38" International Symposium on Automation and Robotics in Construction (ISARC 2021)

From the Graphical Representation to the Smart Contract
Language: A Use Case in the Construction Industry

Xuling Ye and Markus Kénig

Department of Civil and Environmental Engineering, Ruhr-University Bochum, Germany
E-mail: xuling.ye@rub.de, koenig@inf.bi.rub.de

Abstract —

With the growing popularity of blockchain
technology in the construction industry, smart
contracts are becoming increasingly common. A
smart contract is a self-executing contract, which
contains if-then rules that automatically execute
certain processes when certain conditions are met.
Such smart contracts serve as programmable
blockchain applications. Using blockchain-enabled
smart contracts, many processes like construction
contracting and payments can be automated. Since
research on blockchain-enabled smart contracts in
the construction industry is still theoretical,
researchers usually assume that users (e.g. clients,
contractors) can directly program the conditions in a
smart contract. However, it is difficult for
stakeholders to program smart contracts themselves
due to a lack of knowledge. The smart contracts
developed by programmers might not fully represent
stakeholders’ ideas.

Therefore, this paper proposes an approach that
illustrates how graphical workflow notations (e.g.
BPMN, YAWL) can be translated into smart contract
programming languages (e.g. Solidity, Vyper). In this
way, non-programmers can also design and generate
their own smart contracts. To test the feasibility of
this approach, an illustrative example is presented for
generating smart contracts displaying automated the
reporting, checking and payment process of
construction works. In particular, the smart contracts
in this example are translated from YAWL graphical
representations into  Solidity smart contract
languages. Finally, improvements and further
developments of the approach are discussed in several
aspects.
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1 Introduction

Smart contracts can be used in the construction
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industry for process automation, for processes like
construction, contracting, or payment. However, the
applications and uses of smart contracts are still at a
conceptual level. Moreover, smart contract languages are
programming languages that are difficult to read,
understand, or write for the stakeholders of construction
projects, as they are usually not programmers. In the
current situation of using smart contracts for system
development or construction projects in the construction
industry, two group of actors need to be involved:
construction stakeholders (e.g. clients and contractors)
and software programmers. The stakeholders need to
decide system functionality, capture requirements,
implement smart contracts and analyze the execution of
the smart contracts for the system development. On the
other hand, the programmers need to interpret
requirements from stakeholders, develop and deploy
smart contracts, and evaluate the execution of smart
contracts. Implementation of proper smart contracts is a
challenge for the non-programmers, which is related to a
high effort in terms of time and resources. Otherwise, the
programmers' interpretation could be wrong, leading to
stakeholders having to deal with the consequences of
these codes, which stakeholders may not be able to
understand. The construction industry is not the only area
with these problems. In the finance area, 60%
decentralized finance (DeFi) users cannot read or
understand the source code of smart contracts [12].

Itis worthy and necessary to develop an approach that
allows for the automatic translation of human-readable
texts or graphics into smart contracts. Compared to pure
text-based languages, graphical representations are more
intuitive which can simplify complex contexts, enabling
non-programmers to read, understand, verify and design
them. This study proposes an approach to translate from
graphical representations (e.g. BPMN or YAWL) to
smart contract languages (e.g. Solidity) with a detailed
explanation of translation and checking steps based on
the YAWL graphical representation and the Solidity
smart contract language. As a graphical workflow in
XML-based format for business processes, YAWL (Yet
Another Workflow Language) is the language that not
only has proper formal semantics to check properties for
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academic purposes, but also supports the control-flow
patterns for business processes in practice [8]. Solidity is
currently the most well-known and most common-used
smart contract language, a language designed for the
Ethereum blockchain according to the characteristics of
smart contracts. The approach is tested via a payment
case in the delivery and acceptance process of certain
construction works by translating from the YAWL
representation to Solidity.

2 Related work

2.1  Graphical workflow

A workflow can be defined as “a collection of tasks
organized to accomplish some business process (e.g.,
processing purchase orders over the phone, provisioning
telephone service, processing insurance claims)” [6]. To
express the information, knowledge or systems of a
business process in a structure by a consistent set of rules,
different process modeling approaches have been
proposed, including the Business Process Model and
Notation (BPMN), the Web Services Business Process
Execution Language (BPEL), the Event-driven Process
Chain (EPC), the Yet Another Workflow Language
(YAWL) and Petri nets [8].

