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Figure 1: Fractal Adaptive Menu: the main screen opens with the hierarchical decomposition of menus, sub-menus, and items
as recursive rectangular areas (a); selecting any area zooms in on this area to reveal the sub-menus, recursively: e.g., selecting
the (a) purple area leads to (b), selecting the (b) blue area leads to (c) and (d), iteratively; selecting the main area outside the
sub-menu returns to the previous level: e.g., selecting the (d) blue area returns to (c), then to (b), then to (a).

Abstract

The literature is replete with studies that have explored, analyzed,
and tested different techniques for ensuring the adaptivity of a
menu in graphical user interfaces, mainly by maintaining the for-
mat of a menu bar, its pull-down menus, and its sub-menus, while
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varying its presentation. Instead of restricting adaptivity to this
format, adaptivity could be ensured by exploiting the entire display
space available in full-screen or intermediate-screen mode. Inspired
by fractal geometry, we motivate and define the concept of a fractal
adaptive menu, a graphical adaptive menu that benefits from three
properties useful for adaptivity: self-similarity, recursive navigation,
and hierarchical menu organization. We explain how to engineer
this menu for graphical user interfaces and validate this approach
with a case study in machine control for a steel mill. In addition to
being adaptive to the screen resolution, a fractal adaptive menu is
particularly beneficial when menu navigation is repetitive or fre-
quent in a deep hierarchical organization. Proprioceptive memory
can make it easier to remember which menu areas to select during
a long crossing of the hierarchy.
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1 Introduction

The literature is full with works that have studied adaptive menus
in a Graphical User Interface (GUI), in the form of introducing
original adaptive menus [1, 4, 5, 8, 9, 16, 28], modeling them [11,
19], comparing them [6, 17], and incorporating them in a design
space [7, 21]. There are at least 49 different Graphical Adaptive
Menus (GAMs) [40], most of which are variations on the classic
menu format of a menu bar attached to pull-down menus, them-
selves associated with sub-menus. Maintaining this format is com-
mendable for preserving overall usability [17, 30], primarily consis-
tency of presentation even when behavior changes [16], maximizing
predictability [22], reducing the displacement of items subject to
adaptivity [29], minimizing potentially negative effects [25], re-
taining selection accuracy [22], and enabling generation [39]. For
example, menu items subject to adaptivity can be highlighted [4].
Fisheye menus [5] vary item font size according to distance from
the focus area, the region in which the cursor is located. In most of
these cases, the overall menu format remains the same.

A small proportion of these adaptivity techniques challenge this
classic format by imagining new shapes and sizes that expand the
field of investigation and design spaces of GAMs [7, 16, 21], which
are a common and frequent example of adaptive GUIs. For example,
hyperbolic menus break the straitjacket of the classical format by
displaying the menu hierarchy in a hyperbola that expands and
collapses according to the navigation and the cursor location [40].

Menu adaptivity becomes even more acute in the context of
multiple GUIs [20] (which require different adaptations depend-
ing on the platform and its screen resolution) and multi-platform
interfaces [12] (which multiply the adaptations by the number of
screens to be defined, even in responsive design). The effect of the
menu size on user satisfaction [2], actual or perceived usability [33],
performance [18] and, above all, efficiency is well known [10], es-
pecially for mobile devices [33]. However, varying the menu size
can go hand in hand with varying the shape, to create a different
kind of adaptivity. Instead of restricting oneself to the classic menu
format, exploiting the entire available display space represents an
opportunity to be explored for both desktop platforms (e.g., for
maximized or intermediate windows) and mobile platforms (e.g.,
smartphones or tablets), not to mention the list format.
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In the field of fractal geometry [27], the self-similarity property
of a fractal image refers to its characteristic of appearing similar
at different levels of magnification [35]. This means that when
zooming in on a fractal, smaller sections of the image resemble the
overall structure, often repeating indefinitely [24]. Self-similarity
can be exact, where each scaled-down portion is an identical copy
of the whole, or approximate, where the similarity is present but not
perfectly replicated [32]. This property is evident in mathematical
fractals [24, 26], such as the Mandelbrot set [27], snowflakes [31],
and coastlines or other geographical forms [3], where patterns recur
at progressively smaller scales.

To address the above issues, this paper defines the concept of a
fractal adaptive menu, a graphical adaptive menu that benefits from
three properties useful for adaptivity inspired by fractal geometry:
self-similarity, recursive navigation, and hierarchical organization.
We then explain how to engineer this menu for GUIs and validate
this approach with a case study in machine control for a steel mill.

