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ABSTRACT
The development of building information modelling has facilitated the improvement of cost and time
management in panelized construction. This research proposes an automated method to design and draft
drainage systems in the BIM environment. The proposed method can improve design efficiency, eliminate
design errors, and reduce material waste. In order to improve production efficiency at the panelized con-
struction plant, the drainage pipe network is separated into smaller components at the geometric boun-
daries of the plumbing panel which is a floor or wall panel through which pipes pass. Meanwhile, a bill
of materials for each plumbing panel is generated for the purpose of further cutting optimization. A pro-
totyped BIM extension application, an add-on to Autodesk Revit, is developed as a proof of concept. A
case study of residential drainage system design and optimization is presented to illustrate the feasibility
of the proposed framework. As the key contribution of this research, the integration of the BIM model
with the automated design system, rule-based pipe route planning approach, and optimal cutting stock
algorithm achieves the automation in drainage system design in the context of panelized construction to
improve design and production efficiency.
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Introduction and background

Prefabrication can increase construction project performance (Li
et al. 2014), which has led to it being an increasingly popular
construction method for home builders because of time and cost
savings, the high level of quality control, and environmental
friendly assembly process (Tam and Hao 2014; Prefab Housing
Canada 2018). As one classic type of prefabrication construction,
panelized buildings are assembled on-site by installing the wall,
floor, and roof panels, which are designed and framed at a pre-
fabrication plant and then shipped to the site for installation
(Wang et al. 2020). However, in most cases, the residential
drainage components (which is a sub-system of mechanical, elec-
trical, and plumbing (MEP) system that is used to drain waste-
water from a residential building to the municipal sewage
network) including plumbing fixtures, pipe fittings, and pipes,
are installed on-site in a conventional manner based on layout
drawings and worker’s experience, instead of being pre-installed
off-site. Thus, there is a need for residential drainage compo-
nents to be incorporated into the prefabricated panels in order
to capitalize on the benefits of the prefabrication construction
approach. To realize that, more efforts and time are needed since
a higher level of design details is required for such a prefabrica-
tion process. In addition, potential clashes between the framed
panels and MEP components need to be considered during the
designing process, which makes the task more challenging.
Therefore, improving the designing process for the panelized
residential building drainage (PRBD) system is the major focus
of the present research.

Building information modelling (BIM) can benefit almost all
stages and processes involved in a construction project, especially
the design and planning stage (Abdel-Hamid and Abdelhaleem
2021). It has been claimed that BIM techniques can improve
design efficiency and accuracy, and eventually improve the per-
formance of industrialization and prefabrication of the construc-
tion industry (Yin et al. 2019; Khanzadi et al. 2020; Bosch-
Sijtsema and Gluch 2021). By leveraging the power of the BIM
tool, this research thus proposes a rule-based framework for
automatically designing and drafting a PRBD system to improve
the assembling and installation efficiency at the prefabrication
plant. The main contribution of this research is to propose and
develop an automated designing and drafting method for the
PRBD system. The PRBD system improves the accuracy and effi-
ciency of the design process, in addition, layouts and shop draw-
ings of the PRBD system with detailed information for
installation are also generated automatically. In the shop draw-
ings, the PRBD system is separated into smaller components
adapted for panelized construction manufacturing. Cutting pat-
terns for pipes are also generated in the proposed system based
on the cutting stock algorithm to minimize material waste. To
implement the proposed system, a prototyped BIM extension, an
add-on to Autodesk Revit, is developed as a proof of concept.
The add-on is built in the C# programming environment with
the support of the application programming interface (API).

This paper consists of 5 sections. The first section introduces
the research background, motivation, and provides an overview
of the paper. Methodology section describes the proposed
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methodology framework, including methodology overview, a
heuristic approach for the PRBD system, and pipe cutting opti-
mization. The development of the prototyped system in the BIM
environment is described in the section Development of BIM-
based automated design system. A case study is presented to val-
idate the methodology and verify the prototype system in Case
study section. Conclusion section summarizes the results, high-
lights the contributions of this research, and presents the chal-
lenges of applying existing BIM extensions and
recommendations for future research.

