Ref. Ares(2021)7343226 - 29/11/2021

ENergy aware BIM Cloud Platform in a COst-effective
Building REnovation Context
Project Number 820434

D3.4 Full Automated Work Planning Services (AWOPS)
Prototype

Version 3.0
09/21
Final
Public Distribution

UNIVPM
Project Partners:
ATB Bremen, TALOS RTD, Universitá delle Marche, Universidad de la Laguna, University of Zagreb,
Laurentia, SPA, SmartGateways, ETH Zurich, Junta de Extremadura, CNR-ISTI
Every effort has been made to ensure that all statements and information contained herein are accurate,
however the ENCORE Project Partners accept no liability for any error or omission in the same.
© 2021 Copyright in this document remains vested in the ENCORE Project Partners.
This project has received funding from the European Union’s Horizon 2020 research and
innovation programme under grant agreement No 820434

D3.4 Full Automated Work Planning Services
(AWOPS) prototype

PROJECT PARTNER CONTACT INFORMATION
ATB
Sebastian Scholze
Wiener Straße 1
28359 Bremen
Germany
Tel: +49 421 22092 0
E-mail: scholze@atb-bremen.de

TALOS
Melinda Kuthy
Diogenous 1, BLOCK A EGOMI
2404 LEFKOSIA
Cyprus
Tel: +35 357 224 543 33
E-mail: mk@talos-rtd.com

Universitá delle Marche
Andrea Bonci
Piazza Roma, 22
60121 Ancona
Italy
Tel: +39 07122021
E-mail: a.bonci@univpm.it

Universidad de la Laguna
Norena Martín Dorta
Molinos de Agua S/N
38071 La Laguna (Tenerife)
Spain
Tel: +34 922319545
E-mail: nmartin@ull.edu.es

University of Zagreb
Stjepan Bogdan
Unska, 3
10000 Zagreb
Croatia
Tel: +385-1-6129728
E-mail: stjepan.bogdan@fer.hr

Laurentia
Sergio Muñoz
Plaza Honduras 9, 1
46022, VALENCIA
Spain
Tel: +34 666 708 965
E-mail: sergio.munoz@laurentia.es

SPA
Terrence Fernando
RUA 24 DE FEVEREIRO LOTE 9,
5000 410, VILA REAL
Portugal
Tel: +35 193 408 2429
E-mail: t.fernando@salford.ac.uk

SmartGateways
Dulcidio Coelho
31 SACKVILLE STREET
M1 3LZ, MANCHESTER
United Kingdom
Tel: +44 779 107 2325
E-mail: dfcoelho@smartgateways.co.uk

ETH Zurich
Ajad Chhatkuli
Raemistrasse 101
8092 ZUERICH
Switzerland
Tel: +41 4463 45350
E-mail: ajad.chhatkuli@vision.ee.ethz.ch

Junta de Extremadura
Sagrario Conejero
AVENIDA DE LAS AMÉRICAS 2
06800 Mérida
Spain
Tel: +34 92 400 41 00
E-mail: sagrarioconejero@proyectoedea.com

CNR-ISTI
Paolo Cignoni
PIAZZALE ALDO MORO 7
00185 Roma
Italy
Tel: +39 6499 33038
E-mail: p.cignoni@isti.cnr.it

Version 3.0

Page 2
Confidentiality: Public Distribution

D3.4 Full Automated Work Planning Services
(AWOPS) prototype

EXECUTIVE SUMMARY
This deliverable concerns the development of the full prototype of the AWOPS service,
that is the Automated Work Planning Service and concerns the holonic management of
renovation works, which includes not only the creation of the work plan in the
programming phase, but also the update of the work plan during the execution phase.
The AWOPS full prototype has been preliminary discussed during the latest general
meeting (29-30 June 2021) of the Encore consortium. In addition, it follows and is in line
with the contents of Deliverable 1.2 “Requirements v1.0” (which includes Encore-wide
User Stories and pilot Use Cases), of Deliverable D1.3 “Concept v1.0” (where the overall
Encore cloud platform is designed and AWOPS is described as one of the Encore services
offered by the platform), of Deliverable D1.4 “Architecture v1.0” (where the architectural
details and specific needs of AWOPS are determined in order for AWOPS to be integrated
in the Encore platform as a service). This Deliverable follows lessons learned during the
development of the AWOPS early prototype reported in D3.3 “Early Automated Work
Planning Services (AWOPS) Prototype” and is in accordance with Deliverable D3.7
“Early Design BIM-aided holonic management systems for building renovation”.
The dynamics typical of production processes targeted to the renovation of buildings asks
for the implementation of a holonic management system that is able to deal with the
unexpected, and still to keep the management effort reasonable. Thanks to the definition
of stories specifically concerning AWOPS, the requirements relative to its development
have been defined. As a result, the full Awops prototype supports both the phase of
generation of a dynamic work plan and the next phase concerning the plan updating
processes, based on actual work progress that can be tracked by means of external
monitoring systems. In the first phase, AWOPS offers a web service for the transition
from product-based models of a renovation design into process-based models of
renovation works, which involves a dedicated ontology for the management of resources
associated with construction tasks, an algorithm for the automatic generation of the initial
work plan and tools to manage spatial resources and favour man-machine collaboration.
These ontology and tools facilitate even the next phase regarding the management of
works execution and continuous update of the work plan until completion.
This Deliverable D3.3 reports the development process and the features of the full
prototype, that was uploaded and is kept under versioning control in the Awops GitLab
repository. It can be intended as a guide for the use of the prototype available in GitLab,
too.
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1.
1.1

INTRODUCTION
DOCUMENT PURPOSE
The purpose of this Deliverable is to fully realize the full Awops prototype as required by
Task 3.2 of Work Package no. 3. AWOPS will go beyond the traditional activity-based
approach thanks to the application of a holonic management approach that is able to deal
with complex environments and facilitate resource interactions. Technically, this
comprehensive objective has required the development of several tools. First of all, a
service facilitating the development of process models and their connections with
complementary sources of information, such as deliverables, definitions of activities
contained in price lists and definitions of resource types contained in cost/resource
analyses. Secondly, another tool was in charge of the automated rearrangement of
information so as to set up an input file that could feed the third tool, which is a planning
service based on a stigmergic algorithm. One of the main advantages deriving from this
tool is that it is able to work out a suboptimal solution in a few seconds, hence it is suitable
for implementation in both desktop and real-time applications. The last tool made
available consists in an advanced viewer of spatial conflicts embedding an automated
conflict detection tool. It provides feedback to the planner in case different crews may be
employed in the same workspace, according to the current work plan. In case this occurs,
the planner is invited to countercheck and evaluate whether such a workplan must be
modified. Finally, the results of preliminary tests will be presented on a real scenario,
which resembles the types of renovation works to be executed in the Encore pilot
provided by the partner JEA in Caceres.

1.2

APPROACH APPLIED
The work envisaged in this Deliverable has been carried throughout four main phases:
1. A survey of holonic approaches to manage complexity that have been either
adopted or tested in the manufacturing industry has been carried out; this allowed
us to work out the operative interpretation of holonic management and to figure
out a suitable architecture in support of the application of AWOPS.
2. The analyses of stories developed during the design of the early Awops prototype
(Deliverable 3.3) and summarized in chapter 2 of this Deliverable, provided one
of the inputs for the definition of that part of the Encore workflow that is related
with work planning and that is object of AWOPS, along with other inputs such as
cooperation with other partners within general and ad-hoc meetings. This
supported the definition of involved actors and requirements for the Awops full
prototype.
3. As a consequence, the development of AWOPS included the implementation of
related webservices, which was roughly split into a front-end part and an
operations part; interfaces between these services and other units of Encore
platform; integration of computation and simulation tools wherever required.
4. Finally, the full Awops prototype modules was shared in GitLab, for versioning
control and to facilitate interactions among developers and stakeholders. In
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addition, an application example concerning the renovation of a two storey
residential building is provided at the end of this Deliverable.

1.3

DOCUMENT STRUCTURE
This deliverable is structured as follows:

1.4

•

Section 2 resumes a short description of Awops concept and architecture, and
reports on its integration within the wider holonic management approach;

•

Section 3 defines the workflow supported by AWOPS and its integration within
the information flow envisaged by the overall Encore framework;

•

Section 4 concerns the implementation of the full Awops prototype, and reports
in detail every unit constituting both the front-end part and operations layer;

•

Section 5 includes both the results of the development of the full prototype of
AWOPS and an example of application; it explicitly refers to the version available
in GitLab, provides hints for downloading and testing the uploaded modules and
shows how to apply the service for the management of renovation works in
buildings.