2 Related Work

This section first reviews selected work related to GAMs and then
delves into fractal geometry, with some applications.

2.1 Graphical Adaptive Menus

GAMs have been extensively studied [40] to maintain or enhance
usability [30] by adapting menu structures and presentation based
on context of use [5, 9], usage frequency [6, 19], and cognitive
load [11]. Various adaptive menu designs have been proposed, each
with unique advantages and limitations, costs, and benefits [25]. The
fractal menu introduces a novel approach by leveraging principles
of fractal geometry to address some of these limitations.

Traditional hierarchical menus organize items into nested struc-
tures [28], requiring users to navigate through multiple levels to
access specific functions. While effective for categorizing extensive
option sets, they often lead to increased interaction time and cogni-
tive load due to deep navigation paths. Users may experience "menu
hunting," struggling to recall the exact path to a desired function.

Split menus [36] reorder or highlight frequently used items to
improve efficiency e.g., by placing commonly accessed items at
the top while maintaining the full menu below. While beneficial
for task efficiency, users may find the reordering disruptive or
unpredictable [22, 37], leading to frustration when item locations
change unexpectedly [29]. Ephemeral adaptation [19] employs grad-
ual onset techniques to reduce visual search time while maintaining
spatial consistency [16]: predicted items appear to draw attention,
while others fade in gradually. This method has been shown to
improve menu selection performance by guiding user attention
without altering item positions. Closer to our study, a mega-menu
(Fig. 2-left) is a large, rectangular, expandable menu that displays
many items at once, often organized into clearly defined categories,
columns, and sometimes enhanced with icons to provide visual
cues. This design allows users to quickly scan through a broad
range of links and sub-menus without needing to click through
multiple layers of navigation. In contrast to this non-adaptive menu,
a square menu (Fig. 2-right) [1] features a grid-like layout where
navigation options are presented as uniformly sized square tiles,
offering a more streamlined and minimalist appearance.
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Figure 2: Two graphical menus using rectangular shapes: (left) a rectangular mega menu, (right) a square menu [1].

2.2 Fractal Geometry in HCI

Fractal geometry has emerged as a valuable tool in human-computer
interaction research. It has been applied to recognize brain states
from EEG signals, enabling neurofeedback applications for concen-
tration and stress management [38]. Fractal-based algorithms have
also been used to create lifelike artificial forms, with studies show-
ing that varying fractal dimensions can influence user perceptions
of naturalness and appeal [31]. In computer science, fractal geome-
try has found applications in image compression and virtual reality
environments, allowing for the reproduction of complex natural
patterns [34]. Additionally, the concept of self-similar fluctuations
has been proposed as a basis for designing cognition-friendly in-
teractions, with the suggestion that friendly interactions should
exhibit antipersistent, self-similar fluctuations within a specific
range [13]. These diverse applications suggest the potential of frac-
tal geometry to enhance various aspects of GUIs. There is really no
genuine consideration of fractal geometry to adaptive GUIs in gen-
eral and GAMs in particular to test whether the properties enjoyed
by a fractal image could be successfully applied to menus.

3 Concept of Fractal Adaptive Menu

By strict mathematical definition [35], a fractal is a geometric shape
that has symmetry of scale, meaning that you can zoom in to an
arbitrary depth and see the same pattern repeated. A Fractal Adap-
tive Menu or Fractal Menu for short, is a GAM type engineered on
the three fundamental principles of fractal geometry:

(1) Self-Similarity: The menu structure and format repeat at
multiple levels, where sub-menus resemble the main menu
in presentation and behavior. Imagine a circular or grid-
based menu where each main category appears as a node
(or a tile). When the user clicks/taps a node, it zooms in to
reveal subcategories, which maintain the same visual style
but on a smaller scale. The deeper the user navigates, the
more detailed the options become. For example, in Fig. 1,
each level is represented by a rectangular area containing
smaller rectangles for sub-menus.

Recursive Navigation: Thanks to animated transitions [14],
users can zoom in to reveal more detailed items or options,
and zoom out to see a broader view. For example, in Fig. 1,
the user can activate any visible sub-menu by selecting the
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~

corresponding rectangular area (either by clicking on it with
a mouse or by touching it on a tactile surface) and can come
back to the previous level by selecting the area outside the
sub-menus. In this way, users located at a level n access any
sub-menu at subsequent levels n—1, n—2, etc. if they exist
and if they are displayed and return to the upper level n+1
if it exists. Fig. 1 shows examples where forward navigation
in the hierarchy is supported by "Select this area" in the
sub-menu structure and backward navigation is supported
by "Select this area" outside the sub-menu structure. This
mechanism is referred to as incremental retreat [15] when
navigation is reversed level by level.