Related works

The current practice of installing plumbing systems in the con-
text of prefabrication is fraught with challenges and barriers. The
main contributing factors include the lack of policies to encour-
age and promote plumbing prefabrication when following the
building codes related to prefabricated building and green build-
ing, the lack of availability of plumbing fittings designed to be
installed on-site, the low level of design standardization, low-
skilled workers (Li et al. 2017), and lack of cooperation among
stakeholders in a project, such as the owners, the designers, the
general contractor, the MEP sub-contractors, and the fabricator.
(Lavikka et al. 2018). The numerous challenges involved in the
successful application of plumbing in prefabrication, specifically
in panelized construction projects, cannot dampen the research
enthusiasm on this topic. A rational planning algorithm was
designed to separate complex facilities of an MEP system into
smaller fabricated components to improve the MEP construction
performance in terms of safety, quality, productivity, reducing
waste, etc. (Tserng et al. 2011). An efficient modularization algo-
rithm was developed for reducing the cost of the assembly and
handling of MEP modules (Samarasinghe et al. 2019). Another
research proposed a BIM-based framework to eliminate the
impacts of deviations between structures and MEP layout by
integrating MEP layout from preliminary design to construction
stage (Wang et al. 2016). However, there is no related research
focusing on facilitating the automation of design and drafting for

drainage systems in panelized residential buildings. Note that,
this presented paper is extended research of one of our previous
works (Zhang et al. 2020). In that paper, some initial attempts
were made to address the issues related to rule-based fixture
drainage design, knowledge-based vent pipe design, and drainage
system prefab design algorithm, while in this research we not
only further detailed those issues but also proposed a detailed
framework to incorporate all the developed algorithms for auto-
mating the drainage system design process. In addition, we fur-
ther validated the framework with a case study in a much more
detailed manner.

Methodology

The presented method aims to automatically design and generate
the drafting for a PRBD system in a BIM environment. The pro-
posed framework is presented in Figure 1 The main process of
the research methodology comprises four sections, including
scenario-based vent pipe design, rule-based drainage pipe design,
pipe network separation into panels, as well as pipe cutting pat-
tern generation. The automated design system extracts informa-
tion from the BIM model that will be used in these four steps.
First, a scenario-based planning process for the vent pipes pro-
vides three options typically used to place vent pipes. These vent
options will be illustrated in Vent pipe design section in detail.
After that, the drainage pipe from plumbing fixtures to the soil-
or-waste stack is designed automatically using a rule-based heur-
istic approach which will be shown in the following section.
Next, the whole PRBD system is separated into smaller pieces at
the panel boundaries, and the shop drawing and a bill of materi-
als (BOM) for each plumbing panel, which is a floor or wall
panel installed PRBD system, are produced. At last, the optimal
cutting list is generated using the pipe schedule and stock
pipe length.

In the proposed framework, the inputs of the automated
design system include a BIM-based 3D model, user-defined
routing preference, pre-designed combo fittings, framed panels,
plumbing fixtures, as well as stock pipe size and length. Level of

Figure 1. Overview of the proposed framework.
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details or level of development (LOD) is a commonly used indi-
cator in the BIM model development process to describe the
minimum requirements of different components in a model
associated with a certain LOD (AIA 2013). The LOD includes
levels from LOD 100 to LOD 500, interested readers are recom-
mended to consult (Weygant 2011) for details of definitions of
different LODs. In this research, To generate the proposed
PRBD system, the LOD of the BIM model should be at least
LOD 300, including the accurate sizes, shapes, locations, and ori-
entations for wall panels, floor panels, windows, doors, and
plumbing fixtures. The wall and floor panels should be framed
by studs and plates within a clear panel boundary. The user-pre-
ferred fixtures should be loaded into the BIM model and placed
according to an architectural design layout. The routing prefer-
ences set by the user define the priority list of pipes and different
types of pipe fittings, and the automated design system applies a
pipe fitting according to the order in the priority list. The fitting
with lower priority will be used only if the fitting with higher
priority cannot meet the design rules. The combo fittings are
designed by the engineer and applied either in one project or to
various projects. Combo fitting is the combination of three or
more elements (the smallest and most basic item in the PRBD
system, i.e., pipes and pipe fittings) ending with a pipe fitting
that will be connected to a pipe segment. All the combo fittings
are designed before planning the PRBD system and can be
selected as a type of pipe fitting. The design of this type of com-
ponent aims to improve installation efficiency and standardiza-
tion since plumbers can prepare a set of standard components
before installing pipes in framed panels. The size and length of
stock pipes are needed for optimizing cutting patterns.

To set up the constraints of the PRBD system generation pro-
cess, criteria are used such as the plumbing and building codes,
engineering specifications, and opening (i.e., window opening
and floor opening) information. The outputs of the proposed
research methodology are 3D models of the PRBD system,
drainage piping layout, shop drawings, optimal cutting patterns
of pipes, and a BOM of the panelized package, which includes
the combo fittings, pipes, and pipe fittings for each framed
plumbing panel.

