are two numbers for the result of
a setting, the first number denotes the training ECE loss and the second number denotes the testing
ECE loss. When there is one number for the result of a setting, the number refers to the testing ECE

loss.
Settings NN WN NS WS NE WE
Dataset Prealgebra
LLM Logit 0.725,0.751 0.725, 0.751 0.342, 0.328 0.340, 0.328 0.152, 0.054 0.151, 0.054
ProBECAL-PrROMPT 0.012, 0.092 0.015, 0.091 0.013, 0.097 0.018, 0.090 0.094,0.150 0.103, 0.144
ProBeCAL-PrompT(TS) 0.019, 0.083 0.024, 0.082 0.022, 0.088 0.024, 0.084 0.105, 0.147 0.122, 0.138
ProBECAL-TRACE 0.010, 0.090 0.014, 0.087 0.017, 0.081 0.018, 0.081 0.104, 0.138 0.104, 0.137
PrOBECAL-TRACE(TS) 0.008, 0.099 0.008, 0.097 0.008, 0.091 0.008, 0.094 0.108, 0.139 0.097, 0.140
PrOBECAL-PROMPT& TRACE 0.053 0.050 0.049 0.045 0.129 0.129
Dataset Count
LLM Logit 0.842, 0.804 0.840, 0.804 0.512, 0.470 0.512,0.470 0.161, 0.096 0.161, 0.096
ProBECAL-PrOMPT 0.007, 0.086 0.010, 0.082 0.006, 0.088 0.010, 0.087 0.065, 0.128 0.072, 0.131
ProBECAL-PrOMPT(TS) 0.008, 0.082 0.011, 0.080 0.013, 0.079 0.018, 0.079 0.077,0.130 0.082, 0.133
PrOBECAL-TRACE 0.009, 0.083 0.013, 0.079 0.013, 0.083 0.017, 0.073 0.075,0.127 0.077,0.123
PrOBECAL-TRACE(TS) 0.005, 0.090 0.005, 0.090 0.007, 0.090 0.009, 0.082 0.067,0.129 0.075, 0.125
ProBECAL-PROMPT& TRACE 0.065 0.061 0.064 0.060 0.123 0.121
Dataset TabMWP
LLM Logit 0.637, 0.675 0.638, 0.675 0.308, 0.295 0.308, 0.295 0.308, 0.170 0.310, 0.170
ProBECAL-PrROMPT 0.008, 0.075 0.010, 0.070 0.010, 0.077 0.014, 0.072 0.137,0.166 0.134, 0.160
ProBeCAL-PromPT(TS) 0.015, 0.065 0.019, 0.059 0.015, 0.067 0.022, 0.061 0.143,0.168 0.143, 0.163
PrOBECAL-TRACE 0.011, 0.046 0.012, 0.047 0.012, 0.041 0.014, 0.039 0.150, 0.152 0.150, 0.147
PrOBECAL-TRACE(TS) 0.009, 0.050 0.011, 0.051 0.011, 0.047 0.010, 0.045 0.166, 0.161 0.178, 0.165
PrOBECAL-PROMPT& TRACE 0.037 0.035 0.039 0.040 0.156 0.153
Dataset Geometry
LLM Logit 0.957,0.926 0.957, 0.926 0.188, 0.289 0.188, 0.289 0.048, 0.048 0.048, 0.048
ProBECAL-PrOMPT 0.008, 0.047 0.009, 0.045 0.006, 0.056 0.009, 0.054 0.218, 0.184 0.245, 0.205
ProBECAL-PrOMPT(TS) 0.009, 0.043 0.010, 0.044 0.013, 0.047 0.014, 0.049 0.229, 0.189 0.261, 0.217
