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Abstract

In order to create more comfortable and energy sav-
ing living spaces, we have to investigate what is com-
fortable and how to measure comfort of users in a liv-
ing space. Some measures of thermal comfort have
been defined as Predicted Mean Vote (PMV) and Pre-
dicted Percentage Dissatisfied (PPD) as an interna-
tional standard. However, complex and high cost equip-
ments are required to measure PMV by conventional
methods. In this paper, we propose a method for PMV
estimation more easily and cheaper than conventional
methods by using a camera. PMV is calculated from
temperature, humidity, air velocity and clo value esti-
mated by sensors and clothes database.

1 Introduction

The growth of broadband network brings a large
amount of information to us. Home appliances such
as TV, PC, and game consoles are connected to the
broadband network today and other home appliances
will also be connected to the broadband network in the
near future. The home plays a key role in such a situa-
tion, because every generation of people lives in home,
and performs everyday life 　 activities by obtaining
information from home appliances.

In recent years, many researches have been proposed
for services in the home. Ubiquitous Home[1] at NICT
provides a TV recommendation system from user his-
tory and a lost object indication system by using RFID
tags. The Aware Home at Georgia Institute of Tech-
nology is constructed in order to address the funda-
mental technical, design and social challenges for peo-
ple in a home setting[2]. In addition, various researches
such as Sensing Room[3] and Easy Living[4] have been
performed in order to apply the technologies to the
home.

The above researches aim for creating a comfortable
space in the home. It is necessary to construct a “com-
fort index” to measure the comfort of a living space.
Thermal comfort is one of important “comfort index”
because people directly feel hot or cold according to
the air temperature and the humidity in the home.
PMV and PPD are proposed by Prof. Ole Fanger for
measure the thermal comfort and are become inter-
national standard as ISO 7730[5]. PMV is calculated
from 6 main parameters: metabolic rate, clothing in-
sulation, air temperature, mean radiant temperature,
air velocity and air humidity. The PPD is an index
that establishes a quantitative prediction of the per-
centage of thermally dissatisfied people who feel too
cold or too hot. The clothing insulation is measured
by using the thermal mannequin which is very high
cost, and it is difficult to use the thermal mannequin
in conventional houses. It is, therefore, to measure the

Table 1. Seven-point thermal sensation scale[5]
+3 Hot
+2 Warm
+1 Slightly warm
0 Neutral
-1 Slightly cool
-2 Cool
-3 Cold

Figure 1. PPD as function of PMV[5]

PMV values correctly without thermal mannequins,
we have to estimate human factors such as clothing
insulation and metabolic rate accurately without any
discomfort. Thermography is one of sensors that can
measure temperature without contact, however ther-
mography is still expensive and is not suitable for daily
use in the home.

In this paper, we propose a method for estimation
of clothing insulation by using a camera and a clothes
database. We apply object recognition technique[9, 10]
for clothes recognition. We show the effectiveness of
the proposed method through the experimental results.

2 Thermal Comfort and PMV index

The PMV is an index that predicts the mean value
of the votes of a large group of persons on the 7-point
thermal sensation scale (Table 1), based on the heat
balance of the human body. The PMV is calculated
by the following equations[5]:

PMV = (0.303 exp(−0.036M) + 0.028) ·{
(M−W )− 3.05 · 10−3 · [5733− 6.99(M−W )− pa]

−0.42 [(M −W )− 58.15]
−1.7 · 10−5M(5867− pa)− 0.0014M(34− ta)
−3.96 · 10−8fcl

[
(tcl + 273)4 − (t̄r + 273)4

]
−fclhc(tcl − ta)} ,
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Figure 2. Process flow of the proposed method

tcl = 35.7− 0.028(M −W )−
Icl

{
3.96 · 10−8

[
(tcl + 273)4 − (t̄r + 273)4

]
+ fclhc(tcl − ta)

}
,

hc =max(2.38 |tcl − ta|0.25
, 12.1

√
var),

fcl =
{

1.00 + 1.290Icl for Icl � 0.078m2K/W
1.05 + 0.0645Icl for Icl > 0.078m2k/W

,

(1)

where M is the metabolic rate, W is the effective me-
chanical power, Icl is the clothing insulation, fcl is the
clothing surface area factor, pa is the water vapour par-
tial pressure, ta is the air temperature, t̄r is the mean
radiant temperature, and var is the relative air veloc-
ity. Here, pressure pa can be calculated from relative
humidity. In this paper, we assume that W is zero be-
cause the effective mechanical power is much smaller
than the metabolic rate.

