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The following is a description of a program for a hand-held programmable
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 techniques generally
used since the data reduction scheme allows 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) During an experiment,

pairs of temperature and voltage values are given.
the diode voltage is read from a digital voltmeter, then the corresponding
temperature value must be interpolated from the calibration table. It would

be very convenient to be able to make this interpolation quickly and with a high
deqree of accuracy while the experiment {s in progress. A hand-held programmable
calculator, in our case a Texas Instruments TI-59, can be used to accomplish

this.




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
'n the desired accuracy. The following procedure was subsequently devised.

The values from the calibration table were divided into overlappina
temperature intervals. Then for each interval, a least square polynomial
it was made using a Forsythe fitting method(‘j programmed on an [BM 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 4th 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, 7379, 0f each polynomial fit is given in Table I. The accuracy obtained
preserves the accuracy of the calibration table. The full calibration table
was thus reduced to 12 sets of polynomial coefficients, 350 3,4 35, 24, 3,
which could all be stored in the calculator. A relatively simple program coula

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

—
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the silicon diode thermometer.

¥~ o+ 3, ¥+ 3, V + 3, where V is the voltage reading across

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

I8 370, =379, and coefficients having 10 digit precision on a TI-59, cgq-

Polynomial Temp. I[nterval 370 Y59
. (x) (K*) (x*)
3-6.5 X107 1x10”"
6.5 - 9.5 2x10”" 2x10”"
9.5 - 13 9x107"? x10”°
13 « 17 6x107"* 1x10”°
17 - 2 ax107"'? 2x10"°
21 - 25 6x107'° 1x10”"
25 - 2 7x10”° 7x10”"
32 - 55 1x10°? 1x10°7*
55 - 85 1x10°? 1x10°*
G5 - 155 3x10”" ax10”"
155 - 245 9x10™" 1x107*
245 - 300 2x107* 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, 759 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 O 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 9.758 rounded to 3 decimal places. The accuracy
of the resylt depends on the accuracy of the original calibration and the
accuracy of the polynomial fit as discussed above. Table Il 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
creofficients of the polynomials starting with the lowest temperature interval
first and stored in the order; a . a;. 25, a4, 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 exceeding 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
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 temperatyre 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
Sth 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 [8M 370 to qive fits to accepted
1imits using polynomials all of the same order. OUnly if this procedure fails

should a mixture of orders be used.

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

aoiiase,




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.

REFERENCES

1. Also, the raw calibration data is often available from the
supplier upon request if a temperature calibration table is
ordered.
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Louis G. Kelly, "Handbock of Numerical Methods and Applications",
Addison-wesley Publishing Co. 1967, pg. 68.
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Frogram |
TitLe Silicon Diode Thermometer®343 page | of 2 Tl Progrommoble

oare 23 deril 79 Program Record {g

PROGRAMMER _Carl G. Gardner

Pantitioning (Op 17) (2,3.9.8.9| Ubrary Module Prnter
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
a search routine to find the correct coefficients, then calculates T using the
predetermined coefficients of a least square polynomial fit.
= ) 3 2 1
i 7 a, V' + 3, V¥ + a, Ve + 3, V' + a,
Range of validity 4.0 to 300K.
USER INSTRUCTIONS
STEP PROCEDURE " ENTER | PRESS |  DISPLAY
' i | [ I
"1 | Partitioning | 9 (2nd|0OP | 17]239.89
2 | Enter program and coefficients from cards 'CLRI PR
| Enter sides 1, 2, 3, and 4 (not necessary T S
| to be in that order) clear display to 0 | b
| | before each entry. i S R
| | { {
| 3 | Enter Voltage (V) | v A SR 58
| 4 | Calculate Temperature (T) | A | T*
! | *If a voltage is entered which lies outside 3
| | of the range of the calibration, the ; S e NEE %
| display will flash with the value of the ; j j f ! :
|| voltage which defines the calibration , A B -
{ : | | 1 ‘ | ]
| x ek St S
!, : 5 A0S URE 4
! I 1 9 l
. o —— . ! ! § ! -t ;
: i ‘ g g .
ﬁ [ | {
USER DEFINED KEYS DATA REGISTERS (™ B8 ) LABELS (Op 08)
- S R, (RSN« MW s . w_ e S0 SR &0 _
’ BRGR B s T _m_ s _wm g
c ? : D OO =8 X
5 pig ) IR PR Pl R P
' s . = _E_R &
| : -5 B _E I . . D
|- - . .-,
2 & ’ - o . m
| € 4 L i _ B _ @ _m B
2 ' ' | _ 0D O . _ 8 .
' ' ’ B _E_
FLAGS Al ' | . ' '




Program I
TimLE _Silicon Diode Thermometer #9343 PAGE 2 OF 2 T] Progrommoble °

PROGRAMMER __Carl G. Gardner pATE 23 April 79 CodingForm '

h.oc ICODEl  KEY COMMENTS || LOC ICODE| KEY COMMENTS || LOC KEY COMMENTS
000 LaT. 1 ~0SS 447 SUM ,»
Lgox

02
(1003

l

I | 056 82 82 :
STORE V 0S7 73 RC#* “[RECALL 2
o0 T — —ffoss 82 s2 Ta 3 e

4

[P I AN |
IR PVl SV oY
o
—‘
(]

