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The proliferation of dynamic, multidimensional data in computational science, ranging from medical

imaging and molecular simulations to arti�cial intelligence-generated content, has exposed critical

limitations of existing visualization and animation formats. Raster video formats lack scalability and

semantic depth, while traditional vector animation standards are often long-winded and unsuited to

capturing the subtle, incremental changes inherent in scienti�c processes. We introduce VectorDiff, a

novel differential vector animation format designed to address these challenges. VectorDiff utilizes a

declarative JSON-based structure that de�nes a baseScene and a timeline with explicit, time-stamped

transformations. By storing only the difference (delta) between states, it achieves unparalleled

performance and data precision. This paper introduces the basic principles of the VectorDiff format,

its architecture, and its transformation potential in four key areas: diagnostic medical imaging,

molecular dynamics, robotic surgery, and AI-generated content. We argue that VectorDiff is not just an

alternative format but a necessary paradigm shift toward a more ef�cient, precise, and semantically

aware representation of dynamic scienti�c phenomena.
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1. Introduction: The crisis of representation in dynamic data

Scienti�c discovery is increasingly driven by our ability to model and understand dynamic systems. We

simulate the coiling of proteins on a picosecond scale, track tumor growth over months based on

sequential MRI scans and record every subtle movement of surgical robot tools. In parallel, generative
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arti�cial intelligence models are now capable of creating complex, evolving visual narratives[1]. However,

the formats we use to store, transmit, and analyze these dynamic processes remain rooted in outdated

paradigms.

Raster video formats (e.g., MP4, AVI) are fundamentally inadequate. They represent data as a grid of

pixels, discarding the underlying geometric and semantic information. This results in large �le sizes, loss

of precision when scaling, and an inability to interact with or query individual objects in the scene. On the

other hand, declarative vector animation formats, such as SVG with SMIL[2], while maintaining

geometric integrity, are often long-winded and burdened by overhead associated with the DOM model.

They were designed for illustrative web animation, not for ef�cient representation of thousands of

incremental state changes generated by scienti�c simulation, leading to signi�cant performance issues

with large numbers of dynamic objects.

This gap creates a "crisis of representation." We require a format that is:

Differential and ef�cient: Capable of storing huge time sequences by encoding only the changes

(deltas) between states.

Vectorized and precise: In�nitely scalable and capable of representing complex geometries with

mathematical precision.

Semantically rich: Able to maintain the identity and attributes of individual objects throughout the

animation, allowing for interaction and analysis.

Platform-independent: Easy to parse and render in both 2D (web) and 3D (VR/AR, scienti�c software)

environments.

This article introduces VectorDiff as a comprehensive solution to this crisis, summarizing its key

advantages in the table below.

2. The VectorDiff format: a differential philosophy

The basic philosophy of VectorDiff is to treat animation not as a sequence of discrete, independent frames

but as an initial state followed by a precise, time-ordered log of transformations. This is implemented

using a simple but powerful JSON structure.

2.1. Major components

The VectorDiff �le consists of two primary keys: baseScene and timeline.

qeios.com doi.org/10.32388/K4G5XP 2

https://www.qeios.com/
https://doi.org/10.32388/K4G5XP


baseScene: An array of VectorObject elements that de�nes the initial state of the scene at time t=0. Each

VectorObject has a unique id, type (e.g., rect, ellipse, path), and structured geometric data (e.g. {"x": 10, "y":

20, "width": 50, "height": 50}) and a set of attributes for styling (e.g., �ll, stroke).

timeline: an object in which the keys represent discrete timestamps (e.g., "1.05s"), and the values are

arrays of transformations that occur at that exact moment. Each transformation targets a speci�c object

by its targetId and describes the change (e.g., translate, rotate, scale).
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{

  "version": "1.0",

  "baseScene": {

    "objects": [

      {

        "id": "protein_alpha_helix_1",

        "type": "path",

        "data": { "d": "M10 80 C 40 10, 65 10, 95 80" },

        "attributes": { "�ll": "none", "stroke": "#3498db" }

      }

    ]

