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57 ABSTRACT 

In contrast to the non-linear Systems used in certain past 
infrared thermometers, the present invention uses an empiri 
cal data Set to determine patient temperature. The empirical 
data Set provided by the present invention represents actu 
ally measured thermometer Sensor outputs over a Substantial 
number of target and ambient temperature points within the 
thermometer's operating range. The empirical data Set is 
collected during a testing process, and is Stored in a non 
Volatile memory within the thermometer. At temperature 
measuring time, the thermometer accesses the appropriate 
cell in the non-volatile memory to determine temperature. 
The Substantial size of the empirical data Set eliminates 
guesswork and estimation-Since the most accurate indica 
tion of how a thermometer will perform under certain 
conditions is a record of how it previously performed under 
those same conditions. To reduce total testing time while 
achieving nearly comparable accuracy, the present invention 
Systematically collects empirical data in Sufficient quantities 
to cover a range of reference target and ambient tempera 
tures. To provide additional resolution, a simple linear 
function Such as averaging (i.e., adding two collected data 
points and dividing by two) can be used to Supply interme 
diate data points between the empirical points that were 
collected. 

21 Claims, 13 Drawing Sheets 
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RADIOMETRICTEMPERATURE 
MEASUREMENT BASED ON EMPIRICAL 

MEASUREMENTS AND LINEAR 
FUNCTIONS 

CROSS-REFERENCE TO RELATED 
APPLICATIONS 

This patent application is related to concurrently filed, 
commonly-assigned application Ser. No. 09/089417, now 
allowed of Canfield et al entitled “Tympanic Thermometer 
With Modular Sensing Probe" (attorney docket no. 2204 
15), the entire disclosure of which (including the drawings) 
is incorporated herein by reference as if expressly Set forth. 

FIELD OF THE INVENTION 

This invention relates to the field of radiometric tempera 
ture measurement, and more particularly to non-contacting 
electronic instruments for intermittently measuring patient 
temperatures by detecting the intensity of thermal radiation. 
Still more particularly, the present invention relates to a 
method and apparatus for developing an empirical data Set 
for use in measuring, with a high degree of accuracy, a 
perSon's temperature based on Sensed infrared radiation 
emitted by the person's tympanic membrane (ear drum) 
and/or Surrounding outer ear canal tissue. 

BACKGROUND AND SUMMARY OF THE 
INVENTION 

Temperature Taking is Important 
Doctors, nurses, parents, and other care providers need to 

rapidly and accurately measure a person's body temperature. 
To find out whether a perSon is sick, the first thing a care 
provider usually does is take the person's temperature. 
Someone running a fever is likely to have an infection. A 
doctor or nurse can tell a lot about how a patient is doing by 
monitoring the patient's temperature over time and noting 
how it has changed. 
Ear Thermometers Work by Taking the Temperature of Your 
Eardrum 

Doctors and nurses can now measure temperature through 
the ear. Ear thermometers measure your temperature by 
detecting the amount of radiant heat (“infrared energy') 
emitted by your eardrum. Just as you can feel the heat when 
you hold your hands up in front of a warm fire, an ear 
thermometer can detect eardrum temperature without having 
to actually touch the eardrum. Because the eardrum is close 
to the body's master temperature control mechanism (the 
hypothalamus portion of the brain), measuring eardrum 
temperature is a non-invasive way to ascertain the patient's 
core body temperature. 
Ear Thermometers Have Advantages Over Other Types of 
Thermometers 

Earthermometers are easy and quick to use. To use an ear 
thermometer, a nurse or other care provider places a dis 
posable probe cover over the earthermometer's heat Sensing 
probe. The probe cover keeps the Sensing probe clean and 
prevents the Spread of disease from one patient to another. 
Once the disposable probe cover is in place, the nurse or 
other caregiver inserts the covered Sensing probe into the 
patient's Outer ear. Typically, a button is then pressed to 
command the instrument to make a measurement. The 
patient's temperature nearly instantly shows on the instru 
ment's display. 
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2 
Earthermometry thus offerS Significant advantages over 

other types of thermometry in many clinical contexts. For 
example: 
The measuring time is very rapid-usually less than two 

Seconds. 

The eardrum is at or near the body's core temperature 
providing the most accurate location for non-invasive 
temperature measurement. 

Because the ear is a dry orifice, cross-contamination is not 
much of an issue-and individual, disposable probe 
covers further reduce the already low cross 
contamination riskS. 

Because of the short measurement time and the use of 
either ear as the measuring point, it is possible to 
rapidly measure the temperature of children, invalids 
and Sleeping patients-and in other Situations where it 
is difficult to get a patient to Sit Still for thirty Seconds 
with a probe under their tongue. 

The theoretical accuracy of the measurement is very high 
(for example, on the order of one tenth of one degree). 

Accuracy is a Big Concern 
Despite these many clear advantages, ear thermometry 

has not yet achieved wide Success in the medical market 
place. The main reason is that even though the theoretical 
accuracy of ear thermometers is very high, this potential has 
not been realized in practice. Despite many years of hard 
work on the part of the major thermometer manufacturers, 
existing ear thermometers do not provide the high, repeat 
able accuracy required in a demanding hospital environ 
ment. 

This failing of existing ear thermometers is widely 
known. Everyone agrees that the ultimate technical goal of 
an earthermometer is to accurately assess the temperature of 
the patient's eardrum. But using existing ear thermometers, 
hospital nurses are often unable to duplicate Successive 
readings. If you try to measure the same person's tempera 
ture twice with existing commercial ear thermometers, you 
may get two very different readings. Since accurate, repeat 
able temperature measurements are often critical to proper 
medical diagnosis and treatment (for example, to detect a 
101.5 F. hospital fever threshold or to establish a tempera 
ture pattern over time), it is crucial for temperature mea 
Surements to be as accurate and repeatable as possible. 

