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Abstract

Two common challenges in the computer-aided compliance audit of building engineering designs are being
addressed in the current research. The first is to ensure that any form of computable representation is practical
and relatively easy to use and maintain. The second is to ensure that performance-based regulatory
compliance criteria, which are often qualitative in nature, are adequately addressed and correctly represented.
This research proposes a method of automating manual compliant design procedures using an open standard
executable workflow representation that can be specified and maintained relatively easily by a design
engineer. This executable workflow is referred to as the Compliant Design Procedure (CDP) and can be
described graphically using a subset of the open standard Business Process Model and Notation (BPMN).
When executed in a computing environment, a CDP can guide the compliance audit process by checking a
given design represented in a model view or subset of the BIM model, referred to as the Building Compliance
Model (BCM), against the criteria in a digital building code, referred to as the Regulatory Knowledge Model
(RKM), which is developed specifically for this purpose. This paper describes the process of modelling and
encoding BCM, CDP and RKM, which are independent input components of the proposed compliance audit
system framework. Supplementary human input and the ability to exchange input and output data with
external simulation tools to solve some of the more complex qualitative criteria are important features of the
framework.

CE Database subject headings: Information management; automation; computer applications; decision
support system; BIM; building information modelling

Author keywords: Regulatory knowledge model; compliant design procedures; building compliance model,;
automated compliance audit; building code

BACKGROUND

The emergence of building information modelling (BIM) at the start of the millennium has gradually replaced
the function of computer-aided design (CAD) in documenting building designs in paper-based forms with the
more collaborative approach of sharing building design information with various project stakeholders in
computer processable forms. At the same time, computable representations of the regulatory knowledge have
also gained much focus in research projects. Every aspect of a building design is bound by compliance with
statutory requirements one way or another. Therefore, it is appropriate to consider a building design process
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as the compliant process. There is certainly a need for computers to be able to process regulatory information
for a compliance audit. However, the compliant design process is currently still largely a manual undertaking,
which is known to be error-prone, inefficient, and often leads to duplication of effort as well as costly
remedial work. One obvious reason is that there has not yet been a practical solution to automatically process
regulatory information, which are typically written in natural language. Another reason is that many building
standards present requirements that need complex designer judgement to implement which makes computer
processing difficult.

This paper describes a framework for automating manual compliant building engineering design procedures
in conjunction with formalised regulatory knowledge in open standard representations. For illustration
purposes, the Verification Method prescribed by the Building Code of New Zealand (NZBC) for the
performance-based fire engineering design of buildings has been used in this project.

This paper is an extension of the work presented at the joint ICCCBE and CIB W78 Conference in Orlando,
Florida, USA, in July 2014 (Dimyadi et al., 2014).

COMPUTER-AIDED COMPLIANCE AUDIT SYSTEM

The main objective of this research is to develop a computable representation of a performance-based building
code and a practical method of using a computer system to automatically audit a building model for compliance
with a set of performance-based criteria. The computer-aided compliance audit system developed in this
research (ARCABIM) is based on a framework that can be described using the following system architecture
(Figure 1).
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Figure 1: System Architecture of ARCABIM

ARCABIM consists of the core audit engine that can execute a set of Compliant Design Procedures (CDP) to
check a given design represented in a Building Compliance Model (BCM), which is a model view or subset of
the 1SO standard BIM maodel, for conformance with constraints and rules defined in a Regulatory Knowledge
Model (RKM) representing a particular regulatory document. The main input components to the system, i.e.
BCM, CDP, and RKM, are described in more detail in subsequent sections of this paper. Depending on the type
and status of the BIM model being shared, there may be information such as space usage classifications or
material properties that are either not yet available or missing from the model. The framework has allowed this
to be supplemented by human input and incorporated into a BCM, or to be provided by the user during the audit
process. Additionally, the framework incorporates a facility for addressing qualitative performance-based
criteria by allowing external simulations or calculation tools to be used to help with the analysis required for
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evaluating such criteria. This feature is triggered by either a requirement in the RKM or specifically instructed
by an activity in a CDP.

The ARCABIM auditing process typically involves navigating through each task of the CDP, getting
information from the BCM or RKM, and checking or evaluating any constraint or rules in the RKM. The
process may stop at a task and request additional human input or generate input data for an external simulation
or calculation tool to compute before continuing. The output of the system is a report documenting the audit
process including a summary of the CDP tasks and a list of compliance issues, if any.

Building Information Modelling (BIM)

BIM is an object-based collaborative approach to design, construct and manage a building. It can be used to
maintain physical and functional information of a building for its entire life cycle. Computer applications within
the Architectural, Engineering, and Construction (AEC) domain can now share BIM data using an open
standard (ISO 16739) industry-specific data model known as the Industry Foundation Classes (IFC). Many open
standard software toolkits are available for manipulating IFC data, which are needed for the purposes of a
compliance audit.

Being collaborative in nature, it is possible to supply additional layers of information to the base BIM model for
specific applications. Similarly, not all information contained in the base BIM model is useful for a particular
application so that they can be excluded. The ISO standard of specifying what type of information should be
made available when sharing a BIM model is known as the Information Delivery Manual (IDM) (ISO 29481-1,
2010). The end product of IDM is the Model View Definition (MVD), which is a subset of the BIM model for a
specific process or application (Hietanen, 2006).

