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ABSTRACT

Usefulness, from the utilitarianism perspectivethis ability of a product or service to improve
the well-being of humans and to minimize theiresirf§ in different situations. In the case of the
widespread issue of falls among the elderly, désggan adapted solution to is not an obvious
task. The latter requires quantifying various usagenarios. The usage scenarios, or segments,
associated with elderly falls must be investigai@dnsure that newly designed products and
services are likely to bring essential health, abeind economic values. Optimizing a design
solution by considering the coverage of such ussgments extends the classical methods of
design for market approaches. Starting from a diafmliterature on elderly falls’ issue, we have
first built a usage scenarios space. Next, theulise§s and the coverage ability of three design
solutions are evaluated over a tessellation of essggments. In addition, the developed usage
simulator is used to assess the potential of nompamrly-covered usage segments to deliver
insightful information in order to truly be a nesdeker in the front-end of innovation.

Keywords: design evaluation, usage simulation, usefulnesagel scenarios coverage,
design performance simulation.

NOMENCLATURE

The following nomenclature list illustrates the mgarameters and notations
used in this paper:
Yieal Vector of real performance
Ysol Vector of design solution’s performance
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Yideal Vector of ideal performance

S Total elderly population (65 years and older)

F Total number of falls per year

N Total number of registered falls in emergency depants per year
H Total number of hospitalized elderly after a fadk year

D Total number of deaths caused by falls among ttherlel per year
n Probability of falls per year and per person

DFLE Number of Disability Free Life Expectancy years

NYMC Number of Years remaining to live with a Modifieel/el of Comfort

FC Financial Costs per year in euros

F Usage variable

fij Usage modality

S, Size (in percentage) for variabland modalityj

Nij Probability of falls per year and per person fatiatalei and modalityj

diji Average relative probability of fall

sc Index for usage scenario

Ssc Size of usage scenario (in percentage)

Nsc Probability of falls per year and per person fgiveen usage scenario

hi, Probability of hospitalization for the combinations*Age” and “Gender”
modalities

e Design solution’s effectiveness (in percentage)

4no. Reduced probability of falls per usage scenario

AUqgiobal Global usefulness potential vector

UPs, Usefulness potential per usage scenario

1. INTRODUCTION

From the utilitarianism perspective [1], “usefule€sf a solution is defined as its
ability to improve the well-being of humans andnianimize their suffering in different
situations. According to Jeremy Bentham, the Britiilosopher of the 1Band 14
centuries, maximizing the overall well-being of sent beings is equivalent to
minimizing their suffering and thus, creating vautr them [1]. Inspired by this
statement and in the context of designing a prodicta market, it is not trivial to
determine which design solution is adequate forctvisuffering-oriented needs on the
market, and to measure the usefulness of thisisnlut

Designing an adapted solution for a market requiwesfying whether it
adequately provides an answer to the existing neédse target population. This task
becomes trickier when one wants to design a solutay a widespread and multi-
situation usage issue involving an important patihe population. Furthermore, due to
the lack of unified and reliable data, design denisnakers are not always able to
guantify varied usage situations and thus to gueeatine success of their product on the
market.

To better illustrate the above-mentioned statemeathave chosen to provide the
example of accidental falls among the elderly. &ajea brief literature review in design
engineering shows that no clear method exists &b w#h these multiple and complex
usage situations.

Accidental falls among the elderly of 65 years ambve occur under varied
contextual situations [2] and cause several bi@ipsysocial consequences [3], leading to
almost 5,000 deaths per year in the Metropolitzamé€e, which is more than twice the
number of deaths caused by car accidents. In additihe emergency interventions and
the hospitalizations are costly and the person®mremumy and life expectancy may
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decrease significantly as a result of a brutal fBfle economic overhead of -caused
problems for the public services has notably inee€aduring the last decades, ar
continually amplifying, as the population is grogialder[4].

To deal with this issue, several design solutigmeducts and services) have bt
developed. Figure provides some examples of design solutions catagmrnto twc
types of product families: fall prevention produdis.g. light pathway to event
nocturnal falls) on the one hand, and productsgieesi to detect falls with an emerget
alert system (e.g. watch or roundel) on the othbese are examples of design soluti
aiming at offering innovative services to userg] #rus conqueringew market shares «
the relevant French gerontechnology ma

Assistive walking device Medical bathtub

' ADN

-

Light pathway Tele-assistance solutions

Figure 1. Design solutions to prevent and alert elderly falls

However, these solutions do not seem to be medetisgobjective, particularl
due to the fact that the current gerontechnologsketas still small and rather focused
specific niches. Moreover, the economic model eséhproducts is intricate, inar as
the boundaries between care and welfare are natrueed, the purchase decision
customers is often prompted by the French soc@lrigg system (through financial ai
targeting specific products and servi, as well as private insurance ccanies. In
addition, most of the times, the purchasers ofetsedutions are not the elderly, but
health care institutionsr éhe elderly’s relative

In this context, the gerontechnology products,ipaldrly those related to elder
falls, are not sfficiently use-oriented or usagdriven, and do not provide adequ
responses to their needBhis is most probably due to the fact that emgstevaluatior
methods of design solutions are not relevant, arses they do not fully focus ¢
measuring he a product can meet the needs of s in multiple usage situatiol

Yet, in the literature, design is defined as acttmedprocess, not only consistit
in the identification of problems and the developmeinhew products, but also in tl
evaluation of usefecused solution{5]. It is also commonly acknowledged that
accurate understanding of the mr-dimensional aspects of usagjeuations is necessa
in the early stage of the design process to imprthe perception of solution
performance [6] Based on the experiences of design and engimerinpatient safet
[5, 7], as well as in inclusive desi(8], it is recognized that effective usage integra
into the design process can facilitate the delivof products and services to users i
convenient, simple to use, and comfortable wayc@&ytrast, ignoring the complexity
the usage situations, leads to designing solutibasare, at best, far less effective tl
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they could be, particularly in the case of eldddils. At worst, they are unjustifiably
costly for the health care system and for elderlsétatives. Despite all this, the
contribution of design innovation to improve usadaisage understanding in the context
of medical systems, such as in the case of fallsngnthe elderly, is an area that remains
rather unexplored.

