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Abstract: During the past years, a number of smart manufacturing concepts have been proposed, such as cloud manufacturing, 
Industry 4.0, and Industrial Internet. One of their common aims is to optimize the collaborative resource configuration across 
enterprises by establishing platforms that aggregate distributed resources. In all of these concepts, a complete manufacturing 
system consists of distributed physical manufacturing systems and a platform containing the virtual manufacturing systems 
mapped from the physical ones. We call such manufacturing systems platform-based smart manufacturing systems (PSMSs). A 
PSMS can therefore be regarded as a huge cyber-physical system with the cyber part being the platform and the physical part being 
the corresponding physical manufacturing system. A significant issue for a PSMS is how to optimally schedule the aggregated 
resources. Multi-agent technology provides an effective approach for solving this issue. In this paper we propose a multi-agent 
architecture for scheduling in PSMSs, which consists of a platform-level scheduling multi-agent system (MAS) and an enterprise- 
level scheduling MAS. Procedures, characteristics, and requirements of scheduling in PSMSs are presented. A model for sched-
uling in a PSMS based on the architecture is proposed. A case study is conducted to demonstrate the effectiveness of the proposed 
architecture and model. 
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1  Introduction 

 
During the past years, enabled by emerging in-

formation and communications technologies such as 
cloud computing, Internet of Things (IoT), big data, 
and artificial intelligence, a number of significant 

smart manufacturing concepts have emerged, with the 
most prominent ones being cloud manufacturing 
(Zhang et al., 2014; Kang et al., 2016; Liu and Xu, 
2017), Industry 4.0 (Kagermann et al., 2013), and 
Industrial Internet (Evans and Annunziata, 2012). A 
common characteristic of them is that a platform is 
built to connect distributed manufacturing resources, 
systems, and processes. For example, in a cloud 
manufacturing system, a cloud platform that facili-
tates aggregation of distributed resources and capa-
bilities is built for centralized management and oper-
ation, so that the aim of delivering on-demand man-
ufacturing services can be achieved. In Industry 4.0, a 
cyber-physical system (CPS) platform is built to  
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integrate manufacturing resources, systems, and 
processes from enterprises (or factories) along a value 
chain (or a value network) so that the IoT and Internet 
of Services can be achieved. In the Industrial Internet, 
an Industrial Internet platform needs to be built as a 
hub for connecting machines, people, and data to 
achieve an optimized configuration of industrial re-
sources (http://www.miit.gov.cn/n973401/n5993937/ 
n5993968/c6002326/content.html). In all of these 
platforms, physical manufacturing resources, systems, 
and processes from different enterprises are trans-
formed into digital entities and pooled in the plat-
forms. Digital entities in cloud manufacturing, In-
dustry 4.0, and Industrial Internet are cloud services, 
digital twins and services, and micro-services, re-
spectively. Given the critical role of the platform, the 
manufacturing system in any of the three concepts can 
be referred to as a platform-based smart manufactur-
ing system (PSMS), which consists of real-world 
physical manufacturing systems and their virtual 
digital counterparts. During the operation process of a 
PSMS, the physical and virtual parts interact with 
each other in real time to achieve overall optimization 
of the system. From the perspective of CPS, a PSMS 
is therefore a huge CPS. 

One of the common functions of a PSMS is to 
facilitate an inter-enterprise optimal collaborative 
resource configuration. Scheduling is a critical means 
for this purpose. Thus far, some research efforts have 
been made towards developing approaches and algo-
rithms for resource scheduling in PSMSs (Liu et al., 
2019). Most of the work focuses on cloud manufac-
turing, and most of the proposed approaches are based 
on meta-heuristics algorithms such as the genetic 
algorithm (GA), particle swarm optimization (PSO), 
and ant colony optimization (ACO). Overall, related 
research is still in the very early stage, which is re-
flected by the following fact that scheduling in a 
PSMS is a highly complex problem, characterized by 
involvement of numerous autonomous enterprises, 
large-scale resources/services, wide-area logistics, 
and highly dynamic and multi-granularity resources 
and requirements, so the currently proposed me-
ta-heuristics algorithm based centralized scheduling 
approaches are very likely to fail due to their ineffi-
ciency and lack of adaptability. Due to the high 
complexity of a PSMS, distributed approaches have 
more advantages than traditional centralized ones in 

solving the scheduling issue. Multi-agent (MA) 
technology provides an effective approach in this 
regard due to its inherent characteristics of distributed, 
parallel, and intelligent features such as autonomy, 
reactivity, and adaptability (Liu et al., 2018). Hence, 
MA technology is used to deal with the scheduling 
issue in a PSMS. A multi-agent architecture for 
scheduling in a PSMS is proposed, comprising a 
platform-level scheduling multi-agent system (MAS) 
and an enterprise-level scheduling MAS. A specific 
model based on the architecture is proposed. A case 
study is conducted to demonstrate the effectiveness of 
the proposed architecture and model.  

The main contributions of this paper are as fol-
lows. First and foremost, the concept of PSMS is 
proposed by extracting common features of cloud 
manufacturing systems, Industry 4.0, and Industrial 
Internet, and a detailed and comprehensive MA-based 
two-layer architecture for scheduling in PSMS is 
proposed based on the analysis of its procedures, 
characteristics, and requirements. Second, a new task- 
modeling approach is proposed that incorporates both 
manufacturing subtasks and logistics subtasks, taking 
into account enterprise subtasks and platform sub-
tasks, respectively. Third, a new complex network 
based logistics modeling approach is proposed, which 
ensures that different logistics service providers have 
different logistics networks. All these contributions 
can provide reference for future research. 

 
 

2  Literature review 
 
In this section we present a systematic review of 

the literature pertaining to scheduling in typical 
PSMSs, including mainly cloud manufacturing sys-
tems, Industry 4.0 manufacturing systems, and In-
dustrial Internet based manufacturing systems. Liter-
ature on agent-based production scheduling is also 
reviewed and analyzed. 

2.1  Scheduling in cloud manufacturing 

Cloud manufacturing is the earliest PSMS con-
cept, and a cloud manufacturing system is a typical 
PSMS. Existing research on scheduling in PSMSs 
concerns mainly cloud manufacturing. Thus far, 
dozens of papers on scheduling in cloud manufac-
turing have been published, and the research topics 
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have covered scheduling of computing and manu-
facturing resources in terms of scheduling objects, 
platform-level and shop-level scheduling in terms of 
scheduling levels, static and dynamic scheduling in 
terms of scheduling approaches, cloud service based 
virtual enterprise-like scheduling and supply chain 
scheduling in terms of issues addressed, and single- 
and multi-task scheduling in terms of the number of 
tasks scheduled at the same time (Liu et al., 2019). 

Lin and Chong (2017) addressed resource con-
straint project scheduling to solve computing resource 
allocation problems in cloud manufacturing using an 
improved GA. Laili et al. (2011) dealt with schedul-
ing of collaborative design tasks in cloud manufac-
turing. Lartigau et al. (2012) proposed a scheduling 
methodology for production services in cloud manu-
facturing. Lartigau et al. (2014) proposed a schedul-
ing framework for cloud manufacturing taking into 
account resource availability. Cao et al. (2016) ad-
dressed the service selection and scheduling issue in 
cloud manufacturing with the consideration of service 
occupancy over time. Akbaripour et al. (2018) pro-
posed mixed-integer programming models for the 
service selection optimization and scheduling prob-
lem in cloud manufacturing with optimized routing 
decisions in a given hybrid hub-and-spoke transpor-
tation network. 

Multi-task scheduling is an important charac-
teristic of cloud manufacturing. Cheng et al. (2014) 
studied multi-task scheduling in cloud manufacturing 
taking virtual resource correlations into account. The 
tasks they considered were of completely identical 
subtask execution flows. Li et al. (2017) investigated 
subtask scheduling of distributed robots in the context 
of cloud manufacturing. The multiple tasks they 
considered were heterogeneous in terms of subtask 
type, execution flow, and required resources. Inven-
tory and transportation were also explicitly consid-
ered. Liu et al. (2016) proposed an extensible multi- 
task-oriented service composition and scheduling 
model for cloud manufacturing. Based on this model, 
they further investigated workload-based multi-task 
scheduling in cloud manufacturing (Liu et al., 2017). 
All of the above works adopted static scheduling 
approaches (Liu et al., 2019).  

Some researchers addressed dynamic scheduling 
issues in cloud manufacturing. Typically, Tai et al. 
(2013) dealt with multi-objective dynamic scheduling 
in cloud manufacturing. In their model, rescheduling 

is triggered when utility discrepancy between the 
current schedule and the new schedule exceeds a 
threshold in the time-domain period. Zhang et al. 
(2017a) developed a real-time order dispatching 
mechanism to provide an optimal scheduling plan for 
cloud services encapsulated from virtual machining 
services of injection molding machines.  

Some researchers focused on workshop sched-
uling problems in the context of cloud manufacturing. 
Lu et al. (2017) dealt with mixed-flow, hybrid job 
shop scheduling problems in cloud manufacturing. 
Zhang et al. (2017b) proposed a dynamic optimiza-
tion model for flexible job shop scheduling based on 
game theory. Yuan et al. (2017) considered the prob-
lem of multi-objective optimization scheduling of a 
reconfigurable assembly line. Li et al. (2018) con-
sidered two uniform parallel machine scheduling 
problems with fixed machine cost in the context of 
cloud manufacturing. 

