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Figure 1: Number of people with dementia world-wide (Ferri et al., 2005)

Background

✦ Age-specific cognitive 
disabilities
✦ Among the population 
of the elderly
✦ Dementia (or 
Alzheimer’s)

✦ Other forms of cognitive 
Disabilities
✦ Traumatic Brain Injury 
(TBI)
✦ Developmental 
disabilities, mental 
retardation, etc. 
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with dementia (1·8 million) as North America
(3·4 million), but by 2040 the numbers will be very
similar (9·1 million and 9·2 million, respectively).

Discussion
We have generated expert consensus estimates of age-
specific dementia prevalence for different world regions
using the Delphi technique. We estimate that 24 million
people have dementia today and that this amount will

double every 20 years to 42 million by 2020 and
81 million by 2040, assuming no changes in mortality,
and no effective prevention strategies or curative
treatments. Of those with dementia, 60% live in
developing countries, with this number rising to 71% by
2040. The rate of increase in numbers of people with
dementia is predicted to be three to four times higher in
developing areas than in developed regions. 

In 1997, Prince6 estimated that 18 million people
would be living with dementia today. He assumed the
same prevalence in all regions and did not allow for
regional differences in age distribution in the older
population. Wimo and colleagues7, however, estimated a
similar total number of people with dementia worldwide
as our Delphi consensus; 25 million in 2000 rising to 63
million by 2030 and 114 million by 2050. They assumed
the age-specific prevalence of dementia to be the same
worldwide. They also calculated continent-specific
numbers on the basis of published reviews. Wimo’s
figures differ substantially from our consensus for some
regions; for example they estimate that there are
1·25 million people with dementia in Africa, but we
estimated only 0·49. Compared with previous estimates,
our consensus should be more sensitive to regional
variation; the expert group reviewed all available
evidence and its quality, and considered relevant
regional characteristics. 

Population (millions), Consensus dementia Estimated New dementia cases Number of people (millions) Proportionate increase (%)
aged !60 years prevalence (%)  at age annual incidence  (millions) per year, with dementia, aged in number of people with 
(2001) !60 years per 1000 2001 "60 years dementia 

2001 2020 2040 2001–2020 2001–2040  

Western Europe 89·6 5·4 8·8 0·79 4·9 6·9 9·9 43 102  
(EURO A) 
Eastern Europe 27·4 3·8 7·7 0·21 1·0 1·6 2·8 51 169  
low adult
mortality (EURO B) 
Eastern Europe 44·6 3·9 8·1 0·36 1·8 2·3 3·2 31 84 
high adult 
mortality (EURO C) 
North America 53·1 6·4 10·5 0·56 3·4 5·1 9·2 49 172  
(AMRO A) 
Latin America 40·1 4·6 9·2 0·37 1·8 4·1 9·1 120 393  
(AMRO B/D) 
North Africa and 27·5 3·6 7·6 0·21 1·0 1·9 4·7 95 385  
Middle Eastern 
Crescent (EMRO B/D) 
Developed western 34·5 4·3 7·0 0·24 1·5 2·9 4·3 99 189 
Pacific (WPRO A) 
China and developing 151·1 4·0 8·0 1·21 6·0 11·7 26·1 96 336
western Pacific 
(WPRO B) 
Indonesia, Thailand,  23·7 2·7 5·9 0·14 0·6 1·3 2·7 100 325
and Sri Lanka 
(SEARO B) 
India and south Asia 93·1 1·9 4·3 0·40 1·8 3·6 7·5 98 314
(SEARO D) 
Africa (AFRO D/E) 31·5 1·6 3·5 0·11 0·5 0·9 1·6 82 235  
TOTAL 616·2 3·9 7·5 4·6 24·3 42·3 81·1 74 234  

Table 2: Number of people with dementia in 2001, projections for 2020 and 2040, and percentage increases, by WHO region
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Figure 2: Number of people with dementia in developed and developing
countries
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Figure 2: Number of people with dementia in developed and developing
countries
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✦ Executive function deficiency
✦ prospective memory; planning and problem solving; task 
sequencing and switching; self-monitoring, and self-initiation
✦ failing to initiate, sustain, or terminate an action, forgetting 
an unfinished task after interruptions,  performing task 
incorrectly, and so on

Challenges with Cognitive Disabilities

✦ Cognitive Support
✦People: cost, burden
✦ Technology
✦ Timers, electronic calenders
✦Assisted Cognition (Kautz 2002)
✦ Artificial Intelligence
✦ Ubiquitous computing
✦ Sense aspects of the context
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Intelligent Prompting

✦ Context-Aware: take context into account and adapt accordingly

State 
estimator

Controller

Sensor data (RFID, motion sensor, GPS, etc)

Other sources of information

User 
Interface

✦ State estimator
✦ interpret behaviors

✦ Controller
✦ integrate heterogeneous 
sources of information
✦ autonomous decision making

✦ User interface
✦ Various forms of prompts Prompts, 

reminders, or 
questions

Figure 2. Typical Structure of Prompting System
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ABSTRACT

Individuals with cognitive impairments would prefer to live
independently, however issues in wayfinding prevent many
from fully living, working, and participating in their com-
munity. Our research has focused on designing, prototyp-
ing, and evaluating a mobile wayfinding system to aid such
individuals. Building on the feedback gathered from po-
tential users, we have implemented the system’s automated
direction selection functionality. Using a decision-theoretic
approach, we believe we can create better wayfinding ex-
perience that assists users to reach their destination more
intuitively than traditional navigation systems. This paper
describes the system and results from a study using system-
generated directions that inform us of key customization fac-
tors that would provide improved wayfinding assistance for
individual users.

