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Abstract

NILM (Nonintrusive Load Monitoring) or appliance recognition software that
uses algorithms, namely Hidden Markov Model (HMM) and Factorial HMM,
to detect changes in electricity values entering a building, thus inferring which
appliances are used and their individual energy consumption. In this paper, a
“simple” technique is introduced that uses combinatorics on a specially de-
signed observation matrix to detect hidden appliances and their electricity us-
age by dissecting the building’s total electricity usage.
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1. Introduction

NILMs (Nonintrusive Load Monitoring) or appliance recognition software are al-
gorithms that detect changes in electricity values entering a building to infer
which appliances are used and their individual energy consumption. NILM uses
Hidden Markov Model (HMM) and Factorial Hidden Markov Model (FHMM) to
determine which appliances are switched “ON” by analysing the building’s elec-
tricity usage behaviour [1]-[4]. The Expectation-Maximization algorithm is used
to find the final parameters of the above-mentioned techniques [5] [6]. The weak-
nesses of NILM are its inability to deliver cost savings and scale, as it must work
with systems that collect and process data frequently (preferably every second or
minute) [1].

Example of how NILM is implemented: A special sensor is placed at the elec-
tricity meter (or distribution) box of house “A” that measures the “total” electric-
ity usage, say every minute. The system, which is installed on a server, desktop, or
laptop and linked to the sensor, starts processing when the sensor has collected a

block of data, say, 30 minutes. House “A” laptop (or desktop) is preferred over the
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“cloud” server because of the “shared” resources, as shown by the latter, which
might impact the processing speed. The sensor produces 48 blocks of 30-minute
data per day. The system must process and produce (or display) results within 30
minutes before accepting the new batch of data. The word “total” presents extraor-
dinary challenges because a single “sensor” is used instead of multiple “timer” de-
vices (as suggested by SA?VING), and without the system’s aid, one must make a
good “guess” about which household appliances are switched “ON”.

In this paper, we would like to propose using a “simple” technique, namely com-

binatorics, on a specially designed observation matrix, for NILM.

2. Methods

Combinatorics, a part of mathematics, focuses on counting, arranging, and struc-
turing finite discrete objects. Using techniques such as permutations (ordered ar-
rangements), combinations (unordered arrangements), and the pigeonhole prin-
ciple, it solves complex remuneration problems [7]. For the case of three appli-
ances labelled, say, 1, 2, and 3, combinatorics is used to create a series of tests for
a system to perform (from this point onwards, they are known as stages): (1), (2),
(3), (1,2), (1, 3), (2, 3), and (1, 2, 3), where the appliance, represented by its label,
that is switched “ON”, is placed in the brackets.

The following are the steps taken to create an observation matrix using appli-
ance (electricity usage) data:

Let t(1), t(2), t(3), ..., t(m) represent the columns of an “m”-minute block of
data. Let Obs(1),..., Obs(n) be the “n” observations (ie., electricity usage data
when the appliance is switched “ON”) collected for an appliance. For the first row,
place Obs(n) in the first column, and “0.0” (meaning the appliance is switched “OFF”)
in the rest of the columns. For the second row, place Obs(n — 1) in the first col-
umn, Obs(n) in the second column, and “0.0” in the rest of the columns. For the
third row, place Obs(n — 2) in the first column, Obs(n — 1) in the second column,
Obs(n) in the third column, and “0.0” in the rest of the columns. Repeat the above
process until reaching “n + (m — 1)” row where the first “m — 1” columns are filled
with “0.0”, and Obs(1) fills the last column. Table 1 shows an example of an ob-

«_ »

servation matrix where “m” and “n” equal five.

Table 1. An example of the observation matrix.

(1) 12) 13) {(4) (5)
Obs(5) 0.0 0.0 0.0 0.0
Obs(4) Obs(5) 0.0 0.0 0.0
Obs(3) Obs(4) Obs(5) 0.0 0.0
Obs(2) Obs(3) Obs(4) Obs(5) 0.0
Obs(1) Obs(2) Obs(3) Obs(4) Obs(5)

0.0 Obs(1) Obs(2) Obs(3) Obs(4)
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Continued
0.0 0.0 Obs(1) Obs(2) Obs(3)
0.0 0.0 0.0 Obs(1) Obs(2)
0.0 0.0 0.0 0.0 Obs(1)

Note that (electricity usage) data for each appliance is collected as follows: when
the appliance is switched “ON”, (electricity usage) data is collected from the same
sensor as mentioned above every minute until the appliance switches “OFF” (ei-
ther by hand or automatically).

