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Abstract
Proprietary communication technologies for time-critical communication in 
industrial environments are being gradually replaced by Time-sensitive Networking 
(TSN)-enabled Ethernet. Furthermore, attempts have been made to bring TSN 
features into wireless networks so that the flexibility of wireless networks can 
be utilized, and the end-to-end timings for Time-Triggered (TT) streams can be 
guaranteed. Given a mixed wired-wireless network, the scheduling problem should 
be solved for a set of TT stream requests. In this paper, we formulate the no-wait 
scheduling problem for mixed wired-wireless networks as a Mixed Integer Linear 
Programming (MILP) model with the objective of minimizing the flowspan. 
We also propose a relaxation of the original MILP in the form of a 2-stage MILP 
formulation. Next, a scalable approach based on the greedy heuristic is proposed to 
solve the problem for realistic-size networks. Evaluation results show that the greedy 
heuristic is suitable for realistic problem sizes where the MILP-based approach is 
found to be practically infeasible. Furthermore, the impact of wireless requests on 
the performance of the greedy heuristic is reported.

Keywords  TSN · Ethernet · TAS · WiFi · ILP · MILP · Scheduling

1  Introduction

Due to its cost-effectiveness and maturity, Ethernet has been the de-facto link layer 
technology in standard communication networks. However, certain applications 
such as industrial automation, aviation systems and audio-video bridging (AVB) 
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require stringent guarantees on the timings of data exchange between endpoints 
(e.g., sensors, controller and actuators), which are difficult to promise in Ethernet 
[1]. For instance, the closed-loop control used for motion control of an industrial 
robot typically requires sub-10 ms latency [2]. Traditionally, networking in such 
domains is dominated by proprietary communication technologies such as Time-
Triggered Ethernet (TTEthernet) and EtherCAT which are inflexible and costly 
but guarantee timely delivery of Time Sensitive (TS) traffic. To bring time 
sensitivity to Ethernet, the IEEE 802.1 Time-Sensitive Networking (TSN) Task 
Group (TG) released a suite of standards in 2012 [3]. This suite of standards 
specifies various mechanisms (e.g., time-synchronization, time-aware shaping) 
aimed at enabling the co-existence of time-triggered (TT) traffic that requires 
end-to-end timing guarantees along with standard Best-Effort (BE) traffic streams 
that do not need any timing assurances.

Time-Aware Shaping (TAS) or IEEE 802.1Qbv is one of the TSN components 
that emulates Time Division Multiple Access (TDMA) on each egress port [4]. 
The transmission time on links is divided into time slices that are assigned to each 
TT stream, thus ensuring no interference from other TT or BE streams. Link-layer 
technologies (e.g., Ethernet) based on wired communications provide stable and 
consistent communication as the frame transmission in the wired medium is more 
reliable than in wireless medium that suffers from inference issues. Therefore, the 
majority of industrial communication networks are based on wired links, which 
offer performance guarantees and high reliability needed to automate production 
processes [5]. However, wired networks, being inflexible, are not well suited in 
dynamic environments (e.g., with moving machine parts and robots). For such 
scenarios, wireless networks are quite practical.

A wireless network that connects several devices can be quickly deployed 
without the need for complex cable installation, resulting in cost savings. It 
also enables the connectivity of endpoints that are not accessible by cables, 
especially in dynamic industry environments. Other advantages include easier 
reconfigurability of factory settings and scalability. Owing to the evolution of 
high-speed wireless networking and the above advantages, networks consisting 
of both wired and wireless segments are prevalent in all kinds of industry 
environments [6]. End-to-end guarantees in such mixed wired-wireless networks 
can be provided by implementing TSN mechanisms in wireless, in addition to 
wired links. Implementation of such TSN mechanisms in wireless has been 
gaining some attention, recently, given the importance of time-sensitivity 
in several application domains. In [7], a Proof of Concept (PoC) has been 
demonstrated for wireless TSN, which is based on WiFi-based Software-Defined 
Radio (SDR) called OpenWifi [8]. The PoC implements time-synchronization 
and time-aware shaping in the wireless domain. Considering the prospects of 
wireless TSN, the problem of scheduling TT streams on a given mixed wired-
wireless network still remains a challenge [9]. The end-to-end scheduling 
problem has been addressed for wired TSN widely [10–12]. The scheduling 
algorithms proposed in these works do not consider the specific characteristics of 
mixed wired-wireless networks. However, modeling of the end-to-end scheduling 
problem for a mixed wired-wireless network is not straightforward because of 
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these reasons: (i) the difference in transmission speeds of wired and wireless 
links, (ii) half-duplex communication in wireless links as opposed to that of wired 
links and (iii) sharing of wireless links among Wireless Access Point (WAP) and 
multiple endpoints. To this end, this paper addresses the scheduling problem for 
mixed wired-wireless networks. More concretely, the contributions of this paper 
are as follows: 

1.	 We propose the transformation of a wireless link to a graph consisting of only 
simplex links. This transformation simplifies the modeling of wireless links in 
the mixed network and simplifies the scheduling algorithm.

2.	 A Mixed Integer Linear Program (MILP) model representing the no-wait 
scheduling problem for a mixed wired-wireless network is presented along with 
a relaxed formulation consisting of 2-stage MILPs. A greedy heuristic method is 
also proposed, as the MILP approach is not feasible beyond small-size problem 
instances.

For both the MILP model and the greedy heuristic, we assume no-wait scheduling 
and the aim is to minimize the flowspan time among all requests. The no-wait 
scheduling constraint in TSN ensures that packets are transmitted immediately after 
processing, avoiding queueing in the queue of the egress port [10]. This results in 
packets traveling through the network “non-stop” with minimal possible end-to-end 
delay.

The flowspan time is an essential metric in the scheduling problem, as it 
determines the frame queueing time at the source node and consequently, the end-
to-end delay for TT streams [10].

The remainder of the article is organized as follows: Sect. 2 provides a survey of 
key related works. The system model along with the problem statement is presented 
in sect. 3. The MILP formulation for the mixed network wired-wireless scheduling 
problem is discussed in 4. Next, a greedy heuristic algorithm is described in sect. 6. 
The MILP approach and heuristic are evaluated for scalability and performance in 
sect. 7. The paper is concluded in sect. 8.

2 � Related Works

Efforts have been made to introduce the sensitivity of time to Ethernet for several 
years [13, 14]. The TSN Task Group (TSN TG), a task group of IEEE 802.1 
Working Group (WG), has published a suite of standards targeting extensions to 
IEEE 802 networks that enable end-to-end deterministic connectivity, i.e, bounded 
delays and jitter along with high availability. The most relevant standards in the suite 
are listed in Table 1.