Categories and Subject Descriptors

H.5.2 [Information Interfaces and Presentation]: User
Interfaces—Evaluation/methodology, User-centered design,
Prototyping ; K.4.2 [Computers and Society]: Social Is-
sues—Assistive technologies for persons with disabilities

General Terms

Design, Human Factors

Keywords

Wayfinding, user interface, cognitive impairments, Markov
decision process

1. INTRODUCTION
Wayfinding is a concern for individuals with cognitive im-

pairments. Being unable to find their way safely and in-
dependently limits their ability to fully participate in their

Permission to make digital or hard copies of all or part of this work for
personal or classroom use is granted without fee provided that copies are
not made or distributed for profit or commercial advantage and that copies
bear this notice and the full citation on the first page. To copy otherwise, to
republish, to post on servers or to redistribute to lists, requires prior specific
permission and/or a fee.
ASSETS’09, October 25-28, 2009, Pittsburgh, Pennsylvania, USA.
Copyright 2009 ACM 978-1-60558-558-1/09/10 ...$10.00.

Figure 1: Wayfinding system front-end running on a Nokia
N95 mobile phone. A landmark-based direction is shown
with a selected photo, overlaid arrow, and text. Audio equiv-
alent to the text is also produced using the built-in text-to-
speech function. The phone is used in landscape mode to
utilize a larger portion of the screen for images. The screen
remains slid out to expose the Global Positioning System
(GPS) antenna and keypad, which the top row of keys used
to repeat directions. The center face button is used as a
Help button that requests a di  erent direction.

community, while also placing a burden on their caregivers
and community services. This paper presents the design
of an automated system for producing real-time wayfind-
ing direction delivered on a mobile device (see Figure 1),
and a user study of the system with potential users that in-
vestigates individual preferences and abilities to follow the
di  erent types of supported directions.

Our system generates directions of two core types:

1. Landmark-based directions that direct a user in
relation to a landmark. Landmarks are useful for giv-
ing users a better sense of where they’re going and
whether they’re going the right way. Landmarks may
also require higher cognitive e  ort due to the need to
recognize visual features from a photo.

2. Turn-based directions that direct a user more pre-
cisely using short messages with an iconic presentation
(see Figure 2). They usually require less cognitive ef-
fort but leave out possibly useful wayfinding detail,
which can lead to users paying closer attention to the
system. In the worst case, a user might focus too much
on these directions and pay too little attention to traf-
fic. They also require highly accurate location to min-
imize problems with message timing.

3

Figure 1. Autominder Architecture

robot, with a custom-designed and manufactured
“head”, and includes a differential drive system,
two on-board Pentium PCs, wireless Ethernet,
SICK laser range finders, sonar sensors, micro-
phones for speech recognition, speakers for speech
synthesis, touch-sensitive graphical displays, and
stereo camera systems. See [18] for details of
Pearl’s hardware and navigation algorithms.

3. THE PLAN MANAGER

The first of Autominder’s three main compo-
nents is the Plan Manager (PM). The technol-
ogy in the PM grew out of our earlier work on
plan management, in particular, the Plan Man-
agement Agent (PMA), a prototype intelligent
calendar tool [20]. In Autominder, as in PMA,
we found that it was essential that we be able
to represent a rich set of temporal constraints in
the plans: for example, we may need to express
that the client should take a medication within
15 minutes of waking, and then eat breakfast be-
tween 1 and 2 hours later. We thus model plans
as disjunctive temporal problems (DTPs) [19,24]
and use a highly efficient algorithm that we de-
veloped for reasoning about them [28,25]. DTPs
allow for both quantitative (metric) and qualita-
tive (ordering) constraints, as well as conjunctive
and disjunctive combinations of them. We have
also recently developed an approach to handling
conditional constraints [27], but we have not yet
implemented these in the PM.

Formally, a DTP is defined to be a pair <

“Toileting should begin between 11:00 and 11:15.”
660 ≤ ToiletingS − TR ≤ 675
“Toileting takes between 1 and 3 minutes.”
1 ≤ ToiletingE − ToiletingS ≤ 3
“Watching the TV news can begin at 18:00 or 23:00.”
1080 ≤WatchNewsS − TR ≤ 1082∨
1380 ≤WatchNewsS − TR ≤ 1382
“The news takes exactly 30 minutes.”
30 ≤WatchNewsE −WatchNewsS ≤ 30
“Medicine should be taken within 1 hour of
finishing breakfast.”
0 ≤ TakeMedsS − EatBreakfastE ≤ 60
“Toileting and watching the news cannot overlap.”
0 ≤WatchNewsS − ToiletingE ≤ ∞∨
0 ≤ ToiletingS −WatchNewsE ≤ ∞

