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Date TP FP FN TN PR RC

27/3/2003 1 1 1 12 50% 50%
28/3/2003 3 0 1 11 100% 75%
29/3/2003 5 1 3 11 83.3% 62.5%
30/3/2003 4 1 2 7 80% 66.67%
31/3/2003 2 0 1 9 100% 66.67%
1/4/2003 5 0 0 9 100% 100%
2/4/2003 3 0 2 17 100% 60%
3/4/2003 2 1 1 12 66.67% 66.67%
4/4/2003 4 1 0 13 80% 100%
5/4/2003 5 0 0 8 100% 100%
6/4/2003 7 0 2 11 100% 77.78%
7/4/2003 5 0 2 8 100% 71.42%
8/4/2003 5 1 0 7 83.3% 100%
9/4/2003 7 1 0 10 87.5% 100%
10/4/2003 6 3 1 16 66.67% 85.7%
11/4/2003 4 3 1 12 57.1% 80%

Total 68 13 17 173 84% 80%

(5Ol
Method PR RC FM ACC
BDS 69.4% 88.3% 77.7% 81.4%
2LDS 84.7% 93.5% 88.9% 92.34%
3LDS 88.2% 80% 84.2% 86.6%
proposed method 84% 80% 82% 88.9%
PR= precision, RC= recall, FM= F-measure, ACC= accuracy.
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Proposed | Comparison Comparison
method with 2LDS with 3LDS
mean 0.890 0.896 0.854
variance 0.0048 0.0151 0.0186
observations 16 16 16
hypothesized 0 0
mean difference
df 15 15
t-Stat -0.1908 1.0371
P(T<=t) one-tail 0.4256 0.1580
t-critical one- 1.7530 1.7530
tail
P(T<=t) two-tail 0.8512 0.3161
t-critical two- 2.1314 2.1314
tail
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NBC (solpsuin 559 3 o0l Cawsd 4 guls F-Y Jgus
HSMM s HMM

Method Feature PR RC FM ACC
raw data 74.4% 58.4% 64.9% 77.6%
NBC change-point | 73.5% 53.3% 61.3% 56.3%
last-Fired 86.8% 74.6% 80.0% 95.9%
raw data 56.7% 66.3% 60.0% 61.0%
HMM change-point | 81.5% 84.2% 82.6% 90.1%
last-Fired 76.4% 84.0% 79.6% 93.0%
raw data 57.3% 67.7% 60.8% 62.0%
HSMM change-point | 82.1% 84.9% 83.2% 91.5%
last-Fired 81.1% 86.8% 83.5% 95.0%

----- 86.7% 84.4% 85.5% 94.2%

proposed
method
PR= precision, RC= recall, FM= F-measure, ACC= accuracy.
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1D Sensor Type Sensor Domain Sensor Events
MI15 Motion (Discrete) Dyo; = {"ON","OFF"} MO1 ON, M0l OFF
T03 Temperature(Continuous) Dro; ={1,2,3} T03 1, T03 2, T03 3
D07 Switch Sensor (Discrete) Dpoy; = {"CLOSE","OPEN"} DO07_CLOSE, D07_OPEN
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1. Input
2. Annotated training set: ® = {x{r,|i = 1,..., L}
3. Formulated DCP problem (equation (7)): P
4, Maximum and minimum of 4, and y: Max,, Min,;, M ax, M in,
5. Output
6. Set of possible PBVs: E
7. Set of discrete intervals: [
8. Regularization parameters: 4, y
9.  Variables
10. Discretized training set: D’
11.  Body
12. [1,D'] = Discretization(D)
13. E = Compute_PBVs(D")
14. [4 /] = Grid_Search(P,E, D', Max,, Min,, Max,, Min,)
15. End

0 igel Al po oS A F-F S

1 Input

2 Input sensor data stream: xqy.; = Xq, ..., X7

3 Set of discretized Intervals: I

4. Set of PBVs: F

5. Formulated DCP problem (equation (7)): P

6 DCP regularization parameters: A,y

7 Output

8 Sequence of inferred activity IDs: ly.;r = Iy, ..., Iy
9 Variables

10. Matrix of PBVs: BeR™*™ //i’th row (i.e. B;) is the i’th PBV
11. Matrix of SBVs: M eR™*™ //i’th row (i.e. M;) is the i’th SBV
12. Body

13. Fori=1toT

14. If x; is continuous

15. x; = Discretize(x;,I)

16. End

17. B; = Extract_PBV(x;,E)

18. End

19. M = Solve With_CCP(P,B,\,Y)

20. Fori=1toT

21. li = argmax;, ny(M; )

