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Abstract. Heterogeneous networks of humans, robots, and agents are becoming
increasingly common. Clients of wireless networks have continuously changing
requirements for providers. In this project, a system to provide a sufficient sig-
nal for clients of a network as conditions change is proposed and validated. The
system is comprised of hardware features such as a mobile access point and three
heterogeneous client devices, and a movement algorithm. The mobile provider’s
autonomy is verified by the independence of initial position or orientation from
success of the system. The system is designed for ease of reconfiguration; mod-
ularity in system design allows for advancements to be implemented simply and
effectively.

1 Introduction

Wi-Fi enabled devices have become a ubiquitous aspect of society. Wi-Fi networks
serve a variety of heterogeneous client systems, from laptops and smartphones con-
necting to and disconnecting from internet in a coffee shop to teams of heterogeneous
mobile robots performing search and rescue missions. An inherent aspect of hetero-
geneous systems such as these is that some activities or devices will have different
Wi-Fi requirements than others. Networks must provide high-quality signals regardless
of variable client use conditions. Since needs for Wi-Fi propagation are dynamic, it
follows that a Wi-Fi provider should have the ability to accommodate varying environ-
mental conditions. This project seeks to achieve this by mobilizing a Wi-Fi provider.

Received signal strength indication (RSSI), measured in decibel-milliwatts (dBm),
is commonly used because Ethernet infrastructure with off-the-shelf utility for mea-
suring RSSI already exists in most indoor spaces [1][6]. However, due to fluctuations
caused by phenomena such as multi-path fading and non-uniform propagation of radio
signals, RSSI measurements can be unreliable. In [4], RSSI measurements are found
too unreliable to be used as the sole source of indoor localization, but in [6] successful
position estimation was obtained using wireless Ethernet signal strength. The algorithm
proposed in this paper does not use RSSI measurements to determine distance or to lo-
calize. Therefore, while complications due to RSSI signal noise are present, they may
not be as impeding in the physical realization of the algorithm.
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A number of methods for exploration and optimization of sensor networks use map-
ping techniques to traverse an area, including mapping the gradient of RSSI values [13],
and intentionally avoiding previously explored areas [14]. This project does not involve
mapping the area of interest because RSSI values at specific points are expected to
change over time given the changing needs of clients, therefore mapping would be in-
effective. Our intent to enhance Wi-Fi signal of clients omni-directionally using robots
without mapping capabilities is similar to that of [2], however we propose a more sys-
tematic algorithm than random movement.

This project proposes and validates an algorithm that enhances the Wi-Fi strength
of a dynamic heterogeneous network such that the average RSSI value for all clients is
within a predetermined allowable threshold. As in [5], this project provides a pattern-
based algorithm which includes processing sensor information to dictate movements
for traversing an area. This algorithm extends to many scenarios and conditions, such
as mobile clients, different initial position and orientation of the mobile Wi-Fi provider,
different weighting schemes for the clients, and different RSSI thresholds. The algo-
rithm is simple enough to be implemented with a variety of mobile robots and easily
adaptable for future improvements in RSSI collection and analysis as well as movement
patterns.

The remainder of this paper is outlined as follows: Section 2 details the system
configuration including hardware components, methods for RSSI collection and ana-
lyzation, and movement protocol. Section 3 includes a condition testing for the test
environment and three test cases used to validate the algorithm. Section 4 provides in-
sight for future works and applications. Section 5 concludes the paper with an overall
evaluation of the algorithm.

2 Configuration

2.1 Provider and Clients

Provider. The mobile provider consists of a two-tiered shelf system on top of an iRobot
Create (Fig. 1). Below the shelves is a 12V lead battery and a transformer to provide
24V of power. On the lower shelf is an Eee laptop, connected by an RJ-45 cable to the
Power over Ethernet (PoE) network switch and by a serial connection to the iRobot Cre-
ate. On the upper shelf is the PoE switch, given power by the battery and transformer,
and providing the power to the PicoStation [9] access point (AP). The access point is
positioned vertically above the center of the iRobot Create. The Ethernet connections
are as such to set up the wired local area network (WLAN). The laptop accesses the
PicoStation’s TinyOS web interface through its connection to the switch. A bash script
using the Linux “grep” command allows the laptop to read RSSI values from the ac-
cess point using TinyOS. The laptop sends commands to the iRobot Create through
an established serial connection. PicoStation RSSI value collection and iRobot Create
movement are linked together by a C++ script executed by the laptop.

Clients. Three representative clients make up the heterogeneous team for this project.
The DARwin-OP robot is a robot client with a wireless adapter. DARwin is a humanoid
robot commonly used for research and education in robotics research [3]. The Nexus
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tablet is a human controlled device. The Edimax access point/range extender represents
a packet-forwarding or routing device. The three clients, as well as the laptop and the
PicoStation AP make up the WLAN.
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Fig. 1. Mobile Provider

2.2 Algorithm

Our algorithm consists of two procedures: current state analysis and a movement proto-
col. During current state analysis, RSSI values are obtained and analyzed to determine
whether the average value is within the acceptable threshold, and if not, whether RSSI
values are increasing. The movement protocol determines which action to take based
on these results. The algorithm is constructed in such a way that it reacts in real-time
to client movement, without reliance on a particular initial position or orientation of
the mobile provider. It is easily adaptable for different client needs, such as the weight-
ing scheme for clients and the overall acceptable threshold limit. A limited number
of commands in the movement procedure make the algorithm adaptable for use with
different robots. The separation of data collection and integration from physical move-
ment commands allows for improvements in either to be implemented without needing
to reconfigure the entire system.