(3) Hierarchical Organization: Items are structured in a tree-like
form, allowing users to navigate naturally through different
levels of menu items. For example, in Fig. 1, the first level
(a) displays four sub-menus, i.e., red, grey, blue, and purple;
each menu is further decomposed into sub-menus if relevant,
e.g., the purple menu "Information services" is activated (b)
to display two menu items (i.e., "France24" and "Euronews")
and two sub-menus (i.e., blue with red and blue with green).
Selecting the "blue and red" sub-menu in (b) further activates
the sub-hierarchy of this menu (c), and so forth.

In addition to satisfying these three principles, a fractal adaptive
menu is expected to offer two features important for supporting
adaptivity to various GUI screen resolutions:

(1) Adaptive Complexity: The menu dynamically adjusts its level
of detail based on available screen real estate and user inter-
action, ensuring efficient access to frequently used functions.
For example, in Fig. 1, top right, the green sub-menu has
only four leaf nodes, thus creating an adaptive area for four,
while the red sub-menu is further decomposed into three
levels, not all of them being displayed to preserve brows-
ability (when menu items are visible on-demand) instead of
observability [23] (when menu items are directly visible).

(2) Space Efficiency: Unlike traditional nested menus that oc-
cupy large amounts of screen space, a fractal adaptive menu
condenses information while keeping it accessible. For exam-
ple in Fig. 1, all rectangular areas are computed recursively
based on a fractal generator (i.e., the pattern image subject
to self-similarity) [34].
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4 Engineering Fractal Adaptive Menus

Since our fractal adaptive menu should result in an adaptive multi-
platform menu that can adapt to varying screen resolutions and
where selection depends on the user’s preference and usage, we
created such a menu based on rectangular areas. To maintain its
fractal dimension low, thereby reducing the menu complexity, we
limit the number of items/levels per menu as well as its view depth
in the 4-6 range. Opportunistic, manual programming of a fractal
adaptive menu would not be flexible enough to accommodate var-
ious properties. To avoid this approach, we modelled our fractal
generator as a Lindenmayer system, or L-System [3], a rewriting
system exploiting a formal grammar, composed of symbols that can
be used to make strings, a set of production rules that expand each
symbol into some larger string of symbols, an initial "axiom" string
from which to begin construction, and a mechanism for translating
the generated strings into the fractal image.

For this purpose, we rely on the Turtle representation for L-
Systems [26], which comprises symbols such as: F = Move forward
(draw a line forward along the turtle’s heading), G = Move forward
(without drawing a line), + = Turn left of a certain angle . Fig. 3-left
shows the first steps of a rule, which consists of drawing forward,
turn right 90°, drawing forward, turn right 90°, and drawing forward.

e

H

Figure 3: Two examples of a Turtle interpretation: the
F—F—F—F rule with =90 (top) and the three first iterations
for our menu (bottom).

Iteration 1 of our rectangular fractal menu has the following

Turtle interpretation (Fig. 3-bottom for the three first iterations):

e Alphabet: FG

o Axiom: GGGG-GGGG-GGGG-GGGF; Note that other axioms
could be defined, such as GGG-GGG-GGG-GGF, FFF-FFF-
FFF-FFF, FFF-FFF-FFF-FF-FF-FF-F-FF-F-F-FF-FF
Rule: F = G++GG+GG+GG+G+GG+G+G+GG
Constants: none
Turning angle: 90°;
e Starting angle: 90°

This gives it a fractal dimension close to 1. For subsequent itera-
tions, each small rectangle will be replaced by a reduced version
of the global shape. To engineer the whole process of producing
a fractal adaptive menu (Fig. 4-left), we developed a Java applet!
in Java Platform 8 that: (1) parses the menu hierarchy stored as an
XML file into an object, (2) uses the menu item object along with
the L-system describing the fractal to be interpreted by the fractal
generator, and (3) renders the menu in a resizable window. The
parser distinguishes two types of menu items: final and non-final

! An alternative way to implement a fractal adaptive menu in a web interface is to use
React.js for UI components and D3.js for zooming and hierarchical layout.
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Figure 4: Flow diagram for engineering a rectangular fractal
adaptive menu.

menu items, representing a leaf menu item and a sub-menu item,
respectively. To complete the fractal menu, we used recursion and
the L-system. The distinction between final and non-final items
helps us create an exit condition for the recursion. The menu is
initialized by the fractal generator using the Menultem from the
parser and a size value based on the current screen resolution or
window dimensions if not full screen. The following pseudo-code
describes this sequence:

Algorithm 1 : Generate a Rectangular Fractal Panel
Class MenuS

MenuS (mi, s):

panelColor +— mi.getColor();

panelText «— mi.getText();

setPanel Dimension(s);

nextSize +— s/2;

if mi.isFinal() == false then
for Menultem m in mi.get Menultems() do

| addSubPanel(MenusS (m,nextSize));

end

> mi = Menultem from parser,

else

| addSubPanel(MenuS(m,nextSize));
end
assembleSubPanels();
setColor AndBorder Layout();
addListeners();

Algorithm 2 : MenultemPanel listener

Function listener(event):
Menultem chosen «— event.getSource().get Menultem();
Menultem parent +— chosen.get Parent();
if event.isLeftMouseButton then
| FractalGenerator.exzecute(chosen);
else
| FractalGenerator.execute(parent);

End Function

Item selection is achieved by capturing mouse events: left-mouse
click to zoom into the selected item area to display its children and
right-mouse click to zoom out of the selected item area to display
its parent menu. On any click event, we get the Menultem of the
clicked item if it was a right-mouse click and/or its parent Menu-
Item if it was a left mouse click. The Menultem is loaded for display
via the FractalGenerator. Depending on the platform, other item
selection techniques could be considered and implemented, such as
touch selection, eye tracking, or EEG-based navigation [38]. Deeper
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Figure 5: Fractal Adaptive Menu with parameter control: opening the "Information Services" sub-menu (a), then the "Belgian
channels" sub-menu (b), then selecting "AB4" channel (c). Selecting any parent level in the breadcrumb (d). Note the recursive

sub-menus in (c) and three levels displayed in (a).

items or sub-menus can be accessed by sequentially selecting the
sub-menus leading to them. Menus or sub-menus with more than
4 items will have three of the items shown, and the rest will be
on a subsequent screen accessible via the fourth menu item area
to establish browsability [23]. In sum, the core features of this en-
gineering are: (1) a zoomable GUI where users can click on any
rectangular area to zoom into sub-menus, similar to how zooming
works in fractal viewers [34], (2) a seamless transition between
levels supported by animated transitions between levels, (3) a dy-
namic content loading where sub-menus are dynamically generated
only when they are needed depending on available screen resolu-
tion; and (4) a breadcrumb to help users track their location in the
hierarchical organization, located in the top right position in Fig. 5.

Fig. 5 reproduces an interactive session where the fractal adaptive
menu is used with its control bar displayed at the top of the window
for flexible control: Menu hierarchy enables the end user to switch
from one menu to another, Form selects the shape used for the
fractal generator, Depth specifies the number of menu levels that
can be displayed on demand, Items per menu gives the threshold for
the maximum number of items displayed at once for each level, and
Offset specifies the space between the main area and the subarea
containing the sub-menus. The top right position contains the
breadcrumb of the menu for direct selection. In this way, the fractal
adaptive menu provides end users with more control to customize

its behaviour based on user’s needs, preferences, and additional
constraints posed by the computing platform.

For example, in Fig. 5, the fractal adaptive menu is operating
with Depth=3 (up to three levels of sub-menus displayed at once)
and Items per menu=6 (up to six items per menu in each rectangular
area at one level). Fig. 5-a shows the menu resulting from applying
these parameters, in which the end user selects the "Information
Services" area, which is then magnified in Fig. 5-top right. The end
user then selects the "Belgium channels” area that is in turn zoomed
in (Fig. 5-c). Since a maximum number of 6 items can be displayed
at once, the top right area in this figure is itself displayed to satisfy
this constraint, recursively. If the user selects this area, it will then
be magnified as well. If the user selects "AB4", a final item, it will be
selected. Fig. 5-d shows a case where the end user returns to any
other parent level by selecting the item in the breadcrumb. Note
that Fig. 5-(c) shows a screenshot where the sub-menu ">Belgium
channels" is recursively displayed with two deeper levels thanks to
available screen space. Other areas contain final items that do not
require any further display. Similarly, Fig. 5 displays up to three
levels of the hierarchical organization of the menu, when such sub-
menus exist. Final items are simply displayed in their respective
areas, whose surfaces are equivalent at that level. Of course, sub-
menus are displayed in smaller areas, thus making them harder to
select, but keeping them observable.
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5 Real-World Use Case

Possible applications of a fractal adaptive menu include: GUIs of
interactive software, such as advanced design tools, development
environments, or content creation software; gaming Menus with
game settings or inventories where users can expand or collapse
categories seamlessly; information visualization by exploring hi-
erarchical datasets or network graphs, and touchscreen interfaces
When traditional drop-downs and lists may be impractical.