Building Compliance Model (BCM)

Using the MVD approach, a subset of the BIM model for compliant fire engineering designs has been
developed in XSD (XML Schema Definition) as part of this research. This is referred to as Building
Compliance Model (BCM) for the purposes of this research, shown in a high-level schema diagram in Figure 2.
At the very minimum, a BCM must contain at least one building storey object (IfcBuildingStorey), at least one
space object (IfcSpace) on each building storey, and one door object (IfcDoor) associated with each space
object. In the schema diagram, solid rectangular boxes represent mandatory elements, dotted boxes represent
optional elements, and the plus sign denotes the presence of further sub-elements. The schema specification
can be used to develop a data serializer in conjunction with an open standard BIM information exchange
systems such as the BIMserver (Beetz and van Berlo, 2010), which can then generate the required BCM for a
given IFC-based BIM model.
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Figure 2: BCM top level schema for compliant fire engineering designs

Approaches to Regulatory Knowledge Representation

There have been numerous approaches taken by researchers over the last few decades to represent regulatory
knowledge in a computable form. The most common approach to date has been rule-based systems (Eastman et
al., 2009), which ranges from hard-coded decision tables (Fenves et al., 1969) to the use of language-based
semantic inference systems (Pauwels et al., 2011). Other approaches include the use of hypertext and
hypermedia (Evt et al.,, 1992; Feijé et al., 1994) as well as document markup techniques to assist with
information access and knowledge extraction from regulatory documents (Hjelseth and Nisbet, 2011). There has
also been research on the application of artificial intelligence and deontic modelling techniques to allow
computers to interpret legal texts (Salama and EI-Gohary, 2011; Zhang and El-Gohary, 2012). Although there
have been some promising research outputs in this field, they are still far from being complete for
implementation into a practical compliance audit system.

Among these approaches, there is a common inclination towards embedding regulatory rules as part of the
compliance audit system (Clayton, 2013; Ding et al., 2006), which may be easier to implement, but makes the
system non-transparent as well as inflexible and costly to maintain in response to on-going regulatory
amendments. For major development projects such as SMARTCodes in the USA (International Code Council,
2007), ePlanCheck in Singapore (Khemlani, 2005), and more recently AutoCodes in the USA (Wible et al.,
2011), there may be a commercial justification for embedding rule-sets into the system, particularly when
business collaboration of multiple stakeholders and proprietary systems and components are involved. However,
the need to keep the regulatory knowledge representation independent of the compliance audit system has been
identified as a key factor for a successful implementation (Greenwood et al., 2010). Other benefits of having a
system independent regulatory knowledge representation include improved maintainability and data exchange
portability with other systems. More importantly, however, rule-based systems on their own cannot adequately
represent qualitative performance-based requirements that often rely on simulation and computational analysis
for assessment. Furthermore, rule-based systems are not suitable for representing implicit regulatory knowledge
and tacit compliant design knowledge that are only comprehensible to human designers.

Automating Compliant Design Procedures (CDP)

There are two types of knowledge inherent in regulatory texts explored in the current research, namely
compliant design paths, and the associated regulatory data comprising prescribed design parameters, constraints
and rules. The choice of design scenarios and associated parameters represents a specific compliant design
through a particular compliance path. Typically, multiple compliance paths exist in a given set of regulatory

documents used for a compliant design. A compliant design path is inherent in a set of procedures followed by
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the design engineer, often intuitively (Dimyadi and Amor, 2013). Formalising these design procedures explicitly
into a set of computer executable workflows representing specific CDPs is considered more practical than trying
to automatically extract multiple compliance paths directly from regulatory texts based on a given design
specification. A method of automating manual CDPs has been developed in this research using an open standard
computable model that can be used to guide the compliance audit process. CDP modelling with practical
examples is discussed in more detail later in this paper. Having an independent open standard library of
formalised CDPs gives design engineers or the building consent authority, depending on the use case, the ability
to reuse them with consistent results across multiple projects. More importantly, it gives designers the
responsiblity and ability to maintain them to suit their own practices and requirements. Formalising manual
CDPs is essentially removing multiple compliant design paths inherent in regulatory documents and leaving the
responsibility of specifying the desired path to follow based on preferred design options with human designers,
where it should be. Machines are simply given the task of doing what they do best, which is to execute
repetitive instructions and procedures consistently and accurately. For standardisation and quality control, a
library of CDPs could be developed by an institution of professional engineers and published as a guideline of
industry's best practice.

The remaining compliant design parameters, prescribed constraints and rules that make up the other type of
regulatory knowledge can be formalised and encoded into a Regulatory Knowledge Model (RKM), which is a
computerised version of a specific building code or regulations. A method of encoding RKM, developed as part
of this research, is discussed in more detail later in this paper.

NEW ZEALAND PERFORMANCE-BASED BUILDING CODE

The New Zealand Building Code (NZBC) (New Zealand Parliament, 1992) is part of the Building Regulations
of New Zealand, which is a subsidiary legislation made under the Building Act 2004. It is a performance-based
building code containing 37 technical clauses that cover all aspects of building work including fire safety and
protection, stability and durability of structure, accessibility, weather tightness, and energy efficiency.