PrOBECAL-TRACE 0.007, 0.045 0.009, 0.042 0.010, 0.048 0.010, 0.049 0.229, 0.187 0.225, 0.187
PrOBECAL-TRACE(TS) 0.005, 0.046 0.008, 0.045 0.008, 0.048 0.009, 0.049 0.242,0.198 0.233,0.193
PrOBECAL-PROMPT& TRACE 0.043 0.039 0.049 0.050 0.176 0.185
Dataset Algebra
LLM Logit 0.818, 0.819 0.818, 0.819 0.432, 0.405 0.432,0.405 0.119,0.051 0.119, 0.051
ProBECAL-PrROMPT 0.010, 0.051 0.014, 0.046 0.009, 0.057 0.021, 0.045 0.095,0.121 0.100, 0.125
ProBECAL-PrOMPT(TS) 0.018, 0.044 0.020, 0.039 0.021, 0.046 0.025, 0.043 0.108, 0.126 0.109, 0.127
PrOBECAL-TRACE 0.010, 0.048 0.011, 0.046 0.013, 0.046 0.016, 0.041 0.097,0.116 0.100, 0.122
PrOBECAL-TRACE(TS) 0.004, 0.056 0.008, 0.051 0.008, 0.052 0.007, 0.051 0.087,0.114 0.105, 0.124
PrOBECAL-PROMPT& TRACE 0.027 0.026 0.030 0.028 0.120 0.125
Dataset Intermediate
LLM Logit 0.915,0.936 0.915, 0.936 0.454, 0.430 0.455, 0.430 0.067, 0.044 0.067, 0.044
ProOBECAL-PrOMPT 0.008, 0.030 0.010, 0.030 0.008, 0.036 0.014, 0.032 0.108, 0.143 0.125, 0.158
ProBECAL-PrOMPT(TS) 0.012, 0.027 0.012, 0.027 0.017, 0.031 0.016, 0.031 0.116,0.149 0.142,0.172
PrOBECAL-TRACE 0.007, 0.039 0.007, 0.038 0.007, 0.041 0.010, 0.038 0.109, 0.139 0.136, 0.167
PrOBECAL-TRACE(TS) 0.007, 0.044 0.004, 0.043 0.006, 0.041 0.007, 0.043 0.113,0.143 0.143,0.172
PrOBECAL-PROMPT& TRACE 0.023 0.022 0.028 0.024 0.141 0.162
Dataset Precalculus
LLM Logit 0.893, 0.879 0.894, 0.879 0.343, 0.315 0.342, 0.315 0.087, 0.045 0.089, 0.045
ProBECAL-PrROMPT 0.011, 0.063 0.016, 0.056 0.013, 0.068 0.011, 0.068 0.131,0.176 0.171,0.192
ProBECAL-PrOMPT(TS) 0.017, 0.059 0.018, 0.056 0.017, 0.062 0.016, 0.066 0.143,0.178 0.194, 0.203
PrOBECAL-TRACE 0.011, 0.064 0.011, 0.058 0.010, 0.063 0.013, 0.060 0.158,0.197 0.204, 0.237
PrOBECAL-TRACE(TS) 0.008, 0.070 0.011, 0.061 0.011, 0.067 0.007, 0.068 0.178,0.208 0.210, 0.239
PrOBECAL-PROMPT& TRACE 0.048 0.043 0.046 0.046 0.170 0.201
Dataset Number
LLM Logit 0.758, 0.763 0.758, 0.763 0.370, 0.368 0.368, 0.368 0.136, 0.064 0.136, 0.064
ProOBECAL-PrROMPT 0.012, 0.074 0.012, 0.076 0.012, 0.076 0.016, 0.073 0.091, 0.112 0.104, 0.120
ProBECAL-PrOMPT(TS) 0.018, 0.065 0.019, 0.067 0.019, 0.066 0.022, 0.065 0.107,0.109 0.115, 0.121
PrOBECAL-TRACE 0.014, 0.069 0.011, 0.063 0.010, 0.069 0.019, 0.053 0.099, 0.115 0.105, 0.118