  },

  "timeline": {

    "0.5": [

      {

        "targetId": "protein_alpha_helix_1",

        "transformation": { "type": "scale", "sx": 1.1, "sy": 1.1 }

      }

    ],

    "1.2": [

      {

        "targetId": "protein_alpha_helix_1",

        "transformation": { "type": "rotate", "angle": 15, "centerX": 50, "centerY": 45 }

      }

    ]

  }

}

2.2. Uni�ed transformation model

A critical design principle in VectorDiff is a uni�ed approach to transformations. All geometric changes

applied to an object over time - translation, rotation, scaling, or af�ne matrices - are cumulatively

applied to a single transform attribute in the object state. The underlying geometric data remains
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constant. This provides a single source of truth about the object's state at any point in time, eliminating

ambiguity and ensuring predictable, compositional transforms —a principle directly inherited from

standards such as SVG and modern graphics pipelines.

3. System architecture and applications

The VectorDiff ecosystem is designed as a modular monorepository consisting of a core engine,

visualization renderers, and high-level application packages.

3.1. Core engine and visualization

@vectordiff/core: A lightweight, dependency-free TypeScript library responsible for parsing, validating,

and applying transformations to VectorObject structures. It is a canonical implementation of format

logic.

@vectordiff/visualization: Provides renderers that bring the VectorDiff animation to life:

SVGRenderer: A React-based component that renders animation as a standard, interactive SVG, ideal

for web dashboards and publishing.

ThreeRenderer: A powerful renderer that interprets VectorDiff data and creates a corresponding 3D

scene using Three.js[3]. This enables high-quality, interactive 3D visualization for advanced

applications.

3.2. Application I: Medical imaging and diagnostics

In radiology, clinicians analyze sequences of CT or MRI scans to assess disease progression. VectorDiff

represents a paradigm shift in the way this data is visualized[4]. Instead of a stack of static images or

scraped video, a radiologist can interact with a VectorDiff animation in which segmented structure (e.g.,

tumors, lesions, blood vessels) is represented as VectorObject. The timeline accurately documents

changes in their size, shape, and position during treatment.

This is especially important in the context of modern analytical methods such as LILAC  [5], which

automatically highlights signi�cant temporal changes between pairs of images. VectorDiff provides an

ideal data structure for storing and querying precisely those "temporal change predictions" that such

models generate. Moreover, with the clinical implementation of 4D imaging modalities that capture

dynamic physiological processes in real-time, such as 4D Flow MRI for cardiac evaluation[6], the need for
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a format that can effectively encode time-varying geometry, rather than just a series of static 3D

volumes, becomes critical.

This approach aligns with the increasing emphasis on longitudinal data analysis in clinical trials, as

re�ected in research initiatives supported by institutions such as the National Institutes of Health[7].

3.3. Application II: Molecular dynamics and drug design

As molecular dynamics (MD) simulations continue to be a cornerstone of modern drug design[8], the

challenge of analyzing the resulting multidimensional trajectory data remains. While early molecular

dynamics simulation solutions, such as Anton's specialized machines[9], produced massive amounts of

trajectory data, current tools often generate thousands of PDB �les or render to non-interactive movies.

VectorDiff, powered by ThreeRenderer, can represent each secondary structure or protein domain as a

separate VectorObject. The timeline can then animate conformational changes, ligand binding events, or

allosteric effects with high precision and ef�ciency. This offers a signi�cantly richer analytical

experience than simple video playback, enabling new paradigms for interactive exploration and

hypothesis testing in virtual reality environments[10].

Researchers can pause the animation at any time, query the exact transformation of a speci�c domain,

and interact with the 3D model. VectorDiff is architecturally poised to support a future in which analysis

moves from post-hoc trajectory �les to interactive, real-time visualization of conformational and

microenvironmental changes[11].

3.4. Application III: Robotic surgery and procedure analysis

In robotic-assisted surgery (e.g., using the DaVinci system), recording and reviewing procedures are

essential for training, quality assessment, and providing a forensic opinion. This is an area of growing

importance, with a signi�cant increase in AI-based tool tracking analysis as of 2018[12][13].