Aiming to use surplus capacities of enterprises in 
cloud manufacturing, Wang et al. (2017) proposed a 
job shop scheduling method considering idle times. 
Similarly, some researchers addressed the issue of 
dynamic or adaptive job shop scheduling in cloud 
manufacturing workshops. Li et al. (2012) investi-
gated collaborative scheduling technologies between 
multiple geographically distributed job shops based 
on dynamic resource capability services. Mourtzis et 
al. (2015) addressed cloud-based adaptive shop-floor 
scheduling considering machine tool availability 
based on gathering of data from a multi- sensory 
system and machine tool operators.  

In particular, Xiao et al. (2015) addressed dis-
tributed supply chain scheduling for customization of 
multiple products. Xiao et al. (2016) reviewed plan-
ning and scheduling technologies of supply chain 
management in cloud manufacturing, encompassing 
the short-term production planning and scheduling, 
medium- and long-term plan management problem, 
and multi-dimensional integration planning and 
scheduling problems. 

Considering the advantages of multi-agent 
technology in addressing scheduling issues in cloud 
manufacturing, Ma et al. (2014) proposed the concept 
of cloud agent and studied adaptive management and 
scheduling of cloud manufacturing services using an 
improved contract net mechanism. Very recently, Liu 
et al. (2018) addressed scheduling issues in cloud 
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manufacturing with dynamic task arrivals using an 
extended MA contract net protocol. 

2.2  Scheduling in Industry 4.0 

So far, only a couple of articles have touched 
upon scheduling in Industry 4.0. Ivanov et al. (2016) 
proposed a dynamic model and algorithm for short- 
term supply chain scheduling in smart factories with 
simultaneous consideration of both machine structure 
selection and job assignments. Fu et al. (2018) inves-
tigated a flow-shop scheduling problem, considering 
time-dependent processing time and uncertainty in 
Industry 4.0 based manufacturing systems. Chekired 
et al. (2018) proposed a hierarchical free open- source 
ghost (FOG) server deployment approach at the 
network service layer across different tiers, in which 
industrial IoT data and requests were divided into 
high- and low-priority requests with the high-priority 
requests being urgent/emergency demands that need 
to be scheduled rapidly. Mourtzis and Vlachou (2018) 
proposed a cloud-based cyber-physical system for 
adaptive shop-floor scheduling and condition-based 
maintenance. 

2.3  Scheduling in the context of the Industrial 
Internet 

There are several articles focusing on scheduling 
in the context of Industrial Internet. Considering a 
centralized industrial IoT network where the gateway 
makes frequency allocations and time slot assign-
ments, Ojo et al. (2018) proposed a novel auction- 
based scheduling mechanism that uses a first-price 
sealed bids auction to solve the throughput maxim-
izing scheduling problem, for providing an effective 
scheduling scheme in the IEEE 802.15.4 time slotted 
channel hopping mode. Tang et al. (2018) presented a 
mobile cloud based scheduling strategy for the in-
dustrial IoT, in which the task scheduling problem 
was modeled as an energy consumption optimization 
problem. Genetic algorithms were employed to solve 
it. Given the fact that the IEEE 802.15.4e standard 
defines a method for executing a schedule but does 
not define the scheduling method, Choi and Chung 
(2017) proposed a quick setup scheduling scheme 
with minimum control messages, which has three 
algorithms: quick setup scheduling allocation pro-
cessing, quick setup scheduling deallocation pro-
cessing, and quick setup scheduling optimization 

processing. The traditional backpressure scheduling 
scheme explores all the possible paths between the 
source and destination nodes; this is a shortcoming 
that causes an exceedingly long path for packets. To 
solve this problem, Qiu et al. (2018) proposed an 
event-aware backpressure scheduling scheme for IoT 
emergencies. Comparison of the approach with two 
existing backpressure scheduling schemes showed 
that the approach has better performance. 

2.4  Agent-based manufacturing or production 
scheduling 

Multi-agent technology has long been used to 
deal with the manufacturing or production scheduling 
issue. Shen (2002) gave a comprehensive analysis of 
distributed manufacturing scheduling using intelli-
gent agents, including agent encapsulation, coordi-
nated and negotiation protocols, architecture, and 
decision schemes. Shen et al. (2006) reviewed the 
literature on agent-based manufacturing process 
planning, scheduling, and their integration, discussed 
major issues in these research areas, and identified 
research opportunities and challenges. Ouelhadj and 
Petrovic (2009) presented a survey of dynamic 
scheduling in manufacturing systems, pointing out 
that the multi-agent system is a promising technology 
for dynamic scheduling. Macchiaroli and Riemma 
(2002) proposed a negotiation scheme for autono-
mous agents in job shop scheduling, in which the 
spread between part proposals and resources drives an 
iterative re-negotiation process to reach convergence. 
Xiang and Lee (2008) proposed an approach to dy-
namic scheduling of a more generic and realistic 
manufacturing system (with multiple product types, 
multiple/parallel multi-purpose machines, and vari-
ous dynamic disturbances) using multi-agent tech-
nologies into which ant colony intelligence is incor-
porated. Similarly, Zhang and Wong (2017) presented 
a hybrid approach combining multi-agent negotia-
tions with ACO for flexible job shop scheduling/ 
rescheduling problems in a dynamic environment, 
taking into account different types of disruptions such 
as machine failures, tool shortages, and requirement 
variations. Wong et al. (2006) developed an agent- 
based approach for dynamic integration of process 
planning and scheduling functions, in which selection 
and allocation of manufacturing resources are 
achieved through negotiation among part agents and 
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machine agents. Zhang and Wang (2016) addressed 
production scheduling problems in re-entrant manu-
facturing systems by developing an effective way of 
formulating production schedules. Wang and 
Haghighi (2016) presented a novel approach for im-
plementing cyber-physical systems using the com-
bined strength of holons, agents, and function blocks. 

The literature review above indicates that alt-
hough multi-agent technology has been widely used 
to deal with scheduling issues in various manufac-
turing systems, it has rarely been used in PSMSs. As a 
result, there is a need to explore multi-agent-based 
approaches for effectively addressing scheduling 
problems in PSMSs. This paper represents an early 
effort in this regard. 

 
 

3  Procedure, characteristics, and require-
ments of scheduling in a PSMS 

 
In this section we present the procedure, char-

acteristics, and requirements of scheduling in a public 
PSMS. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

3.1  Procedure 
 
As shown in Fig. 1, production planning, 

scheduling, and control in a PSMS take place at the 
platform and enterprise levels simultaneously. The 
overall procedure is as follows: 

1. Platform-level order submission and classifi-
cation. Platform consumers, including enterprises 
involved/uninvolved in the platform and end-product 
consumers, submit their orders to the platform. Ac-
cording to a subsequent execution procedure, orders 
can be classified into long-term orders and urgent 
orders (e.g., urgent individualized requirements). 

2. Platform-level production planning. For long- 
term orders, the platform planning system first makes 
production plans and then sends the plans to the 
platform scheduling system for further scheduling, 
while urgent orders go to the platform scheduling 
system directly. Some long-term orders may also be 
sent to the enterprise production planning system for 
direct processing without undergoing the scheduling 
phase in the platform (Wang and Shen, 2007; Cai et 
al., 2009). 
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Fig. 1  Operation principle of a platform-based smart manufacturing system (PSMS) 
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3. Platform-level production scheduling. The 
platform scheduling system generates schedules and 
then sends them to, and at the same time receives 
feedback (e.g., real-time task execution status and 
various dynamic events) from, the platform execution, 
monitoring, and control system and the enterprise 
scheduling system. The enterprise scheduling system 
is responsible for executing production tasks that are 
dispatched from the platform scheduling system.  

4. Platform-level execution, monitoring, and 
control. The platform execution, monitoring, and 
control system is responsible for managing the pro-
duction process, including executing schedules, col-
lecting service and logistics data, analyzing the data, 
identifying discrepancies, reporting various dynamic 
events, and exerting feedback control as needed. 
Apart from the function above, it interacts and 
communicates with the enterprise counterpart to ob-
tain necessary data and information about equipment, 
logistics, quality, etc. 

5. Enterprise-level order submission, planning, 
and scheduling. In addition to the orders/tasks from 
the platform, enterprises receive orders/tasks from 
other channels, and carry out in-house planning and 
scheduling. Similarly, long-term orders/tasks undergo 
the stages of planning and scheduling, whereas urgent 
orders/tasks can be scheduled directly.  

3.2  Characteristics and requirements 

Typically, a public PSMS is a huge manufacturing 
system that aggregates large-scale manufacturing  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

resources from numerous enterprises. The character-
istics of the PSMS and associated requirements for 
scheduling are summarized in Table 1.  

 
 

4  Multi-agent architecture for scheduling in a 
PSMS 

 
In this section we present a multi-agent archi-

tecture for scheduling in a PSMS (Fig. 2). A scenario 
with centralized management and operation like 
cloud manufacturing is considered, which is actually 
also the most common scenario for PSMSs. As shown 
in Fig. 2, the MA architecture overall consists of two 
parts: platform-level scheduling MAS and enterprise- 
level scheduling MAS. 

