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Abstract— This paper describes Smart Tupperware, @ontainer with distinguishing sensor data includiimge-
system for automatically maintaining inventory sgapf of-day usage. Based on this information, newledll
kitchen foodstuffs for the purpose of updating tlser's smart containers can query one another to attewmpfer
shopping list on a PDA (personal digital assistanttheir own contents W|th no user input.

Commercial kitchen containers were instrumentech wit § =
microcontrollers and a variety of sensors to deienthe
volume, weight, and optical properties of dry goods
commonly stored in the kitchen. The containers
periodically “wake-up” and wirelessly communicate &
base station PC regarding their inventory stathe Base
station maintains a web page for each of the coetsj
creating a distributed database of foodstuff priger
The purpose of this distributed database is toieéta the
need for human annotation of each inventory iteaking
the inventory system totally transparent to ther.uSace
the container has determined its contents by magohith
the distributed database, the fill status is autaally
updated on the user's PDA via WiFi. A custom
application on the PDA organizes the shopping flist
both inventoried and non-inventoried items. An opél :
barcode scanner on the PDA facilitates greater g
information gathering from the UPC code at poinsaie.

I. INTRODUCTION

MAGINE a trip to the store on the way home from kvor

You stop to pick up milk because you noticed at
breakfast that it is low. While at the store, itvtha on you
that you might be low on cereal and you'd like twid
another trip tomorrow. But you don’t remember....

Enter Smart Tupperware. Smart Tupperware (no

endorsement by Tupperware Corp. is implied) issiesy
for automatically maintaining kitchen foodstuffs@mtory (b.)

and integrating it with a shopping list application your Figure la: Before: “Hmmm. | wonder if I'm out of
PDA. Through sensorized kitchen containers, théesys cheerios...” Figure 1b: After: “My Smart Tupperware
measures the fill status of the containers and t@a® a a|is me | only have two servings left. Time tockaip!”

distributed database that is uploaded to the PDA.

The key difficulty with this system is the userdrface. The described application is a “toy” project iniéid as
Itis unreasonable to expect users to plug a kegbioto 5, yndergraduate senior design project that hagrgirdo
their kitchen containers to enter descriptive infation. 4 larger effort in home and elderly assistance. Gk of
In fact, the best user interface for the contagmntents is  ipig paper describes the preliminary undergraduate
no interface at all; the containers should justotkhwhat projects including the mechatronic systems develapel
they contain. Toward that end, the Smart Tupperwatge software applications designed to engage the Tise
system includes a base station PC with an interngler sections describe extensions of the work thio
connection. The base station posts web pages fdv €qjefinition of an architecture to include disparate

mechatronic devices for sensing and actuation ef th
environment to assist users. These extensions diaclu

" Tupperware is a registered trademark of the Tupgrer Corp. No improved sensing within the containers themselves.
endorsement is implied.




This is an example of symbiotic robotic systems|[24 is yet implemented that can infer unknown contents
systems that enable greater human assistance withdirectly from sensor data. Only clustering is inmpénted,

individually achieving full-scale autonomy. so the database (including distributed informationthe
web) has to be, at least, partially populated efany
Il. PROJECTDESIGN user operation. Perl was used to implement cordiger

screen scraping of the web database for easy
A. Software implementation of future intelligent algorithms for
The project software consists of three parts: usétferring content.
application, embedded code, and base station cdue. B Sensors
user application implements a shopping list thatvjaltes ) )
a way to select purchased and not-purchased foods o The role of the sensors was to examine the foagdto
list, both manually and by an automatic update. Th@ the containers. By using a variety of senstes tivo
shopping list was developed using embedded Visuflain goals - identifying the amount and type afdo-

Tools for the Pocket PC 2002. The applicationreffea Were accomplished based on a small benchmark set of
simple five-button interface that allowed for easy©0d items. The benchmark set of food items coedis
customer operation. only of five different types of dry breakfast cdrefaruit

Loops, Corn Pops, Frosted Flakes, Coca Puffs, aslrR

E—Fn Bran. This initial set was chosen to simplify thelgdem

in order to focus on system architecture and beraus
£ cereals are a common food item stored in thirdypart
containers. Greater sophistication to achieve bétied
discrimination can always be added, as needed.

