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The rapid advancement of generative artificial intelligence models significantly influences modern
methods of information processing and user interactions with information systems. One of the promising
areas in this domain is Retrieval-Augmented Generation (RAG), which combines generative models
with information retrieval methods to enhance the accuracy and relevance of responses. However, most
existing RAG systems primarily focus on textual data, which does not meet contemporary needs for
multimodal information processing (text, images, tables).

The research object of this work is a multimodal RAG system based on ReAct agent logic, capable
of multi-hop reasoning. The main emphasis is placed on integrating textual, graphical, and tabular
information to generate accurate, complete, and relevant responses. The system's implementation
utilized the ChromaDB vector storage, the OpenAl embedding generation model (text-embedding-ada-
002), and the GPT-4 language model.

The purpose of the study is the development, deployment, and empirical evaluation of the proposed
multimodal RAG system based on the ReAct agent approach, capable of effectively integrating diverse
knowledge sources into a unified informational context.

The experimental evaluation utilized the Global Tuberculosis Report 2024 by the World Health
Organization, containing various textual, graphical, and tabular data. A specialized test set of 50 queries
(30 textual, 10 tabular, 10 graphical) was created for empirical analysis, allowing comprehensive testing
of all aspects of multimodal integration.

The research employed methods such as semantic vector search, multi-hop agent-based planning
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with ReAct logic, and evaluations of answer accuracy, answer recall, and response latency. Additionally,
an analysis of response speed dependence on query volume was conducted.

The obtained results confirmed the high efficiency of the proposed approach. The system
demonstrated an answer accuracy of 92%, answer recall of 89%, and ensured complete (100%) coverage
of all data types. The average response time was approximately 5 seconds, meeting interactive system
requirements. Optimal parameters were experimentally determined (for example, parameter k£ = 6,
classification threshold 0.35, and up to three reasoning iterations), ensuring the best balance among
completeness, speed, and operational efficiency.

The study's findings highlighted significant advantages of the multimodal agent-based approach
compared to traditional textual RAG solutions, confirming the promising direction for further research.
Keywords: Multimodal system, Retrieval-Augmented Generation, RAG, ReAct agent, Multi-Hop
reasoning, semantic search.

1. Introduction
The rapid advancement of artificial intelligence, particularly in generative models, significantly alters
methods of information processing and user interaction with information systems. One of the most
promising directions in this field is Retrieval-Augmented Generation (RAG) technology, which
integrates information retrieval capabilities with generative models to enhance the accuracy and
relevance of generated responses.

Despite substantial progress in this area, most existing studies and systems are limited to
handling textual data exclusively. This limitation does not fully address the needs of contemporary
users who frequently engage with multimodal information, including text, images, and tables.

Consequently, the relevance of this research stems from the necessity to develop more versatile
multimodal RAG systems capable of effectively interacting with various types of information by
implementing sophisticated agent logic and multi-hop reasoning approaches. This advancement will
considerably improve the quality of information services, expand their applications, and increase end-
user satisfaction.

2. Literature review and justification of research problem
2.1. Review of existing RAG approaches and research gaps

In recent years, significant attention in the field of artificial intelligence has been devoted to the
development of Retrieval-Augmented Generation (RAG) systems. The RAG methodology
effectively integrates generative models with information retrieval mechanisms [1], improving the
accuracy and completeness of responses to complex queries. Subsequent research has underscored
the importance of incorporating external knowledge sources [2] to enhance the performance of large
language models in generating responses.

Among contemporary studies, several propose novel approaches to refining RAG systems. For
instance, Active RAG employs an active learning approach to reduce computational resources [3]
while enhancing response quality through the dynamic selection of the most relevant documents.
Another promising approach is REPLUG [4], which aims to improve response accuracy and
completeness by reusing previously retrieved data and interactively refining queries.

However, multimodality remains insufficiently explored in the context of RAG. The
multimodal model CLIP, effectively handling both text and images [5] but lacking support for
sophisticated agent logic and multi-hop reasoning [6]. This limitation restricts its applicability in real-
world scenarios that require not only content recognition but also deep analytical integration of
information from multiple sources.

An overview of contemporary commercial solutions (such as ChatGPT, Google Gemini, and
others) indicates a predominant focus on textual information or isolated cases of multimodal
integration, which does not fully meet the requirements for comprehensive multimodal interaction.

Thus, the analysis of literature and existing practical solutions highlights a critical unresolved
issue: the absence of universal multimodal RAG systems capable of implementing agent logic and
multi-hop reasoning for complex text, image, and table processing. Addressing this gap is the primary
objective of this research.
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2.2. Analysis of modern approaches and baseline systems

Over the past few years, several influential text-only RAG approaches have been proposed.
Active-RAG learns to select a minimal subset of documents sufficient to meet a target response
quality, which improves efficiency but remains unimodal and lacks multi-step action planning.
REPLUG enables iterative reuse of previously retrieved fragments (clarify - retrieve - generate), yet
it is also text-only and typically relies on a simplified single-step or shallow iterative scenario. Related
methods, such as Retro and Toolformer, either rely on static knowledge integration or automatic tool
selection without multimodal support [7, 8].