4.1  Multi-agent architecture 

4.1.1  Platform-level scheduling MAS 

The platform-level scheduling MAS consists of 
five modules (Fig. 3). In the following, the responsi-
bilities of the modules are described in detail. 

1. Platform customer and order management 
MAS (PCOM-MAS). The main functions of this 
module include: (1) managing consumers and their 
orders, maintaining associated information, and per-
forming necessary functions (e.g., consumer regis-
tration and order/task decomposition), (2) interacting 
with the PMC-MAS module to obtain real-time order 
information to achieve dynamic information updates, 
(3) interacting with the EOJM-MAS module to obtain  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Table 1  Characteristics and requirements of scheduling in a public platform-based smart manufacturing system (PSMS) 
(Liu et al., 2019) 

No. Characteristic Requirement 
1 Autonomy and preferences of providers Providers’ autonomy and preferences need to be taken into account 
2 Numerous enterprises and large-scale resources Highly efficient scheduling approaches/algorithms and big data  

analytics are required 
3 Highly dynamic environment Dynamic, adaptive scheduling approaches are required 
4 Wide-area logistics Wide-area logistics should be considered 
5 Multi-granularity resources Multi-granularity matching and scheduling of resources should be  

considered 
6 Many-to-many scheduling Multiple tasks may exist in a PSMS and need to be scheduled at the same 

time 
7 Huge volumes of data Big data analytics and artificial intelligence technologies are required 
8 Composite tasks Composite scheduling (i.e., multiple services need to be combined dur-

ing scheduling for optimality) 
9 Highly individualized consumers’ requirements Individualized preferences of consumers should be considered 
10 Knowledge Knowledge should be effectively used during scheduling 
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real-time information on the tasks that are dispatched 
to enterprises from the platform, (4) providing static 
or dynamic information on consumers and their or-
ders to the PSM-MAS module to facilitate scheduling, 
(5) receiving scheduling solutions from the PSM- 
MAS module and performing scheduling in collabo-
ration with it, and (6) interacting with the PKM-MAS 
module to obtain the knowledge necessary for con-
sumers and order management (e.g., order/task de-
composition). In this module, each consumer is 
modeled as an agent to facilitate separate manage-
ment, and each task is modeled as an agent for sepa-
rate processing, taking into account the fact that  
orders/tasks in a PSMS are usually highly individu-
alized. As there are a large number of enterprises and 
also large-scale resources in a PSMS, the consumer 
management agent and order/task management agent 
are introduced for efficient management of consum-
ers and tasks.  

2. Platform provider and resource management 
MAS (PPRM-MAS). The main functions of this 
module include: (1) managing providers and their 
resources (including logistics resources), maintaining  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
associated information, and performing necessary 
functions (e.g., provider registration and resource 
publication, pricing, and transactions), (2) interacting 
with the PMC-MAS module to obtain real-time re-
source information to achieve dynamic information 
update, (3) interacting with the ERM-MAS module to 
obtain enterprises’ real-time resource availability 
information and their status, (4) providing static or 
dynamic information on providers and their resources 
to the PSM-MAS module to facilitate scheduling, (5) 
receiving scheduling solutions from the PSM-MAS 
module and performing scheduling in collaboration 
with it, and (6) interacting with the PKM-MAS 
module to obtain the knowledge necessary for pro-
viders and resource management. In this module, 
each provider is modeled as an agent, and each type of 
resource from each provider is modeled as an agent. 
Similarly, considering that there are a large number of 
providers and large-scale resources in a PSMS, the 
provider management agent(s) and service manage-
ment agent(s) are introduced for efficient manage-
ment of providers and their resources. 

3. Platform scheduling management MAS  

Fig. 2  A multi-agent architecture for scheduling in a platform-based smart manufacturing system (PSMS) 
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(PSM-MAS). PSM-MAS is a core module, whose 
functions include: (1) interacting with the PCOM- 
MAS module to obtain information on consumers and 
orders/tasks necessary for generating schedules, (2) 
interacting with the PPRM-MAS module to obtain 
information on providers and resources necessary for 
generating schedules, (3) interacting with the PKM- 
MAS module to obtain the knowledge necessary for 
generating schedules, (4) managing scheduling rules, 
approaches, algorithms, etc., (5) generating schedules, 
dispatching tasks to enterprises, and managing the 
execution process in collaboration with the PCOM- 
MAS and PPRM-MAS modules, and (6) interacting 
with the EPP-MAS and ESM-MAS modules to 
achieve scheduling collaboration between a platform  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
and the enterprises involved. Major agents in this 
module are shown in Fig. 3c. 

4. Platform monitoring and control MAS (PMC- 
MAS). The main functions of this module include:  
(1) monitoring the order, resource, and logistics status 
in real time, collecting related data, analyzing and 
visualizing the data, and managing production and 
logistics processes, (2) interacting with the PKM- 
MAS module to obtain the knowledge necessary for 
monitoring and control, (3) providing real-time order 
information to the PCOM-MAS module, (4) provid-
ing real-time resource information to the PPRM-MAS 
module, and (5) interacting with the EMC-MAS 
module to obtain real-time information on resources 
on shop floors (including various dynamic events that 
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trigger rescheduling). 
5. Platform knowledge management MAS 

(PKM-MAS). This is a core supporting module for 
scheduling in a PSMS. Its functions include:  
(1) managing various types of knowledge such as 
process knowledge, models, rules, standards, and 
protocols, which are very important for many activi-
ties and processes such as task management, service 
management, scheduling management, and monitor-
ing and control, and (2) providing necessary 
knowledge to the PCOM-MAS, PPRM-MAS, PSM- 
MAS, and PMC-MAS modules. 

4.1.2  Enterprise-level scheduling MAS 

The enterprise-level scheduling MAS is com-
posed of six modules (Fig. 4). In the following, the 
responsibilities of the modules are described in detail.  

1. Enterprise order/job management MAS 
(EOJM-MAS). The functions of this module include: 
(1) managing orders and jobs and maintaining their 
information, (2) providing order information to the 
EPP-MAS module to make production plans, (3) 
providing job information to the ESM-MAS module, 
(4) receiving schedules from the ESM-MAS module,  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

and generating and performing the schedules in col-
laboration with it, (5) providing real-time information 
on jobs dispatched from the platform to the PCOM- 
MAS module, and (6) interacting with the EKDM- 
MAS module to obtain the knowledge/data necessary 
for order/job management. 

2. Enterprise resource management MAS (ERM- 
MAS). The functions of this module include: (1) 
managing resources and maintaining their infor-
mation, (2) providing critical resource information to 
the EPP-MAS module for generating plans, (3) 
providing resource information to the ESM-MAS 
module for generating schedules, (4) receiving 
schedules from the ESM-MAS module, and generat-
ing and performing the schedules in collaboration 
with it, (5) providing real-time resource availability 
information to the PPRM-MAS module, and (6) in-
teracting with the EKDM-MAS module to obtain the 
knowledge/data necessary for resource management.  

3. Enterprise production planning MAS (EPP- 
MAS). The functions of this module include: (1) 
generating plans according to the order information 
provided by the EOJM-MAS module and critical 
resource information provided by the ERM-MAS  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Scheduling 
rule mgmt 

agent

Scheduling 
algorithm 

mgmt agent

Equipment data 
collection agent

Quality data 
collection agent

Job execution 
progress data 

collection agent

Scheduling 
performance 
mgmt agent

Resource 
agent 1

ESM-MAS

ERM-MAS

EMC-MAS

Data mgmt, analysis and visualization MAS

Data storage 
mgmt agent

Data analytics 
agent

Data 
visualization 
mgmt agent

Data collection MAS

Production process mgmt MAS

Equipment 
mgmt agent

Quality mgmt 
agent

Execution 
progress mgmt 

agent

Task 
dispatching 

agent

Resource 
agent 2

Resource 
agent 3 … 

(b)

(d)

(f)

BOM mgmt agent

Job agent 1 … 

EOJM-MAS

EKDM-MAS
Processing mgmt 

agent

Device basic data 
mgmt agent

Factory calendar 
mgmt agent

Job agent 2 Job agent 3

Planning agent

EPP-MAS
Planning 

dispatching 
agent

Planning 
execution mgmt 

agent … 

(a)

(c)

(e)

mgmt: management

Fig. 4  Modules of the enterprise-level scheduling multi-agent system (MAS) of a platform-based smart manufacturing 
system (PSMS): (a) EOJM-MAS; (b) ERM-MAS; (c) EPP-MAS; (d) ESM-MAS; (e) EKDM-MAS; (f) EMC-MAS 



Liu et al. / Front Inform Technol Electron Eng   2019 20(11):1465-1492 1474 

module, (2) dispatching the plan to the ESM-MAS 
module, and receiving order execution information 
from the ESM-MAS module, (3) interacting with the 
EOJM-MAS and ERM-MAS modules to obtain order 
and critical resource information, and (4) interacting 
with the EKDM-MAS module to obtain the 
knowledge and data necessary for making plans. 