Figure 2. Examples of the use of DTP Con-
straints

V,C >, where V is a set of variables (or nodes)
whose domains are the real numbers, and C is
a set of disjunctive constraints of the form: Ci :
x1−y1≤ b1 ∨ . . . ∨ xn−yn≤ bn such that xi are
yi are both members of V , and bi is a real num-
ber. A solution to a DTP is an assignment to
each variable in V such that all the constraints
in C are satisfied. If a DTP has at least one
solution, it is consistent. Within the PM, we as-
sign a pair of DTP variables to each activity in
the client’s plan: one variable represents the start
time of the activity, while the other represents its
end time. We can easily encode a variety of con-
straints, including absolute times of events, rel-
ative times of events, and event durations, and
can also express ranges for each of these. Figure
2 gives some typical plan constraints encoded in
the language of DTPs. The start (end) of a step A
is denoted AS (AE). Note that to express a clock-
time constraint, e.g., TV watching beginning at
18:00, we use a temporal reference point (TR), a
distinguished value representing some fixed clock
time. In the figure, as well as in the Autominder
system itself, the TR corresponds to midnight;
the schedule is updated each day.

COACH automated hand-washing assistance
(Mihailidis, 2008)

PEAT planning and 
execution assistant 
（Levinson, 1997)

Autominder: introduce unified 
framework of a context-aware 

prompting system (Pollack, 
2002)

Others: 
way-finding
(Liu, 2009)

Prompting Systems for Cognitive Disabilities
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Outline
✦Challenges 
✦Avoiding unnecessary prompts (e.g., system of least prompts (SLS))
✦ Decision making under uncertainty
✦ Adapting and customizing prompts
✦ Identifying the state reliably
Solution: Partially observable Markov Decision Process  
(POMDP) Computational Cost (Intractable)
 
✦ Key contributions
✦ Hierarchical Control
✦ Adaptive Prompting
✦ Selective-inquiry based dual control
✦ Robust state estimation
✦ Unified model

✦ Focus group study 
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Model Architecture
: Hierarchical Control
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System Overview
✦ Main Goal:  support schedule adherence and time management

State 
estimator

Temporal 
planner

Controller

Sensor data (RFID, motion sensor, etc)

State Assessment

System actions (prompts, inquiries)

Schedule

Breakfast: 
start [0, 30]

scheduled start: 10
scheduled end: 30

TakeMedicine:
.......

User input

Agent feedback

Decide the optimal action
Fully observable (MDP)

Partially observable (POMDP) 
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Markov Decision Process

EnvironmentAgent

Action 
a = π(s) 

Reward r

State s

• state s ∈ S
• action a ∈ A
• policy π(s): S → A
• reward r(s, a)
• dynamics p(s′| s, a)

S0 S2S1

R0 R1

A0 A1

Goal:  
find the optimal policy π* that will 
maximize 
E[r0+Υ1r1+⋄⋄⋄+Υtrt+⋄⋄⋄]

Intelligent agent interacting with the world

Part of an MDP

Υ ∈ [0,1]: discount factor

Cumulative Discounted Reward
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Solving MDPs

✦ Dynamic programming 
✦ p(s′| s, a) & r(s, a) are known  
✦ Solve Bellman equation - Value Iteration
✦ Value function V*(s) : expected cumulated reward starting from s by following π*
✦ V*(s) = max E[rt+Υ1rt+1+⋄⋄⋄+Υτrt+τ+⋄⋄⋄| s, t, π*]

                     = max_a [r(s, a)+Υ∑s′P(s′|s, a)V*(s′)] 
✦ π* = argmax_a ∑s′P(s′|s, a)V(s′)

✓Reinforcement learning 
✦ p(s′| s, a) & r(s, a) are unknown
✦ Learn from actual experience [s1, a1, r1, s2, a2, r2, ... ]
✦ Q-learning 
✦ Action value function Q(s, a) = r(s, a) + ∑_s′γP(s′|s, a)max_a′Q(s′, a′)
✦ Value update 
✦ Qk+1(s, at) = (1-α)Qk(s, at) + α(rt+1 + Υmax_aQk(s′, a))

Old Value Learned Value

Old Value
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Hierarchical Reinforcement Learning
Motivation
✦ “Flat” RL works well but on small problems.
✦ In the prompting domain:
✦ Multiple task
✦ Each task could be divided into sub-stages or subtasks. 
✦ Complex prompting behavior
✦ Need to scale up? - curse of dimensionality

Solution - Temporal abstraction
✦ include temporal extended actions: persist over a variable period of 
time
✦ semi-MDP
✦ Q update Q(s, a)
✦ System executes a in s, takes τ steps,  and transits to s′
• Qt+1(st, at) = (1-α)Qt(st, at) + α(rt+1+ γrt+2 +···+ γτ-1rt+τ + Υτmax_aQt(St+1, a))  

accumulated reward over 
temporal extended action a

Saturday, October 26, 2013



Options

Room example (Sutton et al. 1999)

G

Example Option: “Exit room by upper hallway”

Policy under one of the exit options.

✦An option is defined with: 
✦ A region of the initiated state space
✦ An internal policy π
✦ A termination condition

✦Learning over options
✦ Basic idea: treat each option 

as a primitive action
✦ Fundamental Observations: 

MDP + options = semi-MDP 
(Sutton 1999)
✦ Q update Q(s, o)
✦ Qk+1(s, o) = (1-α)Qk(s, o) + α(r+ Υτmax_o′Qk(S′, o′))  

accumulated return over option
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Control Hierarchy for Prompting

✦ Task domain {T1, T2, ..., TN}
✦ Define an option-based MDPi over each Ti

✦ Each MDPi has its own set of options Oi.

