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Abstract

This paper designs and analyzes the performance of a
reliable communication scheme for the traffic control sys-
tem built upon a wireless process control protocol, aiming
at enhancing the robustness and timeliness of the safety-
critical control applications. Focusing on the slot-based
predictable access and the grid topology of urban area road
networks, the proposed scheme establishes one primary and
secondary route from the controller to each other node and
allocates the time slots accordingly. A split-merge opera-
tion makes a sender node sense the primary channel (chan-
nel to the primary receiver) and take the secondary channel
if the first one is not clear in a single slot, while making
the receiver first listen to the primary sender and switches
to the secondary sender. In addition, for the sake of finding
the path having the lowest error rate, the split-merge opera-
tion is modeled as a single virtual link to exploit the shortest
path algorithm. We evaluate the performance of our scheme
by simulation using a discrete event scheduler. The experi-
mental results show that the proposed scheme enhances the
transmission success ratio for the 4× 4 grid by up to 7.9
%, much more improving the ratio for long-hop nodes. In
addition, the routing scheme can find the path that can im-
prove the delivery ratio of control messages by up to 6.69 %
for the given performance parameters, compared with the
normal grid routing scheme.

1 Introduction

1 The industry process control system can be abstractly
modeled as a feedback loop consisting of a controlled pro-
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cess, a controller, sensors, and actuators[23]. Sensors col-
lect the current state of the controlled process and report
to the controller, while the controller responds to the state
change captured by the sensors after computing the actions
required to reduce the disparity between the current and
target states of the system. Actuators perform the control
action delivered by the controller. For a timely reaction,
the control decision must be computed precisely in time
and the communication between each component must be
completed within the given time bound. Many communi-
cation systems capable of meeting such time constraints
have been developed and deployed into diverse field sys-
tems. Among these, HART (Highway Addressable Remote
Transducer) is one of the most outstanding protocols for
process control[2]. Its master/slave mechanism provides
timely and predictable communication.
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Figure 1. Process control architecture

In addition to the wireline counterpart, wireless process
control has been of great interest due to its potential for
cost reduction, easy maintenance, and enhanced flexibil-
ity. Based on the proven and widely accepted (wireline)
HART technology, the WirelessHART standard provides
a robust wireless protocol for distributed process control
applications[3]. Its key capabilities lie in reliability,secu-
rity, and efficient power management. Especially, to the end
of overcoming the transient instability of wireless channels,
it puts a special emphasis on reliability by mesh networking,
channel hopping, and time-synchronized messaging. This
protocol has been implemented and is about to be released
to the market[21]. However, it is impossible to completely



remove communication losses in wireless networks, while
the loss leads to the delay of control activation and increases
the reaction cost. Therefore, the reliability enhancement
scheme must be continuously investigated and integrated,
considering the given system goal and the underlying net-
work architecture.

In process control, the control loop is executed periodi-
cally at a rate fast enough to react to external stimulus. Ac-
cordingly, messages have their own deadlines so as not to
delay or jeopardize the reaction decision procedure. Gener-
ally, the error control procedure brings additional messages,
extending the execution of a control loop. This leads to a
conflict between the two system goals, namely, reliability
and timeliness. According to the WirelessHART standard,
before the transmission of a message in each time slot, the
sender performs CCA (Clear Channel Assessment) to de-
tect the existence of other transmission or noise[19]. If the
channel is not clear, the transmission is just cancelled, un-
avoidably resulting in the waste of a slot. However, a mod-
ification of this operation can save the slot waste in some
cases. Namely, a sender can attempt another channel to take
an alternative route in a single time slot, not extending the
control loop, if the receiver is able to select one of two pos-
sible channels also in a single slot.

This idea cannot work for all wireless network
topologies[16]. For the idea to be better applicable, both al-
ternative and primary paths have to have the sufficient num-
ber of nodes in common and also have the same length. If
their lengths are different, some time slots must be wasted
to wait for the possible packet transmission from the longer
path. Grid networks have many unique features including
the fact that many equal-length paths can be found very
easily, irrespective of whether they are link-disjoint or not.
Even though this topology may look very rare in real life,
we can find in some situations. For example, consider a road
network in urban areas and each crossing has a traffic light.
Each traffic light can play the role of a wireless node when
it is equipped with sensor devices and actuators along with
a wireless communication interface. Each node can pro-
vide global network access to the moving vehicles, while
the network can take advantage of a wireless process con-
trol system and exploit the above-mentioned idea. In this
regard, this paper is to design and measure the performance
of a reliable traffic control system that can mask channel er-
ror without extending the control loop based on the wireless
process control protocol, specifically, WirelessHART.

