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Abstract. The smart fridge has often been considered a prototypical
example of applications of the Internet of Things for the home. However,
very little research has been conducted on functions desired by prospec-
tive users, and how users will eventually use the fridge. A simulation of
a smart fridge was developed and tested within a controlled laboratory
between-subjects experiment with 105 participants. Four different assis-
tance functions were tested. It was found that generally a smart fridge
is evaluated as moderately useful, easy to use and people would tend to
buy it, if it was already available. Emotional responses differed between
the assistance functions. Displaying information on durability of prod-
ucts, as well as giving feedback on nutrition health and economics are
the most appreciated applications. Structurally, overall usefulness rat-
ings of the device are the strongest predictors for the intention to use
a smart fridge, but the emotional response to the product was also an
important explanatory variable. Results are not influenced by technical
competence, gender, or sense of presence in the simulation. Regression
models confirmed that the simulation-based results explained 20% more
variance in product acceptance than written scenarios. An outlook is
given on future questions to be answered using the simulation.

1 Introduction

When speaking of Ubiquitous Computing (UbiComp), or, the Internet of Things,
it is often regarded a central point that information and communication tech-
nology leaves the workplace and enters the home [1]. In fact, nowadays, every
household in industrial countries is packed with a number of devices that contain
all kinds of information technology [2].

Ethnographic studies have found that a large part of the social life of peo-
ple takes place in the kitchen [3]. This place is normally not only used for food
preparation but also serves important communication and social bonding pur-
poses [4]. Research on UbiComp applications in the kitchen in the past years
has focussed on nutrition and dietary support [5], cooking, recipe planning [6]
and communications [7]. The bulk of research, however, are prototype applica-
tions that are rarely tested empirically with users. Within the kitchen the fridge
is considered especially important because of its ubiquity and format. Every
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household in the western sphere owns a fridge, and almost everyone has contact
with it daily. Furthermore, the fridge offers large, flat surfaces that can be used
for user interfaces. So it is only natural to give the fridge a prime position when
it comes to digitally augmenting kitchen activities. In fact, the intelligent fridge
has become a prototypical example for UbiComp applications in the home of
the future. Multimedia fridges are already on the market today, but offer no
product-based services [8]. Equipped with RFID and sensor technology it will
soon be capable to correctly identify all products that are stored in a household
[9]. Fridges that are aware of their contents are still a future scenario, albeit a
highly desirable one from the retailer’s point of view [10].

In this paper we assume that in the not so distant future all technical barriers
to the introduction of a smart fridge will have been overcome. Taking a function-
alist perspective we envision the smart fridge as a bundle of assistance functions.
We concentrate on user-supporting assistance functions [11], as opposed to, say
increased monitoring capabilities for a retailer. Furthermore we assume that the
most basic function of the smart fridge, namely sensing its content, is hardly of
any value to a prospective customer. Therefore, the underlying question of this
research is, which intelligent functions will be appreciated, whether people differ
in their acceptance of product-based assistance functions, and how its perceived
attributes will influence the acceptance of the device.

1.1 Affective Factors in Household Technology Acceptance

Throughout the past years there has been an upsurge of empirical and theoreti-
cal works that emphasize the importance of affective appeal of a product for its
acceptance [12]. It has also been proposed as a user interface [13,14] or product
design aspect [15]. This view, however is in stark contrast to traditional technol-
ogy acceptance models (TAM) that focus on the workplace [16]. In this tradition
a product’s usefulness (along with its ease of use) has repeatedly been identi-
fied as the core explanatory variable for its acceptance. Some integrations of the
disparate traditions have been tried [17,18]. The consensus of the integrating ap-
proaches, however, is that the relative weight of affective vs. utilitarian factors in
product acceptance is context dependent. It stands to reason that products for
private use underlie different acceptance dynamics than products for office use.
[19] found that the fun of using a PC for home use positively influenced the par-
ticipant’s intention to use it. [20] classified world wide web users as either work-
or entertainment-oriented, and confirmed that usefulness has a greater impact
on acceptance in work-oriented web usage, a point that is also mentioned by [21]
in the discussion of their results concerning work related world wide web surfing.
[22] confirmed the diminished importance of usefulness in favor of ease of use
and enjoyment when it comes to hedonic as opposed to utilitarian information
systems. [18] recently included work- vs. leisure context as a moderating vari-
able in their unified technology acceptance model. Whether this is true for smart
home technology such as the smart fridge as well, remains an open question. Re-
search on the acceptance of smart home technology is rather scarce, owing to the
fact that only very few of these products are yet developed. A recent position
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paper pointed out one of the major questions for the future: “How can we learn
about users’ experiences in hybrid contexts of everyday life when technology is
not yet mature enough to enter users’ real everyday life environments?” ([23],
p.51). In principle, there are three ways to achieve this: scenarios, simulation,
and prototypes. Given that in the case of the smart fridge, a prototype is not yet
available, the researcher has to choose between scenario and simulation based re-
search. The following section contrasts these approaches. Conceptually, however,
scenario and simulation are not exclusive but hierarchical in that the interactive
simulation is based on a scenario of use as described in section 2.2.

