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Abstract—We propose a data-delivery scheduling scheme for
synchronized multi-hop industrial networks where source nodes
periodically transmit their data packets. The proposed scheme
adjusts the transmission times of source nodes in the network
in order to prevent data buffering of the data-flows at the
intermediate switches. The data packets can be delivered to their
destinations with the minimum transmission delay without packet
losses at the intermediate switches.

I. INTRODUCTION

For an industrial network used for real-time industrial au-

tomation applications, it is most critical and important to pro-

vide reliable, delay-bounded data delivery among device units

such as sensors and actuators [1], [2]. Synchronous networks

are more suitable to provide the deterministic characteristics

of data delivery in industrial networks [3]. As the scale of

industrial networks is usually very large, the data delivery is

performed over multiple hops using a number of intermediate

switches [4]. In such a multi-hop network topology, if a node

transmits its data using its own scheduling decision, some

buffer overflows may occur at a switch if the incoming traffic

rate exceeds the relay capacity of the switch [5]. To prevent

the buffer overflows at the switches, the buffer size can be

increased, but the increase of buffer size causes the increase

of transmission delay for the data packet delivery [6].

In a synchronous network, if each unit can cooperatively

adjusts its transmission timing such that no two packets pass

through a same switch simultaneously, the number of packets

pending at the queue of intermediate switches is kept to

nearly zero; the data can be delivered to the corresponding

destination with the minimum transmission delay without

packet losses at the intermediate switches. In this paper, we

propose a transmission time scheduling scheme that adjusts the

transmission times of source nodes in the network to prevent

data buffering of the data-flows at the intermediate switches

using the path and routing information of data-flows when

source nodes periodically transmit the data packets with a

delivery deadline constraint.

II. TRANSMISSION TIME SCHEDULING

We consider a multi-hop synchronous networks wherein

time is synchronized and divided into slots of equal length.

We make several assumptions for the data-flows as follows: 1)

Each source node transmits data periodically to the destination

(a) Simple example network

(b) Data flows with buffering

(c) Data flows without buffering

Fig. 1. Example of transmission time scheduling

nodes with a fixed transmission interval of T slots. The

deadline for the data generated by the source nodes coincides

with the period T . 2) Each data-flow hops one relay node at

one time slot, and data-flows collide with each other when they

attempt to pass the same relay node simultaneously because

it is assumed that the switches do not have a buffer that

can hold data packets. Figure 1(a) shows a simple network

topology with three data flows. Figures 1(b) and (c) indicate

the periodic data traffic and route information along with the

time slots. In Fig. 1(b), all of the data-flows transmit their data

simultaneously, such that f1 and f2 collide with each other at

every transmission-cycle. In contrast, in Fig. 1(c), f2 transmits

its data at the second time slot, such that all of the data-flows

transmit their data without a collision or a buffer overflow at

every intermediate switch.

We propose a transmission time scheduling scheme that

can prevent data buffering of the data-flows at every inter-
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Algorithm 1 Proposed scheduling algorithm

1: Sort the data-flows in the order of long length

2: for u = max{Li} to
∑F

i=1
Li do

3: for i = 1 to (F − 1) do

4: for j = i+ 1 to F do

5: if fi collides with fj then

6: ret = procedure in Fig. 2

7: if ret == ‘A’ then

8: go to line 3 // collision test for all flows

9: else

10: go to line 18 // no further candidate

11: end if

12: end if

13: end for

14: end for

15: if no collisions occur among the data-flows then

16: return the current schedule

17: end if

18: set transmission times of all data flows as 1

19: end for

mediate switch. The path and routing information of data-

flows are exploited together with the delivery timing at each

transmission-cycle on the synchronous network in order to

determine whether any data-flows pass through the same relay

node simultaneously. If so, the transmission-time of each data-

flow needs to be adjusted such that no two data-flows pass

through the same relay node simultaneously.

Let F and u denote the number of data flows and the

minimum number of time slots required for all source nodes

to deliver their data packets successfully at least once in u

time slots, respectively. Note that max{Li} ≤ u ≤
∑F

i=1
Li,

where Li is the length of the ith flow because u cannot be

smaller than the longest length of flows. If the transmissions

are sequentially scheduled back-to-back, it corresponds to the

worst case, resulting in u =
∑F

i=1
Li. If a schedule achieves

the smallest u and u ≤ T , it is one of the optimal schedules.

Note that the remaining time interval between u and T can

be used for serving elastic traffic of non-realtime network

applications.

The scheduling problem is formulated as follows:

min
x∈F

(
max

i
(xi + Li)

)
(1)

where x = [x1, x2, .., xF ] and F denote the number of data

flows and the vector whose elements are the transmission-time-

slot indices of the data-flows, and the set of feasible solutions

in which there is no collision among flows at any switches,

respectively. For a given value of u, the total number of

possible candidate x’s is given by
∏F

i=1
(u− Li + 1), which

is too large to be solved by a brute-force algorithm.

Algorithm 1 illustrates the procedures of our greedy

scheduling scheme that can expedite the search of optimal

x. In a nutshell, starting from u = max{Li}, the algorithm

generates all possible candidates for a valid schedule with
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Fig. 2. Procedure for generating next candidate x that does not exceed u

(a) Multi-hop network topology

(b) Delivery success rate

Fig. 3. Simulation results.

collision-free data-transmission for the given u, and if no valid

candidate is found, u is increased by 1. On the lines 3–5,

it checks if the two flows fi and fj collide in the current

schedule. If no collision occurs for all i’s and j’s, the current

schedule is the optimal schedule because the algorithm starts

to generate all of the possible candidates from the minimum

value of u. If a collision is detected, it generates a new

candidate of x using the procedure in Fig. 2. If the procedure

returns ‘B’, it implies that there is no further possible candidate

and u should be increased by 1.

III. SIMULATION RESULTS

We evaluated our scheduling scheme using NS-2 simula-

tions. In the simulations, the buffer sizes of all nodes were

set as 1. In a random access approach with transmission

time scheduling, a flow starts its data delivery at a time

slot randomly selected from the range between the 1st and

(u− li+1)th time slots in each cycle. The period of the data-

flows is 0.12 s, and the time-slot length is 0.01 s. Figure 3(a)

shows one of the network topologies used in the simulations,
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and Fig. 3(b) shows the delivery success rates of the proposed

scheduling and the random access without scheduling. These

results indicate that all the packets are successfully delivered

without packet losses for the proposed scheme.

IV. CONCLUSION

We proposed a scheduling scheme that uses the route

information of data-flows to avoid data packet buffering at

the intermediate switches. Using the proposed algorithm, the

source nodes adjust the transmission times for delivering all of

the periodic data without a queuing delay within a minimum

period. The simulation results indicate that our scheduling

scheme provides more reliable data delivery than the random

access approach.
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