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ABSTRACT

Purpose: As human-machine systems grow in complexity, single-mode interfaces are often insufficient, leading to a
demand for multi-modal solutions. However, the design of these interfaces is frequently ad-hoc and domain-specific,
lacking a unifying theoretical foundation. This paper aims to address this gap by proposing a comprehensive, cross-
domain framework for the design and analysis of multi-modal human-machine interaction interfaces.
Design/Methodology/Approach: An integrative literature review and conceptual analysis were conducted. A curated
set of six foundational studies [1-6] representing diverse application domains—including medical training, disaster
management, augmented reality, and accessibility—were systematically analyzed to extract recurring design patterns,
challenges, and success factors. These findings were then synthesized to build a cohesive, multi-layered design
framework.

Findings: The analysis identified four core principles essential for effective multi-modal design: purposeful
complementarity, intelligent redundancy, contextual concurrency, and minimized cognitive load. These principles
form the core of the proposed M3 (Multi-Modal Mastery) Framework, a four-layered model that guides designers
through the consideration of context, modalities, integration strategies, and user experience evaluation. The
framework's utility is demonstrated by retrospectively applying it to the case studies from the source literature.
Originality/Value: This paper's primary contribution is a novel, generalizable framework that synthesizes fragmented
knowledge into an actionable guide for both practitioners and researchers. It provides a structured methodology to
create more intuitive, efficient, and user-centric multi-modal systems, moving the field beyond bespoke solutions
towards a more principled approach to interface design.
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INTRODUCTION
advent of the Graphical User Interface (GUI),

1.1. The Evolution of Human-Machine Interaction
(HMI)

The history of human-machine interaction (HMI) is a
narrative of progressive abstraction, a continuous journey
away from the esoteric commands of the machine and
towards the intuitive, natural communication styles of the
human. In the nascent stages of computing, interaction
was a privilege reserved for experts who could
communicate with machines in their native language of
punch cards and complex command-line syntax. The

https://aimjournals.com/index.php/ijaair

popularized in the 1980s, marked a paradigm shift.1 By
introducing visual metaphors like desktops, windows,
icons, and pointers, the GUI democratized computing,
making it accessible to a non-specialist audience.2 This
model, dominated by the WIMP (Windows, Icons,
Menus, Pointer) paradigm, has been remarkably resilient,
shaping our digital interactions for decades.

However, as computing has become increasingly
ubiquitous, mobile, and integrated into the fabric of our
physical world, the limitations of the traditional GUI
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have become more apparent. The reliance on a single
pointer and explicit, screen-based commands can be
inefficient and unnatural for complex tasks, especially in
environments where the user's hands or eyes are busy.
This has catalyzed the rise of the Natural User Interface
(NUI), which strives to make the interface itself seem to
disappear, allowing users to interact with digital
information in the same way they interact with the
physical world—through speech, gesture, touch, and
gaze.

This evolution has culminated in the current era of multi-
modal interaction. A multi-modal system is one that can
process two or more combined user input modes—such
as touch, speech, manual gestures, and eye movement—
in a coordinated manner with multimedia system output
[2, 5].3 The core premise is powerful: by leveraging
multiple communication channels, we can create
interactions that are more flexible, efficient, accessible,
and resilient. A user in an industrial setting, for example,
could use a voice command to call up a schematic while
simultaneously using hand gestures to manipulate a 3D
model of a part, an interaction far more fluid than what a
traditional mouse and keyboard could offer [5].
Similarly, a surgeon could interact with a dexterous
training interface using haptic feedback and other
modalities without breaking sterile procedure [1]. The
promise of multi-modality is not simply to add more
input channels, but to create a synergistic system where
the whole of the interaction is greater than the sum of its
parts.

1.2. Problem Statement: The Challenge of Effective
Multi-Modal Design

Despite the immense potential of multi-modal systems,
their design and implementation are fraught with
significant challenges. The transition from a single mode
of interaction to multiple, concurrent modes is not a
simple matter of addition; it introduces a new layer of
complexity that, if managed poorly, can lead to interfaces
that are more confusing and cognitively demanding than
their unimodal predecessors. The primary challenge lies
in achieving a seamless and meaningful integration of
modalities—a concept often referred to as 'modality
fusion'. How should the system interpret simultaneous
inputs from different channels? When a user points at an
object on a map and says, "Show me the details of this,"
the system must correctly fuse the deictic gesture (the
pointing) with the verbal command to understand the
user's intent [2].

Furthermore, the addition of modalities risks creating
sensory and cognitive overload. An interface that
presents auditory, visual, and haptic feedback
simultaneously without a clear hierarchy or purpose can
overwhelm the user, degrading performance and causing
frustration. This is a critical concern in high-stakes
environments like disaster management, where cognitive
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resources are already strained [2], and in educational
systems where the goal is to facilitate learning, not hinder
it [3]. The challenge, therefore, is to design systems that
use multiple modalities to offload cognitive work, not
add to it.

This leads to a more fundamental problem that motivates
this paper: the lack of a unified, principled approach to
multi-modal design. The field is rich with case studies of
specific systems built for specific contexts, from finger-
friendly patterns on mobile devices [4] to sophisticated
oculography-based control systems for accessibility [6].
While these examples are invaluable, they often exist in
silos. The design knowledge gleaned from creating an
augmented-reality assembly guide [5] is not easily
transferable to the design of an intelligent tutoring system
[3]. Consequently, designers and developers are often
forced to reinvent the wheel, relying on intuition and
iterative, context-specific user testing rather than a
foundational set of guiding principles. This
fragmentation hinders the maturation of the field, making
it difficult to build upon past successes and
systematically address recurring design challenges.