The IEEE 802.1Qbv, also known as Time-aware Shaping (TAS), specifies the 
mechanisms to implement TDMA in IEEE 802 networks [4]. The use of the TAS 
entails the computation of routes and schedules based on the given network and 
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TT stream specifications. Earlier work on the TSN scheduling problem was mostly 
concerned with computing schedules for proprietary networks (e.g., TTEthernet, 
PROFINET), while recent work has focused on computing schedules for TAS-ena-
bled bridged networks. A Satisfiability Modulo Theory (SMT) model was proposed 
by Tămaş-Selicean et al. to solve the scheduling problem in TTEthernet [13]. Sch-
weissguth et  al. in [12] have proposed an Integer Linear Program (ILP) to jointly 
solve the Routing and Scheduling problem for TTEthernet networks. Hanzaelk 
et  al. have formulated the scheduling problem for Profinet in terms of Resource-
Constrained Project Scheduling with Temporal Constraints and present an algorithm 
to solve it [20].

The No-wait Packet Scheduling Problem (NW-PSP) for TAS-enabled bridged 
network has been mapped to the No-wait Job-shop Scheduling Problem (NW-JSP) 
in [10] and is formulated as an ILP. In the ILP model for NW-PSP, the objective is 
to minimize the flowspan time which is equivalent to the makespan time in NW-JSP. 
The key constraints in NW-PSP enforce that no two frames of TT stream requests 
can temporally overlap on the same link. This constraint enforces the no-wait 
requirement for the frames of TT stream requests. Hellmanns et  al. proposed and 
evaluated various optimizations for ILP-based TSN scheduling in [21]. However, 
despite these optimizations, the ILP-based approach to solving the TSN scheduling 
problem does not scale well concerning the network topology size and the total 
number of TT streams. This stems from the fact that the TSN scheduling problem, in 
general, is an NP-hard problem similar to the bin-packing problem [22]. Therefore, 
exact approaches such as ILP and SMT become infeasible for problem instances with 
large sizes.To address this various heuristics and metaheuristics have been proposed 
to provide suboptimal solutions faster than exact approaches. By compromising on 
the solution quality, the problem can still be solved for large problem instances. 
Dürr et al. also presented a tabu-search-based heuristic, as a faster alternative to the 
ILP approach for solving the NW-PSP problem [10]. Pahlevan et al. used a Genetic 
Algorithm (GA) to solve the joint routing and scheduling problem and demonstrated 
significant improvements in schedulability and flowspan compared to the List 
Scheduling (LS) approach [23]. Yang et  al. proposed an improved Ant-Colony 
Optimization (ACO) algorithm to ensure deterministic end-to-end delay and jitter 
for TT traffic [24].

Table 1   Overview of various TSN standards

Standard Description

IEEE 802.1AS-Rev Timing and synchronization for time-sensitive Applications [15]
IEEE 802.1Qav Prioritization of time-sensitive streams over best-effort using 

Credit Based Shaper (CBS) [16]
IEEE 802.1Qbv Scheduling of time-sensitive traffic using time-aware shaping [4]
IEEE 802.1Qca Path control and reservation [17]
IEEE 802.1Qci Per-stream Filtering and Policing [18]
IEEE Std 802.1CB-2017 Frame Replication and Elimination for Reliability [19]
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The aforementioned works are mainly focused on scheduling TT streams in a 
TSN-capable wired network despite the fact that various wireless technologies such 
as 5 G and WiFi have been extended to incorporate TSN features. Haxhibeqiri et al. 
and Cavalcanti et al. extensively discussed the prerequisites, such as time synchro-
nization and traffic shaping, for extending TSN capabilities in wireless networks [7, 
25]. They also demonstrated a WiFi-based TSN solution that can be synchronized 
within a few microseconds along with an end-to-end latency of 3 ms. The authors 
of [26] have discussed how key features of WiFi7 (IEEE802.11be) can be used to 
implement TSN functionality to support low-latency communication. TSN-capable 
wired-wireless networks are feasible, although the scheduling problem for such 
mixed networks has not received serious attention. Ginthör et al. solved the schedul-
ing problem for a mixed network consisting of TSN and 5 G bridges using constraint 
programming while optimizing resource utilization [27]. To the best of our knowl-
edge, the scheduling problem for mixed wired-wireless networks has not been mod-
eled or addressed yet. Existing SMT/ILP formulations and heuristics to represent the 
scheduling problem in wired TSN are not readily applicable to wired-WiFi mixed 
networks for the reasons explained in sect. 3. Hence, this paper presents a MILP for-
mulation and a greedy heuristic to address the problem.

3 � Problem Statement

To achieve end-to-end timing guarantees for TT streams with TAS in a mixed wired-
wireless network, a gating mechanism for all classes of traffic is required at every 
node, as shown in Fig. 1. Each egress port of the TAS-capable switch has multiple 
queues, each corresponding to a traffic class. A frame is assigned to a queue based 
on the Priority Code Point (PCP) in the VLAN tag of the frame and a configurable 
mapping of the PCP values to the hardware queues. The logic for queue selection 
for transmission at an egress port is based on the Gate Control List (GCL) for that 

Fig. 1   Typical architecture of an egress port supporting TAS (IEEE 802.1Qbv)



	 Journal of Network and Systems Management           (2024) 32:65 

1 3

   65   Page 6 of 31

egress port. A GCL contains a sequence of entries, each containing the duration of 
the entry and a bit-mask indicating the queues that are allowed to transmit until the 
start of the next entry. Strict priority queueing is used for transmission selection in 
case two queues have frames to transmit at the same time. The total duration of GCL 
entries is called the cycle time, denoted by Tcyc , i.e., the GCL sequence repeats itself 
after Tcyc interval.

We assume one queue is reserved at each egress port for TT traffic and its frames 
are assigned to this queue after selecting the egress port. We also apply the no-wait 
constraint to TT streams. In other words, a TT traffic frame traverses the routed path 
from the source to the destination without queuing at any intermediate node. With 
the no-wait constraint, the network offers the minimum possible delay on the routed 
path, as the queueing delay in each node is zero. It can be safely assumed that all 
nodes (switches, WAPs and endpoints) of the network are synchronized (for exam-
ple, using the Precision Time Protocol (PTP)) with an accuracy � s and are capable 
of adhering to the schedules with which they are configured. This entails that the 
wireless nodes (WAP and endpoints) sharing the wireless medium can only transmit 
during their allocated time slots thus avoiding frame collision even within the shared 
medium. Given such guarantees, it is thus possible to determine the frame arrival 
time at any point on the routed path in a mixed wired-wireless network thus guar-
anteeing end-to-end delay. Next, we describe the system model and introduce the 
scheduling problem for mixed wired-wireless networks.

