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A B S T R A C T   

Visual Programming Language (VPL) is utilized with increasing frequency in Architectural, Engineering and 
Construction (AEC) industries to accomplish tasks relating to advanced geometry and complex designs. In recent 
developments, VPLs have gained traction in robotic research, where they are being explored as a good tool for 
robotic programming. While visual programming holds several key advantages justifying this attention, it comes 
with key limitations for developing commercial-grade robotic applications. Such applications need to be easily 
maintainable, stable and performance optimal to be able to succeed in the market. In this paper, we argue that 
the situation with regard to visual programming is similar to that of textual programming from 1960s. The 
universally adopted strong abstraction mechanisms vastly improved the condition for the latter. We then proceed 
to propose the utilization of software design patterns as a method to overcome some of the existing challenges 
faced by adopters of VPLs. Six novel design patterns are introduced, and their application is exemplified by 
industrial software development case studies.   

1. Introduction 

Since second half of the 20th century, the global construction in-
dustry has been witnessing stagnating productivity, while other sectors 
such as manufacturing, has experienced a significant increase in pro-
ductivity [13,2,3]. Automation of construction processes is an instru-
ment for improving this situation [6]. However, due to high levels of 
project specificity, smaller lot sizes for production and need for cus-
tomization, conventional automation technologies as seen in other in-
dustrial fields cannot be directly adopted within construction, thus 
causing the sector to remain vastly under served. 

It is our hypothesis that successful adoption of automation within 
global construction can only be achieved through a software framework 
which enables rapid design, development and testing of new robotic 
applications. In preceding work by authors of this paper, Higher Order 
Knowledge System (HOKS) has been introduced to overcome this chal-
lenge [12]. This framework enables a parallel workflow within the 
application development process, wherein contributors with diverse 
skill sets can collaboratively co-develop across their knowledge 
domains. 

In this new paper, we demonstrate how software design patterns 
could contribute to further increasing the efficiency of the development 
process. For the context of this paper, an efficient process denotes a 
flexible software development methodology which creates stable, reus-
able, performance optimal and maintainable parametric models. As a 
result, a parametric design model should be described in such a gener-
alized manner that enables straightforward editing by multiple users at 
any point in time, rather than having to depend on the original devel-
oper for making every change. This is crucial for commercial-grade 
software development, as any dependency on an individual developer 
or software engineer, will lead to risking the product in the event of 
fluctuation in the team constitution. 

2. State of the art 

Since its introduction in early 2000s, VPL based parametric model-
ling has seen rapid adoption within AEC industries for the design and 
engineering of complex structures [10]. For example, Grasshopper 3D 
for McNeel Rhino has become one of the leading tools in this field. In 
particular, it enables the establishment of control hierarchies for 
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managing component variables to achieve a larger global effect [18]. 
More recently, parametric design thinking has enjoyed widespread in-
terest within architectural and construction robotic research for the 
development of custom and experimental workflows [19,17,8]. In 
complementary notes, core fields within general robotics have also 
acknowledged key advantages of VPLs in development of robotic ap-
plications, causing increased research interest [20,9]. Some of the 
identified advantages in this approach are ease of programming, 
effortless knowledge encapsulation for less specialist developers, effi-
ciency in establishing geometry-intensive workflows and modular ar-
chitectures [15]. While these advantages are well established, the 
general scope of application for VPL based parametric modeling has 
historically been limited to custom or project specific scripts, graphs, 
functions or prototypical workflows within AEC organizations. As such, 
investigations into whether VPLs could be applied for development of 
commercial-scale software applications are sparse. 

Rick Smith has identified the following as some of the major chal-
lenges faced in parametric modelling [4]:  

1. Major changes can break parametric models. As it is difficult to 
foresee all feature requests in the beginning of a project itself, the 
instability of the model raises some grave concerns when one has to 
amend it later on to incorporate a request from the customer.  

2. It is difficult to reuse and share parametric models. Often, only the 
original designer is able to operate with a model, as it can be arduous 
for another one to comprehend the design intent making the system 
averse to maintenance. 