CONTRIBUTORS
Basically, all project partners have contributed to this deliverable with UNIVPM acting
as editor in preparing each version of the document using a collaborative and iterative
process of increasing levels of refinement. Closer cooperation was had with ATB targeted
to integration in the Encore platform and with JEA in the definition of requirements
relative to work planning.
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2.
2.1

THE AWOPS ARCHITECTURE
THE HOLONIC MANAGEMENT SYSTEM FOR CONSTRUCTION
Due to its inherent complexity, the dynamics of a construction site can be studied as an
emergent property of interactions between involved individual members, crews,
supervisors, suppliers on and off site and the environment. Indeed, the latest research
contributions have shown that project plans developed using traditional methods (i.e.
schedules) result in models that are discrete in nature and not representative of the system,
because of their failure to capture causal-effect relationships that exist among the project
variables [Alzraiee et al., 2015]. Activities cannot be considered as if dynamically
unrelated, due to the complex, dynamic, uncertain and heterogeneous nature of the
construction environment [Francis and Miresco, 2016]. As a result, a new system
architecture is required. It must be proactive, partially automated, which favours humanmachine cooperation and does not suffer from excessive computational loads nor from
communication breakdowns. The solution proposed is based on the operative
interpretation (as defined in D3.7) of the Holonic Management System (HMS)
architecture, which is made of self-organising modules.
The holon is an entity having inherent disposition for the occurrence of emergence
phenomena. The holarchy is a temporary purposeful grouping of holons into a
hierarchical relationship. The holarchy concept is particularly useful when used as a
functional structure for the expression of emergent self-organization in systems. In
particular, the holarchy can be associated to a behaviour that a system or part of it has to
perform in order to reach organization towards a goal. The use of this concept is quite
common in MAS (multi-agent system) context. The use of holons and holarchies have
become a major and effective paradigm in the context of the introduction of artificial
intelligence technology through the MAS. This historically happened first in the field of
industrial automation, in particular in smart manufacturing [Derigent et al., 2020;
Valckenaers and Van Brussel, 2015]. Holons are not agents, but agents are a good
implementation of holons in many practical cases.
The implementation of HMS in AWOPS is built on the PROSA reference architectures
[Valckenaers and Van Brussel, 2015], that are mostly based on the operative
interpretation. According to the operative interpretation, the holon embodies an operator
or an operation involving processing carried out, characterized by its own inputs and
outputs; it can be a biological individual, a machine, or even, an entire organization.
Holarchies acquire meaning through the specification of their purpose. Therefore, in the
considered context, beyond philosophical acceptations of the term, the holarchy is linked
to an objective and it undergoes an evolution towards a goal. Moreover, holarchy is by
definition a holon itself. This holon is the whole holarchy, which in turn can be a part of
even bigger wholes. The HMS approach puts together the advantages of both centralised,
layered and hierarchical control structures (i.e. good production optimization) and
heterarchical agent-based control system (i.e. collaborative and reconfigurable
production control systems), because they guarantee the inter-entities conflict resolution
and maintain the overall system coherence and objectivity resulting from the individual
and autonomous attitude of the entities. This situation usually occurs on the job site,
where there is a definite need for paradigms that can integrate the many different
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management approaches trying to go beyond activity-based planning into a holistic
model.
Besides the aforementioned advantages, HMS can provide real-time control of
construction works. In construction engineering, initial plans often provide a good
starting reference for execution, but struggle at runtime because the execution of works
is inevitably subject to uncertainty and variations. The HMS approach meets the basic
requirement of re-planning capabilities in case of disturbances and variations at run time.
In addition, no two construction sites can be planned in the same way. Hence, conflicting
objectives need to be handled by management systems, in order to adapt the number of
crews and mutual organisations, according to real boundary conditions.
To this purpose, the PROSA reference architecture, as reported in Section 2.3.1, has been
adopted to develop Awops system architecture, thanks to its capabilities of mediating
between low level and high-level decisions while sticking to a shared overall objective.

2.2

REQUIREMENTS ELICITED FROM STORIES AND CONCEPT
The requirements elicited from stories developed within D 3.3 may be clustered into three
main groups:
1. Those requirements that allow a planner (e.g. the Project Manager/Engineer) to
define processes involved in the execution of renovation works, which have been
described within a BIM model and that will be used by the planning algorithm
to work out the most efficient sequencing of activities;
2. Those requirements that facilitate retrieving the information needed to
implement the process-based scheduling of construction works, in order to
rearrange such an information into a framework allowing a stigmergic algorithm
to find out a proper work plan, either as the initial plan or as continuous update
of the current work plan during work progress;
3. Those requirements that ask for the inclusion of the spatial representation and
spatial conflict evaluation as additional inputs prior to the approval of the
baseline and keep data about work progress continuously updated, triggering the
replanning process any time new data about work progress are provided from the
job site.
The first group of requirements has driven the development of the Awops web service
that supports the conversion of a product-based representation of renovation works into a
process-based representation of those works. Basically, a planner is supported by
AWOPS throughout the analyses of the BIM model describing what renovation project
must be undertaken and can create new processes or select processes available in a library
to describe the activities that will be performed to execute those works. The
implementation developed within AWOPS complies with the following technical
requirements:
•
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facilitated by AWOPS in the process of clustering the aforementioned
components and rearranging them within several groups of construction
deliverables, which are meant as groups of building components object of
activities performed by the same crew within the same workspace;
•

in case any time limits apply to those deliverables, the planner is allowed to
associate the earliest and latest completions dates with such deliverables;

•

every construction deliverable must be associated with one process developed
within the Awops web-service using the BPMN formalism; to be noticed that one
process can be associated with several deliverables and that the planner can select
and edit processes already developed and available in a library containing
processes previously defined;

•

every process mentioned in the previous bullet point is made of several activities,
and each of the activities must be associated with that item of the price list
applicable for the renovation works of the project; this association allows the
planner to describe unambiguously the activity that must be performed; besides,
the type of involved crew is automatically attached thanks to the link between the
price list and the respective cost/resource analyses.

This approach asks for the definition of processes required to execute renovations works
and – if necessary – time limits that may apply to deliver some of the construction
deliverables object of the project. However, the planner is not asked to determine the final
sequencing of construction works to be performed, as this step is left to the stigmergic
algorithm mentioned in the second group of requirements. The main innovation
determined by such second group of requirements is that the information required to
produce a work plan is arranged into an ontology that remains unvaried in the planning
and execution phases, thus facilitating the generation of the input file during the execution
phase. As a result, the list of technical requirements met by AWOPS is as follows:
•

a stigmergic algorithm has been included in the Awops service to work out a
schedule as soon as it is required, either in the initial planning or during the
execution of works;

•

such an algorithm is fed by an input file that is built according to an ontology
that can support planning in both phases, and this reduces the overall workload
and realizes an automatic arrangement of information regarding construction
processes, involved crews, associated deliverables; this automated process of
creating inputs replaces some human actions that might be source of errors.

The third group of requirements concerns the implementation of an advanced
visualization tool including automation capabilities to check for possible spatial conflicts
that could hamper the execution of a schedule. To this purpose, AWOPS offers the
following technical capabilities:
•
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window (i.e. “2 days ahead” is suggested as the default choice) that schedule
will generate spatial conflicts;
•

in case the previous case applies, the planner is asked to confirm whether the
spatial conflict is real and to revise the suggested schedule so as to work out a
new work plan that is not affected by those spatial inconsistencies.

AWOPS was developed taking into account the requirements listed above, in the form of
a web-service that is part of the “Application” layer of the Encore platform (Figure 1),
which counts four layers on the overall (i.e. data sources, data capture, engine and
applications). As a consequence, AWOPS contains a set of services that are visible to the
main end-users, with the final purpose of creating the work plan for the execution of
renovation works and of facilitating the planner in the update phase of such a work plan
while data about work progress become available.

