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ABSTRACT

Compliance checking for building designs based on Americans with Disabilities Act
(ADA) requirements is mandatory to support accessibility. However, it is now mainly
conducted manually and thus time-consuming and labour-intensive. Research has
developed methods to support automated compliance checking (ACC) for building
codes in separate phases. However, few of the existing work explored accessibility
requirements. Moreover, they focused on individual phases without integrating them
together to achieve ACC. In this research, we proposed a framework to achieve ACC
for one requirement in ADA regarding accessible 180-degree turns. The framework
first finds a path between any two elements in Building Information Modelling (BIM);
after that it identifies if there are any 180-degree turns; and lastly the compliance
checking outcome for the turn will be determined. In our experiment with 96 cases, the
algorithm successfully identifies 180-degree turns and outputs compliance checking
outcomes.
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INTRODUCTION

People with disabilities (PWD) need well-designed accommodation to have
safe and comfortable access to various spaces. To ensure PWD’s accessibility,
Americans with Disabilities Act (ADA) was enforced when designing public
accommodation and commercial facilities. However, manual compliance
checking for ADA requirements is labour-intensive and time-consuming. To
improve efficiency and consistency, automating the compliance checking
process has become increasingly important.

Extensive research has been done on automated compliance checking
(ACC) between building information modelling (BIM) and code
requirements. Most of them share a similar methodology by: (1) retrieving
and structuring required elements from BIM, (2) interpreting code
requirements from natural language into programming language, (3) making
the two types of information comparable, and (4) comparing the information
to produce the compliance checking result. Some checking elements in the
accessibility requirements are implicit, which means they cannot be directly
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retrieved from BIM data. For example, a route is not an explicit object,
but comprises a space formed by nearby objects with certain boundaries.
Also, a 180-degree turn cannot be retrieved directly from a BIM because it is
defined by the geometric features of several routes. Since manual compliance
checking of such requirements is effort demanding, this research aims to
check the compliance of accessibility requirements on BIM automatically.
To achieve this goal, it is essential to automate the analysis of such implicit
elements on accessibility requirements.

The representation of implicit concepts and implementation of ACC
are domain specific. It requires manual efforts to analyse and summarize
suitable heuristics and develop corresponding ACC rules and processes for
each domain. Even though some efforts have been made to automate the
identification of implicit concepts such as egress, exit, and shaft (Wu &
Zhang, 2022), little efforts have been made to support ACC in accessibility
requirements regarding routes and turns.

Requirements for routes and turns are important parts in the accessibility
requirements. To facilitate the ACC of accessibility requirements, this
research starts from the identification of routes between objects in BIM.
Once routes are identified, their parameters can also be extracted. Then,
requirements related to routes and their parameters can be checked
automatically. Particularly, this research focuses on the requirements
regarding routes when there is a 180-degree turn.

Figure 1: Framework to achieve ACC.
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To achieve this, we broke down the process of pursuing the objective into
three steps:

(1) finding a potentially accessible route between two objects in BIM;
(2) extracting to-be-checked concepts and attributes from BIM; and
(3) conducting compliance checking for each 180-degree turn in the route

based on requirements.

We first developed a path finding algorithm for accessibility checking from
BIM design based on A* algorithm. After that we extracted all the checking
concepts and their associated attributes from BIM by developing heuristic
rules and corresponding algorithm implementation. Lastly we developed an
algorithm used the extracted information to conduct compliance checking
for various routes. In an experiment with 96 testing cases, the algorithms
were able to provide accurate assessment. The framework with three phases
are shown in Figure 1.

METHOD

In this research, algorithms are developed to achieve our goals by processing
an Industry Foundation Classes (IFC) file as input. First, a pathfinding
algorithm is used to find a route between elements in the IFC file. Second,
heuristic rules for each checking concept are developed and implemented into
the corresponding algorithms, one algorithm for each rule. Third we combine
all the developed algorithms to conduct ACC for each route regarding
(1) whether there is a 180-degree turn; and (2) if so, the compliance checking
result for the turn.

Finding Routes in BIM

We use an A*-based algorithm to find paths between objects in BIM. A*
algorithm is commonly used to find the shortest path between a given start
point and a goal point (Sathvik & Patil, 2021). The cost function of A* is
shown in Eq. (1):

f(n) = g(n) + h(n) (1)

where f(n)=total cost, g(n)=cost from the start to node n, h(n)=heuristic
estimate of the cost from node n to the goal.

