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Abstract. As one of the most important building systems, HVAC plays
a key role in creating a comfortable thermal environment. Predicted
Mean Vote (PMV), an index that predicts the mean value of the votes of
a large group of persons on the thermal sensation scale, has been adopted
to evaluate the built environment. Compared to environmental factors,
clothing insulation can be much harder to measure in the field. The
existing research on real-time clothing insulation measurement mainly
focuses on expensive infrared thermography (IR) cameras. Therefore, to
ensure cost-effectiveness, the paper has proposed a solution consisting
of a normal camera, IR and air temperature sensors and Arduino Nanos
to measure clothing insulation in real-time. Moreover, the algorithm
includes the initialization from clothing classification with pre-trained
neural network and optimization of the clothing insulation calculation.
A total of 8 tests have been conducted with garments for spring/fall,
summer and winter. The current results have shown the accuracy of
T-shirt classification can reach over 90%. Moreover, compared with
the results with IR cameras and reference values, the accuracies of the
proposed sensing system vary with different clothing types. Research
shall be further conducted and be applied into the dynamic PMV-based
HVAC control system.
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1. Introduction
As one of the most important building systems, HVAC plays a key role in
creating a comfortable thermal environment. Because there are large variations
of thermal comfort from person to person, it is difficult to satisfy everyone in
a space. Therefore, Predicted Mean Vote (PMV), an index that predicts the
mean value of the votes of a large group of persons on the thermal sensation
scale, has been adopted widely to evaluate if the environment is comfortable
or not for most of occupants. Moreover, the well-known Fanger’s equation
describes the relation between PMV and six primary factors, which are metabolic
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rate, clothing insulation, air temperature, mean radiant temperature, air speed
and relative humidity. Compared to environmental factors, personal factors of
clothing insulation and metabolic rate can be much harder to measure in the
field. According to (ASHRAE 55, 2010), for near-sedentary activities where
the metabolic rate is approximately 1.2 met such as in office areas, the effect
of changing clothing insulation on the optimum operative temperature can reach
approximately 6 C per clo. Therefore, the effect of clothing insulation on thermal
comfort outweighs that of metabolic rate in typical office environment.
As to clothing insulation, most of the existing methods assume the values
to be fixed by using thermal mannequins or developing some complex
and time-consuming insulation models or predict them from the outdoor air
temperature and the indoor operative temperature(Schiavon & Lee, 2013). Hence,
none of them reflects the real conditions in the field and can be applied into
dynamic HVAC operations. Moreover, the existing research on real-time clothing
insulation measurement mainly focuses on using infrared thermography (IR)
cameras so as to develop a non-invasive sensing system. However, IR cameras are
still expensive in the market compared with other sensors such as IR temperature
sensors. Therefore, this paper has proposed a real-time vision-based clothing
insulation measurement method without IR camera for thermal comfort.
To ensure cost-effectiveness of the sensing system, unlike previous research,
the proposed solution consists of a webcam, IR temperature sensors, air
temperature sensors and Arduino Nanos. The total cost of the system is less than
$150 while the price of a FLIR ONE Pro IR camera for smart phones could be
as high as $399. Meanwhile, the algorithm of the proposed solution includes
the initial clothing insulation measurement from clothing classification with the
pre-trained neural network and non-linear optimization of the clothing insulation
calculation based on ISO 7933 (ISO 7933, 2004).
The test bed is located in a typical private office room where occupants do not
have large metabolic rates and relative humidity keeps steadily around 25%, thus
the effects of moisture on clothing insulation being negligible. Moreover, the air
velocity keeps lower than 0.1 m/s for the whole experiments. A total of 8 tests
have been conducted with garments for spring/fall, summer and winter seasons,
respectively.
2. Methodology
The real-time and in-situ clothing insulation estimation consists of two parts. The
first part is the initialization with clothing classification and the second part is
the estimation refinement. The following diagram shows the whole procedure of
clothing insulation measurement.
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Figure 1. Diagram of real-time and in-situ clothing insulation estimation.