3.1 � Model Description

The set of requests corresponding to the TT streams that need to be scheduled is 
denoted by R. For each request, r ∈ R , a tuple ( nsrc

r
, ndst

r
,Fr, fsizer, Tr,D

e2e
r

 ) is used 
to represent the attributes of each stream request. Here, nsrc

r
 and ndst

r
 denote the 

requested stream’s source and destination nodes, respectively. The stream request r 
produces a total of Fr frames, each equal to fsizer bytes every Tr seconds. A request 
source, e.g., camera, might produce multiple fsizer sized frames in a cycle duration, 
thus Fr ≥ 1 . Tr denotes the time period corresponding only to request r. The period 
of all requests in R need not be equal. We denote the common period (hyperperiod) 
of all requests as Tcyc , that is, the minimum time that is a period of all requests; 
Tcyc = LCM({Tr ∶ ∀r ∈ R}) . This is equal to the cycle time of the GCL sequence in 
each node of the network. At the start of every request cycle ( Tr ), Fr frames are pro-
duced by nsrc

r
 that need to be scheduled in next the Tr seconds. Therefore, the number 

of frames that need to be scheduled in cycle time Tcyc is Fcyc
r = (Tcyc∕Tr)Fr . The 

maximum end-to-end delay allowed for request r ∈ R is indicated by De2e
r

 . The end-
to-end delay requirement De2e

r
 for each request encompasses the entire path between 

the source nsrc
r

 and the destination ndst
r

 nodes covering both wired and wireless links.
The topology of the mixed wired-wireless network is represented by a directed 

graph G = (N,E) . The endpoints and switching nodes (TSN switches and WiFi 
APs) form the set of nodes N; while E denotes the set of physical links (wired and 
wireless) between the nodes; Nsw ∈ N and NAP are the set of TSN switches and 



1 3

Journal of Network and Systems Management           (2024) 32:65 	 Page 7 of 31     65 

wireless APs, respectively. The forwarding nodes are capable of implementing 
TAS for TT flows, i.e., they comply with IEEE 802.1Qbv. The different delay 
components on a link (ni, nj) are illustrated in Fig. 2. In our model, we consider 
two types of delays, transmission delay and processing delay. The contribution of 
propagation delay ( < 1% of Tr ) is ignored as it is negligible in a LAN environ-
ment (e.g., industrial network). The processing delay of the node is denoted by 
d
proc
n  and the transmission delay for frame f of r’ s on the link (ni, nj) is denoted by 
dtrans
r,ni,nj

 ( = fsizer∕Bni,nj
 ), where Bni,nj

 is the link speed in Bytes per second. It is worth 
mentioning that for a wireless link (ni, nj) , Bni,nj

 corresponds to the transmission 
speed of the Modulation and Coding Scheme (MCS) with maximum reliability. 
For instance, in WiFi 6 (IEEE 802.11ax) B = 8.6 Mbps for the lowest MCS index. 
Therefore, dtrans

r,ni,nj
 is equal to the maximum duration for which the gate for the TT 

queue on node ni (on output port corresponding to (ni, nj) ) should be opened to let 
the frame to be transmitted.

∀r ∈ R , a route must be determined from nsrc
r

 to ndst
r

 . We assume that a maximum 
of K shortest paths ( Pr,K ) between nsrc

r
 and ndst

r
 are predetermined using off-the-

shelf routing algorithms and passed as an input to the model to compute transmis-
sion schedules on one of these routes. The K shortest path algorithm is proposed by 
Yen et al. in [28]. This pre-processing vastly reduces the number of variables in the 
MILP model and thus reduces the execution time significantly [21].

For a request r, p denotes a path among Pr,K in the network consisting of an 
ordered list of nodes. The ordered list of edges on the path p is denoted by �p . 
Dp,ni

 is the delay along the path p from the source node ( nfirstp  ) to node ni ; this 
includes the transmission delay on the last link ( ni ). Dp is the delay along path 
p until the last node ( nlast

p
 ) of p. It is worth noting that two different requests can 

have different Dp,ni
 (and Dp ) for the same list of edges as their transmission delays 

can vary depending on their frame size.

Fig. 2   An illustration for different delay components on a given link
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3.2 � Wireless Link Modeling

Calculating end-to-end TT flows’ schedules in mixed wired-wireless networks is 
generally more complex than in wired TSN networks. In our model, we assumed 
that the frames of TT flows are successfully transmitted in their first attempt. 
It is reasonable to assume this is the case in a TAS-enabled private network in a 
closed environment with all wireless transmission sources known beforehand, 
e.g., an industrial network connecting devices on a factory shop floor. As all nodes 
(WAP and endpoints) sharing a wireless link are TAS-enabled, they can only 
transmit during their allocated time slots thus avoiding interference from other 
nodes. Furthermore, the impact of external interference sources is minimized by 
choosing the MCS scheme with the highest reliability. However, this model could 
be further extended for the case where MCS schemes with lower reliabilities (and 
higher transmission speeds) are allowed thus resulting in the possibility of multiple 
re-transmissions in order to achieve a given reliability threshold. As explained next, 
an additional challenge is to model the given mixed wired-wireless topology such 
that a given scheduling algorithm can take it as input.

The half-duplex wireless links are shared by multiple endpoints and the WAP 
whereas a wired link is always point-to-point and full-duplex. Therefore, computing 
the transmission schedule on the wireless link becomes complicated. To simplify 
the scheduling problem, the original wireless link, as shown in Fig.  3a, can be 
modeled as a graph (Fig.  3b) consisting of the WAP, additional dummy nodes 

Fig. 3   a Half-duplex wire-
less link modeled as b a graph 
consisting of dummy nodes and 
simplex links. The half-duplex 
property of the wireless link is 
retained by ensuring all com-
munication traverses the dummy 
link (nin−ap, nout−ap)
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and dummy links. nap is connected to two dummy nodes– nin−ap and nout−ap via 
simplex links and the two dummy nodes are connected to each via another simplex 
link ( nin−ap, nout−ap ). The dummy nodes nin−ap and nout−ap have 0 processing delay, 
whereas the processing delay of nap is the same as that of the original AP. The 
links (ni, nin−ap) , (nout−ap, ni) , (nap, nin−ap) and (nout−ap, nap) all have 0 transmission 
delay (or ∞ bandwidth). The link (nin−ap, nout−ap) represents the medium shared 
between the WAP and its connected endpoints and having a bandwidth equal to the 
(minimum) wireless bandwidth. It can be seen that the half-duplex property of the 
wireless link is maintained in Fig. 3b, as any communication path between the WAP 
and an endpoint or between endpoints themselves includes the link (nin−ap, nout−ap) . 
Therefore, the no-overlap constraint ensures that only one node is transmitting at a 
particular time. As the transmission delay between the WAP and a wireless node ni 
is included in the transmission delay on the link (nin−ap, nout−ap) , the delays on other 
dummy links are set to zero.