Beyond text-only methods, multimodal RAG systems have also emerged. Representative
examples include: MuRAG [9], which retrieves across images and text from a multimodal memory
for open-domain QA; Wiki-LLaVA [10], which employs hierarchical retrieval over multimodal
documents; VisRAG [11], which performs vision-centric page/image-level retrieval using a VLM;
M3DocRAG [12], which targets multi-page/multi-document QA and supports both single- and multi-
hop questions over text, charts, and figures; VisDoMRAG [13], which runs concurrent textual and
visual RAG pipelines with multi-step evidence curation. These systems differ in their retrieval
granularity (page/image vs. text chunks), the presence or absence of explicit multi-step reasoning,
and whether they include an explicit agent/planning loop.

To provide a fair view across categories, Table 1 summarises both text-only baselines and
multimodal systems using consistent criteria (Multimodality, Agent logic, Multi-hop reasoning,
Dynamic selection of documents). The list is representative rather than exhaustive; it focuses on
widely cited or recent systems published in the last few years.

Compared with these approaches, our work is distinguished by an explicit agent-based multi-
hop loop together with coordinated handling of text, tables, and graphical elements tailored to
complex scientific reports. This combination is evaluated end-to-end on a real multimodal corpus
(Global Tuberculosis Report 2024 [14]) and is reflected in the comparative summary in Table 1.

Table 1. The comparative analysis of modern systems and proposed work

. . .| Multi-hop Dynamic

Category Approach Multimodality | Agent logic reasoning selection of

documents
Text-only | Active RAG No No Yes Yes
Text-only REPLUG No No No Yes
Text-only Toolformer No Partially No No
Multimodal | VisDoMRAG Yes Partially Yes Yes
Multimodal MuRAG Yes No No Yes
Multimodal | Wiki-LLaVA Yes Partially No Yes
Multimodal | M3DocRAG Yes No Yes Yes
Multimodal This work Yes Yes Yes Yes

Thus, the system proposed in this article is among the first to simultaneously integrate
multimodal content, ReAct [15] agent logic, and multi-step planning, significantly expanding the
practical applicability of RAG systems.

3. Aim and objectives of the study
The aim of this research is to improve the efficiency and completeness of multimodal
information processing by developing, designing, and experimentally evaluating a multimodal agent-
based RAG system that integrates agent logic and multi-hop reasoning for the comprehensive analysis
of textual, visual, and tabular data.



A Multimodal Retrieval-Augmented Generation System with ReAct Agent Logic for Multi-Hop Reasoning 45

To achieve this goal, the following objectives have been established:

1. Analyze contemporary architectural approaches and implementation technologies for
multimodal agent-based systems utilizing RAG.

2. Develop a multimodal agent-based RAG system capable of simultaneously and effectively
processing text, tables, and images.

3. Conduct experimental studies on the developed system using multimodal document dataset
to evaluate performance across different information modalities.

4. Perform a comparative analysis between the developed multimodal agent-based system and
a traditional textual RAG system, evaluating them according to accuracy, completeness, performance,
and usability metrics.

5. Provide practical recommendations for implementing multimodal agent-based RAG systems
in real-world information environments.

4. Materials and methods for the multimodal agent-based RAG system
4.1. Research object and subject

This study hypothesises that integrating multimodal retrieval with ReAct-driven multi-hop
reasoning can significantly improve retrieval recall and answer accuracy compared with traditional
text-only RAG systems.

Research Object: The multimodal agent-based RAG system, designed to facilitate integrated
processing of textual, tabular, and graphical data. The system is built upon the ReAct-agent
architecture (LangChain) [8, 15], employs ChromaDB [16] vector storage for embedding retention,
and utilizes the OpenAl API (text-embedding-ada-002, GPT-4) [17, 18] for embedding creation and
response generation. A key characteristic of the system is its capability for multi-hop reasoning: the
agent sequentially plans actions, queries various modalities (TextSearch, ImageSearch,
TableSearch), and aggregates the obtained observations into a coherent final response.

Research Subject: Search and response generation utilising agent logic in a multimodal context,
specifically:

— Modality-selection algorithm based on query content;

— Multi-step reasoning (multi-hop reasoning) strategy to refine intermediate results;

— Aggregation of results from different modalities into a unified user response;

— Performance evaluation metrics (Coverage, Accuracy, Recall, User Relevance).

4.2. Selection and characterization of experimental data

The Global Tuberculosis Report 2024, published by the World Health Organization (WHO),
was selected as the primary dataset for evaluating the multimodal agent-based RAG system. The
complete PDF of the report is available from the official WHO website [14].

The report comprises comprehensive textual sections, numerous statistical tables, and visual
materials (maps, histograms, line diagrams), making it well suited for testing all system modalities.
Statistical data are collected annually from 193 countries, meaning that numerical indicators from
2023 (e.g., 10.8 million new TB cases, 1.25 million deaths) are absent from the training corpora of
most Large Language Models (LLMs) [7]. This absence substantially reduces the likelihood of
responses being generated from the parametric memory of such models.

The document integrates global and regional data, modeling scenarios, and comparative
dynamics spanning from 2000 to 2023, requiring the system's capability for multi-hop reasoning.

The document consists of 68 pages of primary text, structured as follows:

— Textual sections: over 25,000 words;

— Tables: 18 units (epidemiological indicators, UN targets, etc.);

— Graphs/diagrams: 34 units (line trends, heat maps, histograms);

— Photographic materials: 6 units (examples of disease case detection).

The document is segmented into three modality collections:

— text collection: paragraphs and figure captions;
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— table collection: each table row is stored as a separate document (cells concatenated
using “I");

— image caption collection: textual descriptions of graphics extracted from captions.