PrOBECAL-TRACE(TS) 0.008, 0.077 0.009, 0.069 0.009, 0.072 0.010, 0.063 0.104,0.116 0.116, 0.123
PrOBECAL-PROMPT& TRACE 0.042 0.042 0.044 0.035 0.102 0.112
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Table C.10: ECE loss on the dynamic tool using settings on each dataset. The settings are denoted
using two letters, the first letter corresponds to whether to use weighted training, with ‘W’ representing
yes and ‘N’ representing no. The second letter corresponds to whether and in which way using LLM
logit as the input or not, with ‘S’ representing using Sorrt to get the logit, ‘E’ representing using
E.S.L. to get the logit, and ‘N’ representing not using LLM logit. When there are two numbers for the
result of a setting, the first number denotes the training ECE loss and the second number denotes the
testing ECE loss. When there is one number for the result of a setting, the number refers to the testing
ECE loss.

Settings NN WN NS WS NE WE
Dataset Prealgebra

LLM Logit 0.767,0.812 0.767, 0.812 0.285, 0.342 0.285, 0.342 0.092, 0.049 0.092, 0.049
ProBECAL-PrROMPT 0.008, 0.084 0.014, 0.072 0.006, 0.090 0.018, 0.073 0.081, 0.134 0.091, 0.138
ProBeCAL-PrompT(TS) 0.013, 0.077 0.013, 0.073 0.012, 0.081 0.014, 0.078 0.086, 0.133 0.094, 0.137
ProBECAL-TRACE 0.007, 0.094 0.013, 0.091 0.009, 0.092 0.013, 0.085 0.083, 0.125 0.090, 0.125
PrOBECAL-TRACE(TS) 0.005, 0.097 0.005, 0.102 0.005, 0.095 0.006, 0.094 0.076,0.129 0.089, 0.127
PrOBECAL-PROMPT& TRACE 0.050 0.045 0.052 0.042 0.117 0.113
Dataset Count

LLM Logit 0.848, 0.826 0.848, 0.826 0.436, 0.437 0.436,0.437 0.131,0.131 0.131,0.131
ProBECAL-PrOMPT 0.006, 0.057 0.011, 0.056 0.006, 0.060 0.009, 0.053 0.079,0.112 0.081, 0.115
ProBECAL-PrOMPT(TS) 0.009, 0.053 0.011, 0.057 0.007, 0.060 0.008, 0.055 0.084,0.111 0.083,0.115
PrOBECAL-TRACE 0.005, 0.068 0.009, 0.060 0.006, 0.065 0.009, 0.066 0.071, 0.092 0.079, 0.094
PrOBECAL-TRACE(TS) 0.004, 0.069 0.004, 0.067 0.004, 0.070 0.004, 0.072 0.064, 0.093 0.078, 0.093
PrOBECAL-PROMPT& TRACE 0.042 0.035 0.042 0.040 0.086 0.088
Dataset TabMWP

LLM Logit 0.767, 0.780 0.767, 0.780 0.330, 0.380 0.329, 0.380 0.173,0.163 0.173,0.163
ProBECAL-PrROMPT 0.006, 0.082 0.007, 0.079 0.009, 0.083 0.012, 0.078 0.048,0.114 0.051, 0.107
ProBeCAL-PromPT(TS) 0.009, 0.075 0.012, 0.073 0.012, 0.080 0.014, 0.076 0.058,0.111 0.050, 0.108
PrOBECAL-TRACE 0.010, 0.081 0.012, 0.079 0.006, 0.094 0.010, 0.085 0.051, 0.094 0.055, 0.089
PrOBECAL-TRACE(TS) 0.007, 0.086 0.007, 0.086 0.005, 0.099 0.007, 0.089 0.053, 0.096 0.053, 0.091
PrOBECAL-PROMPT& TRACE 0.040 0.042 0.047 0.046 0.093 0.088
Dataset Geometry

LLM Logit 0.975, 0.962 0.975, 0.962 0.257, 0.322 0.257, 0.322 0.072, 0.052 0.071, 0.052
ProBECAL-PrOMPT 0.003, 0.028 0.007, 0.025 0.003, 0.030 0.008, 0.024 0.131, 0.096 0.169, 0.128
ProBECAL-PrOMPT(TS) 0.005, 0.025 0.005, 0.027 0.002, 0.028 0.005, 0.026 0.155,0.113 0.165, 0.124
PrOBECAL-TRACE 0.005, 0.023 0.008, 0.016 0.002, 0.025 0.007, 0.019 0.165, 0.126 0.190, 0.147
PrOBECAL-TRACE(TS) 0.004, 0.023 0.004, 0.021 0.002, 0.024 0.003, 0.024 0.178, 0.138 0.204, 0.161
PrOBECAL-PROMPT& TRACE 0.022 0.017 0.024 0.017 0.108 0.135
Dataset Algebra