1.3. Literature Review and Gap Analysis

The existing body of research provides compelling
evidence for the value of multi-modality across a wide
spectrum of applications. These studies serve as the
foundational pillars upon which a more general theory
can be built. For instance, Payandeh [1] highlights the
role of multi-modal interfaces in medical training,
developing a dexterity training system that integrates
various sensory inputs and outputs to simulate complex
procedures. This work underscores the importance of
haptic feedback and non-traditional inputs in creating
high-fidelity, immersive learning environments. In the
critical domain of disaster management, Paelke et al. [2]
demonstrate the utility of multi-touch and multi-modal
map interactions. Their work shows how combining
touch gestures for navigation with other inputs allows for
more flexible and collaborative exploration of geospatial
data during emergency situations, where speed and
clarity are paramount.

The educational sphere has also been a fertile ground for
multi-modal research. Su et al. [3] explore the use of
multi-modal affective computing in intelligent tutoring
systems. Their research focuses on designing systems
that can recognize and respond to a user's emotional state
through various channels, aiming to create a more
empathetic and effective interaction between the student
and the computer. This highlights the potential for multi-
modality to move beyond purely functional commands
and engage with the richer, more nuanced aspects of
human communication.

On the consumer technology front, Gesta [4] investigates
new user interface design patterns tailored for finger-
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friendly and multi-modal interaction on mobile devices.
This work addresses the unique constraints and
opportunities of small-screen, touch-centric platforms,
emphasizing the need for ergonomic and easily
discoverable interaction methods. Shifting to industrial
applications, Wang et al. [5] present a sophisticated
multi-modal system for augmented-reality assembly
guidance. Their bare-hand interface allows workers to
interact directly with virtual instructions overlaid on the
physical workspace, demonstrating how multi-modality
can enhance productivity and reduce errors in complex
manual tasks. Finally, addressing the crucial area of
accessibility, Shohieb et al. [6] developed a multi-modal
system that allows users to control a mouse cursor via a
combination of eye movements and facial expressions.
This work exemplifies how intelligent fusion of
modalities can provide empowering alternative control
pathways for individuals with motor impairments.

While these six studies collectively showcase the power
and versatility of multi-modal interaction, they also
illuminate a significant research gap. Each study presents
a bespoke solution, meticulously crafted for its specific
problem domain. The design principles are often implicit,
embedded within the system's implementation rather than
explicitly stated and generalized. There is a clear absence
of a unifying framework that synthesizes the lessons
learned from these diverse applications. While Wang et
al. [5] discuss integration, and Paelke et al. [2] focus on
map interactions, no single source provides a
comprehensive, domain-agnostic set of principles for
when to use which modality, how to combine them
effectively, and how to manage the inherent complexities
of their integration. This paper contends that the next
stage in the evolution of HMI requires moving from a
collection of exemplary artifacts to a codified body of
design knowledge.

1.4. Research Objectives and Contribution

In response to the identified gap, this paper has a primary
objective: to propose a unified conceptual framework for
the design and evaluation of multi-modal human-
machine interaction interfaces. This framework is
intended to serve as a theoretical and practical tool for
designers, engineers, and researchers, enabling a more
systematic and principle-driven approach to creating
multi-modal systems.

To achieve this primary objective, the paper pursues two
secondary objectives:

1. To identify and codify a set of core design
principles for multi-modal interaction by synthesizing the
findings and implicit knowledge contained within a
representative set of existing research [1-6].

2. To structure these principles within a multi-
layered, actionable framework that guides the design
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process from initial context analysis to final user
experience evaluation.

The main contribution of this work is therefore not an
empirical study of a new system, but a theoretical
synthesis that brings structure to a fragmented field. By
providing a common language and a shared set of design
considerations, the proposed framework aims to
accelerate innovation, improve the quality of user
experience in multi-modal systems, and provide a
foundation for future empirical research. It seeks to equip
practitioners with a robust tool that bridges the gap
between the specific examples of what has been built and
the generalizable knowledge of how to build well.

1.5. Article Structure

The remainder of this article is structured to logically
develop and present this framework. Section 2.0 details
the methodological approach, outlining the process of
conceptual analysis and integrative review used to derive
the framework. Section 3.0 presents the core results of
this analysis, first by synthesizing the interaction patterns
from the literature, then by codifying the core design
principles, and finally by presenting the proposed unified
framework in detail. Section 4.0 discusses the broader
implications of the framework, including its
interpretation,  practical ~ applications,  inherent
limitations, and directions for future research. Finally,
Section 5.0 provides a concluding summary of the paper's
contributions.

2.0 Methodological Approach
2.1. Research Design

The research design employed in this study is a
conceptual analysis combined with an integrative
literature review. This non-empirical, theory-building
approach was selected as the most appropriate method to
address the primary research objective: the development
of a new conceptual framework. An integrative review is
a specific form of research that reviews, critiques, and
synthesizes representative literature on a topic in an
integrated way such that new frameworks and
perspectives on the topic are generated.4 Unlike a
systematic literature review, which aims to exhaustively
summarize all evidence related to a narrow question, an
integrative review is purpose-driven to re-conceptualize
a topic and build new theory.

Given that the problem identified is not a lack of
empirical evidence for the utility of multi-modal systems,
but rather a lack of theoretical cohesion and generalizable
design knowledge, a methodology focused on synthesis
and abstraction is required. This approach allows for the
examination of a diverse set of existing studies to identify
common patterns, underlying principles, and recurring
themes that may not be apparent when viewing each
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study in isolation. The goal is to move from the concrete
implementations described in the literature to a more
abstract, generalizable model of multi-modal design.

2.2. Scope and Source Selection

The scope of this review is focused on identifying the
foundational principles that govern effective multi-modal
HMI design across different application domains. To
achieve this, a purposive sampling strategy was
employed for the selection of source literature. Rather
than attempting an exhaustive search, we selected a
curated set of six core references [1-6] to serve as
exemplars. This selection was guided by the principle of
maximum variation sampling, where cases are chosen to
represent a wide range of characteristics. The rationale
for choosing these specific six sources is as follows:

° Domain Diversity: The selected papers span a
broad array of high-impact domains: specialized medical
training [1], emergency and disaster management [2],
intelligent and affective educational systems [3],
mainstream consumer mobile technology [4], complex
industrial manufacturing [5], and critical accessibility
solutions [6]. This diversity provides a robust basis for
identifying principles that are truly cross-domain and not
merely artifacts of a single context.