Around 1960s, a large number of major software projects unex-
pectedly failed in the broader industry, giving rise to a crisis. As pointed 
out by Turing award winner Niklaus Wirth, “systems could not be built 
or delivered on time, bringing some companies to the brink of collapse” 
[22]. One of the examples is, IBM's ambitious System/360 unification 
project, led by F. Brooks, which in 1964 was one of the largest software 
projects ever undertaken. It was years late and costed millions of dollars 
more than budgeted [4]. 

In 1968, NATO decided to form a group of scientists to further 
analyze the problems faced in software engineering. As recalled by Naur 
and Randell, the talk was centered around “slipped schedules, extensive 
rewriting, much lost effort, large number of bugs, and an inflexible and 
unwieldy product” [11]. It was identified that one of the main reasons 
for this problem, was the fact that software programs written during 
those days were largely unstructured with GOTO statements littered 
randomly across the source code. 

In many ways, one can relate these findings from NATO, to the 

problems mentioned by Rick Smith [4]. The analysis of parametric 
models created by two different Computational Design Specialists 
(CDSs) (see, Fig. 1a and b) in one of our previous works, reminds us of 
the same issues which led to the software crisis in 1960s. After a careful 
literature study, we have concluded that the same problem has been 
highlighted by others as well [5]. 

Parametric models are generally created using VPLs by a CDS. In 
general, a CDS is trained with a different set of skills as compared to a 
software developer. Current day programmers are very much acquain-
ted with principles of software reuse, maintainability and stability. They 
practice these concepts in their day-to-day work as well. Some of the 
techniques prevalent in the industry are design patterns, modular soft-
ware architectures as against monolithic systems, comments for future 
reference, automated module testing, etc. 

Though the term “design pattern” was an age old idea in the field of 
architecture, it was probably introduced by Christopher Alexander [1] 
in a modern sense. He says, “Each pattern describes a problem which 
occurs over and over again in our environment, and then describes the 
core of the solution to that problem, in such a way that you can use this 
solution a million times over, without ever doing it the same way 
twice.”. The term was later adopted by the software engineering fra-
ternity [7] to describe abstract, well-established forms of program 
construction. A pattern is fully defined by a name, a problem statement, 
an abstract solution, and a discussion on its implications. 

The need for software design patterns in parametric models is 
explained in [23,16,24]. It is claimed that it will lead to robust and 
sustainable models. Following in their foot steps, this paper, implements 
six design patterns while programming graph-modelled robotic work-
flows. These six patterns are model-view-controller (MVC), 
design-plan-monitor (DPM), adapter, mask, isolator and cache. 

Since 1994, many design patterns have been suggested primarily for 
software systems based on Object Oriented Programming (OOP) para-
digm since languages based on this paradigm were on an ascendancy 
during that time. As we carry the concept of software design patterns to 
VPLs, we need to keep in mind that not all design patterns applicable for 
object oriented world are relevant to VPLs as these systems follow 
Functional Programming (FP) paradigm. OOP is fundamentally different 
from FP. 

3. Importance of VPLs 

Many applications targeted at the construction industry need to be 
driven by parametric models. For example, in our wire-cutting Factory 
on the Fly unit, we need to visualize the target geometry (see, Fig. 9a) in 
the view port. VPL provides a convenient way to express parametric 

Fig. 1. Examples of visual clutter (wires inside red coloured boxes) and code duplication (blocks inside teal coloured boxes) in parametric models. For interpretation 
of references to colour in this figure, the reader is adviced to check out the web version of this article. 
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models for the CDS. 
Visual programming enables more than just software developers to 

program such robot applications. Modern day text-based programming 
languages have several advanced constructs like delegates, access 
specifiers, and many more which might be difficult to access for non- 
expert programmers. A relevant analogy is using an operating system 
purely from command line as compared to the GUI available for Win-
dows/Ubuntu/macOS. Unity acquiring the visual programming tool 
Bolt shows how the gaming industry is also looking at VPL as a way to 
ease the process for non-programmers to create content. 