2.1. CLOTHING INSULATION
CLOTHING DETECTION

ESTIMATION

INITIALIZATION

WITH

The initialized value of clothing insulation was achieved by using pre-trained
classifier of GoogLeNet (Szegedy et al., 2015) trained with all classes from
ImageNet datasets. In addition, a general garment insulation table (ASHRAE 55,
2010) was used for clothing insulation initialization to map the classified clothing
type with the clothing insulation.
2.2. CLOTHING INSULATION ESTIMATION REFINEMENT BASED ON ISO
7933 (ISO 7933, 2004)

Under static state conditions, there are no movements of the air or of the person.
Therefore, the total static insulation expressed in Eq.1 is the sum of clothing
insulation and the insulation of enclosed air layers under static conditions.
I∗
Itst = Iclst +
(1)
fcl
where Itst is the total static thermal insulation, Iclst is the static clothing insulation,
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I∗ is the static air insulation (estimated as 0.111 m2 KW −1 ). In addition, fcl is the
clothing area factor, which is the ratio of the clothed and naked-skin surface areas,
which can be calculated with the static clothing insulation (Iclst ) in Eq.2:
fcl =1 + 1.97Iclst
(2)
2
−1
Based on the unit conversion from m KW
into clo, the total static clothing
insulation can be represented with Icl with the unit of clo in Eq.3:
I∗
(3)
Itst = 0.155Icl +
1 + 0.305Icl
However, for in-situ measurement, the thermal state shall be dynamic. Therefore,
when taking air movement into consideration, the dynamic air thermal insulation
and the total dynamic clothing insulation shall be calculated with dynamic air
correction factor of Cia and dynamic total clothing correction factor of Ct ,
respectively. In the end, based on the proposed algorithm of (Lee et al., 2016),
the clothing insulation of Icl can be estimated in real-time based on the non-linear
function of Eq. 4:
1
2
0.305Icl
{α + I∗ (Cia − Ct )} = 0
(4)
+ Icl −
0.155Ct
tsk − tcl
(5)
α=
hc (tcl − ta ) + 3.85 · 10−8 (t4cl − t4r )
√
√
0.25
hc = 12.1 var if 2.38|tcl − ta |
≤ 12.1 var
(6)
Ct = Ccl

if Icl ≥ 0.6

(7)

Ccl − Cia
+ Cia if Icl < 0.6
(8)
0.6
where Ccl is the correction factor of dynamic clothing insulation, which can be
calculated in Eq.9:
Ct = Icl

Ccl = e−0.263(var −0.15)+0.0272(var −0.15)

2

2
+0.193vw +0.101vw

(9)

Cia = e−0.559(var −0.15)+0.057(var −0.15) +0.271vw −0.027vw
(10)
Therefore, with the inputs of skin temperature (tsk ), clothing temperature (tcl ),
indoor air temperature(ta ), mean radiant air temperature(tr ), air velocity(va r)
and walking velocity(vw ), the clothing insulation of Icl shall be estimated by
minimizing the result of left-hand side of Eq.(4) close to zero as much as possible
and the outputs of clothing insulation estimation can be used for applications like
PMV-based HVAC control.
2

2

3. Experimental setup
The proposed sensing system consists of a webcam, two IR temperature sensors
(tmp006), one air temperature sensors (DHT11) and two Arduino Nanos. One of
the IR temperature sensors was used to measure the neck or the ankle temperature
while the other was used to measure the clothing temperature. Moreover, one
of the Arduinos was used to transfer temperature data from the air temperature
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sensor to the monitor while the other was used to transfer temperature data from
IR temperature sensors to the monitor. In addition, in order to compare the
performances with IR camera, a FLIR B-series thermal camera was also used.
The IR temperature sensors read a sample of clothing temperature or skin(neck)
temperature every 4s and the air temperature sensors read a sample every 2.5s. The
sensing system of air temperature sensors and IR temperature sensors is shown
in the following figures. In addition, since all the participants are standing, the
walking velocity is 0 m/s and the air velocity is assumed to be 0.1 m/s all the time.
3.1. SENSORS

Figure 2. IR temperature sensors(tmp006).
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Figure 3. Indoor air temperature and humidity sensor (DHT11).

3.2. CLOTHING TESTING IMAGES

The following figure shows a total of 8 tested clothing images, including garments
in all the different seasons, which are shirts, long-trousers, sweatshirt, T-shirt,
walking shorts, jeans and an ensemble of a sweater and a shirt. Even if the general
table in ASHRAE 55 was used for clothing insulation initialization, it was also
used as reference value to roughly evaluate the accuracies of real-time clothing
insulation estimation with the proposed solution and IR camera. However, more
robust ground truths of clothing insulation shall be collected in the further research.
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Figure 4. A total of 8 different garments.