L1004 x:T LOADT __|[059 65 x | — : AR
005 RCL CHECK n060 43 RCL 5

00s 01 01 LOWER™ 1061 00 0Q 5

007 22 INv LIMNIT | [De2 33 X2 ;

008 7?7 GE [ [063 95 = Ta vt :

009 12 B T 1[ 064 44 sum [ :

010 43 RCL kHEQ( [08S 83 83 2

011 13 13 PPPER || 066 01 1 [ — i
.01.- 77 GE LIMIT ___|[067 44 sum :
013 12 8 1 jross 82 & T 3] R
[1014 01 1 INDIOAIZE|[06Y 73 RCe MEERLE™ 8 ~af | 1 |
(015 42 STO LOUNTER 1070 82 82 Tlag :;‘; LA ;
| ‘016 3 - I 071 ~ i
Ho17 >3 pts PO 1hose ss gl T 11 1—1
F018 14 14 [NTERVAC "Jf073 o0 o0 | {‘—* Loy SRR &
[01% 22 INy [ 1[074 4S5 Ry R o *1_,,4..__,
[020 77 GE | foPs- @3 & F o “j P i | |
021 00 00 | W5 B T i | T T S R
Ho32 23 29 —{Fge= 33 sum o | 2F | T SR !
Mats et Y : g i o | ey e aa o ‘
024 44 SUM | a1 s | B, i TGRS z
Fo3s 14 14 ] Mt a1

o i a'e A% I + - “ Vi Dol TR e | (et T SRR . -

026 61 GTO g2 82 W e ]
Fos 0o oo [T —llosz 73 mcs ‘fnscm e
028 17 17 | 18R T eom | R S N R
| 029 43 mCL CALCULATE || 084 &S | B || ) T ! |
030 14 14 LOCATION |/ 085 43 RCL TR A TR s
L1031 &5 OF 086 00 . : AN __Z e il 1 R
11032 0% = FQEF:ICALN.S} Q87T 45 ATRTRRENG | S R ‘ o
1033 3% L 4L T R | ' S | .
1.034 01 1 | e L OB 95 = o AN | . N S ” —ft>
Fo3s 00 0 |————f0s0 4 sum T ——J——T ] oo
1036 9% = | J 091 83 83 _| _ R =)
[,DE.,‘ 42 STO | ——r U092 29 CF LCLEAR 13 Sl Salkoy it m
032 25 82 | 093 43 RCL L3
(035 73 pce RECAL |l 0ss 83 831 "; 453 ) Y -
[040 32 32 o || 095 S8 FIx [ROUNDOFF I | | " -7
[ 041 42 $TO . ___.j 0% 03 03 | S | 2 S0 ¥ RS- P2
042 83 83 L OS? S2EE -3 S R M
fo;; T __|[098 22 Inv_] S e A -
| 044 44 sSUM - {1099 52 EE | 5 . i 4 '
| 04% 82 82 &2 | 100 42 sTO | ' S

| U4s T3 pC- RECALL [ 101 34 34 | | T

047 82 82 M. — ]l 102 22 INV ] | S -

| 043 6% | 11 103 358 FIX ] } |

| 049 42 RCL | | 104 43 RCL ‘IN"ERPOLATEb |

} 050 00 Dil 46 | 105 24 324 [TEMPERATURE| MERGED CODES

= - = - | ! - 5 B ,e | 1 I NI E 8%
jE1 3 0 e T B Borbgn | sme Tusa Yoo

| 052 44 sum | pos =) ' | MEE se e w
B o1 e | | Texas INSTRUMENTS




COMMENTS ON PROGRAM |

STEPS

00 to 13

14 to 28

92 to 106

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).

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.

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

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, a7, is found by incrementing “emory Location
82 by 1. As the values of the terms of the polynomial
are calculated, they are summed into Memory Location 83:
#dhen finished evaluating Memary Location 83 holids the
answer.

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




Table II - Memory Locations for Program [ after an Interpolation calculation
for 2.0153 volts.
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Program []