It is important to highlight that the adaptation and scheduling of wireless links 
for Quality of Service (QoS) purposes may lead to varying delays between an end-
point and the WAP [29, 30]. In our system model, we conceptualize these varia-
tions as represented within the processing and transmission delays of the wireless 
link. The internal mechanisms of wireless networks for adaptation and scheduling 
could potentially be optimized together with the scheduling of flows in the wired 
segments. Nevertheless, such joint optimization falls beyond the scope of this paper. 
Using the above transformation, each half-duplex wireless link can be broken into a 
subgraph consisting only of simplex links. Therefore, the given mixed wired-wire-
less network denoted by G = (N, E) can be transformed into a network, denoted by 
G = (N,E) , consisting only of simplex or full-duplex links. Table 2 lists the nota-
tions used for various parameters and sets along with their short description.

3.3 � Problem Definition

In IEEE 802.1Qcc, the centralized configuration model for TSN is described, where 
a central entity, known as the centralized network controller (CNC), has a global 
view of the complete network and manages all nodes; this includes wireless APs and 
wireless endpoints. The architectural model for a centrally controlled mixed wired-
wireless TSN is depicted in Fig. 4.

The CNC is mainly responsible for (i) discovering the network topology that 
includes capturing the capabilities of various nodes and (ii) configuring nodes with 
appropriate GCLs. GCLs are computed by the scheduler, a component of the CNC, 
based on the specifications of TT traffic (R) and the given network topology G (with 
delay parameters). As topology discovery for mixed wired-wireless networks is not 
the subject of this article, we will focus only on the scheduling aspect. We assume 
that the scheduler has a global view of the network along with the delay parameters 
and the request set.

The end-to-end scheduling problem can be defined as the problem of computing 
the end-to-end optimized schedules for all TT flow requests given the topology 
graph of a mixed wired-wireless network and requests’ specifications. The proposed 
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approaches for solving the scheduling problem in wired networks (mentioned in 
sect. 2) do not apply to the scheduling problem in mixed wired wireless networks. 
It is important to note that the approaches suggested for solving the scheduling 
problem in wired networks are not applicable, even after converting semi-duplex 
links to simplex links. The reason for this is these approaches assume uniform 
transmission speeds across all links [10]. The relevant constraints need to be 
generalized to account for the variability in mixed-wireless networks. In our model, 
we avoid making this assumption, allowing us to present a more comprehensive 
approach to solving the scheduling problem in mixed wired-wireless networks.

The optimization criterion considered in our model is the flowspan time. The 
flowspan time is defined as the maximum injection time among all TT streams with 
respect to the start of the request cycle ( Tr ). Figure 5 shows the frame injection times 
(length of arrows) of a request r; where Fr = 2 and Tcyc = 4Tr thus Fcyc

r = 8 . Here, 
the flowspan of the request corresponds to the relative injection time of the frame 7 
since it has the longest relative injection time.

By choosing flowspan as our optimization, we make sure the injection time of TT 
stream frames is minimized at the source endpoints such that these frames are not 
queued at the source node for too long, thereby reducing the end-to-end delay. Fur-
thermore, by reducing the flowspan time the schedules for TT stream requests are 
compact, i.e., time slots for TT stream requests are aligned one after another thereby 
avoiding the requirement to have minimum guard interval between consecutive time 
slots as described in [10]. Typically, a fixed time interval called the guard interval is 
required between a BE time slot and a TT stream slot. During this interval, no trans-
missions are allowed in order to allow the completion of transmission of BE frames 
and thereby preventing interference from BE frames that are scheduled just before 
the start of the time slot of a TT stream request.

With the no-wait constraint, the scheduling problem boils down to the calculation 
of the solution consisting of: (i) the routed path and (ii) the injection times for all TT 

Fig. 4   Overview of the end-to-end scheduling problem in a mixed wired-wireless network. The red, blue 
and grey boxes represent the endpoints, WAP and switching nodes in the network, respectively (Color 
figure online)
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Table 2   Description of the notations used for the parameters and variables involved in the system model

Notation Description

R The set of requests that need to be routed and scheduled on a given Time-Sensitive Net-
work (TSN). Each request r ∈ R is associated with a tuple T = (nsrc

r
, ndst

r
,Fr ,Tr ,D

e2e
r

) , 
where nsrc

r
 , ndst

r
 and Tr are request’s source node, destination node, total frames and time 

period, respectively. The set of all frames that needs to be transmitted by request r during 
request period Tr is denoted by Fr = {f ∶ 0 ≤ f ≤ Fr − 1} . De2e

r
 is the maximum end-to-

end permissible delay for the request
Tcyc The lowest time interval that is a period of all the requests, i.e., 

Tcyc = LCM({Tr ∶ ∀r ∈ R}) . De2e
r

 is the maximum allowable end-to-end delay for all 
frames of request r ∈ R ; this is relative to the start of the last common cycle ( Tcyc)

F
cyc
r The total number frames of request r ∈ R during Tcyc , i.e., Fcyc

r = (Tcyc∕Tr)F . The set of 
frames during Tcyc is denoted by Fcyc

r
= {f ∶ 0 ≤ f ≤ F

cyc
r − 1}

G = (N,E) Directed graph representation of the network, where N is the set of nodes (switches, APs 
and endpoints) and E is the set of physical links between the nodes. Nsw ∈ N and NAP are 
the set of TSN switches and WAPs, respectively

d
prop
ni ,nj

The propagation delay on physical link (ni, nj) ∈ E

dtrans
ni ,nj

The transmission delay on physical link (ni, nj) ∈ E

d
proc
n The frame processing time of node n ∈ N

Pr,K K shortest paths between nodes nsrc
r

 and ndst
r

 for request r ∈ R ; p ∈ Pr,K is an ordered list of 
nodes from nsrc

r
 to ndst

r

�p Ordered list of edges in path p
Dp,ni The delay along path p starting from the first node nfirstp  up to node ni ∈ p

Dp The delay along path p starting from the first node ( nfirstp  ) until the last node ( nlast
p

)
�r,p The decision variable indicates if r ∈ R is mapped to a physical path p

�
ni ,nj

r1,p1,f1,r2,p2,f2
The decision variable indicates that frame f1 ∈ Fcyc

r1
 of request r1 ∈ R ’s frame is scheduled 

before frame f2 ∈ Fcyc
r2

 of request r2 ∈ R(≠ r1) ’s on the common link (ni, nj) of the routed 

paths p1 and p2 of r1 and r2 , respectively
tin
r,f

The continuous decision variable is the injection time of frame f ∈ Fcyc
r

 of request r ∈ R at 
the source node; tin

r,f
 is the time offset relative to the start of the last common cycle ( Tcyc)

FS The continuous decision variable denotes the flowspan time among all the requests

Fig. 5   Illustration for the flowspan and end-to-end delay of request r. The length of each dotted arrow 
indicates its injection time relative to the start of the request’s cycle. The flowspan of this request cor-
responds to the relative injection time (in blue) of frame 7. The end-to-end delay for frame 7 illustrated is 
the sum of flowspan time and the path delay
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stream requests. Using this solution and the delay along the routed path, the opening 
and closing times of the gate are determined at each intermediate node, along with the 
guard intervals, to prevent BE traffic from interfering with scheduled TT traffic [10]. 
The gate opening and closing times are then used for the generation of the GCL for 
network nodes. The CNC configures each node in the network with the GCL so that all 
TT stream requests are supported.

