
IEEE Communications Magazine • May 201734 0163-6804/17/$25.00 © 2017 IEEE

AbstrAct

While a number of studies reveal the perfor-
mance and effectiveness of applying wireless 
systems to various smart city applications, surpris-
ingly, a market environment, in which we rely on 
a daily or weekly basis for purchasing essential 
goods, is still understudied. A wireless system in 
a market, along with rapidly growing IoT tech-
nology, can enable interesting applications such 
as automated electronic price tag updates, shop-
ping-cart-based advertisements and information 
display, and automated inventory/stock manage-
ment. These applications can first benefit mar-
ket staff by automating routine tasks or opening 
possibilities for additional profits. Not only that: 
for everyday customers, these applications pro-
vide more reliable services by eliminating many 
man-made errors and offer additional services that 
can be enabled by newly gained connectivities. In 
this work, we introduce application requirements 
and technical challenges for such smart market 
applications and pilot deployment experiences 
in an urban large-scale market. Our pilot deploy-
ment experiences of wireless systems in markets 
provide quantified knowledge on the impact of 
various in-market activities on the wireless link 
performance and led us to design MarketNet, a 
wireless networking architecture suitable for IoT-
based smart market systems. We see this work 
as a first step in bringing the attention of many 
researchers to a new application area, where 
wireless systems have the potential to benefit the 
quality of life of many smart city residents.

IntroductIon
Markets, by definition, are places where people 
gather to purchase and sell goods that are essen-
tial to their everyday lives. As consumers we visit 
markets on a weekly (if not daily) basis. Histori-
cally, well-operated marketplaces have catalyzed 
population growth and formed the basis of a city. 
Therefore, a critical but until now less explored 
application for realizing smart cities is designing 
a smarter market environment. It is true that the 
introduction of novel technologies such as bar-
codes, computers, RFID, and smartphones have 
dramatically changed the operational flow and 
shopping cycle in markets [1]. Nevertheless, with 
recent enhancements in low-power embedded 
computing technologies coupled with the explo-
sion of interest in the Internet of Things (IoT), we 

see another chance to revolutionize today’s mar-
ket environments by connecting various in-store 
items to the Internet.

This article presents an overview of how dif-
ferent applications change a market’s operation-
al flow, ease internal management, and benefit 
shopping experiences for customers. Using recent 
surveys,1 we identify unique application challeng-
es that an embedded wireless system would face 
and should overcome when targeting market 
deployments. Furthermore, using empirical field 
studies performed in an urban market environ-
ment, we provide answers to how daily market 
activities impact the wireless link and network per-
formance. With the findings from these studies, 
we design a prototype system to realize a smart 
market environment, MarketNet, and validate its 
usefulness with pilot studies in a real market. Final-
ly, we leverage our experiences from this pilot 
study to outline remaining issues and discuss the 
steps necessary to bring smarter markets to real-
ity.

WIreless systems for smArter mArkets
The development of low-power and low-cost 
computing and communication technologies has 
introduced a number of smart anything appli-
cations over the last decade. These research 
efforts are now being commercialized with the 
IoT hype to make traditionally manual environ-
ments smarter than ever before. The successes in 
various application domains stimulate the need 
to design smarter market environments that are 
tightly coupled with our everyday lives. The subse-
quent sections outline a few potential applications 
of smart markets and identify novel challenges 
based on a series of interviews with urban market 
managers. Specifically, in this work we use the 
term smart market for market environments that 
enable IoT connectivity for supporting applica-
tions such as the following. With the infrastructure 
for such applications, we envision that personal 
devices such as smartphones and tablets can be 
an effective interface for interacting with custom-
ers (e.g., combination of online and in-store shop-
ping experiences) and staff members (e.g., less 
operational burden).

smArt mArket ApplIcAtIons
Labor-Free Price Tag Reconfiguration: The 

market managers with whom we worked report-
ed that item prices should change dynamically 
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according to many external factors such as cus-
tomers’ purchase patterns, inventory, competing 
markets’ responses, and goods freshness [2]. In 
addition to this, the status of each customer, such 
as member status, or discount information can 
further complicate the pricing policy. Moreover, 
price tags present other details of products. such 
as the origin, precaution information, and detailed 
usage instructions. However, in most markets, a 
large number of these price tags are still manu-
ally managed, incurring labor and printing costs, 
man-made errors, and delayed updates. With 
recent development of low-power displays (e.g., 
e-ink) and wireless networking technologies, auto-
matically reconfiguring price tags is becoming a 
feasible option. Such application systems allow 
markets to not only reduce labor and printing 
costs for price tag updates, but also update prices 
more dynamically with reduced human error to 
better meet customer needs.