Unfortunately, the reading given by an ear thermometer 
can depend on a variety of factors other than the patient's 
eardrum temperature. Some of these factors cannot be easily 
controlled, and Some of them vary with operating conditions 
(and thus potentially from one temperature to the next). 
The draft proposed “Standard Specification for Infrared 

Thermometers For Intermittent Determination of Patient 
Temperature” (American Society For Testing and Materials, 
EXXXX-97, May 9, 1997) notes that a signal detected by a 
tympanic thermometer's heat Sensor depends not only on its 
own and the patient's true temperatures, but also on the size 
and shape of the probe; its field of View, ambient tempera 
ture, and operator technique. The Standard Specification Sets 
forth a process for determining the “laboratory error” of an 
instrument-i.e., how much the instrument's internal noise, 
drifts, manufacturing tolerances, and other uncertainties in 
temperature measurement, affect how close the instrument's 
measured temperature is to actual temperature under various 
ambient temperature and humidity conditions. 
The draft Standards Specification requires ear thermom 

eters to exhibit, during lab testing with infrared radiation 
reference sources, an accuracy of 0.4 F. (Fahrenheit) for a 
test temperature range of 96.8 F. to 102.2 F. Over an 
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ambient (air) temperature range of 60.8 F. to 104 F.; and 
a lab testing accuracy of 0.5 F. Over the remainder of a 
wider (94 F. to 108°F) measurement range. Because of the 
reasons discussed above, many commercially available ear 
thermometers just barely meet this Standard-even though 
an ear thermometers theoretical accuracy is much higher 
and even though Some health professionals consider a 0.4 
F. error to be excessive in certain critical care and other 
clinical Settings. 
A range of previously intractable technical issues have 

stood in the way of electronic ear thermometry achieving 
better accuracy. Some background about the way ear ther 
mometers work is necessary for an appreciation of the 
accuracy problem. 
Technical Discussion of How Ear Thermometers Work 
AS mentioned above, an ear thermometer works by Sens 

ing the net infrared (heat) flux between an ear thermometer 
heat Sensor and the person's eardrum. Because the medical 
name for the eardrum is “tympanic membrane,” ear ther 
mometers are Sometimes also called “tympanic thermom 
eters.” If the Sensor's own temperature and other character 
istics are accurately know, the Sensed infrared flux can be 
used to precisely determine the temperature of the tympanic 
membrane and/or Surrounding ear canal tissue. 
A non-contact infrared thermometer generally includes 

the various components shown in prior art FIG. 1. An 
infrared sensor 10 measures the net thermal radiation flux 
(d) between the instrument and the subject's eardrum 11 
and/or outer ear canal 13 and produces a signal S, repre 
Senting this net thermal radiation flux. A reference contact 
sensor 12 thermally coupled (15) to sensor 10 measures the 
surface temperature (T) of the infrared sensor 10 and 
produces a signal S. representing this Surface temperature. 
An optical component 14 (often called a “waveguide') 
defines a field of view for sensor 10 and a corresponding 
optical coefficient (A) that describes how much of the heat 
emitted by a certain Surface area of the eardrum reaches the 
infrared Sensor 10. A computer or other computation means 
16 determines the Subject's temperature T, based on inputs 
from sensors 10 and 12. A display 18 displays the subject's 
temperature. A disposable probe cover 20 is used to prevent 
cross-contamination between patients. 
Some Ear Thermometers Calculate Temperature Using a 
Mathematical Equation Describing a Law of Physics 

The particular mathematical relationship that physicists 
use to describe the underlying operation of an ear thermom 
eter is called the Stefan-Boltzmann equation. This equation, 
set forth below, is complex: 

In this equation: 
A is the optical coefficient (determined by waveguide 14), 
O is the Stefan-Boltzmann constant, 
e, is the emissivity of the Subject, 
e is the emissivity of the infrared sensor 10, 
T is the surface temperature of infrared sensor 10 

(measured by temperature Sensor 12), 
d is the net infrared flux between infrared sensor 10 and 

the subject (as measured by infrared sensor 10), and 
T. represents the calculated target temperature. 
One way to determine patient temperature is for the 

computer 16 of FIG. 1 to calculate the Stefan-Boltzmann 
equation. Computer 16 can readily calculate this equation 
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4 
using floating-point arithmetic. However, to achieve 
accuracy, the calculation requires an accurate detection of 
two independent variables: the Surface temperature Ts of the 
sensor 10, and the net infrared flux db between the sensor 
10 and the Subject-plus accurate knowledge of the remain 
ing equation parameters including optical coefficient A and 
emissivity e. The problem is that various factors affecting 
these parameters are not constant acroSS ambient and patient 
temperature ranges, can and typically do change from one 
instrument to the next, and can fluctuate based on a wide 
variety of environmental affects including component aging, 
ambient temperature and how long the thermometer has 
been placed in the ear. The practical accuracy of a thermom 
eter that calculates temperature based on the Stefan 
Boltzmann calculation Suffers because of these various 
effects. 
One approach to Solving the accuracy problem is to 

correct the result of the Stefan-Boltzmann equation by using 
a correction factor(s) that attempts to take these various 
factors into account. See for example, U.S. Pat. No. 5,199, 
436 to Pompeii et al., which corrects the Stefan-Boltzmann 
calculation based on a gain calibration factor that is in part 
empirically determined; and U.S. Pat. No. 5,017,018 to Iuchi 
et al., which applies an error correction factor based on room 
temperature. 

These approaches improve accuracy but have the limita 
tion that they are complex and cannot practically take into 
account all of the factors that can influence measurement 
accuracy. As recognized in U.S. Pat. No. 5,293,877 to 
O'Hara: 

The relationships between all the inputs and the target 
temperature over a range of ambient temperatures are 
too complex to specify. Experiments have demon 
Strated that Sufficient accuracy is not achievable by 
utilizing Sensors to Sense the temperature of the ther 
mopile and waveguide and then processing the Signals 
according to equations which Subtract an amount from 
the measued temperature of the target which is attrib 
utable to temperature variations in the waveguide. 