A* algorithm only considers distance as its costs when determining each
step along the path. However, we also want to consider safety in our
pathfinding algorithm. Therefore, the cost function of A* algorithm is
tailored to find a path in BIM. More specifically, we add a penalty term that
is inversely related to the clearance between node n and its nearest obstacle
to the cost function g(n). In this way, g(n) is defined by both the cost from
the start point to the current node n, and the clearance of n from its nearest
obstacle. The h(n) stays the same as heuristic estimate of the cost from current
node n to the goal.

Extracting Checking Concepts and Attributes From BIM

After finding a route between two objects in BIM,we aim to analyse this route
according to ADA requirement. Heuristic rules are first developed to map
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the concepts in a requirement and the related objects in BIM. The heuristic
rules are developed based on geometric, spatial, attribute-related information
of entities as well as the relationships among entities in BIM. For instance,
Wu & Zhang (2022) developed heuristic rules to extract egress from BIM.
In their work, egress was defined as a door entity, with its location at the
boundary of a building, and its relationship with other concepts as connecting
interior and exterior. Then an algorithm is developed to incorporate the rules
into programming languages by reviewing the human recognition process,
summarizing inferable rules, and leveraging existing BIM data.

Compliance Checking for Each 180-Degree Turn

From the previous step we have identified all the checking concepts and their
associated attributes to assess a 180-degree turn. The following step is to
conduct compliance checking based on the information we have. To achieve
that, we first classify compliance checking outcomes based on different
scenarios. If there is not any 180-degree turn in the route, the algorithm
will consider it as “no turn”. If there is a 180-degree turn, but its attributes
fall into the exception which defines the types of turns that do not apply to
the requirement, then it will be considered as “non-applicable”. If the turn is
present and also applicable, but it does not comply to all the checking criteria,
then it will be considered as “non-compliant”. If the turn is present and
applicable and comply to all the checking criteria, then it will be considered
as “compliant”.

Validation

Tomake sure the algorithm gives accurate result among various scenarios, we
developed a dataset containing 96 cases to cover different scenarios. Three
researchers were assigned to manually provide compliance checking results
for the 96 cases, through: (1) classifying the compliance checking result for
each case independently; and (2) comparing results and discuss them (i.e.,
convince each other) to achieve a consensus on the results of all cases. The
manual results from the three researchers formed the gold standard of the
compliance checking results among the 96 cases.

In this research, we use precision, recall and F1-measure to measure the
performance of the algorithm. Precision is the ratio of true positives predicted
by the algorithm to all the positives predicted by the algorithm [Eq. (2)]
(Ren & Zhang, 2021; Wu & Zhang, 2022; Yang & Zhang, 2024; Zhang &
El-Gohary, 2016). Recall measures the percentage of predicted true positives
divided by all the actual positives [Eq. (3)] (Ren & Zhang, 2021; Wu &
Zhang, 2022; Yang & Zhang, 2024; Zhang & El-Gohary, 2016).

P =
True positives

True positives + False positives
(2)

R =
True positives

True positives + False negatives
(3)

F1 = 2×
P× R
P + R

(4)
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EXPERIMENT AND RESULTS

We selected Section 403.5.2 in ADA (Department of Justice, 2010) to
demonstrate the feasibility of the developed framework:

“403.5.2 Clear Width at Turn. Where the accessible route makes a 180
degree turn around an element which is less than 48 inches (1220 mm) wide,
clear width shall be 42 inches (1065 mm) minimum approaching the turn, 48
inches (1220 mm) minimum at the turn and 42 inches (1065 mm) minimum
leaving the turn. EXC EPTION: Where the clear width at the turn is 60
inches (1525 mm) minimum compliance with 403.5.2 shall not be required.”

The checking concepts and their attributes include:

(1) a route making a 180-degree turn;
(2) the width of the around-the-turn element;
(3) the clear width of the approaching-the-turn segment;
(4) the clear width of the at-the-turn segment; and
(5) the clear width of the leaving-the-turn segment.

We developed an algorithm to: (1) identify routes from selected elements,
(2) extract checking concepts and attributes from BIM, and (3) conduct
compliance checking.

Finding Routes in BIM

The algorithm took IFC files as input. It first projected each IFC model into
a 2-dimensional (2D) view and annotated the centre of each boundary for
elements as candidate start points and end points. Figure 2 shows an example
of an IFC file and Figure 3 shows the route generated by the algorithm from
point 13 to point 17.

Figure 2: Example of an IFC file.
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Figure 3: Route from point 13 to point 17.