Automated Inventory and Stock Manage-
ment: Currently, the process of checking the rack 
status and maintaining the inventory is mostly per-
formed manually, with staff members hovering 
over the entire market to identify missing items.

As a result, 27 percent of consumers reported 
that solving the out-of-stock problem is the most 
critical factor to improve their in-store shopping 
experiences. With energy-efficient sensing tech-
niques (e.g., infrared and/or weight sensors) com-
bined with low-power wireless networks, we can 
design a system where the status of each rack 
is reported in real time, and the data or pattern 
of purchases can be autonomously analyzed for 
predictive ordering.

Shopping-Cart-Based Applications: Shop-
ping carts in markets are one of the most widely 
accessed “human interaction interfaces” but are 
still underutilized. Some shopping carts have small 
plastic holders for simple advertisements, but since 
they cannot be updated in real time, a majority of 
these advertisements focus on prevalent topics 
such as benefits of enrolling in the market’s mem-
bership program. Low-power screen technologies 
and minimal power consuming radios combined 
with energy harvesting modules on cart wheels 
open interesting applications. For example, given 
that only 7 percent of retailers enable real-time 
promotions to customers through their smart-
phones, these shopping carts can be good media 
to inform customers of deals in which they may 
be interested. Furthermore, cart location tracking 
and virtual fencing can ensure that carts are not 
taken off market premises.

Customer Pattern Analysis: An important 
piece of information that market managers can 
benefit from is the purchase and movement pat-
terns of customers, which allows the managers to 
plan their product layouts over the ideal shopping 
route. To obtain this information without cameras, 
which incur a security threat, we may consider a 
wireless network (especially a low-power network) 
given that its positive side-effect is in variations of 
signal strength with the population intensity in a 
target region. In such applications, the locations 
of individual customers are not needed. Rather, 
the trend of movement, say to answer questions 
such as “When do customers tend to move more 
toward items near the refrigerators?” can provide 
hints on how the items can be displayed.

chAllenges for desIgnIng smArt mArket systems
While low-power wireless sensing systems have 
the potential to enable a number of exciting appli-
cations, the current state-of-the-art technology still 
faces a number of technical challenges, especial-
ly at the system design level, when we start to 
design practically meaningful systems for market 
environments. We illustrate a few of these major 
challenges below.

Low-Power Operations and Minimal Costs: 
System designers should consider the fact that 
nodes will be deployed in large quantities, which 
incurs the need for low device and operational 
costs. From the perspective of system design-
ers, such constraints raise many difficulties. First, 
the software should be lightweight and carefully 
engineered. Second, given that low-cost hard-
ware modules themselves are prone to hardware 
faults, applications requiring high reliability (e.g., 
price tag updates) should consider fault toler-
ance as an additional factor. Third, since wire-
less modules need to operate within “cost-free” 
frequency band, there should be considerations 
for external radio interferences depending on 
operating frequency (e.g., 2.4 GHz) and deploy-
ment area.

Finally, battery operated nodes (tagged to 
items, carts, or shelves) may face significant chal-
lenges in maintaining a practical long enough 
lifetime. The selection of hardware components 
becomes critically important, and low-power 
operation schemes such as radio duty-cycling are 
a must.

Diversified Traffic Patterns: From a wireless 
traffic perspective, market applications can intro-
duce complicated network traffic, unlike “collec-
tion-oriented” patterns for most wireless sensing 
systems. For example, price tag updating and 
real-time advertising applications generate a large 
amount of downward (from the server to individ-
ual nodes) traffic, rack status updates generate 
upward (from individual nodes to the server) traf-
fic, and applications such as cart tracking require 
active bidirectional packet exchange. Compared 
to the simplified world of collection-oriented data 
traffic patterns, such diversity in wireless traffic 
brings dramatic changes in system design. Most 
importantly, the wireless networking protocols 
used with the applications of today may not be 
suitable for these environments. Furthermore, traf-
fic diversity also impacts node lifetime given that 
complex node wake-up patterns are possible in a 
full multihop network.

