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In many enterprises, the work efficiency is suppressed by the irrational allocation of
enterprise resources. To solve the problem, this paper puts forward the optimal scheduling
path algorithm for enterprise resource workflow (ERWOSA). To measure the task
efficiency of each person after project issuance, the ERWOSA models enterprise resource
workflow, and quantifies each node in the model. Then, novel attributes like mean
execution accuracy, mean execution time, and node weight were calculated. Based on the
calculation result, the optimal scheduling path was solved, which is highly accurate and
efficient. In this way, the ERWOSA manages to bring more benefits to the enterprise.
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1. INTRODUCTION

Rashmi and Basu [4] proposed a Hadoop-based workflow
scheduling model, and solved the model by the stochastic hill
climbing (SCH) algorithm, achieving a dynamic balance
between cloud load, workflow response time, and resource
utilization efficiency. To simplify the business process
modelling of enterprise resources, Kim et al. [5] put forward a
conceptual method that applies proportional probability theory
to business process modeling; the conceptual method offers
formal and graphical descriptions of a series of process
frameworks and operating mechanisms, and facilitates the
reorganization and redesign of enterprise business process,
thereby improving the execution quality of the business
process.
A standard solution regarding business process
management automation in enterprises is the use of workflow
management systems working by the Rule-Based Reasoning
approach. In such systems, the process model which is
designed entirely before the implementation has to meet all
needs deriving from business activity of the organization. In
practice, it means that great limitations arise in process control
abilities, especially in the dynamic business environment.
Therefore, new kinds of workflow systems may help which
typically work in more agile way e.g. following the CaseBased Reasoning approach. The paper shows another possible
solution – the use of emergence theory which indicates among
other conditions required to fulfill stimulation of the system
(for example the business environment) to run grass-roots
processes that lead to arising of new more sophisticated
organizing forms. The paper also points the using opportunity
of such techniques as the processing of complex events to
fulfill key conditions pointed by the emergence theory.
Inspired by the WMS with rule-based reasoning, Koryl and
Mazur [6] put forward a flexible workflow management model,
providing an alternative to the fixed management mode of
complex enterprise resources. Considering the key problems
of cloud workflow scheduling (e.g. heterogeneity, complex
billing models, and infinite resource demand), Prathibha et al.
[7] invented a high-performance workflow scheduling method

Workflow management system (WMS) is a type of support
system that ensures the accuracy, efficiency, and quality of
projects in an enterprise by decomposing each enterprise
project into several tasks and allocating them to the right
personnel [1]. In the WMS, task allocation depends on the
efficiency of actors in the workflow model. The entire project
is greatly affected by whether the tasks can be allocated
reasonable.
During the implementation of an enterprise project, the type
of resources required by the workflow model is usually
determined during model construction. Once the project is
issued, the enterprise can allocate the tasks of the project in
time to the suitable personnel. However, a serious problem
may arise in this process: if one or several tasks are allocated
incorrectly, the quality and timeliness of the entire project will
be affected. To solve the problem, it is necessary to find a more
reasonable method to collect allocate the tasks, making the
project implementation more efficient and accurate.
2. LITERATURE REVIEW
Workflows aim to reduce labor cost or expense through
process control. Many attempts have been made to apply
workflow scheduling to enterprise resource management. For
instance, Pourmirza et al. [2] developed a business process
management system (BPMS) to handle highly complex
modern-day business, and specified the level of elaboration
and architectural style of the system, providing insights into
the modelling of complex business resources. To overcome the
difficulty in medical resource scheduling of medical
enterprises, Gichoya et al. [3] designed an opensource registry
system for workflow model, which introduces the workflowdriven management mechanism to rationalize the scheduling
of radiology resources of medical enterprises.
After analyzing traditional enterprise analysis platforms,
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based on cloud computing platform, i.e. the non-dominated
sorting particle swarm optimization scheduling algorithm; the
algorithm provides a better workflow scheduling solution for
cloud computing than the existing workflow scheduling
algorithms. Saygili et al. [8] examined the different roles of
enterprise resource plan (ERP) in business management
workflow model of different enterprises, classified the
modelling methods of enterprise resource workflow, and
provided a six-dimensional structure for critical success
factors (CSFs) in quality and successful ERP applications.
Lee et al. [9] presented a method for analyzing the effect of
implementing an enterprise system (ES) in the construction
industry during the ES introduction and planning stages: the
enterprise management workflow model is simplified with
digital and automation techniques, laying the basis for efficient
enterprise resource management. Femmam et al. [10] mapped
enterprise resource scheduling to the Petri net, creating the
evolutionary Petri net (EPN); the EPN is an extension of the
Petri net, enriched with two genetic operators: crossover and
mutation; the optimal scheduling path was found by the EPN
to minimize the cost of cloud resources in the enterprise. Based
on a model-driven workflow scheduling mechanism, Benaben
et al. [11] developed the mediation information system
engineering (MISE) approach, which exploits the associated
models at each level to build the models of the next level, and
optimize the resource scheduling through the transition
mechanisms between levels.
To improve the timeliness and accuracy of enterprise
resource scheduling, Hoyland [12] designed the reinforced
enterprise business architecture (REBAR), which illustrates
the basic figures and tables of general workflows; The REBAR
captures the essence of the unique enterprise in a graphical
application that can be queried and dynamically recombined
to illustrate details of complex workplace collaborations,
enabling decision-makers to make correct decisions. Using
cloud computing workflow scheduling technology, Taylor et
al. developed an enterprise resource workflow management
system to effectively analyze and optimize the use of
enterprise cloud resources, and later proposed a cloud
simulation platform for small and medium-sized enterprises
(SMEs) (CloudSME); the CloudSME is a generic approach
that combines an AppCenter with the workflow of the WSPGRADE/gUSE science gateway framework, reducing the
development cost of cloud-based simulator for business
scheduling [13, 14].
Liu and Li [15] proposed a new quality of service (QoS)
negotiation model to optimize the service quality of enterprise
resources; the model adjusts the negotiation strategy through
intelligent learning, such that the application and the resource
provider can reach a QoS agreement quickly under multiple
concurrent resource requests. Datskova and Shi [16] described
a workflow scheduling method to simulate the performance of
production tasks within the ALICE grid; this method
constructs event states based on datacenter operations,
computing, storage, and user behaviors, and optimizes the
allocation of enterprise resources according to the transitions
between event states. Kalra and Singh [17] presented a
workflow model based on intelligent water drops algorithm,
which balances the utilization of enterprise resources in the
cloud computing environment while minimizing the execution
time of the workflow; experimental results show that the
model is superior to similar techniques in makespan and load
balancing.
Narayani and Banu [18] designed a fairness-based heuristic