4. Enterprise scheduling management MAS 
(ESM-MAS). The functions of this module include: 
(1) receiving production plans from the EPP-MAS 
module, (2) collecting job information from the 
EOJM-MAS module, (3) collecting resource infor-
mation from the ERM-MAS module, (4) managing 
scheduling rules, approaches, and algorithms, (5) 
generating schedules, (6) dispatching schedules to the 
EOJM- MAS and ERM-MAS modules, and (7) in-
teracting with the PSM-MAS module for scheduling 
collaboration. 

5. Enterprise monitoring and control MAS 
(EMC-MAS). This module is responsible mainly for 
(1) collecting data on jobs and resources in real time, 
analyzing and visualizing the data, and managing the 
production process, and (2) providing real-time job 
and resource information to the EOJM-MAS and 
ERM-MAS modules. 

6. Enterprise knowledge/data management MAS  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

(EKDM-MAS). This module is responsible mainly 
for managing knowledge and data such as process 
knowledge, equipment data, and bill of materials. 

4.2  Operation models 

In this section we present the platform- and  
enterprise-level MAS operation models, which in-
teract with each other according to Fig. 2. 

4.2.1  Operation model of the platform-level MAS 

The overall operation model of the platform- 
level MAS is as follows (Fig. 5): 

Step 1: Providers register in the platform through 
the PPRM-MAS module, and publish their resources 
to the platform. At the same time, consumers register 
in the platform through the PCOM-MAS module, and 
publish their requirements to the platform. 

Step 2: The PPRM-MAS and PCOM-MAS 
modules interact with the PKM-MAS module to ob-
tain the knowledge necessary for resource and re-
quirement management, and then perform provider 
and resource management, and consumer and order 
management, separately, based on that knowledge.  

Step 3: The PSM-MAS module generates 
schedules based on the provider and resource infor-
mation provided by the PPRM-MAS module, the  
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Fig. 5  Operation mode of the platform-level scheduling multi-agent system (MAS) 
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consumer and order information provided by the 
PCOM-MAS module, and the knowledge obtained 
from the PKM-MAS module.  

Step 4: Scheduling solutions are sent to the 
PMC-MAS module for execution.  

Step 5: When disturbances occur, the PMC- 
MAS module informs the PSM-MAS module of the 
dynamic real-time events. Then the PSM-MAS 
module generates rescheduling solutions and sends 
them to the PMC-MAS module. 

4.2.2  Operation model of the enterprise-level MAS 

The enterprise-level MAS has an operation 
model similar to the platform-level MAS (Fig. 6). The 
procedure is as follows:  

Step 1: Customers submit their orders to the 
EPP-MAS module of the enterprise systems. 

Step 2: The EPP-MAS module generates pro-
duction plans according to the critical resource in-
formation provided by the ERM-MAS module and 
the knowledge (e.g., process knowledge) obtained 
from the EKDM-MAS module, and then sends the 
production plans to the ESM-MAS module for gen-
erating schedules.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Step 3: The ESM-MAS module generates 
schedules according to the production plans, the re-
source information provided by the ERM-MAS 
module, and the process knowledge obtained from the 
EKDM-MAS module, and then sends the job sched-
ules to the EMC-MAS module for execution. 

Step 4: The EMC-MAS module sends produc-
tion orders to the physical manufacturing environ-
ment (PHE) for production execution, gathers data on 
materials and equipment, etc., and performs necessary 
production control. In addition, during the process of 
production execution, the EMC-MAS module sends 
real-time information about resources and jobs to the 
ERM-MAS and EOJM-MAS modules, respectively. 

Step 5: When disturbances occur, the EMC- 
MAS module sends associated real-time information 
to facilitate rescheduling, which is performed by the 
ESM-MAS module. 

 
 

5  Model 
 

A multi-agent scheduling model is presented 
according to the architecture proposed in Section 4.  
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The notations used in this paper is given in  
the appendix. 

5.1  Providers and resources 

We consider a PSMS that involves Im registered 
manufacturing service providers (i.e., enterprises) 

m

m m m m
1 2{ , ,  , }IP P P P=   and Il registered logistics 

service providers (i.e., enterprises) l l l
1 2{ , , ,P P P= 

 

l

l }.IP  When a provider, m
iP  or l

iP , registers in the 
system through the registration management agent, a 
provider agent, mPAi  or lPAi , is created. All of the 
provider agents are managed by the provider man-
agement agent. Totally there are M types of manu-
facturing resources r={r1, r2, …, rM} in the PSMS and 
the resources altogether can perform F types of func-
tions. Resources are registered to the system through 
the resource registration management agent and 
managed by the resource agents. 

m
iP  can be described as follows: 

 
m m m m{Loc , Rep ,  },i i i iP R=                   (1) 

 

where mLoci  and mRepi  represent the location and 

reputation of m ,iP  respectively, and m
iR  is the man-

ufacturing resource set offered by m.iP  
m
iR  can be described as follows: 

 
m m m m

,1 ,2 ,={ , , ..., },
ii i i i KR R R R                   (2) 

 

where m
,i kR  is the kth type of resource offered by m ,iP  

and Ki (1≤Ki≤M) is the total number of types of 
manufacturing resources offered by m.iP  

m
,i kR  can be described as follows: 

 
m m m m m m m
, , , , , , ,{ ,  ,  ,  ,  ,  rel },i k i k i k i k i k i k i kR r F A p= α          (3) 

 

where m
,i kr  is the resource type of m

, ,i kR  

m
,

m m m m
, , ,1 , ,2 , ,{ , , , }

i k
i k i k i k i k zF f f f=   represents the function 

set of m
,i kR  ( m

,i kz  is the number of types of functions of 
m
,i kR , and m

,1 )i kz F≤ ≤ , m
,i kA  is the resource quantity 

of m
,i kR , m

,i kp , which is managed by the pricing/billing 

management agent, is the price of m
,i kR  for using a 

unit amount of manufacturing service for unit time, 
m
,i kα  is its efficiency coefficient of m

,i kR , and m
,reli k  

represents the reliability of m
,i kR  (measured in the pass 

rate). An agent m
,RAi k  is created for each type of re-

source m
,i kR  for managing all the resources of this type. 

All resource agents encapsulated from m’siP  re-

sources are managed by mPA .i   
l

iP  can be described as 
 

l l l={Rep , },i i iP R                           (4) 
 

where lRepi  is the reputation of l ,iP  and l
iR  is the 

logistics resource set offered by l .iP  There are dif-
ferent logistics methods such as water, land, or air. 
For simplicity, but without loss of generality, only the 
road logistics is considered, and only one type of 
logistics resource (e.g., trucks) is assumed in the 
PSMS. An agent lRAi  is created for managing the 

logistics resource l
iR  of l .iP   

l
iR  can be described as follows:  

 
l l l l{ , ,sc },i i i iR p t=                        (5) 

 

where l
ip  is the price of transporting a unit weight of 

parts/blanks for unit distance, l
it  is the time required 

for unit distance, and lsci  denotes the safety coeffi-

cient of l
iR . 

5.2  Consumers and tasks 

There are J consumers C={C1, C2, …, CJ} that 
are registered to the system considered through the 
registration management agent, and consumer Cj 
(1≤j≤J) is modeled as an agent CAj. All of the con-
sumers are managed by the consumer management 
agent. Each of them submits a task to the PSMS 
through the order submission agent with probability pt 
at each time step (pt is called the task arrival proba-
bility hereafter). There are J tasks in the system in 
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total, which are managed by the order/task manage-
ment agent. Orders/tasks are classified by the or-
der/task classification agent according to their types 
and resource requirements. Some of the tasks are 
submitted to the platform, while some of the tasks are 
submitted to resource providers directly, which are 
hereafter called platform tasks (PTs) and enterprise 
tasks (ETs), respectively (Fig. 7). The probability of 
tasks to be submitted to the platform is 1p , and with 
the rest probability 1−p1, tasks are submitted to the Im 
enterprises. In the latter case, the probability for a 
provider to receive a task is (1−p1)/Im. 

 
 
 
 
 
 
 
 
 
 
 
Cj can be described as follows: 

 

c c{Loc ,Rep , },j j j jC T=                      (6) 
 

where cLoc j  is the location of Cj, cRep j  is the pref-

erence of Cj toward providers’ reputation, and Tj de-
notes its requirement task.  