As mentioned in the Introduction, the system starts to process when the sensor
(located at the distribution box) has collected a block of “m”-minute data (“m”
equals 30), e, “dataTotal(1)” - “dataTotal(m)”. The block of data, represents the
house’s total electricity usage, is subjected to the following process performed by
the system: For stages 1 - 3, represented by (1) - (3), the appliance labelled, say, 1
observation matrix “oml1(i, 1)” - “om1(i, m)”,i=1, 2, ..., “nl + m — 17, where
each “i” is compared to the above block of data, ie., “dataTotal(1)” - “dataTo-
tal(m)”. The system displays the results if, through the comparison process, it
found similarities. For stages 4 - 7, represented by (1, 2) - (1, 2, 3), the appliance
labelled, say, 1 observation matrix “om1(i, 1)” - “om1(i, m)”,i=1,2, ..., “nl + m

«s»
1

— 17, where each “i” is paired with the appliance labelled, say, 2 observation matrix
“om2(h, 1)” - “om2(h, m)”,h=1,2, ..., “n2 + m — 1”. The summing of the pairs
is compared to the above block of data, e, “dataTotal(1)” - “dataTotal(m)”. The

system displays the results if similarities are found.

3. Results

(632021, K. MOHU IZHAN MOHD 1086 X
Combinatorics | Geaphs
B AT S T N e

LM (REAL) NILM (S
App1 - HOUR HOUR

CLEAR EVENTS
CREATE EVENTS

CREATE DATA

jockDescO| dataTotal | datasppt | cataApo2 | datas

save

Figure 1. Pentagon.

The system, called Pentagon (refer to Figure 1), was developed to demonstrate
the effectiveness of a “combinatorics” approach (an approach “unpopular” amongst
some machine learning researchers) on a “specially designed” observation matrix
that can be incorporated into the “SA?VING” application [1].

The following are the assumptions used when developing the system:
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Household appliances are labelled “App1”, “App2”, and “App4”, where “App1”
takes 35 minutes to complete its tasks (or switched “OFF” automatically), whilst
“App2” takes 25 minutes. A washing machine is a good example of “Appl” and
“App2”. The duration for “App4” is not fixed; it can range from 1 minute to 60
minutes. An air-conditioner (or fan) is a good example of “App4”. After an appli-
ance has completed its tasks (or switched “OFF”), a 30-minute “cooling” period is
required before switching it “ON” again. Thus, avoid any “erratic” or “random”
behaviour when switching appliances “ON”. “Simulated (electricity usage) data”
for “Appl”, “App2”, and “App4” are visualized graphically in Figures 2(a)-(c),
respectively, and are saved in the “observation matrix” database as exemplified by
Figure 3(a) for “Appl”. Note that for “App4”, due to none fixed duration, there
are 60 observation matrices where the name of the file represents (or shows) how
long “App4” is switched “ON”; for example, “App4Outcome_10.txt” means “App4”
is switched “ON” for ten minutes, represented by “Obs(1)” - “Obs(10)”, refer to
Figure 3(b).

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30 31 32 33 34 35

(@)

12 3 4 5 & 7 8 9 10 1 1

314 15 16 1 18 19 20 21 2 23 24 2% 1234567 8091011121314151617 181920212223 2425 2627 28293031 3233 3435 3637 3839 4041 4243 4445 4647 484950 5152 5354 55 56 57 58 5960

35

(b) ()
Figure 2. Simulated (electricity usage) data for (a) “App1”, (b) “App2”, and (c) “App4”.
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Figure 3.

Observation matrix for (a) “Appl” and (b) “App4”. Note that “App4” is switched “ON” for ten minutes.

Figure 4 is a subsection of the combinatorics pane. It helps to create the appli-

ance’s events, providing users with a hands-on experience. For example, if the user

selects “Appl” under “Appliances” and, under “Start”, “Hour”, and “Min”, set the

hour and minute to 0 and 10, respectively, it means “App1” will start its operation
at “(0:10)”. The user can choose between 0 and 23 for “Hour” and 0 and 59 for
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***APPLIANCES *** “START*** “SFINISH***
[app1 [+ | HOUR HOUR
0 =
CLEAR EVENTS
MIN MIN
CREATE EVENTS |0 ‘ -

Figure 4. A subsection of the Pentagon’s combinatorics pane.