This paper is organized as follows: After outlining the
problem in Section 1, Section 2 describes the background
of this paper and the related works. Section 3 proposes a
channel switch scheme on the grid-style traffic control sys-
tem, while Section 4 describes how to take into account
the channel switch in deciding the route from and to the
controller. After the performance measurement results are

demonstrated in Section 5, Section 6 summarizes and con-
cludes this paper with a discussion of future work.

2 Background and related work

2.1 WirelessHART

Just like Zigbee[11] and Bluetooth[18], WirelessHART
operates on the IEEE 802.15.4 GHz radioband[2]. It in-
cludes 16 frequency channels spaced by 5 MHz guard band.
The data link layer provides time-division access on top of
the time synchronization process, which is carried out con-
tinuously during the whole operation time[12]. Its time axis
is divided into 10ms time slots and a group of consecutive
slots is defined to be a superframe. To meet the robust-
ness requirement of industrial applications, WirelessHART
makes a central network manager determine routing and
communication schedules. This schedule can be propagated
to the field devices in priori of system operation or updated
via the channel reserved for this purpose. The manager also
decides the path between source and destination, and as-
signs each (sender, receiver) pair to a time slot. The network
operation of each node is time-driven, so a device wakes up
by the timer interrupt on its sending and receiving slots[8].

Figure 2 shows the detailed description of a time slot,
which has several time intervals including CCA (Clear
Channel Assessment)[2]. Due to the half-duplex nature of
current wireless systems, collision detection can’t be ap-
plicable. Instead, automatic CCA before each transmis-
sion and channel blacklisting can be used to avoid a spe-
cific interference area and also to minimize interference to
others. The 802.15.4 standard specifies that CCA may be
performed using energy detection, preamble detection, or
the combination of the two. In addition, there are reliable
channel estimation methods available for the MAC layer to
obviate erroneous communication over the unclear channel.
If the channel is detected not to be clear, the sender does
not proceed or try another recovery action, detailed action
not being defined in the standard. Channel probing can be
accomplished by CCA, RTS/CTS, and so on[14]. Besides,
WirelessHART has many features useful for process control
such as node join and leave operations in addition to time
synchronization. For detailed description, readers can refer
to [21].

2.2 Channel schedule

Communication on grid topology is researched in the
wireless mesh network, and its main concern is routing
the message inside the grid[13]. The network has mul-
tiple design goals to achieve, such as minimizing end-to-
end delays, ensuring fairness among nodes, and minimizing
power consumption[15]. The channel assignment problem
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Figure 2. WirelessHART time slot

is NP-hard[20], so even for the case of no interference in
the network, the optimal schedule cannot be computed in
polynomial time. The greedy approach is most general for
static channel assignment, exploiting the well-known color-
ing algorithm[6]. That is, the coloring or time slots must
be assigned such that no two 2-hop nodes have the same
color. For slot-based access, most schemes focus on how
to assign a color on the diverse topology and how to cope
with the topology change, some handling local route de-
cision when just partial topology information is available.
Anyway, existing schemes have not dealt with the dynamic
channel selection within a single slot and the subsidiary slot
allocation.

N. Chang considered transmission scheduling based
on optimal channel probing in a multichannel system,
where each channel state is associated with a probabil-
ity of transmission success and the sender just has par-
tial information[7]. To compensate for the overhead and
resource consumption of the channel probing procedure,
this work proposed a strategy which decided the channel
to probe based on a statistical channel model. Using this
estimation, the sender or scheduler can pick the channel to
use for transmission. Even though the concept of channel
probing is very prospective, this scheme focuses just on the
dynamic operation of communication procedure, so it is not
suitable for process control. Moreover, it lacks predictabil-
ity, as it does not consider the route length but just the prob-
abilistic estimation on successful transmissions in the selec-
tion of an available channel.

A slot management on WirelessHART was considered
along with a mathematical framework in terms of model-
ing and analysis of multi-hop communication networks[5].
This model allows us to analyze the effect of scheduling,
routing, control decision, and network topology. In this
model, each node has at least two neighbor choices to route
a packet for any destination nodes. Hence, the time slot
schedule must explicitly have two paths for each source and
destination pair. That is, regardless of whether the first path
successfully transmits a message, the secondary route re-
dundantly delivers the same message. This scheme can in-
tegrate any style of alternative route such as a node-disjoint

or link-disjoint path, but bandwidth waste is unavoidable
and slot allocation can get too complex.