LLM Logit 0.841, 0.847 0.840, 0.847 0.398, 0.404 0.398, 0.404 0.105, 0.097 0.106, 0.097
ProBECAL-PrROMPT 0.008, 0.055 0.010, 0.052 0.006, 0.056 0.011, 0.052 0.065, 0.106 0.078,0.113
ProBECAL-PrOMPT(TS) 0.011, 0.051 0.010, 0.051 0.008, 0.052 0.010, 0.053 0.078, 0.104 0.082,0.113
PrOBECAL-TRACE 0.008, 0.051 0.008, 0.050 0.006, 0.053 0.013, 0.044 0.071, 0.099 0.076, 0.101
PrOBECAL-TRACE(TS) 0.003, 0.057 0.004, 0.057 0.005, 0.053 0.004, 0.055 0.065, 0.098 0.068, 0.102
PrOBECAL-PROMPT& TRACE 0.027 0.026 0.032 0.026 0.096 0.100
Dataset Intermediate

LLM Logit 0.928, 0.934 0.928, 0.934 0.339, 0.371 0.340, 0.371 0.026, 0.036 0.026, 0.036
ProBECAL-PrOMPT 0.005, 0.031 0.008, 0.029 0.004, 0.033 0.006, 0.031 0.101,0.109 0.101,0.110
ProBECAL-PrOMPT(TS) 0.009, 0.026 0.008, 0.028 0.006, 0.031 0.007, 0.030 0.118,0.119 0.110, 0.115
PrOBECAL-TRACE 0.006, 0.027 0.007, 0.028 0.006, 0.030 0.008, 0.028 0.084, 0.094 0.102, 0.104
PrOBECAL-TRACE(TS) 0.004, 0.030 0.004, 0.033 0.003, 0.033 0.003, 0.035 0.104,0.102 0.109, 0.108
PrOBECAL-PROMPT& TRACE 0.023 0.021 0.024 0.024 0.100 0.107
Dataset Precalculus

LLM Logit 0.905, 0.891 0.905, 0.891 0.276, 0.306 0.277, 0.306 0.042, 0.049 0.042, 0.049
ProBECAL-PrROMPT 0.004, 0.049 0.008, 0.045 0.006, 0.050 0.009, 0.044 0.119,0.122 0.116, 0.126
ProBECAL-ProMPT(TS) 0.009, 0.042 0.009, 0.046 0.009, 0.045 0.011, 0.042 0.125, 0.125 0.120, 0.126
PrOBECAL-TRACE 0.009, 0.048 0.009, 0.048 0.009, 0.049 0.007, 0.050 0.142,0.143 0.152,0.147
PrOBECAL-TRACE(TS) 0.005, 0.052 0.006, 0.053 0.009, 0.050 0.007, 0.048 0.140, 0.142 0.174,0.152
PrOBECAL-PROMPT& TRACE 0.032 0.033 0.036 0.035 0.127 0.133
Dataset Number

LLM Logit 0.804, 0.856 0.804, 0.856 0.297, 0.314 0.296, 0.314 0.066, 0.035 0.066, 0.035
ProBECAL-PrROMPT 0.007, 0.040 0.014, 0.029 0.005, 0.045 0.013, 0.033 0.079, 0.121 0.100, 0.132
ProBECAL-PrOMPT(TS) 0.012, 0.033 0.012, 0.031 0.012, 0.035 0.012, 0.034 0.084,0.122 0.099, 0.132
PrOBECAL-TRACE 0.009, 0.037 0.010, 0.035 0.010, 0.038 0.013, 0.034 0.083,0.118 0.091, 0.120

PrOBECAL-TRACE(TS) 0.007, 0.037 0.004, 0.039 0.008, 0.040 0.007, 0.041 0.079,0.117 0.079,0.117
PrOBECAL-PROMPT& TRACE 0.025 0.020 0.029 0.025 0.126 0.136
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Table C.11: Experiment results for TabMWP in static tool-using settings using
CODELLAMA-13B-INSTRUCT-hf with different size of training set from 50 to 500.