Figure 1: AWOPS in the overall Encore structure of the ENCORE platform (Ref. Deliverable 1.4)

AWOPS was worked out as an agile and flexible dynamic management tool, which
realizes the HMS approach and provides a partially automated tool to make decisions at
several levels, according to the specific context. Its features makes it able to self-organize,
being robust against disturbances and being able to deal with complexity.
Basically, AWOPS adopts a process-based representation and an ontology that facilitates
both the creation of the initial work plan and its update during the execution of renovation
works (Figure 2). In other words, some of the steps are automated while the remaining
steps are supported by the web-service, thus limiting the number of errors in which a
planner may bump into. The realization of this system requires that data about the
renovation project to be accomplished are retrieved from the Encore engine, where a BIM
model represents the building components to be demolished and to be integrated in the
building, so as to realize the renovated status of the building. Once this information is
available, the planner clusters the components into construction deliverables and
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associates logical work locations and any milestones with these groups. The milestones
that may be provided at this stage must include the milestones that shall be defined in the
Masterplan, such as the completion date for the whole project. AWOPS will then support
the planner (that is typically a Project Manager/Engineer) to retrieve information about
the product and the price analysis and to bind this information and the construction
processes represented in Business Process Modelling Notation (BPMN) together. By
means of AWOPS, the Project Engineer will also associate each construction deliverable
to a set of required resource skills (encoded in the resource/cost analysis source). In this
way, he will define a basket of resources that can be invoked by the resource planner.
Then, AWOPS allows the Project Engineer to invoke a planning algorithm, by passing it
an input file including all the previous information and setup, that will generate a plausible
work plan labelled as the baseline. Once a baseline has been approved, it will support replanning during the monitoring and control phases of the execution, provided that data
about the work progress are supplied from the job site. Finally, an advanced visualization
and spatial simulation tool to check spatial conflicts determined by any current work plan
is made available in order to support planners in the detection of possible unacceptable
spatial overlaps. The visualization tool will warn anytime two crews work in (even
partially) overlapping work spaces. In case this happens, a warning is sent to the planner
who is asked to make a decision about the criticality of such conflicts and to rearrange
the schedule so as to work out a feasible work plan.

Figure 2: Schematics of the AWOPS concept.
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2.3
2.3.1

ARCHITECTURE
The reference holonic architecture: PROSA
The reference architecture customized for AWOPS is called PROSA, standing for
Product-Resource-Order-Staff Architecture, as it was successfully applied in the
manufacturing industry to set up adaptable and highly flexible management systems, still
providing a clear and effective decision making process [Valckenaers and Van Brussel,
2015; Van Brussel et al., 1998]. It is made of four basic types of holons and three basic
types of interaction.
The four basic types of holons adopted in the PROSA reference architecture for
manufacturing systems are (i) order, (ii) product, (iii) resource and (iv) staff holons.
Holonic systems operate in a defined world of interest, that is the part of reality in which
the execution operates. Order holons are instantiated by product holons: product holons
provide order holons with knowledge about processes suitable to create proper sequences
of tasks for producing orders. Given the task list, resource holons are able to search for
feasible resource allocations and select the most attractive one among available candidate
alternatives. Then, they are in charge of accomplishing tasks and of keeping their internal
state synchronised with the work progress through appropriate information inputs, such
as sensor readings. Staff holons can provide the other holons with expert knowledge about
certain aspects of their decision-making, even though they only provide advice and basic
holons are still responsible for taking final decisions. The role of holons can be played
either by agents of a cyber-physical system or by human agents.
In addition, the three types of interaction can be recognised as follows:
•

Product-order interaction, in which order holons interact with their
corresponding product holons on how to correctly execute their tasks by using
certain resources. In other words, product holons provide order holons with all
the possible subsequent operations, and order holons keep track of the task
being executed.

•

Product-resource interaction, in which product holons provide resource holons
with technological aspects to correctly process an order, e.g. the necessary
process parameters to perform an operation.

•

Resource-order interaction, in which resource and order holons mainly interact
to commit operations to the resources. To this purpose, resource holons provide
order holons with the results of virtually executed operations and reserve
capacity when requested. Once a task is executed, resource holons inform order
holons about the execution result and progress. Hence, from the interaction
between the various holons the desired coordination and control emerges in a
self-organising way.

In order for the above-mentioned interactions to be effective, order holons must be able
to reserve resources so as to meet overall project objectives. In other words, holons must
interact while seeking better organisation. Hence, the way the system evolves is the result
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of the interaction of many components and decisions made at both a local and global level
to pursue some kind of project objectives. Thus, the overall system evolves according to
an emergent behaviour because there is no pre-determined or analytical solution.
2.3.2

Architecture of AWOPS
As already mentioned in sub-section 2.2, AWOPS is part of the “Applications” layer of
the ENCORE Architecture (Figure 1), which includes the Encore applications visible to
end-users, and finalized to support them over the lifecycle of the renovation project. The
Awops Architecture is depicted in Figure 3. It is made up of four units:
1. Processes and tasks definition: this unit includes the BPMN editor to create
process models or edit process models included in the Awops library; it includes
the editor of construction deliverables and a web-service to retrieve and navigate
price lists; it includes tools to link processes with deliverables, processes with
items of the price list, crew types with items of the price list.
2. Planning: this unit includes the web service to visualize the complete list of crew
types involved in work execution, as related with construction deliverables,
processes and activities defining the technical approach to perform renovation
works; in addition, through AWOPS an API can be invoked to trigger the
stigmergic algorithm that generates work plans; this unit includes the service
available for crew leaders to provide – even asynchronous - inputs about the work
progress at regular inputs.
3. Simulations: this unit has been developed within a gaming environment to import
the current schedule and check whether any spatial conflicts occur within a
predetermined time slot (the default value is set at 2 days ahead); the result of this
check can be exported to the advantage of the planner that is in charge of either
changing or confirming the current schedule.
4. High-level decisions: this unt allows project manager and engineers to interact
with AWOPS, even during work execution, and exposes the API (mentioned in
bullet point no. 2) to invoke the stigmergic planner and to update the current
schedule.
The interface with the rest of the Encore portal is provided by a REST API. As a result,
Awops architecture exploits a REST API (Figure 3) to import a BIM model (e.g. one ifc
file) and a list of components (e.g. two csv files) to be built and demolished in the existing
building to accomplish renovation works. The first unit of AWOPS will assist the planner
(that is typically the project engineer) across the definition of deliverables and their
associations with processes. While defining deliverables, the components to be built or
demolished are clustered so as to create groups made of components that must be handled
by the same crew within one only workspace. The association with processes is important
to determine the sequence of activities to be performed, which are later associated with
the items of the concerned price list and – in turn - with resource types that are required
to perform those activities. These data are then rearranged within the second module of
AWOPS in a fashion that includes the crew types involved, the list of deliverables they
have to take care of, the list of activities, associated price lists with unit of measurements,
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amount of work to be performed, productivity figures and expected times. This is
rearranged as a JSON file that is input for the planner service that works out a feasible
work plan.
The several modules of AWOPS (i.e. micro services and web user interfaces) have been
built and assembled in order to be able to retrieve data about the product from the
information model in the Encore platform, plus other data that are necessary over the
planning phase from different sources (e.g. price lists and associated resource availability
stored in dedicated repositories). Then, the person in charge of planning, which is usually
performed by the project manager and project engineer concurrently, is supported in the
task generation (which is made in the form of segments of business models which
represent portions of Gantt charts) and this information is passed over to the tools
available for the generation of the work plan. Research in manufacturing found that
stigmergy is the best approach to simulate the possible future development of systems
made of agents, because it is capable of incorporating non-local information while
employing only local reality-mirroring components. Even from a computational point of
view, stigmergy is a very efficient approach: although it usually provides a sub-optimal
solution, it is able to provide a feasible solution in short time by looking for a local
adjustments w.r.t. the previous one. The resulting schedule is then validated from the
point of view of spatial resource utilization. The advanced simulator and visualization
tool embedded in the third unit allows to check whether any spatial conflicts might be
generated between crews working in overlapping workspaces. In case this occurs, crew
leaders are called to coordinate their activities. The planner is involved just in case the
negotiation between crew leaders has been unable to find a feasible review of the plan
(that is to say: high-level decision making is involved just in case it is absolutely
necessary). Once the work plan is approved, it will act as the baseline for construction
works. During the execution of works, crew leaders are provided with a web app that will
transfer figures about the work progress they claim at the end of each day into AWOPS,
so as to update the amount of work remaining to be performed and to trigger again the
planning service. This process is repeated until all renovations works have been
accomplished.

Figure 3: AWOPS Architecture.
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AWOPS architecture resembles the basic features of PROSA, as reported in sub-section
2.3.1 and depicted in Figure 4. Each class of Figure 4 defines a type that is instantiated in
AWOPS in different agents (objects or actors). The staff holons are human actors that
support the creation of the product and order holons: they provide expert knowledge in
the initialization of the renovation project, in the definition of construction methods and
in the formation of construction deliverables. The staff holon is asked to provide also an
available basket of resources (instances) for the planner. Then, the staff holon is enabled
to associate them with its construction method. Once the staff holon assembles the
product holon corresponding to the whole renovation project, this product holon generates
the order holon by extracting all deliverables to be produced, activities to be performed,
resource types, amount of work and estimated durations. These product holons, in turn,
generate all their instances as new order holons that form the whole renovation project.
When all these tasks have been performed, the project order holon triggers a virtual or
real execution of the works. The virtual execution asks delegate resources (i.e. an antcolony resource holon and a spatial simulation resource holon) to generate a feasible
workplan. Indeed, once any plan is available, and after the staff holon validates the plan,
the real resources are involved to execute it. During construction works, resource holons
provide feedback about their status and work progress. It must be noticed that staff holons
are involved at the service setup phase and just in case new processes must be defined.
Subsequently, staff holons are involved only if there is an explicit request sent by other
holons, e.g. any resource holons (i.e. cooperating crew leaders) that cannot find a viable
solution at the local level. An important feature offered by this tool is the integration of a
set of complementary simulation tools, which add to the simulation tool used for
planning. They can be used to accurately estimate some variables affecting the execution
of works, such as those ones that can be provided by a spatial simulator. In other words,
a set of co-simulators can be integrated in AWOPS, in order to enhance its reliability and
performances.