Tasks are labeled according to the order in which 
they enter the system T={T1, T2, …, TJ}. An agent TAj 
is created dynamically when task Tj enters the system 
and removes after completion. Tj can be described as 
follows: 

 

QoS{ ,AT ,DT ,mss , lss ,Stru ,mwl ,Cons },j j j j j j j j jT C=

(7) 
 

where Cj is the consumer to which Tj belongs, ATj and 
DTj are the arrival time and due time, respectively, 

,msub,1 ,2 ,mss {msub ,msub , ,msub }
jj j j j n=   is the ma-

chining subtask set of Tj (nj,msub is the number of 
machining subtasks in Tj), lssj={lsubj,1, lsubj,2, …, 

,msub,lsub }
jj n  is the possible logistics subtask set of Tj 

(the number of logistics subtasks in Tj is also nj,msub, 
see Fig. 7), Struj represents Tj’s subtask structure 

(typically, sequential, parallel, circular, selective, or 
their combination, which specifies the machining 
flow of Tj), mwlj is the machining workload of Tj, and 

QoSCons j  represents the QoS constraints in terms of 

time, cost, and reliability. QoSCons j  can be defined as 

follows:  
 

QoS time cost relCons ={Cons , Cons , Cons },j j j j       (8) 
 
where timeCo ,ns j  costCo ,ns j  and relCons j  denote the 

maximum acceptable time, maximum acceptable cost, 
and minimum acceptable reliability constraints, re-
spectively. timeCons j  is expressed as DTj−ATj, 

costCons j  is actually BUDj (i.e., the budget of Tj), and 
relCons j  is denoted by RELj (i.e., the overall reliability 

of resources used to perform Tj). Delayed completion 
(i.e., the actual completion time exceeds the time 
constraint costCons j ) of Tj will incur a penalty, which 

is expressed as PENj. 
msubj,s can be described as follows:  

 

{ }, , , , ,msub ,mu ,mswl , wght ,j s j s j s j s j sh=       (9) 
 

where hj,s is the number of parts/blanks to be ma-
chined for msubj,s (which is equal to that of Tj), muj,s 
is the functional type required for performing msubj,s, 
mswlj,s is the workload of msubj,s, and wghtj,s is the 
weight of the parts/blanks to be produced for msubj,s.  

mswlj,s can be defined as follows:  
 

m
, 0 , , ,mswl pt ,j s j s j s j sh uα=                 (10) 

 
where α0=1.0 is the benchmark efficiency coefficient, 

m
,pt j s  is the time required to complete a part/blank in 

msubj,s using a unit amount of matched service with 
the benchmark efficiency coefficient, and uj,s repre-
sents the unit amount of matched service for msubj,s. 
The workload mwlj of Tj can thus be calculated by 
summing the workloads of all manufacturing subtasks 
of Tj: 

,msub

,
1

mw .l mswl
jn

j j s
s=

= ∑                   (11) 
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Given the fact that materials are continuously 
removed from the parts/blanks during the machining 
process, the weight of parts/blanks for msubj,s is cal-
culated as follows: 1

, d ,1wgh t ,t wghs
j s jα −=  where 

wghtj,1 represents the weight of the parts/blanks of 
msubj,1, and 0<αd<1.0 is a discounting factor. 

The number of manufacturing subtasks nj,msub is 
uniformly distributed within [Nmin, Nmax], irrespective 
of PTs and ETs. For PTs, the function required for 
each subtask is randomly selected from the F types of 
functions in the entire PSMS. However, in generating 
ETs, m

iP  is first chosen randomly, and then a random 
number sni uniformly distributed within [1, Fi] 

m
,1

( )iK
i i kk

F z
=

=∑  is generated; at the same time, a 

number sn0 uniformly distributed within [nj,msub−sni, 
Nmax] (nj,msub−sni>0) is generated; that is, the types of 
functions for the former sni subtasks are randomly 
selected from all the types of functions of resources 
provided by m ,iP  and the types of functions required 
by the remaining subtasks are randomly selected from 
the other F−Fi types of functions that are different 
from the resources of m.iP  Hence, scheduling of PTs 
is completely managed by the platform, whereas for 
ETs, some of the subtasks are executed within the 
corresponding enterprise, but the subtasks beyond the 
capability of the enterprise are submitted to and ex-
ecuted in the cloud platform.  

5.3  Logistics network 

Logistics is an important factor that significantly 
affects the performance of the scheduling system. 
Logistics modeling includes logistics service model-
ing and logistics network modeling. The former has 
been addressed in Section 5.1, and here we focus on 
the latter. Given the fact that different logistics service 
providers have different logistics networks, the fol-
lowing two-step approach is employed to generate 
logistics networks of different providers. First, a 
square lattice is generated, in which the number of 
nodes is equal to the number of manufacturing re-
source providers Im, and the edge between any two 
directly connected enterprises characterizes the geo-
graphical distance between them. The geographical 
distance dadj of each edge is a randomly generated 

integer that follows the uniform distribution within a 
certain interval. Second, three scale-free networks are 
generated according to the Barabási–Albert network 
model (Albert and Barabási, 2002). During the net-
work generation process, the geographical distance 
between any two providers is computed according to 
the square lattice; i.e., the distance is equal to that of 
the shortest path between the corresponding two en-
terprises in the square lattice. In this manner, the ge-
ographical distance between any two enterprises in 
the logistics networks of different logistics enterprises 
can be guaranteed to be the same, because the square 
lattice provides a common reference for generating all 
of them. 

5.4  Scheduling 

The scheduling process is managed by the 
PSM-MAS and ESM-MAS modules for tasks that are 
executed in the platform and within enterprises, re-
spectively. Scheduling solutions are generated 
through contract net protocol based negotiations be-
tween different types of agents, including consumer 
agents, task agents, provider agents, and resource 
agents. The scheduling process of each task consists 
of five major phases: (1) task announcement, (2) bid 
preparation, (3) bid collection and evaluation, (4) task 
offer acceptance, and (5) schedule execution. 

5.4.1  Task announcement 

The negotiation process is initialized and driven 
by a task announcement. When a task is announced, 
all of its subtasks (including manufacturing subtasks 
and logistics subtasks) are announced to all resource 
agents at the same time, so that all of the subtasks can 
solicit bids from all resource agents (Fig. 7).  

5.4.2  Bid preparation 

After receiving a task announcement, all re-
source agents, including manufacturing resource 
agents and logistics resource agents, prepare bids for 
the subtasks. To reduce the number of messages and 
increase the scheduling efficiency in the presence of 
large-scale resources in a PSMS, task (or subtask) 
information on Tj is not broadcast directly to all re-
source agents. Instead, the information is sent to the 
resource management agent (RMA) in the PPRM- 
MAS module, and the RMA then transfers the in-
formation to the resource agents it manages. As an 
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intermediary between resource agents and task agents, 
the RMA plays an important role in the task bidding 
process. For example, it can determine how many 
resource agents have the final chance to bid for sub-
tasks by performing resource agent optimal selection. 

After receiving the information, each resource 
agent checks the requirements of the subtasks, its 
capability, and status (e.g., load) to determine whether 
to submit a bid. It will bid for one or more subtasks if 
it is able to and desires to undertake the subtask(s). If 
a resource agent decides to submit a bid, it will pre-
pare a bid and send it to the RMA. Otherwise, no 
action is taken. 

The bidding procedure for msubj,s or lsubj,s is as 
follows: (1) m

,RAi k  checks whether m
, ,mu j s i kF∈  (i.e., 

whether m
,RAi k  is able to perform the function re-

quired by msubj,s). For lsubj,s, this step is not needed 
because only one type of logistics resource is assumed 
and logistics resource agents are thus always able to 
undertake the subtask. (2) mPAi  or lPAi  checks 

whether m cRep R .epi j≥  (3) If the answers to the two 

questions are both yes, then m
,RAi k  or lRAi  will con-

tinue to calculate the values of the associated metrics 
to complete msubj,s or lsubj,s. Here metrics of time, 
cost, and reliability are considered for evaluating the 
system performance (Liu et al., 2019). 

The time required for m
,i kR  to complete msubj,s 

depends on three factors: the workload mswlj,s of 
msubj,s, the capability of m

,i kR  (which is defined as 
m m
, ,i k i kA α ), and its load (e.g., the number of subtasks in 

its subtask queue). The time required for m
,i kR  to 

complete msubj,s without considering the subtasks in 
the subtask queue can be computed as follows:  

 
,,

, ,m m m
, ,

mswl
pt ,j si k

j s
i k i kA

=
α

                      (12) 

 

where ,
, ,mpti k

j s  is usually a decimal. For convenience 

of representation (e.g., plotting the Gantt chart), 
,
, ,mpti k

j s  is rounded to the smallest integer greater than 

or equal to the decimal in this work. 
During the scheduling process, there may be 

several subtasks in the subtask queue of m
, .i kR  

Therefore, according to the first-in-first-out dis-
patching rule, the current subtask msubj,s needs to 
wait for all the subtasks in the subtask queue (i.e., the 
buffer) to be finished; i.e., the current subtask msubj,s 
will be addressed after all subtasks in the current 
subtask queue of m

,i kR  are completed. As a result, the 
waiting time in this case can be calculated as follows:  

 

,

, ,
, ,m , ,m

msub

w ,t pt
j s

i k i k
j s j s

Ω∈

= ∑                   (13) 

 
where Ω represents the subtask set in the subtask 
queue of m

,i kR . 

The logistics time , ,llti
j s  for l

iR  to undertake 

lsubj,s (i.e., the logistics task between msubj,s and 
msubj,s+1) depends mainly on two factors: the chosen 
logistics service and the shortest geographical dis-
tance between the two enterprises (e.g., m

iP  and m
iP′ ) 

undertaking the two adjacent subtasks (as the logistics 
networks for different logistics service providers 
cover different areas, the shortest distances for dif-
ferent providers are probably different), which can be 
calculated as follows (without considering the waiting 
time):  

 
l min m m

, 1
, ,l m m

,   Loc Loc
lt

0,            Loc Loc

,

,
i s s i ii

j s
i i

t d ′

′

+ ≠= 
=

         (14) 

 

where min
, 1s sd +  denotes the shortest geographical dis-

tance of all possible logistics paths between m
iP  and 

m
iP′  that undertake msubj,s and msubj,s+1. 