workflow scheduling and placement algorithm, which
minimizes the overall profit and execution time based on the
features of tasks and physical servers in the datacenter;
CloudSim experiments show that their algorithm successfully
improves the QoS parameters: the makespan and total
execution cost were improved by 5% and 3%, respectively. To
solve time inconsistency and consensus bias, Viriyasitavat and
Hoonsopon [19] suggested an architecture of business
processes in blockchain era, which allows business partner to
select nodes in performing consensus and inherits the merits
of blockchain, namely, persistency, validity, auditability, and
disintermediary. Ahn and Kim [20] devised a series of formal
definitions and algorithms for discovering a work transference
network from a workflow procedure, and from its enactment
histories in event logs; the proposed algorithms can
graphically and mathematically represent workflow
procedures, promoting enterprise management and evaluation
of human resources.
Oukfif et al. [21] presented a reliability-aware method based
on discrete particle swarm optimization (RDPSO) for
workflow scheduling in multiple and heterogeneous cloud
datacenters; simulation results show that the RDPSO greatly
outperforms the reliability aware heterogeneous earliest finish
time (HEFT) method in makespan, transferred data and
reliability. Ouldkablia et al. [22] invented a semantics operator
called a gateway for intelligent process scheduling of the
Internet of things (IoT) (GIPSIT), enabling the management of
data flows circulating between the connected objects of the
IoT; Simulation results highlight the importance of the GIPSIT
operator in enterprise resource scheduling under the IoT.
Almi’ani et al. [23] presented the resource demand aware
scheduling algorithm (RDAS+) to maximize resource
utilization by allocating the minimum number of resources.
Aghabaghery et al. [24] proposed a novel optimal scheduling
method for enterprise resource workflow; the resource
scheduling is optimized by modeling the physical generalized
flow diagram from the event logs and the information on the
data exchange among organizational roles, and setting up rules
that map motifs with certain features to logical structures.
To select the correct scheduling path, this paper
systematically quantifies the workflow model, and refines
each node in the model, thereby obtaining the relative weight
of each node in each task. Firstly, a workflow model was
established for enterprise resources based on network flow.
Next, the mean execution efficiency and mean execution time
of each node (person) in the model were calculated, and used
to compute the relative weight of each node, reflecting the role
of each person in his/her task. After that, the paths to complete
the project were identified through the multi-workflow model
under constraints, and the total weight of all nodes on each
path was obtained. The total weight indicates the possible
efficiency of project execution along each path.
3.
ENTERPRISE
MODELLING