Numerous types of sensors were examined in order to
determine what combination was best for achievimg t
two goals. These included sensors for determining
weight, volume, appearance, color, optical transioig
and humidity. The sensors were tested against the
benchmark cereals for discrimination ability.

The first sensor examined was a digital color camer
B since this was the easiest method of determiniagythe
of cereal in the container. The MATLAB Image
Processing Toolbox was used to analyze picturesaci
cereal. MATLAB showed that each cereal had a dffer

.‘(yil*\/( 45~ ).\ Li\f\
' . RGB histogram as seen in Figure 3. Therefore bggusi

Figure 2: Shopping list application. For usefthe camera it was possible to distinguish cereaplsi by
convenience, the shopping list can maintain bo¢mé analyzing the photo. Miniature color cameras Usetthe
stored in Smart Tupperware (of which it has dataj a ©OY industry were readily available for an afforéaprice
other items the user may add, about which it hadata SO it seemed the solution of discriminating foodswa
and can make no recommendation. found, except that two key issues came up. Thel@mnubh

were focusing and an external light source. A gribght

The user can enter items to buy on the list eiteen a  Source was needed for the camera to perceive agythi
database of known items, or by typing in an unknowhesides darkness inside the container. This meanemp
item. Once an item is typed in, it becomes parthef had to be allotted for this device in the alreattingent
known database, even if it is not inventoried by thPower budget. The placement of the light was aso
automated system. Items that are typed in manualoncern because it had an effect on focusing.
become part of the known database and can bevedrie ~ The solution to the above problems, and a redudtion
later. Items that the containers determine areingnlow ~ COSt, came in the form of a custom-designed, sipttel
are automatically entered onto the shopping list. camera. A single cadmium sulfide photocell was gdain

In the current implementation, the base statiomgoe  the bottom of the container (the darkest area) ¥atir
suite does most of the analysis and interpretatiothe  different LEDs for illumination: red, green, bluend
sensor data. This suite of applications includeth m infrared. By individually illuminating the LEDs, éhsingle
“researcher's interface” and the normal operationdhotocell can sequentially measure the reflectaricte
software for the system. The researchers interfag€real at the different wavelengths and with sutitstiy
provides a bootstrapping mechanism for inputtingv nelower power consumption.
container data directly into the database. No ligice
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The RGB reflectance of the cereal was tested byipgu
the cereal into the instrumented container andimgaits
red, green, and blue value individually, with tights off
to simulate a cupboard location. The container thas
2.00 emptied so the above process could be repeatedOfor
readings. The red and green LEDs were powerethAt 5
while the blue used 4mA, due to differences in hosity.
#Com Pops The result was each cereal having different RGReshs

M Cocoa Puffs

%‘, Foseed Fiakes | predicted by MATLAB.
> Fruit Loops .. . cppe
100 | e e * xRaisin bran Determining density turned out to be more difficult
X . e Testing of the weight sensor revealed non-monotonic
é& o behavior of the sensor output with increasing derea
050 weight. The reason for this is that dry cereal duatslay
uniformly on the container floor. Instead, it distrtes in a

mound, rendering the weight sensor useless, iyitial

Red v. Green

Green

0.00 0.50 1.00 1.50 2.00

Red C. Microcontroller

Figure 3: Comparison of the red and green histogram The data gathering and analysis is handled by the
peaks for many Samples of the five cereals. microcontroller. The requil’ements of the microcolher

