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Figure 1: Belidor specifications describe the structure underlying user interfaces. Events in a calendar and videos in a video 
editor are both organized by their respective temporal structures ( 1 ). Conceptual objects and structures can be presented 
by mapping them to the view’s objects (marks) and structures (encodings) ( 2 ). Structures also characterize interaction: for 
example, events/videos are directly manipulated along the time/timeline structure ( 3 ). Belidor specifications help compare 
and contrast user interfaces, in this case by aligning the parts of the calendar/video editor specifications that overlap ( 4 ), 
highlighting the analogy between the two user interfaces. 

Abstract 
We present Belidor, a text notation that describes the structure 
underlying user interfaces (UIs). Belidor’s relational model empha-
sizes how structures, such as the temporal order of text messages, 
cut across an interactive system’s conceptual model, user-facing 
presentation, and interactive behavior. We demonstrate Belidor’s 
expressive power with a gallery of examples spanning GUIs (eg. 
messaging, video editors), screen readers, and hardware devices. 

Belidor serves as an effective representation for structural analo-
gies between user interfaces (eg. between calendars and video-
editors). In contrast, prior work relied on visual UI representations 
and therefore prioritized visual style transfer. In three case studies, 
we show how Belidor can reveal analogies, help transfer ideas be-
tween user interfaces, and describe design patterns as analogies We 
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discuss the implications of representing the structure of interactive 
systems for designers and developers, and envision how Belidor 
might support “structural design moves” for interface designers. 
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1 Introduction 
Creative practitioners draw on existing work to inform their own. 
In interface design, borrowing patterns from existing user inter-
faces, like sidebars and carousels, prevents designers from inventing 
idiosyncratic solutions to solved problems. More interestingly, bor-
rowing abstract aspects from a user interface can result in innova-
tive designs. For example, Masson et al. designed Textoshop, a text 
editor that draws inspiration from an image editor with interaction 
techniques like “resizing” text selections, which rewrites the sen-
tence in more or fewer words to fit the allocated space [48]. Their 
design is based on the analogy of “words as pixels, sentences as 
regions, and tones as colors.” How can we operationalize analogies 
even between seemingly distant interfaces? 

Prior work in HCI uses machine learning techniques on screen-
shots [11, 33, 38, 44, 66, 67] and website Document Object Models 
(DOMs) [5, 6, 41] to compute analogical mappings between user in-
terfaces. Although the resulting analogical transfers are impressive, 
their scope is limited to surface-level analogies like visual transfer 
of style and layout (Section 2.2). This is because the visual represen-
tation of the application can only diffusely encode its underlying 
semantics. While analogies based on visuals can help designers 
improve the look of their user interface, they scarcely help iter-
ate on its functionality—a far cry from the transfer of interaction 
techniques seen with Textoshop. 

We contend that we need a better representation of interactive 
systems to support analogies between superficially different user 
interfaces. A similar story played out in the context of informa-
tion visualization. With the Grammar of Graphics (GoG) Wilkinson 
sought to provide a language for charts that is both expressive, cover-
ing “every statistical graphic [he] had ever seen”, and parsimonious, 
relying on composing only a few conceptual constructs1[65]. Defin-
ing deeper semantics helped compare charts: Wilkinson argues 
that the GoG explains “why histograms are not bar charts and why 
many other graphics that look similar nevertheless have different 
grammars”. Therefore, appropriate domain semantics can turn vi-
sually subtle differences into an obvious distinction, and seemingly 
different artifacts into surprising analogies. 

To this end, we present Belidor,2 a domain-specific language 
to represent interactive systems. Inspired by cognitive theories of 
analogy (Section 2.1), our key insight is to focus on how user in-
terface objects relate to one another by surfacing their underlying 
structure as a first-class concept. For example, the linear structure 
of time affects text-messages, and a hierarchical structure organizes 
files and folders. By reifying these structures, Belidor affords direct 
comparison between abstract aspects of user interfaces. For exam-
ple, calendars and video editors serve different purposes, but the 
linear structure of their timelines suggest an analogy. This structure 
is used to define the main objects of interest (events/video-clips), 
their presentation (vertical/horizontal layout), and their behavior 
(moving events/video-clips along the timeline) (Figure 1). 

Belidor’s use of structure as a first-class concept makes it... 
(1) ...parsimonious. Belidor views UIs as relations between sets 

of objects and structures. The relational model permeates 

1The GoG was the blueprint for popular tools like ggplot [64] and Tableau [61].
2Bernard Forest de Bélidor published the first known book to use diagrammatic arrows 
in engineering diagrams in 1753. 

across an interface’s conceptual model, its presentation, and 
behavior. For example, an interface’s presentation is ex-
pressed as relations between marks (presentation objects) 
and encodings (presentation structures). Behaviors simply 
describe updates to these relations. Belidor’s parsimony lets 
us describe these different phenomena in similar terms. 

(2) ...expressive. Belidor can describe a wide variety of interactive 
systems, ranging from simpler interfaces like text-messaging 
(Figure 2), to complex professional tools like video editors 
(Figure 1). It can also describe non-graphical interfaces like 
screen readers (Figure 10) and hardware devices (Figure 11). 
Section 4 provides a gallery of examples that explain how 
Belidor’s language features contribute to its expressivity. 

Finally, we demonstrate that Belidor serves as an effective rep-
resentation for surfacing analogies (a) by using a simple off-the 
shelf algorithm to automatically make analogies between compiled 
Belidor specifications (Section 5.1) and (b) with three case stud-
ies that show how Belidor reveals analogies, helps transfer ideas 
between user interfaces, and describe design patterns as analo-
gies (Section 5.1). The resulting analogies are presented with an 
interactive analogy viewer.3 In summary, this paper contributes: 

(1) Belidor, a specification language that foregrounds the struc-
ture underlying interactive systems (Section 3). 

(2) An example gallery demonstrating Belidor’s expressivity by 
describing interfaces ranging from simple to complex GUIs 
(eg. color pickers to video editors), and other modalities like 
screen readers and tangible devices (Section 4). 

(3) Three case studies of analogous interactive systems, demon-
strating how Belidor serves as a fertile ground for finding 
and representing analogies (Section 5). 

(4) An off-the-shelf pattern matching algorithm adapted to find 
analogies on 45 pairs of Belidor specifications (Section 5.1). 

By seeking to make analogies between user interfaces, we see 
Belidor as a step towards a language that helps designers reason 
about the design space of interactive systems. In Section 6, we 
discuss future work through the lens of three scenarios: (a) using 
Belidor specifications to find insightful analogies during the inter-
face design process, (b) using Belidor’s semantics as the basis for 
a UI implementation framework, and (c) helping designers make 
structural design moves by making changes in underlying structure 
more explicit. We envision that Belidor’s notion of structures is 
central to interface design practice, and that a future iteration of 
Belidor can make those design choices more explicit. 

2 Related Work 

2.1 Analogies and Structure Mapping Theory 
Analogical reasoning has long been studied for problem solving. 
Analogies are used for math problems [52], programming [14], 
science [19] and design [13]. Analogies make important aspects of 
the problem domain more salient, leading to solutions. However, 
their effectiveness is modulated by expertise [13], how the analogy 
is presented [27] or recalled [43], and cognitive constraints like 
limited time or increased mental load [28, 63]. 

3Analogy Viewer: https://belidor-specification.github.io/ 

https://belidor-specification.github.io/
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Gentner [22] developed the Structure Mapping Theory (SMT) as 
a computational model of analogy. SMT posits that people prefer 
distant analogies that invoke the relationships between objects from 
one domain to another, rather than mapping the properties of the 
objects alone. For example, to make an analogy between a battery 
and a reservoir, the relations between objects (eg. reservoir/batter-
ies are filled with water/energy) are more important than attributes 
(eg. reservoir/batteries are wet/dry). In particular, analogies that 
map higher-order relations—relations of relations like causal rela-
tions—are more novel and generative, historically being the source 
of scientific advances (eg. Rutherford’s orbital model of the atom 
supplanting the plum-pudding model) [26]. The analogies people 
produce depend on a variety of factors. For example, a person’s 
goal in problem solving influences the domains they recall, chang-
ing the input to the structure-mapping process and therefore the 
output analogy [23]. Furthermore, analogies are influenced by the 
salient aspects of the source domain. For example, an asymmetric 
metaphor like “the butcher is like a surgeon” (methodical) has a 
different meaning than “the surgeon is like a butcher” (messy) be-
cause each profession makes different connotations more salient 
[24]. Therefore, a person’s goals and conceptualization of a domain 
can influence they analogies they produce. 