1.2 Scenario vs. Simulation

While written scenarios of future technologies are a feasible methodology from
an economic standpoint, they have their drawbacks. The main problem with
scenarios is their limited external validity. It has been shown that attitudes
formed on the basis of direct experience have a stronger influence on the intention
to behave toward the attitude object [24]. Therefore one can expect the attitudes
formed after direct exposure to a smart fridge to be more valid as predictors of
eventual intention to use such a system. Furthermore, several studies showed
that people make incorrect predictions when asked about their future feelings
in hypothetical situations [25,26]. Therefore, asking people how they would feel
interacting with a smart fridge only after a scenario description also bears the
risk of limited validity. The simulation approach partly remedies these problems
by providing a realistic experience from which people can judge their attitudes.
Simulation studies can combine the advantages of a controlled laboratory setting
with added realism of a real world experience [27]. Most likely it is the quality
of simulations that will determine how valid people’s evaluations are in the end.

In the field of workplace technology acceptance, Davis et al. [28] challenged
the view that scenario-based predictions can suffer limited predictive validity.
They argued that usefulness and intention to use as opposed to ease-of-use pre-
dictions are accurate even without hands-on experience with a mainframe com-
puter system and empirically tested this view. Their model, as depicted in a
simplified form in Figure 1 was empirically supported allowing for the interpre-
tation that acceptance ratings can validly be obtained already after reading a
scenario without the need of further prototype testing. We argue that in the
context of radically innovative household products predictions are less valid on
the basis of simple scenarios, because it could be difficult for people to imagine
the usefulness and emotional factors in interaction with such a system. Therefore
the Venkatesh et. al. model will be replicated in this study.

2 The Smart Fridge Simulation

2.1 The Program

The smart fridge simulation is a PHP-based database system with access to a
MySQL-database. The database stores characteristics of 350 groceries. These
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Fig. 1. Research Model, simplified and modified after [28]

groceries can be added to a person’s household and subsequently be consumed.
The simulation proceeds in rapid motion. A user indicates for each meal the
groceries that she wants to eat. Having assembled the respective amounts of
food, the consumption is analyzed, feedback is given and the next meal follows.
Participants specify their meals for two consecutive weeks in the simulation,
which takes about one hour real-time. Every Monday and Thursday participants
go shopping in a virtual supermarket, which is designed as a typical online
shopping site. After the purchase of an article the respective amount of food is
integrated into the household and can be subsequently consumed. The simulation
is described in more detail in [44].

2.2 Assistance Functions

The assistance functions offered in the simulation have been derived from a tax-
onomy in [11]. Wandke deduces these categories from the phases of human action:
motivation and activation, perception, information integration, decision making,
action execution, and feedback of results. These assistance function categories
were mapped to the example of the smart fridge in order to derive meaningful
potential assistance functions. Furthermore, the mapping of assistance functions
to feasible designs considered the existing literature on smart fridge prototype
applications [29,30,31] in order to maximize realism of the assistance functions.
The results of the mapping are displayed in Table 1.

From this list of potential assistance functions, four were selected and under-
went empirical testing: Best-before dates were displayed in a separate column
when participants selected groceries for consumption, feedback about health
and economy of the actual consumption were displayed on a separate screen
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Table 1. Assistance Functions

Action stage Assistance Function Used in Simulation

Motivation, Activation Recipe Planer Group 2
Perception Display of best-before dates Group 3
Information integration Categorization and Summation of Items Group 4
Decision making Selection of Auto-Replenishment Items No
Action Execution Auto-Replenishment all Groups
Feedback of Results Nutrition Health and Economy Information Group 5

after each consumption. The recipe planer was available at shopping trips and
on weekends in order to select meals to prepare. For further information on the
implementation of the assistance functions, see [44].

3 Study

3.1 Study Design / Procedure

In order to test the perception and evaluation of the various assistance functions, a
five-group between-subjects design was chosen. Participants were randomly
assigned to one of these groups. The groups differed in terms of the assistance
function offered. Every group was introduced to only one assistance function, the
mapping of the groups to assistance functions is displayed in Table 1. Group 1
interacted with a simulation that had no assistance function included in order to
serve as a baseline model against which to evaluate all other models. For the study,
participants arrived at the Institute of Psychology at Humboldt University Berlin.
Before interacting with the simulation they filled in questionnaires about their
technical proficiency and general attitudes about technology. After that, partici-
pants read a scenario about the smart fridge and answered all evaluative questions
(t1). The scenarios and questionnaire items are provided in the appendix. After-
wards they were introduced to the simulation. An introduction explained in detail
how to use the simulation. Then, participants interacted with the simulation un-
til the simulated two-week period was over. Subsequently all attitude measures as
presented in 3.3 were answered again (t2). The participants returned for a second
interaction session, those results are not included in this report.

3.2 Participants

Participants were recruited via courses and mailing lists at Humboldt University
Berlin, as well as via smalladvertisements on the Internet. 105 subjects partic-
ipated in the study. The age of the participants was restricted to be between
20 and 30 years, a gender distribution of 50 % female and 50 % male was es-
tablished in every group. Participants were highly educated (90 per cent having
obtained A-levels and higher), had low to medium incomes (88 % had less than
1000 ¤/month net income), lived mostly in shared flats (50 %) or alone (28 %),
and were single or in unmarried partnership (95 %).
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3.3 Measures

Participants were surveyed in a number of measures concerning their evaluation
of the smart fridge at two times during the course of the experiment. Most of
the measures were taken from the literature on technology acceptance. All items
are given in the appendix.