Lee et al. proposed a channel selection scheme based on
the CCA result in the preliminary version of this paper[16].
The main idea of this paper is inherited from [16]. However,
it restrictively assumed that the slot rate of each link is the
same and the split-merge operation, which will be described
later, is simply placed to the rectangle closer to the destina-
tion. As contrast, this paper generalizes to the case that each
channel has its own slot error rate and addresses how to, or
even whether to, apply the channel switch operation in each
control message path.

3 Channel scheduling scheme

3.1 Traffic control network

Downtowns of most modern cities have a Manhattan-like
road network, at which some researches on vehicular net-
works are targeting[9]. Accordingly, the traffic control net-
work, where wireless nodes are placed at each crossing of
such road network, has a grid topology as shown in Figure
3 (a). Each node, generally having 4 neighbors, can ex-
change messages directly with its neighbors which reside in
a vertical or horizontal position. Two nodes in the diagonal
of a rectangle cannot generally reach each other directly, as
obstacles like a tall building are highly likely to block the
wireless transmission. In this network, one node can take
the control of the network, and we assume that it is located
at the fringe of a rectangle, for this architecture makes the
communication schedule simple and systematic. In Figure
3 (a),N0,0 is the controller node. When the controller node
is located in the arbitrary point within the grid, 4 quadrants
can be made as shown in Figure 3 (b), each of which having
the controller node at one corner[16]. Then 4 quadrants can
be mapped or transformed to the network shown in Figure 3
(a) by making the controller be placed at the left top corner.

(b) grid partition(a) 3 * 3 topology
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Figure 3. Traffic control network

For process control, device-to-device communication is



carried out in a pre-scheduled time window. This static
schedule provides very reliable, power-efficient, and scal-
able message delivery, promoting interoperability and ease
of use. A control loop consists of three phases, namely,
reading state variables from sensors, deciding the control
action, and sending the value of control variables to the
actuators. The first and third steps involve the network
and have their own communication schedules, which can
be overlapped via the different channel hopping sequences.
After all, in a control loop, the communication schedule in-
cludes the sequential transmissions from all the controller to
all nodes and vice versa. As they are symmetric, we will just
focus on the downlink case. In some WirelessHART imple-
mentation, the network manger traverses a communication
graph or a grid by the breadth-first search and allocates slots
according to this order, appropriately inserting the high pri-
ority management slots such as keep-alive, join, and other
messages[21]. The schedule also contains the hop sequence
by which the channel is selected in each slot boundary. This
paper does not consider simultaneous transmissions of mul-
tiple nodes which have no interference, as schedule opti-
mization belongs to another research domain[10].

Control decision is made both locally in each node and
centrally by the controller node. Local operation enables
each node to work autonomously to guarantee a ceaseless
operation even in the case of network disconnection, some-
times tolerating performance degradation. The central con-
troller decides an appropriate action for the traffic light and
other possible actuators according to the embedded pro-
gram logic and the value of process variables including wide
area traffic condition, accident information, vehicle speed
level, and so on. It should send messages containing the
value of control variables to all nodes in a control loop. The
system does not have to concern about power consumption,
as it can share stable and sufficient power provisioned to the
traffic light[1]. Moreover, the radios at each node are capa-
ble of fast switching between channels with a very small
latency.

3.2 Main idea

In WirelessHART, if the channel status is not good, the
sender discards the transmission, wasting the slot time and
making the subsequent transmission schedule complex. In
case the sender can attempt on the alternative route in the
same slot, the slot waste can be avoided. To enhance re-
liability, an alternative path is indispensable. If the two
paths have the same length, a further improvement can be
expected as will be explained later and the slot assignment
will be very efficient. The main idea can be described by
an example network of Figure 3 (a). At now, we assume
that every node has a common error rate, but this will be
removed at the next section. In this figure, consider the

transmission fromN0,0 to N1,1 which has two 2-hop paths,
namely,N0,0 → N1,0 → N1,1, andN0,0 → N0,1 → N1,1.
If the network manager selects the first as primary route and
allocates the slots, the schedule will include (N0,0 → N1,0)
and (N1,0 → N1,1) at time slots, say,t andt + 1, respec-
tively. For this communication to be successful,V1,0 at slot
t andH1,1 at slott + 1 should be both clear. Otherwise, the
transmission will fail. Integrating an alternative path needs
additional slots in the original WirelessHART.