The analysis will not be complete without looking into the Turing 
completeness associated with visual programming systems. It is impor-
tant that a programming language or system is Turing complete since it 
means that it can then be used to solve any computational problem given 
enough time and memory. VPL follows the FP paradigm which is based 
on the Lambda calculus proposed by Alonzo Church in early 1930s. 
Lambda calculus is an universal model of computation that is used to 
simulate any Turing machine. The equivalence between Turing machine 
and Lambda calculus is discussed in the seminal work termed Church- 
Turing thesis [21]. Since Lambda calculus is Turing complete, it can 
be argued that any given VPL can also be Turing complete in principle. 

4. Research challenge 

To summarize, this leads us to claim that visual programming is 
needed to widely design, develop and prototype robotic applications in 
construction industry. Such visual programming techniques often lead 
to the following problems:  

1. It is generally considered that a parametric workflow is very difficult 
to be debugged and maintained by anyone other than the original 
designer. Such kind of dependencies will lead to single points of 
failure, wherein if the developer who has authored the workflow 
leaves the organization, the commercial product will remain elusive 
to the rest of the team.  

2. In [5], 2002 Grasshopper 3D for McNeel Rhino models were 
analyzed, researchers have reported that highly unstructured way of 
developing workflows with wires floating around is a big problem.  

3. It has been observed that use of complex and large parametric 
models often results in latency. As we were using parametric models 
to create commercial-grade robotic applications, where users will 
perform on the fly design of custom components using a tablet 
application, latency is of big concern for us. 

Now, to make this process sustainable, we will borrow some ideas 
from the discipline of software engineering and apply them to para-
metric modeling. Software design patterns are employed to reduce la-
tency, provide stability, support maintainability and promote reuse of 
fairly complex parametric models. By this, we will be able to help avoid 
a situation compared to the software crisis happening to parametric 

design. 

5. Petri nets 

Petri net is a graphical and mathematical modelling tool applicable 
to many systems. In the context of our work, we have used Petri nets to 
represent a parametric model where data flows between a set of inter-
connected nodes (ref, Fig. 2c). Each node stands for a function (transi-
tion) which accepts n inputs (input places), performs some operations on 
these inputs to emit m outputs (output places). 

The concept of Petri nets was introduced by Carl Adam Petri in his 
dissertation submitted in 1962. It is a bipartite directed graph consisting 
of two types of nodes, namely transitions and places, where edges are 
either from a place to a transition or vice versa. It is forbidden to connect 
either a place with another place or a transition with another transition 
using an edge. Graphically, a place is denoted using circles whereas bars 
or thin boxes represent transitions. A marking (state) assigns to every 
place in the graph a non-negative integer. If a state assigns to a place (p) 
a non-negative integer k, we can say that p is marked with k tokens. 
Pictorially, if a particular p holds k tokens, we will draw k black dots 
(tokens) inside of p. A marking is denoted as M where M(p) gives the 
number of tokens in p. Some interpretations for transitions or places and 
a formal way to define Petri nets are given in Tables 1 and 2 respectively. 

The transition firing rule for a Petri net is given by:  

1. ti is said to be enabled if each input place of ti is marked with at least 
w tokens, where w is the weight of the edge from the corresponding 
input place to ti. In Fig. 2a, we can say that add is in enabled state 
since input places p1 and p2 are marked with 1 token each.  

2. A firing of an enabled transition removes k tokens from each input 
place of ti and adds k tokens to each output place of ti. The firing of 
add deducted a token each from p1 and p2. It also added 1 token to the 
output place p3 as shown in Fig. 2b. 

6. Design patterns 

It is to be noted that ability to decide which design patterns can be 
applied to in a given situation comes with practice. In general terms, it 
follows the idea of factoring out the commonalities between various 
problems and abstracting the solution so that it can be used under other 
situations as well. As an example, let us look at Observer pattern popular 

Fig. 2. (a) A sample Petri net where p1, p2 and p3 are places and add is a transition. add is in enabled state. (b) Firing of add deducted 1 token each from p1 and p2. It 
also added 1 token to p3. (c) A simplified data flow model. 