Figure 4: Mapping between PROSA architecture and the architecture of AWOPS.

Version 3.0

Page 17
Confidentiality: Public Distribution

D3.4 Full Automated Work Planning Services
(AWOPS) prototype

3.
3.1

ANALYSIS OF THE WORKFLOW
INTEGRATION IN THE OVERALL ENCORE PLATFORM
AWOPS exchanges information with the Encore platform in order to support planners in
the generation of the baseline (Figure 5). More specifically, the planner starts the Awops
GUI and uploads data about the final renovation project, which is called the appointed
study that is stored in the Encore platform. Then, he can use AWOPS to define
construction deliverables, develop construction processes and associate them with
resources and other relevant data useful to work out the baseline. These steps are
described in detail in Chapter 4 and showcased in Chapter 5. During this process, AWOPS
uploads the baseline and resources committed on the Encore portal. This baseline shall
be updated during the execution of works, as a consequence of variations that have been
detected from work progress monitoring. Work progress shall be provided either as the
percentage of work done by every active crew and is uploaded in AWOPS by means of a
dedicated API. In addition, other relevant operations supported by AWOPS for the benefit
of the use are (i) visualization of workspaces occupied by crews and (ii) production of the
list of spatial conflicts; (iii) planning service based on a stigmergic algorithm to work out
a new work plan anytime an update about the work progress is provided.

Figure 5: AWOPS sequence diagram.

3.2

THE WORKFLOW SUPPORTED BY AWOPS
The new workflow realized by AWOPS is depicted in Figure 6 and determines several
advantages with respect to current practice in renovation works. The first positive
innovation is that the planner is facilitated in the description of construction processes for
the execution of works. Moreover, these processes are associated with the items of the
corresponding price lists and with crew types that must be involved in work execution.
Then, AWOPS automatically re-arranges all the information within a structured file that
is also the input of the planner service that is based on a stigmergic algorithm and is in
charge of the update of the work plan, even considering the actual work progress. In the
planning phase, when a baseline is required, work progress is set to zero for every activity.
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The latest version of the work plan is stored in AWOPS and is also sent to the Encore
portal at every update.
Then, during work execution, crew leaders are enabled to update the progress of the work
that has been accomplished by the end of the day. This is another big advantage offered
by AWOPS. In fact, crews can cooperate asynchronously thanks to this approach, and the
enabled cooperation is in accordance with recommendations developed within the lean
construction community, such as in the last planner system approach. Any time new data
about work progress are provided, the project manager(PM)/engineer(PE) can invoke the
planner service to work out a new schedule; when satisfied, the plan must be approved
by the PM/PE and committed for execution. Periodically, e.g. at the end of the day, the
crews can check for possible future spatial conflicts by using the spatial simulator that
loads available IFC files and current schedule and looks for potentially critical spatial
conflicts. In case at least one critical conflict is detected, the PM/PE is involved to check
whether any change in the work plan must be made. In the opposite case, no warning is
sent and the work goes on as planned.
This workflow makes the overall process holonic, because resources (i.e. the planner and
crew leaders) are required to cooperate just in case a conflict is detected; in case the
system does not detect any conflicts, high level decision are not required and the process
continues. Another holonic feature resides in the capability of this management system
of responding promptly to feedback about work progress monitoring sent from the job
site.

Figure 6: Workflow supported by AWOPS.
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4.
4.1

DEVELOPMENT OF THE AWOPS PROTOTYPE
OVERVIEW OF AWOPS
Figures 7a and 7b depict the processes involved in AWOPS by means of storyboards,
with particular emphasis on the phases interesting for the end-users, that make the first
lane of the diagram. The top line of the storyboard summarizes the user interfaces, while
corresponding operations are described in the bottom lane. The overall technology is
made up of a Web GUI that integrates several services to drive planners across the
planning processes in the programming and execution phases of renovation works. The
process starts with the user login that is allowed to invoke an API returning the list of
available appointed study in the Encore portal. Once one of the projects is selected, the
user (e.g. project manager or project engineer) is allowed to import the ifc files of the
renovation project (i.e. existing and renovated scenarios) and the list of objects that make
up those objects. This list of objects facilitates the user in the definition of construction
deliverables, that is part of the second phase. Every group of deliverables includes objects
that will be handled (i.e. demolished or built or assembled) by the same crew and within
the same work location. As a consequence, in this phase the user exploits his/her expertise
to define the basic information regarding the work execution phase. In the third step the
Web GUI supports users in several steps. The first step concerns the generation or editing
of those processes that describe how works will be managed operationally and will link
processes to the interested deliverables. Every process is made of a set of activities
defining detailed operations and of relationships between activities, even regarding
different processes. In the second step, the user is asked to pick out the items of the
applicable price list. It depends on the project and on the type of commitment and is made
available by means of a dedicated web service included in AWOPS and a customized
extension of BPMN, that best define the technology and operational approach to be
followed for the execution of every activity included in the aforementioned processes.
The third step is automatic (i.e. performed by AWOPS) and regards the association of the
type of resources in charge of every activity, that is derived from the association between
the selected price list and the corresponding cost/resource analyses. The fourth phase is
performed automatically. It instantiates the previously defined processes according to the
number of construction deliverables to which have been associated. As a result, the
complete list of activities is provided and the user is asked for checking and confirmation.
In the fifth phase, the user is allowed to pick out those resources that will be shared by
crews within the same construction site and to confirm the other resources assigned at
task level. The result is displayed as a hierarchical list of crews, other resources, activities
and processes in the sixth step. Once this list is confirmed, AWOPS produces a JSON
document that accommodates all the information and this is posted as input for the planner
service embedded in AWOPS and running a stigmergic algorithm. The resulting baseline
will be used as the reference work plan to manage work execution. Prior to work
execution and during the execution, every new baseline that is generated by AWOPS is
checked by the PE/PM also using a spatial conflict simulator, that produces a list of those
workspaces experiencing any conflicts, in order for the user to make a decision about the
necessity to change the baseline based on this feedback. During work progress,
monitoring of the actual progress is expected to be provided by crews involved in the
execution by means of an external service which sends data to AWOPS through a REST
API. These data will populate the input file of the planner service, which can be run again
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to work out a new feasible work plan. The result can be checked again by the spatial
conflict simulator until the user can confirm the new updated schedule, which is then
appointed as the current one. This update process based on the concurrent work of the
Awops user and Awops services will realize an asynchronous cooperation that adjusts the
work plan as a response to variations experienced during renovation work execution.

Figure 7: The Awops storyboard.
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4.2

THE UPLOAD REST API
A REST API gives the ENCORE platform the opportunity to upload information onto
AWOPS. In particular, this is used by other components of the Encore platform in order
to share the IFC files of the appointed study with the Awops component. When the REST
API is invoked with a new IFC file, the reference of the current project is passed, thus the
REST API can obtain the detailed information of the project from the Ecnore API in order
to realize an integrated environment where information is continuously updated as they
change. A more detailed description of how the Awops REST API is used is given in
Deliverable 5.2 “Full Prototype”.