Extracting To-Be-Checked Concepts and Attributes From BIM

Then we developed an heuristic-based algorithm to identify all the checking
concepts and their attributes from BIM. As shown in Figure 4, the algorithm
generated a report for all the checking concepts and their attributes. In the
beginning, it recorded the start point and target point input by the user. Then
it determined the route from point 13 to point 17 and calculated its total steps
and length of the route. Then it identified that there was a 180-degree turn in
the route. Next, it returned information regarding each segment in the route.
At last, it produced a table showing the attribute values of checking concepts.
It showed the width for the path around the element was 4’-1 12/16”, the
clear width for approaching-the-turn segment was 15’-8 15/16”, the clear
width of at-the-turn segment was 16’-9 1/16”, the clear width of leaving-
the-turn segment was 4’-4 6/16”. In case there were missing segments, we
considered all the other segments that had not been reported as “between
segments” and calculated the minimum value for this type of segment. As
shown in Figure 3, in this example, there was no such segment, and therefore
the result was N/A.

Compliance Checking for Each 180-Degree Turn

Then we added the logic for determining compliance checking results for
each detected 180-degree turn. The algorithm first determines if there is any
180-degree turn in a route. Then it determines the compliance checking result
for each turn based on Section 403.5.2 of ADA. If the clear width of at-the-
turn segment is more than 60 inches or the width of around-the-turn segment
is equal to or more than 48 inches wide, then the turn will be determined as
“non-applicable”. If the turn is determined as applicable, then the algorithm
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continued to check if all the following criteria are met: (1) the clear width
of approaching-the-turn segment is more than 42 inches wide; (2) the clear
width of at-the-turn segment is more than 48 inches wide; (3) the clear width
of leaving-the-turn segment is more than 42 inches wide. If all these four
criteria are satisfied, then the turn will be considered a compliant 180-degree
turn. If any one of the four criteria is not satisfied, then the turn will be
considered as “non-compliant”.

Figure 4 also shows the compliance checking result for the detected route
in the column “status”. The next column called “detail” shows it is not
applicable because the clear width of at-the-turn segment is wider than 60
inches and the width of around-the-turn element is more than 48 inches.

Figure 4: Information extracted by the algorithm.

Validation

We used a dataset to help refine the algorithm. First, a dataset with 96
cases was developed, which were diversified in their compliance status with
checking criteria specified in Section 403.5.2 of ADA and their geometric
features. Table 1 shows all the features used to diversify the dataset.

Table 1: Features used to diversify the dataset.

Category Attributes Variation

Criteria checked in ADA Clear width of at-the-turn
segment

(1) < 48 inches
(2) >= 48 inches and < 60
inches
(3) > =60 inches

Clear width of
approaching-the-turn
segment

(1) < 42 inches
(2) >= 42 inches

Clear width of
leaving-the-turn segment

(1) < 42 inches
(2) >= 42 inches

Width of around-the-turn
element

(1) < 48 inches
(2) >= 48 inches

Continued
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Table 1: Continued

Category Attributes Variation

Features mentioned in
existing literature

Shape of the element in
the start point

(1) horizontal quadrate
(2) vertical quadrate
(3) foursquare
(4) L shape with the
90-degree angle toward
southwest
(5) L shape with the
90-degree angle toward
southeast
(6) L shape with the
90-degree angle toward
northeast
(7) L shape with the
90-degree angle toward
northwest

Shape of the element in
the end point

(1) up
(2) left
(3) right
(4) down
(5) northwest
(6) northeast
(7) southeast
(8) southwest

Shape of the element
around the turn
Orientation of the turn
(direction the
approaching-the-turn
segment goes to)
Element coverage ratio in
the room

(1) <=15%
(2) >15% and <=50%
(3) >50%

Number of turns in the
route

(1) 0
(2) 1
(3) >=2

Length of the
approaching-the-turn
segment

(1) <=1.61 meters
(2) <1.61 meters and
>=2.15 meters
(3) >2.15 meters

We ran the algorithm in each of the 96 cases iteratively. Every time the
result was different from the gold standard, we identified the error and
refined the algorithm until the result matched the gold standard.We repeated
this process until the algorithm returned accurate results on all the 96 cases.

CONCLUSION

In this research, a framework was developed to help implement ACC for
accessibility requirements, which: (1) finds routes between elements in BIM,
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(2) identifies checking concepts together with their associated attributes,
and (3) produces compliance checking results for each route. To show the
feasibility of this framework, we implemented the framework in Section
403.5.2 of ADA in terms of 180-degree turns. We first adapted A* algorithm,
tailoring it to find routes for wheelchair users in indoor environment. Then
we used a heuristic-based algorithm to identify checking concepts and their
attributes. At last, based on the checking logic in ADA, the algorithm could
output if there was any 180-degree turn in the route and the compliance
checking result for each 180-degree turn. We refined the algorithm in 96
cases iteratively. The algorithm gives accurate results in 96 cases in terms of
their compliance checking results.
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