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ÀBSTRACT

Àn experimental investigation of electronic conduction

across isolated grain boundaries in large grain polycrystal-

1Íne silicon is reported. A microcomputer-based automated

data acquisi!ion and processing (ÀDÀP) system was designed

and constructed to facilitate the measurements. Àn emis-

sion,/dif f usion conduction modeL has been developed to in-

clude the rates of carrier supply and collection at the

grain boundary. Interface-state densities of approximately

1.Oxt012 ev-1cm-2 have been measured. Àctivation energy

neasurements of the poLential barrier suggest that a spa-

ciatly-nonuniform distribution of charge exists over the

pl.ane of most grain boundaries. Documentatíon of the ADÀP

system, and of several algorithms employed in data reduction

are included in Èhe APPendices.
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chapter I

ÌNTRODUCTTON

Recent applicaLions of polycrystalline silicon in inte-

grated circuit and solar ceIl devices [1,2] have sparked a

renewed interest in the electronic characterization of these

maLerials. I.¡ith respect to solar ce11 applications, commer-

cially available polycrysta).line devices have shown energy

conversion efficiencies conparable to Lhose of single-crys-

tal devices - but at a fraction of the cost.

Polycrystalline materiafs are construcled of grains of

crystalline material that are randonly oriented with respeeL

to one another. The interfaces bet$een adjacent grains are

ca1led grain boundaries. Typical dimensions of the índividu-

aI grains range from hundreds of angstroms to several mil-

limeters depending upon the conditions of formation.

Usually polycrystalLine semiconductors are modelled as

volumes of crystalline material separated by grain bounda-

ries. The properties of crystalline semÍconductors are rela-

tivety well known and therefore the study of polycrystalline

material shoutd center upon a characterization of the grain

bounda ry .

Most of the physical models of grain boundaries can be

classified into one of t¡ro main subgroups: those that con-
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struc! an ânorphous (i.e. non-crystaltine) intermediate lay-

er between the grains [3j; and those thât ignore such a lay-

er and assume the crystal structure preserved to within one

or two atonic spacings of the boundary I l. The âmorphous

layer rnodel might be justifíed for certain exceptional con-

ditions such as heavy doping segregation to the boundary but

TEM phoÈographs of germanium grain boundaries by Krivanek

[5] and silicon grain boundaries by Cunningham and Àst [6]

coupled with intuitive feelings of the nelt-zone crystal

fornation process lead us - and the majority of our co-work-

ers - to adopt the lalter model.

The grain boundary defines the interface between two una-

ligned crystal lattices. It is a discontinuity Èo the peri-

odicíty of each IaLtice and therefore the energy-band struc-

ture of each is not preserved localIy. Bonds of varying

length are formed at lhe interface. These "distorted" bonds

manifest themselves as a continuum of energy levels Iying

within the forbidden gap. Such energy levels are refered to

as interface states. Their interaction with electrÍcaI car-

riers is analogous to that of states introduced through

bulk impurity doping [7] wit,h the exception tha! interface

states are spacially confined to the grain boundary.

Interface states can be classified as being either donor-

or acceptor- like. Donor-like sLates are neutral when occu-

pied by an electron and positively charged when empty. Con-

versly, acceptor-1ike states are negative when filIed and
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neutral rdhen empty. Under eguilibriun conditions the states

below lhe Fermi-Ievel nill be occupied, while the states

above will be empty. Lf' the number of empty donor-like

states differs from that of filled acceptor-like states the

grain boundary wiIl hold a net charge. For polycrystalline

silicon this charge is invariably positive for p-type doping

and negative for n-type doping [4).