The main objective behind this study is to devedomethod aiming at properly
evaluating the usefulness of an existing solutiesefulness being defined here as the
ability of reducing suffering for users). This evafion method aims at helping solution
designers to determine whether existing designtisolsl sufficiently meet the needs of
users in multiple usage segments.

The research approach adopted in this paper fallsrma need seeker strategy,
which is today one of the three innovation marlkgtistrategies identified in the
innovation management literature [9] (along witle tmarket reader and technology
driver strategies). Need seekers, such as Appl¢ &d& Dyson (UK), “make a point of
directly engaging potential customers” in the desgpgocess, in order to generate new
ideas. In other words, this method consists in ldgieg new products based on the
observation of end-users’ needs. However, the ee#ter strategy is not commonly-
used in design literature. For instance, the mettfod customer-needs and opportunity
identification, developed by Ulrich and Eppinge@]ladopt a market reader approach. In
this method, the generation of ideas results froenrhonitoring of markets, customers
and competitors, as well as the creation of valweugh incremental innovations. Yet,
we consider that the observation of users is mtiirgient to provide relevant solutions
alleviating their suffering, rather than simply exfing them to express their needs.

Nevertheless, insofar as few research studies foouthe observation of end-
users’ suffering-oriented needs, there is a laclqudntification tools and methods to
measure this suffering and to evaluate the perfocmaf the existing design solutions in
terms of their usefulness. Hence, a simulation owetls presented in this paper to
evaluate not only the usefulness of design solatiemder varied usage situations, but
also to identify the areas of user needs that atesatisfactorily covered by these
solutions.

The present paper begins with a literature reviewtlining on the one hand the
evaluation methods of a design for a market, aradyaing the usage segmentations on
the other. In a subsequent section, we describenetinodology of usage simulation for
the widespread issue of elderly falls. Section euges on the definition of performance
vectors. Then, we explain how the usage scenapasesis built (Section 5) and how a
usage simulator allows predicting characteristitsusage scenarios (Section 6). In
Section 7, we comment on the obtained results thveevaluation of design solutions for
falls among the elderly. Finally, in Section 8, wadentify the potential values to be
created and used in the front-end of innovation.

2. BACKGROUND AND RELATED WORKS

2.1. DESIGN EVALUATION IN THE CASE OF A WIDESPREAD
USAGE ISSUE

When one deals with a widespread usage issuewbith taking a deeper look
into the design for market approaches, focusingiquéarly on their ability to evaluate a
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design solution. However, insofar as we excludehis paper the question of users’
choice (by specifying a value creating solution mazing health, social and economic
usefulness), it is not trivial to define an appraf@ design evaluation methodology.

One of the traditional ways to assess the expguéefbrmance of a product or
service is the design optimization approach, fousin the customer’s preferences and
based on a functional analysis. This approach aineptimizing a given design solution
by developing the aggregated preference modelspmdinimizing the relative distance
of the solution’s performance from the Pareto fiemfl1, 12]. The necessary data for
building the aggregation models are gathered byopwmg marketing surveys and
design workshops over the users’ expectations. Mewé&'annou et al. underline in [13]
that design optimization remains a contestable atktb evaluate a design solution to the
extent that aggregating customers’ preferencesdisagrt the optimization results, given
the variety of customers’ preferences. Thereforpplyang the classical design
optimization method is not appropriate for the aaéibn of a product with multi-usage
situations.

Building a choice or market share prediction maggkresents another traditional
way of evaluating a product designed for a giverrketa However, this approach is
based on a tedious cross-sectional marketing iigaistn averaging the customer’s
preferences. In other words, human appraisal ostomer panel must take place to build
the choice model by considering the Expected Wti\falue Theory on the basis of
Conjoint Analysis [14] or Choice Analysis [15-1Besides, the utility/choice or market
share model does not seem to be adapted to raaealation [13, 18, 19], due to the fact
that marketing attributes, which structure the cor questionnaires, focus mostly on
solution features and are not user’s need-oriented.

In this context, the identification of the apprate methodology for modeling
usage situations in the case of a widespread isswessential. Modeling the usage
contexts is an emerging research topic, which imipa&xplored in [20, 21] by studying
the product's usage context and by evaluating tieeiainty and variability of lifetime
energy usages. In [20] a PGM (Probabilistic GraghModeling) approach is employed
to demonstrate the influence of the usage contexst set of dependent factors. The latter
research work is aligned with a new methodologitedadesign by usage coverage [13],
aiming at evaluating a rather innovative desigutoh by analyzing how customer’s real
needs are satisfied (or covered). This method brisignificant improvements to the
evaluation of a design solution depending on vatisdge situations in the case of a
widespread issue.

The usage coverage simulations have already bg#ie@dpo optimizing a jigsaw
product family [22], where building of performanoedels is conditioned on modeling
the space of usage scenarios based on screeneg negagsentative variables. These
simulations provide predictions on engineering @enance of a product-service by
guantifying feasible usage scenarios partially cest@r not covered by this performance.
These simulations result in a series of absoluég@soverage indicators (providing the
usage scenarios space) and relative usage coverdigators (referring to competing
products for the same need category to be covéed)Figure 2).
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Candidate Simulated customer

L (parameterized) product desired attributes/performances
(Physics-based models and/or

( LN Human appraisal experiments)
Space of usage scenarios

) v
Cellection of typical -\ p
usage contexts Mapping models between Feasible usage scenarios Absolute
(or Iirec)-cle SITUALONS) = ——— simulated performanc'es T - atan 1.*.'{]}@('."1\?(1 P usage coverage
- = S and usage scenarios i quality level J indicators
<
A L}

Customer demographics, H —
Userskills, ) J : : Relative
Performance bounds, [ Competing products J P usage coverage
Preference profiles

indicators

Figure 2. Design by usage coverage framework described in [13]

The assessment of absolute and relative usage aggvendicators provides
decision-making elements to designers, enabling tteeidentify the partially-covered or
orphan (i.e. not covered) usage segments. Basettieordentified segments and their
importance in terms of coverage, innovative ingglr specifying a new product or
service can be outlined [13]. Obviously, developiag adequate innovative design
solution for the segments of the market where tieefew or no solution will contribute
to define wining strategies, and thus help indastrio be more competitive on the
market.