As Lohmann et al. [8] pointed out, academics prefer
languages such as Petri nets, which have proper formal
semantics to check properties on corresponding models.
However, practitioners prefer languages such as BPEL,
EPC and BPMN, which usually lack proper formal
semantics. As an exception compared to the above
languages, YAWL originated in academia but has
actually been used in practice [1]. YAWL supports the
most common control-flow patterns found in current
workflow practices, allowing most workflow languages
to map to YAWL without losing control flow details,
even languages with high-level structures (such as
cancellation regions or OR-joins) [8,17].

Graphical workflows are also used in the construction
industry to describe data flows and processes, with
Integration Definition for Function Modeling (IDEF),
extended EPC, or BPMN being commonly used [3].

2.2  Smart contract

A smart contract, which was first proposed by Szabo
in 1994 [14], is a self-executing digital agreement. After
Buterin et al. [4] implemented the smart contract concept
as a blockchain application to write, verify and enforce
transaction conditions that allows non-currency data
stored on the Ethereum blockchain platform in 2014,
smart contracts become popular in research and practice.
Up to 2020, there are already more than 4,119 papers
related to smart contract languages, and 24 different
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blockchain platforms are being developed with 101 smart
contract languages (e.g. Solidity, Vyper) in total [16].

More and more researchers in the construction
industry study the possibilities of using smart contracts.
For example, Penzes [11] pointed out that smart contracts
in construction can be applied in three directions: 1)
payment and project management; 2) procurement and
supply chain management; and 3) BIM and smart asset
management. Badi et al. [2] investigated the smart
contract adoption in the construction industry by a survey
among UK construction practitioners, and conclude that
smart contracts can be useful in payment, construction
contract and in general for organization.

2.3 Research on smart contract generation

The existing research on smart contract generation
mainly focuses on using either text-based languages or
graphical-based languages to translate smart contracts.
The text-based languages can be natural languages [10,
15] and other specification languages [7], while the
graphical-based languages can be BPMN [9, 12], Petri
nets [19], Unified Modeling Language (UML) [5] or
Finite State Machine (FSM) [13].

Tateishi et al. [15] proposed an approach that
translates from controlled natural languages to a domain-
specific language for smart contract (DSL4SC), then to
state chart and finally to executable smart contracts with
four defined actions: order, ship, arrive and pay by using
a predefined template. Monteiro et al. [10] introduced a
prototype method by translating natural language
processing (i.e. plain text (TXT) or structured text with
markups (XML or HTML)) to smart contract code. A
specification language called SPESC designed by He et
al. [7] defined contract, party, term and type to assist
smart contract generation. However, a direct translation
from text-based languages to smart contract languages is
error-prone, which is not visual and the logic error could
be difficult to discover.

Many other researchers focus on translating graphical
workflows to smart contract languages [5, 9, 12, 13, 19].
For example, Lopez-Pintado et al. [9] introduced and
implemented a blockchain-based BPMN execution
engine called Caterpillar to generate smart contracts by a
BPMN-to-Solidity complier. Since BPMN does not have
a logic checking mechanism like Petri nets, the generated
smart contracts from BPMN could be error-prone
without an additional verification step. Skotnica et al. [12]
proposed a model-driven approach to generate smart
contracts based on a visual domain-specific language
called DasContract. It is a complex approach where the
users not only need to define data structures in a
programming way and draw BPMN graphics, but also
define a user form, which could be difficult to use by non-
programmers. Zupan et al. [19] presented a method and a
prototype tool based on Petri nets for smart contract
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generation. Using Petri nets to model smart contracts is a
suitable method to minimize logical errors. However,
Petri nets cannot specify roles or tasks so well like BPMN
or YAWL for business process. Lohmann et al. [5]
proposed to generate smart contracts through UML class
diagram. Nevertheless, the design of UML class
diagrams requires some basic programming background.
Another approach designed by Suvorov and Ulyantsev
[13] is using FSM synthesis for automatic smart contract
generation. Using FSM is good for showing the states and
actions of the smart contracts, but lack role specifications.

