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Foundations of Hybrid Search

Supervisor: Dr Loukides and Dr Charalampopoulos

Project Description

Hybrid search combines keyword-based search with meaning-based (vector) search to give better results than either method
alone, and it is now widely used in modern search tools and Al assistants. But many basic questions are still unresolved. For
example, the common method for merging the two types of results, called reciprocal rank fusion, is quite sensitive to how it is
set up, and simpler weighted-combination methods have actually been shown to work better in many cases. There is also a
lack of solid, side-by-side testing of different search methods on real data, so most current advice is based on trial and error
rather than clear evidence.

This project will look at three things: how to pick and balance different search methods depending on the type of data; how to
automatically tune these systems well without needing lots of manually labeled examples; and how to build fairer, more
realistic tests for measuring how well hybrid search actually performs. The project will use ideas from algorithms and data
structures, information retrieval, machine learning, and probability-based scoring methods. It will be tested using well-known
search benchmarks and real datasets. The expected results are practical guidelines for building better search systems,
improved ways of testing them, and open resources that other researchers can use.
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Benevolent Control: Algorithmic Foundations and Dynamic Modelling of
Affirmative Interventions in Collective Decision-Making

Supervisor: Maria Polukarov

Project Description

This project reframes electoral control, traditionally studied as an adversarial threat, as a design tool for improving
representation. This idea allows for several alternative approaches. For example, building on a dynamic spatial model where
voters and candidates occupy a (weighted) multidimensional metric space that evolves over time, one could (1) formally define
and classify * *benevolent" control operations (e.g., candidate quotas, reserved seats, or shortlist restrictions) alongside
existing constructive/destructive control types, and characterise their computational complexity across common voting rules;
(2) develop dynamic representation metrics that would extend or replace the traditional justified-representation axioms to
remain informative in fragmented electorates where cohesive-group conditions trivially hold; (3) model long-run feedback
effects, such as preference and weight adaptation following an intervention, to study when affirmative interventions produce
lasting shifts in voter attitudes versus temporary compliance; and (4) empirically validate the model against real-world quota
reforms using existing panel data. The thesis will bridge computational social choice, mechanism design, and empirical political
economy, producing both hardness/tractability results and practical guidelines for designing interventions that balance
robustness against manipulation with capacity to correct structural underrepresentation.
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Strategic and Structural Robustness of LLM-Mediated Social Choice:
Manipulation, Bias, and Control in Generative Democratic Processes

Supervisor: Maria Polukarov

Project Description

Generative social choice (Fish et al., 2024; Boehmer et al., 2025) replaces the fixed candidate sets of classical social choice
with an unbounded space of LLM-generated statements, using discriminative queries (estimating agent utility for a statement)
and generative queries (producing new representative statements) to build proportional slates from platforms like Polis. This
literature assumes queries are answered truthfully and that the LLM is a neutral oracle, leaving open how such systems behave
when participants or the model itself are adversarial. This project will bring a control/manipulation lens, previously applied only
to classical fixed-candidate elections, to this infinite, query-accessible candidate space. In particular, it will: (1) formalise
strategic manipulation, where agents craft inputs to bias discriminative-query estimates or steer generative queries toward
self-serving statements, and characterise the computational complexity of detecting or executing such attacks; (2) treat the
LLM's own training-induced biases as an implicit, unelected " " chair" exercising candidate control over which statements can
ever be generated, and developing audits/metrics for this influence; (3) propose manipulation-resistant query protocols with
provable proportionality guarantees under bounded adversarial noise. The work bridges algorithmic social choice, mechanism
design, and LLM evaluation.
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Computational Foundations of Decentralised Markets

Supervisor: Edwin Lock

Project Description

Many markets function without a central auctioneer, relying instead on bilateral negotiation between participants who each see
only part of the market. Examples include over-the-counter financial markets, supply chains, and trading mechanisms
implemented on the blockchain. This project will investigate when such decentralised markets reach stable and equitable
outcomes, how quickly, and at what computational cost. It will combine tools from algorithmic game theory, discrete convex
analysis, and complexity theory to explain how good outcomes can arise, or provably fail to arise, when agents interact
strategically in networked markets.