SMT suggests that a representation that denotes how objects 
relate can surface analogies. For interactive systems, objects include 
presentation objects like individual UI elements (eg. buttons), as 
well as conceptual objects like conversation in a messaging appli-
cation. Belidor’s key insight is that objects of a certain type often 
relate to one another with simple structures. 4 This applies to concep-
tual objects, like a linear timeline affecting text-messages, as well 
as visual objects, like a vertical stack of rectangles, and actions like 
dragging a canvas object in two-dimensions. By making structures a 
first-class concept, Belidor facilitates their direct comparison across 
UIs. Furthermore, mapping structures to other structures, such as 
when defining a visual encoding, constitutes a high-order relation. 
Then, two applications that “use” conceptual structures in similar 
ways constitute a stronger analogy. For example, a calendar and a 
video editor both have a linear conceptual structure for their time-
line, and both map it to a linear visual structure (vertical/horizontal). 
In sum, Belidor was designed to facilitate the kinds of comparisons 
that the SMT predicts help make distant analogies. 

2.2 Analogical Transfer in HCI 
Early developments of GUIs used metaphors to make interfaces 
more relatable [8, 34]. This became the basis for common metaphors 
like the desktop metaphor, menus, and buttons [2, 46]. While these 
real-world metaphors have proven their use (though not without 
criticism [32]), we focus on analogies between user interfaces. 

2.2.1 Analogy from Visual Representations. Researchers have used 
machine learning techniques on visual representations of user in-
terfaces to computationally produce analogies — often with screen-
shots, but also sketches [33]. This problem is often framed as finding 
or generating similar user interfaces for inspiration [4, 11, 33, 50]. 
4We should however disambiguate between Belidor’s notion of structure, and the 
“structure” in Structure Mapping Theory. Belidor’s structures are a specific of kind 
relation inspired by data structures from computer science. Meanwhile, SMT refers 
to the “relational structure”, the organization of relations as a whole. In other words, 
Belidor structure is only one relation, among others, in SMT’s Relational Structure. 

For example, Lu et al. [44] presented Misty, a node-and-wire in-
terface to operationalize conceptual blending, a form of analogy 
[62]. Users can combine application screenshots, which are fed to a 
multi-modal language model that generates front-end code. While 
these black-box systems can produce impressive outputs, they pro-
vide little insight on why an analogy holds, limiting the ideas they 
can generate. Researchers have also used other machine learning 
techniques to infer UI semantics from screenshots [38, 60, 66, 67]. 
However, these approaches primarily give meaning to individual 
UI elements. For instance, Jiang et al. [38] uses the Enrico and VINS 
datasets of mobile applications which only categorizes UI elements 
like buttons, text input fields and date pickers [11, 42]. Wu et al. [66] 
used an unsupervised approach to refine these labels with semantic 
information to match UI elements across application screens, for 
example identifying a text-field used for login credentials. Nonethe-
less, these UI element categories scarcely cover the breadth of the 
user interface design space and fail to adequately express many 
concepts in creation software, like the video editor’s timeline. Fur-
thermore, identifying UI element semantics does not amount to 
inferring the application’s semantics as a whole system. For ex-
ample, the same video clip in a video editor can be presented in 
multiple ways: as a thumbnail in the media pool, and as a resize-able 
object on a timeline. The subtle relationships between these views 
have yet to be captured by screenshot understanding techniques. 

To avoid the trappings of visual representations, Belidor explic-
itly denotes deeper UI semantics than what can be gleaned from 
visual appearances, making distant analogies more accessible. 

2.2.2 DOM-Retargeting. One approach to operationalize analogies 
on the web is to map parts of one website’s Document Object Model 
(DOM) to another website, known as DOM-retargeting [5, 6, 41]. For 
instance, Kumar et al. [41] presented Bricolage to transfer the visual 
style between websites. The authors argue that HTML makes devel-
oping a consistent model between websites difficult and therefore 
train a neural network on human-produced comparisons of web-
pages. This suggests that the semantic information necessary for 
style transfer was either missing or diluted in the DOM. To explain 
this, Benson and Karger [5] contend that modern HTML fails to ade-
quately separate the UI’s presentation from its content. For example, 
today Slack’s webapp uses upwards of 5 nested layers of divs for a 
single message, making it unclear which div should stand for the 
message. The authors present Cascading Tree Sheets (CTS) to spec-
ify layout with CSS-like rules that graft parts of a content-HTML 
document onto a layout-HTML file, or the inverse. This approach 
enables a variety of use-cases, including DOM-retargeting. How-
ever, the authors acknowledge that CTS only allows retargeting if 
both websites use the same content structure. Even then, HTML 
is best suited for representing hierarchical, document-like content. 
For example, an event in Google Calendar is positioned using a 
pixel-level calculation in Javascript: this means that its conceptual 
meaning as a range of time cannot be drawn from the DOM. 

In contrast, Belidor directly represents interface semantics with 
coarser, structural relations. This holistic approach limits Belidor 
as an implementation tool, but frees it to express a broader range 
of interactive systems with a consistent and comparable language. 
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Figure 2: An overview of a simple messaging application (iOS Messages). The linear structure of time affects conversations and 
messages ( 1 ). Conversations group (map to many) messages ( 2 ). To present messages to the user, they are mapped to GUI 
marks ( 3 ) as a vertical stack ( 4 ) according to the temporal structure. Changing the selected conversation occurs along the 
temporal structure ( 5 ). 

2.3 Representing Interactive Systems 
2.3.1 MBUID. The 1990s saw a flurry of research around Model 
Based User Interface Design (MBUID) [39, 54, 55, 59]. With this ap-
proach, designers modeled the problem domain with tasks that 
user could carry out, which could then be translated into user inter-
face actions and elements, such as filling out text boxes, selecting 
drop-down menus, and clicking buttons using a UI semantics like 
Abstract Interaction Objects [18]. For example, Nichols et al. [51] 
generated remote control user interfaces, with the additional con-
straint that the resulting interface should match those that the user 
is familiar with. The first key limitation of MBUID was that task 
models were too constraining to describe many use cases, such 
as creativity support tools. Furthermore, the UI semantics were 
limited to simple components like buttons, sliders and text boxes. 
As a result, MBUID were best suited for developing complex forms, 
which by 2010 were already relatively easy to program. In contrast, 
Belidor can express the much broader range of user interfaces we 
use today, including complex creativity support tools. 

2.3.2 Concept Design. More recently Jackson proposed Concept 
Design (CD), a theoretical framework that describes the concepts 
underlying user interfaces [37]. Concepts are units of functionality 
that the user must understand to use an interface. Examples include 
the social media up-vote, the file-system folder, and text-editing 
styles. Concepts can be represented with an Alloy specification of 
their state machine, alongside a natural language description of 
their purpose. However, Concept Design does not describe how 
concepts are presented to the user. This helps design clean concepts 
but prevents the comparison of presentation. However, an inter-
face’s presentation is important to its complete description. Belidor 
can make analogies that consider the conceptual and presentation 
layers, as well as their relationship. 

2.3.3 Interaction Substrates. Mackay and Beaudouin-Lafon define 
Interaction Substrates as containers that provide structure and 

constraints to their objects of interests [45], and support depen-
dencies with other substrates. For example, an interactive music 
sheet is a substrate for musical notes which can constrain notes 
to lie within a scale. It maintains a dependency with the display 
substrate, a two-dimensional array of pixels, for rendering. Mackay 
and Beaudouin-Lafon argue that the structure that underlie objects 
of interest gives them meaning (eg. music sheets communicates 
a musical context) and suggests affordances (eg. moving notes up 
and down in pitch), and are therefore important for designers to 
consider. They provide generative principles for substrates to help 
designers make more powerful and simple user interfaces. 

Like Interaction Substrates, Belidor recognizes structure as a 
central to user interfaces and hence treats it as a first-class concept. 
However, while Substrates bundle structure and constraints, Beli-
dor treats them separately. Furthermore, the dependency between 
structural substrates and the display substrate is similar to Belidor’s 
mapping between the conceptual and presentation layers. 

2.3.4 Model-View-Controller. Like interface designers, program-
mers are keenly interested in understanding user interfaces, or 
at least how they are built. UI toolkits like React, Swift, and Qt 
must be able to specify the application’s conceptual model, its user-
facing view, and how the user controls the model. Krasner and Pope 
[40] first argued for the separation of these three concerns (Model 
View and Controller). Since then, UI frameworks have organized 
these layers in different ways to improve developer experience. 
For instance, React encourages separating the concerns on a per-
component basis, rather than for the entire application [36]. 

Belidor describes these layers with the same language of ob-
jects, structures and relations. Therefore, analogies can be drawn 
by relating part of one layer onto another layer. For example, that 
both calendars and video editors use a timeline structure is interest-
ing, but the analogy especially compelling because they both use 
this conceptual structure for presentation (vertical/horizontal) and 
behavior (dragging events/video-clips along the timeline). 
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Figure 3: Examples of conceptual structures (blue arrows) and covers (purple highlight) in four different applications. 

3 Belidor: A Relational Model of Interactive 
Systems 

Belidor is an entity-relationship model for interactive systems. It is 
embedded in YAML, whose key-value model is familiar and well 
suited for denoting relations. This section explains Belidor’s syntax 
and semantics, along the with rationale for its language features. 