4 � MILP Formulation

In this section, we present the MILP formulation for the end-to-end scheduling 
problem for mixed wired-wireless networks. Here, we describe the MILP objective 
function along with various constraints that ensure that end-to-end guarantees are 
given to TT streams. Table 2 lists the notations used for all variables involved in the 
MILP formulation, together with their short description.

4.1 � Constraints

Each request should be assigned exactly to one physical path in G. The constraint in 
(1) ensures that only one path is selected for routing request r ∈ R out of K shortest 
paths between nsrc

r
 and ndst

r
.

The no-wait scheduling disallows frames to be queued on any node in the routed 
path. Therefore, frames from two different requests that are routed on a common 
physical link cannot be transmitted such that they overlap in time. To avoid the 
overlap of two frames: f1 ∈ Fcyc

r1
 and f2 ∈ Fcyc

r2
 on the physical link (ni, nj) , either the 

transmission of f1 should end before the start of the transmission of f2 ’ s or the 
transmission of f2 should end before the start of the transmission of f1’s.

The pair of constraints in (2 and 3) ensures this condition.

(1)
∑

p∈Pr,K

�r,p = 1, ∀r ∈ R.

(2)

tin
r1,f1

− tin
r2,f2

+M1(�
ni,nj

r1,p1,f1,r2,p2,f2
) +M2(2 − �r1,p1 − �r2,p2 )

≥ Dp2,ni
− Dp1,ni−1

− dproc
ni

,

∀r1, r2 ∈ R(r1 ≠ r2),∀f1 ∈ Fcyc
r1
,∀f2 ∈ Fcyc

r2
,

∀p1 ∈ Pr1,K
, p2 ∈ Pr2,K

,∀(ni, nj) ∈ �p1 ∩ �p2 .

(3)

tin
r2,f2

− tin
r1,f1

+M1(1 − �
ni,nj

r1,p1,f1,r2,p2,f2
)

+M2(2 − �r1,p1 − �r2,p2 ) ≥ Dp1,ni
− Dp2,ni−1

− dproc
ni

,

∀r1, r2 ∈ R(r1 ≠ r2),∀f1 ∈ Fcyc
r1
,∀f2 ∈ Fcyc

r2
,

∀p1 ∈ Pr1,K
, p2 ∈ Pr2,K

,∀(ni, nj) ∈ �p1 ∩ �p2 .
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Here, D(p1, ni) is the delay up to node ni on path p1 starting from the source node 
( nsrc

r
 ). It is worth noting that D(p1, ni) includes delay contributions of all links (wired 

and wireless) between nsrc
r

 and ni on path p1 . M1 and M2 are arbitrary constants 
greater than the maximum value of the right-hand side in (2) and (3).

The indicator variable �ni,nj
r1,p1,f1,r2,p2,f2

 indicates the order of transmission of 
frames f1 and f2 on (ni, nj) , when f1 and f2 are routed on same physical link (ni, nj) . 
If paths p1 and p2 are selected for routing requests r1 and r2 , respectively, then 
�r1,p1 = �r2,p2 = 1 . Moreover, if �ni,nj

r1,p1,f1,r2,p2,f2
= 0 , the constraint in (3) becomes 

inactive, whereas the constraint in (2) is simplified to 
tin
r1,f1

+ Dp1,ni−1
+ d

proc
ni

≥ tin
r2,f2

+ Dp2,ni
 . Thus f2 ’s transmission on link (ni, nj) pre-

cedes f1 ’s transmission. Conversely, if �ni,nj
r1,p1,f1,r2,p2,f2

= 1 , the constraint in (2) 
becomes inactive, whereas the constraint in (3) is simplified to 
tin
r2,f2

+ Dp2,ni−1
+ d

proc
ni

≥ tin
r1,f1

+ Dp1,ni
 thus f1 ’s transmission on link (ni, nj) precedes 

f2 ’s transmission. The first constraint in the pair is depicted in Fig. 6.
The transmission of two frames f1, f2 ∈ Fcyc

r
, f1 ≠ f2 of the same request r ∈ R 

should not overlap each other in the time domain. This condition is enforced by 
the constraint in (4); 

∑
p∈Pr,K

max(ni,nj)∈�p
 ensures that temporal overlap does not 

happen on any physical link of the routed path.

Fig. 6   Overview of the frame overlap constraint. Here � = 0 , thus f2 of r2 is transmitted before f1 of r1 on 
common link (ni, nj)
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As r ∈ R can have different time periods, we schedule all requests for a common 
time period or cycle time Tcyc . However, for all requests, Fr frames should be 
scheduled during their own period Tr , that is, the injection time of f should occur in 
the ⌊f∕Fr⌋’th time period. The constraint in (5) ensures this.

The summation in the right-hand side of (5) ensures that the frame transmission 
finishes before the end of the period.

It is worth noting that the constraints in (4) and (5) are not linear because of 
the max function. However, these constraints are linearized by an ILP solver (e.g., 
CPLEX) by using auxiliary variables [31].

The end-to-end delay of a request cannot exceed the corresponding application 
requirement De2e

r
 . The constraint below (6) ensures that the end-to-end delays are 

bounded by the given limit. The first term in the left-hand side of (6) represents 
the flowspan of frame f of request r while the summation represents the delay 
contributions of both wired and wireless links on path p.

For a given frame f ∈ F
cyc
r  of request r ∈ R , the flowspan is calculated with respect 

to the start of the period of f, i.e., ⌊f∕Fr⌋Tr).

The constraint in (8) ensures that the binary decision variables can only take values 
in {0, 1} and injection time ( tin

r,f
 ) is non-negative.

4.2 � Objective Function

The objective function of the MILP minimizes the flowspan among all frames of 
all requests as shown in (9).

(4)
tin
r,f1

+
∑

p∈Pr,K

max
(ni,nj)∈�p

�r,pd
trans
r,ni,nj

≤ tr,f2 ,

∀r ∈ R, f1 ∈ Fcyc
r
, f2 = f1 + 1.

(5)
⌊f∕Fr⌋Tr ≤ tin

r,f
≤ (⌊f∕Fr⌋ + 1)Tr

−
�

p∈Pr,K

max
(ni,nj)∈p

�r,pd
trans
r,ni,nj

, ∀r ∈ R, f ∈ Fcyc
r
.

(6)(tin
r,f

− ⌊f∕Fr⌋Tr) +
�

p∈Pr,K

�r,pDp ≤ De2e
r

, ∀r ∈ R,∀f ∈ Fcyc
r
.