Usefulness and Ease of Use. The perceived usefulness and ease of use of the
technologies were measured using adapted items from the original TAM research
studies [16]. Both constructs were measured by three 5-point Likert-scale items
respectively.

Intention to use. Intention to use the system was measured using a set of three
self-developed items, each on a 5-point Likert-scale. The items were based on
the results of a qualitative investigation of people’s coping with new technologies
[32]. The items were formulated directly encompassing the perceived intention
to actively use vs. reject the respective technology. They have been shown to be
reliable in former studies [45].

Affective Attitude. Affective attitude toward the technology was measured using
three 9-point semantic differential scales adapted from [33], representing the
pleasure scale in their model of reactions to environments.

Covariates General technical competence (tech) was tested using the KUT ques-
tionnaire [34]. The scale consists of 8 items on five point Likert scales. Partic-
ipants’ sense of presence in interaction with the simulation was tested using
the IPQ [35], a questionnaire measuring the presence components spatial pres-
ence(SP), involvement(INV), and realness(REAL) on separate scales. A slightly
shortened version was used comprising 10 items.

4 Results

All measures of a given construct were tested on their internal consistency using
the Cronbach alpha coefficient [36]. As shown in Table 2, all constructs exhibit
satisfying levels of internal consistency. The alpha values of the Intention to Use
scales are diminished but according to [37] satisfying for exploratory research.

4.1 Absolute Evaluations of Assistance Functions

The evaluations of the smart fridge simulation as well as results of Analyses
of Variance with the factor “experimental group” are given in Tables 3 and 4.
Generally all groups are neutral to positive about the smart fridge. They regard
the system as useful, easy to use, and would slightly tend to use it, if already
on the market. As can be seen in Table 4 the evaluations of the different smart
fridge models do not differ in terms of usefulness, ease of use, and intention to use
but they differ significantly between groups in terms of affective attitude. The
group “best-before dates” and “nutrition feedback” felt positive interacting with
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Table 2. Cronbach alpha coefficients of constructs

Measure t1 (after scenario) t2 (after simulation)

Usefulness .7979 .8465
Ease of Use .8841 .9067
Affective Attitude .7618 .8601
Intention to Use .6136 .6125
KUT .8995

the fridge. Though statistically not significant, group 2 (recipe planer) tended
to evaluate the simulation worse than group 1 (baseline) in the intention to use,
which means that integrating the recipe planer has a negative effect on overall
product appreciation.

Table 3. Evaluations of the Smart Fridge after the Scenario (t1)

Table 4. Evaluations of the Smart Fridge after the Interaction (t2)

4.2 Scenario vs. Simulation

Comparing Tables 3 and 4 shows that evaluations of the smart fridge dropped
after the interaction. People judge the fridge less useful (t = 5.38, df = 105, p =
.00) and especially their affective reactions turn out to be worse than expected
beforehand (t = 5.97, df = 103, p = .00). On the other hand, the evaluations con-
cerning ease of use increase, which hints to the fact that most people imagine
the smart fridge more difficult to use than it actually is. This difference, however,
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is very small and consequently not significant. The intention to use the smart
fridge is not significantly affected by interacting with the simulation.

4.3 Structural Relationships

To test whether the evaluations of the smart fridge after the scenario are related
to their counterparts after interaction with the simulation a multiple regression
analysis was computed including the factors from Figure 1. The results are dis-
played in the leftmost section of Table 5 (Model 1). Predictors included were the
intention to use the system as specified after having read the scenario and the
usefulness, ease of use, and affective attitude ratings that were made after inter-
action with the simulation. The most important factor explaining the intention
to use the smart fridge is the intention to use it at t1. Unlike [28], however, the
evaluative statements obtained after the simulation are also predictive of the in-
tention to use. The most important of these variables is perceived usefulness. At
the same time, the pleasure a person feels while interacting with the simulation
is also a significant predictor of the intention to use. Ease of use of the system,
however does not influence the intention to use. Without these three variables
the regression model accounted for 40.7% variance in the intention to use, in-
cluding usefulness, pleasure, and ease of use results in 58.8% variance explained,
an increase of 19.2%.

Table 5. Multiple Regression Analysis

B SE B β B SE B β

Model 1 Model 2
Constant .178 .344 Constant -.123 .387
IntUse (t1) .469 .070 .469** IntUse (t1) .441 .072 .442**
Usefulness .209 .064 .288** Usefulness .221 .066 .304**
Pleasure .092 .043 .187* Pleasure .072 .046 .148
Ease of Use .082 .072 .081 Ease of Use .070 .086 .069

Gender .071 .104 .049
Tech .001 .078 .001
SP .045 .059 .063
INV .064 .053 .087
REAL .052 .073 .056

Note: R2 = 588; ΔR2 = 025; *p < 05; **p < 01. . ..