Options help progress a task through different status.

Type: start,  
Task id: breakfast

Initiation: task is ready
Termination: task is failed, underway or completed

Strategy: first prompt at tp, ...

Example Start option in the prompting domain
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The Complete Observable Control Algorithm

1. check the termination condition of the running option 
(if there is any) against the current state St, and 
terminate it when the condition is met

2. form the set of available options Ot based on the policy 
of each MDP πMDPi, and select the option with highest 
utility omax for execution

3. Run omax only when no other option is running, or 
interrupt the running option if omax is of higher priority

4. Decide an action a (wait or prompt) based on the 
prompting strategy of the running option

At each time step, the controller

Input
St: the state vector at time t

Return
a: the primitive action to be 
generated

Procedure: CO-Controller

Saturday, October 26, 2013



Conclusion

✦ System structure: state estimator, temporal planner, and controller
✦ Controller : option-based MDPs
✦Why options for prompting?
✦ support early deployment
✦ exploit problem structure
✦ specify complex prompting routine
✦ improve interpretability and facilitate design

✦ Completely observable control algorithm (CO-Controller)
✦ distribute control among individual MDPs

✦ Task independent assumption
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Adaptive Prompting
: a decision-theoretic approach
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Learn Timing of Prompt

earliest
ES

latest
LS

t

Prompt

scheduled window

tp

✦ Prompt too early - user being over reliant
✦ Prompt too late - jeopardize system 
performance
✦ User behaviors vary a lot
✦ How to adapt the timing to different 
needs? 

Approach
✦ timing as one of the features of state 
✦ RL (Rudary et al. 2004) -- exponentially increase state space

✦ timing as one of the parameters of prompting strategy of an option 
✦ learn a set of different options with fixed timings -- exponentially 
increase state-option pair
✦ adaptive prompting strategy -- avoid long period policy exploration
✦ user modeling: initiative and responsiveness
✦ decision-theoretic analysis based on the expected utility

Saturday, October 26, 2013



Adaptive Option
✦ Adaptive option adapts its strategy to different user models. 

Example: expected utility of generating a prompt at time t, EU(p, t)

EU(p, t)

U1(p, t) U2(p, t) U3(p, t)

× P1 × P2 × P3

r + V(s1) r - c1 + V(s1)  - c1 -c2 + V(s2)

＋ ＋

Considering three outcomes:
1. user initiates the action
2. user starts the action after a prompt
3. user failed to start the action

reward over the course of option
r: reward, c1: cost of prompt, c2: cost of failure

States: s1 (action is started), s2 (action is failed)

Objective: find the t that maximizes EU

P1, P2 and P3 are computed based on 
user model
• F1 probability of initiating an action
• F2 probability of responding to a 
prompt
• Reliability model (Weibull) and 
censored data analysis
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Experiment I: Simulation

Simulated Users
‣ Type I: high initiative, high responsiveness
‣ Type II: low initiative, high responsiveness
‣ Type III: low initiative, low responsiveness

✦ Method: compare the learning result of adaptive options with that of different fixed options

Consider the start options of four 
different prompt strategies 
I. no prompt
II. earliest prompt (tp = ES)
III. latest prompt (tp = LS - 5)
IV. adaptive prompt

✦ How well did the adaptive strategy adapt to 
different users?

User I

determine tp using true values of user variables
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Simulation Result

User II User III

adaptive

latest

earliest

no prompt

optimal
adaptive

earliest

latest

no prompt

optimal

diminished responsiveness

✦ How well did the adaptive strategy adapt to different users?
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Simulation Result

Scheduled (preferred) execution time ts; 

Penalized when later than ts 

User II User III

✦How well did the adaptive strategy adapt to user preferences?

Expected Delay Cost

adaptive adaptive

EUd(p, t) = EU(p, t) - EDC(p, t)

Saturday, October 26, 2013



Experiment II: Human Subjects
✦Experiment Design
✦ Subjects: 9 (6 male, 3 female), ordinary unimpaired
✦ Primary Task : sequence of randomly ordered steps
✦ Dual Task : simulate cognitive impairment

✦ mental arithmetic, i.e., multiplication

✦Procedure (individual session)
✦ Memory practice

✦ listen to the script once
✦ go through all steps once 

✦ Data collection
✦ four runs (same script) 

1. pour sugar and water into blue cup
2. pour pepper into yellow cup
3. pour water into green cup

4. stir yellow cup
5. pour salt into red cup

6. mix yellow into blue cup

Example Task Script
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Experimental Setup

✦ Sessions  
    (Four different task scripts)

I. earliest prompt
II.latest prompt
III.adaptive prompt
IV.adaptive prompt (single task) 

✦ Prompts
remind of the next step 
(text-to-speech API) 

✦Experimenter
I. select a task script
II. select a prompting strategy
III.carefully mark the start and end of 
each step, record error
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Experiment Results

✦How did the adaptive prompting 
perform compared with other strategies?

68

Figure 4.5: Overall task performance with different prompting sessions. Bar plot showing

the scores (averaged rewards over 4 trials per subject) obtained with latest (yellow), earliest

(green), and adaptive (red) prompting strategies. The rightmost bars represent the means of all

trials across all 9 subjects.