RESOURCE

WORKFLOW

3.1 Enterprise resource workflow model
The modeling of enterprise resource workflow is to
reasonably arrange a project as a directed graph containing a
set of active nodes. The enterprise resource workflow model
details the personnel for each task of the project. The set of
personnel in all tasks forms a reasonable path to complete the
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project
Definition 1. Enterprise resource workflow model
The enterprise resource workflow model W is a four-tuple
W=<S,C,H,R>, where S is the set of designers; C is the set of
proofreaders; H is the set of reviewers; R is the set of
warehousing personnel.

Since the personnel roles are fixed in the enterprise, various
completion paths can be obtained for the project by linking up
the personnel with different roles: L={Si,Ci,Hi,Ri},
i={1,2,3...,n}. Together, these paths constitute a complete
enterprise resource workflow model (Figure 1).

Figure 1. The enterprise resource workflow model
3.2 Role constraints

for the optimal scheduling of the project.
Definition 2. Mean execution accuracy A
The mean execution accuracy refers to the expected
accuracy of each person in completing a task. The accuracy
varies from person to person, because the personnel have
different tasks with different degrees of difficulty. Hence,
accuracy and difficulty were combined to solve the expected
accuracy of each person for a task of the enterprise project.
The mean execution accuracy A of a person is defined as a
two-tuple <a, e>, where a is the accuracy of the person in
completing a task; e is the difficulty of the task. Then, each
task P can be expressed as a two-tuple P<a, e>. The mean
execution accuracy A of the person can be derived from
multiple tasks P1<a1, e1>, P2<a2, e2>, and P3<a3, e3>...:

Role constraints aim to reasonably allocate resources
throughout the project execution. Some personnel involved in
the project can play several roles, while some can only partake
in one task, due to the conflict between different roles. To
improve the efficiency of the project, this paper attempts to
rationalize the role of each person in a path to complete the
project.
(1) The AND relationship between roles
The AND relationship, denoted as ▲, indicates that a
person can play two or more roles. If person P can
simultaneously serve as designer and proofreader, the
relationship between the two roles can be expressed as <P,
designer, proofreader, ▲>.
(2) The XOR relationship of roles
The XOR relationship, denoted as ▼, indicates that a person
cannot play more than one role at the same time. If person P
can either serve as designer or act as proofreader, the
relationship between the two roles can be expressed as <P,
designer, proofreader, ▼>.
During an enterprise project, one person is only allowed to
partake in one task. To optimize the project effect, the task to
be chosen by each person needs to be determined by a suitable
algorithm.

 n

A =   ai / ei  / n
 i =1


(1)

Definition 3. Mean execution time T
The mean execution time refers to the expected time of each
person to complete a task. The time varies from person to
person, because the personnel have different tasks with
different degrees of difficulty. Hence, time and difficulty were
combined to solve the expected time of each person for a task
of the enterprise project.
The mean execution time T of a person is defined as a twotuple <t,e>, where t is the time of the person to complete a task;
e is the difficulty of the task. Then, each task P can be
expressed as a two-tuple P<a,e>. The mean execution time T
of the person can be derived from multiple tasks P1<t1,e1>,
P2<t2,e2>, and P3<t3,e3>...:

4. DETAILS OF ENTERPRISE RESOURCES
Although the enterprise resource workflow is fixed, it is
critical to find the most efficient path to complete a project.
Therefore, this paper introduces the efficiency of each person
in completing each task of the project to the enterprise
resource workflow model, and searches for the optimal path to
complete the project, shedding light on the decision-making

 n

T =   ti / ei  / n
 i =1
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(2)

Definition 4. Node weight K
The node weight measures the efficiency of a person in
completing a task. The relative weight K of each node, i.e. the
node weight, depends on the mean execution accuracy and
time of each person executing the task. Therefore, the node
weight can be defined as a two-tuple K<A, T>, which reflects
the relative importance between accuracy and time of a person
in completing the corresponding task. The greater the K value,
the better the person performs in executing the task. The node
weight K can be calculated by:

K = A/T

n

S =  Ki

(4)

i =1

The above solutions to the mean execution accuracy A,
mean execution time T, node weight K, and total weight S
make it possible to identify the optimal path to complete the
target project.
5. ALGORITHM DESIGN

(3)