A performance-based code does not prescribe how a design and construction process should be carried out, but
specifies functional requirements, and the qualitative or quantitative performance criteria to which the
completed building and its components must meet throughout its intended life. This allows for innovation and
uniqueness in designs proven by established scientific and engineering principles. Performance-based codes are
usually accompanied by a set of prescriptive requirements, which are deemed to satisfy the performance criteria,
to facilitate the compliance of common building designs.

There are two means of compliance with the NZBC, which are deemed-to-satisfy methods published by the
Ministry of Business, Innovation and Employment (MBIE), and alternative solutions. The deemed-to-satisfy
methods are divided into “Acceptable Solutions” (AS), which must demonstrate full compliance with a set of
prescriptive requirements, and “Verification Methods” (VM), which must demonstrate compliance by means of
verification with a set of prescribed computational or design methods. Beyond AS and VM, there is an
“Alternative Solution”, which is a specific design approach using a proven and peer-reviewed engineering
design process that may include comparative analyses, numerical computations, simulations, laboratory tests,
certifications, appraisals, and expert evidence.

Verification Method C/VM2

The Verification Method for fire safety compliant design is provided in the C/VM2 document, which is a
framework for fire safety design (Ministry of Business, Innovation and Employment, 2013). Although
prescriptive in principle, the C/VVM2 document incorporates industry standard design methods that allow the use

of external computation and/or simulation tools to help evaluate ten different fire design scenarios prescribed in
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the document. The evaluation may include the determination of fire load and fire location, an assessment on the
tenability condition of escape routes and structural stability, as appropriate. For example, the “Unknown
Threat” (UT) fire design scenario is where a fire starts in a normally unoccupied space and can potentially
endanger a large number of occupants in another space.

The C/VM2 document consists of four parts that are arranged into numbered paragraphs. Part 1 contains a list of
vocabulary and definitions and states the objectives and performance criteria. Parts 2 and 3 provide common
rules and parameters for the analysis of design scenarios and movement of people. The rules and parameters are
mainly provided in the form of tabulated data and mathematical equations, which are embedded in the text
together with various constraints and conditions. Part 4 contains ten different sections, numbered 4.1 to 4.10,
where each describes a particular design scenario and specifies the method of compliance as well as the required
outcome for that scenario.

ENCODING REGULATORY KNOWLEDGE

This section of the paper describes a practical method of encoding the compliance path inherent in CDPs
using an open standard workflow model that can be used as an independent input component to the
compliance audit system. This section also describes a method of encoding specific regulatory data,
constraints and rules prescribed by a regulatory document using an open standard representation that is also
independent of the compliance audit system, and which may be published as the equivalent computerised
version of the regulatory document.

Modelling Compliant Design Procedure (CDP)

It is becoming a standard practice for fire engineers in New Zealand to document the design procedure they
use to evaluate each of the fire scenarios specified by the C/VVM2 using a flow diagram. This practice is being
requested by some of the principal building consent authorities in the country and is likely to become more
widespread. These basic flow diagrams are intended to describe and document the compliant design path
followed by the designer, which are essentially manual CDPs adopted for each design. To allow computer
processing, CDPs can be described more formally using a general purpose open standard graphical language
such as the Business Process Model and Notation (BPMN) version 2.0 (Object Management Group, 2011) and
formalised into executable workflows.

Using an open standard workflow language to represent CDP gives the user access to standard editing and
visualisation tools, which facilitates modelling and maintainability. Another benefit of using an open standard
is to allow data interoperability between computer systems. In the case of BPMN 2.0, workflow information
can be shared using its underlying XML data exchange protocol, which is a commonly used general purpose
open standard data exchange format. CDP is mostly a single user process for a specific task. For compliant
fire safety designs, this can be represented adequately in a single process environment using a subset of
BPMN 2.0 components (Table 1). There are essentially four groups of components needed to cover most
single-user compliant building design activities, namely Events, Activities, Gateways and Connections.
Events mark the start and end of a process; Activities describe the type of work to be performed; Gateways
provide forking and merging of logic paths, depending on the conditions expressed; and Connections specify
the type of sequence flow from one component to another.



Table 1: A subset of BPMN components used for compliant fire safety design

Components |Description

I N
& o User Task, an activity where human action is required, e.g. enter certain information
| Description | |to continue. The Description label provides a brief remark about the nature of the task.

) o Seript Task, an activity that executes a script written in a domain specific language. The
Description Description is a brief remark about the nature of the task.
[ Description | Collapsed Sub-Procedure, a task that calls a sub-procedure. This allows for reusable

standard sub-procedures. The Description is a brief remark about the nature of the sub-

/ Drocess.

Sequence flow, which defines the normal execution order of the connected tasks

Default sequence flow, which is the default branch of activity to be processed if all other
conditions evaluate to FALSE

Conditional flow, has a condition assigned to the branch that determines whether or not it
should be executed. If not, the default sequence flow will be executed instead.

Parallel (AND) Gateway. Create a fork where two activities can run in parallel; create a
join that synchronises or combines parallel activities.

Data/event based exclusive (XOR) Gateway (or Decision). Diverge to a particular path
depending on which option is selected; converge to a single output.

Inclusive (OR) Gateway. Diverge to one or more paths based on a condition. A default
path must be specified and is only followed when no other conditions are met; converge to a
single output using only the first input signal that arrives.

8©®@TI]

Start and End Events, respectively.