Means Difference Paired Means Difference

Adaptive - Latest: H0(null hypothesis) : A− L < 0, vs. H1 : A− L ≥ 0

p result confidence interval p result confidence interval

� 0.05 reject H0 [7.4-2.4, 7.4+2.4] 0.003 < 0.05 reject H0 [7.6-3.7, 7.6+3.7]

Adaptive - Earliest: H0(null hypothesis) : A− E < 0, vs. H1 : A− E ≥ 0

p result confidence interval p result confidence interval

� 0.05 reject H0 [4.7-1.2, 4.7+1.2] � 0.05 reject H0 [4.9-0.9, 4.9+0.9]

Table 4.1: T-test on the differences between performance scores of adaptive prompting and the

other two prompting sessions with signifcance level equal to 0.05. Results show the adaptive

strategy is significantly better than the other two strategies. Means difference are the difference

between sample means of different sessions, aggregating all the trials across subjects. Paired

Means are the mean difference between matched data pairs of each subject. Confidence interval

is 90%

✦ Did the multitasking successfully 
induce cognitive overload?

Figure 3. Overall task performance with different prompting sessions.

Bar plot showing the scores (averaged rewards over 4 trials per sub-

ject) obtained with latest (yellow), earliest (green), and adaptive (red)

prompting strategies. The rightmost bars represent the means of all tri-

als across all 9 subjects.

p result confidence interval

Adaptive - Latest: H0 : A− L < 0, vs. H1 : A− L ≥ 0
Means Diff � 0.05 reject H0 [7.4-2.4, 7.4+2.4]

Paired Means Diff 0.003 < 0.05 reject H0 [7.6-3.7, 7.6+3.7]

Adaptive - Earliest: H0 : A− E < 0, vs. H1 : A− E ≥ 0
Means Diff � 0.05 reject H0 [4.7-1.2, 4.7+1.2]

Paired Means Diff � 0.05 reject H0 [4.9-0.9, 4.9+0.9]

Table 1. T-test on the differences between performance scores of adap-

tive prompting and the other two prompting sessions with signifcance

level equal to 0.05. H0 is the null hypothesis that is used to test against

the hypothesis that adaptive prompting scores as least as high as the ear-

liest and latest prompting sessions. Results show the adaptive strategy

is significantly better than the other two strategies. Means difference
are the difference between sample means of different sessions, aggregat-

ing all the trials across subjects. Paired Means are the mean difference

between matched data pairs of each subject. Confidence interval is 90%

dual task). A specific prompting strategy was selected for de-

ciding on the generation of prompts. Task scripts differ from

session to session but stay the same for all the trials in one

session. For the first two sessions, the prompting strategies

are “earliest” and “lastest” respectively. The third and fourth

session both employ “adaptive” strategies. There was a 10

minute resting period for the subject between each session.

Results and Analysis

How did the adaptive prompting strategy perform compared

with other strategies?

The performance of the prompting strategy is measured in

terms of the system’s reward model. The reward function

is computed as the sum of the total credits obtained for the

correctly finished steps minus the cost of prompts and delay

penalty. Fig. 3 gives the averaged score (rewards) after run-

ning four iterations of the same task script for each one of

the four different prompting sessions. For all the participants,

the adaptive prompting strategy gives the best performance in

terms of the total rewards obtained. To determine whether the

sample evidence is sufficient in showing the superiority of the

adaptive prompting strategy, a significance test is applied on

the score differences between the adaptive prompting and the

other two prompting sessions. The result is shown in table .

Figure 4 gives a more detailed summary of the performance

(a) Averaged Time per Trial

(b) Averaged Number of Prompts Delivered per Trial

(c) Averaged Number of Arithmetic Questions done per Trial

Figure 4. Summarized result of different prompting sessions.

metrics in terms of the time taken to finish each trial, the

number of prompts given out for each trial, and the num-

ber of multiplications done. For all participants, the latest
prompting session (prompts are given out towards the end of

the time window) gives the longest period of running time

per trial. Obviously, no prompt or prompting too late is not

working efficiently in helping the subject remembering the

step sequence. Most participants score the highest in terms

of the number of arithmetic questions completed in the latest

prompting session. Subjects tend to do more multiplications

and wait for the prompt when they don’t remember what to do

next. On the other hand, the earliest prompting session gives

the minimun running time among the sessions under dual task

conditions. Participants are more likely to follow the prompts

which are given out immediately after the previous step is fin-

ished. As a result, most participants don’t have much time to

do multiplications (as shown in figure 4(c)) or trying to think

about the next step. The learning progress is compromised,

7

Significance Test

Significantly better

Yes
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Experiment Results

Averaged time per trial

Averaged number of prompts per trial

Averaged number of arithmetic questions 

Subject 5

Subject 6

Subject 5

Subject 5

Subject 2

The learned initiative function

Was the system able to correctly learn 
user behavior? Yes
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Experiment Results

✦ Did the participants find the prompts useful?