(7)(tin
r,f

− ⌊f∕Fr⌋Tr)∕Tr ≤ FS, ∀r ∈ R,∀f ∈ Fcyc
r
.

(8)

�r,p, �
ni,nj

r1,p1,f1,r2,p2,f2
∈ {0, 1},tin

r,f
≥ 0,FS ≥ 0;

∀r, r1, r2(≠ r1) ∈ R,∀p, p1, p2 ∈ Pr,K ,

∀f , f1, f2(≠ f1) ∈F
cyc
r
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By minimizing flowspan time, compact packet schedules are achieved, where gate 
openings for time-triggered flows are concentrated at the start of the cycle instead of 
being spread throughout the entire cycle. As identified by [10], this maximizes the 
bandwidth available for best-effort traffic.

5 � 2‑stage MILP

As mentioned above, the MILP model for the scheduling problem is an NP-hard 
problem. The 2-stage procedure shown below relaxes the original MILP model 
by decomposing the original MILP problem into two MILP subproblems as 
proposed in [32]. The first MILP subproblem for the scheduling problem is as 
follows:

The solution to the first MILP subproblem determines the routing path for each 
request. The constraint in (10) ensures that for any link (ni, nj) on path p, the maxi-
mum transmission delay is less than or equal to the overall flowspan. From the solu-
tion of the above MILP, the paths for the given TT stream requests are determined, 
i.e., the values for �0

r,p
 are obtained from the solution for ∀r ∈ R . These obtained 

paths for the stream requests are substituted in the formulation of the second MILP 
as shown below:

Although the 2-stage model is a more efficient method to solve the scheduling 
problem, it is worth noting that both the original MILP and the 2-stage MILP 
approaches are still combinatorial optimization problems and thus have exponential 
worst-case time complexity in terms of their integer variables similar to NW-PSP.

(9)obj ∶ minFS

(10)

obj ∶ minFS

s.t. (1);
∑

p∈Pr,K

max
(ni,nj)∈p

�r,pd
trans
r,ni,nj

≤ FS,

∀r ∈ R,∀f ∈ Fcyc
r
,FS ≥ 0, � ∈ {0, 1}.

(11)

obj ∶ minFS

s.t. �r,p = �0
r,p
;

(2) − (7);

�
ni,nj

r1,p1,f1,r2,p2,f2
∈ {0, 1},tin

r,f
≥ 0;

∀r, r1, r2(≠ r1) ∈ R,∀p, p1, p2 ∈ Pr,K ,

∀f , f1, f2(≠ f1) ∈F
cyc
r
,FS ≥ 0.
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6 � Heuristics

In this section, we describe the greedy heuristic, which is a scalable alternative to the 
two MILP approaches to solving the mixed wired-wireless network scheduling prob-
lem. The greedy heuristic iteratively considers each TT stream request and attempts 
to schedule it on the given network. While scheduling a frame of a given request, the 
smallest injection time is chosen, for which there is no interference (i.e., the no-wait 
constraint is satisfied) with respect to the frames of the already scheduled requests. 
The pseudocode of the proposed greedy algorithm is discussed in detail next. The 
procedure in Alg. 1 is the main procedure for the greedy heuristic. Paths and Times, 
are first initialized with empty dictionaries; they are used by the heuristic to store the 
solution path and injection times of the scheduled requests. Next, the given set of 
requests is simply ordered based on the crit criterion and assigned to Rord . For exam-
ple, a given set of requests can be sorted in ascending order of the request period 
( crit = Tr ). After ordering the requests, the request with the smallest Tr is sched-
uled first and the one with the longest Tr is scheduled last. Next, scheduling of each 
request in Rord is attempted through ������ , which is explained in Alg. 2. If request 
r is scheduled ( p ≠ � ), the solution path and the frame injection times are stored in 
dictionaries Paths and Times, respectively, both keyed by request r.
Algorithm 1   The pseudo-code for the main procedure responsible for scheduling a 
given set of TT stream requests.
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In Alg. 2, the frame injection times of the considered request are first initial-
ized with ⌈f∕Fr⌉Tr (the minimum possible injection time). The pair of for loops 
iteratively goes through the paths in ∀p ∈ Pr,K and terminates, if ∀f ∈ Fcyc

r
 can be 

scheduled on it and the injection time meets the end-to-end delay requirements. 
The procedure �������� , explained in Alg.  3, is called to determine the injec-
tion time of frame f on the path p. If a path can schedule all frames, the path (p) 
and the corresponding injection times ( tin

r
 ) are returned; otherwise, � and � are 

returned.
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Algorithm  2   The pseudo-code for the procedure responsible for determining 
the routing path and frame injection times for a request.

To satisfy the no-wait constraint, no two frames should overlap in time at any 
of the common edges of their routed paths. To this end, we identify the time 
windows at the source of r that are forbidden, i.e., the injection times that cause 
time overlap with other scheduled requests. For instance in Fig.  6, assume that 
request r1 is routed on path p1 and scheduled with the injection time tin

r1
 . If p2 is 

selected for request r2 , the forbidden injection time interval for r2 starts from 
tin
r1
+ D(p1, ni − 1) + dproc with the length equal to the dtrans

r,ni,nj
 . The procedure 

SchFrame (in Alg. 3) is responsible for computing the injection time ( ≥ tin ) of 
frame f on the path p, given the injection times of the frame (Times) of other 
scheduled requests. tfrb , the list of forbidden injection time windows, is first ini-
tialized with an empty list [ ] . For each frame ( f o ) of the already scheduled request 
( ro ), the arrival time ( tarr

ro,f o
 ) on an overlapping edge ( (ni, nj) ∈ OvrlpEdges(p, po) ) 

is calculated. Using tarr
ro,f o

 , forbidden time window(s) are computed by subtracting 
the path delay on p until the overlapping edge and added to list tfrb . If the forbid-
den window continues beyond Tcyc , two windows per cycle are added to tfrb . A 
feasible injection time ( ≥ tin , < tin + Tr − dtrans ) that is not forbidden in tfrb is 
returned by tinFrmTwnds.
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Algorithm  3   The pseudo-code for the procedure responsible for determining 
an injection time for a frame.

Table 3   Default values/range of 
various parameters involved in 
the evaluation

Parameter Value or range Units

Topology RING, MESH, ORION –
Request time period ( Tr) {2048, 4096, 8192} �s
Request frame size (fsize) {50, 100, 150} B
Request frames per period ( Fr) 1 –
Request e2e delay ( De2e

r
) 2Tr �s

Wired transmission speed ( Bwrd) 1000 Mbps

Wireless transmission speed ( Bwl) 10 Mbps

Node processing time ( dprocn ) 50 �s
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It can be observed from Alg. 3 and 2 that the time complexity of SchFrame and 
SchReq is O(|R||F|) and O(|R|K|F|2) , respectively. Therefore, the complete heuris-
tic in Alg. 1 has polynomial time complexity in |R|, |F| and K, i.e, O(|R|2|K||F|2).