3.1 A Messaging App through Belidor’s Lens 
To build intuition for Belidor’s semantics, we begin with an overview 
analysis of a simple messaging application (Figure 2). Belidor builds 
on a relational model of interfaces: we begin by asking “what are 
the objects of interest, and how do they relate”? In a messaging 
application, messages are central objects that relate to one another 
temporally. That is, a linear structure (of time) affects these mes-
sages (Figure 2 1 ). Messages also relate to one-another based on 
the conversations they were sent in. Thus, conversations them-
selves are objects which group messages (Figure 2 2 ). A messaging 
application typically only shows a subset of its messages at a time, 
mainly the messages in the selected conversation. 

Graphical user interfaces have their own objects and structures. 
Namely, GUIs have mark objects (e.g. text boxes) and encoding 
structures (e.g. a vertical stack). To present information, the objects 
and structures of the conceptual model are mapped to the GUI 
presentation. In this example, we map messages from the selected 
conversation to text marks (Figure 2 3 ), and time to the vertical 
stack (Figure 2 4 ). Similarly, the conversations view vertically 
stacks conversations using time (Figure 2 left). 

Finally, Belidor describes how actions create, update, and delete 
existing objects and relations. For instance, switching conversations 
is a navigation action that updates the selection of conversation by 
moving it along the temporal structure (Figure 2 5 ). 

The next sections explain these concepts with Belidor’s syntax. 

3.2 Structure & the Affects Relation 
Objects of a common type are often organized by an underlying 
structure: messages are organized linearly over time, files in a file 
system are organized in a hierarchy, and shapes on a canvas are 
organized in a two-dimensional space. Belidor reifies structure as a 

first-class language construct. For example, to denote that a linear 
structure of time applies to messages, we write: 
(linear) time: 

affects >: messages 

The affects> relation indicates that the source structure applies 
to the target(s). Concepts are declared when they are used. Here, 
the statement declares: 1) time is of type (linear), 2) messages is a 
set of objects, and 3) a relation where time affects messages. 

In Belidor, objects (eg. messages) are sets. A structure affecting a 
set of objects denotes a directed graph, where individual objects are 
nodes (eg. individual messages), and the structure supplies the di-
rected edges. Belidor’s standard library provides five structure types 
based on their shape: (linear), (2D), (3D), (tree), and (digraph) 
(Figure 3). We find these are sufficient for many interactive systems, 
but authors can also define their own (Section 3.4). 

Rationale. Belidor structures reify a ubiquitous kind of relation-
ship between interface objects. SMT predicts that mapping relation-
ships like these structures leads to analogies between user interfaces 
(Section 2.1). Furthermore, reified structures can be the source and 
target of relations (Figure 4). This helps the language be composable 
because structures can be used and related in open-ended ways. In 
SMT, such “relations of relations” are called “high-order relations” 
and are especially important for distant analogies. 

3.3 Subsets & Queries 
When user interfaces present or afford actions on objects of interest, 
they often focus on a particular subset at a time (eg. selected items). 
Subsets can be declared with a subset> relation, or more concisely 
in one place with a dot syntax: conversations.selected. Queries 
can reach across subsets with the arrow syntax (->) to carry out a 
proper function. For example, conversations.selected->messages 
returns the set of messages in the selected conversation. The dot 
operator takes precedence over the arrow, meaning that they can 
be chained into more complex queries (Section 4.2). 

Rationale. Queries are used extensively in the presentation (Sec-
tion 3.6) and behavior layers (Section 3.7). The dot and arrow syntax 
makes these queries concise, and lets them be the target of relations. 
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As a result, relations can apply to specific subsets without requiring 
many new identifiers (eg. for each type of selection). 

3.4 Groups 
Belidor denotes one-to-many relations with the group> relation. For 
example, a conversation maps to many messages. 

- conversations: 
group >: messages 

Composite groups. We often want objects to encapsulate other 
objects and relations. For example, each person could have their 
own name and phone number. Belidor denotes this relation as a 
group foreach>, where group items do not overlap: 

- people: 
group foreach>: 

- /name 
- /phone -number 
- (gui) /contact -info -view 

Note that prefixing an attribute with / functions as namespacing. To 
access the attribute outside of the group foreach> clause, it is pre-
fixed with the group’s name eg. people/name. The right-hand-side 
of the group foreach> relation can be a complete specification with 
structures, presentations and behavior. This allows us to refactor 
an individual component specification as a collection (e.g. changing 
a single web page specification to a collection of web pages). 

Named groups. Groups can be given a name for reuse, turning 
it into a named group. For example, structure types (eg. linear, 2D, 
tree) are simply named groups with attributes. 

- def (tree): 
group foreach>: 

- (linear) /depth -first -ordering 
- /branches 

- (tree) reply -structure: 
affects >: messages 
cover >: threads 
/branches =: threads 

Structures, like other types, can have attributes. For example, trees 
have attributes like depth-first and breadth-first ordering, roots, 
leaves and internal nodes. In the messaging application, threads 
are branches of the reply structure’s tree. When instantiating the 
reply-structure with the tree type, its attributes can be aliased (=:) 
to objects and structures. Aliasing two sets means they are the same; 
the Belidor compiler will combine them such that either name can 
be used interchangeably throughout the specification. When used 
in type instantiation, it binds external concepts (eg. threads) to 
internal attributes (eg. /branches). 

Rationale. Named groups are Belidor’s primary abstraction mech-
anism, used to bundle information into one place. This is useful 
for Belidor’s core constructs defined in the standard library, such 
as structure types, view types, and actions. Authors can also use 
named groups to define reusable components with their own inter-
nal conceptual, presentation and behavior. Using a single syntactic 
construct helps harmonize the language and maintain parsimony. 

Since named groups function as types, we will use those words 
interchangeably throughout the paper. 

3.5 Covers 
A cover is a group whose elements are contiguously connected by 
a structure. For example, selecting text creates a ranged selection 
which acts as a group on the characters (the selection maps to many 
characters). Critically, these characters are strung together by the 
text buffer’s linear order. 
- (linear) text -buffer: 

affects >: characters 
cover>: range -selection 

Here, cover> denotes that range-selection covers characters along 
the buffer. Figure 3 illustrates more covers. 

Rationale. By combining the notions of groups and structures, 
covers describe a surprising range of UI phenomena. In an imple-
mentation, covers over different structures would be programmed 
differently: linear structure covers are defined by a start and an 
end point, two-dimensional structure covers are regions of space, 
covers for tree structures are sub-trees, etc. These technical details 
are abstracted away and unified as the same concept. 

This uniform representation results in useful analogies. For exam-
ple, ranged selections can be used in different structures: selecting 
a range of a timeline on a calendar is analogous to a ranged mar-
quee selection on a canvas. Furthermore, the analogy from Masson 
et al.’s Textoshop [48] between a text editor and an image editor 
relied on “words as pixels, sentences as regions.” In the text editor, 
sentences cover words along the linear structure of text; in the 
image editor, regions cover pixels in the two dimensional canvas 
structure. While the structures and objects of interest are different, 
Textoshop’s analogy rests on mapping one cover to another. 

3.6 Presentation Specification 
User interfaces present parts of the conceptual model to their users. 
Belidor’s standard library defines presentations with marks (objects) 
and encodings (structures). Common view types such as GUIs and 
screen readers extend this definition with their own subsets of 
marks and encodings. For example, (gui) is a type with visual marks 
(eg. text and shapes) that can be laid out with visual encodings (eg. 
clustering and stacking). In the messaging application, messages 
(from the selected conversation) map to the view’s text marks, and 
the time structure maps to the vertical stack encoding. Note that 
the <>: operator is shorthand for a map relation. 
- (gui) messages -view: 

/encodings.vstack <>: time 
/marks.text <>: 

conversations.selected ->messages 

Rationale. Marks and encodings naturally fit Belidor’s objects 
and structures, and mapping the conceptual model to the presenta-
tion is a natural extension of Belidor’s relational semantics. This 
demonstrates Belidor’s parsimony: the presentation semantics sim-
ply build on existing language constructs. This structural perspec-
tive on UI presentation approach has already found success in 
information visualization (e.g. Bluefish and GoFish [56, 57]) and 
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Affects
 
affects> 

Map objects onto a structure. 

Cover
 
cover> 

Map objects onto contiguous 
objects in a structure. 

Group
 
group> 

Source objects map to many

 
target objects, acting as a group. 

Composite Group
 
group foreach> 

Encapsulates a specification for 
each element of a group. 

Subset
 
subset>
.

,
 

a b 

Define the target object as a 
subset of the source object. 

Map
 
mapto>
-> 

<>: 

,
 

,
a b 

a b 

Map source objects to   
target objects. 

Alias
 
alias>
=: 

,
 

a b 

Equate the source and the target. 
Both names become equivalent. 

Create
 
create> 

Add to a set of objects. 

Delete
 
delete> 

Remove from a set of objects. 

Update
 
update> 

Update the contents of a set or

 
the instance of the relation. 

Directional Update
 
directions> 

Map structure onto action. 