Text annotation | Text Annotation. Additional human readable non-executable remarks.

|

Example of Compliant Design Procedures (CDP)

The C/VM2 “Unknown Threat” (UT) design scenario is selected as an example to illustrate the CDP
modelling process. This is a scenario where a fire could start and grow to a significant size in a normally
unoccupied space such as a store room or a cleaner’s cupboard and can potentially spread and endanger
occupants in any adjacent space occupied by 50 persons or more.

For encoding example purposes, the term FireSpace is used to describe the space of fire origin, which is
applicable to many design scenarios; the term TargetSpace is used to describe occupied spaces that may be
affected by the effects of the fire. The expected outcome of the UT scenario assessment is a verification that
either the fire can be confined to the FireSpace or occupants in the TargetSpace can escape safely. The method
used by engineers to evaluate this scenario as part of a compliant design is given in the text of Paragraph 4.2 of
C/VM2 document (Figure 3), which is commonly documented as a flow diagram. Similarly, the compliance
path inherent in the method can also be described graphically in BPMN and encoded as an executable CDP
workflow (Figure 4).



Either:

1. Carry out ASET/RSET'" analysis to show that the occupants within target spaces are not exposed to
untenable conditions, or

2. Include separating elements or fire suppression to confine the fire to the room of origin. If separating
elements are used, the FRR"""! shall be based on the following design criteria:

a) If no automatic fire detection is installed in the space of fire origin, separating elements shall have
fire resistance to withstand a full burnout fire (Paragraph 2.4)

b) If automatic fire detection is installed in the space of fire origin, separating elements shall either:

i. Have a FRR of not less than 60 minutes (-/60/60), or
ii. Demonstrate the separating elements will be effective for the period from ignition to the time
when the occupied space (target space) is evacuated.
) ASET=Available Safe Escape Time, RSET=Required Safe Escape Time
") FRR=Fire Resistance Rating

Figure 3: Method to evaluate UT (*"Unknown Threat"") design scenario

In the encoded CDP, identified as Procedure 4.2C/VM2, the two methods of evaluating this design scenario
are represented by the two Collapsed Sub-Procedures, namely 4.2.1C/VM2 and 3.5C/VM2. During a
compliance checking process, all FireSpace and TargetSpace objects on a selected building storey are
identified and counted. If neither TargetSpace nor FireSpace is found, the process is completed. Otherwise,
the process continues with the evaluation of one of the criteria, which is to assess if the fire could be confined
to the FireSpace. This has been modelled as sub-procedure 4.2.1C/VM2, which is shown expanded in
Figure 5.

Yes
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Is building ASET/RSET
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=) 2 Fire confined ASET>RSET
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TargetSpace FireSpace 4.2.1C/VM2
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Yes 2
Output
FAIL

Figure 4: Procedure 4.2C/VM2 to evaluate UT (""Unknown Threat') design scenario
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Figure 5: Procedure 4.2.1C/VM2 to check fire confinement in a FireSpace

The task of getting input parameters for processing is a fundamental activity represented by a Script Task,
which has an embedded script written in a high level domain specific language (DSL) (Figure 6). During an
execution, a Script Task simply follows the instruction given by the script to look up tabulated values, evaluate
mathematical equations or rules, or pause for additional input. Figure 6 shows the underlying BPMN2.0
standard XML representation example of a Script Task with an embedded script.

<bpmn:scriptTask id="Task_07u7fzi" name="1Is building sprinklered?">
<bpmn:incoming>SequenceFlow_7</bpmn:incoming>
<bpmn:outgoing>CondSequenceFlow_8</bpmn:outgoing>
<bpmn:script>(SET bv = 12.5 * (1 + 10 * AvOnAf - power(AvOnAf,2))) {>=10.0}</bpmn:script>
</bpmn:scriptTask>

Note: scripts would nhormally be enclosed in <![CDATA[ ... [[>. This has been omitted for clarity.

Figure 6: BPMN2.0 standard representation of a Script Task in XML

FireSpace and TargetSpace objects, obtained from the BCM, together with their physical and geometric
properties such as the floor area, occupant load, space activity type, presence of automatic fire detection, etc.,
are the input parameters in this design scenario. These are extracted from the BIM model initially through
spatial queries into the BCM. Any missing information may be supplemented by human input, if necessary.

SeparatingElement is a barrier such as a wall having a fire-resistance rating (FRR) that provides design
resistance to the spread of fire. The method to check for the effectiveness of SeparatingElement is also a sub-
procedure, identified as Procedure 4.2.2C/\VVM2 (Figure 7).

The sub-process to calculate FRR for a full burnout fire (Procedure 2.4C/\VM2) is not shown in this paper, but it
consists of three different evaluation options that may involve interfacing with external computational tools
(MBIE, 2014). Similarly, the task to calculate SeparatingElement burnout time is also not illustrated in this
paper. These sub-procedures may look up tabulated data or call certain regulatory rules to evaluate. The
formalisation of regulatory rules is discussed in the RKM encoding section of this paper.