Data Reliability over Mass-Scale and Real-
Time Data Delivery: Applications in markets are 
very sensitive to reliability since the performance 
of the wireless system directly affects the market 
profit and complaint ratio. In fact, data delivery 
reliability is the highest system-level priority in a 
list of requirements provided by market manag-
ers. Therefore, it is important that our systems 
show high reliability with low latency for a large 
number of nodes. This is especially true for appli-
cations such as remote price updating and rack 
status updates.

Usability and Manageability: Finally, once 
our system is deployed, the system should pro-
vide a user interface (UI) for market managers or 
employees to effectively utilize without the help 
of system developers. This requirement suggests 
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building an easily controllable network for typical 
IT personnel within the market, and also asks for a 
further study from a human-computer interaction 
perspective. For designing an IT-personnel-friend-
ly system, we believe that IPv6 protocols for 
low-power and lossy networks (LLNs) help staff 
by allowing them to utilize IP-level management 
services. This IP connectivity can also be used to 
support IP-level security protocols such as IPSec 
to the market system.

WIreless envIronments In mArkets
In order to deploy wireless IoT systems for mar-
kets, we found the need to better understand 
wireless channel characteristics in such environ-
ments. While the wireless research community 
has revealed the link characteristics of various 
environments [3–5], market environments are 
still unknown. Nevertheless, like many smart 
city applications, a market environment holds 
characteristics such as active human mobili-
ty, unique environment-specific activities, and 
various factors for RF interference. To quantify 
their impacts, we present a set of results collect-
ed from a study performed at an urban market 
located in Seongnam, South Korea. Specifical-
ly, this market holds more than 10,000 types of 
items and is visited by more than 5000 custom-
ers every day.

Within this market, we start our studies by 
deploying four nodes in the most crowded area 
(i.e., near the checkout counter). To maintain 
a low-power profile of the nodes, we use IEEE 
802.15.4 radios (CC2420, data rate of 250 kb/s) 
for the nodes. One of the four nodes, shown 
as the star in Fig. 1, was set as a periodic data 
sending unit with a payload size of 72 bytes, an 
inter-packet interval (IPI) of 50 ms, and transmis-
sion power of 0 dBm. We perform our studies 
on the IEEE 802.15.4 channel 26 (free from WiFi 
in the United States, but not in Korea).2 We use 
TinyOS as an embedded software for our exper-
iments. With this setup, we measured link char-
acteristics of the market for 10 hours (12:00 to 

22:00) of a weekday. The goal of this preliminary 
study is to understand how low-power wireless 
signals would perform, or be distracted, within a 
busy market environment.

Among various results that reveal wireless 
channel characteristics of our target market, 
Fig. 2 shows the results of per-minute packet 
reception ratio (PRR) and per-minute average 
received signal strength indicator (RSSI) for the 
three links that we tested (i.e., one link for each 
transmitter-receiver pair). From these results, we 
obtained some very interesting observations. 
First, while analyzing the data, we noticed that 
the RSSI performance of all three links dropped 
very sharply at ∼14:30. Following this event, we 
noticed that the PRR dropped for links 2 and 
3. This was an unexpected observation, and we 
were surprised to see similar phenomena occur-
ring on a daily basis throughout our experiments. 
This question led us to observe activities taking 
place near our deployments throughout the 
day, which eventually revealed that a shelf-filling 
activity took place on a daily basis at the location 
where the transmitter was located. This activi-
ty introduced an additional layer of obstacles 
on the wireless links, causing links with longer 
lengths (e.g., links 2 and 3) to quickly suffer from 
PRR degradation. We also noticed that in our 
market of interest, the shelves were not filled 
entirely in a single round. Rather, the employees 
took multiple rounds in filling up the shelves. As 
a result, we can see the RSSI for link 1 degrading 
in steps, eventually leading to PRR loss. These 
observations from our pilot studies suggest that 
market environments introduce a new level of 
unexpected performance where the quality of 
wireless links can be affected heavily by routine 
market-specific activities.

In addition to the impact of typical market 
activities, the daily interaction of customers with 
shelves (i.e., strolling around the shelves and pick-
ing products up) may introduce high and frequent 
fluctuations in the channel between the transmit-
ter and the receiver. To make a more detailed 

Figure 1. Link testing topology in a crowded urban market. We deployed a transmitter and three receivers 
in the most crowded area of the market for link quality testing.
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observation and quantify this, we manually count-
ed the number of active customers within the 
market and also measured the conditional prob-
ability density function (CPDF) [6] of the links 
corresponding to the same time of day. CPDF 
corresponds to the probability of a packet being 
successfully received after n consecutive failures 
or successes. Negative numbers represent con-
secutive successes, while positive numbers repre-
sent consecutive failures. For example, CPDF(20)/
CPDF(–20) is the probability of a successful deliv-
ery after 20 consecutive failures/successes on the 
link. Therefore, the CPDF is a good measure of 
link burstiness (the channel coherence time, when 
combined with IPI).