A heuristic approach for pipe route optimization

The pipe route design (PRD) problem has become a popular
research topic in the past few decades in various industrial appli-
cations, such as chemical plant layout design (Burdorf et al.
2004), ship pipe system design (Park and Storch 2002), and
aero-engine pipe route design (Yin et al. 2013). The PRD prob-
lem is generally defined as the problem of planning the shortest
path connecting the start point and the target point in a limited
workspace, to satisfy all the constraints that affect the
pipe system.

Three popular pathfinding algorithms, i.e., Dijkstra’s algo-
rithm (DA), A-star algorithm (AA), and genetic algorithm (GA),
have been previously investigated and implemented for optimal
path planning in a construction site (Soltani et al. 2002). DA
(Dijkstra 1959) is an algorithm that aims to produce the shortest
path tree from the start node to all other nodes in the graph, as
well as to find the shortest path between two nodes. As one of
the most famous pathfinding methods, DA always determines
the best solution, but it takes a long calculation time, occupies
more memory space, and only considers the shortest solution
(Nguyen et al. 2016). AA is based on a maze algorithm and uses
cell decomposition and connectivity graphs to find an optimal

solution (Hart et al. 1968). It is widely used in pathfinding and
graph traversal to find a path between multiple points. A genetic
algorithm was applied to find an appropriate pipe route (Ito
1999). This algorithm generated a route path through the evolu-
tion of genes, which stood for pipe routes by using a crossover
method to test possible free-obstacle paths. This path is the optimal
path, which may be the shortest path or the path with the min-
imum number of turns. DA and AA use a greedy search method,
which makes a set of choices that find the best at each step. These
two algorithms perform outstandingly well for small and medium
problems, while GA is better for large-scale problems. However,
GA’s performance is limited by the lack of accuracy on solutions
and by the time-consuming fine-tuning process due to the prob-
abilistic optimization approach (Soltani et al. 2002).

The proposed pipe route optimization algorithm is a new
heuristic optimization algorithm incorporating a greedy search
strategy into the AA and DA algorithms. The algorithm uses
design rules as constraints to efficiently search optimal drainage
pipe paths in the context of residential construction. For the pro-
cess of generating the drainage pipes, the pathfinding problem is
to investigate an optimal path from a plumbing fixture to the
soil-or-waste stack with the shortest pipe length and the least
number of turns. The pipe layout can be separated into small
cells, which is the minimum pipe length defined as a default unit
value. The pipe route is extended by a unit length ending with a
point named path node. To obtain a default unit value and num-
ber of turns from plumbing fixture to soil-or-waste stack, the fit-
ness function for each path node is expressed as per Equation (1).

f nð Þ ¼ g nð Þ þ h nð Þ þ tðnÞ (1)

where f nð Þ is the fitness value for path node n, g nð Þ is the pipe
length from start point to path node n, h nð Þ is the Manhattan
distance from path node n to a terminal point, tðnÞ is the num-
ber of piping turns from a start point to path node n:

The Manhattan distance h nð Þ is calculated by Equation (2):

h nð Þ ¼ jXt � Xnj þ jYt � Ynj (2)

where Xt is the x-coordinate of the terminal point, Xn is the x-
coordinate of the path node n, Yt is the y-coordinate of the ter-
minal point, Yn is the y-coordinate of the path node n:

At each node, the following constraints are also checked (see
Equations 3 and 4):

g nð Þ � HJoist�dtop�dbottom
Sslope

(3)

DðnÞ � lmin (4)

where HJoist is the floor joist height, dtop is the minimum safety
drilling distance from the top edge of the floor joist, dbottom is
the minimum safety drilling distance from the top edge of the
floor joist, Sslope is the pipe slope defined by the user, DðnÞ is the
distance from node n to the edge of the opening, lmin is the min-
imum pipe length or unit length.

The detailed process of the pipe route planning heuristic algo-
rithm is described as follows: 1) mark fixture drainage location
on the floor as the start point, S; 2) calculate the fitness value,
f nð Þ, for all possible neighbor path nodes; 3) check g nð Þ and
DðnÞ for each node and store the node value if it passes the
checking; 4) compare node values and set the node with min-
imum f nð Þ as a new start point, S; and 5) repeat steps 2 to 4
until the pipe route reaches the terminal point (location point of
the soil-or-waste stack on floor plan).
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Residential drainage system panelization

To facilitate the shipping of an integrated package to the con-
struction site, the PRBD system needs to be separated into
smaller components. The decomposition process aims at cutting
the PRBD system into panel sizes in order to load and ship with
panels. The main process of a planning method for PRBD system
panelization is illustrated in the flowchart shown in Figure 2. The
process begins with establishing a database of plumbing panels
whose geometric information will be used for identifying the pipe
break-point. This database also involves the information of the
PRBD system which passes through the panels, and the establish-
ment process is illustrated in Figure 3. Then, the geometric infor-
mation pertaining to a plumbing panel is extracted from the
database before calculating the intersection coordinates of a
boundary segment and pipe segments. Next, a separation in the
PRBD system is created at the intersection. The connection elem-
ent of two panelized pipe networks is a coupling which is a type
of pipe fitting used for connecting two pipes without changing
directions. After calculating all intersections and finishing all cor-
responding separations on the boundary of a plumbing panel, the
information of one remaining panel is extracted from the database
and analyzed by repeating the above steps until no leftover panel.