“Minute”. “Hour” uses the 24-hour standard (Ze, “(13:00) = (1:00 pm)” and so
forth). Click on the “Create Events” button. The “Clear Events” button performs
the opposite. The inputs appear in the text box under the said button. Repeat the
same process by selecting “App2”, but this time set the hour and minute to 0 and
15 or “(0:15)”, respectively. Note that, under “Finish”, “Hour”, and “Min” are dis-
abled when the user selects “Appl” and “App2”. For “App4”, set the hour and
minute under “Start” to 0 and 5, respectively, and under “Finish” to 0 and 20,
respectively. It means “App4” starts operation at “(0:5)” and finishes at “(0:20)”.
Figure 5 shows all the values entered. Note that each appliance could be switched

“ON” more than once each day.

Bppl:(0:10) :App2:(0:15) :App4:(0:5): (0|~
i L‘ CREATE DA

| q 1 T Tal 11 :
_J—tAnm (0:10);App2,(0:1 5);App4;(0:5),(0:20);

Figure 5. The event’s text box displaying all the entered values.

Click “Create Data”, and the table in the Combinatorics pane is updated as

shown in Figure 6.

BlockDescO| dataTotal | dataApp1 dataApp2 | datah
[Block1;(0:5...119.497049... |0.0 0.0 [19.497(~ |
[Block1;(0:6...|20.143263... |0.0 0.0 [20.1431=]
[Block1,(0:7.../25.422393... |0.0 0.0 [25.422
|Block1;(0:6...|20.417080... |0.0 0.0 [20.417
|Block1;(0:9...|20.4192684 |0.0 0.0 [20.4193 |
:B‘Irl:rcM A0:1..130.114093.., 15,8068810... 10.0 24 3|O; =
(4] | I

Figure 6. The table showing all the data generated from the entered events.

Click “Nilm(Real)”, and the system uses Combinatorics, observation matrix,
and all the information stored in the database to split the “dataTotal” into
“dataAppl”, “dataApp2”, and “dataApp4” (which is the system’s aim or goal). To
understand how “Nilm(Real)” works, click “Nilm(Sim)” first, which uses “prede-
fined” data input. The results appear in the table and in the text box under the said
button, as shown in Figure 7. Note that, for each block, the results are divided
into “(Input):”, “(Start:###)”, “(Finish:###)”, and “(Results):”. Refer to the follow-
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ing figures. The “(Start:###)” and “(Finish:###)” show how long the system takes
to process the block involving at most seven stages. The seven stages are in the file
“ThreeApps.txt” located in the folder “Appliances Events” and are mentioned in
“Methods”.

NILM (REAL) NILM (SIM)

[irPuT) -
taTotal Block1:0.0:0.0:0.0:0.0:0.0:19 49704906 ;20 1432631725 4223936620 4170

tsm’r- 31/03/2026 12:03:58)

Stage 0 Completed

tage omp Lete

3 1 Completed

tage 2 Campleted

tage 3 Campleted

tage 4 Campleted

tage 5 Completed

Stage 6 Completed

Stage 7 Completed

(FINISH: 31/03/2026 12:09:20)

|{RESULTS)

(Appl0utput45):0.0:0.0;0.0:0.0:0.0:0.0:0.0:0.0:0.0;0.0:5.806881022:5 938035738 ¢

(App20utput40):0.0;0.0;0.0:0.0;0.0:0.0;0.0;0.0;0.0;0.0:0.0;0.0:0.0;0.0;0.0;10.84

[(App40utput_16 21):0.0:0.0:0.0:0.0:0.0;19 4370490620 . 1432631725 . 42239366 ;20 .4]

(INPUT)
taTotal Block2;10.080795922;14.55260179;15.569116459 13 .516940209000001;17.593

il_S'RET' 31/03/2026 12:09:24)
tage 0 Campleted

Et!\.g! 1 Completed

Srage 2 Campleted

“Jta.g-a 3 Campleted

tage 4 Completed

ﬁr[m:&t 31/03/2026 12:09:24)
\

|rESULTS)
;I;Ap-lpl.o“putlsw 3 Tm'riss 6.198091981, 6 .105828238 ;4 5711976635 884522094 ;4 .108¢ ¥ |
|4 Il 2

Figure 7. The text box displays the results when the user
clicks the “Nilm(Real)” button.