(linear) time
messages 

:
 

  :affects>

(linear) text-buffer
  range-selection
 

:
 

:
  
cover>
affects>: characters 

files:
 

  : files.selectedsubset> 

videos 

/images
 

/time 

:
 

  :
 

    - 

    - 

group foreach>

(linear) 

files->file-paths 

conversations
messages 

:
 

  :group>

file-system/leaves := files 

(action) new-file
  : files 

:
 

create> 

(action) delete-file 

  : files.selected 

:
 

delete> 

(action) 

   
select-item 

items.selected
 

items 

:
 

:update> 

               subset> 

(action) 

  
   

move-shape

canvas 

:
 

: 

update>: canvas cover> shapes
 

directions> 

Figure 4: Belidor relations and their syntax. The schematics illustrate how a relation influences an identifier’s concrete elements. 
For example, the first row shows how individual objects (messages) are strung together by the time structure (arrow). 



CHI ’26, April 13–17, 2026, Barcelona, Spain Matthew T Beaudouin-Lafon, Devamardeep Hayatpur, Arvind Satyanarayan, and Haijun Xia 

in interaction design (e.g. Interaction Substrates, where structural 
substrates map to display substrates [45]). Moreover, Belidor’s pre-
sentations are sufficiently expressive to describe various modalities. 
Section 4.3 explains how to specify interactive systems beyond 
GUIs such as screen readers and tangible hardware devices. 

3.7 Behavior Specification 
To describe system behavior, Belidor specifications list the actions a 
user can take. Actions can create, update, and delete existing objects 
and relations. For example, a messaging application lets users send 
and delete existing messages by editing the set of messages: 

- (action) send -message: 
create >: conversations.selected ->messages 

- (action) delete -message: 
delete >: messages.selected 

The user can switch between conversations by updating the sub-
set relation between conversations.selected and conversations, 
changing which conversation is selected: 

- (action) select -conversation: 
update >: conversations.selected subset > 

conversations 

Actions with Structure. Structures can influence actions. For ex-
ample, a linear set of actions suggest that the user has two choices 
— forward and backwards. Structured actions are commonly used 
to specify navigation interactions. For example, a keyboard user 
can navigate between conversations using their keyboard. Pressing 
up and down lets the user move between conversations in the order 
they are presented, their temporal ordering. 

- (action) navigate -conversations: 
update >: conversations.selected subset > 

conversations 
directions >: time 

Note that directions> is like affects> for actions. Belidor distin-
guishes them syntactically to keep the structure under the action 
specification, which we found easier to read and write. 

Seen in this way, navigation covers interactions ranging from 
changing a selection, to directly manipulating objects and navigat-
ing between screens. Navigation actions also help make analogies: 
for example, navigating between selected conversations is similar 
to navigating between files in a file browser. 

Presenting Actions. Actions, like other objects, can be presented 
in views. In a messaging application, the user selects conversations 
in the conversation view. 

- (gui) conversation -view: 
/marks.text <>: conversations 
/marks.hitboxes <>: 

- (action) select -conversation: 
update >: conversations.selected subset > 

conversations 

In GUIs, a mouse cursor performs a hit test and triggers the actions 
mapped to the mark, which is expressed in the standard library 

with the query gui/cursor->gui/marks.hitboxes->action. This ap-
proach to expressing interaction techniques is adapted from Con-
versy’s Picking Views framework, which can describe interaction 
techniques ranging from buttons and scroll bars, to snapping objects 
to magnetic lines on a canvas [16]. 

Rationale. Interaction is a central aspect of user interface; Belidor 
could hardly describe which UI features are analogous without 
semantics for behavior. To do so, Belidor has semantics for editing 
sets of objects and relations based on the Create-Read-Update-
Delete (CRUD) software architecture. While action semantics are 
new from the conceptual and presentation layers, they nonetheless 
naturally fit with Belidor’s relational semantics. 

Moreover, the behavior specification discriminates static parts 
of the conceptual model from those the user can interact with. This 
is important for concepts like selection: in the conceptual model, a 
selection is just a subset, but the behavior specification highlights 
that it is the funnel through which interactions take place. This 
also helps analogies: the relational pattern surrounding a selection 
is easily identified and mapped between UIs that use selections. 

3.8 Design Reflection 
Belidor was the result of many iterations. In this section we reflect 
on the design choices that have led to Belidor. 

3.8.1 Facilitating Analogies. Surfacing analogies is one of the main 
pressures on Belidor’s design. To that end, we drew from Structure 
Mapping Theory (SMT; see Section 2.1), which posits that analogies 
depend on the relations between objects and relations in the domain. 
As explained in Section 2.1, this perspective naturally led us to the 
entity-relationship model. We also promoted structures as first-
class concepts, which lets us specify relations between structures 
(eg. between conceptual, presentation and behavior specifications). 
These are high-order relations, which SMT argues make for more 
distant and novel analogies. 

Facilitating analogies also directed lower-level design decisions. 
Belidor needs to adequately discriminate between UI concepts to 
suggest meaningful analogies. Otherwise, unrelated ideas can un-
helpfully be placed in an analogy. For example, Section 3.7 discussed 
how behavior specifications separate selection subsets from other 
subsets. Similarly, subsets and mapto relations can both be formal-
ized as proper mathematical functions. However, their meaning 
was too different to conceptually merge them without engender-
ing unhelpful analogies. We achieved Belidor’s final balance by 
iteratively checking against example analogies. 

3.8.2 Incremental Specification and Belidor’s Usability. We now 
systematically evaluate Belidor’s usability with Green et al.’s Cog-
nitive Dimensions of Notation [30]. 

Premature Commitment forces authors to make decisions before 
having the necessary information. A central goal for Belidor was to 
let authors only specify the aspects of the interface they care about 
without having to describe “the rest of the world”. This is especially 
important because interactive systems are overwhelmingly complex 
and designers are only ever interested in a few features at a time. 
Belidor achieves this goal with “incremental specification”, where 
authors gradually build up a specification one relation at a time. 
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Incremental specification manifests in the design of the language: 
(1) The order of the declarations does not matter, since every 

statement adds to a collection of relations. 
(2) Objects are defined when they are used, and relations can be 

defined in place with Belidor’s nested infix relation syntax. 
For example, select-conversation in Section 3.7 is defined 
whilst being mapped to hitboxes. 

(3) Belidor does not force the separation of model, presenta-
tion, and behavior. An author can analyze a user interface 
by studying its presentation (eg. a screenshot) and slowly 
uncovering the conceptual model through it. As they write 
the view specification, the objects and structures that marks 
and encodings map to are defined in place. Nonetheless, the 
model–presentation–behavior layers easily can be separated 
via simple refactoring if the author so chooses. 

Incremental specification lets authors begin where they want 
with few downstream costs, reducing premature commitment. How-
ever, this flexibility implies that authors might produce different 
specifications for the same interactive system depending on what 
they focus on. While simply changing the order of declarations will 
compile to the same representation, focusing on different features 
will not. This means the analogies drawn from these specifica-
tions will also be more specific to the designer’s interests. This is 
consistent with how people make analogies in general: their goal 
influences how they conceptualize the source domain, which will 
in turn influence which aspect of the domain they will recruit in 
their analogy [23, 24] (see Section 2.1). 

Abstraction Gradient is the mechanism by which a notation treats 
a a group of elements as a single entity. Named groups are Beli-
dor’s only mechanism for abstraction. When used for functional 
elements of an interface, Named Groups can be used as components 
in frameworks like React [36]. Since Belidor lacks for-loops and 
functional maps, named groups are also a convenient mechanism 
to denote repeated interface elements, forcing the author to view 
repeated items as components. In Section 5.4 we demonstrate that 
Belidor allows for abstractions across specifications through anal-
ogy: an abstract design pattern can be seen as a specification that 
is analogous to the subset of UI that use the design pattern. 

Viscosity describes the notation’s resistance to change. Beli-
dor’s incremental specification significantly lowers the viscosity 
of adding and editing relations, since authors can do so anywhere. 
However, this flexibility comes at a cost: if the author changes their 
mind and decides to completely remove a relation, they must find 
and remove all of its uses. For example, a subset selection might be 
declared with the subset> keyword in one place and used elsewhere 
to define a selection action. However, this is only a problem when 
deleting a relation, which we found to be relatively rare. Overall, 
we deem the viscosity tradeoff worthwhile. 

This issue illustrates a hidden dependency: an identifier does not 
show which items it relates to whenever it is used. For example, 
after defining (linear) time affects>: messages, every other use 
of messages does not show its relationship with time. However, this 
information is easily recovered from the compiled specification, 
such that a specialized editor could show all relations that apply to 
a selected identifier. 

Secondary Notation carries informal information around the nota-
tion. This paper does not contribute a specialized editor for Belidor, 
nor a secondary notation for authoring specifications. However, 
many of our figures extensively annotate user interface screenshots 
to explain specifications. This suggests that an interface designer 
could analyze a user interface with Belidor’s semantics by anno-
tating UI screenshots. Belidor’s semantics can therefore serve as 
the basis of a Professional Vision, a way of “seeing” and interpreting 
professional artifacts in the wild [3, 29]. Across disciplines, Good-
win’s work on Professional Vision shows that annotating artifacts 
in terms of a conceptual tool, like Belidor’s semantics, helps experts 
communicate in a common language while staying grounded in 
discussing concrete artifacts. 