This planning algorithm is developed to automatically panel-
ize PRBD system in a residential building. The algorithm is
encoded and implemented in a BIM environment. The design
rules explained in the previous sections are also translated into
computer-processable codes. All the pipes and pipe fittings in a

panelized package are labeled with the panel name in order to be
filtered and to generate the BOM for each panel.

An integer programming approach for pipe cutting
optimization

The cutting stock problem (CSP) is a type of optimization prob-
lem that cuts standard-sized stock material into pieces of speci-
fied sizes to meet the production demand for these pieces. The
main objective of solving CSP is to minimize the total waste,
minimize the costs of the used objects, and maximize the profit.
According to the dimensionality of the cutting, CSP is classified
as one-dimensional (1D), two-dimensional (2D), and three-
dimensional (3D) problems. In the present research, cutting
pipes belongs to a 1D problem. The 1D problem addresses the
issue of cutting the standard-length stock to fit the required
length in a project to minimize the total cutting waste. Linear
programming (LP) has been commonly adopted for solving the
CSP, for instance, (Gilmore and Gomory 1961; Dyckhoff 1981;
Salem et al. 2007; Zheng et al. 2019). The 1D-CSP, in this
research, is the optimization problem that cuts standard-length
pipe stock into pieces to satisfy the required length in a project
to minimize the total cutting waste. It commonly assumes the
pipe stock as an unlimited supply with one standard length for
all sizes of drainage pipes in residential projects.

The pipe segments are classified into two categories, wall panel
pipe and floor panel pipe, as the wall and floor panels are, in

Figure 2. Flowchart of PRBD system panelization planning algorithm.

Figure 3. Flowchart of establishing a database of plumbing panels.
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most cases, framed and produced in two respective manufacturing
facilities. The pipe cutting optimization algorithm is applied to
both two pipe categories. Thus, the dataset of one size pipe in
one category is a small dataset because of the relatively few pipe
stock lengths and a small number of pipes with different lengths.
Based on the small dataset, an integer programming (IP) algo-
rithm (Mogollon 2009) can be used to solve the 1D-CSP. An
enumeration method is used to generate all possible cutting scen-
arios with corresponding waste (wi). Then, an objective function
with constraints is formulated and optimized to minimize waste.
The constraints are for generating the required number of pipes
for the project. The main process is illustrated in Figure 4.

The generation of cutting scenarios is an exhaustive search
using a tree structure, as shown in Figure 5. Ls is the stock
length with size s, and li is the required pipe length in the pro-
ject. The total number of different desired pipe lengths is k:
Thus, the largest number of pipe n that can be cut from one
standard-length pipe is Ls=ln

j k
: The remaining length, Ln, after

cutting pipe n in the tree structure is calculated by satisfying
Equation (5).

Ln ¼ Ls �
Xn

i¼1
nili (5)

where ni represents the number of instances of length li:
Thus, the corresponding waste, wh, in the cutting scenario, h

is the same as the remaining length, Lk, after cutting the last
type of pipe of size s, which is formulated in Equation (6).

wh ¼ Lk ¼ Ls �
Xk

i¼1
nili (6)

Once all possible cutting scenarios (or patterns) has been gen-
erated along with corresponding wastes (wi), an objective func-
tion is created in Equation (7) to minimize the total waste of
cutting one size of pipe stocks. The optimal result is obtained by
searching for a global minimum point.

min
XN

i¼1
Niwi ¼

XN

i¼1
½Ni � Ls �

Xk

i¼1
nili

� �
� (7)

where Ni represents the required number of each cut-
ting scenario.

The cutting is subjected to the constraint that the sum of all
instances generated at each scenario should not exceed the length
of the stock pipe by satisfying Equation (8).

Xk

i¼1
nili � Ls (8)

Development of BIM-based automated design system

To prove the feasibility of the proposed methodology, a proto-
type system for automatically designing the PRBD system is
developed and implemented in Autodesk Revit using Revit API
in C# programming language.