The overarching aim is to develop a general theory of when decentralised interaction can substitute for centralised market
clearing. A first goal is to identify the structural conditions under which natural bargaining and price-adjustment dynamics
converge to stable outcomes, to establish how quickly they do so, and to prove matching impossibility results where they
cannot, building on recent evidence that even minimal rationality requirements can be computationally intractable. A second
goal is to understand which outcomes decentralised markets actually select: how stability can be reconciled with fairness,
which participants systematically lose out, and how much welfare is sacrificed relative to a central planner, using concepts such
as the price of anarchy.

Underlying these questions is the role of information. The project will ask what communication is fundamentally required for
decentralised markets to function, particularly where messages are costly (e.g., blockchain transaction fees) or strategically

sensitive, and how robust market outcomes are to misrepresentation and adversarial behaviour. Ultimately, these results can
inform the design of hybrid markets that combine the strengths of both worlds, embedding lightweight central mechanisms,

such as clearing auctions, within otherwise decentralised trade.

The student will gain expertise in algorithmic game theory, complexity analysis, and market design, with rigorous training in
mathematical analysis and proof. They will join a cross-disciplinary research environment at the intersection of computer
science and economics, with potential opportunities for collaboration in both academia and industry (e.g. financial markets,
central banking, and digital marketplaces). The project provides a strong theoretical foundation, equipping the student with a
skillset relevant to academia, industry, and policy.



Mechanism Design for Robust Al Alignment
Supervisor: Carmine Ventre

Project Description

We propose to investigate a game-theoretic 'incentive engineering' solution to Al alignment using mechanism design. A
dominant strategy incentive compatible (DSIC) mechanism would align Al systems to the designer's goals (captured by a so-
called social choice function) since it would incentivise AI agents to act honestly, thereby implementing the function. This ideal
solution relies on the problematic assumption that Al agents are perfectly rational. The project can address this limitation in
different ways.

A more theoretical approach could be to study novel solution concepts, inspired by the literature on behavioural economics.
This will build on the landscape developed by Prof Ventre in his research on obviously dominant strategies. These strategies are
played by agents with limited contingent reasoning skills or with access to data that is not granular enough to differentiate the
payoff in each possible strategy profile. Concepts like OSP and SOSP restrict even further the class of social choice functions
that are implementable vis-a-vis DSIC, by modelling agents who are only honest when it is obvious to them. NOM significantly
relaxes DSIC, by assuming that agents will not manipulate the mechanism unless it is obvious to them. We will study
mechanisms in the largely unexplored space between DSIC and NOM, thus guaranteeing alignment for AI agents that may find
sophisticated manipulations non-obvious. We will test ideas developed at the interface of OSP and DSIC. To hope is to define a
class of nested mechanisms that become more powerful as Al agents are less capable, making the results robust against
advancing AI capabilities. A more empirical approach could look at empirical mechanism design for LLM agents, thereby
attempting to understand how to engineer the incentives of actual Al agents operating in a multi-agent system.

Prospective applicants are encouraged to consult the publications of Prof Ventre
at https://kclpure.kcl.ac.uk/portal/en/persons/carmine.ventre/publications/.



Identifying and Shifting the Frontier of Safe Multi-Agent Al

Supervisor: Carmine Ventre

Project Description

When do networks of Al agents recover safely from disruption, and when do they trigger harmful cascades? This project seeks
to develop and test indicators that identify these risks, and intervention rules—changes to incentives, information flows,
interaction rules, or high-risk local connections—that can prevent or contain them.

The project can attempt to study these questions from a theoretical standpoint. For example, one could study repeated
network games with heterogeneous and boundedly rational agents, to model agentic Al systems that have limited context,
imperfect information, finite computational resources and time, and restricted action spaces. The goal would be the
characterisation of safety frontiers (in terms of, e.g., equilibria( and interventions that can shift those frontiers towards safer
outcomes.

A more empirical approach could develop a reproducible multi-agent environment with adaptive agents and establish when
safety is reached and which measures work reliably and where they fail.



