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INTRODUCTION SIERZT | » 2 &

The following is a description of a program for a hand-held programmablie
calculator which, in effect, interpolates values of temperature from the
calibration table of a silicon diode thermometer over a full 4 to 300K
temperature range. When making temperature measurements in the laboratory,
the voltage across a forward biased calibrated diode is read from a digital
voltmeter. With this program, the voltage reading is keyed into the calculator
and the interpolated temperature is calculated quickly and accurately. The
computational technique oresented here 1S superior to technigues generally
ised since the data reduction scheme ailows more information to be stored,
allows for a simple calculator routine resulting in very short computation

times and results in an interpolation having the accuracy of the original

data table. The scheme is perfectly general and can be used to interpolate

any data table.

GENERAL SCHEME

A common recurring problem in laboratory work is the necessity of
interoolation from a table of values. An example is interpolation from a

calibration table furnished with a cryogenic silicon diode thermometer where

(1)

pairs of temperature and voltage values are given. OQuring an experiment,

. the diode voltage is read from a digital voltmeter, then the corresponding
[ temperature value must be interpciated from the calibration table. [t would

be very convenient to be able to make this interpolation quickly and with a high

calculator, in our case a Texas Instruments TI-59, can be used to accomplish

this.

{ deqree of accuracy while the experiment {s in progress. A hand-held programmable
]




3efore this is done, a number of problems must be overcome. The
calibration table supplied with a diode typically may have 90 or more pairs
of temperature and voltage values. This would exceed the maximum available
memory capacity of the calculator which is about 100 locations. Interpolation
can be accomplished by the evaluation of a least square fit polynomial,
however the calculator is too Slow to do other than the simplest fitting
routines in a short period of time. An attempt to fit a polynomial equation
to the entire 4 to 300K calibration using a large computer did not result
in the desired accuracy. The following procedure was subsequently devised.

The values from the calibration table were divided into overlapping
temperature intervals. Then for each interval, a least square polynomial
it was made using a Forsythe fitting methocl(2j programmed on an [8M 370
computer. Any least square polynomial fit with sufficient accuracy is adequate.
The least square polynomial fit program gives an rms error for each polynomial.
The temperature intervals were adjusted by trial and error in order to obtain
a satisfactory rms error over the full 4 to 300K span. In the case considered
nere, 1t was found that 12 polynomials each of dth order were needed and that
the length of the temperature intervals varied over the calibration range.
A1l intervals have a one point overlap with the adjoining intervals. Using
the coefficients found to 16 place precision by the [BM 370 computer, the rms
error, 93zg. of each polynomial fit is given in Table [. The accuracy obtained
preserves the accuracy of the calibration table. The full calibration table
was thus reduced to 12 sets of polynomial coefficients, a , 3, 25, 34, 2,
which could all be stored in the calculator. A relatively simple program could

then be used to calculate any temperature, T, between 4 and 300K by evaluating

=



T = a, V4 *a, V3 +a, V2 * vV + 3 where V is the voltage reading across

the silicon diode thermometer. Both the coefficients and the calculator
proaram are stored on magnetic cards and a set of magnetic cards can be used
to store the coefficients for several different calibrated temperature

sensors.

Table [. The temperature intervals and the corresponding rms errors of the
4th order polynomial fit using coefficients having 16 digit precision on an

I3 370, v379, and coefficients having 10 digit precision on a TI-59, Cgq-

Polynomial Temp. Interval 370 g
¢ (K) (K*) (x*)
4 -6.5 X107 1x10™°
6.5 - 9.5 2x10”" 2x10”"
9.5 - 13 9x10”"? 10~
13- 17 6x107"* 1x10”°
17 -2 ax107'? 2x10""
21 - 25 6x107'* 1x107"
25 - 32 7x10”" 7x107"
32 - 55 1x107? 1x10”*
55 - 85 1x107? 1x10°*
G5 - 155 8x10”" ax10”"
155 - 245 9x10”" 1x10°*
245 - 300 2x10”" 2x10”"
3




CALCULATOR PROGRAM

The 12 polynomials used each have five coefficients therefore, 60 memory
locations are needed for coefficient storage. The program itself uses 13
memory locations for the voltages which define the temperature intervals,

4 locations for accumulation registers and one location for the input voltage.
The program itself requires 106 program steps. There are 13 memory locations
and 133 program steps not used. The number of memory locations and program
steps can be reallocated so that a maximum of fifteen 4th order polynomials
can be used if necessary.

