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Dataset House | Appliance Type Detected Power (subme- Detected Power (aggre-
tered) gated)
REDD 1 oven, fridge, dishwasher, mi- [1680 2478], [200 420], [50 210 [55], [200], [250], [410], [710],
crowave, stove, washer dryer 410 890 1115], [65 110 270 [890], [1078], [1368], [1620],
300 620 1405 1505], [260 710 [17425], [2270], [2504], [2670]
1440], [2705]
REDD 2 kitchen outlet 1, lighting, [130 210 770], [123], [410], [40  [90], [145], [245], [310], [410],
stove, microwave, kitchen 1718 1850], [1050], [160 420]  [600], [770], [937], [1060],
outlet 2, fridge [1752], [1885]
REDD 3 fridge, dishwasher, washer [100 400], [210 525 730], [70], [120], [205], [270], [370],
dryer, microwave, bathroom  [2265], [120 540 1698], [860 [535], [730], [960], [1274],
gfi, kitchen outlet 960 1285 1605, [40 365 900 [1676], [1835], [2197), [2367],
1220 1520] [2630]
ECO 1 fridge, dryer, coffee machine, [40], [250 440 785], [50 1225], [105], [245], [335], [545], [900],
kettle, washing machine, PC [1800], [90 180 250 365 21688], [1232], [1800], [2170]
[72]
ECO 2 diswasher, fridge, entertain- [120 2132], [70], [55 175], [50  [110], [190], [280], [510],
ment (stereo system and 310], [50 1840], [80 185] [18689], [2108]
TV), Freezer, water kettle,
dimmable lamp
ECO 3 fridge, kitchen appliances [100], [67 190 280 445 650 [80], [135], [195], [265], [435],
(coffee machine, bread baking 785 1065 1545], [130], [100 175  [668], [841], [1007], [1185],
machine and toaster), lamp, 280], [120], [40 1365 1485] [1386], [1565]
freezer, entertainment (stereo
and TV), microwave
GREEND 1 coffee machine, washing ma- [60 148 470 570 1225 1265], [110], [239], [448], [540],
chine, fridge, dishwasher, wa- [70 155 210 260 423 1898], [1267], [18967]
ter kettle, vacuum cleaner (55 140 240], [40 1900], [1790],
[1220]
GREEND 2 fridge, dishwasher, water ket-  [80], [80 1725], [850], [90 173  [92], [182], [845], [1583],
tle, washing machine, dryer, 1910], [1580], [60] [1775], [1900]
bedside light
GREEND 3 TV, washing machine, dryer, [110 235 285 360], [125 245 [110], [295], [530], [863],
dishwasher, kitchenware, cof- 358 1998 2100], [70 160 2358  [1043], [1230], [1635], [1920],
fee machine 2550], [70 2002], [120 1235], [2093], [2355], [2554], [2830]
[65 125 540 882 1047 1220
1630

Table 1: List of datasets (REDD, ECO-dataset, GREEND) with 6 chosen appliances and their appliance power states
detected for submetered power draws and the aggregated power draw.

4.2 Identification of Appliance Power States

To be able to compute the two complexity measures,
the set of all possible (or at least occurred) power states
is required. If meta data provides this information, it
could be used, but for most datasets this information
is either not provided or not in the desired extent. Ac-
cordingly, the most obvious approach would be to use
expert knowledge to identify the appliance states and
their power demand. But this process is time consuming
and erroneous. Therefore, an automatic state detection
algorithm is required. In this paper we used an auto-
matic state detection described in [23] and state results
provided by NILMTK [24]. NILMTK is an open-source
toolkit to evaluate the accuracy of NILM approaches.
At first, we concentrate on the state detection provided
in [23]. It automatically detects the most common power
states in any used power draw. The state detection can
be done from submetered measurement data or from
the aggregated power measurements. For both scenarios
different outputs are produced in which the submetered

measurements can produce multi-state power states
of appliances. Consequently, similarities between appli-
ances and their power states are possible. In contrast the
aggregated power measurement data is producing a set
of power states without any information of appliances
and their number of states. It is only detecting different
power states and not different appliances. Considering
this input case, no similarities between appliances are
possible. The algorithm tries to find a unique set of
power states. However, we want to clarify that the use
of this detection approach is not necessary for the calcu-
lation of the complexity values. The complexity values
can be applied to any detection approach providing a
set of appliance power states in which the appliances
are described as on/off or multi-state appliances. There-
fore, the second used approach of this paper is provided
by NILMTK. In detail, this toolkit is an open-source
Python toolkit? providing two implemented load disag-
gregation approaches: combinatorial optimisation (CO)