Another Approach Models the Thermometer Using a Non 
Linear Mathematical System 
Another approach does not use the Stefan-Boltzmann 

equation, but instead defines a non-linear System model 
based on a complex, non-linear polynomial algorithm using 
an equation whose coefficients are analytically developed by 
multivariate linear regression analysis of data derived 
through calibration procedures. The O'Hara '877 patent uses 
this approach. O’Hara et al. make use of a technique they 
refer to as “calibration mapping” that they say they bor 
rowed from the field of “complex systems modeling.” 
O'Hara et al’s “calibration mapping involves the collection 
of the magnitudes of the inputs over a Suitable range of target 
temperatures and over a Suitable range of environmental 
(room) temperatures to describe a non-linear System with 
Sufficient accuracy. O'Hara et al. Say this is accomplished 
using multi-variate linear regression or other "curve fitting 
(i.e., non-linear) analytical techniques. 
The particular example O'Hara et al. disclose in their '877 

patent Specification is a thirteen term non-linear polynomial 
equation having thirteen coefficients and including Squared 
and cubed terms based on four independent variables (IR 
Sensor Voltage V, ambient temperature Sensor Voltage V, 
waveguide temperature V, and a null amplified Voltage 
V): 
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O'Hara et al. state that the values for these independent 
variables are collected through a calibration procedure in 
which each thermometer is controlled to Sequentially mea 
sure four fixed-temperature “blackbody” temperature refer 
ences (85 F, 95° F., 102 F. and 110 F) over a range of 
ambient temperatures. O'Hara et al. use regression tech 
niques to analyze the collected data to provide the coeffi 
cients of the equation, which are Stored in the corresponding 
thermometer memory. O'Hara et al. add offsets to certain 
coefficients to reduce truncation errors. 

Attemperature taking time, O'Hara et al’s microcomputer 
within the thermometer uses floating point arithmetic to 
calculate or look up the non-linear equation results based on 
these coefficients, and the result is displayed on the display. 
O'Hara et al. claim that in this way, all Sensor input is 
"mapped' to yield a target temperature according to a 
Supposed thirteen-dimensional Surface map that was deter 
mined at calibration time. A similar approach is disclosed in 
U.S. Pat. No. 5,150,969 to Goldberg et al. 

O'Hara et al and Goldberg et all each claim that their 
non-linear Systems provide higher accuracy than is available 
using the Stefan-Boltzmann equation. However, the problem 
with these approaches is that-despite their great 
complexity-they have not Solved the accuracy problem. 
The Present Invention Uses Empirical Data to Provide More 
Accurate Temperature Measurement 

The present invention provides a radically different 
approach to determining temperature in a non-contact infra 
red thermometer. Rather than basing temperature determi 
nation on a complex equation describing a non-linear 
System, the present invention goes against the conventional 
wisdom by opting for a far more Straighforward temperature 
determining technique that turns out to have Substantially 
greater accuracy. 

In contrast to the non-linear Systems and techniques 
described above, the present invention uses an empirical 
data Set to determine patient temperature. The empirical data 
Set is collected during a testing process, and is explicitly 
Stored in a non-volatile memory within the thermometer. At 
temperature measuring time, the thermometer accesses the 
appropriate cell in the non-volatile memory to determine 
temperature-thus directly outputting the same temperature 
output empirically collected for the same conditions at 
testing time. 
To achieve a high degree of accuracy, the empirical data 

Set provided by the present invention represents actually 
measured thermometer Sensor outputs over a Substantial 
number of target and ambient temperature points within the 
thermometer's operating range. In accordance with one 
example, on the order of ten to fifteen percent of the total 
operating range may be collected. This may typically result 
in collection of on the order of ten to fifteen thousand data 
points. The Substantial size of the empirical data Set elimi 
nates guesswork and estimation-since the most accurate 
indication of how a thermometer will perform under certain 
conditions is a record of how it previously performed under 
those same conditions. 

Although the highest possible accuracy can be achieved 
by exposing each thermometer unit to every possible target/ 
ambient temperature combination within the thermometer's 
desired operating range and resolution (e.g., each 0.1 F. 
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6 
target temperature increment for each 0.1 F. ambient tem 
perature increment over the target and ambient temperature 
ranges described above in connection with the ASTM 
Standard), this may not be practical for certain applications 
(e.g., a relatively inexpensive, handheld tympanic 
thermometer). In particular, developing Such a complete 
data Set would require testing of each individual thermom 
eter unit for many weeks in an environmental chamber. 
To reduce total testing time while achieving nearly com 

parable accuracy, the present invention Systematically col 
lects the empirical data in Sufficient quantities to adequately 
cover a range of reference target and ambient temperatures. 
The resulting empirical data Set defines a large number of 
calculated data points. There is no need for complex non 
linear polynomial calculation or other curve-fitting tech 
niqueS or complex Systems modeling. Simple linear func 
tions Such as averaging (i.e., adding two collected empirical 
data points and dividing by two) can be used to efficiently 
and rapidly Supply any data points not actually collected. 

Furthermore, in accordance with a further aspect provided 
by the present invention, the collected empirical data is used 
(e.g., in conjunction with manufacturer component 
Specifications) to allow the thermopile cold junction tem 
perature to be accurately ascertained. For example, a first 
Step in a temperature determination proceSS may be to 
ascertain cold junction temperature based on Such empirical 
data. This is radically different to an approach in which the 
thermometer does not determine what the ambient tempera 
ture is. 
The present invention also provides a unique thermometer 

testing and empirical data collection proceSS for efficiently 
collecting the empirical data Set. In accordance with this 
aspect provided by the present invention, empirical data is 
collected through the use of variable temperature reference 
targets and ambient temperature Swept acroSS a range. In 
more detail, each individual thermometer instrument is 
mated with a "black body temperature reference target, and 
the pair are placed into an environmental chamber. An 
electrically controllable shutter is placed between the black 
body reference target and the thermometer. The opening and 
closing of the shutter may be controlled by the thermometer 
itself or any Suitable proceSS controller. 
The temperature of the black body is Set to a particular 

reference temperature, and the environmental chamber is 
controlled to Sweep its temperature acroSS the desired ambi 
ent temperature operating range of the thermometer (e.g., 
60.8° F to 104°F). The thermometer controls the shutter to 
open for a short time duration each time the thermometer's 
cold junction or "ambient' temperature Sensor Senses the 
next incremental temperature in a sequence (e.g., each 0.1 
F. ambient temperature increment). The thermometer's 
infrared sensor measures the radiation flux dbb each time the 
Shutter is opened, and a data point consisting of the two 
thermometer sensor (10, 12) outputs T, d, and the black 
body reference temperature is Stored. This ambient tempera 
ture "Sweep' for a particular black body reference tempera 
ture preferably develops a “band' of data that spans the 
ambient temperature operating range of the thermometer. 
Once the ambient temperature operating range has been 

covered for one target reference temperature, the blackbody 
temperature is incrementally changed to a new value and the 
process is repeated to collect a further “band' of data. Data 
collection continues in this way until a Sufficient number of 
data “bands' corresponding to different blackbody reference 
temperatures have been collected to Substantially cover the 
thermometer's desired target temperature range (94 F. to 
108 F.) with a desired resolution (e.g., each 0.5° F target 
temperature increment). 
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The resulting empirical data Set has a high degree of 
accuracy acroSS the ambient and target temperature operat 
ing ranges of the thermometer. A linear function Such as 
Simple averaging may be used to derive data points not 
actually collected but which fall between the collected data 
“bands’. 