In summary, when designers face a widespread usage, it is not easy to
evaluate the adequacy of the existing design swistin terms of satisfying the needs and
minimizing the suffering of users. Besides, it @& always an easy task to identify and
guantify the non-covered or poorly-covered usaggmants. We believe that the usage
coverage simulations provide a relevant methoddemtify and measure these usage
segments, by generating usage scenarios ratherntlaaximizing absolute customer’'s
preferences, which are often driven from tedious sometimes unrealizable marketing
surveys.

Nevertheless, in order to acquire a deeper undelisig of multiple usage
situations, it is necessary to analyze the existiethods regarding usage segmentation.

2.2. USAGE SEGMENTATION

The usage segmentation not only consists in idengjfthe preferences of the
targeted users on the market, but also aims aebppding their needs in different usage
situations [19]. This statement is supported ineadhseeker innovation process where
investigating and quantifying usage segments dautes to improve the targeting of
market segments, where there is a real need tovered.

Statistical clustering methods such as k-meangeslasalysis are frequently used
in market segmentation by identifying homogeneausssts of customers [23]. Conjoint
Analysis [14] allows product and service provideéos have a better perception of
consumers’ psychology, decision-making processemotiomic behavior. Other methods
such as participatory design [24], broadly devetbfper IT products, and customer-
interactive design (e.g. in the case of human-cderpuaterface design), allow designers
to become more acquainted with users’ needs anavieh. In the field of IT products,
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human interactions with computers and machines ofrxserved in order to capture
customers’ contextual usage trends based on axtoatelesign process [25]. To refine
the modeling of usage contexts or situations, sege variables must be identified and
selected according to a relevant investigation oekth

To achieve this objective, Belk in [26] has putward an S-O-R diagram
(standing forStimulus choice possibilities for a given usage contétganism the
customer and thResponsecustomer’s choice). This diagram has been deed@ong
with the identification of usage variables relatittgusers and usage contexts. Belk’s
method and marketing methods such as user perd@idsare based on a mere
gualitative modeling of users’ socio-demographictrilaites and behavioral
characteristics. Marketing questionnaires congtitthe widely-employed tools for
investigating consumers’ characteristics in thenfaf human appraisals, helping to build
the market and choice models [15, 16]. Howevethécase of a widespread usage issue,
carrying out such marketing survey is costly anchglex to perform.

The segmentation of a widespread issue, such asl\el@lls, is a complicated
and time-consuming task, due to the lack of redialhta and the complexity of
investigating the elderly population through sums/eyhus, usage coverage simulations
approach, advocated in [22], put forward the botddbf a usage scenarios space (or
database), comprising both users’ attributes aadeisituational or contextual variables.
A usage scenario represents a segment, whichasrdiaog to He et al. [18], defined as a
combination of variables describing users’ attrsutand usage contexts. This
combinatorial process for building usage scenasoalso used in the works of Philips
[28] and Hoffmann et al. [29, 30]. A usage scermgpace is built from quantified data
over the users’ attributes and usage situations. ddta are collected by studying the
related literature, and validated by investigatagmain-experts declaratives based on
their knowledge of users’ experiences and feedbfroks usage tests [31].

In this research, falls among the elderly are medibly building a usage scenarios
space, and by applying a different method thanahe used for the optimization of
jigsaw product family (see [22]). Elderly falls’ aige variables are related not only to the
socio-economic profile of the users, but also ®etof risk factors (such as etiological
and behavioral causes). Besides, the design setuioning at preventing or reducing
falls are used where there igisk of falling, and not only when one decides to perfo
an action (as it is the case of jigsaw usage).

3. USAGE COVERAGE METHODOLOGY FOR THE CASE OF
ELDERLY FALLS

The proposed research methodology is presented sesju@ence of 5 steps, as
shown in Figure 3. The first step focuses on defina performance vector to be
optimized. We first define an objective functionhieh consists in minimizing the
diverse suffering points, needs, lacks of satigfacand counter-performance that users
can encounter. In the case of elderly falls, wey dake into account miscellaneous
suffering indicators, since the needs and dissati®ins are not automatically expressed
by elderly people. The counter-performance is nuotewmtaken either, given that the
design solutions are not systematically used byetterly. The second methodological
step concentrates on the building of a usage sosngjpace by investigating the usage
variables. Once the quality of the created databasealidated throughout a data
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validation protocol, the third step consists in slating the size of the usage scenarios,
the probability of falls among the elderly as wall the real performand@,..,;) (i.e.
related to usage scenarios space without solutinrihe fourth step, the usage scenario-
related performance of a design solut{@f,; ) is evaluated based on a mapping system
through expert’'s declaratives. The comparison betwine reference usage scenarios
space (without a design solution) and the moditisdge scenarios space (with a design
solution) leads us to simulate the solution’s ulsefss by theoretically assuming that the
latter would be used by everyone in any type afagion. The final step identifies the
usage segments, which are not or poorly-coverethbyexisting design solutions, by
comparing them to the ideal situatiff;.,;). The identification of these usage segments
can reasonably be considered as valuable innoviaisights for the designers to explore
in creativity.

Defining the performance - Definition of performance vector elements
vectors

Building a usage scenarios - Collection of intrinsic and extrinsic usage
space variables

- Calculation of the size of the scenario and thebphulity of falls
per scenario
- Calculation of the real performance{y) per usage scenario

Simulating usage scenarios
without design solution

Evaluating design solutions - Calculation of the performance of design solutifYis)

Identifying non or poorly- - Identification of usage coverage potentials
covered usage scenarios (Yiaear = Yso1.)

Figure 3. Usage coverage methodology for the widespread issue of elderly falls

Inspired by the TRIZ ideality principle [32, 33h& notion of ideal performance
(Yigear) 1S proposed to represent a utopian world wheresthee no suffering. In other
words, there are no falls among the elderly in thsld, or the issue of falls does not
have any negative consequences. Based on thisinti® objective function is given by
minimizing the sum of the difference between thetee of ideal performancéY; ..;)
and the vector of exiting solution’s performari&g,; ) (see formula 1).