VectorDiff is the ideal format for this task. The path of each surgical tool can be registered as a

VectorObject, and the timeline captures its every movement and rotation with millisecond precision, a

key requirement for 3D tool movement metrics that correlate with surgical pro�ciency[14]. Moreover,

safety-critical information such as proximity warnings or virtual forbidden zones can be encoded as

other vector objects, creating a complete, reproducible, and analyzable record of the entire surgical

procedure.
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Such a record provides the basis for surgical digital twins (digital twins) and photorealistic simulations

based on real-world data[15].

3.5. Application IV: Canonical format for AI-generated content

As generative models become more pro�cient at producing visual content, the ideal representation of the

output has become a key research question. While early models produced raster images, a new wave of

research is exploring the direct synthesis of structured, editable vector graphics to overcome the

limitations of pixel-based formats.

Recent work has demonstrated that the direct optimization of traditional vector primitives, such as

Bézier curves, is complex and often leads to redundant or incorrect geometries. To address this, methods

such as NIVeL[16]  propose using an indirect representation based on neural implicit �elds that can

capture complex topologies while remaining resolution independent.

VectorDiff offers a complementary, declarative approach to the same problem, providing a normalized,

easily parsable JSON structure as an alternative to a purely neural representation. Moreover, the

challenges of maintaining style consistency have led to the development of advanced multistage

pipelines[17]  that distill knowledge from image diffusion models to ensure structural regularity in the

�nal vector output.

These efforts underscore the industry's desire to create structured, semantic, and editable generative

content. VectorDiff is, therefore, a proposal that is both non-speculative and timely. It provides a

canonical, web-native format that aligns with the goals of this cutting-edge research, offering a potential

universal target format for generative models that prioritizes interoperability and edibility.

4. Discussion and future directions

VectorDiff presents a distinct set of advantages over existing formats for dynamic scienti�c data:

Ef�ciency: File sizes are dramatically reduced for long, incremental animations compared to storing

full-state snapshots.

Precision and scalability: As a vector format, it maintains quality at any resolution.

Interactivity and semantics: While preserving the identity of objects, it allows direct interaction,

querying, and analysis of individual components inside the animation.
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The main challenge for VectorDiff lies in its adaptation. This requires adapting tool chains and scienti�c

software to export and import the new format. Our work provides basic libraries to facilitate this process.

Future work will focus on three key areas:

Hardware acceleration: development of WebGL and GPU-accelerated renderers capable of handling

scenes with millions of objects in real-time. The development of GPU-accelerated renderers is critical

because standard DOM-based SVG rendering exhibits signi�cant performance degradation when

animating thousands of individual objects, a common scenario in scienti�c visualization.

Standardization: the main challenge for VectorDiff lies in adoption, an obstacle that can be overcome by

following the successful model of other open formats. The glTF format, often referred to as "3D JPEG,"

has achieved wide popularity due to its focus on being a lightweight, interoperable transmission format

managed by an industry consortium. We propose a similar path for VectorDiff, positioning it as "glTF for

dynamic data." A key �rst step will be the formation of a W3C Community Group to formalize the

speci�cation. This is a low-threshold entry process, requiring only a proposal and the support of �ve

people to initiate a public forum for developing the speci�cation and building consensus.

Direct integration: In parallel with standardization efforts, the creation of plug-ins for major scienti�c

software platforms (e.g., PyMOL[18], ParaView[19], 3D Slicer[20]) to support native VectorDiff import/export

is essential to lower the barrier to adaptation.

5. Conclusions

The era of static diagrams and rasterized videos as the primary means of scienti�c communication is

drawing to a close. The complexity and dynamism of modern data require a new representation

language. VectorDiff is our proposed manifesto for this new language. It is a format built on principles of

ef�ciency, precision, and semantic richness, designed not only for viewing but also for interacting with

and understanding the dynamic processes that de�ne the frontiers of science and technology.

Notes

Github repository: https://github.com/SlawomirWisniewski73/VectorDiff
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