Eval RSET in
TargetSpace

%Output
FAIL

Calculate
burnout time of
SeparatingElement

Figure 7: Procedure 4.2.2C/VM2 to check the effectiveness of SeparatingElement

The analysis of Available Safe Egress Time (ASET) and Required Safe Egress Time (RSET) is another method
of evaluation for this scenario and is the default method when it is not possible to confine the fire to the
FireSpace and the building is not protected by an automatic fire sprinkler system. This method aims to verify
that occupants in the TargetSpace can escape safely from the effects of the fire. In this case, the criteria for
tenability conditions in escape routes to be satisfied are specified by NZBC. The objective of the analysis is to
establish that the RSET or the evacuation time from each TargetSpace is less than the ASET or the time it takes
for the escape route from that space to become untenable due to the effects of the fire, i.e. ASET > RSET. This
is expressed by a sub-procedure as shown in Figure 8. The task to evaluate ASET or RSET is defined in a sub-
procedure that involves interfacing with external simulation tools, which is discussed later in the paper.

o

Eval ASET in Yes
TargetSpace 0
B g
ASET > RSET Output
FAIL
Eval RSET in
TargetSpace

Figure 8: Procedure 3.5C/VM2 to evaluate ASET/RSET
Compliance Criteria

NZBC Clauses C4.3 and C4.4 provide performance criteria for tenability conditions on escape routes, which are
criteria that must be satisfied in an ASET/RSET analysis. The three sub-criteria of C4.3, namely C4.3a, C4.3b,
and C4.3c, must be evaluated individually (Table 2). The term Fractional Effective Dose (FED) is a measure of
the harmfulness of the fire smoke defined by the fraction of the dose (of CO or thermal effects) that would
render a person of average susceptibility incapable of escape. FED and the extent of visiblity due to smoke
obscuration are typically obtained from numerical computations or simulations.
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Table 2: NZBC performance criteria to be satisfied

NZBC Clause |Performance criteria

The evacuation time must allow occupants of a building to move to a place of safety in
C4.3 the event of fire so that occupants are not exposed to any of the conditions specified in
C4.3a, C4.3b, and C4.3c

C4.3a A fractional effective dose (FED) of carbon monoxide (CO) > 0.3
C4.3b FED of thermal effects > 0.3

Conditions where, due to smoke obscuration, visibility < 10 m,

4.3 except in spaces < 100 m? where visibility <5 m

If occupant load (OL) < 1000 and the space is protected by an automatic fire sprinklers

Ca4 system, then criteria C4.3b and C4.3c do not apply.

More descriptive qualitative performance criteria such as the required structural stability during a fire may be
addressed by firstly translating them into an acceptable band of quantitative thresholds and then using an
industry's accepted method of engineering analysis or simulations to verify that a design is within the pre-
defined thresholds. In this case, the CDP workflow can embed an instruction for the compliance audit system to
generate an input file necessary for a selected computational or simulation tool to use. The output schema
required for the result of the computation or simulations to be returned to the system for further processing can
also be specified similarly in the workflow. As described earlier in this paper, apart from interfacing with
external computational or simulation tools, the framework also allows supplementary human input to be entered
into the system either independently or via an activity in the CDP workflow.

Encoding a Regulatory Knowledge Model (RKM)

As discussed briefly in the preceding section of this paper, a RKM is an open standard computable
representation of a specific regulatory document described in XSD (Figure 9), which was developed to support
the work conducted in this research. Using this approach, the structure and content of the C/\VM2 document is
represented in an XML data model similar to that used for the BCM. The same approach can also be used to
represent other regulatory documents such as the Acceptable Solutions (i.e. C/AS1 to C/AS7 documents), or
referenced standards, as different RKMs. It is envisaged that in the future there will be a companion RKM
published together with each technical clause of the paper-based NZBC.

For data modelling efficiency, instead of representing an entire regulatory document in one large data model,
XSD allows common sub-models used by different documents to be modularised and linked to the main
model. For example, the RKM for the C/VM2 document maintains links to some common sub-model
schemas including Dictionary, Occupancy, RefDocs, ComplianceRule, and MathematicalEquation. These
individual sub-models can then be maintained separately and more efficiently if any sub-model is affected by
ongoing regulatory amendments.
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Figure 9: Top level C/VM2 document structure as represented in RKM

Figure 9 shows the top level of C/VVM2 document structure as represented in the RKM with a branch under the
OccupancyMovement being expanded one level down. Each solid box here corresponds to a paragraph in the
C/VM2 document. Figure 10 shows the same branch expanded further down to display parameters required to
evaluate the RSETEquation, which is used to illustrate the encoding process in the next section of the paper.

{,Equation ?
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NotificationTime i

Pre-travelActivityTime
attributes

|—{ attributes

“Equation i
RSETEquation [ == Variables i

DoorOpeningDirection

H ExitDoors !

Figure 10: A branch in the RKM schema for C/\VVM2 showing rules representation

A rule is represented in the RKM simply as a pair of “Condition” and “Action” objects. For certain rules, the
Condition may not be needed and may be omitted. Otherwise, the statement associated with the Action is
executed only if the condition evaluates to TRUE. Mathematical equations are represented as “Equation” and
a number of associated “Variables” objects together with their unit of measure attributes.

Example of a Regulatory Knowledge Model (RKM)

Three types of information are represented in the RKM, namely look-up data, mathematical equations, and
rules, which are the information referenced and extracted by Script Tasks of a particular CDP. Lookup data
are typically tabulated design parameters such as the occupant density used to determine the occupant load in
a space, which is dependent on the design activity of the space (Table 3).