BRIEF DESCRIPTION OF THE DRAWINGS 

These, as well as other objects and advantages of this 
invention, will be more completely understood and appre 
ciated by carefully Studying the following more detailed 
description of a presently preferred exemplary embodiment 
of the invention in conjunction with the accompanying 
drawings, of which: 

FIG. 1 is a is a simplified diagram of a prior art tympanic 
thermometer; 

FIG. 2 shows an example thermometer measuring unit 
test System; 

FIG. 3 is a more detailed block diagram of the FIG. 2 test 
System; 

FIG. 4 is a flowchart of example program control Steps 
performed by the FIG. 2 test system; 

FIG. 5 shows example empirical data collected by the 
FIG. 2 test system; 

FIG. 6A ShowS example collected empirical data arranged 
in a matrix; 

FIG. 6B shows the FIG. 6 table completed by using a 
linear function to derive additional data between the col 
lected data points which are then filled into the cells in the 
matrix; 

FIG. 7 shows an example cold junction temperature 
memory lookup table; 

FIGS. 8A and 8B show example target temperature 
memory lookup tables, and 

FIGS. 9A-9C show a flowchart of example steps per 
formed by a tympanic thermometer under computer Soft 
ware control to measure and indicate patient temperature 
based on the example Stored empirical information shown in 
FIGS. 7 and 8A or 8B. 

DETAILED DESCRIPTION OF PRESENTLY 
PREFERRED EXAMPLE EMBODIMENTS 

FIG. 2 shows an example testing system 100 provided in 
accordance with the present invention. Testing system 100 
tests a tympanic temperature measuring System 102 by 
gathering a large quantity of empirical data over an operat 
ing range of ambient and referenced target temperatures to 
provide a requisite degree of temperature measuring reso 
lution. 

Tympanic temperature measuring System 102 may be 
generally of the type shown in prior art FIG. 1. An example 
improved tympanic temperature measuring System 102 may 
be as described in copending commonly assigned U.S. 
patent application Ser. No. 09/089417, now allowed of 
Canfield et al. entitled “Tympanic Thermometer With Modu 
lar Sensing Probe" filed Jun. 3, 1998 (Attorney Docket No. 
2204-15). 

Tympanic temperature measuring Sytem 102 is mounted 
within an environmental chamber 105 using a suitable test 
fixture 106. Test fixture 106 holds tympanic temperature 
measuring System 102 in a position Such that it is aimed at 
a temperature reference 104. Ashutter 106 disposed between 
the tympanic temperature measuring System 102 and the 
temperature reference 104. The temperature reference 104 
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8 
emits infrared radiation which tympanic temperature mea 
Suring system 102 can sense whenever shutter 106 is 
opened. Shutter 106 prevents the infrared radiation radiated 
by temperature reference 104 from reaching tympanic tem 
perature measuring System 102 when the Shutter is closed. 
An actuator 106a is used to electrically open and close 

shutter 106. In this example, actuator 106a is controlled by 
tympanic temperature measuring System 102-either 
directly or via a master process controller 108. Master 
process controller 108 also controls environmental chamber 
105 and temperature reference 104. 

Master process controller 108 thus can control the tem 
perature of environmental chamber 105 and the temperature 
of temperature reference 104, as well as the open/closed 
state of shutter 106. Master process controller 108 also 
collects parameters measured by tympanic temperature mea 
Suring System 102 and provides them to a data collection 
computer 110. Data collection computer 110 develops an 
empirical data Set based on the testing. 

FIG. 3 shows certain aspects of testing system 100 in 
more detail. In the FIG. 3 example, temperature reference 
104 comprises a heat generating Source 104a, a radiating 
black body surface 104b, and Surface temperature measure 
ment transducers 104c. Master process controller 108 con 
trols the output of heat generating Source 104a which 
generates heat for radiation by radiating black body Surface 
104b. In one embodiment, heat generating Source may 
comprises an electrical heating coil fed by a constant current 
Source. In another embodiment, heat generating Source may 
Supplied a fluid flow the temperature of which is precisely 
controlled. Other temperature control arrangements are well 
known to those skilled in the art. 

Radiating black body surface 104b preferably has a 
precisely controlled emissivity that closely approximates the 
emissivity of the human outer ear canal and eardrum. See 
ASTM standard specification described above. As is well 
known, this emissivity can be achieved by using controlled 
thicknesses of Special paints. 
The temperature of radiating black body surface 104b is 

precisely monitored by precision calibrated Surface tempera 
ture measurement transducers 104c. These temperature mea 
surement transducers 104c provide their output to master 
process controller 108, which may average them to develop 
a very accurate and precise measurement of the temperature 
of radiating black body surface 104b. Based on the tem 
perature measured by transducers 104C, master proceSS 
controller 108 provides a closed loop control system to 
precisely control the temperature of radiating black body 
Surface 104b. 

Master process controller 108 also precisely monitors and 
controls the temperature of environmental chamber 105 
using conventional and environmental chamber temperature 
measuring and control. Master process controller 108 also 
receives the digitized d, output of thermopile 10 and the 
digitized T output of thermistor 12 provided by tympanic 
temperature measuring System 102. 

FIG. 4 shows an example flowchart performed by the 
testing system shown in FIGS. 2 and 3 to collect empirical 
data from tympanic temperature measuring System 102. 
Master process controller 108 first is initialized, and may 
then initialize the tympanic temperature measuring System 
102, environmental chamber 105, temperature reference 104 
and the data collection computer 110 (block 202). Initial 
ization of tympanic temperature measuring System 102 may 
involve downloading a testing program into the System for 
execution by a microcontroller therein. 
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Master process controller 108 next sets temperature ref 
erence 104 to an initial target temperature (block 204), and 
sets environmental chamber 105 to a particular ambient 
target temperature (block 206) in preparation for the first 
testing phase in this example. 