Table 1 
Some typical interpretations of places and transitions in Petri net.  

Input places Transitions Output places 

Pre-conditions Event Post-conditions 
Input data Computation step Output data 
Input signals Signal processor Output signals 
Resources needed Job or task Resources released 
Buffers Processor Buffers  
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among members from OOP community. It can be used under any situ-
ation where one process (publisher) is producing some information 
which many other processes (subscribers) will be interested in listening 
to. Some of the concrete examples of its implementations are:  

1. Pick and place robot – A camera fitted to the robot arm publishes the 
pose of the object to be picked up by the arm as and when it enters 
within the reachable workspace of the robot.  

2. If someone whom you are following in Twitter or Facebook publishes 
a new post, you will be notified about the same. 

In the above example, if one chooses not to see beyond the specificity 
of a given problem, it will be difficult to see the commonality between 
the two cases. After analysis of parametric design models created by us, 
we have identified some patterns and categorized them into three 
groups namely organizational, data flow and efficiency in this paper. It 
is not an exhaustive list and more patterns may be recognized as we 
continue our exercise in future. 

A design pattern is introduced by a Title, What, Use when, Why and 
How as is followed in [23]. The Title is a short name given to refer to a 
pattern. What provides a short description of the pattern. Use when 
mentions about the situations under which the said pattern is relevant to 
be considered and Why signifies the inspiration for using the pattern and 
sketches the associated benefits. How refers to the internal details on 
how they can be implemented within the given context. 

6.1. Organizational patterns 

They deal with breaking down the parametric models into simpler 
logical subunits. It will help to reduce unnecessary coupling between 
nodes, improves readability and makes the graph more maintainable. 
We introduce and discuss two organizational patterns namely MVC and 
DPM in this section. 

6.1.1. MVC  

1. What: Organizes transitions and places into three collections, 
namely model, view and controller (ref, Fig. 3). A collection is simply 
a bevy of transitions and places.  

2. Use when: You are developing a complex Petri net to model an 
interactive parametric process involving visual feedback. The said 
process can be controlled via a set of parameters.  

3. Why: Most interactive robotic applications can be conveniently 
subdivided into model, view and controller so as to avoid unnec-
essary coupling between the various transitions. Model holds the 
underlying geometry data and drives the application. It can be 
visualized through the view. Transitions present in the controller will 
let the user interact with the model.  

4. How: The model is a group of nodes which defines the geometry or 
tool paths for a parametric design. For instance, the model nodes in 
the parametric design might produce a mesh or smooth surface 
defined in terms of vertices or control points. The view is formed by 
an aggregate of nodes which determines the visualization aspects of 
the model, like the thickness of a curve, style or colour of a surface. A 
given model may have multiple associated views like plan, elevation, 
detailed, etc. The controller is a set of interactive widgets that 
correspond to source nodes. The controller allows the user to change 
the parameters governing the geometry defining nodes in the model. 

6.1.2. DPM  

1. What: Organize the transitions and places into 3 collections namely 
design, plan and monitor as shown in Fig. 4. 

2. Use when: If you are developing a robotic application which in-
volves the design on the fly feature using Petri nets.  

3. Why: In many of fabrication-centered robotic applications from the 
construction industry, it is required that the user should be able to 
customize the part being manufactured. A strategy is to expose some 
design/fabrication related parameters to the production user so that 
he or she can tweak the parameters to achieve the desired custom-
ization. It is our proposal that a neat way of handling such parametric 
workflows is to decouple the process into three sections – design, 
plan and monitor.  

4. How: It can be implemented in the following way:  
(a) Design – Specifies the design of the product to be manufactured.  
(b) Plan – From the given design of the product, a machining 

strategy is determined. It involves applying lead in/out, deter-
mining the process speed depending on material properties, 
deciding when to turn on/off the tool and extracting tool path 
from the given product geometry. Further, robot motion will be 
planned taking into account the collision matrix. The output of 
this step will be a task which can be executed on the robot.  