12



Table 3: Occupant densities (excerpt from Table 3.1 of C/VM2)

Space activity Occupant density (m?/person)
Art galleries, museums 4
Classrooms 2
Offices 10
Shop spaces and pedestrian circulation areas including malls and arcades 3
Shop spaces for furniture, large appliances, building supplies, etc. 10

Mathematical equations are those provided in the document or formalised versions derived from regulatory
texts. For example, the RSETEquation described in the schema in Figure 10 is given in the original form as
Equation 3.1 in Paragraph 3.2 of C/VM2 (Table 4).

Table 4: Original and formalised Equation 3.1 of C/VM2

Original Equation 3.1 in C/VM2 Formalised equations in RKM
RSET = (ty + tn + tp'rr,') + (teraw o7 fﬂnw) Equation 3.1.1:
RSET = (TD + TN + TPRE + TTRAV)

where:

e . . . Equation 3.1.2:

SE d S ‘gress E
R ]:'li ‘Reqmrc\e' at.e Egréﬁa Time (s) RSET = (TD - TN + TPRE + TFLOW)
ty = fire detection time (s)
t, = time from detection to notification (s)

where the variables are the same as the original

tpre = time from notification until evacuation begins (s) .
= version.

tirqpy = time spent moving towards a place of safety (s)
t1ow = time spent in congestion controlled by flow (s)

The original RSET equation can be formalised as two separate equations (Table 4), namely Equation 3.1.1
RSET=(TD+TN+TPRE+TTRAV) and Equation 3.1.2 RSET=(TD+TN+TPRE+TFLOW), where the latter is
applicable only for movement of people through a doorway or stairway in which congestion is likely to occur.
The formalised RSET Equations are represented in the RKM as shown in Figure 11.

<Eguation EquationReferenceld="3.1.1" DocumentReferenceld="3.2" >
<Equation Name="RSET">(TD+TN+TPRE+TTRAV)=/Fquation=
<Variables»
<Variable Description="Required safe egress time" Unit="s">RSET</Variable>
<Variable Description="detection time from deterministic modelling" Unit="s">TD</Variable=>
<Variable Description="time from detection to notification " Unit="s">TN</Variable>
<Variable Description="time from notification until evacuation begins" Unit="s">TPRE</Variable>
<Variable Description="time spent moving toward a place of safety" Unit="s">TTRAV</Variable=>
</Variables>
</Equation>

<Eguation EquationReferenceld="3.1.2" DocumentReferenceld="3.2" >
<Equation Name="RSET">{TD+TN+TPRE+TFLOW)</Equation:
<Variables>
<Variable Description="Required safe egress time" Unit="s">RSET</Variable=
<Variable Description="detection time from detarministic modelling" Unit="s">TD</Variable>
<Variable Description="time from detection to notification " Unit="s">TN</\Variable>
<Variable Description="time from notification until evacuation begins" Unit="s">TPRE</Variable=>
<Variable Description="time spent in congestion controlled by flow" Unit="s">TFLOW</Variable>
</Variables>
</Equation>

Note: mathematical equations in XML would normally be enclosed in <!/[COATA[ ... ]]=. This has been amitted for clarity.

Figure 11: Representation of RSET Equation in RKM

The components of the equations, i.e. TD, TN, TPRE, TTRAV, TFLOW, are represented in different parts of
the RKM and are to be evaluated separately. Once evaluated, RSET can simply be determined by a
summation of all these components. Alternatively, RSET may be determined using an external evacuation
simulation tool by generating the input data for the tool, and the output from the simulation can be entered
into the compliance checking system as a supplementary input.
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Another example is the method of estimating the walking speed of a person for the purposes of calculating
the evacuation travel time TTRAV, which is given as Equation 3.2 in C/VM2 (Table 5).

Table 5: Original and formalised Equation 3.2 of C/VM2

Original Equation 3.2 in C/VM2 Formalised Equation in RKM

S =k—akD Equation 3.2: S=1.4— (0.3724 = D)
Rule ID_3.24.R1: [FS>12THENS = 1.2

where:

S = horizontal walking speed (m/s) where: ‘

D= space occupant density (persons/m?) S = horizontal walking speed (m/s)

k = 1.4 for horizontal travel D= space occupant density (person/m?), reciprocal of
a=10.266 value given in Table 3.

The regulatory text in the C/VM2 document further specifies that the maximum speed used to calculate
TTRAV shall not exceed 1.2 m/s. For computer processing, the equation and the associated rule are
formalised by substituting the variables with the constants for horizontal travel, as shown in Table 5.