This first testing phase (in this particular example) is to 
precisely benchmark the output of thermistor 12 (which 
measures the temperature of the cold junction of thermopile 
10) for several different benchmark ambient temperatures. 
This first phase is performed without opening shutter 106 to 
expose the tympanic temperature measuring System 102 to 
any heat radiated by temperature reference 104. 
Tympanic temperature measuring System 102 is prefer 

ably left within environmental chamber 104 at the precisely 
controlled “benchmark’ ambient temperature set by block 
206 for a number of hours to establish a cold junction bench 
mark (i.e., a thermistor 12 digitized output value bit count 
precisely corresponding to a certain known cold junction 
temperature) (block 206). Once sufficient time has passed to 
ensure that tympanic temperature measuring System 102 
(and, in particular, the cold junction of thermopile 10) has 
precisely stabilized at the ambient temperature benchmark, 
master process controller 108 controls tympanic temperature 
measuring System 102 to read and convert the output of its 
thermistor 12 into a corresponding cold junction bit count 
(block 208) thus establishing a first cold junction bench 
mark. 

Blocks 206, 208 may be performed for several different 
cold junction benchmark temperatures (decision block 210). 
At the end of this process, testing System 100 has precise 
thermistor 12 output values corresponding to precisely 
known cold junction temperatures. These cold junction 
benchmark temperatures in conjunction with the character 
istic data sheet provided by the manufacturer of thermistor 
12 are used in the preferred embodiment to precisely deter 
mine the temperature of the cold junction of thermopile 10 
based on the digitized bit count output of thermistor 12. 

Once the cold junction benchmark temperatures have 
been obtained (“yes” exit to decision block 210), master 
process controller 108 sets environmental chamber 105 to a 
low ambient temperature within a test profile temperature 
range, and tympanic temperature measuring System 102 is 
preferably allowed to precisely Stabilize to this temperature 
by resting within environmental chamber 105 for a sufficient 
amount of time (block 212). Master process controller 108 
then begins increasing (i.e., upwardly Sweeping) the tem 
perature within environmental chamber 105 at a constant 
slope of (for example, 0.5 Fahrenheit per minute in one 
example) (block 214) while continually monitoring the 
output of thermistor 12 (block 216). 
When master process controller 108 (or tympanic tem 

perature measuring System 102) determines, based on the 
information gathered by blocks 206-210 and the character 
istic data for thermistor 12, that the output of thermistor 12 
corresponds to an incremental 0.1 F. cold junction measur 
ing point (decision block 218), the master process controller 
108 and/or the tympanic temperature measuring system 102 
controls actuator 106a to momentarily open shutter 106 
(block 220). While shutter 106 is open, the output of 
thermopile 10 is read and converted by tympanic tempera 
ture measuring System 102. This resulting bit count is Stored 
by data collection computer 110 along with the bit count 
output of thermistor 12 and the precise temperature of 
temperature reference 104 as indicated by Surface tempera 
ture measurement transducers (block 220). 

Even though block 204 sets the temperature of tempera 
ture reference 104 to a particular target temperature, it has 
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10 
been found that Sweeping the ambient temperature within 
environmental chamber 205 tends to add heat to or remove 
heat from temperature reference 104. One approach would 
be to maintain temperature reference 104 at a precisely 
controlled temperature despite the change in ambient tem 
perature. However, in this particular example, reference 
target 104 is permitted to change temperature Slightly and its 
actual temperature at the time shutter 106 is opened is 
collected along with the digitized output of thermopile This 
is possible because it is not necessary to precisely calibrate 
measurements for a particular fixed black body temperature 
in the preferred embodiment. 
The process performed by blocks 216-220 is repeated for 

the next increment (e.g., 0.1 F.) cold junction bit count 
outputted by thermistor 12 as master process controller 108 
continues to increase the environmental chamber 105 tem 
perature at the constant slope. When the upper end of the 
ambient temperature operating range (e.g., 110 F) has been 
reached (decision block 222), data collection computer 110 
will have gathered a "band' of empirical data corresponding 
to each 0.1 F. increment within the desired ambient tem 
perature operating range of tympanic temperature measuring 
system 102 for an approximate particular black body refer 
ence target temperature along with the precise black body 
reference target temperature corresponding to each of these 
empirical data points. Specifically, each data point in this 
example includes (a) the temperature of temperature refer 
ence 104 at the time the data point was collected; (b) the 
digitized bit count output of thermistor 12, and (c) the 
digitized bit count output of hermopile 10. 
The process performed by blocks 212-222 is then 

repeated or another black body reference temperature. In the 
preferred embodiment, this process is repeated for a rela 
tively large number of black body reference temperatures 
in one example, for every 0.5 F. temperature within the 
required target temperature operating range of tympanic 
temperature measuring System 102. 
While it might at first appear practical and possible to 

Simply at this point change the black body reference tem 
perature and ramp the environmental chamber 105 ambient 
temperature in the opposite direction (i.e., downwardly) 
while taking new "band' of measurements, it has been 
experimentally determined that the thermodynamics are 
different during ramping up as opposed to ramping down of 
the ambient temperature. Accordingly, in the preferred 
embodiment, all data points are collected while Sweeping 
the temperature of environmental chamber 105 upwardly 
from a lower temperature to a higher temperature-Since 
this better simulates the heat transfer direction when tym 
panic temperature measuring System 102 is in the patient's 
ear and is increasing its cold junction temperature due to the 
So-called drawdown effect. 

Accordingly, assuming that there are additional tempera 
ture reference points for which empirical data is to be 
collected (“no exit to decision block 224), master process 
controller 108 begins ramping the environmental chamber 
temperature 105 down below the temperature of the initial 
test profile low temperature-preferably at a constant, more 
rapid slope (e.g., 2.5 F. per minute) (block 226) while 
adjusting the temperature of temperature reference 104 to a 
new reference temperature (block 228). In one example, 
master process controller 108 increments the temperature of 
black body reference 104 by 1.0 F. and allows it to stabilize 
before repeating the steps of blocks 212-222 for the new 
black body reference temperature. Once this overall proceSS 
has been repeated to collect all desired empirical data points 
(“yes” exit to decision block 224), master process controller 
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108 returns environmental controller to an initial cold junc 
tion temperature and Sets the temperature reference 104 to 
the initial target temperature for testing of a new tympanic 
temperature measuring system 102 (block 230). 