The program action is as follows:

a) The voltage drop across the silicon diode is keyed in.
b) The program finds the corresponding voltage interval.

c) The polynomial coefficients corresponding to this interval
are located.

d) The fourth order polynomial is evaluated using these coefficients
and the resulting interpolated temperature is displayed rounded
to three decimal places.

e) If a voltage is entered which lies outside of the range of the

calibration the display will flash with the value of the voltage
which defines that calibration limit.

Using the TI-59 with the coefficients stored to the 10 digit precision of
the calculator, the temperatures were calculated at the known voltage calibration
points and checked against the given temperatures from the calibration table.

This ms error, 59 is given in Table ! for comparison. The calculation still

preserves the accuracy of the calibration table.
The time required for the calculator to compute the temperature is ten

seconds or less. Thus it is possible to take voltage readings and calculate




the temperature while an experiment is in progress. A copy of the Tl program
is given in the Appendix as Program [. Familiarity with programming lanquage

and procedures on the TI-59 are assumed.

EXAMPLE

First, the program must be entered into the calculator. The intial step
is to partition the calculator's memory. This is accomplished by keying in
9 2nd OP 17. The calculator responds by displaying 239.89 indicating the
correct partition. The display is cleared to 0 and the four sides of the two
cards are read into the calculator (The display must be cleared to zero before
each card is entered). The calculator is now ready.

Assume a voltage reading of 2.0153 volts. This value is keyed into the
calculator and the program is run by pressing "A". The calculator then : .plays
the corresponding temperature 3.758 rounded to 3 decimal places. The accuricy
of the result depends on the accuracy of the original calibration and the
accuracy of the polynomial fit as discussed above. Table [I in the Appendix
shows the values stored in the memory locations after this example was run.
Memory location 00 stores the input voltage reading. Locations 1-13 contain
the voltages which define the temperature intervals starting with the lowest
temperature interval first. Location 14 accumulates a value which determines
which set of coefficients shall be used. Location 20 through 79 contains the
ceofficients of the polynomials starting with the lowest temperature interval
first and stored in the order; a . a;. a,, a;, 3. Location 82 is a counter
which equals the memory location of each coefficient to be used. Location 83
stores the result of the evaluated polynomial and location 84 contains this

result rounded to three decimal places which is the value to be displayed.




ANOTHER PROGRAM

The storage capacity limits one to using a maximum of fifteen 4th order
polynomials. The data set may be such that the desired accuracy cannot be
obtained without exceedinag the storage capacity of the calculator. This
nroblem occurred with one of our thermometers and the solution used is
presented here.

[t was found that in three temperature intervals the fourth order polynomial |
did not give the desired accuracy. So a fifth order polynomial was calculated 5
for these cases. A program was written for the calculator that selects the
aperopriate number of coefficients and makes the decision whether to use the
4th or 5th order equation. After selection, the polynomial is evaluated and

the temperatuyre displayed. The program, the contents of the memory locations

and a “low chart are given in the Appendix under Program II.