7 � Evaluations

Proposed approaches, MILP, 2-stage MILP and greedy, return a feasible solution to 
the mixed network wired-wireless scheduling problem ensuring that all TT stream 
requests meet their timing requirement. However, an extensive evaluation of these 
approaches is needed to compare their performance and determine the scenarios in 
which one approach is more advantageous than the other.

In this section, we discuss first the evaluation setup and then present the results 
of our evaluations for the proposed approaches in terms of scalability, scheduling 
performance and resource utilization.

7.1 � Evaluation Setup

The greedy heuristic was written in Python; whereas the MILP formulations are 
done in DOcplex, a native Python modeling library for mathematical modeling, and 
solved using IBM’s ILOG CPLEX solver [33]. For both approaches, NetworkX’s 
Python API is used for the (pre)computation of K = 5 shortest paths [34]. We 
conducted the simulations on a PC with an Intel Core i5-8265U processor running 
@ 2.40GHz with 16GB of RAM running the Ubuntu−18.04 operating system. 

Fig. 7   Topologies used for the evaluation: a RING, b MESH and c ORION [36]
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Three types of topologies were used for the evaluation: (i) the ring topology (RING), 
(ii) the mesh topology (MESH) and (iii) the Orion Crew Exploration Vehicle (CEV) 
topology as shown in Fig. 7. Both RING and MESH consists of nine switch nodes, 
one WAP and twenty endpoint hosts. While the number of nodes in the ring and the 
mesh is the same, the difference in the average degree of the topologies impacts the 
performance of the scheduling approach. For the evaluation of the greedy heuristic 
on a realistic network topology we have chosen a network based on the Orion CEV 
network. The network consists of switches, 3 APs and 31 end stations. This has been 
previously considered in related studies [35, 36].

Fig. 8   The percentage of the 
total number of scenarios having 
flowspan less than a given value 
(x-axis) for MILP, MILP2 and 
GREEDY with |R| = 20 on a 
RING and b MESH topologies

Fig. 9   Box plot of the execution 
time (in log scale) for MILP, 
MILP2 and GREEDY with 
|R| = 20 on RING and MESH 
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To generate a request (r) in the set of TT streams (R), we choose two randomly 
selected (distinct) nodes in the given topology as the endpoints ( nsrc

r
 and ndst

r
 ). For 

both topologies, we have assumed a maximum of five (K) shortest paths between 
the request endpoints. The request’s period ( Tr ) can be chosen randomly from set 
{2048, 4096, 8192}(�s); thus the overall cycle time ( Tcyc ) is 8192� s. The number of 
frames per period ( Fr ) is one and the frame size is randomly chosen from the set 
{50, 100, 150} B. Since Tr is randomly chosen, the total number of frames per cycle 
( Tcyc ) is generally greater than or equal to one, producing a similar effect as selecting 
a different number of frames per cycle ( Fr ) for each request. The end-to-end delay 
requirement for the request is chosen as 2Tr for all requests. The values/ranges of 
relevant evaluation parameters are listed in Table 3.

In what follows, the labels– MILP, MILP2 and GREEDY refer to the original 
MILP, the 2-stage MILP approach and the greedy approach, respectively. Unless 
stated otherwise, the default criteria for the ordering is by default in ascending order 
based on their period of request.

7.2 � Results

Different types of evaluations were carried out to evaluate the proposed approaches. 
We describe each approach and present the obtained results separately. For each 
evaluation result, a hundred scenarios were generated and the observations were 
recorded. In each scenario, a total of |R| TT stream requests were generated between 
|R| pairs of randomly selected endpoints using the parameters listed in Table 3.

7.2.1 � MILP, MILP2 and GREEDY Comparison

First, we observe the flowspan (time) percentage among all requests. Here, we define 
a request’s flowspan time as the maximum delay in the injection time of the frame 
relative to the start of the cycle as a percentage of the request’s cycle duration ( Tr ). 
We focus on the flowspan time as indicates the schedulability, i.e., the likelihood 
of scheduling more TT stream requests on the network. A higher value of flows-
pan time indicates that links are over-utilized thus reducing the schedulability of the 

Fig. 10   Plot showing the evolu-
tion of (i) the current objective 
value (Obj), (ii) the best integer 
solution value (Int) and (iii) 
integer lower bound (L-bnd) 
with time with |R| = 30 on 
MESH 
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network. On the other hand, a lower value of flowspan implies that the network has 
the resources to schedule more requests. In Fig. 8a and b, the y-axis is the percent-
age of total scenarios with the flowspan time less than or equal to the corresponding 
x-axis value with |R| = 20 on RING and MESH, respectively. The flowspan time of 
MILP and MILP2 are very close to each other. Further, it can be observed that the 
flowspan time gap (absolute difference) between MILP and GREEDY is less than 5% 
at most of the ordinate values. This results in GREEDY having marginally smaller 
schedulability and higher end-to-end delays for TT stream requests compared to 
MILP. As discussed next, this comes at the cost of an extremely long execution time 
of MILP-based approaches. This cost is insignificant for realistic problem instances 
where MILP is impractical.

Next, we compare the execution time of the proposed approaches for the same 
problem instances. Here, the execution time is defined as the time required by an 
algorithm to find a solution. Execution time (in logarithmic scale) for MILP, MILP2 
and GREEDY when scheduling |R| = 20 requests on RING and MESH are shown in 
Fig.  9. The execution time is highest for ����_���� as compared to ����_���� 
because |Pr,K| ≤ 2,∀r ∈ R in RING whereas |Pr,K| ≥ 2 for many requests in MESH. 
The greater number of paths between two endpoints in MESH compared to RING 
results in a huge solution space due to the explosion in the number of decision 
variables ( � and � ). The execution times for �����_���� are similar to that of 
�����_���� . In contrast to MILP and MILP2, the execution time of the greedy 
heuristic for MESH is lower than for RING. The greedy heuristic returns the first 

Table 4   Overview of various greedy criteria

Criterion Description

RAND Random ordering of requests
ENDPOINT_BW Ordering of requests in the ascending order of endpoint transmission speed
BW Ordering of requests in the descending order of requests normalized bandwidth 

( fsizer∕Tr)
PERIOD_FSIZE Ordering of requests in the ascending order of request period ( Tr ; the ties are broken 

based on the request frame-size ( fsizer)

Fig. 11   The percentage of the 
total number of scenarios having 
flowspan less than a given value 
(x-axis) for various greedy crite-
ria on ORION with |R| = 100
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feasible (not necessarily the optimum) solution. As MESH’s average |Pr,K| is higher 
than RING’s, the average time to find a schedule with GREEDY in MESH is shorter 
than in RING.