Click “Save” (located under the table) to save all of them (i.e, the results) in two
files, namely “data.txt” and “results.txt”, in the folder “combinatorics”.

The system provides (apart from the table) a visual presentation of the results
in the “Graphs” pane. After selecting “data” and “block” from the drop-down list
located near the top of the pane, click “Plot”, and graphs appear as shown by the
following figures. The block descriptions are in the drop-down list located near
the top of the pane. For example, the graphs show that “NILMdataAppl” fits
“dataAppl” perfectly; refer to Figure 8(a) and Figure 8(b). “dataApp2” and
“dataApp4” show similar results; for the former, refer to Figure 8(c) and Figure
8(d), and the latter, Figure 8(e). The results are further verified and shown in
Table 2. To facilitate comparison, the word “NILM” is added to the title (or name)
of the data generated when the “NILM (Real)” button is clicked.

4. Discussion

Referring to the previous section, the system, using a “simple” technique, namely
combinatorics, on a specially designed observation matrix, manages to reveal
hidden appliances and electricity usage for each detected appliance by dissecting

the total electricity usage. Due to the combinatorial technique’s limitations, the
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Figure 8. Pentagon’s Graphs pane displays the results graphically when the user clicks the “Nilm(Real)” button. Note that, for each
“Block” and for comparison purposes, two graphs are plotted for “dataAppl”, “dataApp2”, and “dataApp4”.

Table 2. The mean and standard deviation of errors are calculated for “dataAppl”,
“dataApp2”, and “dataApp4”.

Mean Standard deviation
“dataAppl” 0.0 0.0
“dataApp2” 0.0 0.0
“dataApp4” 0.0 0.0
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processing time will increase (exponentially) if more than three appliances are
added to its database. Grouping appliances and labeling them as “Others” to re-
duce the number of appliances involved will increase the complexity of creating
the observation matrix. The collection of each appliance’s (electricity usage) data
to create an observation matrix is done in the building itself. The process could
also be done in the laboratory, where the appliances are identified or selected
through marketing studies of famous brands. If an appliance, say, a fan, has three
speeds and each has its own electricity usage signature, then the observation ma-
trix should be created for each speed. The labeling should include, in addition to
the appliance’s name, the speed as well. Some Pentagon features would be deleted
if implemented in the field, for example, “Create Events”, “Clear Events” and
“Create Data”. In its place, new features such as “Create Observation Matrix” and
“Create (Experimental) Stages” are introduced.

If the “cooling” period of 30 minutes, as mentioned in the previous section, is
not included and to “capture” the erratic or random behaviour of a user when
switching “ON” an appliance, then the observation matrix is modified in the fol-
lowing manner, where Table 1 is used as an example:

Table 1’s first row is “expanded”, as shown in Table 3. It involves creating four
rows where, in the first row, “Obs(5)” fills the first column, “0.0” fills the second
to fourth columns, and “Obs(1)” fills the fifth column. In the second row, “Obs(5)”
fills the first column, “0.0” fills the second to third columns, “Obs(1)” and “Obs(2)”
fill the fourth and fifth columns, respectively. Repeat the above process for the
third to fourth column, until finally “Obs(5)” fills the first column, “Obs(1)” -
“Obs(4)” fill the second to fifth column.

Table 3. The expansion of Table 1’s first row.

«(1) 12) {(3) {4) 5)
Obs(5) 0.0 0.0 0.0 Obs(1)
Obs(5) 0.0 0.0 Obs(1) Obs(2)
Obs(5) 0.0 Obs(1) Obs(2) Obs(3)
Obs(5) Obs(1) Obs(2) Obs(3) Obs(4)

Table 1’s second through fourth rows are “expanded” using the same approach.
All of them, including Table 1, are saved separately in the database.

Note that the above modification is workable if the appliance’s duration, repre-
sented by the number of observations, equals or exceeds the number of time
stamps. Further research is required for cases where the appliance’s duration, rep-
resented by the number of observations, is not fixed or less than the number of
time stamps.

Further research is also needed, especially if more than one appliance has the
same electricity usage “signature”; for example, the building has two air condi-

tioners with the same features, such as horsepower and brand. For this case, they
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should be given different “labels”. Although this action would make it easier to

create the observation matrix, the results produced by both are the same. The sys-

tem will not be able to give a definitive answer to which of the two is switched
(‘ON77‘
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