° Modality Representation: The collection of
studies covers a wide range of input and output
modalities, including multi-touch [2, 4], haptics [1], bare-
hand gestures [5], gaze tracking and oculography [6],
facial expressions [6], and the integration of these with
traditional graphical displays and audio feedback. This
ensures that the resulting framework is not biased
towards a specific type of interaction.

° Problem Complexity: The chosen applications
range from relatively straightforward mobile interactions
[4] to highly complex, high-stakes tasks such as surgical
training [1], assembly guidance [5], and emergency
response [2], providing insights into how multi-modality
scales with task complexity.

By anchoring the analysis in this deliberately diverse set
of foundational papers, the study aims to develop a
framework that is both grounded in proven applications
and broadly generalizable to future systems.

2.3. Analytical Framework for Synthesis

The analytical process for deriving the design framework
from the selected literature involved three distinct,
sequential phases:

1. Phase 1: Thematic Analysis and Pattern
Extraction: Each of the six papers was subjected to an in-
depth thematic analysis. The objective was to deconstruct
each study to identify and extract key information related
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to the HMI design. We coded for several themes,
including: (a) the specific user task and context, (b) the
input and output modalities employed, (c) the strategy
used to combine or integrate modalities (e.g., for
redundant, complementary, or concurrent input), (d) the
explicit or implicit design rationale provided by the
authors, and (e) the reported outcomes or benefits for the
user (e.g., increased efficiency, reduced error rate,
improved user satisfaction). This process resulted in a
structured inventory of interaction patterns and design
choices across the different domains.

2. Phase 2: Conceptual Synthesis and Principle
Formulation: In this phase, the extracted themes and
patterns were compared and contrasted across all six
studies. The goal was to move from individual
observations to higher-level abstractions. We used an
inductive reasoning process to group related patterns into
broader categories. For example, observations about how
systems allowed users to choose between touch and voice
for the same command were synthesized into a more
general principle of 'Intelligent Redundancy'. Similarly,
patterns where different modalities controlled different
aspects of a single task were abstracted into the principle
of 'Purposeful Complementarity'. This iterative process
of comparison, grouping, and labeling resulted in the
formulation of a core set of multi-modal design
principles.

3. Phase 3: Framework Construction: The final
phase involved organizing the synthesized principles into
a coherent, structured, and actionable conceptual
framework. This was not merely a list of principles, but a
model that illustrates the relationships between them and
situates them within a broader design process. The
framework was designed to be multi-layered, reflecting
the different levels of consideration in HMI design, from
high-level context to specific implementation choices
and eventual evaluation. The structure of the framework
was refined to ensure it was logically sound,
comprehensive, and could be readily understood and
applied by both researchers and practitioners.

3.0 Results: A Unified Framework for Multi-Modal
Interface Design

The systematic analysis and synthesis of the selected
literature [1-6] yielded the core results of this paper: a
taxonomy of interaction patterns, a set of four
fundamental design principles, and a unified, multi-
layered conceptual framework for multi-modal interface
design, which we have termed the M3 (Multi-Modal
Mastery) Framework.

3.1. Synthesis of Modalities and Interaction Patterns

A cross-case analysis of the six exemplar studies revealed
a consistent set of strategies for combining modalities.
These strategies are not mutually exclusive but represent

pg. 106


https://aimjournals.com/index.php/ijaair

INTERNATIONAL JOURNAL OF ADVANCED ARTIFICIAL

INTELLIGENCE RESEARCH (1JAAIR)

distinct patterns of integration that designers can
leverage.

° Complementary Input: This is the most common
and powerful pattern, where different modalities provide
input for different parts of a single, unified command.
The modalities complete each other, and the command
would be ambiguous or incomplete if one were missing.
A quintessential example is found in the conceptual
underpinnings of multi-modal map interaction [2], where
a user might point to a region on a map (a touch/gesture
modality) and issue a voice command like "What is the
population density here?". The gesture provides the
"where" and the speech provides the "what". Similarly,
the augmented reality assembly system [5] uses bare-
hand gestures to specify location and action on a part,
while the AR overlay provides complementary visual
information that would be difficult to convey through
gesture alone. This pattern is highly efficient as it allows
users to leverage the strengths of each modality for the
sub-task it is best suited for.

° Redundant Input: In this pattern, the system
allows the user to complete the same task using one of
several different modalities. This provides flexibility and
enhances accessibility. For example, in the design
patterns for mobile devices [4], an action like "confirm"
might be accomplished by tapping a button on the screen
or by using a voice command. The oculography-based
mouse controller [6] provides a powerful example, where
a user might be able to ‘click' via a specific facial
expression (like a prolonged smile) or a deliberate long
stare (dwell time). This redundancy ensures that the user
can choose the most convenient or feasible modality
based on their personal preference, physical ability, or the
current context (e.g., using voice when hands are
occupied).

° Concurrent Input: This pattern involves the
simultaneous, and often independent, operation of
multiple modalities to control different aspects of the
interface or task. In the context of disaster management
maps [2], one user could be using two-handed multi-
touch gestures to zoom and rotate the map, while another
user (or the same user at a different time) uses a stylus to
annotate a specific point. The dexterity training interface
[1] relies heavily on concurrent input, requiring the user
to manage haptic feedback, visual cues, and motor
actions simultaneously to simulate a complex procedure.
This pattern is essential for tasks that require continuous
control over multiple parameters.