4.4 Covariates

Gender, general technical competence, and sense of presence in using the sim-
ulation were tested for their moderating effects on the evaluations of the smart
fridge after the simulation. T-Tests for independent samples tested whether there
are significant gender differences in any of the variables. None of variables showed
significant differences between female and male users of the smart fridge. Further-
more we tested for general technical competence in order to find out, whether this
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has an effect on the appreciation of the smart fridge. Technical competence was
higher for men (M = 4.14, SD = .63) than for women (M = 3.49, SD = .80; t =
−4.59, df = 104, p < .01). Finally, sense of presence was tested for its effect on
the evaluation of the smart fridge after interaction with the simulation. Factor
analysis of the items resulted in three factors, see the appendix for factor loadings.
The items pertaining to each factor were tested for their internal consistency to
form a scale (α1 = .8367, α2 = .8617, α3 = .7528) and subsequently averaged
to preserve original scale metrics. The three resulting factors were named “spa-
tial presence”(SP), “involvement”(INV) and “realness”(REAL), following [35].
They were moderately correlated (r1/2 = .40, r1/3 = .49, r2/3 = .24). An analy-
sis of variance with the five-level factor “experimental group” (see Table 6) con-
firmed that there were significant differences between the groups concerning the
factor “involvement”(INV). The factor “realness”(REAL) showed almost signifi-
cant differences between groups and the factor “spatial presence”(SP) approached
significance.

Table 6. Sense of Presence by Experimental Group

Group 1 2 3 4 5 ANOVA
M SD M SD M SD M SD M SD F Sig.

Factor
SP 2.79 1.14 2.29 0.82 3.02 0.98 2.35 1.02 2.65 1.01 2.03 .09
INV 2.80 1.10 2.32 0.88 3.20 0.99 2.59 0.83 2.72 0.93 2.46 .05
REAL 2.07 0.76 1.95 0.72 2.52 0.95 1.86 0.73 2.12 0.54 2.40 .06

Note: df for all analyses of variance = 4

In order to find out whether the covariates affect the intention to use, the
multiple regression reported in section 4.3 was repeated with gender, technolog-
ical competence, and sense of presence as additional predictors as shown in the
rightmost part of Table 5. The R2-change was non-significant, confirming that
the inclusion of the covariates indeed did not increase the explanatory power of
the regression model. Consequently, none of the adjusted beta-coefficients in the
regression equation is statistically significant.

5 Discussion

This study investigated people’s evaluations of a smart fridge offering different
assistance functions to them. Generally, participants were neutral to positive
about the smart fridge. They regarded the system as useful, easy to use, and
would slightly tend to use it, if already on the market. Participants estimated
their likely reactions to a smart fridge, both, before and after interacting with a
simulation of it. Results have shown that despite the fact that the intention to use
such a system remains stable after interacting with the simulation, usefulness and



132 M. Rothensee

Table 7. Presence Items with Factor Loadings

Factor Loadings
Item INV SP REAL

SP1 Somehow I felt that the virtual world surrounded me. .797
SP2* I did not feel present in the virtual space. .851
SP3 I felt present in the virtual space. .775
INV1* How aware were you of the real world surrounding

while navigating in the virtual world? (i.e. sounds,
room temperature, other people, etc.)?

.823

INV2 I was not aware of my real environment. .855
INV3* I still paid attention to the real environment. .859
INV4 I was completely captivated by the virtual world. .734
REAL1* How much did your experience in the virtual environ-

ment seem consistent with your real world experience
?

.817

REAL2* How real did the virtual world seem to you? .838
REAL3 The virtual world seemed more realistic than the real

world.
.701

Note: varimax-rotated PCA, factor loadings < .4 are not displayed, from [35]

affective reactions are negatively affected by interacting with it. This reaction can
be interpreted as the participants’ disappointment about the apparent dullness of
the smart fridge. Because they were confronted with only one assistance function,
their expectations might not have been fulfilled. It can be hoped that with a
model including all the functions under focus the appreciation would increase.
Of course, interaction effects could come into play then, resulting in a diminished
overall appreciation, because the product is overwhelmingly complex.

The question has been investigated, whether the information contained in a
scenario suffices to explain intention to use after interaction with the simulation.
This is not the case. Participants’ experiences in the simulation contribute nearly
20 % to the explanation of the behavioral intention. This stands in contrast to
[28]. We suspect that this difference is due to the fact that the smart fridge,
as most other smart home technologies is a “really new product” that can only
be insufficiently judged before direct contact. Furthermore, it is a product for
voluntary use outside the workplace that also has to be purchased prior to usage.
All these differences render it unlikely that users’ acceptance can be validly
forecasted by help of scenario methodology. Rijsdijk and Hultink [38] see the
same limitation in their scenario based evaluation of smart home devices.

Turning to structural relationships, the present study showed on the one hand
that usefulness remains the most important predictive variable for the acceptance
of the smart fridge, as in traditional workplace technology acceptance literature
[16]. On the other hand, however, we learned that pleasure felt during interaction
with the simulation is also a valuable predictor, underlining the importance of emo-
tion in the acceptance of household technology. Furthermore it was found that ease
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of use’s impact vanishes completely, even after interaction with the simulation.
This probably is due to the characteristics of the so called “calm computing” [39],
the acting of technology in the background.

Interestingly, people’s evaluations differed between the groups, confirming the
hypothesis that smart fridge functions are differently appreciated. Nutrition and
healthy lifestyle feedback are evaluated most positively, whereas the recipe planer
flops. An anecdotic finding can be added here: in preparation of the smart fridge
simulation extensive interviewswere leadwithhouseholds of various family andage
compositions. Especially older participants were impressed by a feature offering
them easy monitoring of their medically prescribed diets (e.g. diabetic). This fea-
ture was valued so highly that it completely outweighed older interviewee’s reser-
vations concerning another “high-tech” device in their home.