2 https://github.com/nilmtk/nilmtk



D-A-CH+ Energy Informatics 2016 - Klagenfurt - Austria

87

and factorial hidden Markov model (FHMM). The CO
approach is based on the seminal work of Hart [1] and
the FHMM approach is based on extension of the works
[25] and [26]. These two algorithms provide appliance
model information such as power states used by the al-
gorithm. This state information from NILMTK is used
by our complexity measures. All other case studies and
their corresponding appliance states are created by the
algorithm proposed in [23].

The results are listed in Table 1. The detected states
for NILMTK are provided in Table 3.

4.3 Load Disaggregation Algorithms

The proposed complexity values should describe the
hardness to disaggregate power draws. To get an idea
how meaningful the proposed complexity approaches
are, the results should be compared to the results of an
appropriate and suitable load disaggregation approach.
This comparison should give a quantitative feedback
if the complexity value is meaningful according to the
used load disaggregation algorithm. We claim that the
load disaggregation approach needs to have the same
inputs as described in Section 2 to be able to provide
meaningful results. Therefore, we used the approach of
[27] and the approaches provided from NILMTK [24].
In [27], the approach is based on Particle Filtering (PF)
and used appliance models created by Hidden Markov
Models (HMM)s. The aggregated power draw is mod-
elled by an Factorial Hidden Markov Model (FHMM).
For the evaluation the PF is parametrized as in [27] in
which the number of used particles, as most important
parameter, is set to 1000 particles.

As mentioned in the previous section, NILMTK pro-
vides two implemented load disaggregation approaches.
One approach is based on combinatorial optimization
and the other approach is based on FHMM.

5. Case Study

5.1 Appliance Set Complexity for Different Datasets and
Different Sets of Power States

As described in the previous sections, the appliance set
complexity is aiming to describe the complexity of the
used appliance set without considering the appliance
usage over time. Therefore, the most relevant parameter
are the used power values for each appliance power state
and the value® o = 5W representing measurement and
model uncertainties. These power states are identified

3 o = 5W is valid for the whole paper and was empirically

identified as sufficient

for each appliance using the algorithm presented in
Section 4.2.

‘ submetered aggregated
Dataset House

\ maxr  mean  Mmar  Mmean
REDD 1 16.91 7.88 2.28 1.48
REDD 2 6.170 2.62 2.32 1.33
REDD 3 21.39  8.69 1.98 1.32
ECO 1 6.65 2.88 2.67 1.36
ECO 2 12.06 4.75 1.44 1.04
ECO 3 16.62  6.53 1.59 1.15
GREEND 1 18.20 7.17 2.01 1.19
GREEND 2 4.46 2.18 1.36 1.07
GREEND 3 48.36  24.43 1.87 1.18

Table 2: List of mean and maximum of the appliance set
complexity for each house and dataset

In this case study the appliance set complexity is
tested on the appliance set based on aggregated power
readings and on submetered power readings from Ta-
ble 1. As input for the complexity computation a vector
of all possible power state combinations of the appli-
ance set is used. The results are presented in Table 2
using the mean and the maximum value of the appli-
ance complexity. The complexity values for submetered
data are higher and therefore more complex than for the
aggregated power readings. As reason we claim that sim-
ilarities between appliances are getting lost in the case
of aggregated loads due to the inability to distinguish
between appliances. With aggregated power readings it
is only possible to distinguish between different power
states. This also leads to the fact that the problem
complexity for the same house of a dataset differs be-
tween appliance sets created by the aggregated or the
submetered power data. This strengthens the need of
a complexity measure due to different preprocessing
stages of power data. However, appliances produced by
submetered data are affected by power state similarities
and have therefore a higher appliance set complexity.
We also provide Figure* 3 which presents the appliance
set complexity for each dataset over all possible power
state combinations. It is based on the appliance states
produced by the submetered power readings. The plot
shows for each possible power state combination the
appliance set complexity. The color white means that
the appliance set complexity is zero because this power
value is not producible by a combination of saved power
states for a certain dataset and house. The appliance
set complexity starts from green (low complexity), blue
(medium complexity) and ends at red (high complexity).
The colors are normalized according to the dataset with