TTRAV is calculated from TTRAV = (LTRAV/S). The default formalised equation to determine LTRAYV is
ABS(xSpace — xDoor) + ABS(ySpace — yDoor), which is the sum of the length of orthogonal travel
distance from the most remote corner of the space to the exit door. However, the regulatory provision allows
LTRAV to be determined from the actual measured length of travel paths around objects in the space. So,
LTRAYV can be a manual input. The provision of Paragraph 3.2.4 of C/VM2 on TTRAV is represented in the
RKM as shown in Figure 12. The associated rule represented in the RKM implies that if measuredLength
is given, then it will be assigned to LTRAYV instead.
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<TravelTime DocumentReferenceld="3.2.4">
<Equations>

[ <Equation EquationReferenceld="3.2" DocumentReferenceld="3.2.4" >
<Equation Name="S">(1.4-(0.3724/D))</Equation>
) <Variables>
Equan;: - <Variable Description="Horizontal travel speed" Unit="m/s">S</Variable>
- <Variable Description="0Occupant density of the space" Unit="persons/(m*"2)">D</Variable>
</Variables>
L </Equation>
[ <Rule Id="ID_3.2.4.R1">
Rule <Condition Id="ID_3.2.4.R1.C1">(S >= 1.2)</Condition>
ID_3.2.4R17]  <Action Id="ID_3.2.4.R1.A1">(S = 1.2)</Action>
| </Rule>

<Equation EquationReferenceld="3.3" DocumentReferenceld="3.2.4">
<Equation Name="TTRAV">(LTRAV/S)</Equation>
<Variables>
<Variable Description="Travel distance" Unit="m">LTRAV</Variable>
<Variable Description="Horizontal travel speed" Unit="m/s">S</Variable>
</Variables>
</Equation>
<Equation EquationReferenceld="3.3.1" DocumentReferenceld="3.2.4" >
<Equation Name=" LTRAV ">(ABS(xSpace - xDoor) + ABS(ySpace-yDoor))</Equation>
<Variables>
<Variable Description="Travel distance" Unit="m">LTRAV</Variable>
<Variable Description="Horizontal travel speed" Unit="m/s">S</Variable>
</Variables>
</Equation>
<Rule Id="ID_3.2.4.R2">
<Condition Id="ID_3.2.4.R2.C1">(MeasuredLength > 0)</Condition>
<Action Id="ID_3.2.4.R2.A1">(LTRAV= MeasuredLength)</Action>
</Rule>
</Equations>
</TravelTime>

Note: mathematical equations in XML would normally be enclosed in <![CDATA[ ... ]]>. This has been omitted for clarity.

Figure 12: Representation of regulatory provision of Paragraph 3.2 of C/VM2 in RKM

As an example of a formalised rule that is derived from regulatory texts, Paragraph 3.2.6 of the C/VM2
document specifies that “Doors on escape routes shall be hung open in the direction of escape...”, but “...need
not apply where the number of occupants...using the door is no greater than 50”. This can be translated into its
negated form “IF the occupantLoad is greater than 50 AND the doorOpeningDirection is inwards”, which if it
evaluates to TRUE would trigger a FAIL output message in the RKM. Similarly, the regulatory text requirement
“manual sliding doors are permitted (to be used as an exit door) where the relevant number of occupants is no
more than 20” in the same paragraph can also be represented in the same manner as a rule in the RKM

(Figure 13).

<DoorOpeningDirection DocumentReferenceld="3.2.6">
<Rule Id="ID_3.2.6.R1"=>
<Condition Id="ID_3.2.6.R1.C1">(occupantlLoad > 50) AND (doorOpeningDirection == IN)</Condition>
<Action Id="ID_3.2.6.R1.A1">FAIL</Action>
</Rule>

<Rule Id="ID_3.2.6.R2">
<Condition Id="ID_3.2.6.R2.C1">{occupantLoad > 20) AND (COUNT(SlidingDoors) > 0)</Condition=>
<Action 1d="ID_3.2.6.R2.A1">FAIL</Action>
</Rule=
</DoorOpeningDirection>

Naote: conditional statements in XML would normally be enclosed in <I[CDATA[ ... ]]>. This has been omitted for clarity.

Figure 13: Rule representation examples in RKM
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The numbering convention used in the RKM strictly follows the numbering system used in the regulatory
document, but prefixed or suffixed with additional sub-numbering appropriate to each representation. For rules,
the Condition and Action each has an ID attribute that refers back to the ID of the Rule where they belong. For
example, TravelTime is Paragraph 3.2.4 and is a sub-element of Part 3 “Movement of People” in the C/VM2
document. So, TravelTime is given the DocumentReferencelD attribute of “3.2.4” and all subsequent rules
associated with this topic are prefixed with “3.2.4” (Figure 12). Similarly, DoorOpeningDirection has the
DocumentReferencelD attribute of “3.2.6” and all associated rules are given the prefix of “3.2.6” (Figure 13).
This numbering system is also referred to by each Script Task in the CDP so that the correct information can be
extracted, and appropriate rules evaluated. Furthermore, maintaining a matching referencing system with the
regulatory documents facilitates managing revisions of the RKM in response to regulatory amendments.

INTERFACING WITH SIMULATION MODELS

Mathematical equations and rules can be processed relatively easily by the compliance audit process engine.
However, some of the performance-based criteria, such as those related to tenability conditions of escape
routes, require external computational tools to help with the evaluation. To achieve this, the proposed
framework has allowed for automatically generating the input data required by these tools and expecting the
result to be fed back into the system for further processing. Simulations tools such as B-RISK (Wade et al.,
2013) and EvacuatioNZ (Spearpoint, 2009), which are both developed in New Zealand and commonly used
by fire engineers, are suitable contenders for this approach. Conveniently, both of these simulation tools
accept XML as the input data exchange format and also output their results in XML. Furthermore, B-RISK
has a C/VM2 mode, which streamlines the information exchange between the systems as the required input
and output schema definitions are readily available for this purpose.