Thus, the Global Tuberculosis Report 2024 provides a sufficient volume of unique, structurally
diverse data for comprehensive testing of the capabilities of the multimodal agent-based RAG system.

4.3. Operational principles and tools of the multimodal RAG system
4.3.1. Operational principle of the multimodal RAG system

The system implements the RAG paradigm. Instead of solely relying on the parametric memory
of'a LLM, it initially conducts a semantic search within vector storage during the retrieval stage. The
retrieved context is then incorporated into the query, enabling the LLM to generate the final response
based on additional context from vector storage. To support multimodal capabilities, vector
collections are added for three modalities: text, tables, and graphic descriptions.

The operational workflow consists of the following key stages:

— Generate query embeddings and search within text collection, table collection,
and image caption collection.

— Use the ReAct agent to analyse the query and the initial retrieval results, deciding whether
an additional retrieval step (hop) is required (e.g., for clarification or modality switching);

— Aggregate the top-k documents from each modality into the query context;

— Use the LLM (GPT-4) to generate the final response.

4.3.2. Agent interaction and multi-hop reasoning

Justification for choosing the ReAct template. The Reason + Act (ReAct) template was
selected as the foundational paradigm for agent interaction based on the following scientific and
practical considerations:

Declarative transparency of the reasoning process. ReAct compels the language model to
explicitly formulate logical steps as a sequence of Thought—Action—Observation. This approach
firstly reduces the likelihood of hallucinations since each model statement is supported by concrete
observation. Secondly, it ensures the possibility of expert auditing and reproducibility of the reasoning
chain.

Support for self-ask and multi-step planning without FSM scenarios. Due to the recursive
“thought—action—observation” structure, the model can initiate clarifying sub-queries (self-ask). This
enables the construction of multi-hop reasoning chains without the need for rigid script-based control
(FSM). This capability is particularly crucial in a multimodal environment where responses often
require combining information from various sources.

Comprehensive telemetry of agent actions. Integrating ReAct with the LangChain callback
mechanism automatically records each Thought, Action, and Observation in JSON format. This
telemetry facilitates subsequent quantitative and qualitative analytics, such as calculating the average
number of hops, assessing the duration of each action, and identifying bottlenecks.

Adaptability to GPT-4’s large context window. Latest-generation models (GPT-4) can handle
and process extensive prompts (up to 128 thousand tokens), making explicit verbalization of
reasoning steps effective and minimizing information loss between iterations.

Operational workflow of agent interaction. In practice, the interaction proceeds as follows:

1. The system receives a user query and retrieves initial candidates from the multimodal
collections;

2. The ReAct agent formulates an explicit reasoning step (Thought) and evaluates whether the
retrieved fragments sufficiently answer the query;

3. If gaps are identified, the agent performs an Action by reformulating or expanding the query;

4. The system executes a new retrieval step and returns updated fragments as an Observation;

5. This Thought—Action—Observation cycle repeats up to three hops, after which the agent
aggregates all relevant fragments into the final response.
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These arguments collectively demonstrate that employing the ReAct template is the most
appropriate solution for multimodal retrieval-augmented reasoning within the scope of this system.

4.3.3. Multimodal search

Concept of Multimodal Semantic Search. Given the multiple information modalities nature of
input data (textual paragraphs, table rows, textual descriptions of graphical content), the search
module is implemented as a combination of three independent vector indices. This division is dictated
by the varying distribution statistics of features within vector spaces formed by Sentence-BERT
models (for text and table rows) [22] and CLIP (for graphical descriptions) [23]. The data collections
used in this study are described below:
— text collection. Each paragraph of the main text undergoes preliminary tokenization and
normalization, after which it is transformed into a 1536-dimensional vector using the text-embedding-
ada-002 API.
— table collection. Each row of a table is concatenated using the delimiter “” and vectorized
using the same embedding model which is conceptually related to earlier approaches for handling
fuzzy queries in relational databases [24]. However, these vectors are stored in a separate Hierarchical
Navigable Small World (HNSW) index.
— image caption collection. Graph descriptions and alt-tags are preprocessed through
lemmatization and stop-word removal, then vectorized using the Sentence-BERT (MiniLM-L12)
model optimized for short texts. Utilizing CLIP embeddings without additional GPU resources on a
local machine proved slower (approximately 5 seconds per query). Consequently, a decision was
made to use textual representations of captions instead.

‘6|37

4.3.4. Search process description

A search session comprises three main stages:

— Creating a query for the vector database;

— Submitting the query in parallel to all three collections with the parameter £ = 6. Here, the
parameter k denotes the number of nearest neighbors retrieved per query from each vector collection,
where a neighbor corresponds to a document fragment (paragraph, table row, or image caption).

— Sorting and merging the results by cosine distance into a unified priority queue, from which
the final fop-k = 10 documents are selected according to an inter-modal ratio of
6:2:2 (text: table: visual). This ratio was determined empirically to minimise prompt-context length
without compromising recall.

It is essential to explain why the parameter value £ = 6 was specifically chosen. In the context
of vector search, the parameter k refers to the number of nearest (based on cosine or Euclidean
distance) documents returned by the index for a single query. In proposed system, the query is
simultaneously sent to three collections, with each collection returning £ results. These lists are
subsequently merged and ranked, effectively forming a pool of 3 x k candidates, from which the agent
selects the final top-k for the prompt context.