° Context-Sensitive Input: The analysis also
revealed that advanced multi-modal systems often use
one modality to set the context for another. The affective
computing system described by Su et al. [3] exemplifies
this; the system might use facial expression recognition
and other sensors to gauge a student's emotional state
(e.g., confusion, frustration). This inferred context can
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then be used to adapt the behavior of the primary
interaction modalities, for example, by offering a hint or
changing the difficulty of the task. The system is not just
processing commands, but is using one set of modal
inputs to understand the state of the user, which then
informs the subsequent interaction.

3.2. Core Principles of Multi-Modal Design

From the synthesis of interaction patterns and the implicit
design rationales in the source literature, four core
principles for effective multi-modal design were derived.
These principles are not independent rules but an
interconnected set of guidelines that should inform the
entire design process. They can be conceptually divided
into two categories: the strategic principles of integration,
which describe how modalities can be combined, and the
overarching objective principle, which defines why we
combine them in the first place—to create a more
cognitively ergonomic experience for the user.

3.2.1. The Strategic Principles: Complementarity,
Redundancy, and Concurrency

The first three principles are strategic, focusing on the
functional arrangement of modalities.

° Purposeful Complementarity: This principle
dictates that when modalities are combined to perform a
single task, each modality should be assigned to the sub-
task for which it is best suited. The goal is to create a
cognitive synergy where the combined interaction feels
more natural and efficient than performing the entire task
with a single mode. An interface that leverages the unique
strengths of each channel, such as using bare-hand
gestures for spatial manipulation while receiving visual
guidance via AR [5], creates a fluid and powerful user
experience.

° Intelligent Redundancy: This principle states that
providing multiple modal pathways to accomplish the
same goal enhances usability, accessibility, and
resilience. The key word is "intelligent"—redundancy
should be offered for common or critical functions
without cluttering the interface. The system for mouse
control via oculography and facial expressions [6], which
provides multiple ways to signal a ‘click’, is a perfect
embodiment of this, making the system more robust and
adaptable to the user's capabilities and fatigue levels.

° Contextual Concurrency: This principle asserts
that users should be able to operate multiple modalities
simultaneously in a way that is natural and logically maps
to the task structure. The design must support parallel
streams of activity when the task demands it, such as
navigating a dataset with one hand while selecting items
with another [2]. This requires careful consideration of
the task's structure and how humans naturally perform it,
as seen in medical simulations that demand concurrent
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coordination of motor and sensory skills [1].

While these three principles provide the "how-to" of
multi-modal integration, they are all in service of a more
fundamental, overarching goal, which we define as the
fourth and most critical principle.

3.2.2. The Overarching Principle: A Deep Dive into
Minimized Cognitive Load

The ultimate objective of any well-designed human-
machine interface, and particularly a multi-modal one, is
to make the completion of a task more efficient, effective,
and satisfying. At its core, this is a problem of cognitive
ergonomics. The true measure of a multi-modal system's
success is its ability to reduce the mental effort required
to achieve a goal. Therefore, the fourth principle,
Minimized Cognitive Load, is not merely one among
equals but the primary directive that governs the
application of the other three. To fully appreciate its
centrality, it is necessary to ground our discussion in the
robust framework of Cognitive Load Theory (CLT).

Originating in the field of educational psychology, CLT
posits that human working memory is severely limited in
its capacity to process novel information.5 The theory
differentiates between three types of cognitive load that
can be imposed on this limited resource:6

1. Intrinsic Cognitive Load: This is the inherent,
unavoidable difficulty associated with a specific topic or
task. For instance, the intrinsic load of performing a
complex surgical procedure [1] is naturally high due to
the number of interacting elements and the precision
required. This load is determined by the nature of the task
and cannot be altered by instructional or interface design.

2. Extraneous Cognitive Load: This is the
inefficient or "bad" load generated by the manner in
which information is presented to the user or by the
activities the user is required to undertake. A poorly
organized user manual, a cluttered interface, or a
confusing command structure all impose high extraneous
load.7 This type of load is not productive for task
completion or learning and consumes precious working
memory resources that could be used more effectively.
Reducing extraneous load is the single most important
goal of interface design.

3. Germane Cognitive Load: This is the "good"
load, representing the productive mental effort dedicated
to processing information, constructing mental models
(schemas), and committing them to long-term memory.
A well-designed interface not only minimizes extraneous
load but also fosters and directs germane load, helping
the user to understand the task or system more deeply.8

From this perspective, the purpose of multi-modality
becomes crystal clear. An effective multi-modal interface
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is a tool for cognitive load management. It aims to reduce
the extraneous load imposed by the interface itself,
allowing the user to dedicate more of their limited
working memory resources to managing the intrinsic load
of the task and engaging in germane-load activities. The
strategic principles of complementarity, redundancy, and
concurrency are, in fact, tactical methods to achieve this
overarching cognitive goal. A deeper analysis of each of
our six reference studies through the lens of CLT reveals
precisely how this is accomplished.

Analysis of Cognitive Load Management in [5] and [1]:
Offloading and Integration

The augmented reality assembly guidance system
developed by Wang et al. [5] serves as a canonical
example of extraneous load reduction. The traditional
method of assembly involves a printed manual. To use it,
a worker must perform a series of cognitively demanding
steps: (1) read a step in the manual, (2) hold the
instruction in  working memory, (3) find the
corresponding physical parts, (4) shift visual attention
from the manual to the workpiece, and (5) perform the
action. The constant shifting of attention between two
disparate sources of information—the manual and the
physical object—is known in cognitive science as the
"split-attention effect,” a major source of extraneous
cognitive load.9 This extraneous load interferes with the
primary task, increasing the likelihood of errors and
slowing down the process.