3 Methodology

3.1 Overview

It is assumed that a workflow is created in a BPMN
or YAWL software tool and exported as XML format.
The XML files serve as an import for the proposed smart
contract language generator system. The overview of the
approach is shown in Figure 1.

{ Smart contract generator

Parse the XML
format file(s)

Ly 4'
Translate itinto a

smart contract
language

(SolidityVyper,...}
BPMNYAWL ...
Software Jv
Check the
correctness ofthe
generated smart
contract(s}

h 4

XML(s) |

Export the smart
. smart
confract{s) in »>
specific format contract(sj

Figure 1. Overview of methodology

An XML-format file is generated via a BPMN or
YAWL software tool, and imported into the proposed
smart contract language generator system. Such a system
needs functionalities for parsing, translating and
checking a workflow. Finally, the generated smart
contract is exported into the selected format for
deployment. Even through the XML structure of YAWL
and BPMN are different, the principle of the generation
step is the same. YAWL is a graphical representation
which not only allows logic checking, but is also easy to
understand by non-programmers. Meanwhile, YAWL
allows the mapping from most workflow languages
without losing the details of the control flow. Therefore,
YAWL is used as a graphical representation for the
detailed explanation of translation and checking steps in
the following two subsections.
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3.2  Translation step

After parsing the data from an XML format file, the
obtained information is translated into a certain smart
contract language. To understand the obtained
information, the structure of the XML format file should
be explored. Therefore, the XML structure and the format
explanation of YAWL and its roles are shown as Figure
2.

YAWL file:
<specificationSet>

Defines XML schema for
the variable types. A type
named "Action" should be
defined here.

<specification uri>
<xs:schema xmins:xs/>

Contains the variables and
process flows, where the
latter is only stored in the
root net.

<decomposition id, isRootNet,xsi:type>--1 |
<localVariable/>
<inputParam/>
<outputParam/>
<processControlElements> T~
<inputCondition/>
<task/>
<outputCondition/> N
</processControlElements>

Stores name, type and
[~ initial value in each of these
three variable types.

v

Only exists in the root net
and stores all the process
flows information.

</decomposition>

Stores the ID, join type,

</specification> N split type and the role IDs
<layout/> of the current task, the flow
” . condition and the name of
I</specificationSet>

the next flow.
Stores the organization data, including
participants, roles, and groups etc.
<roles> ‘—ﬂ—\b{ Stores a list of all the roles can be used ‘
in the network.

]

YAWL roles file:
<orgdata>

s \ Stores the ID, name, description (can
be used to store the Solidity address)
</orgdata> and notes of the role.

Figure 2 The explanation of the YAWL and the
YAWL roles files

In the YAWL file, the stored information can be
divided into two parts: specification and layout. The
specification stores all the functional information of each
task specified in the YAWL, where the layout stores all
the geometrical data of these tasks. To aid the automatic
translation from Y AWL to smart contracts, an action type
is designed in this method. As shown in Figure 2, the type
named “Action” is defined in the XML schema
(xs:schema) of the YAWL file for distinguishing
different actions in tasks. The actions can be divided into
three types, namely “view”, “modify” and “pay”. These
three actions are defined as variables in the root net. Each
task should declare one and only one variable in the
“Action” type with one of the three variables to specify
the action of this task. In this way, tasks can be
automatically translated with the specified action
variable. The “view” task specifies that this task is to
view some information and no data should be changed in
this task. The “modify” task indicates that the value of
one or more state variables will be assigned or modified.
The “pay” task executes automated payment action with
a specific payment amount from one user address to
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another user address.

There are two kinds of depaosition in the specification,
distinguished by with or without the isRootNet attribute.
The former is the root net that stores the information of
local variables and process flows, where the latter kind is
a task storing input variables, output variables, and an
“Action” type variable. The process flow information is
stored in the element called processControlElements
with the flow information of all tasks. The start and end
tasks are tagged as inputCondition and outputCondition
elements, respectively. Each task element stores not only
the join type, split type and role identifier(s) of the current
task, but also the flow condition and the name of the next
task. All roles used in the YAWL file are defined and
stored in the YAWL roles file, including the identifier,
the name, the description (which can be used to store the
Solidity address) and the notes of each role.