Figure 6 illustrates the data flow between the user and the
prototype system. The name of the PRBD system and the loca-
tions of the main soil-or-waste stack and main vent stack are
defined at the beginning. Then, the connection style of a vent
pipe and the type of fixture trap are selected by the user. After
that, the fixture drainage and vent pipe generations follow the
process shown in Figure 6. The fixture drainage pipe is created
according to the fixture drain location and trap component type.
As a commonly used sink trap, the P-trap can change the drain-
age pipe direction from vertical to horizontal. Thus, the drainage
pipe from a sink is designed to be installed in a wall panel after
a trap and then goes to the floor panel connecting to the main
drainage pipe. However, for the water closet, which already has a
trap, the drainage pipe goes directly to the floor. The next step is
to generate a vent pipe from the fixture to the main vent stack.
If there is any fixture on the upper floor connecting to the soil-
or-waste stack, the vent pipe will joint to the main vent stack. If
the current fixture is already on the top floor, the vent pipe can
connect to the soil-or-waste stack directly. Finally, the automated
design system stops when the PRBD system is finished because
there are no fixtures remaining.

To realize the panelization for drainage and vent pipe net-
works, two-generation processes (i.e., the generation of drainage
pipe to soil-or-waste stack and the generation of the vent pipe to
the main vent stack) are included. In the case of both these two
generation processes, the pipe is cut at the framed panel edge.

Figure 4. Cutting optimization process.
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Thus, checking for the cutting location is a key step included in
the prototype system.

To build the prototype for the drainage automated design sys-
tem, the algorithms are encoded according to the functions
shown in Figure 7. The design rules are translated into com-
puter-processable codes and implemented as an add-on to
Autodesk Revit. The parameters and parameter types are used
for programming and are shown in Figure 7. The Revit API pro-
vides functions to detect the framed wall and floor panels, as
well as to create and connect pipes, such as Pipe.Create (docu-
ment, systemTypeId, pipeTypeId, levelId, startPoint, endPoint),
and Connector.ConnectTo (Connector). The former function is
for pipe generation using six related parameters, and the latter is
for connecting two elements (the smallest and most basic item in
the PRBD system, such as elbows, pipes, and valves) that have
connectors. Furthermore, there are two types of parameters, the
extracted parameter from the existing BIM model, and the calcu-
lated parameter created for generating pipes and pipe fittings in
the prototype system. The extracted parameter indicates the geo-
metric boundary of a plumbing panel and the location of a
plumbing fixture. The calculated parameter defines the start-
point and end-point of a pipe and fitting, as well as the location
of a trap component. Moreover, as shown in Figure 7, the
classes, such as PlumbingWall, PlumbingFloor, Pipe, and
PlumbingFitting, are defined within Visual Studio, which is a
powerful software that is used to program applications. The
classes are designed for modelling elements in Autodesk Revit
using extracted parameters and calculated parameters.

Vent pipe design

Any PRBD system includes one main soil-or-waste stack and
one main vent stack, which are located together in a wall or
shaft and pass through different floors of a building. The loca-
tion of the wall or shaft containing the main stacks is determined
by engineers and is already located on the floor plan layout. The
various methods used to connect plumbing fixtures to the vent

stack and soil-or-waste stack, which are determined based on the
given scenario and architectural design layout, are shown in
Table 1 (Zhang et al. 2020). These design options must all be
compliant with the plumbing code (NPC 2015).

The design style of the vent pipe is defined by the user and
floor plan layout. The three options mentioned above are listed
in a Windows Form of the prototype system, which is the inter-
face shown in Figure 8. Before selecting the vent design scenario,
a new PRBD system is created with the user-defined name and
locations of the main vent pipe stacks after clicking plumbing
fixtures and plumbing panels in the BIM model. The vents can
also join a previous PRBD system by selecting that system’s
name. The function, Pipe.Create, in Revit API is applied to create
the main vent stack. Then, three options for vent design are pro-
vided, as shown in Figure 8, including one vent for one fixture,
only one vent for all fixtures, and a sink vent for all fixtures. For
each vent design, the various parameters are used for mapping
the model in Autodesk Revit. The pipe offset parameter is the
height of the pipe centerline based on the level of the current
floor plan. The fixture connecting order is also defined by the
user, which typically begins at the plumbing fixture with the
largest drainage connector, and the connector information can
be extracted from the BIM model. If there are two fixtures with
the same drainage size, the fixture that is farther from the main
drainage stack has a higher priority.