2

1
6

3

2

4

dislike like indifferent particularly like

Immediate prompt Later prompt

Illustration of Participants’ Preferences

Get some 
time to 
think, but 
don’t want 
to want too 
long

Adaptive 
works best

All agree 
“learning is 
the worst” 

“annoying”
“overwhelmed”
“no chance using the memory”
“no time recalling the order of 
steps”
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Summary

✦ Adaptive prompting adapts to different user needs 
✦ Adaptive prompting scores best 
✦ User modeling is done correctly 

Simulation

Human Subjects
✦ Adaptive prompting scores best across all subjects
✦ User modeling is done correctly
✦ Overall, participants responded positively to the use of prompts
✦ Immediate prompts compromise learning, and could be annoying
✦People are easily driven by prompts

✦ A relatively “later” prompt is most desirable : key to improve 
usability
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Partial Observability
: Dual control approach and unified model 
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Partially Observable Markov Decision Process

System state can not always be determined ➡ Partial Observability 
✦ Action outcomes are not fully observable
✦ Add a set of observations O to the MDP model
✦ Add an observation distribution O(s, o) to the model
✦ Add an initial state distribution I

Key notion: belief state b, a distribution over all possible system states

“where I think I am”

⇒ optimal action depends on b, a = π*(b) 

Belief update: b′(s′) = αO(s′, o)∑sP(s, a, s′)b(s)

normalizing constant

Saturday, October 26, 2013



Solving POMDP
✦ Equivalent Belief-State MDP
‣ Each MDP state is continuous belief state b
‣ Hugely intractable to solve optimally!
‣ Approximately solved offline ➡ computationally expensive
‣ Learning is difficult ➡ require extensive training instances

✦ Heuristic (Greedy) Approaches
‣ Solve underlying MDP
‣ πMDP: S→A, QMDP

‣ Choose action based on current belief state
‣ “most likely” πMDP(argmaxsb(s))
‣ “Q-MDP” argmaxa(Σ s∈S b(s) QMDP(s, a))
‣ Act optimally as if the world were to become observable after the 
next action
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Dual-Mode Control
✦ Extension to greedy approaches to allow information seeking actions
‣ Compute entropy H(b) of belief state
‣ If entropy is below a threshold, use a heuristic for choosing action
‣ If entropy is above a threshold, choose the action that reduces the 
uncertainty most
‣ In our case, choose to inquiry the user
‣ User reply is used to help reset the internal state model

✦ Selective-inquiry based dual mode control
‣ Ask only when necessary
‣ Different states lead to different actions (at least one is “prompt”)
‣ The value of inquiry action is highest among all possible actions
‣ Adaptive option supports selective-inquiry 
‣ Time of prompt action is optimal ➡ critical decision point

Saturday, October 26, 2013



Selective-Inquiry based Dual Control 
Algorithm

✦ Run on top of the completely observable control algorithm (Controller-CO)
✦ Recall Controller-CO (S) returns action a

Input
b, the belief state of 
internal state model

Return 
a′: the system action

1. If get confirmed reply after an inquiry, reset internal state model 
and set H(b) to 0.
2. If H(b) is less than threshold, select s ← argmaxsb(s), update 
system state vector S, and return a′←Controller-CO(S).
3. Otherwise, iterate through n most likely states Sn, and for each s 
∈ Sn

• construct the pseudo state vector S′ based on s
• add action←Controller-CO(S′) into the set of permissible 
actions A

4. If A contains different actions, return a′← inquiry, otherwise 
return a′← any a ∈ A.  

At each time step, the controller
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Robust State Estimation
✦ Key to dual control : estimate the belief state of the world, b
✦ State model to recognize the user activity 
✦ Hidden Markov model (HMM)
✦ Filtering
✦ Compute the belief state of current 

state given all evidence to date
✦ Estimate the current activity given a 

sequence of sensor readings, 
e.g., cup, cup, cup, none, spoon, ..., 

s1 s2 s3

o1 o2 o3

Hidden

Observe

✦ Key to selective-inquiry : implementation of adaptive option
✦ know when an activity starts, ends, suspends, and resumes

✦ Extend the model to recover the exact timing of events
✦ The current state st is unambiguous (H(b) is low)
✦ Viterbi (Most Likely State Sequence)
✦ Retrieve the state sequence that ends at st

✦ Determine the time point when activity status changes

B1 B1       B2 A1 A1

B2: end of B,  
A1: start of A

B suspends
t

Example state sequence

B1 B1       B1 A1 A1

B ends
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Evaluation
✦ Proposed unified model (I)
✓ Selective-inquiry based dual control with adaptive option 
and robust state estimation

✦ Experiment Method
✦ Simulate partially observable environment (uncertainty 61%)

✦ Compare with alternative models
✦ II never inquiry 
✦ III always inquiry
✦ IV only estimate the current state
✦ V run with a set of fixed options

✦ Evaluation Metrics
✦ System action : minimize interruptions
✦ Execution of schedule : improve adherence
✦ Inference : accurately log events

Breakfast : {cupboard, cup, spoon, cereal}
Medicine : {cupboard, cup, spoon, medicine}
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Model I Model II Model III Model IV Model V

# of inquiries
# of prompts

prompt error rate %
prompt miss rate %

system behavior

failure rate %

start delay (step)
end delay (step)

start infer failure %
end infer failure %

start infer discrepancy
end infer discrepancy

schedule execution

model inference

The smaller number is better!