The waiting time for l
iR  to process lsubj,s can be 

calculated as follows:  
 

,

, , , ,
lsub

wt lt ,
j s

i i
j s l j s l

Ω∈

= ∑                  (15) 

 
where Ω represents all the subtasks in the logistics 
subtask queue of l

iR . 

,msub,lsub
jj n  is the logistics task to deliver the 

parts/blanks of 
,msub,msub

jj n  to Cj, and the time  
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required for fulfilling it using l
iR  can be calculated as 

follows: 

,msub

,lsub

l min m c
,

, ,l m c

,    Loc Loc
lt

0,                  Loc

,

,Loc
j j

j j

i n c i j
n c

i j

t d ≠= 
=

    (16) 

 
where 

,msub

min
,j jn cd  is the shortest geographical distance 

of all possible paths between the provider undertaking 

,msub,lsub
jj n  and Cj. 

The waiting time for l
iR  to complete 

,msub,lsub
jj n  

is 

,msub

,

, , , ,
lsub

t ,w lt
j

j s

i i
j n l j s l

Ω∈

= ∑                  (17) 

 
where Ω represents all the subtasks in the buffer of 

l .iR  
The total time for Tj to be completed can there-

fore be calculated as follows: 
 

( )

( )

( )

,msubm

,msubl

l

,msub ,msub ,msub

, ,
, ,m , ,m

1 1 1
1

, ,l , ,l
1 1

, ,l , ,l
1

pt wt

       lt wt

       lt w .t

ji

j

j

j j j j

nKI
i k i k

T j s j s ikjs
i k s

nI
i i
j s j s ijs

i s
I

i
n c j n ijn

i

t x

y

z

= = =
−

= =

=

= +

+ +

+ +

∑∑∑

∑ ∑

∑

 (18) 

 
The cost for m

,i kR  to complete msubj,s consists of 
machining cost, logistics cost, and a possible penalty 
for the delay in delivery. The machining cost can be 
calculated as follows: 

 
, m m ,
, ,m , , , ,mmc pt .i k i k

j s i k i k j sp A=                 (19) 

 
The logistics cost can be calculated as follows: 
 

l min m m
, 1 ,

, ,l m m

, wght ,   Loc Loc
lc

0,                         Loc L c ,o
i s s j s i ii

j s
i i

p d ′+

′

 ≠= 
=

   (20) 

 
where wghtj,s represents the total weight of parts/ 
blanks of msubj,s. 

The cost for l
iR  to deliver the product (or 

semi-product) to Cj is 
 

,msub ,msub

,msub

l min m c
,

, ,l m c

, wght ,  Loc Loc
lc

0,                                 Loc Loc

,

,
j j j

j j

i n c j n i ji
n c

i j

p d ≠= 
=

 

(21) 
where 

,msub

min
,j jn cd  is the minimum geographical dis-

tance among all possible paths between the enterprise 
that undertakes 

,msub,msub
jj n  and Cj, and 

,msub,wght
jj n  

represents the corresponding weight of parts/blanks 
of 

,msub,msub
jj n . 

The possible penalty PENj of Tj for delay in de-
livery can be calculated as follows:  

 
Cost XT ,    XT 0,

PEN
0,                      XT 0,

j j j j
j

j

β >=  ≤
           (22) 

 
where βj is a coefficient, Costj is the cost of using 
services in the composition solution obtained to fulfill 
Tj, and XTj=CTj−(DTj−ATj) is the amount of time 
that exceeds the due time.  

As a result, the total cost for completing all the 
subtasks of Tj can be calculated as follows: 

 
,msub ,msubm l

l

,msub ,msub

1
,
, ,m , ,l

1 1 1 1 1

, ,l
1

mc lc

       lc EN .P

j ji

j

j j

n nKI I
i k i

T j s ikjs j s ijs
i k s i s

I
i
j n ijn j

i

c x y

z

−

= = = = =

=

= +

+ +

∑∑∑ ∑ ∑

∑
 (23) 

 
Similarly, the reliability of fulfilling jT  com-

prises machining reliability and logistics reliability 
(i.e., logistics safety):  

 

( )

,msubm

,msub l

,msub

,
,

1 1 1
1

, ,l
, ,

1 1 1
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          sc ,sc

ji

j
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j
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i k
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nI I
i l i
j s ijs i n

i s i

x

y

= = =
−

= = =

=

⋅

∑∑∑

∑ ∑ ∑
     (24) 

 

where ,
,reli k

j s  is the pass rate for service m
,i kR  to pro-

cess ,msub ,j s  and ,
,sci l

j s  is the safety coefficient for 
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logistics service l
iR  to process ,lsub j s , and 

,msub

,l
,sc

j

i
i n  

is the safety coefficient for l
iR  to process the logistics 

task 
,msub, .lsub

jj n  Note that if the starting and ending 

locations of the logistics are the same, then the logis-
tics reliability is 1.0. 

In Eqs. (18), (23), and (24),  
 

m
, ,1,   if is chosen for msub

0,              otherwise,   

 ,

 
i k j s

ikjs
R

x
= 


     (25) 

1
,1,   if is chosen for lsub

0,              otherwise,  

,

 

 

 
i j s

ijsy
R= 


        (26) 

,msub

,msub

1
,1,   if is chosen for lsub

0,              otherwise.    

 ,
j

j

i j n
ijn

R
z

= 


 (27) 

5.4.3  Bid collection and evaluation 

After the bidding, an eligible resource set is 
collected for each subtask of Tj. Then, the composi-
tion management agent performs optimal resource 
and their combination selection using heuristic or 
metaheuristic algorithms such as GA, ACO, and PSO 
embedded in it (Liu et al., 2019). As mentioned earlier, 
scheduling in the PSMS involves multiple objectives, 
including minimization of time and cost to complete 
the task, and maximization of reliability to complete 
the task; the overall objective is the linear weighted 
combination of the above sub-objectives:  

 
t c rel

t c rel ,j j j jQ w Q w Q w Q= + +              (28) 
where 

max
max min

max mint

max min

,   0,

1,                   0,
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T T
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T Tj
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t tQ

t t

 −
 − ≠ −= 


− =

            (29) 
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T T
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T T
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c cQ
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
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min
max min

max minrel

max min

rel rel
,    rel rel 0,

rel rel

1,                          rel rel 0,

j j

j j

j j

j j

T T
T T

T Tj

T T

Q

 −
 − ≠ −= 


− =

  (31) 

c BU ,Dj jT ≤                          (32) 
rel EL ,Rj jT ≥                          (33) 

 
and wt, wc, and wrel are weight coefficients that char-
acterize the contributions of the three different met-
rics to the overall objective, which are subject to the 
constraint wt+wc+wrel=1.0 (Liu et al., 2019). The ob-
jective of scheduling is to maximize Qj while satis-
fying constraints (31) and (32). As a result, the re-
source agents as a composition that together lead to 
the highest Qj will be selected to fulfill Tj. After de-
termining the optimal resource composition, the 
composition management agent offers the subtasks to 
the corresponding resource agents in the composition 
(For resource agents who are not chosen, no action is 
needed). In the current model, only one resource 
agent is selected for each subtask. In the case where 
two resource agents are the same, one of them will be 
selected randomly. 

Scheduling composition solution generation is 
carried out under the management of the PSM-MAS, 
PMC-MAS, ESM-MAS, and EMC-MAS modules. 
For example, during the scheduling process, disrup-
tions (e.g., machine failures, tool shortages, and re-
quirement variations) may occur, and are monitored 
by the PMC-MAS module together with the EMC- 
MAS module (due to limited space, we do not con-
sider such disturbances in this work). Dynamic events 
may trigger scheduling adjustment or rescheduling, 
which is managed by the scheduling management 
agent. 

5.4.4  Task offer acceptance 

Because only one resource agent is selected for 
each task, only that resource agent will be granted the 
offer. After receiving the task offer from the task 
agent, the resource agent will choose to accept it, and 
inform the task agent of the acceptance. In some 
special cases, one resource agent may be selected to 
undertake more than one subtask. This will not incur 
conflicts because different subtasks are executed 
sequentially. 

5.4.5  Schedule execution 

After task offer acceptance by resource agents, 
the scheduling execution process can start. 
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In the current model, tasks, including PTs and 
ETs, are scheduled one by one according to the order 
in which they enter the system. Scheduling of the next 
task can take place only when the scheduling solution 
for the current task is found and execution is started. 
As a result, the above procedure will be repeated until 
scheduling of all tasks is finished. 

In the preceding section, we discussed mainly 
the PT scheduling process. For ETs, the scheduling 
process is similar. The only difference is that some 
subtasks are executed within the enterprise whereas 
some are executed in the platform (Fig. 7), but the 
scheduling process and principle are the same. 