Optimal drainage pipe route design

To validate the algorithms presented in A Heuristic approach for
pipe route optimization section for rule-based drainage pipe
design, the prototype system involves the Windows Form shown
in Figure 9 to collect and save the inputs. The trap location is
used as the start point for the pipe route design, and the loca-
tions of the vent stack and soil-or-waste stack are the endpoint.
Also, the pipe from plumbing fixture to vent stack and soil-or-
waste stack should be subjected to the slope of the pipe accord-
ing to plumbing code (NPC 2015). Another design rule which is

Figure 5. Tree structure for generating possible cutting scenarios.
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considered when generating pipe routes through wall stud and
floor joist is about the location of cut-out hole for passing the
pipe. The distance between the hole and the closest edge of the
framing member should meet the threshold values specified in
the building code (NBC 2015). These design rules based on NPC
and NBC are checked when generating drainage pipe routes
using the heuristic pathfinding algorithm.

In the dialog box of Figure 9, four user-defined parameters
are entered for each fixture that is selected by its fixture name,
and the corresponding 3D view is shown in the picture box. The
parameters are saved and shown in the corresponding table. The
trap arm height is based on the floor plan level, and the trap
arm pipe size is inherited from the trap size and fixture drain’s
connector size. Furthermore, the parameters extracted from wall
panels and floor panels are also shown in the tables of Windows
Form shown in Figure 9. For a wall panel, it includes panel
name, panel family type, base level, and wall height. For the floor
panel, it shows the panel name, panel family type, level, and
floor core thickness. The pseudocode of the heuristic pathfinding
algorithm for optimizing the drainage pipe route is shown in
Figure 10.

Residential drainage system panelization with
shop drawings

This section introduces the implementation of the method
that automatically separates the PRBD system into panels and

generates the corresponding shop drawings. For the paneliza-
tion process, the boundary of the panel is defined as the cen-
terline of the bordering stud and plate in the framed panels.
The pipe ends at the centerline with a coupling, which is a
type of plumbing fitting connecting two pipes without chang-
ing direction. In order to generate panel drawings, there is a
shared parameter attached to each element in the PRBD sys-
tem. This parameter is a specific character presenting the
name of the plumbing panel and is changed accordingly after
coupling at the separation boundary. For drawings gener-
ation, the BOM is shown in the shop drawings for a framed
panel. Figure 11 shows three types of PRBD system shop
drawings, which are plumbing layout drawing, plumbing floor
panel shop drawing, and plumbing wall panel shop drawing,
generated in Revit.

Optimal pipe cutting plan

A database is created with a list of pipes and pipe fittings for
each plumbing panel. Any change in the BIM PRBD system
model will be automatically reflected in the BOM. In this
research, the BOM for pipes in the panel is exported from Revit
as a Microsoft Excel file, which is then used as the main input
for pipe cutting plan optimization. The other input is stock pipe
length. The optimized cutting pattern is generated using the VB
language in Microsoft Excel.

Figure 6. Cross-functional flowchart of the automated design system.
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Figure 7. Excerpt of BIM information for PRBD system design using UML.

Table 1. Scenario-based design options.

One fixture to one vent Only one vent Share sink vent

For each plumbing fixture, a separate branch vent
pipe is connected. The vent height is defined by
the user.

All the plumbing fixtures share a common vent
pipe. The soil-or-waste stack is in a plumbing
wall which is at the back of the water closet.

All plumbing fixtures except the lavatory sink share
a common vent pipe.
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The BOM for generating cutting patterns is classified accord-
ing to the type of plumbing panels, i.e., plumbing wall panel and
plumbing floor panel, and the number of working stations. Each
classification can be filtered and saved as a small database
including the list of lengths of required pipes with the same size
and same type at one working station. Then, the pipe cutting
plan is optimized by the integer programming algorithm shown
in Figure 12. The outputs of this optimization are cutting pat-
terns and minimum total material waste.

Case study

To validate the proposed methodology and verify the prototype
system, a case study is presented to demonstrate how the drain-
age pipe network design is automatically generated and opti-
mized, how the pipe network is panelized, and how the drawings
and optimal cutting patterns are developed. The 3D BIM model
is generated based on the traditional 2D design drawings from a
panelized construction manufacturing facility, which is a two-
story townhouse with five identical units. Figure 13 shows the
3D view of the case study model and one framed unit sample.
The LOD of this model used for the case study is LOD 300 as
required. The wall panels are framed using wood studs and
plates, and floor panels are framed using wood joists and plates.
All the studs, plates, and joists have an attribute or property,
such as host information, referring to the panel they belong to.
Moreover, the plumbing fixtures, windows, and doors are placed
according to the architectural drawings. As the floor plans in
Figure 14 show, each unit includes one garage and one flex

room on the ground floor, one kitchen, one bathroom, one laun-
dry room, and a living room on the first floor, as well as three
bedrooms and two bathrooms on the second floor.