FIG. 5 shows an example of actual data collected by data 
collection computer 110 using the process shown in FIG. 4. 
AS can be seen, data collection computer collects four 
different data parameters: the temperature of temperature 
reference 104 (column 302), the cold junction temperature in 
degrees Fahrenheit (column 304), the digitized bit count 
output of thermistor 12 (column 306), and the digitized 
output of thermopile 10 (column 308). The particular data 
shown in FIG. 5 was collected for each 0.1 F. ambient 
temperature increment while environmental chamber 105 
Swept through a portion of its ambient temperature range 
from 65.3° F to 69.1 F. The temperature of temperature 
reference 104 was nominally set at 101.7, but due to the 
interaction between the change in ambient temperature and 
the temperature of temperature reference 104, it is difficult 
(nor is it necessary in this example) to maintain the tem 
perature of temperature reference 104 at a precise fixed 
reference temperature. In particular, Sweeping of the ambi 
ent temperature tends to add or Subtract heat from the 
temperature reference 104-thereby changing its tempera 
ture Slightly. Accordingly, rather than Simply assuming that 
the temperature reference 104 is at a precisely known 
temperature, testing system 100 in the preferred embodi 
ment actually measures the temperature of temperature 
reference 104 at each data collection point. 

The FIG. 4 process does not, in the preferred embodiment, 
attempt to collect an empirical data point for each and every 
possible temperature measurement within the ambient tem 
perature and target temperature operating ranges of tym 
panic temperature measuring system 102. Although Such 
exhaustive empirical data collection would maximize 
accuracy, it would require a large amount of testing time for 
each individual tympanic temperature measuring System 
102. Therefore, data is collected for a Sufficient number of 
black body reference temperatures to provide a requisite 
degree of accuracy covering the operating range of System 
102 without being exhaustive. FIG. 6 shows an example data 
collection matrix resulting from the FIG. 4 data collection 
process. The process described in FIG. 4 results in “bands” 
of data that Span the entire desired ambient and target 
temperature operating ranges of tympanic temperature mea 
Suring system 102, these “bands' being sufficiently closely 
Spaced So that a linear function (e.g., simple averaging) can 
be used to supply the data points between the “bands” that 
was not empirically collected. Referring to FIG. 6A, one 
such “band' of data 310a is collected at a black body 
temperature reference 104 temperature that is nominally 
101.0 F. but which as FIG. 6A demonstrates-changed 
during the particular up-ramping of the environmental 
chamber 105 used to gather this particular “band.” Similarly, 
a Second data band 310b is gathered based upon Sweeping of 
environmental chamber 105 from low to high ambient 
temperatures using a nominal black body temperature ref 
erence 104 temperature of 101.5 F. (but which actually 
measured 101.7 F., 101.9 F. for the particular ambient 
temperature data points of 65.3 F-69.1 shown. The “data” 
within each cell of the FIG. 6A matrix is the bit count of the 
output of thermopile 10-the bit count of the output of 
thermistor 12 being used to generate the left-hand (cold 
junction degree) column 312 and the collected black body 
temperature being used to generate the black body tempera 
ture upper row 314 of the matrix. 

FIG. 6B shows that it is possible using a linear function 
to explicitly fill in all other cells of the FIG. 6A matrix based 
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12 
on the empirical data shown in FIG. 6A. In particular, the 
other cells of the matrix may be generated by Simple linear 
averaging techniques. The linear averaging may be per 
formed either at testing time or a temperature taking time. If 
one wants to Store, within tympanic temperature measuring 
System 102, a complete lookup table of values correspond 
ing to each possible ambient and target temperature within 
its operating range, then the data between the empirical data 
bands 310 may be generated as part of the testing proceSS 
using a linear function Such as averaging, and the result 
Stored into non-volatile memory within tympanic tempera 
ture measuring System 102. On the other hand, the processor 
within tympanic temperature measuring System 102 is 
capable of efficiently performing the Simple linear calcula 
tions required to derive the data points between empirically 
collected data points. 

In either case, the Specific preferred embodiment in this 
example Stores the collected empirical data in a data matrix 
that preserves the information representing distance between 
data points shown in FIG. 6A. This distance information is 
necessary to the averaging process. One way of preserving 
this distance information is to Store the collected empirical 
data within a large matrix memory and using the matrix 
itself to indicate how far apart the empirically collected data 
points are. Other Storage representations that preserve this 
distance information can be used. 

FIG. 7 shows one part of an example memory matrix 
Stored within tympanic temperature measuring System 102 
based upon the FIG. 4 data collection process. The particular 
lookup table 320 shown in FIG. 7 is used to correlate 
thermistor 12 bit count output to both actual temperature in 
degrees Fahrenheit (row 324), and to a memory address 
within a large memory matrix in which all empirical ther 
mopile output data collected at that particular measured cold 
junction temperature is stored (row 326). In this example, 
the lookup table address begins at FF00H (hexadecimal) in 
increments to FFFFH as an example. The FF00H corre 
sponds to 66.0 F. (e.g., thermistor 12 output bit count 
21380). In this example, the address FF01H would corre 
spond to 66.1 F., etc. The actual EPROM data for a given 
address represents the cold junction bit count for a tenth of 
a degree resolution. Once the actual or nearest cold junction 
data is Secured, an incremental counter "points' to or 
indicates the EPROM high byte address corresponding to 
the cold junction range determined. Furthermore, in this 
example, the cold junction bit count corresponds to an actual 
known temperature (as represented in row 324). Thus, in this 
embodiment, tympanic temperature measuring System 102 
can always determine the precise cold junction temperature 
in degrees Fahrenheit corresponding to any temperature 
measurement. 

FIGS. 8A and 8B show example empirical lookup tables 
to which the FIG. 7 lookup table may point. As will be 
understood, the FIG. 8A table stores only the actually 
collected empirical data points while the FIG. 8B table 
Stores those collected empirical data points along with 
intermediate data points determined through a linear analy 
sis of the collected data points. In each of these tables, the 
left-hand column 330 corresponds to the high byte address 
within the EPROM; the next column 332 corresponds to the 
cold junction bit count; and the next column corresponds to 
the actual cold junction temperature in degrees Fahrenheit. 
The upper row 336 of the matrix corresponds to the low byte 
memory address, and the next row 336 corresponds to the 
black body temperature in degrees Fahrenheit. 