We can modify the operation of senders and receivers
as follows: The sender,N0,0, senses a channel status for
V1,0 at slot t. If it is clear, it sends toN1,0 according to
the original schedule. Otherwise, instead of discarding the
transmission, it sends toN0,1 after switching channels, this
time without CCA as another probing may violate time slot
boundary (Split operation). Hence, this step may lead to a
useless transmission on an unclear channel. After all, in slot
t, N0,1 (the receiver on the alternative path) as well asN1,0

(the receiver on the primary path) must listen to the channel
simultaneously, and this is the overhead cost for enhanced
reliability. At slot t + 1, eitherN1,0 or N0,1 can possibly
send a packet toN1,1. N1,1 first tries to receive viaN1,0,
as it is the primary sender. If the packet arrives, it receives
as scheduled. Otherwise, namely, the message doesn’t ar-
rive until the firstTsRxOffset, the receiver immediately
switches toH1,1 and receives the packet (Merge opera-
tion). For this to work,N0,1 in the secondary route must
send after a small delay as large as one channel switch time.
In this way, the path is split and merged over each rectangle.
This operation is summarized in Figure 4.

Primary
Sender TsCCAOffset

CCA

Secondary
Sender

Receiver

CCA switch guard

(b) merger operation
TsRxOffset

(a) Split operation

TsRxOffset

CCA

TsCCAOffset
Sender

Primary
Receiver

Receiver
Secondary

Bad

Good

Figure 4. The split-merge operation

This procedure can significantly improve the transmis-
sion success ratio just with a small overhead of additional
listening, wasteful communication, and channel probing. It
is possible as CCA and the channel switch takes just tens



of bit time, much smaller than the whole slot time. In
particular, in the traffic control system, neither power nor
bandwidth is a restriction, while we can safely disregard a
node failure as almost every traffic light works very reliably
in our everyday life, namely, the traffic light does hardly
fail[24]. In addition, channel probing is a key component
and it is true that a channel experiences multiple transmis-
sion rates. However, for simplicity, if the rate is higher
than the given bound, the channel is considered to be clear.
Moreover, it must be mentioned that false alarms may result
in performance degradation, but we assume that there is no
false alarm, as the correctness of channel probing is not our
concern.

3.3 Slot schedule

Figure 5 shows the slot allocation table for the 3× 3 grid
shown in Figure 3(a). In a control loop,N0,0, the controller,
sends control values to all nodes. The order of appearance
in the Dest column follows the hop count fromN0,0, so
N0,1 comes first andN2,2 last. To send a message toN1,0

or N0,1, just one slot is needed, so slot 1 and 2 are allo-
cated, respectively. For the transmission toN2,0, two slots
are needed, as it is 2 hops away from the controller, so slot
3 via link V1,0 and slot 4 viaV2,0 are assigned sequentially.
In slot 5,N0,0 sends a message either toN1,0 or N0,1 ac-
cording to the CCA result ofV1,0. In slot 6,N1,1 receives
either fromN1,0 or N1,1. So, the rows for slot 5 and slot 6
have two entries, respectively. Slot 5 corresponds to a split
operation and slot 6 to a merge operation. The interval be-
tween these two operations must be as short as possible to
remove the lengthy hopping sequence.

The message forN2,1 is assigned to slots from 9 to 11.
In slot 9,N0,0 sends toN1,0 according to the basic Wire-
lessHART operation. Then, fromN1,0 to N2,1, the split-
merge operation is applied as specified in slot 10 and 11.
It is also possible to apply the split-merge operation in the
transmission fromN0,0 to N1,1. We put this operation at
the rectangular loop closer to the destination, as the early
discard may have more chance for a recovery action. How-
ever, when the average error rate of all links is the same, the
placement has no effect on the overall delivery ratio. Slots
from 15 to 18 include the allocation for the transmission to
N2,2. Just for the primary schedule, the path is allocated
N0,0 → N1,0 → N1,1 → N2,1 → N2,2. Here, we can apply
twice the split-merge procedure, as the path has two rectan-
gles. After all, the schedule for the 3× 3 grid includes 10
additional listening operations, so the secondary hopping
sequence has 10 entries[16]. In the meanwhile, when the
destination isN1,0, N2,0, N0,1, or N0,2, we cannot expect
any improvement, as they have no alternative path whose
length is equal to the primary one. In case the destination
is N2,2, improvement will be doubled, as we can place two

split-merge operations, namely, one fromN0,0 to N1,1, and
the other fromN1,1 to N2,2.
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Figure 5. Slot schedule for the 3 × 3 grid