3.8.3 Limiting Descriptions of Interaction. With relatively few lan-
guage primitives, Belidor expresses a wide range of interaction 
techniques but not without tradeoffs. First, Belidor currently does 
not bind physical inputs to actions. For example, Belidor does not 
specify how keyboard shortcuts map to action. For example, while 
Belidor describes that moving an object on an infinite canvas has 
a two-dimensional structure, it does not specify whether the drag 
is initiated by a mouse or touch input. However, input bindings 
invite significant complexity in the form of modes. For example, a 
Bezier tool in a vector drawing application changes its functionality 
depending on which keyboard modifier keys are pressed, resulting 
in complex state machines. Moreover, the added complexity does 
not pay off because which input device triggers an action, and the 
condition under which it does, does not help make analogies. By 
denoting the structure of an action (eg. for direct manipulation), Be-
lidor already captures much of what makes an input device unique. 
In particular, Card et al.’s design space of input devices largely re-
volve around the input’s structure (eg. 2D mouse). As a result, we 
decided against including syntax for input-bindings. 

Another key limitation is that Belidor only seeks to describe 
what is changed, without saying how it is changed. In other words, 
it does not describe computation. As a result, a selection action 
does not actually describe that the clicked object becomes selected; 
only that the selection changes. However, adding notation for arbi-
trary pseudo-code to describe computations would add significant 
complexity to the language. Furthermore, code is too flexible to 
lend itself to comparison; since there are many ways of achieving 
the same outcome, comparing code snippets is difficult. Therefore, 
given the limited benefits and substantial added complexity, Belidor 
currently omits denoting any specific computation. 

3.8.4 Different Syntactic Paradigms Influenced Belidor’s Semantics. 
Belidor’s design took many twists and turns. While the insight to 
reify structure came early, we experimented with different syntactic 
paradigms to find how to best express the language’s semantics. In 
this process, each paradigm left a mark on Belidor’s semantics. 

Inspired by the UML diagrams [10] software engineers use to 
discuss architectural decisions, we began with a diagram language 
for whiteboards (Figure 5 1 ). The mechanical tedium of writing and 
erasing on a whiteboard pressured the language to be concise and 
minimize refactoring. This was the source of Belidor’s incremental 
specification which survived the following iteration (Section 3.8.2). 
However, the whiteboard’s affordances required us to solve many 
problems simultaneously: designing useful semantics, encoding 
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Figure 5: Belidor’s predecessors. Actions are omitted for brevity. 1 An entity-relation diagram. Arrows labeled with a triangle 
are subsets, the unlabeled arrow is a mapto relation. The circle arrows are structures; time is typed as ‘linear’ using the R 
symbol. 2 Relations are defined as infix operators in Prolog. 3 Early version embedded in YAML using standard key-value 
notation. Items are defined together based on their kind (object, structure, view, action). 4 Belidor, as described in this paper. 

them graphically with ergonomic and legible symbols, minimizing 
layout problems, etc. While ultimately we believe a diagrammatic 
version of Belidor may help designers, we decided to pursue text-
based notation to focus on defining effective semantics. 

We next embedded Belidor in Prolog [21] which forced us to 
more formally define Belidor’s relations (Figure 5 2 ). For example, 
we found that presentations could also be presented relationally. 
With consistent semantics, we implemented logical rules to make 
inferences about specifications using Prolog’s engine. For example, 
we could find every object affected by a linear structure. While 
exciting, these inferences were not particularly useful. Syntactically, 
Prolog discourages nesting, resulting in uniform specifications that 
were easy to write but difficult to read. 

This insight led us to explore key-value object languages (Fig-
ure 5 3 ). Early versions in YAML followed standard key-value 
semantics. This was verbose and diffused concepts across the spec-
ification, meaning small changes required edits across the file. To 
make the language more concise we found we could 1) reorganize re-
lation definitions by placing the source as the key to a nested dictio-
nary, whose keys and values are respectively relations and targets, 
and 2) replace the sprawl of definitions like conversation_messages 
with the query syntax. This reduced viscosity [30], making edits 
easier. We also developed the named group concept to unify struc-
ture and view type definitions, making the language significantly 
more parsimonious (Figure 5 4 ). 

3.9 Summary 
Belidor is a declarative specification language for interactive sys-
tems. In particular, it highlights the structure underlying the concep-
tual, presentation and behavior aspects of a user interface. Using the 
same language features across layers makes Belidor parsimonious. 
For example, a visual encoding may seem unrelated to navigation, 
but Belidor describes both in terms of structure. Similarly, Beli-
dor uses queries both to describe how a view only presents some 
information, and how an action only applies to selected objects. 

The next section demonstrates Belidor’s expressivity, in spite 
of its parsimony, with a gallery of examples. Section 5 then shows 
how Belidor surfaces analogies between user interfaces with case 
studies and a simple analogy algorithm. 

4 Example Gallery 
This section demonstrates that Belidor’s semantics are expressive, 
showing how they can concisely describe a wide range of interactive 
systems. The following examples demonstrate how user interfaces 
make use of their structures (Figure 6, Figure 7), how queries can 
specify complex presentations and behaviors (Figure 8, Figure 9), 
and presentation specifications for non-visual interfaces in different 
modalities (Figure 10, Figure 11). 

4.1 Designing with Structure 
Structures are the backbone of an application, finding their way into 
the presentation and behavior layers. The messaging example of 
section Section 3.1 primarily revolves around a linear structure for 
time, but interactive systems can use other structures too (Figure 3). 

4.1.1 Color Picker. Colors are typically encoded as points in a 
three dimensional space. While the interface could display a three 
dimensional color cube, it is not a convenient way to pick colors. 
Instead, color pickers use structures derived from the color space. 
The standard library provides the (3D) structure with attributes 
for its axes (eg. hsv-color-space/z-axis) and cross cutting planes 
(eg. hsv-color-space/xy-plane). By describing the color space as an 
instance of the (3D) structure, we can use its attributes to describe 
an area picker for the saturation-value dimensions of the color 
space, and a slider for the hue dimension (Figure 6). Depicted like 
this, the design of the traditional color picker solves a structural 
problem — how can the color space be represented in a flat GUI? The 
solution is to break the (3D) space into component dimensions both 
visually (as (2D) and (1D) components) and behaviorally (through 
(2D) and (1D) navigation of a picked color). Structures, and the 
dependent structures they imply, can serve as resources that help 
designers explore alternatives. 

4.1.2 Code Editors. Structures provide affordances for presenta-
tion and behavior. In code editors like VSCode, language servers 
provide additional structure to text files. Beyond the linear order of 
a simple text buffer, tokens (character covers) can be given more 
structures. For example, an abstract syntax tree (AST) lets the user 
collapse blocks of code (Figure 7). This is possible because (tree) 
provides an attribute for /subtrees covers. The code view then 
only shows a subset of the subtrees. The toggle-code-block action, 
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Figure 6: Color picker: color-area-picker describes the 
saturation-value area picker with the color space’s /xy-plane. 
The hue-slider similarly uses the /z-axis of the color space. 
Each view presents actions to pick colors (change-saturation 
-value and change-hue respectively). Both result in the same 
update (changing the picked color), but use their respective 
structure as directions. This describes how the user directly 
manipulates colors.picked in each view. 

Figure 7: Code Editor: The abstract syntax tree enables more in-
teractive views. The code-view only shows the open code blocks 
(syntax-tree/subtrees.shown). The view also presents the toggle-
code-block action for collapsing subtrees, denoted as changing 
the set of shown subtrees. 

which is presented in the view as buttons, can then change the set 
of shown subtrees, influencing the view. In summary, adding the 
AST structure opened possibilities for presentation and behavior. 

4.2 Queries Enable Concise Presentation and 
Behavior Specifications 

Section 3.1 detailed how Belidor’s query syntax precisely expresses 
what views show and what actions change. We can take this concept 
further with concise specifications of sophisticated systems. 

4.2.1 File Explorer. File explorers like macOS Finder and Windows 
File Explorer can show files in a “column view”. This can be pro-
grammed by iterating across the folders in the selected file’s path, 
producing and horizontally stacking views for each one. Belidor 
can express this in a single view without resorting to iteration (Fig-
ure 8). This is achieved with a single line query that finds the set of 
items (items) in the folders (items.folders) of the selected item’s 
path (items.selected->paths). Together, the query becomes: items. 
selected->paths->items.folders->items. These items are encoded 
with a vertical stack and the columns emerge from a cluster encod-
ing using the group formed by the folders along the path. 

4.2.2 Spreadsheets. Queries can also precisely express exactly what 
an action will change. For example, a hallmark of spreadsheets is 
that changes propagate throughout the document (Figure 9). This is 
denoted with a single action that changes the selected cell’s formula, 
its result, and the results of every cell that depends on the selected 
cell. This query is constructed with the \descendants attribute of 
the dependency graph, which finds every cell that depends on the 
edited cell. This example also demonstrates how a conceptual struc-
ture can afford targeting specific objects in an action. Note that this 
action does not explain how the computation is carried out, only 
what elements are influenced in the computation. 