4.3
4.3.1

THE AWOPS WEB GUI
Project initialization and generation of PBS
AWOPS complies with the series BS EN ISO 19650, with particular reference to BS EN
ISO 19650-1 [ISO 19650-1, 2018]. Within this framework, AWOPS focuses on project
execution and delivery, and enriches a Common Data Environment collecting data related
to the renovation design and execution under consideration. Irrespective of the BIM
platform that is used to develop the renovation model at the design phase, AWOPS must
import an open format file in the published state that describes the renovation design, that
in Encore is labelled as “appointed project”. Among the available MVDs provided by
BuildingSmart (http://www.buildingsmart-tech.org), the one that was used to exchange
this type of information from the Encore platform into AWOPS is the IFC2x3
Coordination View, which has been officially accepted and has known widespread use
among BIM software tools.
In addition, as Encore is dealing with renovation projects, it is expected that every project
at the design phase includes both the existing and the future state of the building. Indeed,
the EIR will define how many coordination views are available for the project. Anyway,
at least two coordination views must be provided needed, that is the coordination view
regarding the “existing” phase of the building, and the coordination view regarding the
“new” or “renovated” phase of the building. These two views are expected to be provided
from the Encore platform to the user of Encore. After logging in with his/her credentials,
the user selects one of the available projects and clicks “choose” in order to upload it. If
the project does not exist yet, it creates a new one using the “Project” menu. When
generating a project, a set of metadata should be specified (e.g. name, company, creation
date, update date, start date, due date, storage folder, and the URL of the pricelist to be
used). Once this step is accomplished, the next step regarding the upload in the project of
at least two IFC files is ready: one file describing the existing scenario, and another file
describing the final outcome as devised by the appointed study. Next, the user can upload
a CSV file containing the list of new products added by the appointed study as well as a
list of products to be demolished. This CSV file can be produced by comparing the
existing and the new IFC file, using existing state-of-the-art tools, such as for instance
IFC Web Server or any other available tool. Once the CSV file containing the differences
between the existing and the new IFC file is uploaded, it is converted into a document of
the graph database in the backend. Once the list of new and demolished products has been
loaded, the user begins to group them in the groups named “deliverables” (Figure 8): a
deliverable contains one or more products to be executed in the same workspace (e.g. a
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specific window along with its frame) by the same type of crew and each deliverable is
linked to a BPMN process as reported in sub-section 4.3.2. The list of deliverables makes
up the so-called flat PBS.

Figure 8: Project initialization and list of deliverables.

Since AWOPS integrates data sources with different data models and coming from
different ontologies, a multi-model database was set up in support of AWOPS and of the
queries that must be performed within its processes, namely ArangoDB [ArangoDB,
2020]. The selection of a multi-model database allows the user to manage polyglot
persistence in the same datastore (which is inevitable in the construction supply chain),
rather than performing complex orchestration of the switching between different
databases that would be needed by the different types of models over the several phases.
The advantage provided by ArangoDB is that it supports multiple data models, such as
key-value, document, graph, SQL, and everything on one core system using a single
unified query language. As a result, AWOPS will be supported by a database having one
core, one query language, but multiple data models. It is accepted by the scientific
community that the use of multiple single model databases may lead to data consistency
issues and duplication issues. The multi-model database is superior in the following
respects:
•
•
•

it is coherent with domains involving multiple types of data models, such as
construction;
it easily adapts to domains where requirements change over time;
it saves the effort that would be required to orchestrate multiple databases.

ArangoDB makes key-values, documents and graphs coexist seamlessly. Here documents
are stored as JSON documents; graph data can be stored as split into a first JSON
document representing vertices (i.e. a first collection) and a second set of JSON
documents implementing edges (i.e. a second collection); key-value pairs are naturally
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JSON. Once the data for the three data models are unified, a common query language is
implemented, so as to allow users to express queries either as a key/value lookup, or as
“graphy queries”, or even as a combination of the two aforementioned approaches.
4.3.2 Development of BPMN
AWOPS adopts an integrated process-based simulation tool to the purpose of planning
renovations works. Although this approach is quite new in the construction industry, the
work performed in Encore was meant to provide convenient simulation tools with lowcost entry for construction industry, which is crucial to promote a wider adoption of the
simulation-based approach in the construction industry. The resulting simulation
framework offers many features facilitating the practical application of this approach.
Once Business Process Modelling and Notation (BPMN) process models are used to
describe the logic of activities and transformation processes, part of them may be reused
as sub-process templates for future renovation projects, thus speeding up the next
modelling effort. Also, the logic underlying the BPMN helps define a flexible schema for
resource combinations prior to simulation and development of the baseline. Geometrical
information about the products to which WBS tasks are referred, can automatically be
extracted from the multi-model database, which is a quearable graph-based structure.
Once the construction has started, the simulation model can be enhanced with feedbacks
on resources and equipment usage from the site and the same tool can be used to easily
display the actual progress of activities. Some of the technical features owned by the
system under development and related to the Awops service are the (i) quite high level of
standardisation, (ii) high computing capabilities, (iii) possibility of re-using simulation
models or sub-models. Thanks to this approach, the knowledge of the user in charge of
planning will be identified, captured, documented and shared in the form of best practices
of construction applied to a renovation project.
The most important tool used to this purpose is the process modelling tool which is based
on the BPMN, giving as main outcome the logic of production and logistics operations.
The Web service depicted in Figure 9 was built on top of the BPMN editor provided by
AWOPS. Special BPMN extension elements were developed in order to define resource
requirements, special constraints describing both the hard and soft logic of the
construction process, connections between lanes describing different sub-processes. The
graphical representation of BPMN makes models easy for stakeholders to understand,
and the formal specifications in XML allows users to transform process models into
simulation models automatically and with no ambiguity. Simulation models will then
provide additional information allowing the finalization of BPMN processes for the
construction phase that optimize the usage of resources and equipment. Every “lane”
developed within the Web application depicted in Figure 9 is referenced with the
corresponding element of the flat PBS reported in Section 4.3.1. This information is
exploited by the planner service for the development of the baseline. As compared with
traditional techniques (e.g. Gantt charts, PERT diagrams), this process-based simulation
approach provides a number of benefits to improve the planning outcome, such as:
•
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•
•

allowing the planner to test the output of many “what-if” scenarios, which can be
generated in short time by invoking the planner service;
taking immediate corrective actions in case of unexpected changes during the
construction phase.

Figure 9: View of the Web service used to develop the processes in BPMN.

4.3.3 Activities

Figure 10: Automatic generation of activities.

In this phase, the tool exploits the link between BPMN tasks and price list activities.
Indeed, for each deliverable associated to a process, this phase instantiates a different
copy of each task in the BPMN process, denoting the fact that each task of the given
process must be executed on the specified deliverable with its resources (e.g. time, crews,
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equipment). Each instantiated task is called activity, and each such activity can report:
size, unit of measure, start date and due date. The size and unit of measure express the
amount of work required by that activity. The start and due date will be passed to the
planner in order to create a time constraint for the specified activity. Once the activities
table is finished it must be accepted using the dedicated button, and this will populate the
main table in order to compute the crews and, ultimately, to invoke the planner (Figure
10).
4.3.4 Definition of process crews
This step takes advantage of the link between BPMN and price list code for activities,
and of the link between activities and cost analysis specifying the resources (human
resources, equipment, materials) required to accomplish the activity itself. Indeed, the
price lists share a hierarchical structure that can be navigated by the user, or its nodes can
be searched using keyword matching.
Once the table of activities has been accepted in the previous step, for each process task
the information of the smallest crew required to accomplish the task is taken, and the
crews of each task are “joined” together in order to form the (minimal) crew required in
order to accomplish the overall process (Figure 11).
The information about resources defined at this stage as well as the list of tasks taken
from the BPMN, will constitute the core of the JSON document sent as input to the
planner, which is structured as follows.
•

•

•
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site:
o name: String
o unitCost: Decimal
o startDateTime: DateTime
o dueDateTime: DateTime
o currency: String
o timeUnit: String
o distanceUnity: String
calendar:
o weekdays: List of Objects
▪ weekDay: Integer
▪ dayName: String
▪ workingHours: Integer
▪ workingTimes: List of Objects
• from: Time
• to: Time
deliverables: List of Objects
o id: Integer
o guids: List of String
o name: String
o size: Object
▪ value: Decimal
▪ unit: String
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•

•

o location: Object
▪ façade: String
▪ level: Integer
o startDateTime: DateTime
o dueDateTime: DateTime
activities: List of Objects
o id: Integer
o priceListCode: String
o name: String
o deliverables: Integer or List of Integer
o startDateTime: DateTime
o dueDateTime: DateTime
o size: Decimal
o start: DateTime
o end: DateTime
o progress: Integer in range [0,100]
o conditions: List of Integers
o crew: Object
▪ crewID: Integer
▪ unitLabour: List of Decimal
operationalResources: Object
o workers: List of Objects
▪ id: Integer
▪ priceListCode: String
▪ name: String
▪ unitCost: Decimal
o equipment: List of Objects
▪ id: Integer
▪ priceListCode: String
▪ name: String
▪ unitCost: Decimal
o crews: List of Objects
▪ id: Integer
▪ speed: Integer
▪ name: String
▪ workers: List of Objects
• id: String
• quantity: Decimal
▪ equipment: List of Objects
• id: String
• quantity: Decimal

4.3.5 Resources
At this stage, the user can see the cost of each resource when applied to each activity of
each deliverable in the PBS. This constitutes indeed a summary of the costs of resources
employed in the project, as shown in Figure 12.
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Figure 11: Definition of process crews.