Method Size 50 Size 100

Size 200

Size 500

Acc ECE Acc

ECE

Acc ECE Acc ECE

Static Tool-Using

INSTANCE 65.66 0.571 65.66 0.571
ProBECAL-PrOMPT 66.19 0.117 67.60 0.088
ProOBECAL-TRACE 67.72 0.076 68.50 0.071

ProBECAL-PromMpPT&TRACE 67.07 0.064 69.10 0.042

65.66 0.571 65.66 0.571
68.06 0.084 68.11 0.077
69.55 0.055 70.46 0.034
70.28 0.038 71.14 0.034

Table C.12: Experiment results for TabMWP in static tool-using setting using
CODELLAMA-13B-INSTRUCT-hf and Ll1ama3-8b-Instruct (Size 500).

Method CODELLAMA-13B-Inst

Llama3-8b-

Inst

Acc@5 Acc@10 ECE Acc@5 Acc@10 ECE

INSTANCE 62.94 65.66
ProBECAL-PrOMPT 66.59 68.11
ProBECAL-TRACE 67.09 70.46

ProBeECAL-PrOMPT& TRACE 69.01 71.14

0.571 73.07 75.20
0.077 7479  76.53
0.034 76.05 78.25
0.034 76.79 78.48

0.404
0.080
0.035
0.038

Table C.13: Experiment results for TabMWP in static tool-using setting with

CODELLAMA-13B-INSTRUCT-hf using verbal confidence.

Method CODELLAMA-13B-Inst (Size 50)
Acc@5 Acc@10 ECE
INSTANCE 62.94 65.66 0.571
ProBECAL-PrROMPT 64.27 66.19 0.117
PrOBECAL-TRACE 64.81 67.72 0.076
ProOBECAL-PrOMPT&TRACE 65.23 67.07 0.064
VERBAL CONFIDENCE 61.52 64.68 0.212
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Appendix D

APPENDIX TO CHAPTER

D.1 Additional Related Work
Here we provide additional discussion of search-based and learning-based symbolic

regression methods.

Search based methods. SR is a challenging combinatorial optimization task. These
methods search the space of possible equations while minimizing an objective
function, relying on custom heuristics and parallelization to efficiently hypothesize
and evaluate candidates [[2] [8] [[T] [I3]]. Notably, PySR [2]] presents a multi-population
evolutionary algorithm that has found practical utility in cosmology [J3]], international
economics [[I4]], and climate modeling [4]]. While such approaches work well
out-of-the-box, they are difficult to steer towards specific class of equations. PRoAuG
extends such approaches by providing two flexible steering mechanisms: scientists
can either manually steer search through natural language priors or such priors can

be automatically extracted using dataset statistics.

Learning based methods. Another approach uses neural networks to accelerate SR
(1} 5l [12]]. These methods train networks on experimental data to either directly
induce target expressions [[I}[6] [7, O]l or to accelerate the search for target expressions
[O}[10}, [12] [15]]. However, neural networks require retraining when datasets change
significantly, necessitating scientists to monitor data distribution shifts and repeatedly
retrain models — both computationally expensive tasks. PRoAuc follows prior work in
primarily being a data-driven SR algorithm, but avoids the computational overheads
by replacing learned neural representations with programmatically extracted insights,

greatly increasing practical utility.

D.2 Problem details
Details of the problems we used in our experiments are shown in Table
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Table D.1: Test data we use from LLM-SRBench.