In Fig. 3 we plot per-hour CPDF for link 2 and 
the per-hour number of customers from 16:00 
to 22:00. First notice that the CPDF values are 
very small when n > 0 and large when n < 0. This 
non-uniformity of the CPDF plots shows that links 
in the market environments are heavily bursty. 
Furthermore, we can observe that the length of 
the CPDF’s left tail varies over time. Given that 
the left tail length represents the maximum num-
ber of consecutive successes, a long left tail 
length implies that the wireless link shows bursty 
performance. Here, we notice that the number of 
customers, which sharply decreases from 20:00, 
shows an inverse correlation with the link’s burst-
iness.

Finally, we also report that links which were 
closely located to the booths where finger food 
was offered for free tasting experienced a high 
level of fluctuation due to the frequent use of the 
microwave oven. The impact of microwave ovens 
on 2.4 GHz radios is well known, but can be a 
practical issue for market deployments.

mArketnet: A WIreless system for 
smArt mArkets
mArketnet desIgn

There have been a number of studies that apply 
wireless technologies for smart market systems, 
and the industry shows interest in these systems 
(e.g., M2Communication, Pricer, and LG Innotek). 
To this end, various wireless technologies have 
been investigated, from low-power/cost radio 
such as IEEE 802.15.4 and RFID to infrared/visi-
ble light [7–9]. From the perspective of network 
architecture, all employed systems for smart mar-
kets allow each low-power node (e.g., electronic 
price tag) to communicate with a gateway via a 
single hop. This single-hop architecture is simple, 
but requires many gateways to provide wireless 
connectivity for all nodes deployed in a large 
urban marketplace under highly fluctuating and 
bursty wireless links. This incurs device cost, instal-
lation, and management issues in practice.

Low-power multihop network architectures 
could be an alternative due to the reduced 
number of gateways. However, the link char-
acteristics in a market environment, along with 
the requirement and technical challenges intro-
duced earlier, suggest that the traditional form 
of a data-collection-oriented multihop network of 
low-power nodes may not be suitable for market 
applications. Specifically, the increased interest 
in network traffic diversification provides us with 
a reason to abandon the concept of optimizing 
the routing “tree” toward a single direction and 
consider routing efficiency in both directions. Fur-
thermore, active link quality variations in a market 
environment introduce the need for a very robust 
networking architecture tolerant against a large 

Figure 2. Packet reception ratio (PRR) and received signal strength indicator (RSSI) of links 1, 2, and 3 for 10 hours. The results reveal 
that a crowded urban marketplace has very dynamic wireless links which fluctuate in both short- and long-term manners.
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amount of link quality fluctuation. Our prelimi-
nary experimental results with collection-oriented 
protocols such as RPL (IPv6 routing protocol for 
low power and lossy network) [10, 11] in a mar-
ket environment show that these protocols are 
unable to adjust link selections robustly enough 
to provide bidirectional reliability (especially for 
downward packet delivery) [12]. LOADng [13], 
another recent Internet Engineering Task Force 
(IETF) standard routing protocol that is not col-
lection-oriented but ad hoc, even underperforms 
RPL in terms of latency, memory overhead, and 
control packet overhead [14].

After analyzing the benefits and disadvantages 
of traditional single- and multihop network architec-
tures, an aspect that we found inefficient was the 
homogeneous network transmission powers for all 
nodes. It is true that, for many low-power network 
deployments, transmission power homogeneity 
is considered to be natural and the most efficient 
way to operate a network. However, under diverse 
traffic patterns and the fact that market deploy-
ments are sure to have always-powered nodes 
like a network gateway, we consider an option of 
utilizing a heterogeneous network architecture. 
Specifically, we imagine a network where the gate-
way node holds a radio with higher transmission 
power (using a signal amplifier) compared to other 
low-power nodes. This option potentially simplifies 
network management by reducing the number of 
transmission hops (or the number of gateways) in 
downward traffic-oriented applications.