Integrating the recipe planer resulted in a more negatively evaluated smart
fridge model than the baseline model. In the baseline model, the amounts of gro-
ceries appeared unordered, without best-before dates and nutrition information
on the screen. However, this model was still rated better than the one offering
recipe planing functions. This surprising result might have occurred out of two
reasons: firstly because of the limited flexibility of the recipe planer. The sys-
tem included relatively few, namely 274 recipes. Furthermore, recipes were only
provided if the exact ingredients required for preparation were available in the
household, but individual ingredients, e.g. a certain type of vegetable could not
be substituted by, say, similar vegetables. This could be a reason for the compar-
atively negative evaluation of this feature. Secondly it could be that participants
saw this model as one that offers a superfluous extra function, whilst leaving
out the basic functions that would be really necessary. Clearly, this is a point
for further investigation. Furthermore it has to be kept in mind that this result
only approaches statistical significance (t = 1.84, df = 41, p = .07) and could
therefore be due to random variation between the groups.

Presence was included as a covariate in the regression analyses, because it was
expected that the feeling of being immersed into the simulation could play a role
in evaluating the fridge. This proved not to be the case. Even though there was
some variation between the experimental groups in the different aspects of sense
of presence, this variation did not impact the evaluation of the simulation. This is
a promising result in evaluating the external validity of experimentally simulating
the smart fridge. The presence ratings ranged from low to medium. From our point
of view, this result is satisfying given the fact that the system simulated only the
logistic aspects of daily food consumption and shopping, but not the processes of
food preparation and eating. [40] measured sense of presence as a moderator of the
impression of self-motion in a photorealistic environment. Their presence scores,
ranging from 2.5 to 4 are somewhat higher than in our study. On the other hand,
however, their virtual reality environment was not interactive and had no function
rather than displaying a photographic scene. It is acknowledged that the present
approach remains an artificial procedure compared to field tests of prototypes. The
strongest argument for field testing such a device may be long-term effects of adap-
tation between user and device - in both directions - that cannot be captured by
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the present methodology. From the author’s point of view, however, the gain in
reliability of the findings by using a controlled, laboratory procedure and testing
more than 100 prospective users outweighs this drawback.

A limitation of the present research is its exclusive reliance on a highly edu-
cated, homogeneous sample. Thereby the results of this study may not be gen-
eralized to the entire population. However, it is very likely that with the present
course of development, this group of persons will be the ones that will have the
opportunity to buy a smart fridge in their 30s or 40s, when they also have suf-
ficient economic backgrounds. These aspects render the group of 20-30 year old
people an attractive target group for smart home acceptance research. It would
be very desirable, however, for future studies to intent to replicate the findings
of the present study with a sample that is representative of the population.

5.1 Marketing Implications

From a marketing perspective, however, it should be kept in mind that the
smart fridge to many people may be a so-called “really new product”, a radical
innovation from traditional practices. For this class of products [41] proposed
to use “information acceleration” strategies, among them product simulation,
in order to receive valid product appreciation data from customers. Evaluation
of such products has been shown to be facilitated by giving clues to multiple
analog categories [42]. In the case of the smart fridge, it would therefore be
helpful to present the device as a mixture of fridge, storage management system
(like in stock keeping in logistics) and health and lifestyle companion. Generally,
results of the present study suggest that the fridge is valued for several different
reasons by its prospective users, and this even in a rather homogeneous group of
people. This implies that one prototypical smart fridge is not a feasible option
for development. It would be more promising to develop a variety of models for
distinct target groups. It is estimated that in the case of the smart fridge the
overlap of functions will be much lower compared to mobile phones for example,
which offer similar functions to all user groups.

6 Outlook

A major part of the resources of the present research project was spent on pro-
gramming the smart fridge simulation. By help of this application it is possible
to investigate a much broader spectrum of questions than have been the focus
of this study. A few next steps are:

– Investigating the reactions of older people.
– Implementing more than one participant and thereby simulating shared us-

age of the smart fridge, e.g. in families.
– Including consumption and shopping data into the analysis of acceptance:

It could for instance be that people who habitually eat very healthy do ap-
preciate a reinforcing feedback mechanism more than people who live rather
unhealthy and are constantly parented by the technology.

– Simulating and testing the acceptance of automatic replenishment.
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We hope to acquire valid forecasts of smart home technology and to provide
guidelines as to how this class of technologies has to be designed to provide the
greatest benefits to its prospective users.
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A Appendix

A.1 Scenario Descriptions

“It is the year 2015... It has become normal that many groceries for daily con-
sumption are not bought in stores anymore, but are delivered to the households.
This saves time and effort. It is possible to order all items one would usually buy
in the supermarket. For this purpose every fridge contains a smart organizer.
The organizer is a small monitor attached by default to every fridge...”

Group 1 “...It recognizes by help of sensors, which groceries are still in stock in
my household. The list of groceries in my household is displayed.”

Group 2 “...It recognizes by help of sensors, which groceries are still in stock
in my household and orders them according to categories. The ordered list of
groceries is displayed.”