Discipline Name

Chemistry CRK13, CRK12, CRK35, CRK31, CRKS8

Biology BPG16, BPGS8, BPG9

Physics PO12, PO37, PO40, PO24, PO8

Material Science MatSci9, MatScil8, MatSci8

LSR-Transform 1.29.16_1 0, II.6.15b_1 0, I1.11.27_1 0, 1.34.1 2 O,
1.30.3_0_0, I11.24.17_1_1, III.15.27_2_0, 1.12.2_3_0,
II1.10.19_2_1, 1.37.4_0_1, I1.11.17_4_0, 11.6.15b_3_0,
II.154_1_0, 11.13.23_1_0, 11.34.29b_3_0, 1.11.19_2_0,

[.32.5_1_1

D.3 Prompt Design

Prompts for I1.6.15b_1_0
Zero-shot
You are a helpful assistant tasked with discovering mathematical function
structures for scientific data science tasks. Complete the ’equation’ function

below, considering the dataset information.

nnn

### Your Task:
FIRST, provide x*BRIEF** reasoning inside a <thought>...</thought>
— block.

THEN, AFTER THE </thought> BLOCK, output your evolved mathematical
— function skeleton in Python. The function should begin with a

— 'def' line and follow standard Python formatting.

Note: DO NOT use more than 10 params

nnn

import numpy as np

#Initialize parameters
MAX_NPARAMS = 10
params = [1.0]1*MAX_NPARAMS



def equation_v@(x_0: np.ndarray, x_1: np.ndarray, x_2: np.ndarray,

— X_3: np.ndarray, params: np.ndarray) -> np.ndarray:
""" Mathematical function
Args:
X_0: A numpy array.
x_1: A numpy array.
X_2: A numpy array.
x_3: A numpy array.
params: Array of numeric constants or parameters to be
— optimized
Return:
A numpy array as the result of applying the mathematical
— function to the inputs.
output = params[@] * x_0@ + params[1] * x_1 + params[2] * x_2 +
— params[3] * x_3 + params[4]
return output
def equation_v1(x_0: np.ndarray, x_1: np.ndarray, x_2: np.ndarray,
— X_3: np.ndarray, params: np.ndarray) -> np.ndarray:
"""Improved version of “equation_vo~."""
Few-shot
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You are a helpful assistant tasked with discovering mathematical function

structures for scientific data science tasks. Complete the ’equation’ function

below, considering the dataset information.

nnn

Find the mathematical function skeleton that represents y, given data

— on x_0, x_1, x_2, x_3.



#Hi#

X[e]
X[1]
X[2]
X[3]
X[4]
X[5]
X[6]
X[7]
X[8]
X[9]

12 Random Samples (X, Y) (Sorted by Y from small to large):
[-32.193, 4.357, 4.774, 1.672], Y[0] = 2.588

= [-8.799, 2.543, 2.522, 2.1271, Y[11 = 2.918

= [-45.
= [-64.
= [-46.
= [-76.
= [-84.
= [-72.
= [-43.
= [-41

200, 4.

941,
401,
242,
225,
211,
300,

.009,

476, 3.
3.223,
3.874,
2.469,
4.
3
1
1

124,

124,
.639,
.516,

700,

3.793,
4.408,
2.298,
1.
3
4
3

593,

.184,
213,
11,

2.3791,
1.4861,
4.2871,
1.24817,
1.
3
4
3

7981,

.3501,
.2971,
.7841,

Y[2]
Y[3]
Y[4]
Y[5]
Y[6]
Y[7]
Y[8]
Y[9]

X[1e] = [-83.370, 3.689, 2.829, 4.502], Y[10@]
X111 = [-43.438, 1.281, 2.523, 3.7181, Y[11]

### Your Task:

FIRST, provide x*BRIEF** reasoning inside a <thought>...</thought>

—

THEN, AFTER THE </thought> BLOCK, output your evolved mathematical

— function skeleton in Python. The function should begin with a

—

block.

6.
7.
11

16.
23.
24.
26.
32.

494
892
.650
766
048
319
954
907
35.962
49.963

'def' line and follow standard Python formatting.