5.1 Quantification strategy

Definition 5. Total weight of a path S
The total weight of a path equals the sum of the weights of
all nodes on that path. For any path that can complete the
project, each node (person) has a weight. The sum of these
weights reveals the relative importance between efficiency and
time, if the project is completed along that path. Let {K1, K2,
K3...} be the set of node weights along a path. Then, the total
weight of the path S can be obtained by adding up K1, K2, K3...
The greater the S value, the higher the efficiency of adopting
this path. The total weight of a path S can be calculated by:

For a given enterprise resource workflow (Figure 2), the
execution accuracy a and execution time t of each node were
quantified, and substituted to formulas (1) and (2) to calculate
the mean execution accuracy A and mean execution time T.
Then, the relative weight K of each node was computed by
formula (3), reflecting the effect of each person in executing a
task in the enterprise resource workflow. After that, the total
weight S of each path for the workflow was derived from the
node weights Ki. On this basis, the optimal path to complete
the project was identified, making the project execution more
efficient.

Figure 2. The quantification process of an enterprise resource workflow
5.2 The ERWOSA

Step 6. Check whether the node relationship is ▲ or ▼; if
the relationship is ▲, i.e. Flag=0, add the node to the design
layer and set cFlag=1; if the relationship is ▼, add the node to
the design layer and set Flag=1, or do not add the node to the
layer and set Flag=0; if the relationship is neither ▲ nor ▼,
add the node to the path and set Flag=1.
Step 7. Traverse the nodes on the subsequent layer, and
looks for nodes with Flag=0. Then, restart from Step 4 again
until all such nodes have been discovered. Next, set the
identifiers of nodes with ▼ relationship to Flag=0.
Step 8. Traverse the nodes on the previous layer, and check
whether there are nodes with Flag=0, or nodes with ▼
relationship and cFlag=0. If yes, jump to Step 4; otherwise,
jump to Step 6.
Step 9. Complete the traversal once reaching the start node,
which means all paths have been traversed.

According to the above quantification strategy, the
ERWOSA was designed for optimal scheduling of enterprise
resource workflow:
Inputs: Enterprise resource workflow model W, and
parameters of each node.
Outputs: Total weights S of different paths.
Step 1. Establish the workflow model W as a fourtuple<S,C,H,R>.
Step 2. Solve the mean execution accuracy A, and mean
execution time T of each person in sets S, C, H, and R.
Step 3. Calculate the weight <A,T> of each node.
Step 4. Initialize the identifier Flag=0 of each node; For the
nodes of ▼ relationship, set the layer Flag as cFlag=0.
Step 5. Start choosing a node for the design layer.
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Step 10. Solve the total weight S for each path.
To sum up, the entire enterprise resource workflow is firstly
abstracted into a workflow model. Then, the role of each
person in the project is analyzed according to his/her task. On
this basis, all the paths to complete the project are identified
by the ERWOSA. The total weight S of each path is calculated
by formula (4). The path with the highest S, i.e. the set of
maximum node weights Wmax, is the most accurate and
efficient path to complete the project.

department accesses the intranet through the Internet via
virtual private network (VPN); all the departments are
combined into a logical network to complete the production
scheduling of enterprise resource workflow.
6.2 Simulation
The workflow of the target enterprise goes as follows: Start
-> Design -> Proofreading -> Review -> Warehousing -> End.
Through a survey on the daily management of the enterprise,
it is learned that the design department S has three designers
s1, s2, and s3; the proofreading department C has two
proofreaders c1 and c2; the review department has two
reviewers h1 and h2 (s2); the warehousing department has
only one person r1. Note that the roles of h2 and s2 are played
by the same person, who can serve as designer or reviewer.
But this person can only play one of the two roles, that is, the
two roles have an XOR relationship. Table 1 lists the mean
execution accuracy Ai and mean execution time Ti of each
person, and the weight Ki of each node calculated from Ai and
Ti.
The data in Table 1 were imported to the ERWOSA to
quantify the scheduling paths of the project (Figure 4).

6. SIMULATION AND RESULTS ANALYSIS
6.1 Simulation environment
To verify the performance of the ERWOSA in optimal
scheduling, a simulation environment was configured by the
topology in Figure 3. The main modules in the environment
are the design department, the proofreading department, the
review department, the warehousing department, and a
demilitarized zone (DMZ). Specifically, the proofreading
department, review department, and warehousing department
form an enterprise intranet with the DMZ; the design

Figure 3. The topology of simulation environment
Table 1. The mean execution accuracy A, mean execution time T, and weight K of each node
Task
Design
Proofreading
Review
Warehousing

Personnel
s1
s2
s3
c1
c2
h1
h2 (s2)
r1

Mean execution accuracy A
0.800
0.784
0.815
0.851
0.897
0.834
0.832
0.886
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Mean execution time T
10
9
10
12
11
14
13
9

Weight K
0.080
0.087
0.081
0.071
0.081
0.060
0.064
0.098

Figure 4. The scheduling paths after quantification
The total weight S of each path in Figure 4 was calculated
by formula (4). The results are recorded in Table 2 below.

of the ERWOSA is positively correlated with the mean
execution time T.