The choice of k = 6 was made following a validation test over 100 queries, varying & between
three and eight:

— At k <5, recall declined due to frequently missing relevant table fragments or captions.

— At k> 7, the prompt length (in tokens) increased rapidly, raising latency and GPT-4 API call
cost without significantly improving accuracy.

— The maximum F/-score (harmonic mean of accuracy and recall) was observed at k£ = 6.

Therefore, if each collection returns six fragments, the final pool comprises 18 results,
providing additional context. These results follow a proportion of 6:2:2 (fext: table: graphic). With
18 candidates of typical size (~120 tokens for text/table, ~80 tokens for graphics), the final context
occupies approximately 2,400-2,600 tokens, maintaining a safe margin below the operational limit
of 8,000 tokens — even after including the agent’s Thought/Action traces and the model’s response.
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Parallel search across three collections with k& = 6 yields an average retrieval time of ~70-90 ms
(on Ryzen 5 + ChromaDB). Increasing k to 10 extends the search duration to >150 ms, which,
combined with LLM latency, results in slower responses.

In summary, selecting k£ = 6 represents an experimentally balance between completeness
(recall) and efficiency (latency and token cost) for the target corpus and hardware configuration.

4.4. Research methodology
4.4.1. Data preparation and database generation

The initial stage of developing the RAG system involves data preparation and ingestion,
followed by the creation of a vector database. This process is performed once and repeated only when
updates are necessary due to changes in the documents intended for use as additional verified context.

To extract relevant data from a large PDF document, the PyMuPDF [19] and Camelot-py [20]
libraries were utilized. Initially, the PDF file undergoes data extraction: PyMuPDF isolates all textual
blocks exceeding 20 characters, while Camelot identifies table outlines and converts each table into
a pandas.DataFrame. Textual paragraphs are cleaned and tokenized using spaCy [21], while table
rows are concatenated using the “|” character to preserve column order and convert two-dimensional
data into a linear textual format.

Subsequently, the cleaned paragraphs and table rows are submitted in batches of 128 elements
to the OpenAl Embedding API (text-embedding-ada-002). This model generates 1536-dimensional
semantic vectors, capturing lexical, syntactic, and numerical features within a common vector space.
Using the same embedding model across both modalities ensures distance consistency, simplifying
subsequent ranking during retrieval.

Generated vectors, along with associated metadata (id, page, modality), are stored in
ChromaDB. A text collection is created for textual data, while table rows are stored in a
separate table collection, each employing an HNSW index (parameters: M = 32,
efConstruction = 200). This segmentation facilitates nearest-neighbor search speed within each
subspace, maintaining the ability for unified multimodal result ranking.

The handling of graphical information warrants separate consideration. Before processing
graphical data, the system first identifies all embedded images within the PDF file using the
PyMuPDF function page.get image list(full=True). This function returns a unique
reference, bounding-box coordinates, and page number for each image. Subsequently, textual blocks
(page.get text ("blocks"™)) along with their coordinates are extracted from the same page,
enabling the identification of the relevant caption associated with each image.

A custom function, HeuristicCaption (), generates a concise yet informative description.
This function selects text blocks whose centers are located within =120 pixels of the image's upper
or lower boundaries, ranks these blocks based on proximity to the image, and concatenates them into
a single string limited to 120 characters. The resulting caption undergoes linguistic normalization in
spaCy: punctuation and stop words are removed, and each word is lemmatized, enhancing semantic
coherence. The cleaned caption text is then sent to the OpenAl Embedding API (text-embedding-ada-
002), transformed into a 1536-dimensional vector, and stored along with metadata (id, page,
modality = "image caption") in the corresponding ChromaDB collection. Thus, the system
represents graphical objects via their textual descriptions, facilitating rapid semantic search without
processing pixel data directly.

In summary, the system does not store BMP/JPEG files or generate CLIP embeddings from
pixel data. Instead, it indexes textual descriptions of images, enabling rapid semantic search without
the computational overhead of direct visual feature extraction.

4.4.2. Organization of multimodal search
The search mechanism is implemented as a three-level system, wherein each modality - text,
tables, and lemmatized image captions are managed by a separate ChromaDB vector collection.
Interaction with these collections is facilitated via three LangChain wrappers: TextSearch,
TableSearch, and ImageCaptionSearch.
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Query classification. Upon receiving a query, the system first converts it into a numerical
vector. The FastText model is utilized for this transformation, as it efficiently generates vectors even
for unfamiliar words.

Subsequently, this vector is compared against three pre-prepared “anchor” vectors, each
representing the modalities: text, table, and figure. These anchor vectors essentially embody each
modality. The cosine distance between the query vector and each anchor is calculated; the smaller the
distance (i.e., the higher the similarity), the closer the query is to the respective modality.

If the highest similarity score falls below the experimentally determined threshold of 0.35, the
system interprets the query as mixed and simultaneously queries both textual and tabular data. This
combined search enhances recall, especially when the query includes both descriptive elements and
numerical details from tables [24].

Anchor vectors (“text”, “table”, “figure”) are generated at system initialization, with a 300-
dimensional vector computed for each anchor word. Given that there are only three anchor vectors,
it is impractical to store them in a vector database; instead, they are maintained as a standard Python
dictionary within the query classification module. Upon system startup, this dictionary is loaded into
RAM, and the cosine distance between the query vector and these anchor vectors is computed for
each incoming query.