In addition to the 3D architecture and structure model, infor-
mation regarding pipe fittings is also loaded in Revit and saved
in a specified file, RVT. file, and named as a family. A family
stores one type of pipe fittings with a set of properties, called
parameters, and a respective graphical representation. The family
can be loaded and reused in a project. Revit has a library com-
prising all the families that may be applied in a normal construc-
tion project. The models of combo fittings are developed and
saved in an independent RVT. file that can be linked to the BIM
model. In the present research, the plumbing-system-related fam-
ilies including the normal pipe fittings and the combo fittings
are loaded to the case study model. Next, there is a preference
setting to control the priority of fittings used in a project. With
respect to the priority list of elbows, for example, the first selec-
tion is standard PVC bend, the second is standard PVC elbow.
This means if the pipe changes direction, it will try to join a
standard PVC bend to the pipe segment first. It will try standard
PVC elbow if the first choice cannot meet demand. The design
rules follow the Canadian National Plumbing Code (NPC 2015).
The setting information includes the pipe fitting types, minimal
size, and maximal size.

Vent pipe design

In this case study, the vent pipes for plumbing fixtures in one
bathroom are shared by one sink vent, which is the “Share Sink

Figure 8. The graphic user interface of vent pipe design.
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Vent” option in the Revit add-on, as shown in Figure 15. The
user-input parameters are branch vent offset, soil-or-waste stack
top and bottom offset, main vent stack top and bottom offset,
and pipe size for above pipes. In this case, the soil-or-waste stack
top offset is lower than the branch vent offset, so the branch
vent connects to the main vent stack automatically.

Drainage pipe design

The prototype system is tested by using the user-defined trap
component, outlet component, and trap arm height for each
plumbing fixture in the case study. The location of ten plumbing
fixtures, including four on the first floor and six on the second
floor, and the soil-or-waste stack are already defined and meas-
ured in the BIM model as input to the system. By running the
system, the drainage pipe from plumbing fixture to soil-or-waste
stack is generated as shown in Figure 16.

Panelized drainage system

The whole PRBD system in one unit building is decomposed into
seven panels as shown in Figure 17, including three plumbing wall
panels and four plumbing floor panels. Once the shop drawings
have been generated, the information contained in the corre-
sponding BOM for pipes (i.e., drainage pipes and vent pipes) is
exported from Revit to Microsoft Excel Spreadsheet.

The total time spent on designing and drafting a PRBD system
by implementing the prototype system is around 20minutes which
is much shorter than the time spent in a real case. For this pro-
ject, it spent the engineer approximately one week to design the
PRBD system. Thus, the prototype system for designing and draft-
ing the PRBD system improves the design efficiency.

Optimal cutting pattern generation

In this case study, the BOM for pipes is classified according to
the pipe size and corresponding panel type, since the pipe

Figure 9. Windows Form for fixture drainage pipe design.
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installation happens after the production of the framed panels in
the wall and floor framing plants. All the plumbing walls of the
five units in the townhouses are framed together and prepared
for PRBD system installation. For the floor framing process, all
the floor panels at the same level of the five units are produced
continuously and are prepared for pipe installation at one work-
ing station. Thus, the pipes are sorted into three groups for gen-
erating cutting patterns, including wall pipe list, first-floor pipe

list, and second-floor pipe list. For each list, the pipe sizes and
lengths are listed and sorted by three nominal sizes, i.e., 1.5 in, 2
in, and 3 in. The stock pipe length is 12 ft (144 in) for all sizes.
The classified BOM is shown in Table 2.

In each BOM list, pipes with the same length are combined
and summed up as shown in Figure 18(a). The cutting pattern is
generated as a matrix list. For instance, as shown in Figure
18(b), the configuration [2,0,1,5,0,4,0,0,3] illustrates the scenario

Figure 10. Pseudocode of heuristic pathfinding algorithm.

Figure 11. Shop drawings generation for PRBD system in Revit.
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in which a 12-ft pipe is cut into five types of lengths: 2 in
(50.8mm), 78 in (198.2mm), 5.63 in (142.88mm), 7 in
(177.8mm) and 1.75 in (44.45mm) in the quantities of 2, 1, 5, 4
and 3, respectively.

After applying the IP algorithm for pipe cutting optimization,
the cutting patterns and respective quantities and waste can be
generated. The total waste is calculated for each size of pipe for
each type of panel listed in Table 3.