 
 

6  Case study 
 
In the following, we present a simplified case to 

briefly demonstrate the operational principle of the 
model and architecture proposed, focusing on the 
effects of the task arrival probability and logistics. In 
this case study, there are 30 manufacturing resource 
providers and three logistics resource providers. All 
providers are encapsulated into provider agents. 
Thirty types of resources (i.e., R1–R30) that can 
perform 30 different types of functions (i.e., F1–F30) 
are considered. Each type of resource from a provider 
is encapsulated in a resource agent. Resources con-
sidered here are hard manufacturing resources such as 
machine tools, industrial robots, and a machining 
center, which can perform functions such as lathing, 
welding, milling, drilling, cutting, grinding, painting, 
pick-and-place, assembly, and transfer. Tables 2–7 
and Fig. 8 show the common variables and parame-
ters, information about manufacturing resource pro-
viders and their resources, logistics providers and 
logistics services, consumers and their tasks, and the 
logistics network of the first logistics service provider. 
Note that in this case study, some aspects of the model 
proposed in Section 5 are simplified without losing 
the essence of the model. The simplifications include 
the following: 

1. Provider reputation is not considered in this 
case study. Reputation, like other QoS metrics such as 
time, cost, and reliability, provides a criterion for 
consumers to select providers and resources. Con-
sidering provider reputation will make the model 
more realistic and the scheduling results more  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
comprehensive and accurate. Because the purpose of 
the current case study is mainly to demonstrate the 
operation principle of the architecture and model in a 
more concrete way instead of investigating the effects 
of reputation on scheduling results in detail, we leave 
them to our future work. 

2. The time constraint is considered (In the cur-
rent model, exceeding task due times is allowed, but 
this will incur a penalty; see Section 5.2 for details), 
but budget (i.e., cost) and reliability constraints of the 
required tasks are not taken into account. Considering 

Table 2  Common variables and parameters 
Parameter Value Unit 

Im 30  
Il 3  
M 30  
F 30  
Ki [1, 2]  
m
,i kz  [1, 2]  

J 31  
m
,i kA  [5, 10]  

m
,i kp  [15, 25]  

m
,i kα  [0.5, 1.5]  

m
,reli k  [0.8, 1.0]  

l
ip  

[0.0001, 
0.000 05]  

l
it  [0.004, 0.005]  
lsci  [0.8, 1.0]  

pl 0.5  
nj [10, 30]  
βj [0.005, 0.01]  

,msubjn  [2, 4]  
m

,pt j s  [50, 250] Time step 

wghtj,1 [200, 1000] kg 
αd 0.8  
α0 1.0  
us0 1.0  
sni 1  
dadj [125, 500] km 
wt 0.4  
wc 0.3  
wrel 0.3  
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budget and reliability constraints can help filter out 
the scheduling solutions that do not satisfy the con-
straints and will make the scheduling results more 
accurate, but for the same reason as not considering 
reputation, we do not consider them here. 

As in the model, the scheduling process under-
goes five major phases: task announcement, bid 
preparation, bid collection and evaluation, task offer 
acceptance, and schedule execution. In particular, 
during the task bidding process, an RMA is intro-
duced as an intermediary for matching task agents 
with resource agents. However, due to the limited 
number of resource agents, the RMA allows all re-
source agents to have the chance to bid for subtasks 
instead of filtering out some of them (i.e., no partic-
ular function is assigned to the RMA). 

Fig. 9 shows the variations of the average ma-
chining time (AMT), average waiting time (AWT), 
average task completion time (ATCT), and average 
total task completion time (ATTCT) as functions of pt 
with or without consideration of logistics. The results 
are obtained by averaging over 100 realizations, and 
for each realization, 200 task arrival time steps are 
considered (i.e., tasks no longer arrive after 200 time 
steps, but it takes more than 200 time steps for all the 
arriving tasks to be completed). It can be observed 
from Fig. 9 that pt and logistics have different influ-
ences on the different types of time. To be more spe-
cific, all of AWT, ATCT, and ATTCT increase mon-
otonically with pt, while the upward tendency of 
AMT is not quite apparent. The phenomena above can 
be analyzed and explained as follows. With the in-
crease of pt at each time step, more and more tasks 
enter the system and compete for the limited manu-
facturing resources. In this case, the overall task 
queue of each type of resource becomes longer, which 
makes tasks wait longer time in the queues. From the 
very slight uptrend of AMT and logistics time (not 
shown), the great increase in AWT, and the fact that a 
task’s completion time equals the sum of its machin-
ing time, logistics time, and waiting time, we can 
conclude that the increase of ATCT with pt is caused 
mainly by the increase in the waiting time. Due to 
more tasks and resulting resource competition, 
ATTCT increases with pt as well. Why does pt have 
little effect on AMT? This is because increasing pt 
leads to more and more tasks appearing in the system, 
indicating that the resources are still abundant relative 

to the number of tasks (even at a high task arrival 
probability), so that resource quality does not vary 
greatly for executing the tasks at different pt (Fig. 10).  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Table 4  Information on logistics resources 
l

iP  l
ip  l

it  lsci  
l

1P  0.000 069 0.008 930 0.97 
l

2P  0.000 054 0.009 544 0.90 
l

3P  0.000 080 0.009 914 0.91 

 

Fig. 8  Logistics network of the first logistics service pro-
vider (the numbers besides the solid circles denote  
enterprises) 

Table 3  Information on manufacturing resource providers 
and their resources

 
m

iP  m
,i kR  m

,i kr  m
,i kF  m

,i kA  m
,i kp  m

,i kα  m
,reli k  

m
1P  

m
1,1R  m

1,1 (11)r  1,1,1
m (11)f  8 0.886 0.636 0.960 

m
1,2R  m

1,2 (6)r  1,2,1
m (15)f

1,2,2
m (16)f  

5 0.990 1.227 0.996 

m
2P  

m
2,1R  m

2,1(4)r  2,1,1(2)mf

2,1,2 (26)mf  
10 0.879 1.127 0.910 

m
2,2R  m

2,2 (18)r  2,2,1(17)mf  10 1.278 0.611 0.941 

m
3P  m

3,1R  m
3,1 (5)r  3,1,1(7)mf

3,1,2 (14)mf  
9 1.124 1.353 0.907 

m
4P  m

4,1R  m
4,1(28)r  4,1,1(1)mf

4,1,2 (4)mf  
8 1.001 0.700 0.903 

m
5P  m

5,1R  m
5,1(3)r  5,1,1(20)mf

5,1,2 (22)mf  
5 1.201 0.576 0.952 

m
6P  

m
6,1R  m

6,1(1)r  6,1,1(3)mf

6,1,2 (28)mf  
8 0.859 0.753 0.837 

m
6,2R  m

6,2 (11)r  6,2,1(11)mf  7 1.284 0.634 0.919 

Due to limited space, only the information for the first six enter-
prises is shown 
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On the other hand, it can be observed that the AMT 
and AWT curves for scenarios with and without lo-
gistics almost overlap with each other, indicating that 
logistics has little effect on them. However, logistics 
will prolong ATCT and ATTCT. These phenomena 
are easily understood, because logistics takes time, 
but it does not cause resource competition. To visu-
ally demonstrate the effect of logistics, we show the 
Gantt chart for pt=0.5 with and without consideration 
of logistics in Fig. 11. It can be observed that sched-
uling without logistics indeed takes less time for all 
tasks to be completed (refer to Tables 2–7 for details 
about the scheduling diagrams). We have also de-
veloped a software prototype system for the PSMS to  

Table 5  Information on consumers and tasks 

Cj Tj 
Task 
type nj,msub ATj DTj hj,s PENj 

msubj,s/ 
lsubj,s 

,
, ,mpti k

j s /

, ,llti
j s  

l
iP  ,wght j s  

C1 T1 PT 2 1 42 355 0 

msub1,1 5 − wght1,1(327) 
lsub1,1 3 1  
msub1,2 5 − wght1,2(261) 
lsub1,2 2 3  

C2 T2 PT 2 2 47 432 0 

msub2,1 4 − wght2,1(634) 
lsub2,1 3 1  
msub2,2 5 − wght2,2(507) 
lsub2,2 2 1  

C3 T2 PT 2 4 65 616 0 

msub3,1 8 − wght3,1(676) 
lsub3,1 2 3  
msub3,2 27 − wght3,2(540) 
lsub3,2 2 2  

C4 T4 PT 4 6 53 327 0 

msub4,1 3 − wght4,1(668) 
lsub4,1 3 3  
msub4,2 15 − wght4,2(534) 
lsub4,2 4 1  
msub4,3 4 − wght4,3(427) 
lsub4,3 3 1  
msub4,4 6 − wght4,4(341) 
lsub4,4 3 2  

C5 T5 ET 4 7 82 108 0 

msub5,1 5 − wght5,1(887) 
lsub5,1 4 2  
msub5,2 2 − wght5,2(709) 
lsub5,2 2 3  
msub5,3 4 − wght5,3(567) 
lsub5,3 3 2  
msub5,4 2 − wght5,4(453) 
lsub5,4 2 2  

C6 T6 ET 3 9 41 385 13.36 

msub6,1 7 − wght6,1(756) 
lsub6,1 2 1  
msub6,2 8 − wght6,2 604) 
lsub6,2 3 2  
msub6,3 17 − wght6,3(483) 
lsub6,3 2 1  

Due to limited space, only information for the top six tasks is shown here 

Fig. 9  The average machining time (a), waiting time (b), 
task completion time (c), and total task completion time (d) 
vs. the task arrival probability with or without considera-
tion of logistics 

pt pt 
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perform scheduling simulations (Fig. 12). Because 
the focus of this study is on the multi-agent architec-
ture, here only preliminary scheduling results are 
presented and detailed, in-depth research is left for the 
future. 