Parallel retrieval and aggregation. All three queries across each modality are executed in
parallel with a fixed depth of & = 6, an empirically determined value that provides an optimal balance
between Recall and context volume. After retrieving candidates, results are sorted based on cosine
distance and aggregated into a unified pool. From this pool, the final context comprising the top-10
documents is created using a ratio of 6:2:2 (text: tables: graphics). Thus, the system combines
specialized searches within homogeneous spaces with a unified ranking mechanism, minimizing
latency and maintaining a high level of response completeness.

4.4.3. Decision-making module

The decision-making module is implemented as a ReAct-agent
(AgentType.CHAT CONVERSATIONAL REACT DESCRIPTION) based on GPT-4 with zero
temperature and a limit of 700 output tokens, ensuring determinism and providing a sufficient context
window for multimodal responses.

Iterative reasoning process. After each Observation step, the model conducts an internal
verification: if the relevance of the retrieved fragments to the query, measured as the average cosine
similarity of key tokens, falls below the threshold of 0.75, the agent automatically initiates an
additional search step (hop) using synonymic paraphrasing (WordNet dictionary). This process
implements self-ask mechanisms and multi-step planning without rigid scripting logic.

The number of reasoning iterations is limited to three. If, after the third hop, the system has not
achieved complete coverage of facts (Recall < 1.0), the agent provides a partial response, explicitly
marking missing elements with the <missing> token.

“Missing elements” refer to facts or context fragments necessary for a complete and correct
answer but not identified even after three search iterations. These could include, for instance,
numerical indicators from a table or key textual phrases, without which the conclusion remains
incomplete. If, after the third attempt, the system still fails to locate all required fragments (marked
by Recall < 1.0), the agent delivers a “partial” response, inserting the <missing> marker in the
appropriate locations. This marker signals reviewers or end-users that the knowledge base failed to
retrieve specific information, indicating that the provided response may require additional verification
or an extended data source.

Logging and analysis. All stages of the reasoning cycle Thought, Action, Observation - are
automatically logged via the LangChain callback manager in JSONL format (directory
logs/<run_id>.jsonl). This practice ensures detailed auditing and facilitates subsequent
quantitative analysis of the reasoning process efficiency.
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5. Experimental evaluation of the multimodal RAG system
For the empirical evaluation of the proposed multimodal agent-based RAG system, a test set
comprising 50 queries was developed using the Global Tuberculosis Report 2024 (30 textual, 10
tabular, and 10 graphical queries). This sampling provides proportional loading for all modal pipeline
components and is fully reproducible. For each query we prepared a gold answer (the “golden
standard”), and a reference evidence set — the IDs of the relevant paragraph, table row, or figure
caption in our ChromaDB collections. The entire list of requests is presented in Table 2.

Table 2. Test queries for evaluating the multimodal RAG system

Type Query
1 2

Text What is the total estimated incidence of tuberculosis globally in 2023?
Text What are the most significant factors contributing to tuberculosis mortality?
Text How has COVID-19 impacted tuberculosis reporting and detection rates?
Text What percentage of TB cases are bacteriologically confirmed globally?
Text What challenges are associated with TB preventive treatment coverage?
Text Describe the main objectives of the WHO End TB Strategy.
Text What role does social protection play in TB management according to the report?
Text What are the recent trends in funding for global tuberculosis programs?
Text How does the WHO categorize countries according to their tuberculosis burden?
Text What advancements in TB vaccine development are highlighted in the report?
Text What is the estimated global TB death rate without treatment?
Text How does tuberculosis prevalence vary across different regions globally?
Text What new targets were set at the UN high-level meeting on TB in 2023?
Text Explain the significance of community engagement in TB control.
Text What proportion of global TB cases are estimated to have HIV co-infection?
Text How are TB case notifications and outcomes reported internationally?
Text Discuss the importance of rapid molecular tests in TB diagnosis.
Text What are the implications of drug-resistant TB for public health strategies?
Text Describe WHO’s multisectoral accountability framework for TB.
Text What has been the impact of TB treatment regimens recommended by WHO?
Text Summarize the key findings regarding TB in prisons.
Text How has TB incidence changed globally since 2021?
Text What specific data does WHO collect in its annual TB report?
Text What measures does WHO recommend for improving TB case detection?
Text Explain the role of digital systems in TB surveillance according to the report.
Text Discuss the financial burden of TB on affected households.
Text Describe the WHO's strategy for TB screening and preventive treatment.
Text What is the relationship between undernutrition and TB incidence?
Text What are the barriers to TB vaccine implementation discussed in the report?
Text Outline WHO's recent initiatives for TB research.
Table Provide the reporting rates of TB data by WHO regions.
Table Summarize the budget allocations for national TB programs in 2024.
Table Detail the reported TB incidence rates by region.
Table List the high TB burden countries according to WHO.
Table Present the proportion of TB cases with drug-resistant strains by region.




A Multimodal Retrieval-Augmented Generation System with ReAct Agent Logic for Multi-Hop Reasoning 51

1 2
Table What are the key indicators used by WHO to assess TB disease burden?
Table Provide the data on TB preventive treatment coverage in HIV patients.
Table Summarize TB mortality estimates by age and sex for 2023.
Table Detail the trends in case notifications from 2019 to 2023.
Table Provide the population coverage data for TB diagnostics in 2023.
Figure Explain the trends shown in the graph of global TB incidence from 2010 to 2023.
Figure Describe the regional variations in TB case notifications depicted in figures.
Figure Analyze the graphical data on the use of rapid molecular tests for TB.
Figure Discuss the graphical representation of TB death trends over the years.
Figure Interpret the figure depicting TB treatment outcomes globally.
Figure Explain the significance of the graphical data on TB preventive treatment.
Figure Describe the figure illustrating global TB funding trends.
Figure Discuss regional differences in bacteriologically confirmed TB cases.
Figure Analyze the graphic showing TB incidence in high-burden countries.
Figure Explain the graphical trends in TB notifications post-COVID-19 pandemic.