Min > (Yigear = Yoor) ®

On a usefulness scale (see Figure 4), optimiziegatorementioned objective
function is the equivalent of minimizing the distarbetween the ideal performance and
the existing solution’s performance. On the sanadesthe effectiveness of a product or
service represents its ability to create value cnexh to the real performance, where no
design solution is used or the existing designtsmig are completely inefficient.
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1 Ideal performance —
\4 |) Usage
ideal covera
ge
potenti
al

Existing design
solution’s performance
(Y ) Solution’s
sol effectivene
SS

1 Real performance

(Yreal)

Figure 4. Representation of performance on a usefulness scale

In the following section, the 5 methodological stepre detailed for the case of
elderly falls.

4. DEFINING THE PERFORMANCE VECTORS

Before detailing the performance vectors, providingrief definition of elderly
falls seems necessary. According to gerontologyditire [34], an accidental fall is a
sudden event, which breaks voluntarily, or invoduity the postural balance of a subject
(a person), and which leads the subject to “regsherground, floor or other lower level”
[35]. Falls among the elderly are frequent, and u@ plethora of complex and multiple
risk factors, they worsen with the age.

The target population of our study is the elderbpylation (aged 65 years and
older) living in the Metropolitan France. In 20108is population(S) represented almost
17% of the total population (approximately 10.54liom). In 2050, according to [36], the
elderly will represent one-third of the total Franmopulation. Approximately one out of
three elderly living in the community falls at leasce in a yearK: total number of falls
per year, i.e. 3.51 million elderly), according gerontology literature [37-39]. The
number of registered falls in emergency departménisis 450,000 elderly per year.
Consequently, we can infer the probability of fadks year and per person, as calculated
by the formula 2.

N
= —_ = 2
n= 0.04 (2)

According to [40], the total number of hospitalipas (H) caused by falls is
150,000, and the total number of fall-related de&ih) is equal to 4,954 elderly per year
according to [41].

The number of death¢D) as well as the number of hospitalizatio(®)
constitutes the first suffering indicators of therfprmance vector. All suffering
indicators of the performance vector must be defiag extensive, in order to be able to
add them up per usage scenario, and thus to ctddhi@ performance vector of all the
usage scenarios space.
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In addition, one of the main consequences of faltsong the elderly is the
deterioration of their quality of life. To bettenderstand the impact of falls on elderly’s
quality of life, life expectancy indicators musetkfore be analyzed.

The DFLE designates the number of remaining “Healthy Litaks” (HLY) that
a person, with a given age and gender expectsdpunder the mortality conditions of a
given period, and without being dependent on ngr&in mobility aid for performing
daily activities. Numerous statistical methods gkdte theDFLE and the Total Life
ExpectancyTLE), which is the total number of years that a pemgpects to live. The
Sullivan method [42] calculates tHELE as well asDFLE and is the most relevant
method applicable to our study. Indeed, not onlg #re input data available (i.e.
mortality data and prevalence data over the pojpmlain healthy or unhealthy
conditions), but it is also possible to calcul&ELE according to the age and gender
ranges identified in this research (Sesble 1). TheADFLE calculated in Figure 5, is
equivalent to the loss in terms of yearD@iLE caused by falls per usage scenario.

=
Q

o
1. Without ﬁ m
a fall Healthy Life Years M
i >
DFLE TLE

. T
. ALE=DFLE-TLE
& ‘

ﬁ\ ik
Healthy Life Years | L

! LW

2. Wit
afa

T

sl

DFLE’ TLE’:
—_—

:A(LEy'= (DFLE)' - (TLEy

2

Early (l’lSkil}ifiI}’
ADFLE = DFLE’-DFLE
Figure 5. DFLE and TLE calculation for the case of falls among the elderly

The loss in terms of th®FLE due to a fall is given by the formula 3. The
equation 4 represents the Number of Years remaiturye with a Modified level of
Comfort (NYMC) evaluating the number of years that an elderlgdivn disability
conditions.

ADFLE = DFLE' — DFLE 3)
Loss in NYMC = |ALE'| — |ALE| (4)
Where theALE is equal to the number of years that an elderslin disability condition
in the “without a fall” case. ThALE' represents the same difference for the “with & fall
case.

The financial cost$FC) of falls among the elderly are substantial for plodlic
health services. In France, a multitude of actord erganizations pays and/or receives
monetary flows for the prevention of falls and foe reduction of their bio-psycho-social
consequences. Given this complex structure ofréddited financial costs borne by
numerous actors, we chose in this article to measiglyze the costs of emergency
medical interventions and hospitalizations. Theestcavailable data dates back to 1993
and is equal to 1.34 billion euros. This cost hasrbre-estimated to almost 2 billion
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euros according to the rate of growth of the heaklpenditures from 1993 to 2010,
provided in [43].

To summarize the above-mentioned elements, theonpesthce vectors
(Yreat Ysors Yinnov. and Yizeq:) are defined per usage scenario, based on 5 extensi
suffering indicators(D, H, DFLE,NYMC and FC) (see matrix 5). The value of these
indicators can be added up to assess the perfoenvaator for the whole usage scenarios
space.

D
H
Yiea = | loss in DFLE | (5)
lossin NYMC

FC
The identified performance vectors must be firdtuwated per usage scenario,

and then for the whole usage scenarios space. Uildng of a usage scenarios space is
detailed in the following section.

5. BUILDING A USAGE SCENARIOS SPACE
5.1. USAGE SCENARIOS VARIABLES AND CONSEQUENCES

Due to the lack of a relevant and unified databa&dating to etiological and
situational variables of falls, a significant intigation of the usage segments’
characteristics has been carried out in this papkeis investigation study was two-
folded: first, a literature review was conductedséd on the analysis of more than 60
medical publications; second, experts have beesutimd to validate the selection of
usage variables and the consequences of falling.