were to gather sensor data and store it until & veady
To measure food density, both volume and weight afér communication to the base station.  Possible
required. A matrix of IR LEDs were positioned ore th microcontrollers were examined based on severabifsic
large side of the containers, with a correspondingower consumption, price, size, abundance of I/@spo
photodiode matrix on the other side to measurermelu Multiple  analog-to-digital  (A/D) conversion  and
This produced a matrix of ||ght beam sensors |rtd'|ga aVallablllty Another vital feature was the am”.b place
presence or absence of cereal. Since cereal mmy the microcontroller in Sleep mode in order to Spower.
to shift to the sides after being poured, the mmm the The search for a microcontroller that fit thoseesia
components were oriented near the middle and sifles!ed to three primary choices: PIC, Motorola MC6812C1
the container. A total of eight light beam pairsrevesed and the Atmel ATMega. The main issue confronting t
to quantize the volume. microcontroller was that it needed to be flexibte the
Mass sensing was done by strain gages placed on fRgéearch phase of the project. Based on all ttearsts
bottom of the containers to measure the defledtiana the Atmel ATMegal28L was chosen. The Atmel
diaphragm. Strain gages are amp“ﬂed to deteciutai ATMega128L was a falrly low power microcontrolléat
deflections of the floor. Larger forces appliedte floor affords large amounts of flexibility for I/O and B/
of the container provide larger outputs from thepkier. The primary tasks of the microcontroller is powgron
To determine where the gages would be placed, ieqsat and off sensors, performing analog to digital cosioms,
of diaphragm strain were consulted. For circuiaed Signal conditioning, and data transmission The
diaphragmsl a zero in strain occurs about ha|f-wapg microcontroller will activate the sensor and
the radius. Figure 4 indicates strain maxima oatuhe COmmunication system several times per day durisg i

edges and at the center of the diaphragm. active mode and then go back to sleep. The
microcontroller consumes around 1.3mWhr in sleepeno

Tangential Strain —\‘ over a 24-hour period. In active mode the peakecr
jumps to 17mA, but this time is very limited.
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D. Wireless Communications

The information from the Smart Tupperware is
3R(1-v7) transmitted using wireless communication. In clops
T ac wireless communication protocol there were several
i | possibilities explored: AM single-channel, FM siag|
channel, Bluetooth, and 802.11b. The criteria for
choosing a wireless option included: power, cost sine,
with sufficient range to transmit over a kitcherstdnce
without interference.
802.11b was quickly rejected due to power and

With all the sensors in place, a benchmark wastedea COMPplexity concerns. Bluetooth seemed an ideabfit
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Figure 4: Membrane deflection (from efunda.com)



both Bluetooth and AM transceivers were includedhia Polling two times per day vyields the following eger
circuit design assuming the AM transceiver woultlaeca  distribution as shown in Figure 6.
simpler fallback medium if the Bluetooth protocaswtoo
complex. The alpha prototype used the AM link while Wireless 0.003 mW
subsequent implementations used Bluetooth. A radio e

. . L <«—CPU 0.025 mW
transceiver chip from RF Monolithics was used to
implement the on-off-keyed AM link. It operates
essentially like a serial port without wires. Irdon
supplied the Bluetooth chips.

Data packet transmissions are time multiplexed and
initiated by the container. The packet containsnajue
container identifier followed by the red, greenydyland
infrared values, weight, volume, and a checksumthWi
the AM transceiver, data was transmitted three girtee
correct errors.