(c) Monitor – Once the robot starts to execute the task, the cell has 
to be continuously monitored for safe operation. Human safety is 
of paramount importance. In case of any safety sensor breach, 
the robot has to be stopped. One can include further recovery 
strategies in this section to handle other error scenarios. 

6.2. Data flow patterns 

They aid us to better organize the data models within the parametric 
design workflows to represent the relations between them accurately. 
We are talking about two such patterns namely adapter and mask here. 

6.2.1. Adapter  

1. What: Adapt the outputs of preceding workflows to match the input 
structure of the succeeding one as depicted in Fig. 5.  

2. Use when: If there are multiple upstream workflows that converges 
onto a singular downstream workflow, it is required that all these 
upstream workflows pass on a consistent output form – one that can 

Table 2 
Formal definition of a Petri net.  

A Petri net is given by (P, T, E, W, M0): 
P = {p1, p2, ... , pm} ∣ pi is a place, 
T = {t1, t2, ... , tn} ∣ ti is a transition, 
E = {e1, e2, ... , eq} ∣ ei is an edge between pa and tb, 

W = {w1, w2, ... , wq} ∣ wi is the weight associated with ei, 
M0 = {m1, m2, ... , mm} ∣ mi denotes the initial marking for pi, 
P∩ T = ∅ and P∪ T ∕= ∅  

Fig. 3. Schematic representation of MVC.  Fig. 4. Schematic representation of DPM.  
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be acted upon by the downstream workflow. In many cases, indi-
vidual upstream workflows will be generating outputs in a different 
form.  

3. Why: It helps to avoid duplicating the downstream workflows to suit 
the output form from each of the individual upstream workflows.  

4. How: An adapter workflow is included between the said workflows, 
to manipulate the outputs of the upstream workflows such that they 
are synchronous with one another and match the input form of the 
succeeding workflow. 

6.2.2. Mask  

1. What: Maintain a mask that will be used to qualify the underlying 
data (see, Fig. 6).  

2. Use when: In most parametric workflows, each Geometry Object 
(GO) will have metadata associated with it. Masks can be used to 
store such metadata. Typically, information like colour, material so 
on and so forth can be stored using masks.  

3. Why: Usually in OOP based languages, under these scenarios, a 
custom class can be defined which includes the GO with all its 
associated metadata. However, in FP based languages, we cannot 
create such custom classes. Hence, masks need to be stored as a 
separate data structure, so that a downstream workflow can associate 
the GO with a particular mask and perform some actions on the GO.  

4. How: Masks are stored using separate data structures, which have 
the same form as that of the ones holding GOs. They can be either 
constants, external inputs or be generated dynamically within a 
workflow. There can be multiple masks, each pertaining to one 
aspect of the geometry. 

6.3. Efficiency patterns 

These patterns help us to reduce latency in a given parametric 
workflow to improve performance. We were able to come up with two 
patterns belonging to this category – isolator and cache. Each of these 
patterns is discussed below in greater detail. 

6.3.1. Isolator  

1. What: Isolate a particular workflow from the upstream workflow 
logically as shown in Fig. 7.  

2. Use when: In many situations, we will encounter downstream 
workflows which should not get recomputed at every instance of a 
change to the upstream workflow for various reasons. We can use 
this pattern as a bridge between two workflows to achieve the same.  

3. Why: If there are computationally heavy downstream workflows 
within a parametric workflow, users will experience a latency while 
interacting with the parameters of the upstream workflow. Hence, 
designers may want to strategically defer the recalculation of such 
dependents so as not to hamper the user experience.  

4. How: An isolator component can be developed which will collate 
and store the outputs from the upstream workflow. It will be relayed 
on to the downstream workflows, only on request. 

6.3.2. Cache  

1. What: Store results from a single execution of the Petri net (see, 
Fig. 8).  

2. Use when: It can be used when one has to use the results from the 
previous iteration of the program during the next run.  