In order to rnaintain space-charge neutrality, a depletion

region is f or¡ned on both sides of the grain boundary. The

charge associated with the overafl depletion region is egual

in magniÈude, but opposite in sign, to the net charge in the

interface state s.

we use the space-charge approxination Ig] to see how this

charge affects the energy bands in the vicinity of the grain

boundary. Solving Poisson's equation we find the potential

at the grain boundary V(x) to be

v(x) = 9NA 
"2 (1.1)

t"t

where q is the electronic charge, \ is the buLk impurity

iloping (assuming p-type material), and t, is the silicon

permittivity. Figure L.l' shows the corresponding energy-

band diagram, with VOo the equilibrium diffusion potenlial'

If we assume the acceptor- and donor-Iike states to be uni-

formly distributed in energy rdithin the energy gap and of

density N., (ev-l cm.-2 ), we can generate the relationship be-

tween the diffusion potential and lhe interface-state densi-

ty as shown as a function of NA and N.s in Fig. 1.2 .
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when an external voltage V" is applied across a grain

boundary as shown in Fig. 1.1 a porlíon of V" will reduce

the barrier on what is terned the forward-biased side of the

boundary, while the remaining voltage increases the barrier

on the reverse-biased side.
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Chapter II
CÀRRIER TRÀNSPORT ÀT GRÀIN BOÜNDÀRIES

In !his chapter we concen!rate on developing an under-

standing of the mechanis¡ns of carrier transport across (per-

pendicular to) a grain boundary. Here we isoLale a grain

boundary and ignore any interaction it nay have with the

other grain boundaries in the bulk polycrystalline material.

The steady-sÈate current at a grain boundary consists of

three distinct components. .J1 is the current due to trans-

port of majority carriers over the potential barrier. J, is

the component due to transPort of ninority carriers in lhe

opposite direction. J, is the recombination current through

the grain-boundary interface states. Figure 1.1 illustraLes

the three components. Under nost condítions J1 will domínate

and the direct contribution of. Jz and J, to the total cur-

rent can be ignored. These currents do horvever indírectlv

influence the nagnitude of the najority-carrier current ,ll
(as witl be shown Later).
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2.t THE EMTSSION/DIFFUSIoN THEORY

The resemblence of the grain-boundary energy-band diagram

to that of a pair of "back-to-back" Schottky-barrier con-

tacts has lead many researchers [9-12] to adopt a current-

voltage dependence modelled after the thermionic emission

theory [13]. This is usually stated in the form

( 2.1)

where A* is the modified Richardson constânt =30 Acm-2 K-l

for p-type sílicon, Qo is lhe barrier heíght defined as the

potential difference between the t'ermi potential and the va-

Ience band edge at the grain boundary under zero bias, Vu is

the forward voltager and Vr=lç1,/q is the thermal voltage.

The thermionic emission theory assumes there âre a limit-
ed number of states capable of accepting a majority carrier

on the metal side of the Schottky barrier. The reason is

that there are very few avaifable states in the metal with

momentum parallel to the boundary lo match that of the ma-

jority carriers from the semiconductor. This is because the

energy at which the carriers are transfered is close to the

valence band edge in the semiconductor but remote from the

band edges in the netal.

Our physical model of the grain boundary is however de-

void of any metaÌ. Instead, silicon is both the emitting

J = A*r2 ".neJ ["-(h)-']
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and accepting material' The energy-momentum transfer re-

strictions are greatly reduced' Moreover the reverse-biased

::i.::,:::,ï";:"ï:';:jî,;"::::Ï'":::":ï ':" '1"': t

boundary it is swept into the bulk ¡naterial O' tn: '"':: t
electric field of the depletion region' These objections t

the applicability of the ther¡nionic-emission theory have led

us to a more general theory based on a combined emission/

diffusion transport t""¡"ni5sr II4ì '

we observe that the magnitude of the current across a

grain boundary depends upon the rate at which carriers can

be removed from the boundary as r¡el} as the rate at whiclt

they are èupplied' We wiII use the term emission/diffusion

to describe a earrier transport ¡noder that incorporates both

of these Processes '

The najority-carrier current as given

diffusion theorY is

by the emi ss i on/

(2,2\,, = o'^ft *(+J ['-*'(+)]

vrhere No is the bulk acceptor inpurity doping' vt is the

grain boundary majority-carrier collection velocity' vu is

the diffusion velocity for majority carriers on the forward-

biased side of the grain boundary' and Vdt it the diffusion

potential on lhe forward-biased side' Equation (2'2) is an

-9-



adaptation of the theory of carrier transport at grain

boundaries proposed by Taylor, odell, and Fan [15].