FIGS. 9A-9C show an example temperature measuring 
process performed by tympanic temperature measuring SyS 
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tem 102 based on the Stored tables of FIG. 7 and FIG. 8A or 
8B. To measure and display a temperature, tympanic tem 
perature measuring System 102 first Secures the cold junc 
tion bit count output of thermistor 12-preferably using the 
least significant 16 bits of data provided by a 20-bit reso 
lution A/D converter (block 400). Tympanic temperature 
measuring System 102 also Secures the digitized output of 
thermopile 10 (block 402). Tympanic temperature measur 
ing system 102 then accesses the FIG. 7 table (block 404), 
reads the data Stored in row 322 and Searches this data until 
it finds a cold junction bit count that exactly matches or most 
closely approximates the digitized cold junction bit count 
secured by block 400 (block 406). If exactly or closely 
approximating data is not located, the cold junction tem 
perature is out of range and an error condition is detected 
(“no” exit to decision block 408, block 410). Otherwise, 
tympanic temperature measuring System 102 reads the 
EPROM address (FIG. 7, row 326) for use as an “increment 
counter,” which counter number becomes the high byte of an 
address used to access the memory matrix of FIG. 8A or 8B 
(block 412). Tympanic temperature measuring System 102 
sets this “increment counter” as the high byte (block 414) 
and uses it to access the table of FIG. 8A or 8B as the case 
may be (block 414). In the case where tympanic temperature 
measuring System 102 Stores the complete data Set shown in 
FIG. 8B (“yes” exit to decision block 416), then the tym 
panic thermometer temperature measuring System 102 reads 
the row of the FIG. 8B table corresponding to the low byte 
address obtained by block 414 to access all stored data 
corresponding to that particular cold junction temperature 
(block 418). Tympanic temperature measuring system 102 
Searches through this data until it locates the Stored data that 
either equals or most closely approximates the actual ther 
mopile 10 bit count output (block 418). If no such data is 
found (“no” exit to decision block 420), the measured 
temperature is not within range and an error condition arises 
(block 422). Otherwise (“yes” exit to decision block 420), 
tympanic temperature measuring System 102 determines, 
from the position of the accessed data within the memory 
matrix, which black body temperature it corresponds to 
(block 424). Tympanic temperature measuring System 102 
mathematically applies any offsets and equivalents (e.g., to 
provide for oral or rectal equivalent temperatures as opposed 
to core temperature), and displays the resulting value as the 
temperature of the patient (block 426). 

Referring to FIG. 9C, if the tympanic temperature mea 
Suring System 102 Stores only the empirically collected data 
(see FIG. 8A), the tympanic temperature measuring System 
102 accesses the data within the data matrix and determines 
whether any Stored empirical data that exactly corresponds 
to the current digitized thermopile 10 data output (block 
428). If there is an exact bit count match (“yes” exit to 
decision block 430), then the steps shown in FIG.9B, blocks 
424, 426 are performed. Otherwise (“no” exit to decision 
block 430), the tympanic temperature measuring system 102 
determines whether the end of the data block for that 
particular cold junction temperature has been reached 
(decision block 432). If the end has been reached before two 
data values that the measured thermopile data output falls 
between have been located, the actual thermopile data is not 
within the Specified operating range and an error condition 
arises (“yes” exit to decision block 432; block 434). Other 
wise (“no” exit to decision block 432), the tympanic tem 
perature measuring System 102 accesses and reads the two 
empirical data points that “bracket' the current actual ther 
mopile 10 data output (decision block 436). The current 
patient temperature is linearly derived from these two 
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empirical values by calculating the difference between these 
two data points and dividing the difference by the difference 
in addresses (i.e., the “spacing between the data points in 
terms of black body temperature) (block 436). This averag 
ing process derives the data value for the empty location, 
this derived data value being processed by blocks 424 and 
426 for display. 
While the invention has been described in connection 

with what is presently considered to be the most practical 
and preferred embodiment, it is to be understood that the 
invention is not to be limited to the disclosed embodiment. 
AS one example, it is possible to collect Sensed parameters 
in addition to the thermistor and thermopile outputs. On the 
contrary, it is intended to cover various modifications and 
equivalent arrangements included within the Spirit and Scope 
of the appended claims. 

I claim: 
1. A method of developing measurement data for a 

tympanic thermometer comprising: 
(a) Systematically collecting, across a range of reference 

target and ambient temperatures, empirical thermom 
eter measurement data in Sufficient quantities and in 
Such a way as to provide an empirical data Set com 
prising a number of data points; 

(b) using a linear function to Supply at least one interme 
diate data point not collected by Step (a); and 

(c) combining said empirical data set with said at least one 
intermediate data point to provide a measurement data 
Set for use by a tympanic thermometer to develop a 
temperature measurement. 

2. A method as in claim 1 wherein the tympanic ther 
mometer has a writable memory, and the method further 
comprises: 

(d) writing said combined collected and said Supplied data 
points into Said tympanic thermometer Writable 
memory. 

3. A method as in claim 1 wherein said step (b) comprises 
averaging at least two collected data points to Supply an 
intermediate data point or data points. 

4. A method as in claim 1 wherein Said step (a) comprises 
gathering on the order of at least 10% of the total data points 
within a thermometer's Specified operating range. 

5. A method as in claim 2 wherein step (d) comprises 
Writing Said combined collected and Said Supplied data 
points into a lookup table. 

6. A method of operating an ear thermometer including an 
infrared Sensor and a temperature Sensor, Said infrared 
Sensor measuring the infrared flux between said infrared 
Sensor and a target, Said temperature Sensor measuring the 
temperature of Said infrared Sensor, Said method comprising: 

collecting and Storing, within the ear thermometer, an 
empirical data Set comprising a number of data points, 
each data point specifying (a) an infrared flux measured 
by said infrared sensor, (b) a corresponding tempera 
ture measured by said temperature Sensor, and (c) a 
corresponding reference target temperature; 

optically coupling Said infrared Sensor to a perSon's ear; 
measuring (a) the infrared flux between said infrared 

Sensor and the person's ear tissue, and (b) the tempera 
ture of Said infrared Sensor cold junction; and 

accessing the collected Stored empirical data Set to deter 
mine the reference target temperature corresponding to 
Said measured infrared flux and Said cold junction 
temperature. 