The aforementioned issues identified for mar-
ket deployments encourage us to rethink a novel 
wireless networking architecture suitable for mar-

ket environments, which takes potential applica-
tion traffic patterns, unique link characteristics, 
and practical system-deployment-related factors 
into consideration. MarketNet is our solution to 
designing more efficient low-power wireless sys-
tems for market environments. Specifically, Mar-
ketNet utilizes asymmetric transmission power 
between nodes, where the gateway sends packets 
at a much higher transmission power to reach 
nodes via a single hop, while individual low-pow-
er nodes use a multihop architecture to deliver 
packets to the gateway. The single-hop downward 
transmission eliminates the need to use unreli-
able downward routing in fluctuating link environ-
ments requiring memory and control overhead. 
Lastly, MarketNet combines this network archi-
tecture with the IEEE 802.15.4 link layer since it 
provides IPv6 6LoWPAN connectivity [10] and 
RPL [11], improving usability and manageability.

We illustrate the core operational functional-
ities of MarketNet using Fig. 4. MarketNet utilizes 
the gateway’s high transmission power capability. 
First, given that the gateway transmits its control 
signal to all nodes in a single hop, we achieve 
global time synchronization and allow nodes to 
share a single superframe architecture. In Mar-
ketNet, a superframe period consists of a bea-
con period, a downlink period, an uplink period, 
and an inactive period.3 Specifically, the gateway 
broadcasts beacons in the beacon period and 
transmits downward traffic (e.g., price tag update 
information and shopping cart advertisements) 
within the downlink period. Each node wakes 
up (e.g., activates its radio after being in inactive 
mode to conserve energy) at the start of a beacon 

Figure 3. Per-hour conditional probability density function (CPDF) of link 2 and per-hour number of customers for six hours (from 4 
p.m. to 10 p.m.). 
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period to receive a beacon, transmits upward traf-
fic (e.g., rack status information or cart locations) 
in the uplink period, and turns off its radio once 
again in the inactive period for energy-efficient 
operations. This separation of low-power node 
transmissions from the gateway’s transmissions 
(e.g., separation of uplink and downlink) ensures 
that high-power transmissions from the gateway 
do not interfere with transmissions from low-pow-
er nodes. Note that for the multihop upward traf-
fic delivery, existing data collection protocols such 
as RPL [11] can be used to provide reliable pack-
et delivery as well as IPv6-based addressing for 
simplifying the network management operations.

Nevertheless, the asymmetric transmission 
power-based network architecture holds some 
fundamental issues in operation. One of the 
main issues is that the asymmetry in transmission 
power restricts acknowledgment frames from 
low-power nodes from reaching the gateway 
node in a single hop. Even if the gateway uses a 
high transmission power to send packets to make 
single-hop transmissions, the acknowledgment 
frames should be transmitted over a multihop 
path, resulting in additional transmission over-
head. To alleviate this issue, we allow neighbor 
nodes of a low-power destination node to over-
hear both downward packets from the gateway 
and the acknowledgments from the destination 
node. If a neighbor node receives a downward 
packet but not an acknowledgment, it detects a 
failed transmission and forwards the overheard 
packet to the destination node. If both data and 
acknowledgment are received, the neighbor node 
discards the overheard data with the conclusion 
that the packet was successfully delivered. This 
forwarding scheme allows MarketNet to support 
reliable downward packet delivery over fluctuat-
ing wireless links in an asymmetric transmission 

power network, without multihop transmissions 
of acknowledgment frames. We refer interest-
ed readers to [12] for previous work and further 
details on the MarketNet architecture.4

performAnce evAluAtIon

Given that MarketNet was designed for real mar-
ket environments, we performed preliminary eval-
uations of our proposed network architecture in 
the same market where we performed our link 
studies. In this environment, we deployed a single 
gateway node with a 10 dB amplifier so that it 
covers the entire market. As a test deployment, 
we distributed 30 nodes on the item racks, which 
were used to emulate a price tag and rack status 
update application scenario. While the downward 
link connectivity was covered via a single hop, we 
noticed that the low-power nodes used multihop 
upward routes with a maximum of three hops to 
the gateway node by using the RPL protocol.