System configuration. GPT-4 model with temperature 0; ReAct agent with up to three hops;
retrieval depth k£ = 6 per collection, where £ is the number of nearest neighbors (fragments) returned
from each collection for a single query; final prompt context built from the merged pool using the
6:2:2 ratio (text: tables: graphics).

Scoring workflow (per query):

1. Run the full pipeline to produce the final answer and the final prompt context (the k-based
fragments actually passed to the LLM).

2. Compare the retrieved candidates against the reference evidence set to compute retrieval
metrics.

3. Compare the model’s final answer against the gold answer to compute answer metrics.

4. Store per-query scores; aggregate as mean = SD.

Metrics.

Retrieval-recall (RR). For a query with reference evidence set R, let tops(m) be the 6 nearest
fragments retrieved from collection m € { text, table, figure }. We count a reference fragment r €
R as “retrieved” if its ID appears in tops(mod(r)). Then

|{r € R:7 € tops(mod (1))}

RR =
IR

(1)

We report the mean + SD over 50 queries. The result is presented in Table 3.

Answer-accuracy (Acc). Binary label per query. Annotator decomposed gold answers into
atomic facts (minimal statements or numeric items). The model’s answer is Acc = 1 iff it contains all
gold facts and introduces no incorrect/conflicting facts; otherwise Acc = 0. We report mean = SD
(Table 3).

Answer-recall (4R). For the same atomic-fact sets,

#gold facts present in the answer

AR #gold facts

2)

Reported as mean = SD in Table 3.

Response time. Time measured with time.perf counter () from the moment the query is
dispatched (including retrieval and any agent hops) until the final answer is received. Runs were
executed on the specified local setup (ChromaDB on CPU; GPT-4 via API). Reported as mean + SD
in seconds (Table 3).
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Table 3. Metrics measurement results

Metric Value ( mean £ SD )
Retrieval-recall 0,95+ 0,05
Answer-accuracy 0,92 +0,08
Answer-recall 0,89 £ 0,1
Response time 7,4+ 1

We compute Accuracy and Recall within each subset of queries: textual (n=30), tabular (n=10),
graphical (n=10), applying the same Acc and AR definitions above and averaging inside each subset
(mean + SD).

Coverage (%). For a given modality subset, Coverage is the percentage of queries where at least
one reference fragment of that modality appears in the final prompt context (i.e., among the top-k
fragments actually fed to the LLM after merging). This operationalises whether the retrieval stage
reliably surfaces relevant evidence for each modality.

Table 4. Modalities measurement results

Modality Accuracy (mean = SD) Recall (mean = SD) Coverage (%)
Text data 0,95+0,15 0,92 +0,18 100
Tabular data 0,92 +0,18 0,88 + 0,14 100
Graphical data 0,82 +0,16 0,81 +0,19 100

Text queries achieved the highest accuracy, as expected given that the embedding model was
primarily trained and tuned for textual data. Differences among modalities did not exceed 10
percentage points, indicating effective integration of the tabular and visual collections into the overall
retrieval process. Complete (100%) coverage across all three modalities confirms that a top-6
sampling for each collection reliably ensures relevant context within the query window.

Defining the number of agent hops. To quantify the trade-off between reasoning depth and
runtime, we ran an experiment that varies the maximum number of agent hops (Thought—Action—
Observation cycles) while keeping all other settings fixed.

Setup. Same evaluation set (50 queries) and scoring protocol as described above; GPT-4 at
temperature 0; retrieval depth k£ = 6 per collection; final context constructed with the 6:2:2 ratio (text:
tables: graphics); identical ReAct prompts and stopping criteria. We performed a warm-up pass and
then one evaluation pass per condition.

Conditions. We evaluated four configurations with max_hops € {1,2,3,4}. In each condition
the agent may stop earlier if it decides no further retrieval is needed; the setting only caps the
maximum number of hops.

Agent stopping criteria. After each Thought—Action—Observation cycle the agent either
continues or stops based on:

1. A fixed max-hops cap (3 in main runs; 4 in experiment).

2. No-novelty in retrieval (the hop contributes no new fragment IDs to context).

3. An answer-sufficiency self-check indicating that the current evidence is enough to answer
fully.

4. Budget guardrails on prompt-window size (3,000 input tokens) and practical latency. The
criteria are evaluated in this order and the process stops when any is met; otherwise the agent performs
another hop.

Measurements (per query, per condition).

1. Answer-recall (4R) and Answer-accuracy (4cc) computed from the gold-answer atomic facts.

2. Retrieval-recall (RR) computed against the reference evidence set.

3. End-to-end latency measured with time.perf counter () from dispatch (including
retrieval and any agent hops) to the arrival of the final answer.
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We aggregated each metric as mean + SD over the 50 queries.

Result summary. Relative to the 3-hop configuration, allowing a fourth hop increased Answer-
recall by =1 percentage point on average, while end-to-end latency increased by =2 seconds.
Accuracy changes were negligible. Given the small recall gain and the added delay, we adopt three
hops as the default setting for all main experiments.