According to the explanation of the YAWL and its
roles files shown in Figure 2, the information of local
variables, roles, tasks with role identifier(s) and variables,
and process flows can be extracted. The mapping
relationship of the extracted YAWL information and the
components of Solidity smart contract language is shown
in Figure 3.

Solidity
o B
State variables

Modifiers

Functions

= #—main contract
modifiers

input parameters
return variables

statements

State variable

Enum
SCProcessFlow

contract
Modifiers

Functions 1y
Figure 3 The component mappings from YAWL
to Solidity

Solidity is an object-oriented language, which has
similar components like all modern programming
languages and other smart contract languages. All local
variables defined in the YAWL file can be translated as
state variables in the Solidity main contract. The roles
extracted from the YAWL roles file will be defined as
state variables under address type and be declared as
modifiers at the same time in the Solidity main contract.
A Solidity modifier is used to restrict the executing
conditions of a function. When a modifier is called in a
function, the function can be executed only when the
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conditions stated in the modifier are satisfied. The
declared modifiers for roles are used to restrict that only
certain roles can execute certain functions. The role(s)
and variables of each task will be translated as modifiers,
input parameters, return variables and statements based
on the variable in Action type of each function in the
Solidity main contract. Since the logic of tasks in YAWL
and functions in Solidity are different, the output
variables of tasks are the input parameters of functions.
The process flows are translated into state variables, an
enumeration, modifiers and functions in the Solidity
SCProcessFlow contract, which is a parent contract of
the main contract, to restrict the executing order of
functions in the main contract.

3.3 Checking step

The aim of the checking step is to verify the
correctness of the generated smart contracts. In this step,
certain rules should be defined for verifying the
translated smart contracts. Eight checking rules of a
Solidity contract are shown as Figure 4. A translated
Solidity contract has five basic components: parent
contract(s), enumerations, state variables, modifiers and
functions.

contract
name{s) | -]

parent
contract(s)

Checking rules

The parent contract(s) should exist

The defined name should be valid,
1 unique and not be the same as any
i keywords in the contract.

name .

enums list of

values

;

type The type should be a predefined
state N Solidity type or an enum that is defined
variables in this or a parent contract.
,f' +.| The value should be consistent with
the pe
- : The input or output variables should
i...| have atype and a name, where the
parameters ! 4 name should not the same with other
contract —>|statements : variable names in the same domain
' The called medifiers should be

; defined in this or a parent contract, and
input | ! 1 its input parameters should be a value

parameters| ;’ with the same types of these
called | parameters.

modifiers |

The keywords should be one of the
"public, private, internal" and/or
"payable” to restrict the function.

4>| functions %

E

keywords [;

return |

The function statements should
variables

.| operate one of the "view", "modify" or
"pay" actions.

statements |

]

Figure 4 Checking rules of the Solidity smart
contract language

When a contract is defined based on one or more
parent contracts, the existence of the parent contract(s)
should be checked. All the defined component names
should be unique and valid. A unique name is not the
same as any other names or keywords in the contract. A
valid name does not contain any special characters except
“ » or start with a digit. The used types should be preset
or defined. The type of value should be consistent with
the type of the variable. A declaration of a variable should
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be in form “type name;” or “type name = value;”. The
modifiers in a function should be validly defined. As
mentioned in the previous section, functions translated
from YAWL tasks should handle one of the “view”,
“modify” and “pay” actions. A “view” function must not
change any values of state variables. A “modify”
function, on the other hand, should have at least one state
variable modified in this function. In the “pay” function,
a “payable” keyword must be declared. Moreover, the
payer address must be payable, the payer’s wallet must
have at least the payment amount, and the payee address
must be declared.

4 lllustrative example

An example is illustrated via YAWL to graphically
model a workflow, where the workflow is transferred to
the Solidity smart contract language. To figure out
whether using YAWL can explain the whole process for
automated reporting, checking, and payment of
construction works, an example is designed in the
YAWL graphical representation and shown in Figure 5.
The similar workflow was presented as BPMN in the
related work [18].