4. Result analysis
4.1. CLOTHING DETECTION

The following table shows the performances of clothing classification of part of
clothing garments with the pre-trained neural network. As shown in the table, the
accuracies vary a lot for different garments. One of the reasons is that since the
pre-trained classifier includes all 1000 classes, it classifies the image into the class
with the highest probability, which is not limited within classes related to clothing
types.
Table 1. Performances of clothing detection.

4.2. CLOTHING INSULATION ESTIMATION

The following table shows the performances of real-time and in-situ clothing
insulation measurements with the proposed sensing system and IR camera. The
ID numbers correspond with the numbers in Figure 3. As shown in the table, due
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to different materials (i.e. the cotton shirt), some of the initialized values from
ASHRAE 55 cannot be used as reference values. Moreover, compared with IR
camera, 80% of the estimated values with the proposed system is closer to the
reference values, which indicates the initialized clothing insulation could achieve
fast convergence of the non-linear function of left-hand side of Eq.4. Moreover,
the proposed sensing system is more cost-effective than IR camera. However,
compared with IR camera, multiple IR temperature sensors were implemented to
get the average clothing temperature or skin temperature (i.e. skin temperature
of the neck for upper clothing while that of the ankle for lower clothing). It took
longer time to get steady temperature values with the proposed solution than IR
camera and the distance between IR temperature sensors and the participants has
to be much smaller than that between IR camera and the participants.
Table 2. Performances of clothing insulation measurements.

5. Discussions
Based on the results of clothing insulation estimation, the proposed sensing system
can be used for estimation in real time. However, further research could be done
to enhance the performances. Firstly, instead of using the general table from
ASHRAE 55, more accurate ground-truths of clothing/garments shall be collected
with either simulations or more detailed experiments. Secondly, instead of using
pre-trained GoogLeNet with all classes, the clothing classification system shall be
trained with only clothing classes to increase the accuracy of classification. Last
but not least, due to the effects of dynamic air layers and wide angles of the IR
temperature sensors, the measured skin temperatures and clothing temperatures
with the current proposed system does not become steady within 2 minutes and
the distance between the IR temperature sensors and the participants has to be
limited. Therefore, further research could also be done to mitigate the effects
of dynamic air layers and wide angles so as to increase the distances as well as
decrease the measuring periods. Moreover, the current experimental space is a
private office room with one single participants. It is also interesting to see how to
measure clothing insulation with multiple people in an open plan office. Since the
IR temperature sensors need to be close to the surface, it could be a potential to
develop a portable sensing device or embedded into existing furnitures to measure
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online clothing insulation of each individual in an open plan office.
6. Conclusions
This paper has proposed a new sensing system for in-situ and real-time clothing
insulation estimation for applications such as PMV-based HVAC control system to
enhance the thermal environment indoors. A total of 8 tests have been conducted
with garments for spring/fall, summer and winter. Compared with the results of IR
thermography and reference values, the accuracies of the proposed sensing system
vary with different clothing types. Research shall be further conducted to enhance
the performances of real-time clothing insulation estimation with the proposed
sensing system in terms of accuracy and cost-effectiveness.
Acknowledgement
The project is sponsored by Chinese Scholarship Council and CMU Graduate
Small Project Help Research Grant.
References
ASHRAE, S.: 2010, Standard 55-2010:Thermal Environmental Conditions for Human
Occupancy, ASHRAE. Atalanta USA.
Banerjee, D., Chattopadhyay, S. K. and Suneet, T.: 2013, Infrared thermography in material
research- A review of textile applications, Indian Journal of Fibre & Textile Research, 38,
427-437.
Lee, J. H., Kim, Y. K. and Kim, K. S.: 2016, Estimating Clothing Thermal Insulation Using an
Infrared Camera, sensors, 16(3), 341.
Liu, Z., Yan, S., Luo, P., Wang, X. and Tang, X.: 2016, Fashion Landmark Detection in the
Wild, European Conference on Computer Vision (ECCV).
Malchaire, J.: 2004, ISO 7933, Ergonomics of the Thermal Environment—Analytical
Determination and Interpretation of Heat Stress Using Calculation of the Predicted Heat
Strain, 2nd ed., International Organization for Standardization (ISO), Geneva.
Schiavon, S. and Lee, K. H.: 2013, Dynamic predictive clothing insulation models based on
outdoor air and indoor operative temperatures, Building and Environment, 59, 250-260.
Szegedy, C., Liu, W., Jia, Y., Sermanet, P. and Reed, S.: 2015, Going Deeper with Convolutions,
CVPR 2015.