The AR system [5] directly mitigates this problem by
physically integrating the instructional information with
the task object. By overlaying instructions, highlights,
and animations directly onto the user's view of the
workpiece, the system eliminates the need for mental
integration. The extraneous cognitive load associated
with the split-attention effect is almost entirely removed.
The worker can dedicate their full cognitive capacity to
the intrinsic load of the assembly task (e.g., handling
parts with dexterity) and the germane load of
understanding the assembly process. Furthermore, the
use of bare-hand gestures for interaction ensures that the
modality of control (hands) is the same as the modality
of task execution, preventing the cognitive dissonance
and extraneous load that would arise from having to put
down a tool to use a mouse or keyboard.

A similar cognitive offloading mechanism is present in
the medical dexterity training interface designed by
Payandeh [1]. Simulating a complex medical procedure
on a standard computer would impose a significant
extraneous load. The user would have to mentally
translate 2D visual cues on a screen and mouse
movements into the 3D, force-sensitive actions of the real
procedure. The multi-modal system [1] drastically
reduces this load by incorporating haptic feedback. This
allows the user to feel the simulated forces, textures, and
constraints rather than having to deduce them from
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purely visual information. This offloads a significant
portion of the cognitive processing from the visual
channel to the haptic-motor channel. This not only makes
the simulation more realistic but also more cognitively
manageable. It allows the trainee's working memory to
focus on the germane load of learning the procedural
steps and developing the correct muscle memory, rather
than being wasted on the extraneous task of mentally
translating visual cues into physical forces.

Analysis of Cognitive Load Management in [2] and
[4]: Fluency and Ergonomics

In high-stakes, time-sensitive environments like disaster
management, cognitive resources are at a premium. The
extraneous load imposed by a clumsy interface can have
severe consequences. The multi-modal map interaction
system described by Paelke et al. [2] is designed to
maximize cognitive fluency. Direct-manipulation, multi-
touch gestures for panning, zooming, and rotating a map
have become a standard because they are cognitively
efficient. They map naturally to our real-world
understanding of manipulating physical objects,
requiring very little mental translation. This minimizes
the extraneous load associated with the mechanics of
interaction. By making the interface itself "transparent,”
the system allows emergency responders to devote their
full attention to the intrinsic load of interpreting the
complex geospatial data. The support for concurrent
interaction further aids in managing cognitive load in a
collaborative setting, allowing tasks to be distributed
among team members, preventing any single individual
from being overloaded.

The same principle of cognitive ergonomics applies to
the design patterns for mobile devices discussed by Ggsta
[4]. The concept of "finger-friendly" design is
fundamentally about reducing extraneous cognitive load.
Small, hard-to-press buttons, confusing menus, and
inconsistent gestures all increase the mental effort
required to simply operate the device. This effort detracts
from the user's primary task. By establishing clear,
ergonomic design patterns, such as large touch targets
and intuitive gestures, the extraneous load of the
interaction is minimized. The user does not have to "think
about" how to use the interface; they can simply use it.
The provision of redundant modalities (e.g., voice
commands as an alternative to touch) further supports
this by allowing users to select the most cognitively
efficient modality for their current situation. For a user
whose hands are busy, composing a text message via
touch imposes a high extraneous load (due to task
switching); doing so via voice imposes a much lower one.

Analysis of Cognitive Load Management in [3] and
[6]: Adaptation and Accessibility

The work by Su et al. [3] on multi-modal affective
computing in intelligent tutoring systems introduces an
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even more sophisticated layer of cognitive load
management: adaptation. A core challenge in education
is that the intrinsic load of a topic can vary dramatically
from one learner to another. For a struggling student, the
intrinsic load can easily overwhelm their working
memory, leading to frustration and disengagement—a
state where no germane processing (i.e., learning) can
occur. The proposed system [3] aims to infer the user's
affective state through multi-modal channels (e.g., facial
expression, posture, speech prosody). This affective state
serves as a proxy for the user's cognitive state.

If the system detects signs of frustration or confusion, it
can infer that the user is experiencing cognitive overload.
In response, it can adapt the interface or the instruction to
reduce the load. For example, it might break a complex
problem down into smaller, simpler steps (reducing
intrinsic load) or provide a targeted hint (reducing
extraneous load). By using one set of modalities to
diagnose cognitive overload, the system can then adjust
the primary instructional modalities to manage that load
dynamically. This represents a move from a static
interface designed for a hypothetical average user to a
dynamic one that actively manages the cognitive load of
an individual user, optimizing the conditions for germane
processing.

Finally, the multi-modal oculography-based system by
Shohieb et al. [6] provides a profound example of how
interface design can radically alter cognitive load for
users with disabilities. For an individual with severe
motor impairments, a standard keyboard and mouse
represent a near-insurmountable barrier, imposing an
extreme physical and extraneous cognitive load. The very
act of interaction consumes all available cognitive
resources. The system [6] provides an alternative
pathway that dramatically lowers this barrier. By using
eye movement and facial expressions, modalities that
may be more readily available to the user, the system
drastically reduces the extraneous load associated with
computer control.

The provision of redundant input channels (e.g., using a
smile or eye-dwell for a 'click’) is not merely a matter of
convenience; it is a critical strategy for managing
cognitive and physical fatigue. Sustained eye-gaze
control can be tiring. Allowing the user to switch to a
different modality (a facial expression) allows them to
rest one control channel while using another, making
sustained interaction possible. In this context, effective
multi-modal design is not just about improving
efficiency; it is about enabling interaction itself by
lowering the extraneous cognitive load from a prohibitive
level to a manageable one.

In summary, a deep analysis of these six distinct
applications indicates that the minimization of cognitive
load is the central, unifying goal of effective multi-modal
design. The other principles—complementarity,
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redundancy, and concurrency—are best understood as
powerful strategies to achieve this cognitive end. A
design that uses complementary modalities to integrate
information [5] is a design that reduces extraneous load.
A design that offers intelligent redundancy [6] is a design
that allows the user to choose the least cognitively taxing
interaction path. A design that supports natural
concurrency [2] is a design that respects the limits of
working memory in complex tasks. This overarching
principle is the "why" behind multi-modal HMI, and it is
the foundation upon which the proposed M2 framework
is built.