The gerontology literature shows that numerousaldes can cause a fall (for
instance authors in [44] have identified 400 ungattezed variables). In order to delimit
the perimeter of usage variables, inspired by Betituational marketing researches [26,
45], we define usage variables as being relevaetwihey:

 indicate the profile of the target population (esgcio-demographic variables);

» cause a fall or impact its frequency in terms afyability (e.g. health problems);

» characterize usage contexts where a design solutiakes a difference and
therefore distinguishes these contexts from onethano(e.g. indoor/outdoor
activity or lighting conditions);

» influence directly or indirectly the consequencésadfall (e.g. age and health
conditions).

In addition, all usage variables are considerethis study as being independent
from another. For instance, the probability ofddtbr an elderly man is reported without
taking into consideration his age or health condsi

Based on the above-mentioned assumptions, two roaiegories of usage
variables are distinguished: intrinsic variabledgted to human attributes i.e. biological
and socio-economic variables) and extrinsic vaeshfrelated to usage situations i.e.
behavioral and environmental variables).

The review of more than 60 medical publicationsfsas [46, 47]) has resulted in
the identification of 31 intrinsic variables (indimg 12 health condition variables) and of
extrinsic variables as wel(F;). Here, we provide an exhaustive list of 12 health
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conditions usage variables in alphabetical orddézheimer’'s disease, Cerebral aging,
Depression and Anxiety, Diabetes, Equilibrium pesbland neurologic changes, Foot
problem, Heart problem, Obesity problems, Osteopisran lower limb, Parkinson
disease and sequel of brain injury, Under-nutriteomd Vitamin D deficiency and Visual
impairment(a detailed description of these variables is lalé in [48]). Each usage
variable has two or several modaliti€s; ;) (72 modalities are identified in total). In
[48], for each modality, a concise and clear dé&bniis provided. Table 1 contains the
most representative and commonly referenced usageble addressed by gerontology
and gerontechnology design studies (see [4, 46, 47]
Table 1. Examples of usage variables and modalities

Categories Sub-categories  Usage variables Modalisie
Male (f11)
Gender(F,) Female(f1)
Socio- 65- 74(f,2)
demographic - 2,
grap Age(F2) 75-84(f2.)
85 and moréf,.3)
Intrinsic
Alzheimer's diseas@F,) Yes(fa)
Health No (fs2)
problems
Diabetes(F¢) Yes(fs,1)
No (fs )
Place of living(Fa0) Personal residenc(fzo 1)
Institution (f20 5
Environment .
Lighting conditions Full enll_ghtenmen(flg,J)
(Fio) Low enlightenmert(fi )
Darki f
Extrinsic arknesgfisd
Indoor/outdoor activity Always indoof(f 1)
(F22) Have outdoor activitie€f2, )

Behavior
Inappropriate foot wearing  Yes(fzs.)

(F26) NO (f26.)

For each usage modality, the size and the probalfi falls per year and per
person are calculated. The size of a modglity) represents its statistical proportion (or
the number of observations) in the total elderlyuyation. Modalities constituting a
given variable are exclusive and discrete i.eefrh usage variable the whole population
of French elderly people is totally distributed i1 relative modalities (for instance, the
size off; 4, f1, is distributed as followings; ; = 42% ands; , = 58%). The probability
of falls per year and per person of a given moyldlt; ;) is calculated by using the

formula 6.

q

n=Znij.Sij,Vi (6)

j=1
Wheren is the total probability of falls per year and parson. The value dfn; ;) is
provided by using the average relative probabitityfall iy = Mij/ng)- This
variable represents the ratio between the proliaisilof fall per year and per person of
the modalities of a given usage variablg gnd j'). For instance, it has been
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acknowledged in medical literature that, in geneederly women fall 1.7 times more
than elderly men, i.el; (,,1)=1.7 [49]. Thereforen, , is calculated by the formula 7.

n
B s11+1.7 X 51, )

After identifying the usage variables and modaditia systematic review of the
literature [3, 50, 51] has resulted in the selectod a total of 27 consequences. These
consequences are defined under two categories:ir&8t donsequences (bio-psycho-
social consequences related to a patient) andiatcconsequences (related to the use
of healthcare services such as emergency senfmes)stance ambulance and hospital
emergency department).

The basic probabilities of occurrence of the ideediconsequences are gathered
in a matrix of consequences. In this matrix, weehagsumed the probabilities for an
“averaged reference fall’, no matter which usageabées have caused a fall. In other
words, a “fall” is equal to a “fall” regardless $ causing variables. This assumption is,
of course, not true in reality but we are not afiéng in this paper to model different
contextual failure modes. Indeed, we merely intengrovide one reference failure mode
for an averaged fall. From this averaged referdaltewe will allow some variations in
terms of consequences on performance vectors.

nia

5.2. DATA QUALITY VALIDATION

A data quality protocol must supervise the religpsind robustness of input data
from the created pool of data. Data are collectiest, of all, by reviewing the medical
literature and fall-related references throughisiiabl documents and fall prevention
trials reports. Subsequently, missing data areoeggl by referring to the statistical data
of different years and also to non-French dataclviare adapted by analogy. In the case
of non-univocal and missing data, we have consudigrrts’ declaratives in this domain.
To achieve this goal, a set of data mining intewgidlave been conducted with experts in
gerontology and gerontechnology, by using simpleestjonnaires. Thus, experts’
knowledge of fall complications contributes to irsuhe exactitude of the selection of
usage variables and consequences.