[t should be noted that this procedure (changing some polynomials to
5th order) was an original attack on the problem. Our present philosophy
of attack would be to adjust the range of the polynomials by trial and error
with the least square fit program on the I8M 370 to give fits to accepted
Timits using polynomials all of the same order. OUnly if this procedure fails

should a mixture of orders be used. L

SUMMARY

A method has been found to interpolate values from a large table of data

using a hand-held programmable calculator. The method uses a series of
overlapping least squared polynomial fits, calculated by a large computer,
to reduce the information contained in the table to a small set of polynomial




coefficients. The entire set of coefficients can be stored in the calculator.
Interpolation is accomplished quickly and accurately by the programmed
evaluation of the polynomial. The method is perfectly general and, in
particular, is ideally suited to the interpolation of calibration tables

in the laboratory while an experiment is in progress.
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Frogram |

mitLe_Silicon Diode Thermometer®343 page 1 of 2 T| Progrommoble {gﬂ
PROGRAMMER _Car! G. Gardner oare 23 Aoril 79 Program Record
Partitioning (Op 17) (2.3.9.8.9) Library Moaule Printer

PROGRAM DESCRIPTION
{ This silicon diode thermometer interpolation program is designed to calculate the

| temperature (in deg. Kelvin) corresponding to a given voltage. The calculator performs
la search routine to find the correct coefficients, then calculates T using the

predetermined coefficients of a least square polynomial fit.
< 4 3 2 1
T=a,V +ta, v ta, s, Ve
Range of validity 4.0 to 300K.
USER INSTRUCTIONS
STEP! PROCEDURE | ENTER | PRESS |  DISPLAY
: i 1 |
| "1 | Partitioning | 9 |end|op | 17 239.89
i‘ 2 | Enter program and coefficients from cards C._R' ; . @
f | Enter sides 1, 2, 3, and 4 (not necessary R S
| | to be in that order) clear display to 0 | l ! ;
;L | | before each entry. ?i fod
‘ . 1 ,
| | 3 | Enter Voltage (V) ‘ v s BEE
| 4 fCalcuIate Temperature (T) | A ‘ | T
| ' *If a voltage is entered which lies outside ‘ ;
| | of the range of the calibration, the | bt )
|| display will flash with the value of the bcage i § !
|| voltage which defines the calibration , EOE e T ;
% | H | | |
‘: ‘ lTimit. ‘ | ; 1 w1
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f | ! e
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v ! l 1
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- e 5 i s 2 w_ee 0 SR =G0
’ B R e e | _m_is_ = _wm_gm
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Program [
TmLe Silicon Diode Thermometer #9343 mae_2_of _2_ T| Programmable

PROGRAMMER __Carl G. Gardner paTe _23 April 79 mm

( LOC ICODEl __ KEY | COMMENTS ||LOC ICODE[ KEY | COMMENTS || LOC COMMENTS
Lgoo Iy LBT. | 0SS "447suM ;

001 11 I ]lose 82 82 :
02 42 s7o STORE V|| 057 73 RC* "[RECALL : i
03 00 oo —__1[0ss 82 82 fa, : _

004 32 x:T LOADT ___|[059 &5 x T[%
00S 43 RCL [CHECK__|[(060 43 RCL [
a1 LOWER — 1r0é1 00 00

o

~t

=

&
o
a.
o
v

ool wlo|u |t

T

MERGED CODES
gmm 2% 83
SmE w84
M“EmE s E 92

TEXAS INSTRUMENTS

INtOmPORAYTED

"EHPERATUR

007 22 INV LIMIT 062 33 x2 T

008 7?7 GE 11063 93 = ap V& i)
009 12 B T 1[064 43 sum [

010 43 ROL KHECK —][065 383 82
|01t 13 13 pPPER  11066- O1 1 | acd
[012 77 GE LIMIT __|[067 44 sum :
| D! 3 12 g EIER AT ] 903 8; ?: & s e af RS A
1014 ©01f 1 DAITARE (069 -T2 RCs WOECREL— "HF o] | — [ 1
1015 32 STO KCOUNTER Fo70 282 22 7(a TS = ;
""'- v « 4 ‘ 1 e—1l 073 P [ 3 A —1' b Py e 1
P 3G i - SRR Y 2 - “ S T OO | __-."_~ =, SRS | e
1’017 72 RC+ FIND A 072 43 RCL 7] | S, ) G i
(01 14 s JINTERVAC T1[ 0732 b B [ = 5 IR %
(1019 22 INY | [ OT74 45 rriia ) AR TR »
(1020 7?7 GE | —_(fo?s 03 e i‘j P ﬁf“‘ S
I \‘:12 : . - — :- ‘:-'-; :.S e qaj V N l. TR »-To‘ -—--.-—-—-—-:--— i ————
[ Y022 3 a 1077 44 sum 7] At i '
P iy -4 : - e | ey Sa ———f -