<+— Sensors 0.542 mV

<— Standby 1.300 mWh

E. Power Figure 6: Energy distribution of two cycles per day

Power management is a key aspect of this systeiin as ) ) ) )
can have a profound impact on user acceptance. In al Otal power consumption with two readings a day is
battery-powered system, the power draw determines h 1-87 mWhr. Again, extrapolating to 30 days yieb#s1
often batteries must be changed. An alternativaois MWhr per month. Polling three times per day we \oul
scavenge power from the environment to run thweld the d|str|bu_t|on_ shown in Flgure 7. At thiate, the
container, and total power consumption determirees tPOWEr consumption in one day is 2.15 mWhr. Onetmon
feasibility of this option. Scenarios were evaluabased duates to 64.6 mwhr.
on number of polling cycles per day. (A polling &yc
includes wake-up, reading the sensors, transmittiirey Wireless 0.004 mW\
data, and going back to sleep.) Ideally, the systesst be «— CPU 0.037 m\
able to distinguish at what times of the day iteteats are
accessed. This provides additional data for disogtion
between food type. For example, if Cheerios and
macaroni had similar color and density propertias,
notion of what time of day the product is used doul
provide a likely discriminator. However, this remps
polling several times per day. Therefore, the sdesa
examined included polling once a day, twice a dagt a
three times a day. Figure 5 shows one day's energy
distribution with only one polling cycle. One pol§j cycle
per day yields a total power figure of 1.58 mWhr da24-
hour period. Extrapolating to 30 days yields power
consumption of 47.5 mWhr per month.

<+— Sensors 0.813 mV

<— Standby 1.300 mWh

Figure 7: Energy distribution of three cycles pay.d
With these figures one can estimate life from wasio
. power configurations. A Panasonic CR2477 buttdh ce
/ereless 0.001 MW\ pattery has a nominal voltage of 3.0 volts and gaciy
<«—CPU 0.012 mW of 950mAh. It is also quite small with a diametsr
<+—Sensors  0.271 mvV 24mm and a thickness of 7mm. Since button cell& ha
negligible self-discharge rates, this cell coulddtetically
operate a single container polling three timesdasr for
nearly four years! Realistically, the battery mbst de-
<+—Standby 1.300 mMWh  rated for the minimum voltage of the CPU and rattiips
and also for the bursty draw of the circuit. Thetdry
specifications are based on a uniform current drb@.4
mA. While the average current draw is far less ttraat
over a 24-hour period, it bursts up to tens ofiamtips for
Figure 5: Energy distribution of one polling cyger a few seconds per polling cycle. This will likelyrther
day reduce the available ampacity, but lifetimes oééhyears




are not unimaginable. In fact, the use of a pdralbever popular in wireless sensor networks, but they dohaoe
capacitor could completely remove the bursts sgethd sufficient bandwidth to support real-time imagensfer
battery. required by some assistive applications.

Other power options that were explored were a uithi
lon Rechargeable, AAA household batteries, and an_
inductive charging method. The inductive chargesw [
ruled out due to its complexity and the fact thgutar
users do not have outlets in their cabinets.

Three AAA battery provide 4.5 volts with a capaafy
900 mwhr. Considering a 90 percent efficient \gdta _
regulator with three polling cycles per day yields | N
estimate of about one year of operation. An addeefit |
of this power source is availability. Lithium-ion
rechargeables were considered, but the cost and
logistics of recharging a large number of contane
seemed prohibitive.