Note: DO NOT use more than 10 params

nnn

import numpy as np

#Initialize parameters
MAX_NPARAMS = 10

params = [1.0]*MAX_NPARAMS

def equation_v@(x_0: np.ndarray, x_1: np.ndarray, x_2: np.ndarray,

—

X_3: np.ndarray, params: np.ndarray) -> np.ndarray:
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""" Mathematical function

Args:
X_0: A numpy array.
x_1: A numpy array.
X_2: A numpy array.

x_3: A numpy array.

params: Array of numeric constants or parameters to be

— optimized

Return:
A numpy array as the result of applying the mathematical
— function to the inputs.
output = params[@] * x_0 + params[1] * x_1 + params[2] * x_2 +
— params[3] * x_3 + params[4]

return output

def equation_v1(x_@: np.ndarray, x_1: np.ndarray, x_2: np.ndarray,
< X_3: np.ndarray, params: np.ndarray) -> np.ndarray:

nnn

"""Improved version of “equation_ve-.

Statistical Hint

You are a helpful assistant tasked with discovering mathematical function
structures for scientific data science tasks. Complete the ’equation’ function

below, considering the dataset information.

nnn

Find the mathematical function skeleton that represents y, given data
— on x_0, x_1, x_2, x_3.
The information of (X, Y) dataset including random sample points,

— smoothness estimation and simple basis fit scores are as follows:



### 12 Random Samples (X, Y) (Sorted by Y from small to large):
X[0] = [-32.193, 4.357, 4.774, 1.672], Y[@] = 2.588
X[1] = [-8.799, 2.543, 2.522, 2.127]1, Y[1] = 2.918
X[2] = [-45.200, 4.476, 3.700, 2.379], Y[2] = 6.494
X[3] = [-64.941, 3.223, 3.793, 1.486], Y[3] = 7.892
X[4] = [-46.401, 3.874, 4.408, 4.287], Y[4] = 11.650
X[5] = [-76.242, 2.469, 2.298, 1.248], Y[5] = 16.766
X[6] = [-84.225, 4.124, 1.593, 1.798], Y[6] = 23.048
3 3 3.
1 4
1 3

X[7]1 = [-72.211, 3.124, 3.184, 3501, Y[7] = 24.319

X[8] = [-43.300, 1.639, 4.213, 4.297]1, Y[8] = 26.954

X[9] = [-41.009, 1.516, 3.111, 3.784], Y[9] = 32.907

X[1e] = [-83.370, 3.689, 2.829, 4.502], Y[10] = 35.962

X[11] = [-43.438, 1.281, 2.523, 3.718], Y[11] = 49.963
Statistics: {'mean_Y': 21.331, 'std_Y': 24.473, 'min_Y': 0.03,

— 'max_Y': 335.661, 'mean_X_0': -44.025, 'std_X_0': 25.099,
'min_X_0': -87.583, 'max_X_0': -0.436, 'mean_X_1': 3.011,
"std_X_1': 1.151, 'min_X_1': 1.0, 'max_X_1': 5.0, 'mean_X_2':
2.995, 'std_X_2': 1.156, 'min_X_2': 1.0, 'max_X_2': 5.0,

5.0, 'r2_Y_X_0': 0.245, 'r2_Y_X_1': 0.151, 'r2_Y_X_2': 0.15,
'r2_Y_X_3': 0.111, 'r2_log(Y)_log(X_0)': 0.595,
'r2_log(Y)_log(X_1)': 0.133, 'r2_log(Y)_log(X_2)': 0.133,
'r2_log(Y)_log(X_3)': 0.134, 'r2_log(Y)_log(sin(x_0))': 0.0,

'r2_log(Y)_log(sqgrt(x_0))': 0.595, 'r2_log(Y)_log(sin(x_1))":
0.003, 'r2_log(Y)_log(cos(x_1))': 0.001,
'r2_log(Y)_log(exp(x_1))': 0.128, 'r2_log(Y)_log(sqrt(x_1))":
0.133, 'r2_log(Y)_log(sin(x_2))': 0.004,
'r2_log(Y)_log(cos(x_2))': 0.001, 'r2_log(Y)_log(exp(x_2))":
0.128, 'r2_log(Y)_log(sqrt(x_2))': 0.133,
'r2_log(Y)_log(sin(x_3))"': 0.003, 'r2_log(Y)_log(cos(x_3))":
0.001, 'r2_log(Y)_log(exp(x_3))': 0.129,
'r2_log(Y)_log(sqgrt(x_3))"': 0.134}

coereer ol

### Your Task:

'mean_X_3': 3.007, 'std_X_3': 1.156, 'min_X_3': 1.0, 'max_X_3':