024 44 SN | Ty T o o | e vl I |
7028 14 a ; 080 44 sSumMm | “m_“"—"l“ﬂi’_ 1

 oifandins - - . - — -4 ozt . 4§ — — — A ———— —— 4
|'026 61 GTO | [ 081 82 g2 | A TR e '
027 00 00 | 082 73 RiCs |RECALL 4 [ ETe a f
1028 17 17 | (083 82 82 f& 1| ¢} R ’r
023 43 RCL CALCULATE [[ 034 &S | CATNONEET | L) S SR i }
930 14 14 Locrrm | TR e SoRa | SR S F
Fo3t &5 I ST | R M R |
(1032 0% = COEF ICAE‘(T‘ QST 45 { A __“}__4._ T TR,
1 ‘033 € - 088 04 4 ! i ! !
| I S =R i .-4 o - - a - PSSt S, S ——
Li034 0t 1 | ~ _1logs es = _|a Va _ ,,_ L_,L I sl
} 0238 0C 0 | ) LD 44 SUM ? RN e Fn o) G e - e
1036 9% = | Lo oes 63 82l S T e Uit ISCRINN SNSINE-
['D 37 42 sT0 | . J1L0%2 20¢cPp _JGaRMTY W 7} 1 1 m
032 232 o2 | SEUNS. 3 REL 8 e —a
033 73 opce RECALL T gas 23 83 : '*ir' 1 T 3 |
040 32 382 Mo |[095 s& Fr: JROUND OFF || | ¥
| 041 42 STO . PN | R B R R ],A o __I < Do |
042 83 83 —||.oe7 s2 g | | 3 -
043 01 1 | 098 22 INY _| i | e e Al = » 1
| 044 44 sUM ¢ 093 S2 EE |58 i | &g !
| 04% 82 82 100 42 STO | ! b "
| 046 73 RC» RECALL |} 101 34 34 | | T N

047 82 82 M et 102 22 INV._] . AR ;
| 043 65 Il 103 S8 FIx | ' —
| 049 43 RCL | 104 43 R , 'z

X 3 | 105 8§ |
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COMMENTS ON PROGRAM |

STEPS

00 to 13 Pressing Label A starts program, stores voitage, Vy for
which temperature is to be calculated into Memory Location
00 and makes comparison to insure V is within correct
range (in this case 2.3822 > V > .38345).

14 to 28 Locates correct voltage range by comparing V to high value
of voltage in each of 12 ranges. (These values are stored
in Memory Locations 01 to 13). Locator Register (Memory
Location 14) is initially set equal to 1.

3
O
'

G

s

Calculates the starting Memory Location of the coefficients
of the polynomial selected. Stores starting location in
Memory Location 82.

39 - 9 Evaluates the 4th order polynomial equation. The value
corresponding to the location of the first polynomial
coefficient, ag, is in Memory Location 82. The next
coefficient, ay, is found by incrementing Memory Location
82 by 1. As the values of the terms of the polynomial
are calcylated, they are summed into Memory Location 83:
dhen finished evaluating Memory Location 83 holds the
answer.

92 to 106 Rounds the value in Memory Location 83 to 3 decimal places,
stores the rounded value in Memory Location 34, clears the
fixing condition back to full size and displays the rounded
value from Memory Location 84.