7. A method of operating an ear thermometer including an 
infrared Sensor and a temperature Sensor, Said infrared 
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Sensor measuring the infrared flux between said infrared 
Sensor and a Subject, Said temperature Sensor measuring the 
temperature of Said infrared Sensor, Said method comprising: 

using Said earthermometer to collect an empirical data Set 
comprising a number of data points, each data point 
Specifying (a) an infrared flux measured by Said infra 
red sensor, (b) a corresponding temperature measured 
by said temperature Sensor, and (c) a corresponding 
reference target temperature; 

Storing Said empirical data Set in the thermometer, and 
taking a perSon's temperature by performing the follow 

ing steps: 
(1) optically coupling said infrared Sensor to the per 

Son's ear canal; 
(2) measuring the infrared flux between said infrared 

Sensor and the perSon's ear tissue; 
(3) measuring the temperature of Said infrared sensor 

with Said temperature Sensor; 
(4) accessing the Stored empirical data set within the 

thermometer to determine the reference target tem 
perature corresponding to Said measured infrared 
flux and Said measured infrared Sensor temperature; 
and 

(5) providing an indication of Said corresponding ref 
erence target temperature as the temperature of Said 
perSon. 

8. A method as in claim 7 wherein Said Storing Step 
comprises the Step of Storing at least on the order of at least 
10% of the total data points within a thermometer's specified 
operating range. 

9. A method as in claim 7 wherein said storing step 
comprises Storing Said data points in a non-volatile ran 
domly accessible memory. 

10. A method as in claim 7 wherein said storing step 
comprises Storing Said data points in a lookup table. 

11. A method as in claim 7 further including the step of 
correcting Said indication to provide an oral equivalent 
temperture. 

12. A method as in claim 7 further including the step of 
correcting Said indication to provide a rectal equivalent 
temperture. 

13. A method as in claim 7 wherein said empirical data set 
represents actually measured thermometer Sensor outputs 
over a Substantial number of target and ambient temperature 
points within the thermometer's operating range. 

14. Athermometer empirical data collection process com 
prising: 

(a) optically coupling an individual thermometer instru 
ment to a temperature reference target, Said thermom 
eter including an infrared Sensor generating an infrared 
flux value d, and a temperature Sensor coupled to the 
infrared Sensor, the temperature Sensor generating a 
value T indicating the temperature of Said infrared 
Sensor, 

(b) placing said thermometer instrument and said tem 
perature reference target into an environmental cham 
ber; 

(c) controlling the environmental chamber to Sweep its 
temperature across an ambient temperature operating 
range, 

(d) for each of Several ambient temperatures within said 
ambient temperature operating range, acquiring a data 
point consisting of the two thermometer Sensor outputs 
T, dd, and the temperature of the temperature reference 
target, and 
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(e) storing said data points acquired by said step (d) into 

Said thermometer for use in looking up the temperature 
of a Subject. 

15. A thermometer testing and empirical data collection 
method for efficiently collecting an empirical data Set for use 
by thermometer instruments each including an infrared 
Sensor generating an infrared flux value d, and a tempera 
ture Sensor coupled to the infrared Sensor, the temperature 
Sensor generating a value T indicating the temperature of 
Said infrared Sensor, Said method comprising: 

(a) mating each individual thermometer instrument with a 
“black body' temperature reference target; 

(b) coupling said thermometer instrument and corre 
sponding reference target together through an electri 
cally controllable shutter; 

(c) placing said thermometer instrument and correspond 
ing black body temperature reference target and Shutter 
into an environmental chamber 

(d) setting the temperature of the black body temperature 
reference target to a particular reference temperature; 

(e) controlling the environmental chamber to Sweep its 
temperature acroSS the desired ambient temperature 
operating range of the thermometer; 

(f) using the thermometer to control the shutter to open for 
a short time duration each time the thermometer's 
temperature Sensor Senses the next incremental tem 
perature in a sequence; 

(g) each time the shutter is opened, acquiring a data point 
consisting of the two thermometer Sensor outputs T, 
d, and the blackbody reference temperature; 

(h) incrementally changing the temperature of the black 
body temperature reference to a new value and repeat 
ing steps (e)-(g); and 

(i) repeating said step (h) until an empirical data set has 
been developed to cover the thermometer's desired 
target temperature range. 

16. A method as in claim 15 wherein Said repeating Step 
(i) includes the step of covering a thermometer target 
temperature range of 94° F to 108 F. 

17. A method as in claim 15 wherein said step (h) 
comprises the Step of changing the temperature of the 
blackbody temperature reference by 0.5 F. 

18. A method as in claim 15 wherein said Sweeping step 
includes the Step of Sweeping the temperature of the envi 
ronmental chamber from 60.8 F. to 104 F. 

19. A method as in claim 15 wherein said shutter opening 
Step comprises opening said shutter for each 0.1 F. ambient 
temperature increment. 

20. A method as in claim 15 wherein said shutter opening 
Step comprises opening and closing of the shutter under 
control by the thermometer. 

21. An infrared thermometer empirical data collection 
System comprising: 

an infrared thermometer including an infrared Sensor 
generating an infrared flux value d, and a temperature 
Sensor coupled to the infrared Sensor, the temperature 
Sensor generating a value T indicating the temperature 
of Said infrared Sensor; 

an environmental chamber for holding Said infrared ther 
mometer and a temperature reference target; 

means for optically coupling, within Said environmental 
chamber, Said thermometer to Said temperature refer 
ence target, 
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means coupled to Said environmental chamber for con- Sisting of the two thermometer Sensor outputs T, dd, 
trolling the environmental chamber to Sweep its tem- and the temperature of the temperature reference target; 
perature across an ambient temperature operating and 
range, lookup means coupled to said acquiring means for Storing 

5 Said acquired data points into Said thermometer for use 
means coupled to Said thermometer Sensors for acquiring, in looking up the temperature of a Subject. 

for each of Several ambient temperatures within Said 
ambient temperature operating range, a data point con- k . . . . 