148

'r2_log(Y)_log(cos(x_@))': 0.0, 'r2_log(Y)_log(exp(x_0))': 0.433,



Based on the statistics above, analyze and evolve the mathematical

— function skeleton.

IMPORTANT :
FIRST, provide x*BRIEF** reasoning inside a <thought>...</thought>
— block about how you interpret the data and how it guides your

— function structure decisions.

THEN, AFTER THE </thought> BLOCK, output your evolved mathematical
— function skeleton in Python. The function should begin with a

— 'def' line and follow standard Python formatting.

Note: DO NOT use more than 1@ params

nnn

import numpy as np

#Initialize parameters
MAX_NPARAMS = 10
params = [1.0]*MAX_NPARAMS

def equation_v@(x_0: np.ndarray, x_1: np.ndarray, x_2: np.ndarray,
< X_3: np.ndarray, params: np.ndarray) -> np.ndarray:

""" Mathematical function

Args:
X_0: A numpy array.
x_1: A numpy array.
X_2: A numpy array.
x_3: A numpy array.

params: Array of numeric constants or parameters to be

— optimized

149
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Return:
A numpy array as the result of applying the mathematical
— function to the inputs.
output = params[@] * x_0 + params[1] * x_1 + params[2] * x_2 +
— params[3] x x_3 + params[4]

return output

def equation_v1(x_@: np.ndarray, x_1: np.ndarray, x_2: np.ndarray,
— x_3: np.ndarray, params: np.ndarray) -> np.ndarray:

nnn

""" Improved version of “equation_v@:.

Prompts of ProAuc
Equation Task Instruction

You are a helpful assistant tasked with discovering mathematical function
structures for scientific data science tasks.

Physical Context

""" Find the mathematical function skeleton that represents the initial intensity,
given data on the resulting intensity, the angle of diffraction, and the number of

mnnn

slits.

Prior and To Be Completed Equations

def equation_v@(Int: np.ndarray, theta: np.ndarray, n: np.ndarray,
< params: np.ndarray) -> np.ndarray:
Args:
Int: Resulting intensity.
theta: Angle of diffraction.
n: Number of slits.
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params: Array of numeric constants or parameters to be

— optimized

Return:

Initial intensity.
output = params[@] * Int + params[1] x theta + params[2] * n +
— params[3]

return output

def equation_v1(Int: np.ndarray, theta: np.ndarray, n: np.ndarray,
— params: np.ndarray) -> np.ndarray:

"""Improved version of “equation_vo~."""

Data Analysis Instrution

You are to write Python code to analyze the dataset in a sandbox environment.
The code output will be returned to aid reasoning. You can do investigate
common statistics, propose engineered features and compositions, and apply
statistical tools (correlation, regression, log—log fits, periodicity tests) to uncover
potential functional forms such as additive, multiplicative, exponential, and

power-law.

Data Analysis Code Template

def extract_dataset_info(Int_@: np.ndarray, Int: np.ndarray, theta:
< np.ndarray, n: np.ndarray):
Args:
Int_0: Initial intensity.
Int: Resulting intensity.
theta: Angle of diffraction.

n: Number of slits.

Return:

Dict summarizing the extracted dataset information.

nnn
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# Basic statistics: mean, variance

info['stats'] = {}

# Features: propose candidate engineered features and

< compositions

features = {3}

# Linear correlation

info['correlations_with_Int_0'] = {}

# R2 values from linear/log regression fits between Int_@ and
— features

infol['regression_r2'] = {}

return info

Data Analysis Results

info = {'stats': {3}, 'correlations_with_Int_0': {}, 'regression_r2':

- {}}
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