Group 3 “...It recognizes by help of sensors, which groceries are still in stock in
my household. Furthermore it recognizes the best-before dates of all groceries.
Stock and best-before dates of every item are displayed.”
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Group 4 “...It recognizes by help of sensors, which groceries are still in stock
in my household. Furthermore a recipe planer is included, which can propose
recipes to me and include the necessary ingredients in the shopping list. The list
of groceries in my household is displayed.”

Group 5 “...It recognizes by help of sensors, which groceries are still in stock
in my household. Furthermore it analyses with every consumption how healthy
and economic my nutrition is and displays the respective informations. The list
of groceries in my household is displayed.”

A.2 Questionnaire Items

Perceived Usefulness ([16])

1. Using the smart fridge would enable me to accomplish eating and shopping
more quickly.

2. Using the smart fridge would make it easier to do manage eating and shop-
ping groceries.

3. I would find the smart fridge useful.

Ease of use ([16])

1. Learning to operate the smart fridge will be easy.
2. It will be easy to interact with the smart fridge.
3. The smart fridge will be easy to use.

Affective Attitude ([33])
“Please indicate how you ... would feel using a smart fridge (t1) / ... felt inter-
acting with the smart fridge(t2).”

1. pleased / annoyed
2. happy / unhappy
3. satisfied / unsatisfied

Intention to Use (developed on the basis of [32])

1. I would not want to use such a smart fridge at all.
2. I would naturally adopt the smart fridge.
3. I would thoroughly concern myself with the smart fridge trying to master

its operations.

Technical competence ([34], translated into English by [43])

1. Usually, I successfully cope with technical problems.
2. Technical devices are often not transparent and difficult to handle.
3. I really enjoy cracking technical problems.
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4. Up to now I managed to solve most of the technical problems, therefore I
am not afraid of them in future.

5. I better keep my hands off technical devices because I feel uncomfortable
and help- less about them.

6. Even if problems occur, I continue working on technical problems.
7. When I solve a technical problem successfully, it mostly happens by chance.
8. Most technical problems are too complicated to deal with them.
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Abstract. Miniaturization and price decline are increasingly allowing for the 
use of RFID tags and sensors in inter-organizational supply chain applications. 
This contribution aims at investigating the potential of sensor-based issuing 
policies on product quality in the perishables supply chain. We develop a 
simple simulation model that allows us to study the quality of perishable goods 
at a retailer under different issuing policies at the distributor. Our results show 
that policies that rely on automatically collected expiry dates and product 
quality bear the potential to improve the quality of items in stores with regard to 
mean quality and standard deviation. 

Keywords: RFID, sensors, cool chain, supply chain management, issuing policies, 
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1   Introduction 

The distribution of perishable goods such as fresh meat and fish, flowers, frozen food 
of all kinds, etc. poses a major challenge to supply chain management. The 
complexity of the issue arises from the fact that not only cost efficiency, but also a 
maximum quality level of products in retail stores is necessary to meet customer 
expectancies. In reality, however, spoilage because of expired products or interrupted 
cool chains is a common phenomenon in the industry. On the one hand, fresh 
products make up about 65% of retail turnover. On the other hand, up to 30% of 
perishable products are estimated to become subject to spoilage at some point in the 
supply chain [1]. The resulting financial loss for both retailers and their suppliers is 
substantial. About 56% of shrinkage in supermarkets is attributed to perishables, 
which equals several billions of US$ in the United States alone each year [2]. The 
root cause for many of these problems can be found in the current practices of 
inventory management, e.g. flawed stock rotation [3,4]. 

In the context of perishables, the performance of inventory management in the 
supply chain depends to a large extent on the respective issuing policy that is in place 
at the echelons between the supplier and the store, e.g. at the retailer’s distribution 
center. The purpose of these policies is to determine which products are picked and 
sent to a specific store when an order arrives. Rules that can typically be found in 
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practice are classics such as ‘First-In-First-Out (FIFO)’, ‘Last-In-First-Out (LIFO)’, 
or simply issuing in random order. None of these policies, however, is related to 
product quality since quality in the sense of perceived optical appearance, microbial 
safety, etc. cannot be verified effectively for a large number of items or logistical 
units. 

In recent years, however, the ongoing trends of miniaturization and price decline 
are increasingly allowing for the use of tiny RFID tags and sensors in inter-
organizational supply chain applications. These technical artifacts are the foundation 
for the seamless tracking of containers, pallets, and individual sales units as well as 
the monitoring of a variety of environmental parameters, e.g. temperature, 
acceleration, humidity, and so on. These data collection capabilities, again, enable 
novel issuing policies based on expiry dates and quality-influencing conditions that 
bear the promise to address the above-mentioned issues [5]. 

Against this background, this contribution investigates the potential of RFID- and 
sensor-based issuing policies in the perishables supply chain performance. For this 
purpose, we develop a simple simulation model that allows us to study the quality of 
perishable goods at a retailer under different issuing policies at the distributor. The 
output parameters that we use to measure performance include a) number of 
unsaleable items and b) the quality of sold units. Furthermore, we consider the impact 
of the customer’s selection criteria when deciding for a specific item. 

The remainder of the paper is organized as follows. In the next section, we first 
provide an overview over sensor technologies in the perishables supply chain. 
Second, we review the existing body of literature on issuing policies. In section 4, we 
present our model and numerical results from our simulation experiments including a 
sensitivity analysis. The paper concludes with a summary and suggestions for further 
research.  