The diffusion velocity of rna jority carriers in the for-

ward-biased depletion region v¿ is

ud = UEtf 
(2'3)

$here u is the najority-carrier mobility and Erûf is the nax-

imun electric field' Simitarly' the diffusion velocity away

from the grain boundary on the reverse-biaseil side is given

by

u" = þEr" (2 ,4)

Note that vd decreases as Vu increases' Thus vucv" r"hich

differs from the usual Schottky-barrier case' Using the de-

Plet ion aPProx imat ion 
L/z

E 
'=(+cuu'- 

u'ù (2'5)

\s

and

where Vdr

side and

Ëtuu'-"i"
(2.6)

the reverse-biased

nr

is the diffusion Potential on

e is the silicon PermittívitY'
s

-10-



2.2 THE EFFECT OF INTERFÀCE STÀTES

The amount of charge trapped in the grain-boundary inter-

face states is not constant under all conditions. À change

in the energy of the Ferni-Ievel (due to a varialion of

temperature for exanple) wí11 shift the distribution of in-

terface states occupied by electrons. The ne! charge at the

grain boundary is altered, resulting in a modification of

the potential barr ier voo.

A similar effect occurs when the grain-boundary Fermi-

IeveI is disturbed by an applied voltage. In p-type materi-

aI, the applied voltage will force the Ferni-leveL closer to

the valence band edge, reducing the barrier height. This

motion of the Ferni-Level l¡ilI however cause more interface

states to empty, which tends Lo increase the barrier height'

The "equilibrium" position of the Fermi-Ieve1 wilI be deter-

rnined by the interface-state densitY Nir. If Ni, is small

the barrier height can be reducêd without adding significant

charge to lhe grain boundary. If N.s is relatively large

however, a srnalI excursion of the Fermi-level will induce

enough added charge to vírtua1ly maintain the barrier

height. The Fermi-level is said to be "pinned'r when this is

the case. Equation (2.2) illustrates the role that the bar-

rier height V,. p].ays in determining the current across the
'dx--

grain boundary. The interface-state distribution therefore

indirectly contributes to the current-voLtage characteris-

tics.

- 1ì -



The physics is somewhat complicaLed by "splitting" of the

Fermi-level into separate electron and hole imrefs (quasi-

Fermi-levels) under the nonequilibríurn condition. Numerical

calculations by Shaw (in [14]) have however revealed thal

the imrefs tend to intersect ãt the grain boundary. Knowing

this we can sti1l represent the carrier concentrations at

the grain boundary with a single Fermi-Ievel, although its

exact energy under nonequilibrium conditions remains âna1yt-

ically uncer ta i n.

2.3 NUMERICÀL SIMULATÏON

À numerical sinulation proved useful for visualizing cer-

tain aspects of the enission,/diffusion carrier transport

nechanism. The program, r'rhie h used ( 2.2) as well as a con-

sideration of the occupation of the interface states and the

field dependence of the mobility, was implemented on an Àp-

ple II+ nicrocomputer (sec. 3.4). Parameter values were

chosen to rnatch the experimental sanples measured Iater'

For these calculations the inpurily doping was Nn=3x1015

cm-3 wilh an equilibrium diffusion potential of Vuo=0'28

v. The interface-state densitY Nr, was chosen to be inde-

pendent of energy and of rnagniLude 1.0x1011 ev-1 c*-2'

Figure 2.1 details how the applied voltage is shared be-

tween the forward- and reverse-biased sides of the grain

boundary. i.re observe that at low voltages each side of the

boundary consumes half of the applied voltage. Às the volt-

72



age is increased, more than half of the apptied voltage is

developed across the reverse-biased depleLion region at the

expense of the forward-biased depletion region.