Version 3.0

Page 28
Confidentiality: Public Distribution

D3.4 Full Automated Work Planning Services
(AWOPS) prototype

Figure 12: Crew amounts and assignment to deliverables.
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4.3.6 Planner and ACO
The simulation takes place in AWOPS by invoking a Matlab™ simulation environment.
It assumed that the inputs are provided as a JSON document. Then, a stigmergic
optimisation algorithm based on Ant Colony System is adopted, in order to perform
simulations necessary for the “what-if” analysis supporting the choice of the best work
schedule by the Project Engineer.
The basic Ant Colony Optimization (ACO) idea is that a large number of simple artificial
agents are able to build good solutions to hard combinatorial optimization problems via
low-level based communications [Gambardella et al., 1999]. Even if, when a solution
exists, this algorithm is able to find a global optimum to the optimization problem, its
first advantage is that it is able to find a feasible sub-optimal solution in a finite time: the
longer the time available for computing, the more accurate the solution is. The second
feature of the algorithm is that successive solution searches start from the last one and
tries to keep alternatives close to it. This is an important requirement when planning
activities since successive adjustments due to unpredictable events should try to maintain
as much as possible the previously agreed plan.
To sum up, in the stigmergic approach the following steps are performed:
•
•
•

in the absence of any signs in the environment, ants from an ant colony perform a
randomised search for food;
when an ant discovers a food source, it secretes and drops a substance called
pheromone on its way back to the nest while carrying some of the food; the
pheromone trail evaporates if no other ant deposits fresh pheromone;
when an ant senses a pheromone trail, it is urged by its instinct to follow the trail
to the food source and then deposits pheromone trails itself on its way back to the
nest.

This stigmergic approach is adopted to the purpose of AWOPS by adapting the
optimization algorithms used in literature for the Vehicle Routing Problem (VRP): the
search is performed by an artificial ant colony designed to try to optimise a cost function
associated to the tour that covers all the customers. The optimization problem here
consists in the following:
Optimization problem: allocating and scheduling resources for the given production
tasks while minimizing a cost function that represents the overall cost for the
construction company and complying with the given time and technological
constraints.
The resource base adopted by the planner is the crew, that is formed by a given size of
equipment and workers. A customer corresponds to a single activity of the overall
construction process; an activity is a task instance performed on a specific deliverable.
The admitted time window can be differentiated for each activity according to the external
constraints on the several deliverables (e.g. earliest start and latest completion dates
established within the flat PBS) and the specific productivity and costs can be set for each
crew that performs a specific task. Eventual setup times needed by the crews for moving
among work locations are summarized in a setup-time matrix that also includes an
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eventual passage through the depot. These distances can be computed by an external
spatial simulator or adjusted manually.
The computation of costs is generalised with respect to the VRP problem: direct costs
include those costs that are generated by moving between deliverables, waiting for work
(e.g. because previous tasks have not been accomplished in the next location) and
operation (according to productivity). Furthermore, indirect costs were added, which
depend on the total elapsed time; they are given by the tangible assets used in the
construction site, safety charges, rents.
One colony of ants is needed for generating the whole construction schedule. Each ant of
the colony tries to perform all activities of the assignment by using the available crews
and by following the correct operation sequence as specified in the BPMN process
representation. Given the set of available resources, the ants try to find feasible schedules
for all the activities and leave pheromones on their way back based on the total cost of
the found solutions. These pheromones will help other ants in the future to find new
feasible and possibly good solutions. The algorithm is structured to allow future
implementation of multiple ant colony systems that automatically also modulate resource
quantities to further optimize resource allocations.
Another improvement made with respect to the original ACO algorithm, is the ability to
dynamically replan for addressing run-time updates of the input information: the best
solution found is re-evaluated, compared, and updated at each iteration to allow for
dynamic re-planning if unexpected events occur.
The algorithm loads work progress and last generated pheromones from the input
document, then starts to generate 𝑚 ants. Each ant starts from the last activity 𝑖 that has
been executed, if any, and computes delivery time for the others. A heuristic penalty is
computed based on the remaining time for each activity with respect to the associated due
date: the ones with the closest deadline are favourite. Attractiveness of the possible
activities is then computed based on the penalty 𝜂𝑖𝑗 and the pheromones 𝜏𝑖𝑗 proportionally
𝛽

𝛼
to 𝜏𝑖𝑗
⋅ 𝜂𝑖𝑗 with scalar exponents 𝛼, 𝛽. This attractiveness is then modulated by the
feasibility constraints for excluding not feasible activities (because they have been
already done, current time is not compatible with their time window or preconditions have
not been completed yet). The resulting probability distribution is used for randomly
sorting out the next activity.

When an ant has explored the whole set of activities, the cost of the solution 𝐽 is evaluated
together with an update of the cost associated to the best solution 𝐽 𝑔𝑏 obtained at that
moment. By comparison, the updated best solution is determined, and the pheromone trail
matrix is updated both locally by 𝜏𝑖𝑗 = (1 − 𝜌) ⋅ 𝜏𝑖𝑗 + 𝜌 ⋅ 𝜏0 and globally by 𝜏𝑖𝑗 =
(1 − 𝜌) ⋅ 𝜏𝑖𝑗 + 𝜌/𝐽 𝑔𝑏 . Future ants will use this information to generate new solutions
around the best solution. The process is iterated generating again 𝑚 ants until a
termination condition is met.
For running a planning task in Matlab™, a proper JSON input file (here named as
‘ACOin.json’) must be provided together with the desired number of iterations
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(iterations) to run before to get results. The number of iterations is an integer number
greater than 0: the higher the number of iterations is, the better the provided solution
(result) is, the longer the computation time is. A reasonable value for iterations is usually
between 10 and 100. The json file ACOin.json must be provided with the full relative or
absolute path. The structure of the JSON input document “ACOin.json” is described in
Section 4.3.4.
For each call of planner script, the simulation results are stored inside a dedicated folder
together with the input file. The output document ‘out.json’ is a json file that includes the
ACOin.json data augmented with two objects: the best solution obtained at the end of
simulation together with the pheromone trails and the baseline formatted as a gantt chart
compliant to DHTMLX Gantt format as follows.
•

•

BestSol: Object
o cost: Decimal
o task: List of Objects
o crew: List of Objects
o departureTime: List of Decimals
o startTime: List of Decimals
o endTime: List of Decimals
o overhead: Decimal
o BestCost: List of Decimals
o Tau: List of List of Decimals
baseline: Object
o data: List of Objects
▪ id: String
▪ type: String
▪ text: String
▪ open: Boolean
▪ start_date: Date String
▪ end_date: Date String
▪ parent: String
▪ planned_start: Date String
▪ planned_end: Date String
▪ duration: Decimal
▪ progress: Decimal
o links: List of Objects
▪ id: String
▪ source: String
▪ target: String
▪ type: String

A REST API has been developed using NodeRED by means of an asynchronous
POST/GET mechanism (Figure 13). To invoke the planner, a POST request must be sent
to the “http://NodeREDurl/aco/run” by providing the following key-value pairs in the
message body: iterations=<number_of_iterations>, data=”<ACOin.json>”. As a reply,
the service will respond with a json document with the unique ID automatically generated
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for the ongoing simulation: {"id": “<unique_id>”}. This ID must be used as parameter
for the subsequent GET request for results: http://NodeREDurl/aco/result?id=<ID>. The
results are provided after the GET request as a JSON file structured as explained above.

Figure 13: NodeRED flow that implements the planner REST API

Figure 14: The Awops GUI in which the ACO-based planner is executed

4.3.7 Management of work execution and spatial conflicts
As depicted in Figure 6, during work execution AWOPS will manage the control of
deviations from the work plan, monitored by means of data provided by any external
services, that can be a Web App provided to crew leaders or direct input in the Odaws
service about the progress of their respective activity on a regular basis (e.g. daily). As a
consequence, AWOPS performs three actions to support users in the project control
phase:
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•

Visualization of the work progress in the BPMN execution window;

•

Update of the work plan by triggering the planner service;
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•

Detection of possible spatial conflicts, for supporting the decision made by the
planner in charge of the approval of any new version of the work plan.

In fact, even in the execution phase the adoption of simulation models as BPMN processes
allows users to control the current progress of activities and involved relationships.
Technically, the BPMN/XML formal specifications of construction related processes
described using the modeller in the Awops Web service will be executed by the BPMN
engine (Figure 15).
Besides this tool, the data about actual progress of the work to be performed by crews
coming from the field through an external service will be sent to AWOPS by means of an
API. As shown in Section 4.3.4, the input document for the planner includes all activities
and, for each of them, the current work progress expressed in % of the work due. That
value is used by the planner for establishing the activities that must be assumed as done
when starting a new search for a solution. The new search campaign will use also the last
values of pheromones as starting condition, therefore the new solution will possibly stay
close to the previous one. The advantage is that plan changes are introduced only if strictly
necessary.
Finally, the planner service will produce an updated version of the work plan, which takes
into account the actual progress, waiting for the approval of the user/planner that is then
provided with information to make decisions at runtime about changes that may be needed
to steer the process as smoothly as possible.