22, End

23. End
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Activity ID HMM DCPAR HMM DCPAR HMM DCPAR
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2 0.729 0.926 0.860 0.750 0.790 0.829
3 0.809 0.742 0.862 0.759 0.834 0.750
4 0.181 0.696 0.244 0.682 0.208 0.689
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7 0.720 0.781 0.645 0.865 0.681 0.821
8 0.842 0.912 0.853 0.862 0.847 0.886
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Variance 0.052 0.008 0.046 0.006 0.049 0.005
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Precision Recall F-Measure
Activity | CIGAR | SMSA | SMAA | DCPAR | CIGAR | SMSA | SMAA | DCPAR | CIGAR | SMSA | SMAA | DCPAR
1D

1 0.654 ] 0.117 1 0.923 ] 0.937]0.027 ] 0.973 | 0.575 ] 0.808 ] 0.052 | 0.209 | 0.709 | 0.867
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5 0.753 0.805 0.936 0.904 0.834 0.852
6 0.797 0.874 0.890 0.884 0.841 0.879
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Input:
b = x4, ..., x7: Users’ aggregate data.
Q: Number of candidate particles in each time span.
k: Maximum number of residents.
score(H%): The scoring function, that returns a real score for particle Hf .
extend (H, S5™Y): The extension function.
Output:
HI...: The best particle at time span T.
Variables:
H' = {H!|i = 1, ...,n.}: The set of extended particles from time t to t + 1.
Body:
12. H® = H? = [/]jxo // Matrix of k empty channels.
13. fort=0toT -1
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—

14. Sitt={s|s€{l,..,n},and xpy15 = 1}
15. H™! = extend(H', Sj**

16. H'*' = sort(H'*!, @score)

17. H'*' = select(H'™1,Q)

18. End

19. Hps = Hf

20. End

21.
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1. Inputs:

2. H' = {HL|i = 1, ..., Q;}: Set of candidate particles at time t.

3. SE*1: Set of activated sensor IDs at time t + 1.

4. Q: Maximum number of candidate particles.

5. score(H): The scoring function, that returns a real score for particle H.

6. Output:

7. H*1: The set of extended particles from time t to t + 1.

8. Variables:

9. k: Maximum number of residents i.e. number of channels.

10. Body:

11. H = augument(Ht) /I add an empty time slice to the channels of particles in H*

12.  fori=1to|S{™Y

13. cur_sens = SEt1(i) // select the i’th activated sensor ID from S§**

14. new_particles = {}

15. for j =1to |H" | // for each particle of H*! in the previous round

16. forl =1to k / for each channel in a particle

17. H = H;+1 // initiate a new particle, named H

18. Hiip 1 = H; 1 Ucur_sens /add S§(i) to the I'th channel of H

19. new_particles = new_particles U H //add H to new_particles

20. end

21. end

22. remove_repeated(new_particles). //discard particles with identical ~channel
permutations to avoid repeated particles

23. Ht+1 = new_particles // update H**' with newly generated particles

24. HtH = SOTt(Ht+1, @score) // sorting H'*! according to a scoring function

25. H'' = select(H!*', Q) // selecting at most Q best particles

26. end

27. Ht+1 — Ht+1

28. End
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1. Inputs:

2. HY .- The particle including k users’ data channels.
3. Output:

4. E = {E;, ..., Ex}: Set of sensor event streams. E; is the i ’th stream.
5. Variables:

6. e;. I'th sensor event.

7. Body:

8. fori=1tok

9. forj=1toT

10. if [Hg;est]i'j € e

11. add e; to E},

12. end

13. end

14. end

15. End
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Fill medication dispenser.

Hang up clothes.

Move the couch and coffee table.

Sit on the couch and read a magazine.
Water plants located around the apartment.
Sweep the kitchen floor.

Play a game.

Set out ingredients for dinner.

Set dining room table for dinner.

Read a magazine.

. Simulate paying an electric bill.
Gather food for a picnic

. Retrieve dishes from a kitchen cabinet.
Pack supplies in the picnic basket.