—

heck BU DY
——A No

I: AND-split

Al task
.+ OR-split
L~ task

ANtaD-J:m

:[] OR-join
Figure 5. YAWL graphical representation of the
example

Check BU with
defects

The example illustrates the delivery and acceptance
processes between clients and contractors for a group of
construction works, which is defined as a billing unit (BU)
with a total payment amount and a completion date. BUs
are defined and captured in the billing plan during the
contract negotiations. After that, the work can be carried
out. As shown in Figure 5, eight tasks and two roles are
defined in the example. After certain construction works
are defined as a BU, the contractor can start to execute
the task “Start BU” and the corresponding construction
works. After it is completed, the contractor reports the
completion of this BU via executing the “Complete BU”
task. The client checks the BU and determines if there are
defects regarding the construction works and executes
the “Check BU with defects” task. If the BU work has no
defects, the task “Pay BU” should be automatically
executed, where the client will pay the full payment
amount of the BU to the contractor. Otherwise, this BU
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will be divided into two parts via a “Divide BU” task.
The BU_C is the checked and accepted part, which will
be automatically paid with a predefined payment amount
via “Pay BU_C” task. The BU_D is the part with defects,
which will be redefined by client as a new BU with a new
total payment amount and a new completion date in the
“Define BU_D”. The contractor can then decide to accept
this task or not via “Check BU D” task. The
corresponding local variables and parameters of each
task are also shown in the Figure 5.

4.1 Variables

The local variables and declared actions in Action
type for the example are defined as Figure 6. The initial
values of variables can be either assigned at the
beginning or later by users. In this case, the bu_id,
planedPayment and plannedCompletionDate variables
are assigned in the beginning. The values of “modify”
and “view” variables should be the same as their names,
where the value of “pay” variable should be the name of
payee address variable.

Name Type Scope Initial Value
bu_id string Local BUID_50b842e6 I
plannedPayment unsignedint Local 14
plannedCompletionDate unsignedint Local 20210711
actualStartDate unsignedint Local 0 Local
actualCompletionDate  unsignedint Local 0 variables
reducedPayment unsignedint Local 0
isAgreedStart boolean Local L
isDefect boolean Local
modify  Adion Lol Action
view Action Local  view Type
pay Action Local  Contractor variables

Figure 6 Defined local variables and three
variables with “Action” type

The detailed input and output variables of each task
are presented in Figure 7. In a YAWL task, the values of
input variables should be assigned before this task, and
the values of output variables should be assigned in this
task by users. An Action type variable is declared in each
task as an input variable to tag the action type. In this
example, five “modify” tasks, one “view” task and two
“pay” tasks are defined. In the “Define BU_D” task, the
values of variables bu_id, plannedPayment and
plannedComplemetionDate are reassigned.
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Name Type Scope
actualStartDate un5|gnedlnt Output

Name Type Smpe
Output

Name Type Scope
isAgreedStart boolean Output

5 AE

Start BU  Complete BU
Name Type Scope
Action

______________________________________
scon o

defects

actualCompIetlonDate un5|gnedlnt

heck BU D N
- (o]

Divide BU

Define BU_D

Name Type Scupe
Input

plannedPayment un5|gnedlnt

reducedPayment un5|gnedlnt

Name Type Scope
Output

oy F
Name Type Scope
bu_id string Output
plannedPayment unsignedint  Output
plannedCompletionDate  unsignedint  Qutput

Figure 7 The declared input and output variables of each task in the example

4.2 Implementation

To test the feasibility of the method, a tool of smart
contract generation is developed. The implemented smart
contract generator and the corresponding results of this
example are shown in Figure 8. This generator can be
divided into two parts: A) parse & translate, and B) check
& export. In subparts Al and A2, YAWL graphical
representation and YAWL roles should first be loaded.
After clicking the translation button, the information in

Bl Smart Contract Generator

A1) Load YAWL graphical repr

the YAWL and YAWL roles files is translated into the
Solidity smart contract language according to the
translation step, and the generated smart contracts are
shown in subpart A3. The generated file structure is
shown as a tree table on the left side of A3, and the
detailed codes of the corresponding smart contracts are
shown on the right side of A3. In part B, a tree table and
error message(s) are generated after checking the
generated smart contracts, and then the whole contract
folder can be exported.

A2) Load YAWL roles

(Graphical representation

Import L _Xuling\D: I5CG_202145CGTesiCase\YAWLISCProcess yawl

B) Check & Export - a X
marl contract cl ing

Cheking tabla:

\mport Roles. Error message(s).