The maxirnum electric field on each side of the grain

boundary is shown in Fig. 2.2 as a function of applied

voltage. i.¡e note that although the magnitude of the elec-

tric field is always Less than the value corresponding to a

scattering-Iimited velocity (=105 vcm-1 ), the carrier mobil-

ity cannot be considered to be independent of the electric

field [8].
The preexponential term vo,/(vU+v, ) as a function of ap-

plied voltage is shown in Fig. 2.3 . This has a very weak

voltage dependence, changing from l/2 to approximatel-y l/3

as v increases to one volt.
Finally we note the voltage dependence of lhe Fermi-po-

tential at the grain boundary as shown in Fig. 2.4 . }lith

Iarqe N. the Ferrni-potential will be pinned at a fixed lev-

eI but at the moderate density chosen here we see a shift

to$ards the valencê band with applied voltage. Às previous-

Iy noted, this will reduce the nunber of electrons trâpped

in bhe grain boundary interface states.

-13-
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2.4 ELECTROOPTTCÀL EFFECTS

The effects of ninority carriers on lhe current transport

at grain boundaries become important under conditions of

optical illumination. i.te stress that minority carriers play

an indirect role in determíning the currenÈ by influencing

the amoun! of charge trapped at the grain boundary' This de-

termines the barrier height which in turn controls the ma-

jority-carrier current lhat dominales the total current'

The vicinity of the isolated grain boundary is illuminat-

ed such thal there is a uniform volume photogeneration rate

c. If we assume that aI] minoríty carriers generated with-
ph

in a diffusion length Ln on either side of the grain bounda-

ry will be collected at the grain boundary due to the elec-

tric fietd of the depletion regions then for p-type malerial

l16l

2lnGph = orn (o)v.nNtraB (2.7)

where oN i5 the capture cross-section for neutraL traps' vth

is the thermal velocity of electrons, Nis is the interface-

state densi!y which wiII be assumed to be independent of en-

ergy for this analysis, and AE is the energy difference of

the imrefs. Note that the left-hand side of (2'7) is the to-

tal ffux of generated minority carriers to the grain bounda-

ry. The majority-carrier concentration at the grain boundary

p(0) is

p(o)=Nv"*$n ) (2.s)

- L6 -



where Nv is the effective density of states ín the valence

band, v, is the thernal voltage kTlq' and Qn(0) is the hole

imref-potential at the grain boundary (relative to Eu).

0n(o)=Ön(bulk)+vU

The minority-carrier concentration

n(0) ís

n(o)=^.".n(tT

(2.e)

at the grain boundary

(2.10)

The electron imref-potential Qr.,(0) can be written as

Qn(o)=þ-onio:-e
(2.r1)

Figure 2.5 shows the energy-band slructure near a unifor-

maIJ.y-illuminated grain boundary in p-type silicon. Under

illunínation the energy states above the electron imref re-

nain empty r¡hiIe those befow the hole inref remain occupied.

The occupation probability of states situated between the

imrefs witt depend on the relative electron and hole concen-

lrations and their capture cross-sections at the grain

bounda ry .

-17-
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The total charge at the grain boundary in the rnost gener-

aI case is eguated to lhe charge in the depletion regions as

t16l

(8c 
^ovu),/2= 

,U:::::,-,!rur ar

. f:î::]{tr-ror N,lc'r - ro n,fcu} ae

- fii?l,'^'t.'' *1

^ 
oC n (0)

rn = 
Ç-n-(õ);5 n(õ)

(2,:-2')

h'here NA is the doping concentration in the bulk, nr! {rl

and N.A (s) are the donor- and acceptor-Iike interface-state
1S

densities respectively, Efn =90n, E¡o =ÇÓn, and fo and fo are

the trap occupation functions equal to [161

(2.13)

^ oN n (0)
rr = Ç nroFÇn-(Ð

where we have assumed the neutral (ot ) and coulombi'c (oC )

câpture cross-sections to have the same value for the donor-

and accepÈor-like states.

- 19 -



Àssuming Nr! and Hrf are independent of energy e,n) can be

rearranged to give the barrier height vU

z

%

q

8e l't.SA
Q,,ri| * on^rl - o, 

ltr-tol^r!
A
s

Q,t4)f
AN

For conputation we rewrite (2.7) as

2G.Lpnn
oNvthN. 

sn 
(0)AE= (2.15)

where

N.
1S

(2.16)

À computer program that solves lhis set of equations for

V¿ âs a function of lhe photogeneration rate Gn¡ has been

written and is included here as Àppendix À. Sanple results

are shown graphically in Fig. 2.6 we observe that the po-

tential barrier vd decreases r¡ith increasing separatíon of

the imrefs ÂE . This implies that VU decreases in propor-

tion to the logarilhm of the photogeneration rate of excess

carriers. This effect may have serious inplications for

small-grain polycrystalline solar ce11 âpplications where

the recombination lifetime of the excess carriers is inpor-

tant [ 17 ] .