3.3. The Proposed M3 Framework (Multi-Modal
Mastery)

Based on the synthesis and the core principles, we
propose the M3 (Multi-Modal Mastery) Framework. This
framework provides a structured, four-layered approach
to guide the design and evaluation of multi-modal
interfaces. It is intended to be used as a conceptual tool
throughout the design lifecycle.

3.3.1. A Detailed Walkthrough of the M3 Framework
Layers

To fully explicate the framework's practical utility, a
deeper examination of each layer is warranted. The layers
are not merely sequential steps but represent a nested set
of considerations, where decisions at each level are
informed by and constrained by the others.

Layer 1: The Context Layer (The ""Why" and
"Who')

This foundational layer is the most critical, as errors or
oversights here will cascade through the entire design. It
requires a deep, ethnographic understanding of the
interaction space. We can structure the analysis of
context along four key dimensions, each clearly
illustrated by the reference literature:

° Cognitive & Affective Demands: This dimension
considers the mental state of the user. Is the task high-
pressure and time-sensitive, as in disaster management
[2]? Is it a learning task where frustration and
engagement are key variables, as in intelligent tutoring
[3]? Or is it a high-stakes procedure requiring intense
focus, as in medical training [1]? Understanding these
demands informs the need for interfaces that are simple,
adaptive, or highly specialized.

° Physical & Environmental Constraints: This
dimension addresses the physical realities of the
interaction. Is the user mobile, requiring "finger-friendly"
one-handed operation [4]? Are the user's hands occupied
with a physical task, making bare-hand or voice
interfaces preferable [5]? Does the user have profound
physical impairments that necessitate non-traditional
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input channels like gaze and facial expressions [6]?
Environmental factors like ambient noise, lighting
conditions, and social setting also fall within this
dimension.

° Task Structure & Complexity: This involves a
formal or informal task analysis. Is the task continuous
and dynamic, like navigating a map [2]? Or is it discrete
and procedural, like an assembly sequence [5]? Is it
collaborative or solitary? The structure of the task will
strongly suggest which integration strategies (e.g.,
concurrency for dynamic tasks, complementarity for
procedural ones) will be most effective.

° User Expertise & Capabilities: This dimension
focuses on the user's skills. Novice users may benefit
from a high degree of redundancy and explicit guidance,
while experts may prefer a more streamlined,
complementary interface that maximizes efficiency. The
systems for specialized domains [1, 2, 5] are designed for
expert users, while mobile interfaces [4] must
accommodate a broad spectrum of expertise.
Accessibility is the extreme end of this dimension, where
the design must be tailored to a user's specific capabilities

[6].
Layer 2: The Modality Layer (The "What'")

The selection of modalities is a direct consequence of the
contextual analysis. It is a process of matching the
inherent affordances of a modality to the demands of the
context. For instance, the choice of haptics in the medical
trainer [1] is not arbitrary; it is essential because the task
context requires the perception and application of
physical force, a quality that visual or auditory feedback
can only poorly approximate. Similarly, the choice of
gaze as a primary input for the accessibility system [6] is
dictated by the physical constraints of the user; it
leverages one of the few reliable channels of motor
control available. The selection process involves asking:
Which modality offers the most direct, natural, and low-
load mapping for the primary tasks? For instance, for the
spatial task of manipulating a map, multi-touch is a
natural choice [2], while for the symbolic task of
specifying a part number, voice would be superior to
gesture [5]. The output modalities must also be chosen to
complement the input and task. The AR visual overlay in
[5] is effective because it presents information in the
user's direct line of sight, co-located with the task object,
a choice dictated by the need to minimize attention
switching.

Layer 3: The Integration Layer (The ""How"")

This layer is where the architectural design of the
interaction takes place. It is the most technically
challenging layer, concerned with the logic of modality
fusion and fission. This involves more than just applying
the principles; it involves resolving ambiguity and
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ensuring robustness.

° Resolving Ambiguity: Multi-modal inputs are
often imprecise.10 A pointing gesture is not a single
pixel, and a spoken utterance can be misrecognized. The
integration logic must handle this uncertainty. For
example, in a "point and speak™ system [2], the fusion
engine needs a temporal window (e.g., a gesture and a
speech act within 1.5 seconds of each other refer to the
same intent) and a spatial heuristic (the object nearest the
centroid of the touch point is the likely referent).

) Managing Conflicting Inputs: What happens if
modalities provide conflicting commands? A user might
tap a "cancel" button while simultaneously saying
"confirm." The system needs a pre-defined hierarchy of
precedence. Is the verbal command dominant? Is the
most recent input dominant? The design of this logic
must be deliberate and informed by the task context to
prevent user errors.

° Ensuring Technical Robustness: The underlying
software architecture must be able to process parallel
streams of data, synchronize them, and execute a fusion
algorithm in real-time. The complexity of this
engineering task is non-trivial and is a core challenge in
creating systems like the bare-hand AR guide [5] or the
real-time affective tutor [3]. The perceived seamlessness
of the user experience is directly dependent on the
success of this technical integration.

Layer 4: The Experience Layer (The ""How Well™)

The final layer closes the design loop by focusing on
evaluation. The four metrics—Efficiency, Effectiveness,
Satisfaction, and Accessibility—are not independent.
They often exist in a state of dynamic tension. For
example, an interface optimized purely for expert
efficiency might be deeply unsatisfying and ineffective
for a novice. The intelligent tutoring system [3] directly
engages with this tension: an efficient "just the facts"
presentation might be ineffective if it causes the student
to become frustrated and disengaged. Therefore, the
system prioritizes satisfaction and affective state to
ultimately enhance effectiveness (learning). Similarly, in
the accessibility system [6], raw efficiency might be less
important than the fundamental criteria of effectiveness
(can the user successfully control the pointer?) and
accessibility (is the system usable at all?). A mature
evaluation process involves defining the primary success
metrics based on the contextual analysis in Layer 1 and
understanding the trade-offs between them.