The PPD is an index that establishes a quantitative
prediction of the percentage of thermally dissatisfied
people who feel too cool or too warm. The relation
between PMV and PPD is shown in Fig. 1.

2.1 Clothing Unit and Clothing Weight

The clo value expresses the clothing insulation (ther-
mal conductivity resistance). Conventionally, the
clothing insulation is measured by using the thermal
mannequin which is very high cost, and it is difficult
to use the thermal mannequin in the home. Therefore,
we use the approximation equation for calculation of
the clo value proposed by Hanada et al.[6]:

y = 0.000558W + 0.062, (2)

where W is the total sum of weights of wearing clothes
and y is the clothing insulation (clo). From this equa-
tion, we can obtain the clothing insulation from the
total sum of weights of wearing clothes.

3 PMV Estimation System

The process flow of the proposed method is shown in
Fig. 2. Clothes regions are relatively determined from
the position of a face detected by OKAO Vision[7].
The user of the proposed system is also identified by

Figure 3. Example of upper clothes detection

Figure 4. Example of lower clothes detection

Figure 5. Examples of upper clothes in the clothes
database
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Table 2. Simulation conditions for PMV calculation
Condition Relative Clothing Air Metabolic Air Radial

humidity insulation speed rate temperature temperature
(%) (clo) (m/s) (met) (◦C) (◦C)

1 30 1.2 0.1 1.5 15 15
2 30 1.2 0.1 1.0 20 20
3 30 0.7 0.1 1.0 25 25
4 30 0.7 0.1 1.0 30 30
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Figure 7. Estimation error of PMV values and clothing insulation

Figure 6. Examples of lower clothes in the clothes
database

Table 3. The number of clothes of examinees
Examinees # of upper clothes # of lower clothes

1 7 5
2 7 7
3 7 5
4 7 5
5 7 5

OKAO Vision and the identification information is
used to reduce the candidate of clothes. Figures 3
and 4 show examples of upper and lower clothes detec-
tion, respectively. Detected cloth regions are resized
by 40×40 pixels for feature extraction. HOG[8] and
color histograms are used for clothes recognition. The
cell size of HOG calculation is 5 by 5 pixels. Each fea-
ture is classified into clothes by multi-class SVM, and
then the final decision is made from recognition results
by SVMs. The total weight of cloths, w is estimated
from the final decision by using the following equation:

w = wu + wl + wi, (3)

where wu is the weight of the recognized upper clothes,
wl is the weight of the recognized lower clothes, and
wi is the average weight of the inner cloths. In this
experiment, we use 83[g] as wi which is used in [6].

4 Experimental Results

We conducted evaluation experiments to verify the
efficiency of the proposed method in the view point of
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Table 4. Examples of weights of clothes (upper
body): the average is 283.7 and the standard de-
viation is 111.4

Clothes 1 2 3 4 5 6 7
weight (g) 182 466 278 270 210 178 402

Table 5. Examples of weights of clothes (lower
body): the average is 447.4 and the standard de-
viation is 208.8

Clothes 1 2 3 4 5 6 7
weight (g) 684 242 304 224 550 730 398

the accuracy of clothes recognition and PMV estima-
tion.

The size of images in the clothes database is 1024 ×
768 and 10 images per clothes per person are stored in
the database. The number of examinees is 5 for this
experiment. The number of clothes of each person is
shown in Table. 3. Examples of weights of clothes are
shown in Tables 4 and 5. By using this database, the
experimental results of clothes recognition are shown
in Table 6.