6. SIMULATING USAGE SCENARIOS

In engineering design literature, prediction modale developed by using
statistical methods such as Bayesian inference.ekample, Karandikar et al. have
proposed an approach to simulate the remaininguubf of a given tool in machining
industry [52]. Abbas et al. in [53] present a Bagesmethodology, which aims at
providing an estimate of engineering products demsrus supporting decision-making
process, given the uncertainty inherent in the ad@indhese probabilistic simulations
provide valuable information to designers allowithgm to tune design parameters and
thus to respond adequately to the market demarmspiiobabilistic simulations can also
be used by performing queries from an intelligeataase generating relevant test
vectors in software testing domain (see for insadel]). This database is supposed to
capture and render chunks of reality weighed byr theportance (like test vectors
associated with a high probability to generate #wswe bug). In this paper, usage
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scenarios are therefore generated by learning ftwendistribution of the size of the
segments as well as the probability of falls amibregelderly.
An instance of usage scenario is generated bydhwination of the modalities

of the intrinsic and/or extrinsic variables, eSg; = {f1,1’fz,3} = {Male, 85 and more}.
The health condition can also be added to the pusvexample. For instancg¢, =
{fl'l, fo3f 4'1} = {Male, 85 and more, Alzheimer}. Therefore, usage scenarios are

generated either by modifying the modalities of Hasne variable (e.g. by replacing
“elderly man” by “elderly woman”) or by adding oemoving other modalities. The
enumeration mechanism of the number of usage sosrngenerated from a selection of
usage variables can thus be complex, insofar andh®er of selected modalities per
usage variable is not always the same. In this mpape focus only on the full
instantiation of usage scenarios i.e. for a giveleaion of usage variables, generated
usage scenarios contain one modality per usagablaesi among all of the selected
variables. In this case, the enumeration will bsiegaand is given by the Cartesian
product of the number of usage modalities. By tgkin and F, as examples, the total
number of usage scenarios is equal to 6 givenéyaimula 8.
{male, female} x {65 — 74,75 — 84,85 and more} (8)

To calculate a given usage scenario’s size andapitity of falls per year and per
person, the proportion of the target populationasputed as being equal to the product
of the relative size of the modalities composing Htenario. For instance, the sizeSof
is given by formula 9 and the size$i, is given by the formula 10.

SSc; = S1,1-523 )
Ssc, = 51,1-52,3-54,1. (10)

The probability of falls per year and per persondaisage scenario is calculated
based on the Bayes' theorem. Given the assumphah pgrobabilities of falls are
considered as being independent from anothergtimeuia 11 indicates the calculation of

P(fall)s,.-
P(fall)Scz = P(fall|f1,1;f2,3;ﬁ},1)
_ P(fualfall). P(fy3|fall). P(fua|fall). P(fall) (11)

P(f11)-P(f23)-P(fa1)
Where, P(fall) = n. Thus, the simplified equation of the formula Elgiven by the
following formula:

Nni{q1.Npy3.N
Nge, = % (12)
The probability of falls per year and per persopresents the basis for the
calculation of suffering indicators per usage sdend he real performance vector of a
usage scenarios space is calculated by addingeugdh performance per usage scenario.
The number of deaths per usage scenario is givethéyroduct of the probability of
falls (ng.) and the total number of deatfi®) (see formula 13).
Number of deaths = ng. X D (13)
The number of hospitalizations is calculated in @encomplex way by calculating the
product of the existing probabilities of hospitalibn among the elderly population
(h;ij), the probability of falls per usage scengng.) and the total number of registered

falls (N) as shown by formula 14.

JMD-14-1373, doi: 10.1115/1.4030180, Page 14



Number of hospitalization = h;; X ng. X N (14)
The value ofh;; is given by Table 2, which represents the proligbbf

hospitalization for the six possible combinatiorfs“Age” and “Gender” modalities
according to [55].
Table 2. Probability of hospitalization because of falls among the elderly

Age X Gender {f1,1'fz,1} {f1,1'f2,2} {f1,1rf2,3} {f1,z'f2,1} {f1,z'fz,z} {f1,2rfz,3}
h;; 0.32 0.44 0.24 0.2 0.43 0.37

For the six usage scenarios generated from the icatdn of “Age” and
“Gender” modalities (see Table 1), the loss in ®moh DFLE years is calculated by
equation 15.

Loss inthe DFLE = ADFLE X ng. X D (15)

In this equation, thADFLE represents the early disability due to a fall enequal to the
difference between thBFLE “with a fall” and theDFLE “without a fall”. sy, represents
the size of a usage scenario dhds the total number of deaths per year, as wenassu
that an elderly could have survived with a numifethe |ADFLE| years to live during a
given year. The value of the loss in terms of M¥MC for a given usage scenario is
calculated by equation 16.

Loss inthe NYMC = |ALE'| — |ALE| X ng. X D (16)
Where, (|JALE'| — |ALE]) is related to the age and gender combination efusage
scenario, and represents the difference of unhekifighyears.

Given the extensive property of suffering indicatdor a usage scenarios space it
is possible to evaluate the global performance dOdir up the number of the
DFLE years and th&VYMC per usage scenario. Therefore, the global losenmg of
number of theDFLE years andVYMC are given by equations 17 and 18.

Total loss in DFLE = Z[ADFLE X Ng. X D] (17)

sc

Total loss in NYMC = Z |ALE'| — |ALE| X ns. X D] (18)

The financial cost of hospltallzatlons because allsffor a usage scenario is
calculated by the formula 19, where the numberosbitalized elderly per usage scenario
is multiplied by the average cost of hospitalizatper person.

FC per usage scenario
= N° of hospitalizations per usage scenario
2 % 10° (19)
X
(=)

In summary, given the extensive property of suffgrindicators per usage
scenario, the vector of real performance is obthinge the sum of real performance per
usage(Yyeq,, ), as given by matrix 20.

4,900 Deaths
| 150,915 Hospitalizations |
Z Yreal,, = Yreal = 15 967 Loss in DFLE yearsl (20)
| 14,535 Loss in NYMC |

2% 10° FC |
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A summaryTable 3 shows the different results of usage simulatioms2faisage
scenarios composed of 4 usage varia
Table 3. Alternative simulations on two usage scenarios

No. of No. Loss in Lossin Financial
Usage scenario S Ngc X of DFLE NYMC  Costs (FC)
deaths N
hospitalization: years
0.03  8.823E-03 169 6,688 525.41 459.9¢ 3.03E+08
0.05 1.55E-02 241 4,397 1,079.18 908.6¢ 5.83E+07

The results of the above simulaticrepresenthe first examples of queries tt
can be formulated on our usage simulator. Thesentfjave results are useful fi
product designers insofar as they can accuratelgsure the importance cwsage
segments. Usage coverage simulations also allowgradss to quantify the covera
capacity of theisolutions and therefore to measure their performduyctaking the usac
situations and users attributes into considere

7. EVALUATING DESIGN SOLUTIONS

It appears to date that the question of the sdnati effectiveness of desit
solutions has not been sufficiently analyzed innEea There is therefore an import
opportunity for measuring the coverage ability ekign solutions over tessellation of
usage segments.