rm.e _Silicon Diode Thermometar PAGE_ 1 _OF _3 Tl Programmable &
{nterpolation
PROGRAMMER _Ellen Fyffe DATE __10-6-78 Progrom RGCOfd
Partitioning (Op 17) (£.3.9 8 .91 Library Module Printer
PROGRAM DESCRIPTION
ll This silicon diode temperature sensor interpolation program is designed to !
‘calculate the temperature (in degrees Kelvin) corresponding to a given voltage. The
!c.nculator performs a search routine to find the correct coefficients, then calculates |
|T using the predetermined coefficients of a least square polynomial fit.
Teoag v eaz ¥ eag v vayvea
INOTE: Not valid for voltages greater than 2.33785 volts, (1.9K). Range of validity
1.9° - 300°K. USER INSTRUCTIONS
'STEP| PROCEDURE ENTER | PRESS T DISPLAY
1 | Partitioning ; 9 l2nd |OP | 17 | 239.89
2 | Enter voltage (V) | v TEROE WK N SR l
3 Calculate temperature (T) ; A ‘ ‘ T
: :' , i 3
. ; ' 0 ; e
! | 1 | : -
] | { 1} ‘I
‘ ' | !
| } | | ! | -
. , 1 w ‘ }
' ' { } f | R
i | S
| | =
| e | i et
| l =7 !
| USER DEFINED KEYS * CATA REGISTER S | = W) | LABELS (Op 08)
. R S . -GG
' o8 ot ok ' Ty I C: AL . DR PN B .
P ; : X O O _ =E_8_X..
: T RT T S @ T m_ S W . 8B O
‘ 1 SR T E_T_m_m .
'1 ' . __ED_Em_ . K3 |
. L |- .. 1
: Lt - - . e . . .
: L ’ ’-_-_-----_-_
y ' [ - D O B .
' ' ' |, _._
FLAGS o}' H] ] B L] . ? ] L]
R e 13 e

|




Program [I
Tmee Silicon Di Thermome ter

nterpolation
PROGRAMMER Ellen M. Fyffe

LLOC CODE!  KEY COMMENTS || LOC

00" “76 LBC 055,365 '>?“'"

811 A T Jose™os

02 42 STO 07 8S
03 00 00 0S8 01
DOS 32 W1 T . T mense - U1
0S5 01  SE '-'“—_:060 35
06 42 STOT""""ki 2
07. 14 14 062 82
08 73 RC+ T IneS 29
009 1< 14 0nd Oo
10 22 INV _*_.—_ Ob 32

D1l ?7 GE 0€ 33
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rme Silicon Diode Thermometer

PAGE

3_oF

3

Interpolation

PROGRAMMER

Ellen M. Fyffe

DATE

10-6-78
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Coding Form
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PROGRAM
_STEPS
00 - 19
20 - 42
43 - 82
63 - 73
74 - 33
34 - 3
32 - 148
149 - 218

COMMENTS

Search routine for finding correct voitage-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 if counter
.
18

[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 (1, coeffigient; must increment 82 to get
coefficients of +!, v=, v7, v®, everything summed into storage
83.

Calculating T ysing Sth-order polynomial storage 32 contains
location of first (a,5) co “1§ien ,» Must increment 32 to get
coefficients of vi, ve, v3, v*, vO, everything summed into
storage 83. .

In steps 53, 84, 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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Figure 1.

Counter, C
] STO LOC 14

74 Calculates
Starting Address

[ 60 to92 |

Flow Chart for Program [I

30 Calculates

Go to 30 J...44

Starting Address

[ Go to 32 |

'

;‘ 53 Calculates

to 53
' Starting Addres

J

Go to 149

92 Calculates
4th Order Egn.

149 Calculates
Sth Order £gn.
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Memory Locations for Program [!

MEMORY l MEMORY :

e

e .

-

HE, W

A wry pugy,

o' B8

W wwww
LDy

-

40
41
42
43

—— TN

~3057. 666350S
=906, 6640255
2223. 804288
~1981. 11880¢%
780. 3879739
=113, 629971
S741.926382
-19938, 1997

['~£?860.29218

18

e L fO = DD

OO 00 G0 0D O 0D

M0 1. %% =% £317.47041: 2
11 >, 3375% $: -3%4,43313152
2 3, 29615 $7 IRI435, 323
1 2. 107338 43  -12%3411, 081
14 1. 3733 3 1821291, 877
)5 1, S656: SO -932274, 3518
% | 1534 1 01068, T2ES
A7 1,033 S2 122089, 2887
S {. 05251 $3 -S07%32, 1238

18 3. 98334 S4 720390, 7263
Y SR 4 55 -530112, 7351

1 3. 67086 = 134245, TS

2 0. %028 ST  -6862. 31407

L3 o aEkRs Sz 22335, 7913
‘3 iy S8 -4700S. 16934
LS : e IIE22. 66TES
16 0. 61 -8519.71%677
17 0. SI -3TE, 3E0353S
I 3. 83  £013, 442509
T 3 54 -1082%, 45235
20 8. 3417 65  £191,26379%
T 46, 453 ne ~2328. 162177
iz N 6T  672.67612%2
24 18, =03 23 -1697, 73714
24 L, 66472 69 2712. 316239
-= L S=44:°c i -2390, SnE791
s 0326, 62134 4 TTR, 434045
27 360, T4420% ; [£ - 64, 281908
23 2321.146373 03 241,3742004
24 -273. 827634 l T4 -1862.869172
30 93437, 01537 | JT 240e.2233%:
31 ~236489. 3378 , L% -110%9, 634264
22 239012, 7S7 | ST 280, 256329
33 -120613.0088 o3 -82,93142309
34 30336, 36458 ' -sgl.gaavast

-372. 4476473
626. 3486177
3s.
10, 32755737
0.
Q.
0.
0.
0.
0.
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