Current State Analysis. Ateach time step, RSSI values are measured by the PicoStation
for each client connected to the network. Each client device is given a weight which
reflects its priority in the system. Test Cases 1 and 2 weight clients equally, and Test
Case 3 examines the effect of different weighting schemes on provider movement. From
this step on, the algorithm deals with this weighted average as the singular value to
minimize.
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An exponentially weighted moving average (EWMA) originally proposed in [10] is
used to smooth inherent noise in RSSI measurements while maintaining priority of the
most recent data (Eq. (1)). S; represents the EWMA at time ¢, Y; represents the data,
in this case RSSI measurement averaged over the three clients, at time f. A constant
A is used to control the weight of the most recent datum at time ¢ in relation to the
previously calculated EWMA at time ¢ — 1. The selection of A involves a compromise
between detection delay and false alarms [7].

S =AY+ (1-2)-S (1)
S1=1 ()

To determine whether RSSI values are increasing, linear regression is performed on
the 8 most recent RSSI averages. A trend line with a slope greater than 0 and stan-
dard error of regression slope greater than 0.05 is considered an increasing trend in
RSSI measurements. These constraints vary by location and can be determined through
preliminary testing in the experiment environment to recognize significant changes in
RSSI. Validating optimization of these constraints for various environments is outside
the intent of this project and is left for future research.

Movement Protocol. Figure 2 details the movement protocol for the provider. RSSI is
measured continuously and noise is smoothed using the processes described above. If
the RSSI value is within the threshold, the provider is sent a command to stay in place. If
the RSSI value is above the threshold and not increasing, the provider is sent a command
to move straight. If the RSSI value is above the threshold and increasing, the provider
is sent a command to turn 90° counter-clockwise. Thus, with only three commands,
the provider moves only when the average RSSI value is above the threshold, moves in
directions of decreasing RSSI, and changes trajectory when RSSI values along are first
found to be increasing.

RSSI Collection and Movement Algorithm

Take RSSI W
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perform EWMA to

smooth noise

RSSI <
Threshold
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Fig. 2. RSSI Collection Analysis and Movement Algorithm
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3 Experiment

The experimentation portion of this project involves condition testing to validate the
choice of A used in calculating the EWMA for the testing environment, followed by
three test cases designed to isolate the effects of initial position, initial orientation, and
weighting scheme of clients on the mobile provider’s subsequent path. A trial is de-
fined as successful if the provider reaches a location where threshold conditions are met
(RSSI < 42 dBm in this environment), and remains stationary for more than 10 seconds.
The provider’s speed is set to 0.2 meters/second (m/s) throughout the tests. The testing
location is the ROTC armory at Purdue University in a room which measures roughly
the dimensions of a football field. Our testing grid consisted of a 40 meters (m) x 40
meters (m) square.

3.1 Conditions Testing: Optimizing A

The first experiment tests for an optimal A value. The provider is sent down a straight
path which goes between the three clients, and collects RSSI values along its path. This
process is repeated for A values of 0.1, 0.2, 0.3, 0.4, 0.5, 0.7, and 0.9. Figure 3 displays
the outcomes of trials 0.1, 0.3, and 0.5 in order to highlight the effect of changing A on
the EWMA measurement trends. A A of 0.5 is too large to smooth local noise in the
RSSI values caused by unwanted phenomena, while a A of 0.1 is so small that it inhibits
the display of significant changes in RSSI caused by the movement of the provider. A 4
of 0.3 is optimal as it captures the desired, global trend of RSSI but smoothes unwanted,
local noise.

RSSI Smoothness for Various s

*3=0.1
4=0.3
*3=0.5

0 20 40 60 80 100 120 140 160 180
Time (s)

Fig. 3. Mobile Provider
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3.2 Test Case 1: Varying Initial Position

The first test case assesses the effect of different initial positions of the provider. The
mobile provider starts at 8 different points around the center of the configuration of
clients as shown in Fig. 4. In all cases, the provider stops at a position within the thresh-
old, validating that the success of the algorithm is largely independent of initial position.
The average number of turns taken per path is 3.375, and the average time to reach the
final location is 2 minutes, 50 seconds. The maximum number of turns taken is 8, and
the maximum time taken is 6 minutes 30 seconds, both of which occur on the trial
originating from the bottom left corner of the grid (—16m, —7.5m). In some trials, for
example that originating at the top-right corner of the grid (16m, 27.5m), the provider
takes more than the minimum number of turns necessary to reach its final location, but
in such cases the provider corrects quickly, and therefore the efficiency of the algorithm
is not compromised.
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Fig. 4. Initial Positions