We hereby describe a real-world project where a fractal adap-
tive menu has been prototyped, developed, and tested. The use
case takes place in a company specializing in the protection of
steel through zinc coating, a process essential to industries such
as automotive manufacturing. This continuous production process
involves high temperatures, heavy machinery, and a demanding
physical environment. The company operates 24/7 with rotating
teams of workers, including team leaders, quality technicians, and
line operators. Each team is responsible for ensuring that the pro-
duction line runs smoothly and meets stringent safety standards.

A key procedure within this workflow is the preparation of the
line before producing parts that require high surface quality. This
preparation involves completing a detailed checklist, with thirty
interdependent checks carried out by different workers stationed
at specific points along the line. The checklist is used to coordinate
actions, verify equipment status, and document responsibility. It
plays a central role in quality assurance and team communication.

As part of a broader effort to digitize critical procedures and
reduce reliance on paper forms, the checklist was selected for digital
implementation. A digital interface was therefore developed to
replicate and improve upon the existing form. The interface takes
the form of a fractal menu, a hierarchical and recursive navigation
structure particularly suited to complex, multi-actor procedures.
Each item of the original checklist is represented as a distinct node
within the menu, preserving the formal organization of the task
while enabling dynamic interaction and real-time data entry.

The fractal menu is aligned with three key structural and inter-
actional properties required by the task.

(1) First, self-similarity ensures consistency across levels: each
menu and sub-menu follows the same visual and functional
logic, supporting quick orientation and reducing learning
time. Whether accessing high-level categories or fine-grained
checklist items, users encounter the same interaction.

(2) Second, the menu supports recursive navigation through ani-
mated transitions. Users can zoom in to focus on a specific
set of checks or zoom out to gain an overview, facilitating
flexible access to information while maintaining context. The
transitions match the pace and attention span of workers
operating under physical and cognitive constraints.

(3) Third, the menu naturally supports a hierarchical organiza-
tion of items. The checklist itself is structured around a tree
of responsibilities and spatial locations on the production
line. This tree maps directly onto the menu structure, where
each node corresponds to a functional area or actor, and
sub-nodes correspond to the associated verification tasks. In
this way, the fractal menu offers not only a digital replica of
the original form but also a more efficient and cognitively
coherent interface for navigating distributed tasks.
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Figure 6: A Fractal Adaptive Menu.

Fig. 6 reproduces a screenshot of an interactive wireframe of
the fractal adaptive menu obtained in this real-world use case to
ensure machine surveillance, which classifies the end users’ tasks
into four categories: normal conditions (depicted in green in (Fig. 6)
which are the most frequent cases; abnormal conditions (depicted
in red), undetermined conditions (depicted in orange), and freeform
comments (depicted in blue). Each area is decomposed into sub-
categories, displayed as sub-menus with the number of occurrences
for each sub-task. For example, the "CDP" sub-task contains three
items to handle (the abbreviations are standard domain codes).

6 Conclusion and Future Work

This paper introduces the original concept of a fractal adaptive
menu, a graphical adaptive menu that satisfies three properties
useful for adaptivity inspired by fractal geometry: self-similarity,
recursive navigation, and hierarchical organization. Among these
properties, self-similarity is the key property since the shape used
by the fractal generator is automatically applied at any level of the
menu organization on display. Adaptivity is ensured by the shape
generator that automatically produces the layout of the menu (both
main area and sub-areas) depending on constraints imposed by the
screen resolution (in full-screen mode) or the window dimensions
(in intermediary-screen mode). We outlined a process for engineer-
ing such a fractal adaptive menu by parsing an XML file specifying
its hierarchical organization and feeding a formal definition of the
fractal as a L-system to render the menu at run-time. To keep the
end user in control of this display, a bar enables the end user to
control the value of all parameters used to display the menu, mainly
the depth level and the number of menu items per level, which gives
more flexibility for customization. We validate this approach with
a use case study from a real-world project. We believe that a graph-
ical adaptive menu is particularly appropriate in domains where
the navigation and item selection are repetitive and frequent in a
deep hierarchical organization. This remains to be demonstrated
empirically, which is our next step. Finally, we release the Java code
of the applet developed for this purpose.

Open Science. We share a public repository with the software
developed for this paper, along with the use case. Since our fractal
menu is publicly available, it can be reused to perform other use
cases for reproducibility or incremental research.
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