Figure 5 plots the mean PRR performance 
(and the standard deviation for all nodes’ perfor-
mance) for standalone RPL (multihop upward and 
downward routes) and MarketNet under various 
configurations (i.e., MarketNet with and without 
time synchronization). We can see that RPL’s PRR 
degrades in downward-focused traffic scenarios. 
Given that traffic such as price updates or adver-
tisement distribution rely on downward traffic, 
we see this as a major issue in system reliabili-
ty. Nevertheless, this is surprising since RPL was 
designed to perform well in lossy environments. 
We see such results occurring because, while RPL 
was designed for links with active losses, it was 
designed to tolerate losses on upward routes. In 
other words, with upward path link losses, RPL 
would actively reconstruct its routes. Howev-
er, since RPL uses the reverse of upward routes 
as downward routes, unless active losses occur 

Figure 4. MarketNet architecture: a) beacon period; b) downlink period; c) uplink period; d) inactive period. Using gateways that 
exploit higher transmission power raather than battery-powered nodes as proposed provides network-wide time synchronization, 
and single-hop downward with multihop upward packet delivery.
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upward, downward link losses will not trigger a 
route change. Therefore, for scenarios with more 
downward traffic than upward, RPL fails to main-
tain a high PRR.

On the other hand, compared to RPL, Mar-
ketNet reduces its PRR variance among nodes 
even without the neighbor forwarding scheme. 
This is due to proper provisioning of the deploy-
ment topology and careful deployment of nodes 
in the field. When MarketNet includes neigh-
bor forwarding, it achieves ∼100 percent PRR 
for downward packets since an effective pack-
et retransmission scheme is added. This result 
reveals that the combination of asymmetric trans-
mission power and neighbor forwarding creates 
a meaningful synergistic effect, making it suitable 
for market deployments.

Since MarketNet utilizes RPL as the underlying 
protocol for multihop upward packet delivery, 
the best case scenario is to perform as well as 
RPL. Nevertheless, without the network-wide time 
synchronization, downward high-power transmis-
sions cause a significant amount of interference 
for upward packets, thus resulting in degraded 
uplink PRR performance. However, MarketNet’s 
network-wide superframe allows for a separation 
between upward and downward packets, allow-
ing a similar uplink PRR compared to RPL.

Lastly, Fig. 6 plots the radio duty cycle of 
the low-power nodes over time. Here, we can 
observe that RPL not only provides the (rel-
atively) worst duty cycle performance, but also 
shows significantly unfair duty cycle performance 
with some nodes experiencing very high duty 
cycles (e.g., red-crossed outliers). As reported in 
some previous work, this is an issue with RPL’s 
load balancing performance [15]. Given that 
human intervention is needed when at least one 
battery-powered device becomes inactive, this 
severely unfair duty cycle performance can lead 
to a significant amount of manual labor.

MarketNet, without the network-wide time 
synchronization, shows that an asymmetric trans-
mission power-based network improves duty 
cycle performance by eliminating transmissions 
of routing control packets (e.g., destination adver-
tisement objects [DAOs] in RPL) and multihop 
downward data packets. Furthermore, the radio 
duty cycle performance of MarketNet with all 
features enabled suggests that a network-wide 
superframe architecture using high-power beacon 
transmission significantly improves nodes’ radio 
duty cycles with near perfect fairness.

summAry And remAInIng chAllenges
This work started with a surprise that while mar-
kets are actively accessed within our everyday 
lives, IoT systems technology has not yet reached 
its gates, despite the potential for introducing 
interesting applications. In fact, market managers 
were very enthusiastic about applying wireless IoT 
technologies for opening new opportunities for 
profit making, and also as a way to reduce the fre-
quency of customer complaints caused by today’s 
manual operations.

Our studies show, however, that these market 
environments, due to their diversity in activities, 
are not wireless friendly. To mitigate various mar-
ket-oriented obstacles, we designed and tested 
a prototype system, MarketNet, as a low-power 
wireless IoT network infrastructure for smart mar-
ket systems. We envision that smartphones and 
tablets can be added on top of this infrastructure 
for more advanced services (e.g., price inconsis-
tency alarms).

As systems scale up for higher density and larg-
er quantities, there is a chance that even a system 
like MarketNet can show unexpected perfor-
mance. Furthermore, another practical challenge 
based on our pilot study with MarketNet was tam-
pering with our devices. This calls for a series of 
extensive studies on the performance of wireless 
systems in markets and also suggests the need for 
a durable enclosure as we reach commercializa-
tion of wireless systems for enabling smart market 
applications. We foresee this work as a meaning-
ful stepping stone in asking the research commu-
nity to actively start research in this surprisingly 
less explored application domain, full of interest-
ing challenges waiting for us to address.
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Figure 6. Radio duty cycle performance of various network protocols in an urban market environment over 
time.
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