3.4. Application of the Framework to Case Studies
To illustrate its utility, the M3 Framework can be

retrospectively applied to analyze the design of the
systems in the source literature.
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Consider the disaster management map application [2].
Using the M3 Framework:

° Layer 1 (Context): The user is an emergency
response expert, the task is collaborative data exploration
under high-stress, and the environment is a command
center.

° Layer 2 (Modality): The designers chose multi-
touch as the primary input for direct, intuitive spatial
manipulation (zoom, pan), which is well-suited for the
task.

° Layer 3 (Integration): The design heavily uses
the principles of Complementarity (a gesture might select
a region for a data query) and Concurrency (multiple
users can interact with the map simultaneously).

° Layer 4 (Experience): The stated goal is to
improve efficiency and effectiveness of disaster response
by making data exploration more fluid. The framework
helps articulate why this design is likely successful—it
maps the right modalities (Layer 2) to the right task
structure (Layer 3) based on a clear understanding of the
context (Layer 1).

Similarly, for the bare-hand AR assembly guidance
system [5]:

° Layer 1 (Context): The user is a factory worker,
the task is a complex physical assembly, and the
environment is a potentially noisy and busy workshop.

° Layer 2 (Modality): The designers chose bare-
hand gestures for input (as hands are the primary tool for
the task) and AR overlays for output (providing visual
information in-situ).

° Layer 3 (Integration): The system is a
masterclass in Purposeful Complementarity. The hands
perform the physical action and also signal intent to the

system, while the AR overlay provides the
complementary guidance.
° Layer 4 (Experience): The goal is to improve

effectiveness (reduce errors) and efficiency. The
framework highlights the strength of the design in tightly
coupling the digital guidance with the physical task,
thereby minimizing cognitive load from context
switching between instructions and the workpiece.

4.0 Discussion
4.1. Interpretation of Findings

The development of the M3 Framework suggests a
significant step towards consolidating a fragmented body
of knowledge in multi-modal HMI design. The primary
finding is not that multi-modality is useful—this is
already well-established by numerous studies [1-6]—but
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that the principles behind its effective implementation
can be abstracted, codified, and organized into a
structured, generative model. This may help move the
field from a “craft-based” approach, where each new
interface is a bespoke artifact of intuition, towards a more

"engineering-based" discipline grounded in first
principles.
The four principles identified—Purposeful

Complementarity, Intelligent Redundancy, Contextual
Concurrency, and Minimized Cognitive Load—are not
entirely novel in isolation. However, their synthesis and
positioning as pillars of an integrated design process are
the key contribution. The M3 Framework suggests that
these principles are not just a checklist of "good things to
have" but are interdependent concepts that must be
balanced. For instance, a designer's decision to add
redundancy to enhance accessibility (Principle 2) must be
weighed against the potential increase in interface
complexity and cognitive load (Principle 4). The
framework provides a structure for this deliberate, trade-
off-aware design process.

Furthermore, the layered structure of the framework
(Context -> Modality -> Integration -> Experience)
connects it to broader, established theories in HCI. Layer
1's focus on user, task, and environment echoes the core
tenets of Contextual Design and Activity Theory, which
emphasize that interaction cannot be designed in a
vacuum. Layer 4's focus on user experience metrics
connects the framework to the entire field of usability
engineering. The M3 Framework, therefore, does not seek
to replace these broader theories but to provide a
specialized lens within them, focusing specifically on the
unique challenges and opportunities presented by multi-
modal interaction. It provides the "meso-level” theory
that connects high-level HCI theory to low-level
implementation choices.

4.2. Detailed Implications for Design Practice: A
Hypothetical Case Study

To translate the M3 Framework from a conceptual model
into a tangible design tool, this section will walk through
a hypothetical case study: the design of a multi-modal
learning application for architectural students. This
application, "Arch-Interact,” aims to help students
visualize and manipulate 3D building models in a studio
environment.

Step 1: Applying the Context Layer

The design process begins with a deep analysis of the
context.

° User: The users are architecture students. They
are typically tech-savvy, possess high spatial reasoning
skills, but are novices in the specific software. The
primary goal is learning and creative exploration, not just
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production efficiency.

° Task: The core tasks are: (a) loading and
manipulating 3D models (rotate, pan, zoom), (b)
modifying model components (change textures, move
walls), and (c¢) viewing the model from different
perspectives, including a 1:1 scale walkthrough.

) Environment: The primary environment is a
design studio. This is a semi-public, collaborative space.
Students will likely be using a large tablet or a desktop
workstation. Their hands are free, but the environment
can be noisy, and they may need to interact with physical
blueprints and materials simultaneously.

Step 2: Applying the Modality Layer

The contextual analysis directly informs the choice of
modalities.

° Input Modalities:

o Multi-touch Tablet: For the core task of direct
spatial manipulation, multi-touch gestures are ideal. They
offer an intuitive, low-load method for pan, zoom, and
rotate, mirroring the interaction patterns for maps [2] and
mobile devices [4].

o Voice Commands: The studio environment can
be noisy, but for symbolic commands, voice is highly
efficient. It can be used to call up assets ("load brick
texture 05"), switch viewing modes (“enter walkthrough
mode"), or access specific tools (“"select all north-facing
windows™). This avoids navigating complex menus, a
known source of extraneous load.

o Stylus: For precision tasks like selecting a single
vertex or sketching an annotation, a stylus is superior to
a finger. This allows for both broad manipulation and
fine-grained control.

o Smartphone AR: For the walkthrough task,
leveraging a student's smartphone camera as an AR
viewer [as inspired by 5] allows them to "place” their
model on a physical table and walk around it, providing
a powerful sense of scale and presence.