4.3 Beyond GUIs 
When we think of user interfaces, graphical user interfaces typically 
first come to mind. They are indeed very common and perhaps con-
stitute the bulk of professional and HCI interface design. However, 
over-indexing on GUIs can limit how we think about interactive 
systems in general. This section demonstrates how Belidor denotes 
non-graphical user interfaces on equal footing with GUIs. 

4.3.1 Screen Readers. Screen-readers are an auditory presentation 
layer used by people with low or no vision. Figure 10 presents 
screen-reader views for a webpage. (reader) is an extension of 
presentations type just like (gui), complete with mark and encoding 
attributes. The first (top) presents a naive screen reader specification. 
At first glance, since the reader view only has a linear encoding, it 
could present the webpage linearly. This can be accomplished using 
the DOM’s /depth-first-ordering attribute defined in the standard 
library’s (tree) type5 . This specification highlights the most salient 
limitations of screen readers: without a wide range of encodings, 
like GUIs, designers must make non-linear structures fit into a 
linear encoding. In practice, designing a screen reader application 
is more about navigation than linearization. This is expressed with 
the interactive-dom-reader in Figure 10 (bottom). Its presentation 
is much simpler, and instead denotes navigating the DOM with 
the same dom/depth-first-ordering structure. In other words, the 
static-dom-reader (top) organizes content with its presentation 
layer, whereas the interactive-dom-reader (bottom) organizes its 
content with the behavior layer. 

Trading off organization between layers is not unique to screen 
readers; it is also common with GUIs, for example when designing 
for the limited screen real estate of a phone. This forces designers to 
spread information across different views that the user can navigate 
between, just like interactive-dom-reader. 

5We omit details about how divs contain text (also linear) as it is not necessary to this 
analysis. This is the benefit of incremental specifications in Belidor (Section 3.8.2). 
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Figure 8: A file system: This view presents all of the items in the 
folders along the file’s path. It uses a query that starts with se-
lected items (items.selected) and finds the associated /branches, 
also named paths (items.selected->paths). Since branches cover 
the file-system tree, they act as a group on items. The query can 
then pick out folders along the path (items.selected->paths-> 
items.folders), which are mapped to the cluster encoding. The 
standard library defines the tree’s internal nodes (folders) as 
covers, meaning a query can peer into them to find the items 
themselves: items.selected->paths->items.folders->items. 

Figure 9: A spreadsheet: Editing a cell changes: the formula 
of the selected cell, its result, and the result of cells that de-
pend on the selected cell. Cell dependency is modeled as a di-
rected graph structure (digraph) over formulas. The /descendant 
attribute is a cover that describes elements downstream of each 
element, so a query can then find the descendants of the se-
lected cell (cells.selected/formula->dependency/descendents). It 
then finds the associated result of those cells (cells.selected 
/formula->dependency/descendents->cells/result), describing the 
propagation of spreadsheet changes in a single line. 

4.3.2 Elevator Interface. Belidor does not attempt to model the real 
world (eg. how a person’s hand engages with buttons and knobs); 
but it can describe how the user interface models the world. There 
is no standard presentation type for hardware devices. Industrial 
designers have to define the affordances of their presentation layer 
and therefore define their own presentation type. For example, the 
author must define the elevator’s interface as a new type (Figure 11) 
that can then be instantiated and mapped to the conceptual model. 

Designing a hardware device involves designing the presentation 
layer’s marks and encodings in concert with the conceptual model. 
Designers iteratively mold the presentation’s type definition to a 
conceptual model, brainstorm what views it enables, which in turn 
influences the conceptual model. Belidor denotes this process by 
providing semantics for novel presentation types. 

5 Operationalizing Analogies with Belidor 
This section demonstrates how Belidor’s representation provides 
fertile ground for making UI analogies manually and computation-
ally. We present a simple computational method using an off-the-
shelf graph edit distance algorithm to find analogies between pairs 
of specifications and discuss how the results can be interpreted. 
In three case studies, we demonstrate how Belidor can help high-
light and explain UI analogies, in turn generating ideas making 
surprising connections across applications. 

5.1 An Analogy Algorithm 
“Solving a problem simply means representing it so as 
to make the solution transparent.” — Herbert Simon 

Algorithms are generally easier to design when using an appro-
priate data structure for the problem. Prior work in HCI on style 
transfer between user interfaces shows that visual representations 

require sophisticated machine learning methods. To demonstrate 
that Belidor serves as a computationally friendly representation 
for operationalizing analogies, we present a simple algorithm that 
finds an analogy between pairs of Belidor specifications without 
datasets or expensive model training. 

5.1.1 Algorithm Description. First, each specification is parsed and 
compiled into a directed graph representation of the specification: 
nodes are identifiers (objects, structures, and types) and arrows 
are labeled relations (Figure 4). Constructing an analogy is then 
equivalent to the graph edit distance problem (GED): which edges 
and vertices should be inserted or deleted from the first graph to 
produce the second graph? Unfortunately, GED is NP-Hard [68]. 
We use an off-the-shelf implementation of Abu-Aisheh et al.’s algo-
rithm with the NetworkX package in Python [1, 31]. The algorithm 
casts the GED problem as path-finding by searching for the mini-
mum cost edit path between the two graphs. Previous algorithms 
used A* to navigate the search tree, resulting in high memory de-
mands. Abu-Aisheh et al.’s algorithm reduces memory complexity 
by using depth-first-search on a search tree ordered with Munkres’ 
algorithm, and heuristically pruning sub-optimal branches. 

To use the algorithm, we define cost functions for edit operations, 
which encode the matches we want to reward or avoid. For example, 
we strongly penalize matching nodes across conceptual, presenta-
tion and behavior layers (eg. matching (gui) with (action)) and 
edges labeled with different relations (eg. matching a subset> rela-
tion with cover>). Nodes with matching standard library types are 
also rewarded. This also rewards structures with matching shapes, 
which for example helps match linear structures with other linear 
structures. These costs were manually tuned, although not exten-
sively. Note that this algorithm does not rely on the node names; it 
only uses the connectivity of the graph to encode the interactive 
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Figure 10: A screen reader: (Top) This webpage reader denotes 
how the view “linearizes” the DOM; presenting the user with 
a sequence of spoken divs. This sequence is derived from the 
depth-first-ordering attribute of the tree structure. (Bottom) 
In practice, screen-readers offload structural complexity onto 
the behavior layer. The interactive reader only presents one 
item at a time (divs.active), without an encoding. Instead, the 
DOM’s depth-first-ordering is used for navigation action by 
changing which div is presented. 

Figure 11: An elevator interface: (Top) The (elevator-ui) type 
defines its marks as button LEDs and its encoding as a vertical 
stack or as a boolean group, respectively representing the lay-
out and state of the LED buttons. This is sufficient to express 
how the LEDs change as the elevator moves while also inviting 
different views. (Bottom) For example, an elevator in a corpo-
rate office could show which floors are available to the user. In 
this specification, users map to allowed-floors, which act as a 
group on floors. The view can then encode the LED state based 
on which floors are allowed to the user in the elevator. 

system’s semantics. To present the final analogy we prune isolated 
nodes, with no matching edge, from the mapping. Isolated nodes 
are meaningless to the analogy — since they are untethered, any 
isolated node match on one side can be matched with any isolated 
node on the other side of the analogy. In practice, the algorithm 
produces isolated nodes when it cannot find good edge matches to 
minimize deletion cost. 

5.1.2 Automatically Generating Analogies. We applied the algo-
rithm to 45 pairs of specifications derived from every possible 
pairing of 10 specifications—excluding pairing specifications with 
themselves. Results are mirrored for the 45 pairings (Figure 12). 

Computation time grows quickly with large specifications. There-
fore, we present the top scoring results after a maximum of two 
hours searching for analogies for each pair. The algorithm produces 
an iteration of results every time it finds a lower cost match. Pair-
ings with less than four iterations are marked with an asterisk, 
as this suggests that the algorithm did not effectively explore the 
search space. The overlap of a pairing is scored by the proportion 
of edges in or at the boundary of the conceptual layer of the smaller 
specification found in the analogy. The algorithm minimizes the 

edit cost across all layers because the presentation and behavior 
layers help make appropriate matches by disambiguating concep-
tual nodes (eg. actions disambiguate selection from other subsets). 
However, to make sense of analogies we are primarily interested in 
conceptual overlap. These results are presented in Figure 12 and 
can be explored with the online viewer.6 

The highest scoring pairing is between iMessage and Slack. This 
is not surprising because they belong in the same product cate-
gory, and therefore presumably have a similar conceptual model. 
The computationally generated analogy confirms this, mapping 
messages and people across applications and matching iMessage 
conversations with Slack channels. However, the linear time struc-
ture of iMessage maps to the alphabetical ordering of Slack chan-
nels. Conceptually, mapping to Slack’s time structure would make 
more sense. This may be because the algorithm over emphasizes 
the conversation-view/channels-view, in which the linear time of 
iMessage does match with the alphabetical structure of Slack chan-
nels. However, we suspect that this is a relatively small change in 
cost. Lower scoring pairs include code-editor and MacOS Finder, 

6Analogy Viewer: https://belidor-specification.github.io/ 

https://belidor-specification.github.io/
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Figure 12: Results from applying the analogy algorithm to 
every pairing of 10 specifications. Darker cells indicate a 
stronger conceptual analogy. Asterisks denote pairings that 
timed out with fewer than four iterations, suggesting they 
did not adequately navigate the search space in time. 

web browser and slides, and MacOS Finder and Slack. Intuitively, 
these pairs are different from one another, and accordingly the 
algorithm does not surface a good match. The results of the pairing 
specifications with tabs pattern are discussed in Section 5.4. 