These findings demonstrate that the proposed system consistently achieves high accuracy and
completeness across the three supported modalities (text, tables, and graphical data), with full query
coverage and acceptable response latency, making the system suitable for practical use in analytical
tasks involving complex scientific reports.

6. Discussion of research results

The experimental results demonstrate that combining multimodal semantic search with ReAct
agent logic substantially improves retrieval-augmented generation systems compared with text-only
approaches. An average answer-accuracy of 92 % and answer-recall of 89 % in a corpus where
graphical and tabular fragments contain critically important numerical data confirm that the system
can effectively integrate multiple information modalities knowledge sources within a single reasoning
chain.

The system achieved 100 % coverage across all modalities by separating documents into
independent ChromaDB collections for text, tables and captions, and executing parallel searches with
k=6. The limited context window of GPT-4 was accommodated by empirically selecting a 6:2:2
proportion (text: tables: graphics), preserving the most informative text while retaining essential
numerical data and figure captions. A small gap between the accuracy of textual queries (94 %) and
graphical queries (89 %) reflects the linguistic nature of the embedding model; lemmatized captions
provide less context than full paragraphs, slightly reducing the discriminative power of their vectors.
Response times averaged about five seconds, which is acceptable for interactive systems, although
they scale linearly with prompt length.

The system key advantage over Active RAG and REPLUG is not only the support of three
modalities but also the agent’s capacity to execute up to three reasoning hops with automatic
synonymic paraphrasing. Nevertheless, limiting the system to three hops sets a practical limit on
recall, since additional iterations yielded only marginal improvements while noticeably increasing
latency. More complex queries may require adaptively increasing the number of iterations.

The present study also has limitations: the system represents images solely via their textual
captions and therefore cannot answer questions about colours or shapes. To overcome this, future
work will integrate pixel-level embeddings (e.g., CLIP) as a separate collection. Another direction is
the adoption of active learning mechanisms for document selection, similar to Active RAG, to reduce
context size without sacrificing recall.

Based on the empirical findings, several practical guidelines can be formulated for developers
and researchers intending to implement multimodal RAG systems:

— Vector search parameter (k): an empirically suitable value of k = 6 provided the highest recall
observed in this study. Smaller values reduced recall by approximately 5—7 percentage points, while
larger values increased the prompt-context length, response latency, and token cost without delivering
meaningful accuracy gains.

— Modality classification threshold: an empirically selected cosine threshold of 0.35 correctly
assigns at least 94 % of queries to the appropriate collection. Lower thresholds generate more mixed
queries and increase latency, whereas higher thresholds lead to erroneous single-modality
classifications.

— Number of reasoning hops: limiting the ReAct cycle to three iterations provides the best
trade-off between answer-recall and response time. A fourth hop adds only about one percentage point
to recall while increasing latency by roughly two seconds.

— Token cost estimation: the average query consumed about 1 150 input tokens and 120 output
tokens, corresponding to approximately USD 0.010 per query (based on OpenAl pricing in May
2025), where embedding generation accounts for roughly 25% of the cost and response generation
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for 75%. Batch processing can reduce costs by caching embeddings and using separate access keys
for accounting

— Inclusion of comprehensive visual embeddings: for applications that require pixel-level
semantics (such as recognising colours or shapes), integrating CLIP embeddings as an additional
collection of image vectors is advisable.

These insights provide actionable guidance for the design and configuration of future
multimodal RAG systems and highlight directions for further research.

Conclusion

Areview of current retrieval-augmented generation (RAG) approaches, including Active-RAG,
REPLUG and Toolformer, revealed that existing systems remain largely unimodal and rely on single-
step retrieval. This gap underscores the need for an approach for integrating textual, tabular and visual
data, while supporting multi-hop reasoning and flexible agent-driven logic.

This work presents a novel multimodal RAG system that combines a ReAct agent architecture
with separate vector indices for text, tables, and image captions, enabling dynamic modality selection
and multi-hop reasoning. The system harnesses ChromaDB for vector storage, the
text-embedding-ada-002 model for unified embeddings, and GPT-4 for generation, providing an
integrated end-to-end framework.

Experimental evaluation using the World Health Organization’s 2024 tuberculosis report as a
multimodal corpus demonstrated that the proposed system achieves high retrieval-recall (~0.95),
answer-accuracy (~92%), and answer-recall (89%), with a complete coverage of relevant content
across all modalities and an average response time suitable for interactive use. These results confirm
the effectiveness of the multimodal approach and multi-hop agent logic.

Comparative analysis with a baseline text-only RAG implementation shows that proposed
system delivers higher accuracy and recall while maintaining reasonable latency, proving that
multimodal retrieval and agent-driven multi-step reasoning substantially enhance the practical utility
of RAG systems over traditional solutions.
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HIBuaKKI PO3BUTOK T€HEPATUBHUX MOJIENIEH IITYYHOTO IHTEIEKTY CyTTEBO BILIMBAE HA Cy4acH1
MeTou 00poOKH iH(OPMAIIil Ta B3a€MO/IiI0 KOPUCTYBadiB 3 iHGopMaIliitHuMu cucreMamu. OaHUM 13
MEePCIEKTUBHUX HAIMPSMIB Y IIIi Tally31 € TEXHOJIOTIA TeHepallii 3 JonoBHeHUM morrykoM (Retrieval-
Augmented Generation, RAG), sika MO€qHye MOXJIMBOCTI T€HEPATUBHUX MOJIENEH Ta METOAH
iHbOpMAaIIITHOTO MOUTYKY AJIs MiABUILEHHS TOYHOCTI i1 peieBaHTHOCTI BiAnoBiaeil. OpHak OUTbIIICTD
HassBHUX RAG-cucteM Opi€HTOBaHI MEpPeBaKHO Ha TEKCTOBI JaHi, 10 HE BIAMNOBiNa€ Cy4yacCHUM
notpebam y MyIsTUMOJaNIbHINA 006po0i11i iHpopmalii (TeKCT, 300pakeHHs, TabnuIIi).