2   Technology Background 

The quality of fresh products is affected by a number of factors, including post-
harvest treatments (e.g. pre-cooling, heat, ozone), humidity, atmosphere, packaging, 
etc. The by far most important factor that determines quality, however, is the change 
in temperature conditions during transport from the manufacturer to the store. From a 
technical point of view, temperature tracking in supply chains has basically been a 
well-known issue for many years. A number of different technologies are available on 
the market that we will shortly present in the following. Furthermore, we discuss the 
major differences between these classical tools and the possibilities of novel wireless 
technologies such as RFID and sensor tags. 

The traditional means for temperature tracking in logistics is the use of chart 
recorders as depicted in figure 1. A chart recorder is an electromechanical device that 
provides a paper printout of the temperature recordings over time. Its main 
disadvantage – besides cost and size – is in the fact that data is recorded on paper and 
has to be interpreted manually, which limits its applicability if large amounts of data 
have to be processed automatically in an information system in real-time.  
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Fig. 1. Chart recorder (source: Linseis) 

A second category comprises so-called “data loggers”, i.e. digital or analog 
electronic devices with integrated sensors for measuring and tracking temperature 
data over time (cf. figure 2). Loggers can easily be started by pressing a key and 
provide a visual alert upon receiving. In contrast to chart recorders, data is stored 
digitally in the logger’s memory. Unfortunately, data access usually requires a 
physical connection, e.g. via a serial cable. Accordingly, it is hardly possible to react 
on unexpected temperature changes in the process without interrupting the workflow. 
Moreover, data loggers are usually too bulky and expensive to be economically of use 
in many application settings. 

 

Fig. 2. Temperature logger (source: MadgeTech) 

Unlike the above-mentioned technologies, Time-Temperature Indicators (TTI) are 
based on chemical, physical, or microbiological reactions. TTI are inexpensive labels 
that show an easily-measurable time- and temperature-dependent change, which 
cumulatively reflects the time-temperature history of the product (cf. figure 3). The 
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Fig. 3. TTI on a food package (source: SealedAir) 

color shift on the TTI label can easily be read and understood and does not require an 
additional reader device. These main features, however, are also the technology’s 
main disadvantage since the non-digital information reflects only accumulative 
effects, requires manual examination, and does not allow for remote monitoring. 

Driven by the rise of RFID in general, a fourth technology has evolved in recent 
years, which combines active RFID transponders with temperature sensors. These 
integrated sensors continuously record temperature readings and store it in the tag’s 
memory (cf. figure 4). As with other RFID data on the tag, the temperature data can 
be accessed by an RF reader at any point in the process and forwarded to an 
organization’s information systems. In contrast to other tools, RFID-based sensor tags 
allow for fully automatic data collection in real-time, which in principle enables the 
retailer to react on environmental changes before products become unsaleable. In 
today’s retail supply chains, deployments of sensor tags are nevertheless still rare. On 
the one hand, relatively high tag prices are the consequence of the cost of the energy 
supply that is needed to power the active sensor. On the other hand, the need to 
reduce power consumption leads to the implementation of low-power sensors, which 
do not achieve the same level of accuracy as their traditional counterparts. However, 
both issues are likely to be resolved in the near future such that the use in the context 
of logistical units (e.g. pallets and cases) becomes economically feasible along the 
entire supply chain.  

 

Fig. 4. Temperature sensor integrated with an RFID tag (source: KSW-microtec) 
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3   Perishables in the Supply Chain 

The management of perishables in supply chains has been a research issue since the 
early 1970s in operations management literature and beyond. The background of 
these contributions is not only in the food supply chain, but also in entirely different 
application domains such as blood banks. In the following, we give a short overview 
of related works in this area that are relevant to our research. 

Pierskalla and Roach [10] were among the first to discuss issuing policies such as 
order-based FIFO and LIFO. The authors study issuing policies for a blood bank, with 
random supply and demand. They show that FIFO is the better policy for most 
objective functions, maximizing the utility of the system and minimizing stockouts. 
Jennings [9] sets his focus on inventory management of blood banks as well. He 
showed the importance of blood rotation among hospitals. In his analysis, he 
considers stockouts, spoilage, and costs. Cohen and Pekelman [11] analyzed the 
evolution over time of the age distribution of an inventory under LIFO issuing, 
periodic review, and stochastic demand. They concentrate on the analysis of stockouts 
and spoilage. 

Wells and Singh [15] introduce an SRSL policy (‘shortest remaining shelf life’) 
and compare it to FIFO and LIFO. They take into account that, because of variations 
in storage temperature, items have different quality deterioration histories, which 
motivates their use of SRSL. Their results, however, are a little confusing: in the 
abstract the authors state that SRSL leads to better performance, but the figures in the 
paper show that SRSL has a better standard deviation but worse average quality. 

Goh et al. [12] study two-stage FIFO inventory policies, where a first stage holds 
fresher items and the second stage holds older items. Liu and Lian [8] focus on 
replenishment. They consider the inventory level of an (s, S) continuous review 
perishables inventory, and calculate and optimize the cost functions for s and S. 
Chande et al. [6] focus on RFID for perishables inventory management, not issuing 
policies in themselves. They show that dynamic pricing and optimal order in the 
perishables inventory can be determined with the help of information – such as the 
production date – stored on RFID tags. 