Figure 15: The Encore GUI where the BPMN is in progress.

Every day, crew leaders can use the spatial conflict simulator to check eventual conflicts
within a defined time horizon (default value is 2 days ahead). Input to this simulator is
the latest version of the work plan, that is in charge of the planner service mentioned
above, and the IFC model of the renovated building. The crew leaders can check whether
any plan change is needed and, in the positive case, they must activate a cooperation with
the involved crews in order to try to locally solve the problem or, if required, by involving
the planner.
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The spatial simulator service is an external service developed within Unity3D
development environment. The organization of the scene is depicted in Figure 16, while
its use at runtime is shown in section 5.1.4. It is made of four main units:
1. A gltf importer that loads onto the scene with the latest version of the IFC model
of the building being renovated;
2. A JSON importer that downloads the latest version of the work plan worked out
by the planner service and approved by the user in charge of project control;
3. An engine generating one workspace for every deliverable in progress at the date
of the simulation; the workspace is a volume including all the products that have
been associated with the activity performed by every crew at which a space offset
is added to satisfy operational needs;
4. An engine to check spatial conflicts by intersecting workspaces and filtering out
those conflicts that are not eligible – such as two workspaces assigned to the same
crew; the outcome is a list of conflicts, each of them including the interested
workspaces, the date, the involved crews and deliverables. The degree of
interference is also calculated based on the amount of overlapping volumes
related to the total volume of the smaller workspace. This helps to distinguish the
most critical situations from just apparent overlaps.
The advanced navigation features of the game engine help users to easily locate the place
where these potential conflicts take place and facilitate the decision to be made about
which ones must be managed, e.g. by means of a variation in the current work plan.

Figure 16: The Unity3D interface to visualize spatial workplaces and conflicts
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5.

IMPLEMENTATION
The full prototype of AWOPS was developed and showcased on a case study that is
similar to the pilot expected to be tested in Caceres and provided by the partner JEA about
renovation works execution. In addition, developed software modules are being kept
under versioning control in the GitLab platform.
AWOPS is implemented as a set of micro-services and web user interfaces (UIs) to be
embedded in the overall ENCORE platform. AWOPS can exchange information with the
Encore platform by means of RESTful API interfaces. The Awops web UIs exploit the
Encore platform identity and user management API service in order to restrict the access
to confidential data.
The Awops GUI is designed using HTML5 and JavaScript using NodeJS and integrating
different graphical components of third-party JS libraries:
•

Bootstrap to design flexible web user interfaces;

•

DHTMLx to handle the scheduler and the GANTT chart. It is available under
GNU GPL license or Professional licenses;

•

BPMN-JS to create, embed and extend BPMN diagrams in a web app. The
resulting diagrams can be also run on a Camunda engine for managing processes
during execution. It is extensible, embeddable and open source on GitHub.

The Awops REST API is based on NodeJS and the Express library, handling URLs that
implement the usual GET, POST, PUT, DELETE methods of HTTP.
The architecture is deployed as a system of microservices, most of which isolated on a
single docker container:
•

the Awops GUI and REST API;

•

Arango-DB: it stores the workflow model;

•

MATLAB: it wraps the implementation of the planning algorithm (not yet
deployed as a docker container);

•

Node-RED: it allows to build a REST API wrapping the MATLAB model of the
planner, handling the asynchronous calls towards the latter;

•

Price list: a Python-based webservice for managing different sources for price
lists and allowing to navigate and search products in the price-list itself; the price
lists service interacts by means of an API REST.

It is worth mentioning that the price list web-service has been implemented as part of the
Encore platform, but its design and implementation details are not covered here. More
details on the design and implementation choices for the price list web-service can be
found in the README file within the GitLab repository hosting it.
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All the source codes and documentations of the implemented services have been hosted
on GitLab repositories for versioning management and control and for easily sharing
among developers, partners and project reviewers. The use of this software is allowed
under the conditions established in Encore Consortium Agreement (CA), version 4.0, 1112-2018.
In order to access the repository, it is required to:
•

Create an account on GitLab (https://gitlab.com/users/sign_up);

•

Send a request via email to dicea.bc.univpm@gmail.com by specifying the
registered GitLab username to be granted access to the repositories;

•

Wait for an e-mail invitation and accept;

•

Access the shared repository at the URLs of the repositories specified in the
response email.

The repositories on GitLab are:

5.1

•

AWOPS-APP (https://gitlab.com/univpm.dicea.bc/awops): it allows a user to
retrieve the PBS of the renovation project, to load a price list among the available
ones, to build a BPMN representation of the corresponding construction process
by linking the involved tasks with the resources as specified in the price list.

•

PLANNER (https://gitlab.com/univpm.dicea.bc/planner): it implements the
planning algorithm in a MATLAB engine and exposes a RESTful API
implemented in Node-RED for invocation and download of work-plans.

•

PRICE_LISTS (https://gitlab.com/univpm.dicea.bc/price_lists): it manages the
price lists for allowing access of their items via RESTful API. It is used by the
BPMN-EDITOR in order to link tasks with resources and to retrieve information
about fixed and variable costs.

EXAMPLE OF APPLICATION
The Awops service has been preliminarily tested on a case study in order to check its
functionalities and to validate its effectiveness. In this section, the case study is described,
together with the information flow and screenshots of the outcomes.
5.1.1 Description of the test case study
The test case study chosen to carry out the preliminary tests of AWOPS resembles one of
the two buildings that are managed by the partner JEA in Caceres (Figure 17) and that
will host the final validation of the services of the Encore platform. The renovated version
of the BIM model developed to this purpose is depicted in Figure 18. It is a two-storey
building, which has an approximately square plan, has windows on the shorter sides, that
is on the east and west façades; a door on the south façade defines the main access to the
building. An internal staircase connects the ground floor to the first one, and then the first
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floor to the roof. The list of renovation actions that was assumed to the purpose of this
test is as follows:
•

replacement of existing windows with new windows equipped with new shutters
and external solar shading systems;

•

installation of a solar chimney on the south wall;

•

increase of the thickness of the thermal insulation layer of south- and north-facing
envelopes;

•

integration of a new air supply system for building ventilation.

It’s worth remarking that the above mentioned list of renovation actions is not the result
of the use of the Encore platform; rather it is just a reasonable list of actions that was
assumed for the sole purpose of showcasing AWOPS and testing its functionalities, prior
to the validation of the overall platform that will take place in the Encore pilot. This
implies that the choice of this specific test case study was not the result of energy
performance assessment, rather it includes a range of reasonable renovation actions to put
AWOPS to the test.

Figure 17: 3D view of the site in Caceres where the pilot validation will take place.
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Figure 18: 3D view of the BIM model, which resembles one of the experimental building on the site in
Caceres, developed for showcasing AWOPS.

5.1.2 Project initialization and inputs for planning
The webpage for accessing this demonstrator is available on GitLab at the following url:
https://awops.encore.univpm.it
Once the user opens the web UI, she/he is allowed to query the Encore platform for
extracting the available projects with the corresponding information. The project relative
to the test case study reported in sub-section 5.1.1 is associated with the metadata shown
in Table 1. Besides identification data, it is important to notice that the “startDateTime”
and “dueDateTime” are set here as the time limits imposed by commitment’s contract to
carry out the job. Also, the price list link is provided as one of the metadata, hence it is
expected to vary according to the location of the project, type of owner and contractual
conditions.
Table 1: Metadata of the project concerning the test case study
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_key
id
name
company
created
updated

939b3a1d6b06b42c09b694cca44c1437f06b24c6
PRJ003
Case Study 3
Unknown
25/06/2021

startDateTime
dueDateTime
storage
pricelist

01/09/2021
31/10/2021
/resources/case_study_3/
http://192.168.1.6:11000/pricelist/provincia_di_firenze_2020/