The recognition rates of the clothes of upper body
are highly accurate, but the recognition rates of the
clothes of lower body are not so accurate. This is be-
cause textures of upper clothes are different with each
other, but texture of lower clothes are the almost same.
We compare the PMV calculated from this recognition
results and the true PMV under the various conditions
shown in Table 2. The results are shown in Fig. 7. As
shown in Fig. 7, the error of PMV values estimated by
the proposed method is smaller than the conventional
fixed method.

Table 6. Recognition rates of clothes
Examinees Recognition rate Recognition rate

(upper clothes) (lower clothes)
1 0.931 0.387
2 0.997 0.849
3 0.988 0.433
4 0.838 0.660
5 0.813 0.411

5 Conclusion

In this paper, we have proposed a method for clo es-
timation by using a camera and clothes database. Clo
value is used for PMV calculation, which is a measure
of thermal comfort. We also show the effectiveness
of our method through the experimental results. In
future work, we will improve the recognition rate of
wearing clothes which affects the estimation accuracy
of PMV. Moreover, our method requires the clothes
database registered in advance. We will investigate the
relation between weight and appearance of clothes in
order to remove clothes database. In this experiment,
we have conduct experiments with fix met values. We
will also develop a method for metabolic rate estima-
tion for more accurate estimation.

Acknowledgement

This work is partially supported by cooperative re-
search with Daiwa House Industry Co., Ltd.

References

[1] T. Yamazaki: “Ubiquitous Home: Real-life Testbed
for Home Context-Aware Service,” First International
Conference on Testbeds and Research Infrastructures
for the Development of Networks and Communities
(Tridentcom2005), pp. 54–59, Feb. 2005.

[2] C. D. Kidd, R. Orr, G. D. Abowd, C. G. Atkeson, I. A.
Essa, B. MacIntyre, E. D. Mynatt, T. Starner, and W.
Newstetter: “The Aware Home: A Living Laboratory
for Ubiquitous Computing Research,” In Proceedings
of Cooperative Buildings. Integrating Information, Or-
ganizations and Architecture, H. A. Streitz, J et al.
eds., pp. 191–198, Vol. 1679, 1999.

[3] T. Mori, H. Noguchi, A. Takada and T. Sato: “Sensing
Room: Distributed Sensor Environment for Measure-
ment of Human Daily Behavior,” First International
Workshop on Networked Sensing Systems (INSS2004),
pp. 40–43, 2004.

[4] S. Shafer, J. Krumm, B. Brumitt, B. Meyers, M. Cz-
erwinski, and D. Robbins: “The New Easy Living
Project at Microsoft Research,” Proceedings of the
1998 DARPA /NIST Smart Spaces Workshop, pp.127–
130 (1988)

[5] ISO7730:2005(E): Ergonomics of the thermal environ-
ment — Analytical determination and interpretation
of thermal comfort using calculation of the PMV and
PPD indices and local thermal comfort criteria, ISO,
2005.

[6] K. Hanada, K. Mihira, and Y. Sato: “Studies on the
Thermal Resistance of Men’s Underwears,” Journal of
the Japan Research Association for Textile End-Use,
Vol. 24, No. 8, pp. 31–37, 1983 (in Japanese).

[7] OKAO Vision—OMRON, Dec 12, 2010,
http://www.omron.com/r d/coretech/vision/

okao.html.
[8] N.Dalal and B.Triggs: “Histograms of Oriented Gra-

dients for Human Detection,” In Proc. of IEEE Com-
puter Vision and Pattern Recognition (CVPR2005),
Vol. 1, pp. 886–893, 2005.

[9] Han Xian-Hua, Chen Yen-Wei, Ruan Xiang: “Multi-
class Object Recognition by Fusion of Image Descrip-
tors: Classification Evaluation of PASCAL VOC Chal-
lenge Database,” Technical report of IEICE. PRMU
109(306), pp. 103–108, Nov. 2009.

[10] T. Okumura, T. Takiguch, Y. Ariki: “Generic Ob-
ject Recognition using CRF by Incorporating BoF as
Global Features,” International Multimedia, Informa-
tion Technology and its Applications (MITA2009), pp.
49–52, Oct. 2009.

494