° Output Modalities:

o High-Resolution Display: The primary visual
feedback channel.

o Auditory Feedback: Simple chimes to confirm
voice commands have been understood or to signal an
error.

o AR Overlay: Visual information projected via
the smartphone, as in the industrial guidance system [5].

Step 3: Applying the Integration Layer
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Here, the chosen modalities are woven together using the
core principles.

° Purposeful Complementarity: This will be the
dominant integration strategy. The student will use
touch/stylus for where and voice for what. For example,
they could select a wall with the stylus (the 'where") and
say "apply concrete texture” (the 'what'). This synergy is
far faster than finding the correct texture in a nested
menu. The AR view is complementary to the tablet view;
one provides a detailed, editable model while the other
provides an immersive, contextualized view.

° Intelligent Redundancy: For critical, frequent
commands like "save" or "undo," both a GUI button and
a voice command will be available. This allows the
student to choose the modality that least interrupts their
creative flow. If their hands are engaged in a complex
touch gesture, a quick "undo" voice command is more
efficient, a principle of flexibility seen in mobile design

[4].

° Contextual Concurrency: The design will allow
a student to navigate the model with one hand's touch
gestures while simultaneously modifying a parameter
with the stylus in the other hand. This supports a fluid,
two-handed interaction style that is common in creative
physical tasks.

Step 4: Applying the Experience Layer

Finally, the success of "Arch-Interact” would be
evaluated against the experience metrics, prioritized by
the learning context.

° Satisfaction & Engagement: Is the tool enjoyable
to use? Does it foster a state of creative "flow"?
Subjective questionnaires and qualitative feedback would
be the primary evaluation tool here, echoing the
importance of the user's affective state [3].

° Effectiveness: Does the tool improve the
student's understanding of spatial relationships and
architectural forms? This could be measured by
comparing the quality of design projects created with
Arch-Interact versus traditional CAD tools.

° Efficiency: While secondary to creativity, task
completion times for benchmark operations (e.g.,
changing the material on all windows) would be
measured to ensure the interface is not cumbersome.

This case study demonstrates how the M3 Framework
transforms abstract principles into a structured,
generative design process, guiding the designer from
high-level contextual understanding to a detailed,
principle-driven interaction design and a context-
appropriate evaluation plan.
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4.3. Limitations of the Study

It is crucial to acknowledge the limitations inherent in
this study's methodology and scope.

First, the M3 Framework is, at this stage, a conceptual
model derived from a circumscribed body of literature.
While the six selected references [1-6] were chosen for
their diversity, they represent a small sample of the vast
work in this field. A framework derived from a larger and
more exhaustive set of studies might uncover additional
principles or suggest refinements to the proposed
structure.

Second, the framework is the result of a theoretical
synthesis, not an empirical validation. While it is
grounded in the successes of the systems it was derived
from, its prescriptive value and generative power have
not yet been tested in a controlled design study. We have
not formally assessed whether designers who use the
framework produce quantifiably better interfaces than
those who do not. Such validation is a necessary next step
but falls outside the scope of this paper.

Third, the source literature is predominantly from the
period of 2012-2016. While the fundamental principles
of HMI are relatively timeless, the technological
landscape  has evolved significantly.  Recent
advancements in conversational Al, machine learning for
intent recognition, and the proliferation of virtual and
mixed reality (VR/XR) technologies present new
challenges and opportunities for multi-modality that are
not fully captured in the source data. The framework is
posited to be general enough to accommodate these, but
its application to these modern contexts needs to be
explicitly explored.

4.4. Future Research Directions

The limitations of this study naturally point toward
several promising avenues for future research. To move
this work from conceptual to empirical, future studies
should focus on validation, extension, and adaptation.
We propose several concrete research questions and
hypotheses derived from the framework.

First, the most critical next step is the empirical validation
of the M3 Framework's core principles. This requires
controlled experiments to quantify the effects of different
integration strategies.

° Hypothesis 1: For complex spatial configuration
tasks, a complementary interface combining direct
manipulation (touch) with symbolic input (voice) will be
associated with significantly lower extraneous cognitive
load (measured via task-evoked pupillary response) and
higher task effectiveness (fewer errors) compared to a
unimodal, menu-driven touch interface. This could be
tested using a task analogous to the disaster management
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scenario [2].

° Hypothesis 2: The provision of intelligent
modality redundancy will be most strongly associated
with reduced task completion times for users with
situational impairments (e.g., occupied hands) or
permanent physical disabilities [6], but may show no
significant efficiency benefit for unimpaired users in an
unconstrained context.

Second, future research should focus on extending and
adapting the framework for emerging technologies,
particularly immersive environments (XR) and Al-driven
agents.

° Research Question 1: How do the principles of
the Integration Layer need to be modified in a fully
immersive virtual reality environment where body
tracking, gesture, and gaze are persistent, ambient input
channels rather than explicit commands? Does the
concept of "concurrency" need to be redefined?

° Research Question 2: How can the M3
Framework be used to design the interaction with
proactive, Al-driven intelligent agents? For instance, can
an agent use the principles of context-sensitive input [3]
to infer user intent and proactively offer assistance
through the most appropriate output modality?

Third, there is a need to explore the personalization and
adaptation of multi-modal interfaces, transforming the
framework from a static design tool into a blueprint for
dynamic systems.

° Research Question 3: Can a system be built that
dynamically adjusts its integration strategy based on a
user's expertise level? For example, could a system for
medical training [1] initially favor redundant modalities
for novices but gradually shift to a more efficient,
complementary interaction set as the user demonstrates
mastery?

° Research Question 4: Building on the concept of
affective computing [3], what is the tangible impact on
learning outcomes when a tutoring system uses multi-
modal cues to detect cognitive overload and dynamically
simplifies its interface or instructional method in
response?

Pursuing these research directions will serve to test,
refine, and expand the proposed framework, helping to
build a more robust and empirically grounded science of
multi-modal interface design.
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