Result
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Demonstrative Experiments
✦ Test the system’s performance in identifying states, generating prompts, 

asking questions and handling interruptions

✦ Two volunteer actors walk through three
scenarios.
✦ Breakfast is sequenced by taking medicine
✦ Breakfast is interleaved with taking medicine
✦ Breakfast is interleaved with watching TV

task
start 

window
scheduled

start
scheduled

end

BF [0, 30] 15 115

TM [120, 150] 135 175

BF : BF_B (preparing), BF_M (eating), BF_E (cleaning up)
TM : TM_B (getting), TM_M (taking medicine), TM_E 

(putting away)
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16 Yi Chu / Interactive Activity Recognition and Prompting to Assist People with Cognitive Disabilities

Step Real Situation Inferred
State

System action Notes

10 Start preparing BF; NO
57 Suspend eating BF; BF_M
59 Start watching TV BF_M
73 Watching TV; BF: sus-

pended, TM: not ready;
TV prompt to resume BF

√

80 Resume eating BF; NO
116 BF: resumed, TM: not

ready
BF_E prompt to stop BF

√

137 BF: completed, TM: ready NO prompt to start TM
√

142 Start getting medicine;
BF: completed, TM:
started

NO

162 BF: completed,
TM:started

NO, BF_B issue inquiry
√

If NO is true, TM
ended; if BF_B is
true, prompt to start
TM.

176 (same as above) TM_M prompt to stop TM
√

Didn’t get the reply;
state is self-resolved.

184 Finish putting away
medicine; BF: completed,
TM: completed

TM_E

Participant B: Number of ambiguous steps: 24 (13%)

Table 8
Transcript of Scenario III (participant B): interruptions by lower-priority task

Our work is also related to monitoring systems that
achieve tracking and activity recognition with a per-
vasive sensor infrastructure. One of the essential ser-
vices required for a context-aware prompting system
is an accurate tracking and activity recognition sys-
tem that reveals critical information about the user’s
context. There have been an impressive amount of
work in using various sensors including GPS, cameras,
RFID, and infrared or ultrasound badges to track peo-
ple’s activities. For example, Liao [21] has shown how
to extract a person’s activities and significant places
from traces of GPS data. Recently, the high accuracy
of HMMs for activity recognition from object touch
RFID data was demonstrated by Patterson and other
researchers [36,30] . Researchers at MIT [39] stud-
ies the potential of using a large number of simple,
low cost sensors for accurate activity recognition in
the home. Furthermore, they are exploring the simul-
taneous tracking and activity recognition (STAR) [44]
problem for automatic health monitoring in the home
environment. In [26], Mileo is proposing a logic-based
context model for monitoring the user’s quality of life,
level of acitivity and health state through the aggre-
gation and the interpretation of different kinds of in-
formation from heterogeneous sources (such as light,

position, movement, localization, load cells, etc.) The
system is also designed to identify risky situations,
i.e., fall detection, and provide prompts for prevention
through declarative policies. In [24], Moran is trying
to understand and predict the undesirable effects, such
as increases in stress, of ubiquitous monitoring tech-
nology on the user by developing a preliminary model
consisting of a series of factors believed to influence
user behavior.

7. Conclusions and Future Work

This paper presents a hierarchical POMDP model
of interactive activity recognition and prompting. The
model is expressive enough to support the design of a
prompting system that handles uncertainty, queries to
the user, and multiple prompting options. To keep the
size of the problem at a contained and practical level,
the dual control is used to handle uncertainty, adaptive
options to reduce training time and the combined fil-
tering/most likely sequence estimation to infer the tim-
ing of past events. Simulation results are presented that
showed that the unified model combining all of these
features outperforms alternatives. A common problem

Example
✦ Scenario III,  Breakfast ➱ watch TV ➱ Breakfast ➱ Take medicine

Example Transcript
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Summary

✦ System performs generally well in recognizing states, generating 
proper prompts, handling interruptions, and dealing with ambiguity
✦ 20 prompts from a total of 6 scenarios (one error)
✦ Avoid unnecessary prompts by being aware of contexts
✦ Selective-inquiry limited the number of questions
✦ 7 inquires out of 172 ambiguous steps

✦ Dual control works well in presence of partial observability
(average uncertainty rate 27%)

Human Subjects

Simulation

✦ Selective inquiry based dual control (Unified model) shows 
consistently sound performance across all measures

Saturday, October 26, 2013



Focus Group Study: Traumatic Brain Injury
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Study Methods

Sample
Group TBI Caregiver

I 4 2

II 3 2

19

1. What types of support, if any, do you need to perform everyday tasks (including at

home and work)?

2. What is it about a task you need help with?

3. How do you accomplish these tasks now? What works well, what doesnt?

4. What additional types of support or accommodations would be helpful, if available?

5. Current use, comfort and familiarity with technology.

6. What technology was tried and failed and why?

7. What concerns do you have about the reliability of technology? What if software or

services stop working?

8. Where do you fall on the spectrum of wanting technology for independence versus

wanting assistance from a caregiver?

Table 2.1: Example questions presented to the focus group.

transcribed by a court reporter with digital recording for backup. We asked participants

a series of open-ended questions (see table 2.1).

Analysis We analyzed the data using standard qualitative methods (Yorkston et al.,

2010). Specifically, the transcripts from the focus groups were analyzed in two ways.

First, we identified the range of responses in certain categories. For example, we iden-

tified the different types of technologies used by participants. For these categories, we

just reported what participants told us. Second, we analyzed the transcript qualitatively

looking for themes that cut across categories. For example, participants frequently

talked about psychosocial factors that affect their decision making and use of cognitive

supports (e.g., anxiety, frustration).