3.3 Test Case 2: Varying Initial Orientation

The second test case isolates the effect of initial orientation of the provider on the path
taken. Three trials are performed with the provider starting facing each of the cardinal
directions as shown in Fig. 5. Table 1 gives the number of turns taken for three trials
facing each direction, the number of trials necessary to reach the final location of the
provider, and the average time taken. Of the 12 trials, 11 are successful. In some trials,
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Fig. 5. Provider Paths for Different Initial Orientations

Table 1. Turns Taken and Necessary; Average Time for Different Initial Orientations

Orientation East North West South
Turns Taken 215004 773262
Turns Necessary 213003 333232

Average Time (min:sec) 2:32 1:17 2:56 2:14

the provider takes the most direct route, and in the others, mistakes are quickly cor-
rected. In the first trial facing East, the provider moved off the grid without reaching
a successful final location. The average time given for this orientation is the average
of the second two trials. After examining the averaged RSSI values over time for this
trial, the most likely cause of this is that RSSI values along the last leg of this path were
in fact not increasing, and therefore the provider never changed direction. This serves
as further proof that RSSI fields do not always follow expected gradient trends. Apart
from this one trial, however, success was largely independent orientation.



934 E. Rolf et al.

3.4 Test Case 3: Varying Client Weights

The third case tested the the effect of different schemes for weighting clients (Fig. 6).
Figures 6 (a)-(e) show two trials for each of the paths taken for five different weighting
weighting schemes. Figure 6 (f) shows the variability of RSSI per client while the mo-
bile provider remains stationary at its starting position for a period of about 3 minutes
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(—16m, 10m). The standard deviations of RSSI values from the devices to the provider
over this period are as follows: Gpagwin = 0.147, Grapier = 0.400, and Gyoyrer = 0.924.

The most efficient schemes were that in which all clients were weighted equally,
(Fig. 6 (a)), that in which the router is weighted less than the other two clients
(Fig. 6 (b)), and that in which DARwin is weighted more than the tablet and the
router (Fig. 6 (d)). In each of these three schemes, success is reached in both trials,
for a total of six successful trials. While both trials for the scheme in which the tablet
is weighted more than DARwin and the router are ultimately successful, these trials
are not as efficient, as paths double back on themselves (Fig. 6 (e)). In the scheme that
weights the router more than DARwin and the tablet, success is not reached in either
trial, and paths double back on themselves multiple times (Fig. 6 (c)). Consulting the
variability of RSSI signals from each client (Fig. 6 (f)), it is evident that paths are most
efficient when clients with lower signal variability are given higher weight (Figs. 6 (a),
(b), (d)) and less efficient when clients with higher signal variability are given higher
weight (Figs. 6 (c), (e)).

Each client had a different average RSSI value during static testing (Router 66.25
dBm; DARwin 40.02 dBm; Tablet 49.85 dBm). Since the router’s average RSSI value
of 66.25 was much higher than the testing threshold of 42 dBm, it is realistic that when
weighted the router is weighted the most, the threshold condition would never be met.
However, we would expect the provider to find a position more optimal for the signal
strength of all clients, rather than double back multiple times near its starting location as
in Fig. 6 (c). Therefore, while reaching a threshold of 42 dBm may not have been real-
izable in this trial, the motion taken by the provider suggests that the noise of individual
clients has a significant influence on provider path.

4 Future Works and Applications

Adaptability is a key focus of this project. Modularity between data collection, data
analysis, and movement protocol allows for improvements in a certain process to be
implemented without reconfiguration of the algorithm at large. The algorithm could
easily be adapted to measure parameters other than RSSI for connection strength, for
example signal quality or throughput. Improvements in smoothing raw data values and
interpreting them or in the movement protocol could increase efficiency and reduce
the time and energy consumptions for reaching an allowable threshold. This system
could also be applied to different environments, in which case constraints and thresholds
should be re-evaluated. Multiple APs could be used to create a robotic mesh network
in a larger environment as suggested in [8] and [12]. The algorithm could easily be
adjusted to accept new clients and account for clients leaving, furthering possibilities
for applications involving dynamic systems.

An unavoidable consequence of using mobile robot communication is the possibility
of malicious destructive intrusion to the system. Prior to implementation, validating a
secure connection between mobile robots of the same network is particularly important.
Suggestions for secure implementation detailed in [11].
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5 Conclusion

This project validates an algorithm for enhancing the strength of signal connections be-
tween a Wi-Fi provider and clients by mobilizing the provider. The algorithm involves
current state collection and analysis of RSSI values, which relies on location-dependent
constraints, and a simple movement protocol. Since the algorithm is a heuristic method
involving pattern-based algorithms, the path taken by a mobile provider is often not
the most efficient possible toward the allowable RSSI threshold, however the algorithm
is efficient and timely enough to be effective in a physical real-time environment. The
algorithm is validated by a high success rate for a variety of initial positions and initial
orientations of the mobile provider. This resistance of the algorithm to initial conditions
simplifies deployment for the user. The main contribution of this work is the presenta-
tion and physical realization of a system that successfully implements a modular design
for enhancing Wi-Fi multi-directionally, which easily accommodates future improve-
ments and implementations.
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