The process of interfacing with external simulation tools starts by extracting the required information from
the BCM together with some supplementary human input and generating the input data for the tools in
accordance with their input schemas. The output from the simulation tools may either be directly employed in
the compliance audit process via the output schema description of the tools or by manually transferring the
results to the compliance audit system for further processing. The automated generation of input data for
simulation tools such as the predecessor to B-RISK and a computational fluid dynamics-based fire simulation
tool has been covered in previous work (Spearpoint and Dimyadi, 2007).

The implementation of automated CDP interfacing with external tools is intended to be a future work.

SYSTEM EVALUATION

A three-storey building model (Figure 14) was constructed to help evaluate the capabilities of ARCABIM to
process CDP workflows and conduct an audit against a selected RKM. The BCM schema described in this
paper was used to generate the model view from the IFC version of the building model using a custom-built
data serializer in conjunction with the open source BIMserver.

NN\ A a - Level 3
R z Level 2
Level 1

Figure 14: Test building model for system evaluation
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Initially, a number of simple CDP workflows were used to extract specific information from the BCM and
RKM to validate their correctness by manual comparison. Further tests were conducted using more complex
CDP workflows to perform calculations based on parameters extracted from BCM and RKM and compare
the result with manual calculations. ARCABIM was able to process all test CDP workflows correctly with
results matching that of manual calculations. Figure 15 and Figure 16 show screenshots of the ARCABIM
system.

For the UT scenario example, it took approximately 6 hours to model a group of 8 different CDP workflows
(including sub-processes) with approximately 80 activities in total, excluding any CDP for interfacing with
external simulation tools. The process may take longer for someone who is unfamiliar with BPMN or its
modelling tool. Although it may seem like a lot of effort to describe such a simple scenario, these CDP
workflows are reusable once developed. As mentioned earlier in this paper, a library of standard CDP
workflows can potentially be developed by an institution of engineers and published as the industry best
practice procedures for a particular design discipline. For evaluation purposes, approximately 350 lines of
RKM representing a small part of C/VM2 document were also encoded. It is estimated that the entire C/VM2
may need more than 2,500 lines of RKM to represent.

ARCABIM Automated Regulatory Compliance Audit of Building Information Models @ Q

About Help Logout

- A
4 &

Last Updated
J Dimyadi Test Project 1 T 1 08 Oct 2014

(00 L ) equivFireSeverityCalcs.xml v Upload CDP J&"=-¥1-8 No file chosen Upload

File size: 14990 bytes. Last modified: Wed, 25 Mar 2015 09:17.04 GMT. CDP Process Id:PROCESS-PO_p2007 isExecutable: true

cDF PROCESS REPORT

(EO =5 T /’<![cmm[(sn bv = 12.5 * (1 + 18 * AvOnAf - power(AvOnAf,2))) {»=18.8}]]> l

*++ EXECUTION SEQUENCE * .. | Click to edit script | Save |
=)

B § S ) o
FLED FROM RKM WHI - H n - n - n n
e 5 ¢m .

D script
B FLED

whreas FROM B

Figure 15: Screenshot of a CDP workflow representation in ARCABIM

CONCLUSION

This paper has described a practical method, developed as part of the current research, to automate manual
compliant design procedures (CDPs) using an open standard executable workflow model that can be described
graphically in BPMN. The use of an open standard graphical language to describe CDPs makes them relatively
easy to model and maintain with a set of guidelines. This method essentially allows a human designer to retain
the responsibility of specifying design procedures that lead to certain compliance paths, and for a machine to
execute those procedures accurately and consistently in a computing environment. The current research sets out
to represent performance-based regulatory knowledge in an open standard format that is amenable to computer
processing as well as being independent of the compliance audit system.

The compliance audit framework developed in the current research has the capabilities of executing and
processing open standard BPMN-compliant CDP workflows. The framework also uses the 1ISO-standard BIM
representation to convey building design information while allowing supplementary human input and
interfacing with external computational tools to enable processing of qualitative performance-based
requirements.
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Figure 16: Screenshot of a CDP workflow execution in ARCABIM

To illustrate the CDP modelling and RKM encoding process, a performance-based fire engineering design
scenario prescribed by the C/VM2 document of the building code of New Zealand has been selected due to its
unique approach to compliance, which allows for interfacing with external computational or simulation tools.
Lookup data, mathematical equations and rules, including those embedded in regulatory texts, can be formalised
and represented in RKM as illustrated.

A prototype system, ARCABIM, based on the framework that utilises the process described in this paper has
been developed and tested for correctness using a BCM representing a simple three storey building with a range
of CDP workflows and RKM representation of the C/VM2. The tool has been able to process all of the
workflows and execute the embedded instructions correctly to produce results that match that of manual
calculations. Further evaluation of the efficiency and effectiveness of the approach using a range of building
types and comparing the result with a manual fire engineering design is planned for future work. An
investigation into the use of a more generic open standard representation for legal documents that is currently
being standardised by OASIS (Organisation for the Advancement of Structured Information Standards), an
international consortium of open standards organisation (Athan et al., 2013), is also potential future work.

The open standard approach for representing CPDs and regulatory knowledge for compliance audit presented in
this paper is practical, relatively easy to implement, and is scalable for other types of regulatory document and
standards as well as non-regulatory specifications. Therefore, we strongly advocate its adoption as an industry
standard method of automating compliant design procedures to guide the compliance audit process.
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