Data Collection 

Analysis
✦Standard qualitative methods
✦ identify categories
✦ identify themes across 
categories
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Results

Needs Use

Attitudes

Support

21

Task Support Needs
• Adhering to schedules
• Initiating activities
• Performing complex tasks
• Social interactions
• Learning new tasks
• Navigation & path finding
• Attention Control

Need for Support

Psychosocial Support Needs
• Information overload
• Social miscues
• Distractibility
• Environmental stimuli
• Isolation

Memory Support Needs
• Early reminders
• Immediate prompts

Technology as Support
• Cell phones
• Computers
• Cameras
• Textual reminder
• Assistive Technology
• Video games

Successful Strategies
• Active engagement
• Repetition

Challenges
• Reliability of technology
• Maintenance of technology
• Complexity of technology
• Accessibility

People as Support
• Emotional support
• Memory support
• Organizational & scheduling support

Users and Caregivers
• Users want technology for  
independence but do not want to do away 
with caregiver support
• Caregivers report that human support is 
integral; need for emotional support; 
people promote personal relationship

Interest in New Technology
  Positive as long as:
• it is easy to use
• helps to connect user and caregiver
• includes training in use

Use of Support

Attitudes Toward Support

Figure 2.1: Categories of Core Themes: Support Needs, Uses and Attitudes

for the afternoon pill today is Tuesday. And if that Tuesday little thing is already open,

then I’ve taken it; if not, then I take it.”

Keeping appointments and a daily schedule was another big challenge for our par-

ticipants. The most commonly used strategy is to keep notes of what needs to be done
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Implications for Technology Design

✦ Verbal prompts are more 
effective than written ones.  
✦ Textual reminder fails
✦ Difficulty in initiation
✦ Immediate prompt helps with 
short-term memory

“Because, when I give him cues, everybody says 
he does so well with cues. Heʼs hearing my voice. 
Not only that Iʼm his wife, and Iʼm pretty strong. But I 
think the cues are really important. The cues of 
“You need to do this.ʼ”

“I think people with brain injuries need verbal 
commands, verbal memory, verbal whatever it 
is.  You speak into it.” -- caregiver

✦ Earlier, repeated 
prompting helps to avoid 
surprises and allow for 
preparation time.  

I donʼt like to find out today that I have to go to a doctor 
today. It has to be two or three days so that I can 
prepare myself, ...... Now tomorrow I have to go to the 
doctor, but to wake up and then have my phone say ʻdoctor 
at 12:00,ʼ Iʼm panicked. Iʼm really disturbed with that. 
So if everything comes to me slowly, then Iʼm prepared 
for it”

I “I said don't put the seats down in the car.  He's going to pack the car. ......But the first thing he did is put the seats 
down.......  So it's those kinds of things that the short term memory is  oh, she said not to put the seats down.  
It's something that could come back at you right away and say okay, I was supposed to this.  Now don't put the 
seats down......Talks back at you right away, that it could be  you know that's more interactive.” -- 
caregiver.
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“I Because I think a telephone can't go and 
say, yay, you did it!  You need that 
positive input I think every once in a 
while. And phones can't give a hug, so 
you got to have that. You got to have it.” -- 
caregiver. 

“But interaction with -- having another individual is more in promotion 
of developing --than using a piece of technology.  That's different.  
The technology is in promotion of relying upon it, where the person, 
it ends up being in promotion of, you know, that's -- developing 
further or, you know -- Personal relations.” -- caregiver. 

But isolate, you isolate or you spend too much time farming on 
Facebook or you know, these virtual  I caught myself ......   It's 
usually  but it's very isolating.” -- patient

✦ People are an important part of 
the broader support network.
✦ Emotion feedback
✦ Promote personal relations 

✦ Technology is not only designed 
for patients.

“ a thing on my phone because Iʼm always 
worried (Ben) is going to get lost and I track 
his phone. So I know where he is all the time. 
And itʼs a safety it makes if me feel better 
to know that heʼs okay.” -- caregiver

“I think that some way to connect you 
with your partner, if technology-wise 
would be great.  Because then I have a 
calendar -- like I have a lot of things that go on 
in Seattle, and we live in Maple Valley, and so 
he isn't always aware of where I'm going to be 
going.” -- caregiver

Implications for Technology Design
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Conclusion
“Sometimes people are there and sometimes they're not.  So if I was able to have 
something with me all the time, I would -- it would be more reliable, and then I would be 
more independent…” -- patient

Patient 

Caregiver Technology

support support

support

Broader Support Network

✦ Technology
✦ increase independence
✦ Availability of training
✦ Design challenge

✦ Human 
✦ Essential role
✦ Not always available
✦ Expensive, time intense

Technology should be viewed as an opportunity to increase independence 
while providing a way to communicate support needs on an as-needed basis

diminished quality of life, increased level of 
anxiety, poor self-esteem, and social isolation 
(Burns and Rabins, 2000)
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Conclusions
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✦ A unified model that integrates the sensing, planning, prompting and user
✦ Scale to large of set of tasks that are divided into subtasks
✦ Explored the following issues :
✦Hierarchical control
✦Set of option-based MDPs, on-line learning and planning

✦  Adaptive prompting
✦Adaptive option implements decision-theoretic analysis

✦  Partial Observability
✦  Selective-inquiry based dual control algorithm
✦  Robust state estimation
✦  Unified model

✦ Focus group study 
✦broader support network that includes people as essential element

✦ Future work
✦Test wit clinical populations
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