O06’exToM nocinimkeHHs 1i€el podoTu € mynsrumoaanbHa RAG-cuctema, nmodynoBana Ha 6asi
areHTHOT Joriku ReAct, 31aTHa 10 6aratokpokoBoro mipkyBaHHs (Multi-Hop Reasoning). OcHOBHa
yBara npujiieHa iHTerpauii TeKCToBoi, rpadiuHoi Ta TabauuHoi iH(opMarii 3 MeToro GpopMyBaHHS
TOYHHMX, TIOBHUX 1 peJIEBaHTHMUX BiAMOBiAeH. [lns peanizaiii CUCTEMH BHKOPHUCTAHO BEKTOPHE
cxoBuiie ChromaDB, moneni renepanii emOenaunris OpenAl (fext-embedding-ada-002) Ta MOBHY
moxeis GPT-4.

Mertoro NOCHIIKEHHS € pPo3poOKa, BIPOBA/PKEHHS Ta EMIIpUYHA OIiHKA e(EeKTUBHOCTI
3aIpPONOHOBAaHOT MyIbTUMOIANBHOT RAG-cucTemu, sika 6a3yeTbcsi Ha areHTHOMY TinxoJii ReAct ta
37aTHA €EKTUBHO IHTETPYBATH Pi3HI JPKEpena 3HaHb Y €JUHUN 1HPOPMALIIiHUIA KOHTEKCT.

MarepiajaoM i €KCIEpUMEHTaIbHOI MEepeBIpKM BUCTYNUB 3BIT BcecBiTHBOI opranizanii
oxoponu 310poB’st Global Tuberculosis Report 2024, axuii MiCTUTH PI3HOMaHITHI TEKCTOBI, TpadiuHi
Ta TabauuHi AaHi. [ eMIipu4HOTO aHaji3y CTBOPEHO cleliadbHUi TecToBuil Hallp 13 50 3anuTiB



A Multimodal Retrieval-Augmented Generation System with ReAct Agent Logic for Multi-Hop Reasoning 57

(30 TexcroBux, 10 Tabnuynmx, 10 rpadidamx), M0 JO3BOIHIO MOBHICTIO MPOTECTYBATH BCi ACMIEKTH
MYJIBTUMO/IIBHO1 IHTETparlii.

B xoxmi [ocCnipkeHHS BUKOPUCTAaHO METOJM CEMAHTHMYHOTO BEKTOPHOTO  TIOMIYKY,
0araTOKpOKOBOTO AareHTHOTO IUTaHyBaHHS ReAct, OIliHIOBaHHS TOYHOCTI Bimmomineu (Answer-
Accuracy), noBHOTH BinnoBinei (Answer-Recall) Ta mBuakocTi popMmyBanHs Biamnosinei (Latency).
Tako MPOBOIUBCS aHATI3 3aJISKHOCTI MIBUAKOCTI BIATIOBIAL BiJl 00CSTY 3aMUTIB.

OTpumani pe3yJabTaTH MIATBEPIWIA BUCOKY €(EKTHBHICTH 3alpOTIOHOBAHOTO ITIIXOY.
Cucrema mpoAeMOHCTpyBaJlia TOYHICTh BiAMOBineH Ha piBHI 92%, moBHOTY BimmoBinei — 89%, Ta
3abesneumia nopHe (100%) oxoruteHHs Beix TumiB qaHux. CepenHiid 9ac BiAMOBII CKIaB OIM3BKO 5
CeKyHJ, IO BIAMOBiZa€ BUMOTaM IHTEPAKTUBHUX CHCTEM. EKCIIepIMEHTAIbHO BCTAHOBJICHI
ONTUMAJIBHI TapaMeTpu (HanpuKiIaI, mapaMerp k = 6, nopir xnacudikanii 0,35 Ta 10 TpbOX iTepariit
MIPKYBaHHS), IO 3a0€3Me4yloTh HaWKpalle CHIIBBITHONICHHS MDK IMOBHOTOIO, IIBHUJKICTIO Ta
€KOHOMIYHICTIO pOOOTH.

Pesynbratu 1ocnipKeHHs 3aCBIAUNIN 3HAYHI IEpeBark MyJIbTUMO/IaIbHOTO ar€HTHOTO MIIX0AY
MOPIBHSHO 3 TPaJULIMHUMH TEKCTOBUMHU pimieHHAMH RAG, migTBepAuBIIM NEPCIEKTUBHICTh
MOJIANBILINX JIOCIIKEHb.

KnrouoBi cnoBa: MynsruMoiaibHa CHCTEMA, TeHepallisi 3 JONMOBHEHHM MomykoM, RAG, areHT
ReAct, GaratokpokoBe MipKyBaHHS, CEMaHTHUYHUN MOIIYK.