Table 4 shows the comparison of material wastes between
cutting pipes using IP algorithm (WIP%) and cutting pipes in
production sequence (Wps%) which is normally used in real
cases. The production sequence for pipe installation is from
panel to panel, from bottom to top for wall panel, and from one
side to another for floor panel (e.g., from north to south in this
case study). The total percentages of WIP% and Wps% for all
panels is calculated by dividing the total length of waste of all
panels by the total length of used stock pipes. Overall, the total
waste calculated by the IP algorithm is 13.02% which is smaller

than the total waste of cutting pipes by production sequence in
this case study.

Conclusion

This research has proposed a framework of an automated design
system for the PRBD system with the integration of a rule-based
pipe route planning approach and optimal cutting stock algo-
rithm to improve the accuracy and efficiency of the design pro-
cess. First, this research automates the design and modelling of a
PRBD system, including drainage pipes and vent pipes, in
accordance with the plumbing code and typical design styles
used by construction trades. For vent pipe design, a scenario-
based method is developed to meet the requirements of the
plumbing code and architectural layout planning in most cases.
For drainage pipe design, a heuristic approach is implemented to
integrate the consideration of framing members in a panel and
the path of gravity-based pipes, in order to optimize the total

Figure 12. Pseudocode of integer programming algorithm.

Figure 13. (a) 3 D view of the case study model, and (b) one framed unit sample.
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pipe length. The developed prototype of the design application
showcase the useability of the proposed method. The case study
shows that the proposed method can generate an optimized pipe
route design that reduces material waste.

The proposed automated design system can contribute in
many respects to both academic research and current industry
practices in panelized construction. The primary contributions
of this research are summarized as follows: (1) Automation of
the process of PRBD system design improves its accuracy and
efficiency by taking advantage of rich building information in
the BIM and by integrating the plumbing code in the context
of gravity-based pipes. The framework incorporates an
approach of scenario-based vent pipe design and rule-based
drainage pipe design to accomplish PRBD system design.
During the process of mapping a piping route, a heuristic

approach is proposed to optimize path design to reduce the
total length of pipes and create an obstacle-free route. (2)
Optimization of generating cutting patterns allows the pipes to
be cut to the desired length from the standard stock pipe with
waste minimization. An integer programming algorithm is
developed to solve the one-dimensional cutting stock problem.
(3) Development of prototype system under Autodesk Revit
platform realizes three main functions, including automated
design of PRBD system (i.e., vent pipes and drainage pipes),
panelization of pipes, and generation of optimal cutting pat-
terns. The prototype system can produce the design in a rea-
sonable amount of time and in accordance with the plumbing
code, which not only assists the user to improve the efficiency
of the design process but also increases the design accuracy for
further pipe installation.

Figure 14. Sample model of floor layouts in one unit building.
(a) Ground-floor layout.
(b) First-floor layout.
(c) Second-floor layout.

Figure 15. Vent pipe design example for a bathroom on the second floor.
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The proposed prototype is not ready for commercial use
since more testing and improvements are still needed to better
integrate the tool into the daily workflow of practitioners. In
order to improve the performance of the proposed method-
ology and prototype system, the following directions can be
pursued in the future: (1) The current prototype system is
based on the Canadian Plumbing Code and Canadian National
Building Code and validated by a case study in Alberta,
Canada. Other codes and standards of drainage system design
from multiple regions and countries should be involved in the
future. (2) In this research, the optimal pipe route design finds
only the shortest path. In future work, cost estimation can be
involved in the prototype system to search for a least-cost path
based on the optimal cutting plan in consideration of minimiz-
ing cutting waste. (3) This research focuses only on automated
design for the PRBD system. Other plumbing systems (e.g., hot
water and cold water supply system) will be investigated in the
future to enhance the integrity of the presented framework.
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Figure 16. Drainage pipe generation.

Figure 17. Panelized PRBD system for one unit building.

Table 2. BOM for pipes in one townhouse unit.

BOM for pipes in wall panels

Size (in) Panel# Length (in) Length (mm)

1.5 PW01 2.00 50.80
1.5 PW01 31.63 803.28
… … … …
2 PW01 1.88 47.63
2 PW01 8.50 215.90
… … … …
BOM for pipes in first-floor panels
Size (in) Panel# Length (in) Length (mm)
1.5 PF01 22.00 558.80
1.5 PF02 40.00 1016.00
… … … …
2 PF02 1.63 41.28
2 PF02 20.88 530.23
… … … …
3 PF01 94.13 2390.78
3 PF02 78.88 2003.43
… … … …
BOM for pipes in second-floor panels
Size (in) Panel# Length (in) Length (mm)
1.5 PF03 106.88 2714.63
1.5 PF03 23.13 587.38
… … … …
2 PF03 4.13 104.78
2 PF03 1.75 44.45
… … … …
3 PF03 4.63 117.48
3 PF03 8.13 206.38
… … … …
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