. Pack food in the picnic basket.
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Precision Recall F-Measure

Activity ID DCll:?R+ CHMM | o pe DC£?R+ CHMM | o pe DCI;?R+ CHMM | L oo
1 0.543 0.470 0.510 0.996 0.881 0.891 0.703 0.613 0.649

2 0.687 0.535 0.582 0.891 0.829 0.893 0.775 0.650 0.705

3 0.629 0.733 0.813 0.567 0.456 0.361 0.596 0.563 0.500

4 0.588 0.436 | 0.493 0.374 0.268 | 0.305 0.457 0.332 | 0.377

5 0.650 0.771 0.860 0.429 0.266 0.360 0.517 0.395 0.507

6 0.932 0.537 0.577 0.751 0.285 0.394 0.832 0.372 0.469

7 0.780 0.566 | 0.702 0.962 0.748 | 0.776 0.861 0.645 | 0.737

8 0.657 0.635 | 0.744 0.607 0.475 | 0.554 0.631 0.544 | 0.635

9 0.493 0.570 0.624 0.931 0.624 0.676 0.645 0.596 | 0.649
10 0.581 0.494 0.545 0.470 0.367 0.376 0.520 0.421 0.445
11 0.486 0.465 0.553 0.553 0.330 0.346 0.517 0.386 0.426
12 0.506 0.419 | 0.553 0.944 0.797 | 0.874 0.659 0.549 | 0.677
13 0.859 0.465 | 0.533 0.527 0.558 | 0.598 0.653 0.507 | 0.564
14 0.962 0.491 | 0.609 0.635 0.335 | 0.324 0.765 0.399 | 0.423
15 0.910 0.654 | 0.616 0.494 0.256 | 0.278 0.640 0.368 | 0.383
Average 0.684| 0.549 | 0.621 0.675| 0.498 | 0.534 0.651| 0.489 | 0.543
Variance 0.025 0.011 | 0.011 0.044 0.048 | 0.050 0.013 0.012 | 0.014

PF = Particle filter
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CPAR+PF g DCPARHPF asslio ¥-0 Jsuz

Precision Recall F-Measure
Activity ID DCPAR+ | CPAR+PF | DCPAR+ | CPAR+PF | DCPAR+ | CPAR+PF
PF PF PF
1 0.543 0.278 0.996 0.983 0.703 0.433
2 0.687 0.541 0.891 0.927 0.775 0.683
3 0.629 0.559 0.567 0.606 0.596 0.582
4 0.588 0.374 0.374 0.307 0.457 0.337
5 0.650 0.437 0.429 0.578 0.517 0.498
6 0.932 0.835 0.751 0.615 0.832 0.708
7 0.780 0.671 0.962 0.933 0.861 0.780
8 0.657 0.438 0.607 0.487 0.631 0.461
9 0.493 0.288 0.931 0.892 0.645 0.435
10 0.581 0.638 0.470 0.358 0.520 0.459
11 0.486 0.702 0.553 0.373 0.517 0.487
12 0.506 0.416 0.944 0.968 0.659 0.582
13 0.859 0.860 0.527 0.236 0.653 0.371
14 0.962 0.893 0.635 0.412 0.765 0.564
15 0.910 0.832 0.494 0.516 0.640 0.637
Average 0.684 0.584 0.675 0.613 0.651 0.534
Variance 0.025 0.041 0.044 0.064 0.013 0.015
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Abstract

Nowadays, development of smart homes, aiming at human convenient lives, has
garnered substantial attentions. This issue is motivated by assisting elderly and infirm
individuals, providing high levels of security, energy management, and medical
healthcare. Making decisions on how to provide essential services, is carried out based on
the residents’ activities. So, human activity recognition (HAR) is of crucial importance in
such environments. For this purpose, various sorts of sensors are hired to collect users’
data. The acquired data is further processed via data mining and machine learning

techniques to infer human activities.

Most of the current HAR approaches are based on simplified presumptions and real
world complex circumstances are seldom taken into account. Such presumptions are
restrictive and not applicable in many realistic scenarios. Some of the predominant
common presumptions include: considering sequential activities, single subject
environments, and neglecting the uncertainty in sensors’ data and inference. It is
necessary to reduce the effects of these assumptions in HAR schemes to make them
applicable in empirical situations. In the presented thesis, we aim at developing a HAR

scheme in such circumstances.

Regarding the above-mentioned circumstances, we propose a three layered HAR
architecture. The layers pertain to data acquisition, single-subject HAR, and multi-subject
HAR, respectively. In the first layer, namely data acquisition, users’ data are collected by
various environmental sensors and catered for the next layers as a sensor data stream. The
second layer, i.e. single-subject HAR layer, achieves HAR regarding the mitigation of
uncertainty in inference. In the third layer, i.e. multi-subject HAR layer, individual data
traces are modeled and extracted out of users’ aggregate data. Afterwards, users’ activities
are inferred on the extracted data traces using the procedures presented in the second
layer. Results show that the proposed architecture can outperform common HAR

approaches that are generally based on probabilistic graphical models.

Keywords: smart homes, activity recognition, uncertainty, multi-subject

environments, dense sensing, wireless sensor networks.
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