4 Routing scheme

As mentioned before, the communication scheduler de-
cides the channel schedule. In the control loop scenario,
traffic goes from and toN0,0. Namely, each node sends and
receives a message to and from the coordinator node once
in the period specified by the system requirement. Even
if it is desirable to take the route which has the minimum
number of hops to the destination, another detour can have
advantage in terms of delivery ratio and transmission de-
lay. A path is to be updated by the scheduler periodically
according to the change in the error characteristics of each
link. Each link has its own error characteristics due to dif-
ferent power level, obstacle distribution, and so on, while
the change of link error characteristics can be estimated in
many different ways[7]. We assume that the probing result
is always correct, as the correctness of channel estimation
is not our concern.

To begin with, we denote the error rate of linkL by
E(L). Intuitively, L may be either a horizontal or vertical
link. For example,E(V2,1) denotes the error rate of the
link from N2,1 to N1,1 and it has the same meaning with
E(N2,1 → N1,1). However,L can be extended to represent
a virtual link which consists of a single split-merge pair.
That is, even though there is no direct link between the two
nodes in a diagonal line, the two-hop link between them can
be considered to be a single link, taking into account the
split-merge operation. The split-merge operation works for
the downlink fromNi,j to Ni+1,j+1. For a downlink path,
we have two path, namely,Ni,j → Ni,j+1 → Ni+1,j+1 and
Ni,j → Ni+1,j → Ni+1,j+1, each of which corresponds
to (Hi,j+1, Vi+1,j+1) and (Vi+1,j , Hi+1,j+1), respectively.



The first step is to decide which one is the primary path
when every link has different error rates. The path having
the lower error rate will be the primary path. If we let the
error rate of the first one beF1(Ni,j , Ni+1,j+1) and that of
the second oneF2(Ni,j , Ni+1,j+1), they can be calculated
as follows:

F1(Ni,j , Ni+1,j+1) =
(1 − E(Hi,j+1))(1 − E(Vi+1,j+1)) +
E(Hi,j+1)(1 − E(Vi+1,j)(1 − E(Hi+1,j+1))

F2(Ni,j , Ni+1,j+1) =
(1 − E(Vi+1,j))(1 − E(Hi+1,j+1)) +
E(Vi+1,j)(1 − E(Hi,j+1)(1 − E(Vi+1,j+1))

Recall that the sender of a slot decides which route to
take according to the CCA result of the first link on the pri-
mary route, and the above relations are straightforward. If
F1 is greater thanF2, (Hi,j+1, Vi+1,j+1) is set to the pri-
mary path. Otherwise, (Vi+1,j , Hi+1,j+1) will be the pri-
mary path. The smaller of the two, namely,F1 or F2, will
be the expected error probability of a virtual link fromNi,j

to Ni+1,j+1. Based on this estimation, we can build a com-
munication graph including the error rate as the link cost
as shown in Figure 6 (a). Here, the error rate can be re-
placed by the success probability by subtracting the former
from 1.0. Now, Dijkstra’s (one-to-many) shortest path al-
gorithm can find the best route having the lowest error rate
for both graphs, after substituting the product of probabil-
ities for the sum of link costs in each node expansion. In
each node scan, the node having the highest success ratio
will be selected. Finally, the instance of virtual link, say
Si,j , is to be expanded by the split-merge schedule as shown
in Figure 6 (b) to finalize a complete slot assignment. In
this example,Si,j is replaced by (Hi,j+1, Vi+1,j+1) on the
primary schedule and (Vi+1,j , Hi+1,j+1) for the secondary
schedule, provided thatF1(Ni,j , Ni+1,j+1) is smaller than
F2(Ni,j , Ni+1,j+1). Additionally, uplink case is also shown
in Figure 6 (c).