3. Why: If the computation of a Petri net introduces latency due to the 
time complexity of the algorithm, one may be able to speed up the 
process by caching the output from the previous run under certain 
situations. By using the cached value, one can perform the current 
execution as an incremental operation to enhance user experience.  

4. How: A register component can be developed which can be used to 
stow the outputs from the Petri net. 

6.4. Compatibility between patterns 

In many situations, various design patterns may be used in 
conjunction with each other. However, we may have to perform a sub-
jective analysis to check whether a given combination of patterns is 
valid. For example, if a parametric model needs to follow MVC as well as 
DPM at the same time, that can only be done hierarchically. For 
instance, at a higher level, a given parametric model can be organized 
into MVC but the model section of the said MVC can be further cate-
gorized into DPM. But it can be easily verified that applying DPM to 
controller section of MVC does not make so much of a sense. 

7. Case studies 

7.1. Application 1: additive manufacturing 

3D concrete printing is an additive manufacturing technique to 

Fig. 5. Schematic representation of adapter – w1, w2 and w3 are upstream 
workflows whereas w4 is the singular downstream workflow. At any given 
moment, filter lets output from either w1, w2 or w3 to pass through. adapter 
massages the outputs from w1, w2 or w3 to a form which is consistent with the 
expected input of w4. 

Fig. 6. Schematic representation of mask where GO is the geometry object and 
m1, …, mn are masks to be applied on GO. Fig. 7. Schematic representation of isolator.  
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fabricate buildings or functional components for construction. In recent 
commercial applications, the system is based on the extrusion of cement- 
based material through nozzles of variable sizes/shapes. Because of this, 
building components are produced by layered wall elements and often 
made of partially hollow geometries, in order to save time and material. 
For structural rigidity, one cannot choose a random pattern for material 
deposition inside the shell. In one of the pre-studies conducted by us, we 
were exploring the possibility of utilizing the Differential Growth (DG) 
[14] of a continuous curve to achieve a beam design of a variable den-
sity, with a continuous path that can be printed without interruptions 
(see, Fig. 9b). Since DG is a well-known strategy for such problems, we 
will not elaborate on the algorithm in this paper. The input to the pro-
gram is a shell (simple polygon), a scalar field, and a growth factor. The 
growth factor controls the rate at which the curve will grow in every 
iteration. The scalar field is a function which associates a number to 
every point in space. A grayscale image was used as the field wherein the 
intensity lies between 0 (white) and 1 (black). In our case, we bias the 
growth of the curve according to the field which means that more ma-
terial will be deposited in areas corresponding to darker pixels from the 
image. The scalar field follows the result of a structural stress analysis so 
that a darker pixel from the field means that more material needs to be 
deposited around that point. 

7.2. Application 2: abrasive wire-cutting 

A standard 6-axis robot arm fitted with an abrasive wire-cutting tool 
is used to manufacture moulds for concrete casting (see, Fig. 10a). The 
results are demonstrated on moulds used for casting a staircase in con-
crete. A tablet application was created which exposes relevant variables 
of the underlying parametric model for supporting product custom-
ization. On finalizing the customization, the production user can submit 
the mould parts for fabrication. The tool path is then extracted from 
parametric surfaces and relayed to a robot cell equipped with an 

abrasive wire-cutting tool which cuts into an expanded polystyrene 
block to create the mould. 

7.3. Application 3: sawing 

For creating pavements to facilitate pedestrian transit, concrete and 
natural stone tiles are often required to be reshaped onsite because tiles 
of the required dimensions are not available. It mostly happens when 
one needs to ensure a snug fit around lamp posts or corners. We 
developed a mobile robotic cell, which can be taken to the construction 
site. It contains a 6-axis robotic manipulator fitted with a circular saw 
(see, Fig. 10b). The tiles can be placed inside the cell, and then robot can 
be instructed to cut according to a design created on the fly using a tablet 
interface. 