Table Il - Memory Locations for Program [ after an Interpolation calculation
for 2.0153 volts.
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Program [}

fiTLe Silicon Diode Thermometer pace_L_of _3 Tl Programmable
{nterpolation
PROGRAMMER _Ellen Fyffe DATE _10-6-78 Progrom Record
Partiioring (Op 17) 23989 Library Module Pnnter
PROGRAM DESCRIPTION

This silicon diode temperature sensor interpolation program is designed to
£c.ﬂculate the temperature (in degrees Kelvin) corresponding to a given voltage. The
‘calculator performs a search routine to find the correct coefficients, then calculates

|7 using the predetermined coefficients of a least square polynomial fit.

T = a4 v . a3 v az Ve a vV +a

NOTE: Not valid for voltages greater than 2.33785 volts, (1.9K). Range of validity

A

1

1.9° - 300°K. USER INSTRUCTIONS
'STEP| PROCEDURE ENTER | PRESS | DISPLAY
"1 Partitioning |9 l2ndfop | 17| 239.89
2 | Enter voltage (V) . v ‘ ' v '
3 Calculate temperature (T) ‘ A T
| : ; | | i
| { . |
\ + ' | i ——
, c - ‘
: ! ? =
i | . o
! | | ! i X
1 . n ; ‘ 1
t ! ' t t ‘ ——
; —| ] 1 4 —
i i {
| ! L
| USER DEFINED KEYS ’ CATA REGISTER S | = W) i LABELS (Op 08)
' Gl e Bow vy K g -Gk
" Lo . ! Y T _ wm_ N _ X AT
¢ ? : T T O _ = 8_X_
* . < EFT i 3 e W .. 8. _ O
. g e . TER b ]E-I_-_-~---_
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: 1S . R .
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TIMLE

Program I
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nterpolation

PROGRAMMER _Ellen M. Fyffe

Thermometer

PAGE _2 OF_3

DATE
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ogram []

rme Silicon Diode Thermometer PAGE 3 OF 3 °
TnterpoTation 2 or_2_ T Programmable

PROGRAMMER __Ellen M. Fyffe DATE _ 10-6-78 Codng Form '/

-

Jo

RCL

-

"LOC 'CODEl XEY | COMMENTS || LOC /COD KEY | COMMENTS ' LOC CODE{ KEY | COMMENTS |
- 215 2% C°P | l WS . ‘
61 9% = | 216 43 RCL | Sy i
182 44 SUM | 317 a3 o= | * )

1o 33 =3 : 1218 91 R/S | | - -

i1ed 101 1 . 1219 DO 0 |

(18 44 3sum | T ! ‘ ‘
I1aa e B ! i ! | i ‘ [

. - - - - - - | { | |
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PROGRAM
_STEPS
00 - 19
20 - &2
43 - 82
63 - 73
74 - 383
34 - 3
32 - 148
149 - 213

COMMENTS

Search routine for finding correct voltage-coefficient group.

Determining memory location for a, coefficient if counter
> 7 (counter = storage 14).

Determining memory location for a5 coefficient if counter
2 5 but <7.

[f counter = 6, go to 149 to determine T because need Sth-
order polynomial

Jetermining memory location for a, coefficient 1f counter
<§.

[f counter = 4, go to 149 to determine T because need
S5th-order polynomial.

Calculating T using 4th-order polynomial; storage 82 contains
location of first (3, c*g‘fiiient; must increment 82 to get
coefficients of +!, v-, v7, v* everything summed into storage
83.

Calculating T using Sth-order polynomial storage 32 contains
location of first ao‘ cosf‘1§1en§ must increment 32 to get
coefficients of v/ everything symmed into
storage 33. .

In steps 53, 34, 145, 215, "2nd CP" is used to clear the T-register.

The memory locations are organized essentially the same as in Program [.
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Fiqure 1.

Counter, C
STO LOC 14 4]

§G- 1T -
| uotoﬁl'.

|

Ml

74 Calculates
Starting Address;

[[60 w92 |

Flow Chart for Program !l

sa 30 | 30 Calculates
Starting Address

[ Go to 92|

'
|

1
;‘ 53 C31Culates_—4
es

' Starting Addr

Yes

Go to 149 |

Go to 149

92 Calculates
4th Order Egn.

149 Calculates
Sth Order £gn.
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