5 Performance measurement

This section measures and assesses the performance of
the proposed process control scheme via simulation using
SMPL which provides a lot of functions and libraries for
the discrete event scheduler, easily combined with the com-
monly used compilers such asVisual C++ and gcc[17].
Two cases are considered in the measurement. For the first
case, it is assumed that every node is set to have the same
average error rate, focusing on the reliability enhancement
achieved by the proposed scheme. In the second case, we
remove this restriction and each link has a different error
rate, to assess the efficiency of our routing scheme. We con-
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sidered a 4× 4 grid and it needs 48 slots for each control
loop. Nodes and channels are numbered by the same way
as in Figure 3. According to the proposed schedule, 28 out
of 48 slots participate in the split-merge operation. The first
experiment measures the ratio of successful transmissions
according to the slot error rate for all end-to-end transmis-
sions generated in this system during the simulation time.
The slot error rate depends on the data size and the chan-
nel error rate distribution. Here, we employ Guilbert-Elliot
error model, which is quite simple, but can easily set the
average error rate we want for the experiment.

As shown in Figure 7, the performance gap between the
grid and proposed schedules gets significantly larger along
with the increase of slot error rate, reaching 7.9 % when
the slot error rate is 0.21. Here, the grid schedule takes
a route without split-merge operations and it is generated
also by means of the Dijkstra’s shortest path algorithm, not
adding any virtual link. As the error rate is the same for
all links, the minimum hop route corresponds to the grid
schedule. The probability of successful transmissions drops
exponentially at each hop. So, the node many hops away
from the controller has significantly low success ratio. On
the contrary, the split-merge procedure can reduce the deliv-
ery failure almost by half for each 2-hop path. As this term
is propagated by multiplication, the performance gap gets
magnified on the node far away from the controller. Actu-
ally, the larger the grid, the more slots get involved in the
split-merge operation and the average hop length between
the controller and other nodes also increases. So, we can
expect more improvement in the wireless communication
for larger grids.

Figure 8 plots success ratios for the two schemes accord-
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Figure 7. Effect of slot error rate
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Figure 8. Success ratio vs. hop count

ing to the hop count, with the slot error rate fixed to 0.05.
There is just one node which has hop count of 6, namely,
N3,3. The transmission from the controller to this node
has 4 split-merge operations inN0,0 → N1,1, N1,1 → N2,2,
N1,1 →N2,2, andN2,2 →N3,3, so many channel errors can
be recovered. No 1-hop node can benefit from our scheme,
so two curves meet 0.95. The majority of 2-hop and 3-hops
nodes have just the straight path, namely, they are on the
same row or column with the controller, so their success ra-
tios are not so high. On the contrary, 4-hop and 5-hop nodes
have at least one rectangular path in the 4× 4 grid, so we
can see the significant reliability enhancement. After all,
the success ratios for the 4, 5, and 6-hop nodes reach 86.9
%, 85.2 %, and 85.0 %, obtaining 5.5 %, 7.8 %, and 11.4 %
enhancement, respectively.

In the second set of experiments, we let each link have
different error rates. We add virtual links after estimating
their error rates. Again, only the downlink graph was con-
sidered, so the controller transmits messages to each node
one by one according to the slot assignment as described

in the previous section. The experiment measures the de-
livery ratio of end-to-end messages for the proposed rout-
ing scheme and compares with the case that decides a route
and allocates the slot based on the general shortest path al-
gorithm on the grid topology. Figure 9 exhibits the perfor-
mance improvement according to the average slot error rate.
This experiment makes each link have a different average
error rate according to the exponential distribution. Namely,
the experiment generates 500 sets for each average slot error
rate ranging from 0.0 to 0.3, and measures the message de-
livery ratio from the controller to all other nodes. As shown
in this figure, the proposed routing scheme can enhance the
delivery ratio by up to 6.69 % when the slot error rate is
0.2. The performance gap tends to increase according to
the increase of slot error rate.

Figure 10 plots the success ratio according to the dimen-
sion of square grids. Here,n in the x-axis means then × n

grid, and the slot error rate is set to 0.1. A larger grid makes
the average hop count increase, so the success ratio drops
according to the increase of the grid dimension. However,
the proposed scheme always shows the better success ratio
and is less affected by the grid dimension, as the slit-merge
operation is also more likely to be applied. For the 10× 10
grid, the performance gap reaches 9.0 %.
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Figure 9. Effect of the routing scheme