Start BU

A | =Roles
£ Contractor

address. (x0BFeC12¢561c66363bA3DS
id: RO-1b38ef3#-6580-498b-ae23-calfe]

 SCPracessFlow
i) state variables
~ moditiers

ShinProcessFlow

£ Client S input paramelers
address. (xAEF18M387e24Ba403C0c () +-statements
id RO 9306561 b-2194-4d2c2430-43909 functions.
Complete BU' - SubContractor enums.
No address I SC_Example
id RO 282 1F09-c2914bcb 9c 77-86ad2] - parent contract(s)
SCProcessFlow

Check BU with
defects

-/ state variables
u_i
| plannedPayment
plannedCompletonDate
F-achalStarDate
achialCompletionDate
teducedPayment
ShisAgresdStan
isDefect
Conractor
J-Client

From graphical to smart contract

SubGontiactor
 moditiers
OniyConfractor

= conlracts_d0ibd2bd

Smart contract langauge

£l statements

[l/Roles in state variables

SC_Example:

pay
address SubCaniractar

//Roles in modriers
modifier OnlyContractor(){

-
moifiar OnlyCliont){

Client” all this funciion )

A3) Translated Solidity smart contracts

1
modifier OnlySubContractor(y
- l this function "),

[/Functiens.

funciion Check_BU_D(baol isAgreedSiar)
public
OnlyContractor()
inProcessFlow(ProcessFlow TaCheck_BU_D)

deleieFlow(ProcessFlow.ToCheck_BU_DJ;

iisAgreedStart == alse)

OniyClient
OnlySubContisclor
— functions.
) Check BU_D
G inpt pararmakers
“eaien mogers
1 keywords
| Check_BU_with_defects
Complete_BU
Define_BU_D
-Divide_BU
1 Pay_BU
| Scalled modiiers

OnlyClient])

Smart

Skeywords
public
payable

Shretum varisbles
int plannedPayment

41-Pay_BU_C
<

require(msg sender ==

ce

inProcassFlow{ProcassF

>

v
>

No eror s found.

Export smast contract | (C\Users\Xulng|Deskioplcontracts_cliin4204.

Figure 8 User Interface of smart contract language generator
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Q@ ss

DEPLOY & RUN TRANSACTIONS H&

Pay_BU

Pay_BU_C

getCurrentPro...

& SC_Example.sol

Figure 9 The test result in the Ethereum Remix after successfully executing the BU_stated function

The generated Solidity smart contract files can be
simply deployed and tested via the Ethereum Remix in
the browser. The test result shown in Figure 9 is after
successfully executing the Start BU function defined in
the SC_Example contract. The start date is successfully
set as “20210627” by the contractor at the address
“0x08FeC12¢561c65363bA3D59a74bA6dfB14828fEe”.

5 Conclusion and future work

Smart contracts can automate many construction
processes, such as contracting, delivery, acceptance and
payment. However, as smart contracts are programming
codes, they are difficult to be read, design, program, and
verify by non-programmers. This paper proposes a
framework for automatically generating smart contracts
from graphical representations following four steps of
parsing, translation, checking and exporting. The YAWL
graphical representation and Solidity smart contract
language are used to further explain the translation and
checking steps. An illustrative example is presented
through generating Solidity smart contracts from YAWL
for automated the reporting, checking and payment
process of construction works between clients and
contractors. The corresponding implemented smart
contract generator is illustrated and the execution result
of the generated smart contracts in the Ethereum Remix
is also displayed.

Future studies should consider a more detailed and
practical development of payment functions. For
example, in addition to using the currency in the
blockchain platform, linking with banks via smart
contracts for automatic payments could be more suitable
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for the current situation. Moreover, more components of
the Solidity smart contract language (e.g., mappings,
events, abstract contracts), more smart contract checking
rules, other graphical representations (e.g., BPMN), and
other smart contract languages should be further taken
into account.

Further testing should be conducted with construction
stakeholders for feedback on the feasibility of the method
and the developed tool proposed in this paper. Compared
with the development of the entire smart contract
generation system, the development of a plugin
application or a library can be more extensible, more
convenient, and more widely used. In addition to
generating  smart  contracts  from graphical
representations, another direction, namely translating
smart contracts to XML files or graphical representations,
should also be investigated.
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