Table 2. The total weight S of each scheduling path
Serial number
1
2
3
4
5
6
7
8
9
10

Scheduling path
Ks1→Kc1→Kh1→Kr1
Ks1→Kc1→Kh2→Kr1
Ks1→Kc2→Kh1→Kr1
Ks1→Kc2→Kh2→Kr1
Ks2→Kc1→Kh1→Kr1
Ks2→Kc2→Kh1→Kr1
Ks3→Kc1→Kh1→Kr1
Ks3→Kc1→Kh2→Kr1
Ks3→Kc2→Kh1→Kr1
Ks3→Kc2→Kh2→Kr1

Total weight S
0.309
0.313
0.319
0.323
0.316
0.326
0.310
0.314
0.320
0.324

As shown in Table 2, the scheduling path with the highest
total weight S=0.326, i.e. Ks2→Kc2→Kh1→Kr1, was taken as
the optimal path. Through this path, the project can be
completed at a fast speed and of a high quality.
6.3 Results analysis
Figure 5. The variation of mean execution accuracy A with
the number of nodes and the mean execution time T

(1) Relationship between mean execution time T and
performance
To disclose the relationship between mean execution time T
and optimal scheduling performance of the ERWOSA, the
number of nodes in the enterprise resource workflow model
were set to 10 and 15 in turn, and the mean execution time T
of each person was increased by 0.1, 0.15, 0.2, 0.25, and 0.3,
respectively, before calling the ERWOSA to optimize the
scheduling of the workflow. Figure 5 records the variation of
mean execution accuracy A with the number of nodes and the
mean execution time T.
As shown in Figure 5, when there were 10 nodes, the mean
execution accuracy A of the enterprise resource workflow
model increased by 0.412, 0.476, 0.508, 0.533, and 0.574,
respectively, as the mean execution time T of each person was
increased by 0.1, 0.15, 0.2, 0.25, and 0.3. When there were 15
nodes, the mean execution accuracy A increased by 0.512,
0.561, 0.594, 0.648, and 0.693 respectively, as the mean
execution time T of each person was increased by 0.1, 0.15,
0.2, 0.25, and 0.3. Therefore, the mean execution accuracy A

(2) Relationship between number of nodes and performance
To disclose the relationship between the number of nodes
and optimal scheduling performance of the ERWOSA, the
number of nodes in the enterprise resource workflow model
were set to 5, 10, 15, 20, and 25 in turn, and the mean
execution time T of each person was increased by 0.2, before
separately calling the ERWOSA and the minimum critical
path (MCP) algorithm [25] to optimize the scheduling of the
workflow. Figure 6 records the variation of mean execution
accuracies A of the two algorithms with the number of nodes.
As shown in Figure 6, when the mean execution time T of
each person was increased by 0.2, the mean execution
accuracies A of the enterprise resource workflow model
optimized by the ERWOSA increased by 0.703, 0.627, 0.588,
0.527, and 0.479, respectively, as the number of nodes was 5,
10, 15, 20, and 25; Meanwhile, those of the model optimized
by the MCP increased by 0.588, 0.511, 0.456, 0.381, and 0.327,
respectively. Hence, the ERWOSA achieved much better

332

optimization effect than the MCP. It can also be seen from
Figure 6 that the optimization effect of the ERWOSA declined
with the growing number of nodes.
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Figure 6. The variation of mean execution accuracies A of
the two algorithms with the number of nodes
7. CONCLUSIONS
This paper firstly investigates the modelling and
quantification of enterprise resource workflow, and then
proposes an optimal scheduling algorithm called the
ERWOSA. By this algorithm, the mean execution efficiency
A, mean execution time T, and weight K of each node in the
model are calculated, and used to derive the relative efficiency
of each person in the model in completing his/her task; then,
the weights of all nodes on each path are added up to obtain
the total weight S of the path; the path with the highest total
weight is taken as the most suitable and profitable path for the
enterprise. The future research will optimize the workflow
model in nonlinear scheduling environment.
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