-
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In this case, three IFC files have been associated with the project: the first file concerns
the existing scenario; the second file concerns the new scenario of architectural
components; the third file concerns the new scenario of MEP. Also, one csv file includes
the list of components to be demolished and built, as the difference between the three ifc
files mentioned above. Both the excerpts shown in Figure 19 depict the result of the work
performed by the user in forming clusters of components to be built or demolished, that
are called groups of Deliverables.
It is worth remarking that the “Type” fields associated with the deliverables no. 1 and 2
in Figure 19-a are defined as “Renovation”, while the “Type” fields associated with
deliverable no. 21 in Figure 19-b are defined as “Construction”. The reason why this
difference is present is that the “Renovation” type deliverables include both components
to be built and constructed (or assembled); on the contrary, “Construction” type
deliverables include only components to be built or assembled on-site. Another type of
deliverables not shown in this figure is the “Demolish” type.
The work performed in this Tab of AWOPS is preparatory for the generation, editing and
assignment of processes. Indeed, the “Process” field reports the name of the process that
will be assigned to the respective deliverables in the next phase. All the objects included
in one deliverable are handled according to one process only, which must include the
activities necessary to carry out the overall process. This first step is of utmost
importance. The criteria that can be applied by the user to cluster deliverables are usually
determined by the two main factors: those objects/components that are expected to be
either demolished, or installed or constructed by the same crew within the same
workspace shall be grouped as the same deliverable. As a consequence, the work
performed by the user in this step is targeted to the elicitation of her/his expert knowledge,
with particular reference to the operational approach that will be adopted in the execution
phase. One final remark is that the user is allowed to edit the rows of this table, in case
some object must be changed or one or more records must be added to fully describe any
deliverables included in the table.
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a)

b)
Figure 19: Excerpts from the “Deliverables grouping” Tab of Awops Web GUI.

In the next step, the user has developed the processes associated with the previously
defined groups of deliverables. Table 2 provides the list of all processes that have been
developed and associated with corresponding deliverables (e.g. “Window Replacement”
is associated with deliverables no. 1 and 2), while Figure 20 shows the process describing
“Envelope Renovation” and reported as a BPMN. By means of the above UI, the user can
load, edit or work out the BPMNs including all the activities (tasks) needed to build the
components of the deliverables. The association between a BPMN and a deliverable can
be done specifying in its lane the list of targetGUID of deliverables at which it applies.

Version 3.0

Page 41
Confidentiality: Public Distribution

D3.4 Full Automated Work Planning Services
(AWOPS) prototype

In addition, every task of the BPMN must be linked with the corresponding item of the
price list that has been adopted for this project. As shown in Figure 21, the code of the
price list’s item describing the task “Restore/execute internal plaster” of the process
“Window replacement” has been picked up by the user. AWOPS associates the codes of
resources involved in the execution of this task as an automated assignment directly
following the previous one. Thus, the selection of resource types is facilitated because
they are picked out through the UI from the cost/resource analysis directly connected with
the current price list file for the project. The set of resource skills required for a BPMN
forms a crew that operates on the BPMN all over the task duration.

Figure 20: Example of BPMN developed for the process “Envelope renovation”

Figure 21: Example of extension of a task of a BPMN to link that task with price list’s items; the codes
of both items and resources are reported in the extension fields.

Table 2: Complete list of processes generated to manage the test case study.

Process ID
1
2
3
4
5
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Name of the Process
Envelope renovation
Opening creation/resizing
Solar chimney installation
Ventilation system installation
Window replacement
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Once this information has been prepared, AWOPS rearranges a couple of UIs
automatically, where the approval only of the user is required. The first UI reports the list
of activities (like in Figure 22), that is the result of the instantiation of the BPMN over
the several deliverables where they apply. One example in this specific test case study, is
that the “Envelope renovation” BPMN concerns deliverables no. 10 and 11, that is the
south-facing and north-facing envelopes. As a consequence, all the activities done on this
facades are listed explicitly and referred to the same process (“PROC1”) as shown in the
third column of Figure 22.

Figure 22: Excerpt from the list of activities, to be checked and confirmed by the user.

The other next two UIs reports the list of crews and resources, respectively (like in Figure
23), that is the result of the association between BPMNs, deliverables and price list’s
items. The list of crews is just explicative of the crew types that will be involved in the
execution of renovation works. The second part, that includes the complete list of
resources, asks for decisions that must be made by the planner. The first decision concerns
the confirmation of the involvement of those resources (e.g. minor tools) that will be used
by crews independently. The second decision concerns the selection of those resources
that will be shared among several crews and used at the site level. The reason why these
decisions are made, is that resources contribute to indirect costs in different ways,
depending on the use and sharing level that is done during the execution of works. The
resulting resource availability will be exploited by the planning service that has been
described in section 4.3.6 and that produced the outcomes reported in the next section
5.1.3 for this specific test case study.

Version 3.0

Page 43
Confidentiality: Public Distribution

D3.4 Full Automated Work Planning Services
(AWOPS) prototype

Figure 23: List of crews and resources generated within AWOPS.

5.1.3

Generation of the first work plan and its continuous update during work progress
The information generated across the steps described in section 5.1.2 has been re-arranged
by AWOPS within a JSON file, which has the structure already described in section 4.3.4.
An excerpt of this file has been depicted in Figure 24.
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Figure 24: JSON input file for the test case study

As a final step, the user checks inputs required by the planning algorithm by eventually
adjusting the number of iterations for the optimization, as required by the planner
(reported in Section 4.3.6) and starts simulation, The result is retrieved when simulation
is finished and it is displayed as in Fehler! Verweisquelle konnte nicht gefunden
werden.. This is the workplan suggested by AWOPS for the renovation project to be
executed, and it is displayed both as a bar chart and as a flow-line diagram. This baseline
was accepted by the PE and confirmed as the baseline, uploaded onto the Encore platform
and ready to commit execution.
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Figure 25: First workplan generated by AWOPS as the baseline.
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Figure 26: BPMN running for the Caceres test-case

Once the baseline has been approved and committed and the works have started, the
Awops user regularly checks work progress in the execution UI that shows the most
recent information about work progress for each activity. During works execution, actual
progress figures are sent from the construction site into AWOPS and active BPMNs are
updated and displayed as shown in Figure 26, in which those tasks accomplished or in
progress have been coloured. This UI facilitates the visualization of the overall progress
of construction works. As a consequence, the user can compare actual work progress for
some activities with the workplan of the baseline. It is evident from the left part of Figure
27 that, at time indicated by the red dashed line, an unpredicted event affecting Crew1
implied that the activities on deliverable D3 could not start at the planned date. That
would produce some delay on activities and for the whole project. Therefore, the user
could choose to run again the planner and check whether any alternative options are
available while keeping constraints. He/she goes back to the baseline generation and run
another simulation based on the updated work progress.
Results are shown on the right side of Figure 27, where a rearrangement in the execution
sequence addressed the issue.
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Figure 27: Work-plan resulting from the first application of AWOPS (left side) and after replanning
(right side) based on the actual work progress.

5.1.4

Spatial conflict resolution
The spatial simulator is in charge of importing the work plan developed by the planner
service, generating the simulation environment to examine the presence of any overlaps
and exporting the list of candidate spatial conflicts. To this purpose, the outcome of the
planner service, that is saved as JSON file, is parsed through a customized package and a
list of objects is created, including information about activities in progress, associated
deliverables and crews. The gltf importer has imported the IFC model of the building. As
a second step, the spatial simulator computes the workpaces, as shown in the main
window of the view shown in Figure 28, and works out the list of conflicts that are
displayed both in the log window and, then, exported as a JSON file. The rightmost
window of the view in Figure 28 shows an excerpt from the result of the spatial conflict
detection performed for the first two days of the work plan depicted in Figure 25; in
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particular, crews no. 500 and no. 501 overlaps during their work within two workspaces
involving deliverables no. 102 and no. 104.

Figure 28: Outcome from the conflict resolution phase at runtime concerning the test case study.
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6.

CONCLUSIONS
D3.4 “Full Automated Work Planning Services (AWOPS) prototype” describes the
development and preliminary testing of the full prototype of AWOPS. It describes a micro
service architecture and several customized user interfaces to perform holonic
management of renovation works. It includes an external service that has been used to
import data from price lists, an embedded planner service based on a stigmergic algorithm
and another external service for checking the occurrence of spatial conflicts.
This deliverable reports how the team has taken into account inputs from previous
deliverables and meeting with the rest of the consortium to work out specific requirements
applicable to AWOPS. This led to the definition of the workflow that involves AWOPS
and of the storyboard on which the development of user interfaces and back-end was
based. The development of the services has been detailed in Section 4, while Section 5
shows the application of the full prototype of AWOPS for a demonstrator consisting in
the renovation of a residential building resembling the one that was chosen as the project
pilot. Also, the development progress is being managed by means of GitLab. The
AWOPS prototype tested in this document will be further validated in the Encore pilot.
According to the outcomes from this Deliverable, all the functionalities of the Awops full
prototype have been successfully tested through a preliminary test case study. Even the
workflow valid in a real professional working environment has been defined as connected
with other services of the Encore platform and is ready for final testing.
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