A digital model of the tile is exposed to the user where one can edit 
certain associated parameters. For example, length or width of the tile 
can be tweaked by the user to suit his or her needs. Post this, user can 
apply cuts onto the model. User can select one or more resulting pieces 
and instruct the robot to cut (ref, Fig. 9c). 

8. Discussion 

Having established that parametric modelling holds a significant 
potential for increasing the efficiency in building robotic applications in 
construction industry, we have tried to address major open problems 
pertaining to maintainability, stability, reusability and performance of 
parametric models. 

If a given parametric model is maintainable, then developers other 
than the original one will be able to comprehend the model and be able 
to fix bugs or develop new features. It is our claim that organizational 
patterns infuse this desired flexibility by a systematic organization of the 
parametric model into simpler Functional Units (FUs) which improves 
the readability of the model. Each FU is a bundle comprising of nodes 
which are closely related to each other serving a specific purpose in the 
application. To mention one of our experiences, the CDS who developed 
the initial parts of the sawing application, abruptly had to be pulled into 
another project due to business needs. However, a new CDS was able to 
take over the project after four hours of knowledge transfer. 

As mentioned briefly before, it is often difficult to predict all the 
desired features at the beginning of the product life cycle itself. Quite 
often, this is an iterative process wherein, based on customer inputs, a 
decision will be made to incorporate a certain feature into the system. A 
stable model is amenable to such new feature requests. One should be 
able to incorporate such requests without breaking the existing model. 
Organizational patterns can help to ensure only a necessary level of 
coupling exists between FUs. Hence a change in one section of the 
model, will only have a minimal impact on the other parts, thus reducing 

Fig. 8. Schematic representation of cache.  

Fig. 9. MVC applied to 3 robotic applications: (a) Abrasive wire cutting, (b) additive manufacturing (image courtesy: Luca Breseghello from SDU CREATE Group) 
and (c) sawing. 
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the chances of ending up with a broken model. This results in a highly 
efficient process for a CDS to come in and incorporate new requirements. 

It has been one of our endeavors to build reusable visual functions. 
Many VPLs provide support for creating such functions. For example, 
Bolt and Grasshopper have super units and clusters respectively. Since 
design patterns is all about abstracting the given problem and solving 
the abstracted problem to maximize generality, it is our claim that by 
applying organizational patterns, one can try to create highly reusable 
FUs. 

In our work, MVC and DPM were employed in parametric workflows 
to reduce coupling between various parts of the workflow increasing the 
ease at which new features or change requests can be accommodated 
during the later phases of the project without breaking the Petri net. 
Figs. 11 and 12 depict the disintegration of additive manufacturing and 
wire-cutting processes according to MVC pattern. A similar approach 
was adopted for sawing application as well. Model is responsible to bear 
the skeletal structure of the product geometry under consideration 
whereas view guides the display aspects of the model. Controller han-
dles how a user can interact with the view and model. If the user selects a 
GO (for example, a surface or a dimension object), it gets highlighted in 
a different colour. A mask (ref, Fig. 12) that holds the selection state of 
each GO is maintained separately. If a GO gets selected, its value in the 
mask becomes true, which makes the preview render it in a different 
colour. 

A model FU created by applying MVC pattern, can be further 
dissected into 3 constituent units – design, plan and monitor in most of 
the robotic applications. Fig. 13 depicts how this was achieved in the 
case of sawing application. The application presents the users with 

multiple cut options. The number of inputs and the modelling workflows 
as such are subtly different for each of these options, but they are 
transformed using an adapter workflow and then passed onto a singular 
workflow involving the split operation within the design FU. 

The planning and monitoring operations are downstream to design 
FU. In conventional parametric modelling schema, all downstream 
workflows will be computed in one go if any of the parameters associ-
ated with an upstream workflow changes. Introduction of isolation 
helped us to segregate the recomputation. On changing any parameter of 
the design workflow, isolator will act as a shield so that the subsequent 
workflows will get recomputed only on receiving the trigger. Such a 
solution is not just specific to one application, but has helped us to ab-
stract the problem and apply the same strategy on other applications as 
well where we had to stave off execution of dependent workflows to a 
more appropriate time. One may want to do that for many reasons, an 
example could be that the downstream workflow is computationally 
heavy. Another common situation is that certain workflows initiate a 
robotic process, due to which it should get triggered only when explicitly 
requested by the user as he or she wants to change the design multiple 
times before sending the instruction to the robot. 