In the control message exchange, some nodes must wake
up and listen to the channel on the secondary path to receive
the possible transmission. This additional receive operation
is the overhead brought by the split-merge operation and
leads to power consumption. The receive operation con-
sumes much less power than the transmit operation, and
as mentioned previously, the power consumption has little
effect on the traffic light network. However, in the gen-
eral wireless mesh network, power management may mat-
ter. For then×n grid, the number of total transmissions for
a control round is calculated as in (1).
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2(n−1)∑

i=1

(n − |n − i − 1|) · i (1)

Each iteration indexed byi corresponds to the hop count
from the controller. Nodes having the same hop counts need
the same number of slots. The number of nodes havingi

hops increases by one untili reaches (n-1), and then de-
creases by one untili reaches 2(n-1). In addition, the num-
ber of additional receive operations for then × n grid is
calculated as in (2).

n−1∑

i=1

{2(n − i) − 1} (2)

For nodeNi,i, on the diagonal, there can be split-merge
operationsi times, so it needsi additional receive opera-
tions. The number of applicable split-merge operations is
equal to that ofNi,i for all nodesNi,j, wherej ≥ i and
Nj,i, wherej ≥ i. After all, the additional receive opera-
tion ratio can be calculated by diving (1) by (2) and Figure
11 plots the ratio according to the grid dimension. Here, we
can see that the additional receive operation remains below
33 % and does not increase uncontrollably even for larger
n.

It is difficult to directly compare the proposed scheme
with multipath routing, which tries to find a node-disjoint
or link-disjoint path to enhance the transmission reliability
by reserving an alternative path. Link-disjoint paths share
no common link, and multipath transmissions via those
two links need two explicit transmit and receive operations,
respectively[4]. In link-disjoint path routing, if every trans-
mission and reception is duplicated, the additional receive
ratio is 100 %. In grid topology, a multipath routing scheme
finds an alternative path very easily from the controller to
all nodes. As contrast, our scheme takes an alternative path
when necessary, and this action takes place in a single time
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Figure 12. Comparison with multipath routing

slot. However, every node cannot benefit from the split-
merge operation. No enhancement can be expected for the
nodes on the same row or column of the controller, while
those on the diagonal can fully take advantage of redundant
paths.

Figure 12 plots the success ratio for diagonal nodes and
for overall grid nodes to compare with the link-disjoint path,
assuming ideally that there are always two link-disjoint
paths having the equal length for all nodes. The error ratio
is set to 0.05. For two curves marked asdiagonal, the node
numberi meansNi,i. The success ratio can be improved by
up to 32 % forN10,10. In addition, for two curves marked
asoverall, the success ratio means the average success ratio
of every node in then×n grid. The link-disjoint case shows
just a little bit better performance, but it needs doubled net-
work bandwidth and extended control loop. Our scheme
requires much less transmissions and works with a shorter
control loop, but performance comparable to the multipath
routing scheme.



6 Conclusion

This paper designs and analyzes the performance of a re-
liable communication scheme for the traffic control system
based on WirelessHART, a promising protocol for wireless
process control. Based on the grid topology of this net-
work and the CCA technique that senses before transmis-
sion, the proposed scheme can generate a robust slot as-
signment schedule that can efficiently cope with the wire-
less channel error. When the sensing result is not good,
a sender takes an alternative route having the same length
with the primary route in a single slot. Hence, the path is
split and merged at each branch point of the grid. In ad-
dition, the two joint links can be considered to be a single
virtual link which has a much lower error rate. This paper
also deals with a routing scheme that finds the route that has
the lowest error rate considering such a virtual link.

The performance measurement result obtained by simu-
lation using a discrete event tracer shows that the proposed
scheme can improve the transmission success ratio for the 4
× 4 grid by up to 7.9 %, compared with the general alloca-
tion method based on the shortest path or the minimum error
probability. In addition, our routing scheme can enhance the
delivery ratio by 6.69 % when each link has its own slot er-
ror rate and the rate distributes exponentially. The proposed
scheme can keep the additional receive ratio less than 33
% up to the dimension of 10. Particularly, the split-merge
operation makes it possible for the message transmission
carried out with halved network bandwidth and a shorter
control loop, but achieving performance comparable to the
multipath routing scheme.

As future work, we are first planning to improve this
scheme to efficiently cope with node failure to apply to the
general wireless mesh networks. In addition, a fault-tolerant
flooding scheme is expected to be very useful in wireless
process control[22]. So, we will design a slot assignment
scheme combining the split-merge operation to overcome
node or link failure for the control message broadcast.
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