4 For readability please consider coloured prints
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Dataset House | Appliance Type Detected Power (CO) Detected Power
(FHMM)
REDD 1 washer dryer, microwave, [0 452 2779], [0 71 1518], [0 [0 668], [0 4 998], [0 67], [0 2
light, socket, fridge, light 65 98], [0 82 282], [0 193 459], 90], [0 6 200], [0 22 54]
[0 23 70]
REDD 2 microwave, sockets, sockets, [0 45 1839], [0 14 775], [0 285 [0 10 1730], [0 5 721], [0 1
light, fridge, dishwasher 1058], [0 29 146], [0 162 428], 1052], [0 9 132], [0 6 165], [0
[0 209 1198] 2 1198]
Table 3: List of detected power states for NILMTK with CO and FHMM
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Fig. 3: Colormap of the appliance set complexity for the REDD, ECO and GREEND houses over all possible power

combinations.

the maximum occurred appliance set complexity. Fig-
ure 3 shows which dataset and house is more complex
according to the used power states presented in Table
1. For example, house 2 of the GREEND dataset has a
very low appliance set complexity while house 3 of the
same dataset has a very high and tight appliance set
complexity.

5.2 Time Series Complexity for Different Datasets and
Different Sets of Power States

The appliance set complexity gives feedback about the
complexity of the used appliances by comparing their
power states and appliance structure. For the load dis-
aggregation problem another important factor is the
influence of the appliance usage over time. This consid-
ers how and when appliances are operated which could
be for example user driven (e.g., coffee machine, TV)
or periodically activated (e.g., fridge). The proposed
time series complexity considers this circumstances in
its computation. For the evaluation of this complexity
measure the time series of all houses and datasets for
an observation window of half day are considered. The
input for the complexity computation are the measure-
ment samples which are combinations of possible power
states affected by noise. In contrast, the appliance set

complexity considers power state combination without
noise as input for the complexity computation. As for ap-
pliance set complexity, appliances based on aggregated
and submetered power data are used. In Table 4 the
mean and the maximum of the time series complexity
for all houses and datasets are presented. The time series
complexity is highly affected by the appliance usage.
We claim that even complex appliance sets as the house
3 of the GREEND dataset can have a low time series
complexity when the appliances are sparsely used over
time. Thus, the appliance set complexity and the time
series complexity do not necessarily correlate. A snippet
of a time series of house 3 of the ECO dataset with
corresponding complexity values for each measurement
sample is presented in Figure 4. The colors white and
green means low complexity, blue means medium com-
plexity and red means high complexity. The coloring
is normalized to maximum occurred complexity value
for the considered observation time and measurement
samples. Comparing the colormap with the time series
shows that overlapping behavior results in an increased
and high complexity value while high power values do
not necessarily results in a high complexity.
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Fig. 4: Time snippet of the power readings for house 3 (ECO dataset) with a colormap of the time series complexity per

sample

‘ submetered aggregated
Dataset House

‘ max mean max mean
REDD 1 13.79 1.04 1.62 0.50
REDD 2 5.39 0.54 2.32 0.11
REDD 3 17.54  1.07 1.98 0.35
ECO 1 3.71 0.95 2.62 0.15
ECO 2 11.99 2.86 1.11 0.19
ECO 3 14.77 491 1.57 0.41
GREEND 1 7.7 0.89 1.06 0.12
GREEND 2 4.305 091 1.35 0.50
GREEND 3 45.01  3.67 1.81 0.04

Table 4: List of mean and maximum of the time series
complexity for each house and dataset

5.3 Load Disaggregation of Complexity Marked Power
Readings

In this case study the results of the complexity measures
are compared with the results of a NILM approach on
the same power data. The aim is not to evaluate the
used disaggregation approach. This evaluation should
give a feedback about the suitability and meaningfulness
of the proposed complexity measures. As described in
Section 4 we used the load disaggregation algorithm
from [27] which is able to handle on/off and multi-state
appliances and the NILMTK framework of [24].