Also, there is an order of speed difference between the MILP-based 
approaches (i.e., MILP and MILP2) and the greedy heuristic GREEDY. This 
can be attributed to the fact that MILP and MILP2 look for an optimum solu-
tion, whereas GREEDY returns a feasible greedy solution. It appears that MILP 
and MILP2 become impractical to solve for |R| ≥ 30 on MESH or a bigger net-
work (e.g., ORION) because of extremely large solution space arising from the 
combination of a large number of decision integer variables. As a result, the 
CPLEX solver takes several hours to return the optimal solution. Fig. 10 plots 
the evolution of three main CPLEX solver’s parameters with time: (i) the objec-
tive value (solution to the instantaneous relaxed MILP), (ii) the integer solu-
tion and (iii) the lower bound (best achievable integer solution) with time. Evi-
dently, the CPLEX solver has to traverse through the huge solution space of the 
problem though the returned optimum (integer) solution was found quite early. 
Therefore, it is clear that the MILP approach quickly becomes intractable, i.e., 
the execution time exceeding several hours (for |R| ≥ 30).

7.2.2 � GREEDY Criteria

Next, we evaluate the performance of GREEDY comprehensively. To this end, we 
have chosen ORION as a mixed wired-wireless network. The total number of TT 
stream requests (|R|) is 100.

Fig. 12   The impact of the 
percentage of wireless requests 
(  ̄|R|wl ) on the percentage of 
time allocation for TT stream 
requests (blue), guard interval 
(orange) and BE traffic (green) 
on ORION with |R| = 100 
(Color figure online)

Fig. 13   The impact of the 
percentage of wireless requests 
(  ̄|R|wl ) on the flowspan time (% 
of cycle time) on ORION with 
|R| = 100
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We evaluate the impact of four request sorting criteria (crit)– RAND, END-
POINT_BW, BW and PERIOD_FSIZE on the GREEDY performance. The cri-
teria are summarized in Table 4. RAND serves as a baseline to show GREEDY’s 
performance without any prioritization. The other criteria rely on the heuris-
tic that requests which are more challenging to schedule should be prioritized 
over those with less stringent requirements (e.g., number of frames per cycle) 
or lower resource demands (e.g., bandwidth). In ENDPOINT_BW, requests are 
sorted in ascending order of their endpoint transmission speeds. This approach 
prioritizes requests with potentially slower transmission rates, usually due to 
wireless endpoints, thus aiming to address bottlenecks at slower nodes. In BW, 
requests are sorted in descending order based on their bandwidth requirement 
( fsizer∕Tr ), favoring requests that demand more bandwidth over a given period. 
This prioritization aims to ensure high-bandwidth requests are accommodated 
early. Finally, in PERIOD_FSIZE requests are sorted in ascending order by 
their period and in case of ties, those with larger frame sizes ( Tr ) are prior-
itized. Figure  11 shows that the PERIOD_FSIZE criterion has the best per-
formance while ENDPOINT_BW has the worst performance after RAND among 
all criteria. Scheduling requests with smaller periods ( Tr ) is challenging as the 
frame injection times (Alg. 3) for such requests are more constrained than for 
requests with larger Tr.

7.2.3 � Wireless Requests Scheduling

For mixed wired-wireless networks, it is essential to evaluate the performance of 
the scheduling algorithm for wireless TT stream requests. For a given number of 
total requests (|R|), we vary the fraction of requests that have wireless endpoints and 
observe the impact on the time allocation for TT stream requests, the flowspan time 
and the average GCL length. The mixed network considered for the evaluation is the 
same as the one considered in Sect. 7.2.2.

The impact of the percentage of wireless TT stream requests (  ̄|R|wl ) on the aver-
age time-allocation per link for TT stream requests is shown in Fig. 12 for |R| = 100 . 
The height of the blue bar indicates the average time spent in the transmission of TT 
stream requests and the average guard interval for these streams is indicated by the 
height of the orange bars. The sum of these heights indicates the time allocated by 
GREEDY to TT stream requests. The requests are ordered in ascending order based 

Fig. 14   The impact of the 
percentage of wireless requests 
(  ̄|R|wl ) on the average number 
of GCL entries (per node) on 
ORION with |R| = 100
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on the period of requests. The rest of the time in a cycle (height of green bars) is the 
time in which BE streams can be transmitted. Clearly, as ̄|R|wl increases, the average 
time allocated for TT stream requests increases and the BE stream time is reduced. 
This is because of the longer wireless transmission delays as compared to the wired 
transmission delays. Therefore, for a given value of |R|, a higher number of ̄|R|wl 
results in more frames traversing wireless links, thus increasing the average TT allo-
cation time. Furthermore, the percentage of guard interval (overhead in allocation) 
increases slightly with ̄|R|wl.

Figure  13 illustrates the impact of (  ̄|R|wl ) on the flowspan time for |R| = 100 . 
The increase in the percentage of wireless requests increases is accompanied by an 
increase in the flowspan time. This stems from the fact the large value of ̄|R|wl results 
in longer allocation time for TT stream requests thus increasing the flowspan time 
(cfr. Fig. 12). Further, around ̄|R|wl = 40% , the flowspan reaches 90% thus indicating 
high contention for the network bandwidth, especially in wireless links.

The shared memory available on a switch is a scarce resource and for some chip 
architectures, it limits the total number of GCL entries per switch (or port) [37]. 
The average number of GCL entries ( GCLlen ) resulting from the generated sched-
ule GREEDY is plotted in Fig. 14. Although, the number of requests (|R|) remains 
constant, by varying ̄|R|wl , GCLlen increases. This is because the number of requests 
whose schedule cannot be aligned with the already scheduled requests increases 
with ̄|R|wl . This observation also corresponds to the increase in guard interval with 
̄|R|wl (Fig. 12).

8 � Conclusion

With the advent of smart factories and Industry 4.0, the need for efficient support 
of time-critical applications in hybrid wired-wireless networks has become 
increasingly vital. In this paper, we presented the problem of no-wait end-to-end 
scheduling in mixed wired-wireless networks. The problem is first defined and then 
three approaches to solve it were discussed. The MILP-based approaches result in 
an optimal solution but do not scale beyond a small-sized problem instance. The 
execution time of the MILP-based approaches was found to be orders of magnitude 
longer as compared to the greedy heuristic, making the MILP approaches impractical 
for realistic problem instances. Furthermore, the comparison of the approaches in 
terms of flowspan showed that the performance gap between the greedy heuristic 
and MILP-based approaches is reasonably small ( < 5%). The results also showed 
that ordering requests in the increasing order of their time period resulted in the best 
performance for the greedy heuristic.

In our future work, we would like to address the online scheduling problem 
in TSN, where TT stream requests arrive in an online fashion and are scheduled 
one by one with the possibility of re-scheduling the already scheduled TT stream 
requests. Furthermore, we plan to investigate the integration of communication and 
cloud scheduling for end-to-end control applications that require time sensitivity in 
compute along with communications.
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