Huq et al. [13] define an issuing model for perishables based on remaining shelf-
life and the expected time to sale. They compare it to FIFO and SIRO with regard to 
revenue and find a better performance in the majority of cases. Donselaar et al. [7] 
study the difference between perishables and non-perishables and between different 
categories of perishables using empirical data available from supermarkets. Ferguson 
and Ketzenberg [14] quantifiy the value of information shared between the supplier 
and the retailer on the age of the perishable items. The authors propose heuristic 
policies for the retailer under both conditions: no information sharing and information 
sharing with the supplier regarding the age of the products.  

In contrast to the previous works, our contribution distinguishes between quality-
based and expiry-based policies. For this purpose, we compare a total of seven issuing 
polices using a simple supply chain model that comprises a manufacturer, a 
distribution center, and a retail store. We measure performance in the sense of mean 
quality and standard deviation. Furthermore, we account for unsold items in our 
analysis. We also consider the impact of different patterns of customer behavior while 
selecting items. 
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4   Experimental Results 

4.1   The Model 

The supply chain we model consists of a manufacturer, a distribution center, and the 
retailer’s store as shown in Figure 5. Customer arrival at the retailer is modeled as a 
Poisson process. The retailer and the distribution center manage their inventories 
using a (Q, R) replenishment policy, i.e. when the inventory falls below a value R, a 
replenishment order of Q items is placed. Lead time from the distribution center to the 
retailer is deterministic. The lead time from the manufacturer to the distribution center 
is normally distributed. By varying the initial lead times at the distribution center we 
are simulating different initial ages for products arriving at the distribution center. 
This is a plausible assumption because of delays in transportation and because of the 
retail supply chain where items are always manufactured and stored waiting for the 
orders, as opposed to build-to-order supply chains. By varying initial ages, we can 
distinguish between issue policies based on time of arrival (FIFO, LIFO) and those 
based on age (FEFO, LEFO). 

Manufacturer StoreDistribution

center
Manufacturer StoreDistribution

center

 

Fig. 5. The supply chain we base our model on 

Because of reasons such as deterioration due to cold chain conditions, we also vary 
the initial product qualities at the manufacturer. We assume that the recording of 
temperature data by wireless sensors allows for calculating a sufficiently accurate 
estimate of product quality. Initial qualities are assumed to be normally distributed 
and then depleted when they arrive to the distribution center based on the initial lead 
times as discussed above. Production capacity at the manufacturer is unlimited. 

We simulate seven different issuing policies at the distribution center. For each 
issue policy we record the qualities of sold items, calculating at the end their mean 
and standard deviation. We also record the number of spoiled items. The issue 
policies we compare are the following: 

1. Sequence In Random Order (SIRO). Products in the distribution center are 
selected randomly and issued to the retailer. 

2. First In First Out (FIFO). Products that have been longest in the distribution 
center are selected first. 

3. Last In First Out (LIFO). Products that have been shortest in the distribution 
center are selected first. 

4. First Expiry First Out (FEFO). Products in the distribution center are selected by 
their age, the items which were manufactured earlier being the first to be issued. 



146 A. Dada and F. Thiesse 

5. Lowest Quality First Out (LQFO). Products are selected by their quality, the 
items which have the lowest quality being the first to be issued. 

6. Latest Expiry First Out (LEFO). Products are selected by their age; the items 
which were manufactured latest are issued first. 

7. Highest Quality First Out (HQFO). Products are selected by their quality; the 
items which have the highest quality are issued first. 

The workflow of the simulation algorithm is shown in figure 6. The simulation 
comprises a number of runs, each of which simulates all the different issue policies. 
For each run, we generate a sequence of customer arrivals in advance along with a 
sequence of initial product qualities and lead times. Thus the different issue policies 
are compared using the same input. The following main events happen in the supply 
chain: 

• The distribution center and retailer regularly check to see if shipments have arrived 
in order to replenish their inventories. 

• A customer arrives to the retailer and is served an item if the retailer is not out-of-
stock 

• At the end of the day, the retailer and distribution centers check their inventories 
and throw any spoiled items. 

• When the inventory level at the retailer or distribution center goes below the 
threshold level, an order is placed. 

4.2   Base Case 

We implement the model described above in Python and analyze the results in Excel. 
We consider the following parameters for the base case: 

• Demand at the retailer is a Poisson process with �� = 30 items per day. 
• The retailer reorders products with QR =60 and RR =40 items. 
• The distribution center reorders products with QDC =120 and RDC=80 items. 
• Lead time from manufacturer to distribution center is normally distributed with 

mean = 1.5 days and standard deviation = 0.8. 
• Lead time from the distribution center to the retailer is 1.5 days. 
• The initial quality of products upon leaving the manufacturer is normally 

distributed with mean 90% and standard deviation = 5%. 
• Minimum quality below which products are regarded as spoiled is 50%. 
• Products deteriorate according to a linear model with a coefficient of 5% quality 

per day. This implies that the maximum lifetime of the product is 10 days, which is 
a plausible assumption for products with short shelf-life, such as strawberries and 
figs stored at 0°C. 

• The retailer performs periodic review of the quality of its products at the end of the 
day. 

• We simulate the supply chain for 1000 days per replication. 
• We conduct 50 different replications, and for each we generate a new set of 

customer arrival times, initial product qualities from the manufacturer, and lead 
times from manufacturer to distribution center. 