In the following sections, we use case studies to demonstrate 
how Belidor’s semantics and syntax can help highlight and explain 
user interface analogies. 

5.1.3 Algorithm Limitations. The presented algorithm is based on 
an off-the-shelf graph edit distance that eventually produces an 
optimal edit path. However, due to the computational complexity 
of the GED problem, we often cut the algorithm’s exploration short, 
resulting in an approximate answer. One particular issue is that the 
NetworkX algorithm uses depth-first search, meaning that it can 
get trapped in suboptimal branches of the search trees for a long 
time, possibly before we terminate the search. GED algorithms are 
an active area of research with more sophisticated algorithms to 
produce approximate results more quickly [15]. 

5.2 Calendar and Video Editor: A Common 
Structural Backbone 

Belidor foregrounds user interface structure because interactive 
systems often build on a few conceptual structures. Therefore, if 
two UIs use the same kind of structure in similar ways, we should 
expect them to be in strong analogy with one another, even if they 
are meant for different tasks. 

5.2.1 Timelines as the backbone of the analogy. Video editors like 
DaVinci Resolve, Adobe Premiere and Final Cut Pro are sophisti-
cated creativity support tools with a high skill ceiling. They feature 
various tools and views to support complex workflows. In contrast, 
most knowledge workers use a digital calendar every day. While 

calendars can be complex, in most cases they simply help people 
synchronize their schedules by coordinating events. 

These two applications are used by different people in differ-
ent contexts. However, they share important structural similarities: 
both involve presenting and moving blocks on a timeline. Or, in Be-
lidor’s terms, both have a linear structure (time, editor-timeline) 
with covers (events, videos) that can be directly manipulated (move 
-event, move-video) in presentation layer (week-view, editor-view) 
(Figure 13). Aligning the two specifications makes the analogy 
between the user interfaces obvious (Figure 13). There are nonethe-
less a few subtle differences. In the presentation layer, the temporal 
structure is mapped to a vertical stack in the calendar but a horizon-
tal stack in the video editor. This change is visually significant but 
structurally inconsequential. Meanwhile, although both days and 
tracks are mapped to a cluster encodings, they conceptually differ 
because days cover the timeline whereas tracks are just groups. 
This means that the days and tracks are mostly similar in how they 
are used for presentation, but have different meanings. One more 
significant structural difference is that videos have a lot more inter-
nal structure than events: the former has its own internal timeline 
affecting images, while the latter only has a few properties like the 
event’s name and its participants. However, this difference does 
not impact the analogy, since it does not affect either concept’s 
behavior as a cover. 

Each of these Belidor specifications could be expanded to include 
more features, such as the calendar’s day and month views, or the 
video editor’s media browser and video player. Because Belidor 
supports incremental specification ( Section 3.8.2), we can focus on 
these two sub-specifications without much grief. 

5.2.2 Designing features based on the analogy. The proposed anal-
ogy highlights the conceptual similarity between the two user 
interfaces, but in SMT’s terms, they also have many “alignable 
differences”. This lets us transfer ideas from one UI to the other. 

For example, Google Calendar has a notion of appointment slots, 
which serve as a placeholder for other users to place an event on the 
calendar. In a video editor, the user could add labeled placeholder 
clips in the timeline during their initial rough cut. For example, they 
might leave a placeholder for B-roll to visually pace an interview 
in an initial rough cut. Later, when triaging B-roll footage, the user 
can bring up a window listing every B-roll placeholder they used 
in the rough cut (Figure 15). 

Meanwhile, DaVinci Resolve features “adjustment clips”, which 
act like a clip in the timeline and edit the parameters of every clip in 
the same temporal region. This is often used to apply a consistent 
color grade across multiple clips. This feature could be ported to a 
calendar application to set meeting parameters (such as location 
or video-conferencing links) for multiple meetings over a range 
of time. This might be helpful if the user wishes to set all of the 
meetings in the morning to use the same video conferencing link, 
or for the user to decline meetings during their time off (Figure 14). 

5.2.3 Results from the Analogy Algorithm. The algorithm produces 
a strong match between these two interfaces. As described in this 
section, it matches the calendar’s time structure with the editor’s 
timeline. Notably, the video editor specification was written to 
let the user open multiple editors using the group foreach> syn-
tax, unlike the calendar. Despite this difference, the algorithm still 
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Figure 13: Belidor analogy for a calendar (Google Calendar) and a video editor (DaVinci Resolve). Each have views that present 
a linear structure (time/timeline) and clustering (days/tracks). Both have covers for the temporal structure (events/videos). 
Both can directly manipulate events/videos along the time/timeline. 

matched the analogy. This illustrates how Belidor’s incrementally 
specification property allows differently written specifications to 
be treated similarly (Section 3.8.2). In this case, adding a structural 
change like making part of the application a component does not 
necessarily interfere with the algorithm’s results. 

5.3 Figma and Powerpoint: Multiple Overlaps 
Interface designers use Figma to make UI mockups, and knowledge 
workers use PowerPoint to make slides. They are analogous in at 
least one obvious way: both let users directly manipulate objects 
on a two dimensional canvas. This analogy is apparent in presenta-
tion and in behavior. Of course, Belidor can describe this analogy, 
but when we wrote the specification for Figma, we realized that 
its prototyping feature is analogous to PowerPoint’s presentation 
feature (Figure 16). Both let users construct a set of frames/slides 
connected with a structure (prototype links/slide sequence), and 
navigate a primary view along the structure (prototype view/pre-
sentation slide). Evidently, users have already noticed this analogy: 
people have used Figma as a presentation tool for many years, and 
Figma has recently developed their own presentation product [35]. 
Unsurprisingly, the interaction for specifying links is the same as 
in their main product. 

Notably, this presentation analogy is largely independent from 
the direct manipulation analogy. This shows how Belidor can sur-
face multiple independent analogies between systems. 

5.3.1 Results from the Analogy Algorithm. Terminating the algo-
rithm after two hours resulted in no meaningful analogy. Impor-
tantly, it did not reach the iteration threshold, meaning the algo-
rithm may have gotten stuck in a sub-optimal branch. To validate 
this hypothesis, we can compare the edit cost of the computed anal-
ogy with the cost of our preferred analogy (matching canvases, and 
matching presentation with Figma prototyping). When seeded with 
our expected matches, we compute an edit cost that is 9.5% lower 
than the computed analogy from Figure 12. Our preferred analogy 
also scores a 37% conceptual match, whereas the computed analogy 
has a 0% conceptual match. Therefore, the initial computation was 
prematurely terminated and carrying the algorithm to completion 
may have resulted in our more optimal analogy. 

5.4 Web Browser and CAD: Emerging Design 
Patterns 

Different tools might be conceptually different from one another, 
but use similar strategies as part of their interface design. Then, they 
are analogous in that they use a common design pattern. For exam-
ple, web browsers are different from 3D Computer-Assisted Design 
(CAD) applications. Navigating between web pages is structurally 
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Figure 14: Video editor adjustment layer analogy. The user can 
create an adjustment event to change the settings for all events 
that overlap it, for example to dismiss them. The adjustment 
behaves like an event, so its start and end can be adjusted. 

Figure 15: Calendar appointment analogy. The user adds place-
holder clips to the timeline. Later, when navigating the media 
pool, they find an insert shot and open a window listing all 
placeholder clips in the timeline’s context. This helps them 
choose where to add the shot without leaving the media pool. 

different to building and assembling 3D objects from sequences 
of operations. As a result the core specifications are also different 
from one another. However, both applications use tabs to let the 
user jump between different views —presumably to solve the same 
screen real-estate problem. This is summarized in specifications 
from Figure 17. The content (webpages/files) defines its own view; 
a tabs-view presents both the content (webpages.open/files). 

Once again, Belidor’s incremental specification lets authors fo-
cus on the tabs functionality. Since the CAD’s 3D structure is not 
relevant, it is not specified. Placing the specifications side-by-side 
emphasizes the similarity between their tabs. In fact, by general-
izing the terms used in both specifications, a specification for the 
tabs design pattern emerges from the comparison. This means that 
Belidor can describe design patterns as standalone Belidor specifi-
cations. Then, using the same analogy mechanisms as before, we 
can find specifications that use the same design pattern. Cognitive 
Science has long studied how analogies can lead to abstractions, in 
this case in the form of a design pattern [25, 62]. The pattern speci-
fication can use the generic terms designers use when discussing 
tabs in the abstract. 