The concept of cache was used to optimize a specific workflow in 
robot sawing application. As a cut is added, computation of an associ-
ated Petri net will be triggered which will split all the tiles in the pattern 
affected by the cut (see, Fig. 9c). After that, if the user chooses to add 
another cut, one has to either work on the output of the previous split 
operation or perform the operation twice (once for the first cut and 
subsequently for the second one). It has been noted that former 
approach will result in an optimal performance. As stated before, 

Fig. 10. Examples of robotic applications.  

Fig. 11. MVC applied to simplified Petri net model associated with concrete additive manufacturing application with three parameters – diameter of the nozzle (d), 
scalar field and growth factor (g). The generated pattern is shown in the view port (ref, Fig. 9b). 
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Fig. 12. MVC and mask applied to simplified Petri net model associated with product design in wire-cutting application. For brevity, we have only shown 3 pa-
rameters namely height (h), length (l) and number of steps (n) here. Usually, the model will possess 10–15 design related parameters along with another set of 
parameters for fabrication. The latter set of parameters are dependent on material properties like hardness (for example, cutting speed). The design model is 
responsible for rendering the target geometry in the view port. A user of the tablet application can interact with the geometry by selecting a surface, a curve or a 
dimension object. In this example, the selected surface and dimension object are shown in teal and orange respectively in Fig. 9a. For interpretation of references to 
colour in this figure, the reader is adviced to check out the web version of this article. 

Fig. 13. Simplified Petri net representation of the robotic sawing application. design FU creates the tile pattern based on the parameters – type (t), size (s) and count 
(c). Register (reg) caches the created polygons. User can specify a particular cut by initiating one of the workflows wf1, wf2 or wf3. Each of these workflows is specific 
to an option available to the user in the interface. For example, wf1 might correspond to the user adding a horizontal cut onto the tile pattern. Depending on the cut 
chosen, either wf1, wf2 or wf3 will be triggered. Outputs from these workflows differ slightly in form which is massaged using the adapter block (shown in brown). 
Post massage action and receiving a cut, split operates on the cache available in reg (shown in teal) and overwrites reg with its output. The next cut instruction 
operates on the current data available in reg. isolator (depicted in red) behaves like a normally open switch. On receiving the trigger signal, the switch gets closed and 
any downstream nodes will get recomputed. In this instance, downstream nodes are the ones shown inside of plan and monitor FUs. For interpretation of references to 
colour in this figure, the reader is adviced to check out the web version of this article. 
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parametric workflows are generally intended to be executed as a single 
chunk of operations where you generally do not work with the result of 
the previous iteration. We introduced the concept of registers (ref, 
Fig. 13) to support such a procedure which resulted in up to 2x 
improvement in performance. 

9. Conclusion 

We have presented six novel software design patterns and applied 
them to three graph-modelled robotic workflows – out of which two are 
commercial products – to demonstrate that they can be used to create 
highly maintainable, stable, reusable and performance optimal solu-
tions. The crisis mentioned at the beginning of the paper was created due 
to the unstructured way of developing software. It resulted in a non- 
maintainable system which never could support changing customer re-
quirements during its life cycle in an agile manner. Recently, many 
practitioners have observed a similar situation developing in parametric 
modelling as well. Hence, by helping to develop maintainable and stable 
models, we were able to contribute to solving the larger crisis looming 
the industry. 

Increasing the efficiency in applications developed through visual 
programming may help overcoming limitations in this development 
paradigm, critical to furthering the use of robotics within the con-
struction industry. It is our belief that VPLs make programming acces-
sible for many people. However, there is more to be done to make VPLs 
as powerful as conventional text-based programming systems. 
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