 
 

7  Conclusions and discussion 
 
Thus far, we have proposed a multi-agent ar-

chitecture for scheduling in PSMSs. First, the pro-
cedure, characteristics, and requirements for sched-
uling in PSMSs were summarized and analyzed. Then, 
a multi-agent architecture consisting of platform-level 
scheduling MAS and enterprise-level scheduling  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
MAS was proposed, and their operation models were 
presented. Then, a specific multi-agent model for 
scheduling in a PSMS was proposed according to the 
proposed architecture. Finally, a case study was 
conducted to validate the effectiveness of the archi-
tecture and model. 

Due to the high complexity of scheduling in 
PSMSs, it is very difficult to propose a model that 
covers all the characteristics of the issue (see Section 3 
for details). Here, we would like to discuss the aspects 
that can be improved to provide reference for future 
research. In the current model, the characteristics 
considered include autonomy and preferences of 
providers and consumers, wide-area logistics, com-
posite tasks, and collaborative scheduling. In the  

Table 6  Adjacent distance matrix of the logistics network of the first logistics service provider 
 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30 

1  221   264               404        210   

2 221      404 477 188      344 426   321   466 227 388   202 402   

3              406    176            226 

4      309                  258  146     

5 264      211    495             155     429 308 

6    309   328      193 213   326 375             

7  404   211 328     365   434   430     296 244   178    220 

8  477            244        273  357  438     

9  188         250       440             

10             256 277          361      282 

11     495  365  250    237    495 435 500   161         

12               355       174    259     

13      193    256 237                    

14   406   213 434 244  277     164  225     398   445 446    365 

15  344          355  164              206   

16  426               283             144 

17      326 430    495   225  283      213         

18   176   375   440  435               216     

19  321         500          434   371       

20 404                    378     263     

21                   434 378  153      171   

22  466     296 273   161 174  398   213    153     450 260 140  365 

23  227     244                   493     

24  388  258 155   357  361         371            

25              445              256  297 

26    146   178 438    259  446    216  263  450 493     183 158  

27  202                    260      155   

28 210 402             206      171 140   256 183 155    

29     429                     158    432 

30   226  308  220   282    365  144      365   297    432  

Due to limited space, only the first logistics network is presented here 
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future, to be more realistic, real-time dynamic events 
such as machine failures, tool shortages, and re-
quirement variations should be considered. The 
scheduling of multiple tasks as a whole should be 
further studied. Multi-granularity as an important 
characteristic of scheduling in PSMSs should be 
taken into account as well. The characteristics of 
multi-granularity in the current model can be re-
flected by the fact that different resource agents can 
bid for tasks at different levels in collaboration with 
each other. Moreover, in the current model, the as-
sumptions can be relaxed to allow more flexible 
scheduling (e.g., resources of the same type from an 
enterprise are allowed to bid for more than one sub-
task by being partitioned into different parts). In the 
future, work along this line will continue.  
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Due to limited space, only the first logistics network is presented here 
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Table A1  Notations used in the paper 
Parameter Meaning Parameter Meaning 

m
,i kA  Quantity of m

,i kR  m
, ,i k gf  gth type of functions of m

,i kR  

ATj Arrival time of Tj ,sjh  Number of parts/blanks to be produced for 
,msub j s  

BUDj Budget of Tj lI  Number of logistics service providers 
C Set of consumers Im Number of manufacturing service providers 
Cj jth consumer J Number of consumers/tasks 
CA j  Agent of Cj iK  Number of types of manufacturing resources 

m
iP  offers 

QoSCons j  QoS constraint of Tj mLoci  Location of m
iP  

timeCons j  Time constraint of Tj cLoc j  Location of Cj 

costCons j  Cost constraint of Tj 
, ,llci

j s  Logistics cost between the two providers that 
undertake msubj,s and msubj,s+1 

relCons j  Reliability constraint of Tj 
,msub, ,llc

j
i
j n

 

Cost for l
iR  to deliver parts/blanks of 

,msub,msub
jj n  to Cj 

jTc  Total cost for completing Tj lssj Logistics subtask set of Tj 

Cost j  Cost of using services in the obtained  
composition solution to fulfill Tj 

lsubj,s sth logistics subtask of Tj 

DT j  Due time of Tj 
,msub,lsub

jj n

 

(nj,msub)th logistics subtask of Tj (i.e., delivering 
parts/blanks to Cj) 

dadj Geographical distance between any two  
adjacent providers , ,llti

j s  Logistics time for l
iR  to undertake ,lsub j s  

min
, 1s sd +  Shortest geographical distance between 

providers that undertake ,msub j s  and 

, 1msub j s+  

,msub , ,llt
j jn c

 

Time required for fulfilling 
,msub,lsub

jj n  using 

l
iR  

,msub
min

,j jn cd  Shortest geographical distance between the 
provider undertaking 

,msub,msub
jj n  and Cj 

M Number of types of manufacturing  
resources in a PSMS 

ET Enterprise task ,
, ,mmci k

j s  Machining cost for m
,i kR  to complete ,msub j s  

F Number of types of functions of all  
resources in a PSMS 

mssj Machining subtask set of Tj 

Fi Number of types of functions of all resources 
m

iP  offers 

msubj,s sth manufacturing subtask of Tj 

m
,i kF  Function set of m

,i kR  mswlj,s Workload of msubj,s 

To be continued 

Appendix: Notations 
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Table A1 

Parameter Meaning Parameter Meaning 

,mu j s  Functional type required for performing 
,msub j s  

REL j  Overall reliability constraint of Tj 

mwlj Machining workload of Tj ir  ith type of manufacturing resources in a PSMS 

,msub,msub
jj n  (nj,msub)th manufacturing subtask of Tj cRep j  Preference of Cj toward providers’ reputation 

,msubjn  Number of manufacturing/logistics  
subtasks in Tj 

lRepi  Reputation of l
iP  

Nmax Upper bound for the number of subtasks mRepi  Reputation of m
iP  

Nmin Lower bound for the number of subtasks 0sn  Number of subtasks executed in the  
platform for an ET 

Pl Set of logistics service providers lsci  Safety coefficient of l
iR  

l
iP  ith logistics service provider ,

,sci l
j s  Safety coefficient for l

iR  to process ,lsub j s  

mP  Set of manufacturing service providers Struj Subtask structure of Tj 

m
iP  ith manufacturing service provider l

it  Time of l
iR  for unit distance 

lPAi  Agent of l
iP  jTt  Total time to complete Tj 

mPAi  Agent of m
iP  T Task set in a PSMS 

PENj Penalty for delaying completing Tj Tj jth task 
PT Platform task TAj Agent of Tj 
p1 Probability for tasks to be submitted to  

the platform 
us0 Unit manufacturing resource 

pt Task arrival probability ,j su  Unit amount of matched service for ,msub j s  

m
,i kp  Price of m

,i kR  for us0 and unit time ,wght j s  Weight of the parts/blanks of ,msub j s  

m
,pt j s  Time required for completing a part/blank in 

msubj,s using unit amount of matched  
service with α0 

,msub,wght
jj n  Weight of the parts/blanks of 

,msub,msub
jj n  

,
, ,mpt i k

j s  Time required for m
,i kR  to complete ,msub j s  ,

, ,mwti k
j s  Waiting time for m

,i kR  to process ,msub j s  

l
ip  Price of l

iR  for the unit weight and unit distance , ,lwti
j s  Waiting time for l

iR  to process ,lsub j s  

r  Set of all types of manufacturing resources in 
a PSMS ,msub, ,lwt

j
i
j n  Waiting time for l

iR  to complete 
,msub,lsub

jj n  

m
,i kr  Type of m

,i kR  ikjsx  1 if ,
m
i kR  is chosen for handling ,msub j s ; 0 

otherwise 
m
,reli k  Reliability of m

,i kR  ijsy  1 if l
iR  is chosen for handling ,lsub j s ; 0 

otherwise 
,
,reli k

j s  Pass rate for m
,i kR  to process ,msub j s  ,msubjijnz  1 if l

iR  is chosen for handling 
,msub,lsub

jj n ; 0 

otherwise 
rel

jT  Overall reliability of fulfilling Tj m
,i kz  Number of types of functions of m

,i kR  

l
iR  Set of logistics resource offered by l

iP  α0 Benchmark efficiency coefficient of manu-
facturing resources 

m
iR  Set of manufacturing resources offered by m

iP  αd Discounting factor for weight between  
adjacent subtasks 

lRAi  Agent of l
iR  m

,i kα  Efficiency coefficient of m
,i kR  

m
,i kR  kth type of manufacturing resources m

iP  offers βj Coefficient for calculating PENj 

m
,RAi k  Agent of m

,i kR    
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