# Tabs design pattern on a generic subject 
- subjects: 

group foreach>: 
- (gui) /view 

- (gui) tabs -view: 
/marks <>: 

- subjects 
- (action) change -tab: 

update >: subjects.active subset > 
subjects 

/encoding.stack <>: 
(linear) tabs -order: 

affects >: subjects 
- (gui) main -view: 

/marks <>: subjects.active/view 

By searching for applications using this pattern, we can find UIs 
that are not obviously to be using tabs. For example, presentation 
tools like PowerPoint have a primary editing view and a view pre-
senting all of the other slides. This design is not typically described 
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Figure 16: In addition to their canvas editing, Figma and PowerPoint overlap in the prototyping/presentation functionality. 
Each have a view (prototype-windowpresentation-view) showing a specific item (current prototype frame/current slide), that the 
user can navigate by following a structure (prototype-linksslides-order) 

as tabs, but it is structurally and functionally the same. Slightly less 
conventionally, the iPad application dock also functions like tabs: 
each app has its own view, and the dock presents a linear stack of 
shortcuts to open the view. 

This more expansive view of tabs helps transfers of ideas. For 
example, the iPad can show multiple applications on the same 
window. The same interaction technique could be used in any of 
the other applications to show more than one view at a time. 

5.4.1 Results from the Analogy Algorithm. The specification for the 
tabs pattern matched with a number of the other applications. It suc-
cessfully matched with web browser tabs and matched with tab-like 
features such as channels in Slack, conversations in iOS Messages, 
and it the slides in PowerPoint. Meanwhile, MacOS Finder’s tabs 
were not denoted in our specification and therefore were not found. 
The code-editor does have tabs, but the algorithm seemed stuck in 
an unfruitful branch before terminating. 

Unconventional matches were also found. For example, in the 
calendar and video editor, although the tabs object was not matched, 
the actions and structure around tabs were matched to the time-
line: moving along the timeline (eg. time passing in the calendar) 
is matched with changing tabs. This is structurally a reasonable 
match, and might be generative in its own way. For example, the ap-
pointment concept in the calendar might be applied to tabs, where 
placeholder tabs could be used as slots to be populated. This could 
be used with Large Language Model based search: instead of hap-
hazardly opening tabs from a prompt, the user could denote what 
content they want in specific tabs before completing the search. 

6 Discussion and Future Work 
We presented Belidor, a declarative specification language for inter-
active systems. It reifies the structures underlying user interfaces 
as a first-class language construct to describe the conceptual model, 
presentation, and behavior of interactive systems. As a result, con-
ceptual structures that help present information (ie. with encod-
ings), or facilitate interaction (eg. navigation) are made explicit. We 
demonstrated that Belidor serves as an effective representation for 
making analogies both manually with case studies and computa-
tionally with a simple algorithm. The analogies surfaced by Belidor 
help designers use ideas across user interfaces, whether they are 
obviously similar, or seemingly unrelated. In the latter case, Belidor 
can explicitly denote the overlap between the two UIs, for example 
to describe common design patterns. 

This paper has demonstrated that Belidor is a parsimonious and 
expressive representation of interactive systems which can help 
find and describe analogies. We now discuss future work for Belidor 
and its possible applications. 

6.1 Designing with Belidor Analogies 
Although Belidor can help surface distant analogies, this paper 
does not show that they are made accessible to the average designer. 
Evaluating UI toolkits, let alone theoretical frameworks, is notori-
ously difficult [53]. Olsen argues that language contributions break 
the assumptions of a user study: for example, people can not be 
expected to “walk up and use” a language like they might pick 
up a well designed GUI. Instead, we expect designers would need 
time to internalize the language’s syntax and semantics. Therefore, 



CHI ’26, April 13–17, 2026, Barcelona, Spain Matthew T Beaudouin-Lafon, Devamardeep Hayatpur, Arvind Satyanarayan, and Haijun Xia 

Figure 17: Four applications that use a tab pattern. Top-left: CAD application presents files as tabs (Onshape). Top-right: A 
web browser uses tabs to switch between webpages (Chrome). Bottom-left: the list of slides in a presentation application are 
structurally equivalent to tabs (PowerPoint). Bottom-right: The iPad dock functions like tabs for applications. 

studying how people use a language requires longer term upfront 
training and results in rich qualitative observations, both of which 
are beyond the scope of this paper. 

In future work, we intend to study how designers use Belidor 
analogies in an iterative design process. Given a design challenge, 
participants can be tasked with writing the Belidor specification of 
an initial design to query a database of UIs for analogies. We can 
then study how participants write Belidor specifications and how 
they use the resulting analogies in their design process. In particu-
lar, we want to investigate how writing in Belidor and reasoning 
through analogies helps designers reflect on their design [58]. 

It may seem unlikely that interface designers, accustomed to 
working with visual sketches and mock-ups, might choose to write 
textual specifications in their design process. However, the same 
could have been said about visualization before the Grammar of 

Graphics, when GUIs like Excel were more popular for the task. And 
yet, scientists and visualization experts today prefer declarative 
languages like ggplot to GUIs because text notations are more 
powerful and expressive. By studying how people write Belidor, 
we can better understand what its expressivity and parsimony can 
uniquely afford designers. 

6.2 Building UIs with Belidor Specifications 
Belidor is not intended as a UI framework for implementing inter-
active systems, but it is not far off — its entity-relationship models 
can be implemented as a database, and Belidor queries can be in-
terpreted as relational queries. The presentation layer is inspired 
by Bluefish, so its layout algorithm could potentially be adapted to 
render the presentation layer [56]. 
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However, behavior in Belidor is harder to translate into an im-
plementation. As discussed in Section 3.8.3, we decided against 
describing input bindings, state machines and computation because 
the resulting increased complexity did not comparatively improve 
analogies. However, the gap is not insurmountable. Card et al.’s 
analysis demonstrates that input devices have their own structure 
which could map to the Belidor’s structure of actions [12]. The 
current syntax can already model rudimentary state machines: a 
directed graph of transitions affects a set of states, and the current 
state is a subset that navigates the transition structure. For example, 
this pattern is used to describe how the user navigates between 
different views. To describe modes—the condition under which 
an action can take place—Belidor could use the when keyword to 
indicate the condition required for an action to occur. For example, 
keyboard shortcut actions could be guarded by which view is active. 

A UI framework built on Belidor’s semantics could help develop-
ers rapidly iterate on structure-level changes. For example, Min and 
Xia [49] demonstrate this with a framework for overview-detail 
applications, in which a selected item is shown in detail (eg. a restau-
rant) while other items are shown in an overview (eg. a restaurant 
list). The framework’s semantics help developers trivially change 
the overview representation from a list to a table or a map. Similarly, 
a framework using Belidor’s semantics could facilitate changing 
how a structure is used across the conceptual presentation behavior 
layers. This would help evaluate a broader range of possible designs 
with minimal cost. 

6.3 Design Moves Beyond Analogies 
Using an analogy is a design move; it “moves” a design from one 
point in the design space of possible user interfaces to another. 
We believe that Belidor’s semantics have the potential to afford a 
broader range of design moves. For example, Belidor can help de-
signers iterate on the structures underlying their user interface. In 
the messaging example, iOS Message designers added a group struc-
ture to pin certain conversations. This is a structural design move 
— designers found a user problem that could be solved by adding 
structure to conversations, and then designed how it translated 
to presentation. By providing a notation for interface structure, 
Belidor can help designers externalize and therefore reflect on their 
structural design moves. 

In HCI, many system design contributions can be understood 
as structural design moves. For example, Toolglasses and Magic 
Lenses contributed interaction techniques based on covers of the 
GUI (toolglasses) [7]. In another context, research aimed at de-
veloping screen reader applications finds ways to represent more 
concepts as audible marks, and develops structures to help present 
and navigate them. For example, Olli [9] contributes a tree structure 
to the navigation of data charts, which Data Navigator [20] builds 
on by generalizing the tree as an arbitrary directed graph. Finally, 
Interaction Substrates emphasize the importance of structure when 
designing creativity support tools for power and simplicity [45]. 

Ultimately, our goal is to help designers discuss and reflect on 
the interactive systems they design. This may seem at odds with 
the formal approach taken in this paper: after all, formal speci-
fications are simply too cumbersome for informal conversations. 
However, designing a formal language forces its semantics to be 

robust and consistent, providing a stable foundation that continues 
to pay off when the syntax is relaxed. This is the story of Unified 
Modeling Language (UML): although it has a strict formal speci-
fication, software engineers loosen and appropriate the notation 
at the whiteboard to collaboratively express and debate possible 
architectures [17, 47]. Although professionals do not use the for-
malism directly, it nonetheless provided a foundation they could 
appropriate for their practice. 

In summary, we contend that interface designers already engage 
in structural design, but lack a suitable language to express these 
ideas. We envision that Belidor, or a future derivative, can serve 
as a representation that fosters structural design moves and helps 
designers better explore the design space of user interfaces. 
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