As shown inTable 4, three design solutions, selected from two categooik
productsare analyzed in the following. However, furtheour evaluations, the solutio
are considered anonymotSol. 1, Sol. 2, Sol.)3since the exact numerical data over
design solution’s effectiveness are confider

Table 4. Alternative design solutions for the case of falls among the elderly

Product
family

Example Description Image

A set of motion sensors detecting the
movement at the moment of getting up
from the bed by enlightening the path ~
Fall Lighting between the bed and the restroom. The Y W"‘
prevention pathwa: solution is efficient during the night and |
’ in the case of elderly with sleep -

disorders. The solution is not efficient in
fully enlightened places.

A pendant connected to a tele-assistance
platform service. In the case of fall,

Fall Tele- elderly can alert emergency services by
alert assistanc  pressing the button. The solution is not
roundel efficient if the pendant is not worn or if =
the elderly is not able to press the button. y
An intelligent watch connected to a tele- -
Tele- assistance platform service via a modem- (e
Fall ; ;
. assistanc box. The device can alert a fall manually |
detection . ;
bracelet ant  or automatically based on a fuzzy logic
and alert . : o - ~ -
service calculation. The solution is not efficient 4.

if falls are not “sharp”.
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A design parameter measuring the effectiverje$f a given design solution is
defined as the ratio of the reduced probabilityatis per usage scenar{dno.) and the
probability of falls per usage scena(iw.,. ), as calculated by the formula 21.

Ano.g..
€solsc —

21
NO.g. (21)

This effectiveness of a product or service reprssés ability to reduce the
probability of falls and thus the bio-psycho-soata@nsequences of falling among the
elderly. However, the effectiveness can also beratherized by the mitigation of
consequences of falling with the same probabilitialis, for instance in the case of a hip
inflatable protection belt [56].

The value of this parameter can be calculated byopring an exhaustive
experimentation or fall trials. However, the last@re costly and not easy to implement.
Therefore, a set of experts’ declaratives is besgp to assess the valueegf; per usage
scenario. The declaratives of experts (here, gecbnblogy experts including design
solution providers) per usage scenario are regdtar the form of classifiable rules by
choosing usage variables and modalities. Error taatl heuristic form based on “If,
Then” declaratives [57] are presented in Table ¥pdas classify these declaratives in
order of priority. Furthermore, the stated effeetiess can be formulated in terms of the
influence of the design solution on the “probabibf falls” and also in terms of “the time
it takes to provide assistance”, as we are dealith tele-assistance products and
services as well. Matching the design solution$ whe usage scenarios is realizedady
hoc queries, that are applied to usage simulationsrdotg to designers or marketers
claims, including AND, OR and NOT combinations bétsimple predicate-like usage
scenarios as evoked in Table 5.

Table 5. Experts' declaratives for 3 design solutions

Sol. 1

Sol. 2

Sol. 3

If ((Genderis Male)) Then
(Efficiency is 10%)

If ((Genderis Femalg) Then
(Efficiency is 15%)

If ((Ageis 75-84) Then
(Efficiency is 20%)

If ((Place of livingis
Institutionalizeg)
Then(Efficiency is 20%)

If ((Ageis 75-

84) AND (Genderis Femalg

AND (Place of livingis Personal
residenc) Then(Efficiency is 15%)

If ((Genderis Male)) Then
(Efficiency is 9%)

If ((Genderis Femalg) Then
(Efficiency is 10%)

If (Heart problems Yes)) Then
(Efficiency is 20%)

If ((Heart problems No)) Then
(Efficiency is 10%)

If ((Genderis Femalg¢ AND (Place
of living is Institutionalized) Then
(Efficiency is 15%)

If ((Genderis Malg)) Then
(Efficiency is 8%0)

If ((Genderis Femalg) Then
(Efficiency is 10%)

If ((Alzheimer’s
diseaseas Yes)) Then
(Efficiency is 10%)

If ((Alzheimer’'s
diseasés No)) Then
(Efficiency is 8%)

If ((Lighting condition
is Darknesy) Then
(Efficiency is 30%)

Subsequently an expert system algorithm verifiee #xactitude of the

declarations by processing all of the declaratiass per priority basis. For each
declarative, the algorithm finds the elementarygesscenarios, which are affected by the
rule. It then calculates the value of the tdiab.. for those affected scenarios. If the
sum of Ano.,. is the same as that dfno.,. as per declarative (calculated from
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multiplying the efficiency with the total probalbifiof falls for those scenario), then the
program proceeds to the next declarative. If idierent, then the program checks
whether the\no.,. of the affected scenarios are modifiable or rfato] then the value of
Ano.g. will be changed as per the declarative and thgrpra goes back to the beginning
to check the validity of other declaratives witlgtiner priority.

The vector of design solution’s performance is gibg the sum of the difference
between the real performance per usage sce(ggg_) of the whole reference usage
scenarios space without solution, and the new peegnce of the usage scenarios space
with solution €. - Yrear,) (S€€ formula 22).

Ysor. = Z Yrealsc_(1 - esol.sc_) (22)
sc.

For the three studied design solutions, as destribeTable 4, solutions’
performance is based on experts’ declaratives (Balgle 5) and solutions’ real
performance are compared over a usefulness staated byFigure 6. The numerical
values of simulations are normalized into the petage of usefulness in order to make
the solutions comparable.

The compared solutions are presented in an anorg/may due to the necessary
confidentiality of the analyzed industrial data.e§k products or services are competitive
and cover partially the usage segments. The saldties more effective in this usage
scenarios space in terms of reducing number ofhdeby 9% and the number of
hospitalizations by 15%. If for a given populatitwe suffering indicators were weighted,
it would have then been possible to determine wilick of the compared solutions is
globally more adequate, with a relative higher pbé of capturing market shares.