Biologically Inspired Artificial Intelligence for Understanding and
Mitigating Age-Related Cognitive Decline
Supervisor: Kathleen Steinhofel / Peter Giese

Project Description

Age-related cognitive impairment, including declines in memory, learning, and decision-making, is a growing global health
challenge. While artificial neural networks (ANNs) have achieved remarkable success in modelling cognitive processes, their
learning mechanisms differ fundamentally from those observed in the ageing brain. This PhD project aims to develop
biologically inspired AI models based on Long-Term Potentiation (LTP), a key mechanism supporting learning and memory in
younger brains, and Multi-Innervated Spines (MIS), neural structures that become more prevalent with ageing and may
contribute to adaptive compensation for cognitive decline. By incorporating these mechanisms into artificial neural networks,
the research will investigate how changes in synaptic plasticity influence learning speed, memory retention, adaptability, and
cognitive resilience. The project seeks to provide new insights into the neural basis of age-related cognitive impairment while
developing novel Al architectures capable of more robust, flexible, and energy-efficient learning. Ultimately, the work aims to
bridge neuroscience and artificial intelligence, contributing both to our understanding of brain ageing and to the design of next-
generation brain-inspired intelligent systems.
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Counterfactual Causal Reasoning for Sequential Decision-Making and Al
Systems

Supervisor: Nicola Paoletti

Project Description

Sequential decision-making systems such as MDPs and POMDPs underpin reinforcement learning, robotics and formal
verification, but explaining why a particular decision or failure occurred remains challenging. Counterfactual causal reasoning
asks what would have happened under alternative interventions, supporting tasks such as counterfactual explanation and
actual-cause analysis [1].

Our group develops structural-causal-model methods for these problems. Recent work includes robust counterfactual inference
for MDPs under causal-model uncertainty, extensions to data-driven uncertainty, inference for nondeterministic causal models,
counterfactuals for language models, and temporal logics with counterfactual modalities [2-5].

Potential directions include:

* Causal attribution and repair for language-model agents, developing efficient algorithms for symbolic MDP abstractions and
counterfactual replay. [6-9]

* Latent-level causal explanations, tracking interpretable concepts across multi-step or multi-agent interactions, with
applications to explaining and mitigating misaligned Al behaviours. [10-13]

* Counterfactual analysis of learned world models, including Dreamer- and JEPA-style architectures.

* Formal verification of counterfactual properties, including numerical model checking, alternative causal semantics,
continuous-state/time systems, and connections to hyperproperties [14-16].

The ideal candidate would have strong foundations in probability, machine learning, formal methods, causal inference, or
reinforcement learning, and an interest in rigorous methods for understanding Al systems.
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Algorithms for perpetual scheduling problems

Supervisor: Tomasz Radzik

Project Description

Perpetual scheduling refers to scheduling recurring events where each event must occur at a specified frequency. This task
arises in various application contexts, such as determining service schedules for a collection of devices distributed across a
geographical area, when each device has its own required service frequency, or scheduling medical checkups for hospital
patients, when different patients require checks at different intervals.

Our goal is to design efficient algorithms for computing good (ideally optimal) perpetual schedules, while analyzing the trade-
offs between computational time and the quality of the resulting schedules. There are several variants of this scheduling
problem, depending on specific constraints and on how the quality of computed schedules is defined. For example, in the
context of device servicing, we may aim to minimize either the maximum or the average waiting time for the next service.

This research falls within the fields of optimization, algorithm design, and computational complexity. The reference below
provides further information on perpetual scheduling and the relevant computational methodologies.
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Design and analysis of Population Protocols

Supervisor: Tomasz Radzik

Project Description

Population Protocols, introduced in the paper referenced below, are a model of distributed computing in which populations of
simple, anonymous agents can perform global computational tasks. The model draws inspiration from the randomness and
parallelism of natural processes and offers the potential for scalability, resilience, and adaptability.

More precisely, in the population protocol model, a large population of simple agents, indistinguishable from one another
except that each may have its own initial input token, self-organises to solve computational tasks through random pairwise
interactions. The states of the agents are updated according to a deterministic transition function, typically modeled as a finite-
state automaton.

Over the past 20 years, extensive research on population protocols has focused predominantly on understanding the
computational power of the model and on designing efficient protocols for foundational tasks in distributed computing, such as
leader election and consensus. In contrast, this project aims to develop a framework for composing population protocols into
higher-level programs that can provide verifiably reliable solutions to more complex distributed computing tasks.

This research falls within the field algorithm design and their mathematically-rigorous analysis.
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