5.3.1 Evaluation based on the approach of [27]

Table 5 shows the appliance set and models identified by
the submetered measurements. We assume the availabil-
ity of ground truth data for the evaluation as reason to
use the submetered data and not the aggregated power
readings. The appliance set detected in Table 5 com-
pared to the listed ones in Table 1 are different because

Dataset House ‘ Appliance States
REDD 1 [1690 2455], [190] [210 410 880 1110}, [60
1533], [260 710 1440] [2712]

REDD 2 [770], [145], [410], [1875], [1050], [160]
REDD 3 [120], [210] [2255], [130 1740], [960 1290
1610], [360 900]

ECO 1 [40], [780], [50 1205], [1795], [80], [90]

ECO 2 [120 2060 2170], [70], [55 178], [50], [1845],
[160]

ECO 3 [100], [55 1085 1520], [130], [100], [120],
[1330 1567]

GREEND 1 [50 1270], [55 1840], [50 140], [40 1900],
[1790], [1220]

GREEND 2 [80], [80 1730], [850], [90 160 1910], [1580],
(60]

GREEND 3 [60], [72 2020], [160 2415], [70], [1230],
[1030]

Table 5: Appliance set used by the load disaggregation
approach.

the appliance state identification algorithm from Sec-
tion 4 was considering only the most common appliance
power states. We defined power states as most com-
mon appliance power states if a detected power state
occurred as often as 15% of the maximum occurred
power state. We used power readings of a whole day
to calculate the time-series complexity. The load disag-
gregation algorithm is evaluated according to the real
and estimated energy per kWh on appliance level and
to the aggregated power readings. The results for each
house and dataset for all used appliances are shown in
Table 6.

Less complex time series, like in REDD house 2, are
easier to disaggregate than more complex time series,
as for instance ECO house 2. Similar power states as
for example in house 1 and 2 in the ECO dataset are
highly affecting the load disaggregation result. In the
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Dataset House¢ App. 1 App. 2 App. 3 App. 4 App. 5 App. 6 Total AC TC
real/est. real/est. real/est. real/est. real/est. real/est. | real/est. mean/mar  mean/maz
REDD 1 0.13/0.22 1.27/0.98 0.31/0.43 0.53/0.21 0.003/0.32  0.0/0.06 2.23/2.21 2.97/9.06 0.41/4.64
REDD 2 0.19/0.13  0.82/0.99  0.05/0.28  0.29/0.05  0.24/0.20 1.67/1.44 | 3.26/3.01  2.01/4.69  0.23/1.27
REDD 3 1.08/0.94 0.16/0.25 0.70/0.78 0.20/0.29 0.69/0.87  0.33/0.34 | 3.17/3.46 1.69/3.78 0.40/4.09
ECO 1 0.54/0.35 0.001/0.04  0.23/0.26  0.0002/0.02 0.002/0.34 0.49/0.26 | 1.27/1.27  1.469/2.69 0.84/2.59
ECO 2 0.0/0.05  0.53/0.61 0.86/0.067 0.71/0.54  0.30/0.31 0.01/0.82 | 2.39/2.40  2.72/5.83  0.758/3.038
ECO 3 0.66/1.18  0.48/0.32 0.073/1.55 4.18/1.26  0.54/1.46 0.42/0.48 | 6.30/6.25 2.34/6.45  0.54/2.66
GREEND 1 0.11/0.29 0.0/0.10 1.20/0.32 0.01/0.41 0.0/0.03 0.0/0.081 | 1.32/1.24 2.57/6.04 1.08/5.15
GREEND 2 0.55/0.43  0.81/0.04 0.0/0.03 0.0/0.04 0.19/0.82  0.0/0.196 | 1.56/1.55 1.07/1.27 1.002/3.023
GREEND 3 2.59/0.49  0.93/0.94 1.94/1.60 0.65/0.58 0.08/1.50  0.19/1.40 | 6.37/6.48 1.73/4.01 0.42/2.15

Table 6: List of the load disaggregation result (real and estimated) on appliance level and in total for all houses and
datasets. For comparison also the appliance set complexity (AC) and time-series complexity (TC) are shown.

case of similar power states the algorithm is not able to
distinguish between appliances with similar power states
which is supporting the need of a common complexity
measure for load disaggregation. By using a different
power state identification setting also the appliance
set complexity compared to the previous case studies is
different. This also strengthens our assumption to have a
complexity measure handling the set of appliance power
states independent from the used load disaggregation
algorithm.