Ill. RESEARCHEXTENSIONS v
Figure 8: Example finite element modeling of disggyim
A. Weight Sensors strain resulting from uneven mass distributions.
During testing, a critical flaw was discovered et
weight sensor design, as mentioned. The sensogrdesi We have augmented the Smart Tupperware
was modeled after diaphragm pressure sensorshBsét microcontrollers with Bluetooth radios and a nowellti-
sensors are subjected to uniform pressure disivibsit hop hybrid routing scheme described in [4]. Thistirg
and do not work given varying loads. Liquids wouldprotocol combines the low-overhead benefits of piiva
provide a good uniform pressure distribution onftber  cluster-head gateway switch routing [6][7] with the
of the container, but dry goods do not. Finite edatn latency benefits of reactive route discovery [8]i@]the
analysis was employed to study the effects of wario case of node failure.
physical distributions of dry goods on strain ie floor of This networking provides the backbone for an
the container. architecture incorporating sensor nodes, robotidesp
To study the diaphragm, a canonical set of dry goc@dhd data nodes into a benign home environment.ogens
distributions was developed and simulated. In Kig8y nodes can include embedded devices such as the Smar
the results of a triangular mass distribution (tgp)d Tupperware described here, or more sophisticatesirag
trapezoidal mass distribution (bottom) are illustca and processing nodes such as for tracking humaritisst
Rectangular distributions were also examined. Ftoim [S][10][11].
set of strain data, repeated for each distributidtn As far as robotic devices are concerned, we are
different masses, an optimal distributionno$train gages investigating Gesture Based Programming [12][13] to
was determined for small numbers, to minimize the provide robotic kitchen assistants for the elderly.
error across all canonical measurements. We examine The architecture we employ is an extension of te-P
values ofn from 1 to 6. As expected, asincreased, the Based Object model of the Chimera real-time opegati
accuracy of the measurement increased, but wiglystem [15]. Port-Based Objects are port automata
diminishing gain. We chose = 2 to keep the amount of (software entities that only operate on input pastsput
physical post-processing of the containers therasdiv a ports, and resource ports) with methods for reaéti
minimum. Adhering strain gages to polypropylene ban instantiation, synchronization, and control. Thegvide
problematic. an excellent framework for building real-time methaic
. entities such as Smart Tupperware containers ootsob
B. Bluetooth Networking [3]. However, the framework does not lend itselfval
As mentioned, Bluetooth wireless communicationsewerq the fluid communication conduits and data asgimis

thought to be appropriate for the kitchen contain€s; gistriputed networks, particularly those thavdlve
network, but the protocol does not allow for mtitip |, han interaction.

commuqlcatlons. For the Smart Tupperwarle applloatlo The port-based objects implemented for Smart
the configuration of devices can be constrainesirigle- Tupperware are rather trivial, as illustrated igUFe 9.

hop links, but the broader goals of human assistan
; . . he wake-up module manages sleep mode and also
across disparate mechatronic systems requires & mot

agile networking scheme. ZigBee networks have becony '99€rS the data processing module through resourc
ports. More complex examples of port-based objéamts



robot control can be found in [12].

Wake-up

Data

the donation of kitchen containers in support ef $kenior
design projects. Initial programming and designkweas
carried out by Ryan Goss, Sitha Chhum, Hendry
Gouwanda, George Kaniamos, Andrew Engebretson,
Angela Brockman, Chris Sanny, Hung Le, and Mike
Wenger. Bluetooth network development was funded by
the NSF Safety, Security and Rescue Research Center

Processing

(1]
Figure 9: The basic port-based object driving a
container. Input ports are on the left, output port
the right, and resource ports on the bot

(2]

To implement the event-based networking manager, a
special software agent was developed to implemipité f
state machines and manage the network protocdksstacys;
This separation of event flow and data flow is famto
real-time data flow diagrams. lllustrated in Figdi@ we
use the convention of real-time data flow diagraims [4]
indicate data flow with solid lines and controlilavith
dotted lines. For the control element, data flowwno
becomes a resource, while control actions represpats

(5]
and outputs.
Wake-up |€--------------- ; Data v g
i Transmission !
i B e s o
T I
Data ’ .
Collection (8]
T [9]
. . . [10]
Figure 10: The basic port-based object model
augmented with an event-based control object for
networkina and svnchronizatic 1]
IV. DISCUSSION (2]

This paper describes the implementation of Smart
Tupperware using Bluetooth wireless sensor netwdkks
an application example, no specific user test tesale
presented. The only user tests were done by tliersts
that designed the interface, so those results mEsed.
Furthermore, the benchmark set of cereal was chtusen
make the undergraduate component of the projegtisim

Functional testing was performed and the individudl5]
capabilities were demonstrated adequately, aftehdu
study of the weight sensor. The system gatherethuam
data, relayed it to the base station PC, and ugdad¢h
the PDA application and container web pages.

[13]

[14

[16]
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