Given the variability of usage scenarios, covethlmgwhole usage scenarios space
does not appear feasible for only one product orice or a mere family of products.
More often, the most efficient solution (reachirng tideal performance) in the whole
usage scenarios space is not necessarily the rsgtt@access and affordable one for
users. For instance, a permanent nursing caringisolat the elderly’s place of living
can significantly minimize the risk of falling arts consequences, but this solution is not
available/affordable for everyone.

In Figure 6, the zone of non or poorly-covered usage scend&yothe existing
design solutions can be identified, as we will isethe following section.

8. IDENTIFYING NON OR POORLY-COVERED USAGE SEGMENTS

The distance between the existing design solutipesormance and the ideal
performance constitutes an important value to leated, generating profitability for
customers (new services and usefulness) as whidr asdustrial actors (new benefits and
businesses). Hence, usage coverage simulationsibedatto bringing usefulness and
profitability evidences [6] from the front-end ofrnovation towards the process of
maturity of evolving product or service conceptyghguarantying its success on the
market.

The surface between the ideal performance and xisting design solutions’
performance (as depicted Figure 6) represents the potential of usage coverage,eor th
areas of suffering that are not covered by thetiegiglesign solutions (see Figure 4).
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§ " o iz * > . .
i ’ Existing design solution
2% / Sol. 1 performances (¥,,,)
6%
. M
3%
2%
0% Real performances (Y,,,)
Deaths Hospitalization| Loss in DFLE |Loss in NYMC FC
Sol. 1 4507 128 278 -14 690 -13372 1 840 000 000
Sol. 2 4 606 138 842 -14 370 -13 081 1 800 000 000
Sol. 3 4 804 143 369 -15 169 -13 954 1 900 000 000

Figure 6. Identification of the usage coverage potential

This surfacerepresentin the potential of usage coveragegiven by the globe

usefulness potential vectt . The vector is calculated by the raf
between the difference of the ideal performancetoreavith the Pareto frontie
characterized by , and the global usefulness creation, i.e. (see
formula 23).

(23)

The potential usage scenarios to be covered musxpered and quantifie
somewhere in this surface. Our usage simulatioablerthe identification of the usa
scenarios with the maximum usefulness potential y&age scenaric . The
usefulness potential isratio between real performance vector per usageasiceand the
averaged claimed efficiency of the existing desighution in the same usage scenéln
other words despite the seriousnesssufferingindicators in these usage scens, the
existing design solutions are not globally effitieAn alternative comparison is do
between and (cf. Section 6 The equations number 24 and 25 shows
usefulness potential of the analyzed scen.

(24)

(25)

For the whole usage scenarios space and for the thentioned design solutiol
these simulations can be demonstrated througheastady. Fothe sake osimplicity, a
set of 4 usage variabl€®ge”, “Gender*”, “Alzheimer’s Diseast and “Place of Living")
is selected (see Tablg. 1A whole instantiation of the usage scenariosllted in the
generation of 24 usage scenarios, with each usageso composed of 4 modalitit
The maximum value of is obtained by the usage scenario characterielderly
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women of 85 years and older who suffer from Alzheier’s disease, and who live in
their personal residence(UP;.,,., = {fl,Z’ f2.3 fa fzo,l})- The usefulness potential for
the usage scenarios relating to elderly men isirddaby the usage scenario eltlerly
men, aged between 65 years and 74 years old who miat suffer from Alzheimer’s
disease, and who live in their personal residenc@lPscpe, = {fi1, fo1) fazr foo1})-
These simulations can bring useful innovative intgto solution designer looking
persistently for innovative ideas in their frontdennovation process.

In addition to these simulations, we carry out aalgsis of modality sensitivity
by applying a Principle Components Analysis (PCa¢rothe reported data on our usage
simulator’s database. In this model, the probagdiof registered falls per yeau;;) of
usage scenarios are considered as dependent, thikilenodalities composing each
instance of usage scenarios are considered aseindept. Once the non-existence of the
collinearity is verified (according to Pearson etation matrix), the choice of PCA
method is confirmed. This step presets the corosigtacross the externalizing usage
variables used in PCA. Eigenvalues are computedsnbsequent step, where, excluding
the first componengn;;), 3 other components (“female”, “75 to 84 yearstd 485 years
and older” modalities) are extracted, as they rggmealtogether almost 90% of the total
variance with an eigenvalue equal to or greaten th@ (according to Kaiser rule). The
main reason of this extraction is that componenistrhave variance at least as large as
the dependent component. Various statistical asalgse possible in order to retain the
most explicative components, which we will not detarther in this study. A Parallel
Analysis (PA) indicates that two components (i.eage variables) should be retained,
which are “female” and “85 years and older” modedit

9. DISCUSSION AND FUTURE RESEARCHES

The results of our simulations on the evaluation5oproduct and/or services
developed by French industries have been commuacicgbn an individual and
confidential basis) to the industrial and instibatl stakeholders who have financially
supported this research.

Our ongoing research will focus on providing mocewate information on the
usefulness potentials of value creation by spewfyusage scenarios for which the
suffering indicators are critical and for which Heasocial and economic essential values
must be created. The specification of usage saenavill be performed by quantifying
value buckets based on a DSM tool as used in [b&Ince, we will provide
recommendations on the specifications of an innesaolution in the sense of the blue
ocean strategy approach [59]. The automatized abmuis currently in a beta test phase
and is available online for industrial and insiiagl actors.

The usage coverage model is extendable to a wigiedpssue if the expert's
declaratives are easily exploitable and if theseladatives help to understand the
influence of design solutions on minimizing sufferiof users in usage situations.

10. CONCLUSION

The identification of non or poorly-covered usaggments, i.e. orphan usage
scenarios, provides tangible insights for desigatem providers attempting to become
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radically innovative need seekers. Consequentiy tan target a more adequate market
and better lead their design solutions to the ntdokeknowing the number of elderly
associated with a set of attributes. This is a t@agorrectly frame the problem to address
the front-end of innovation. Forthcoming developisenf the current research are
studied in order to apply our model to other pradamilies and encourage not only
solution providers (in terms of precise specifieati on usage scenarios), but also the
national health system authorities to provide aimhrice data collections over the
widespread case of falls among the elderly.
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