5.3.2 Evaluation based on NILMTK

For the evaluation with NILMTK we used the appli-
ance sets of Table 3 for house 1 and 2 for one week.
We evaluated the results with NILMTK by presenting
the achieved F-measures. Moreover, we calculated the
appliance set and time series complexity. The results
are presented in Tabel 7. Evaluating the F-measure for
the different load disaggregation approaches (CO and
FHMM) for the different houses, the more advanced
approach based on FHMM achieved better results in-
dependent from the achieved complexity measure. The
time series complexity for both houses are nearly the
same. This shows that the measures describe the prob-
lem based on occurring power states but do not evaluate
the used load disaggregation approach. Therefore, cre-
ating a relation between the load disaggregation result
and the complexity measures is not directly possible.

6. Discussion

In the previous section different case studies were pre-
sented to evaluated usefulness of the proposed complex-
ity measures. For example in the case study for the
appliance set complexity the complexity is highly depen-
dent on the used appliance set. The number of devices
several states and similar states between appliances are
affecting the load disaggregation complexity strongly.

Thus, we claim that the preprocessing stage has an
important effect on the problem complexity and accord-
ingly also on the result of the used load disaggregation
process. This fact is also valid for the time-series com-
plexity. The time series complexity is highly affected by
the appliance usage. We claim that even complex appli-
ance sets as the house 3 of the GREEND dataset can
have a low time series complexity due their appliance
usage over time. Thus, the appliance set complexity and
the time series complexity do not correlate between each
other. For example a high appliance set complexity can
lead to a low or a high time series complexity. We also
show that the proposed complexity measures can clas-
sify the complexity of a load disaggregation problem but
do not evaluate the used load disaggregation approach.
The result of the load disaggregation approach cannot
be estimated by our proposed approach but gives an
indication which problem is more complex (see Section
5.3.1). In addition, it has to be considererd that different
approaches need different inputs and therefore produce
also different load disaggregation results (see Section
5.3.2). In this case, the complexity measures do not make
the problem comparable because the used power states
are algorithm dependent. To show which algorithm is
performing better, the input of the data should be same.
Finally, also the influence of o has to be discussed. The
choice of ¢ represents the noise influence and modelling
errors of the used power states. The higher the value,
the more complicated is the problem to disaggregate
loads. The choice of o has to be chosen carefully based
on experiments and on ground truth informations. In
this work, the choice of ¢ was determined on empirical
analysis of known state detection algorithms and expert
knowledge.

7. Conclusion

This paper defined two complexity measures for the
problem of load disaggregation which deals with the task
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Dataset House| App.1 App. 2 App. 3 App. 4 App. 5 App. 6 AC TC
real/est.  real/est.  real/est.  real/est.  real/est.  real/est. | OC/FHMM  OC/FHMM

REDD 1 0.13/0.2 0.05/0.3  0.42/0.78 0.56/0.99 0.52/0.63 0.55/0.33 3.87/4.89 3.46/3.62

REDD 2 0.29/0.22 0.51/0.51 0.09/0.14 0.36/0.38 0.59/0.88 0.06/0.32 3.61/10.4 1.81/2.76

Table 7: Results of NILMTK for the complexity measures AC and TC in comparison with the load disaggregation results

to break down the aggregated power draw of appliance
to the appliance components. Appliance characteristics
and smart algorithms are used to solve this task. One
important aspect is the distinction between the disag-
gregation approach itself and the problem of aggregated
power profiles. Beside clear performance measures for
NILM algorithms it needs a clear definition to specify
the hardness or complexity of a specific aggregated load
profile. This makes a fair comparison of different NILM
approaches possible with respect to the complexity of the
used load disaggregation problem. To overcome the lack
to compare load disaggregation problems we introduced
two novel complexity measures to assess the complex-
ity of a load disaggregation problem based on the used
appliance sets. With the proposed complexity measures
the used appliance sets and the aggregated power read-
ings are evaluated for their complexity. To evaluate how
the disaggregation complexity measures are reflecting
load disaggregation problems in reality, we performed
the complexity calculation and load disaggregation with
state-of-the-art NILM approaches on different datasets
and time-series. Our evaluations show that our disaggre-
gation complexity measure is able to assess the hardness
of an appliance dataset as well as a specific time series.
We want to emphasize that the presented complexities
are relative and not absolute measures for the prob-
lem complexity. Knowing the disaggregation complexity
is not sufficient to determine the performance of the
load disaggregator as the performance to disaggregate
loads depends on the disaggregation algorithm itself.
The presented measure gives meaningful results for load
disaggregation problems with one feature, i.e. the active
power representing each power state of an appliance.
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