I.le note that optical illumination, by reducing the barri-

er height, effectively increases the conductiviLy of the

barrier. This nay eventually lead to the construction of

polycrystalline optical sensors.

-20-
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Chapter III
MEÀSUREMENTS ON ISOLÀTED SILICON GRÀTN. BOUNDÀRIES

3.1 SÀMPLE PREPÀRATION

Àn experinental investigation of the electrical proper-

ties of grain boundaries ín polycrystalline silicon under

d.c. conditions was performed. Sarnples for thís purpose

were cut from 'Sí1so' solar-grade polycrystalline silicon

obtained from wacker Chemitronic Ltd. This material had a

typical grain size of 1 mm. The p-type (boron) doping con-

centration NA was approximatety 3x1015cm-3.

a diamond-edged wafering saw was used to cut the

100xL00x0.4 mrn wafers into strips approximately 20xl mm.

These strips r.rere then etched in 3:1!1 ltNO3 (792) ¿ HF (498) 3

glacial acetic acid for approximately three minutes under

gentle agitation to ensure uniformity. This etching served

to eliminate the saw damage [18] as well as to highlight the

individual grain boundaries [19]. Àfter etching the cross-

sectional area h'as slightly reduced to 3x10-3 cm 2.

Àn optical nicroscope revealed r*hich grain boundaries

would be suitable for study. We selected boundaries that

were planar throughout the cross-sectional exlent of the

sarnple strips and uere Somewhat remote from adjacent bounda-
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ries, i.e. those most similar to our theoretical model. One

suitable grain boundary from each of the striPs was masked

by a thin wire prior to the vacuum deposition of aluminum

contacts. À four-probe configura!ion was created by nechan-

ically removing thin strips of the aluminum film from eÍther

side of the graín boundary. The sample geometry is shown in

Fig. 3.1 . Oh¡níc behavior of the contacts was ensured by

sintering at 600'C for 20 minutes in flowing nitrogen gas.

The sample strips were mounted on test jigs rnade of printed-

circui!-board by silver paste applied to the outer contacls.

Àluminum wires were ultrasonically bonded to lhe inner con-

tacts and brought out to contact pads on the jigs.

The four-probe configuration allows current to be inject-

ed and re¡noved through the outer eontãets while lhe voltage

drop across the grain-boundary region can be accurately

measured belween the inner contacts with a high-impedance

voltmeter.

- ¿5 '
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3,2 EXPERIMENTAL RESULTS

À Keithly 610C electrometer and Tektronix DM 502 multime-

ter (for current and voIlage functions respec!iveIy) Itere

used to nanually neasure the current-voltage characteristics

of the three sample grain boundaries shown in Figs. 3'2 -

3.4 The differing current levels from sample to sample

are attributed prirnarily to different magnitudes of the po-

tential barrier V¿o in the three samples.

The grain boundary samples were subjected to optíca1 il-

lumination from a Sylvania ELH projection 1amp. Àn infrared

filter eli¡ninated al1 radiation with a $avelength of less

than 1um. This ensured a relatively uniform illuminalion

throughout the sample. Figures 3.5 and 3.6 show the effects

of the íllunrination on the currenl-voltage characteristics

of a low and high barrier grain boundary respectively'
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3.3 CURRENT OSCILLATIONS

Most grain boundary samples, when biased at a reLativel'y

high voltage, exhibited current oscitlations such as those

shown in Fig. 3.7 . The rnagnitude of these osciLlations was

typically 18 of lhe d.c. current. voltages in excess of

1Ov, resulting in current densities in the range 40-100

Acrn-2 were required to induce these osciltations.

Figure .3.7: Current oscillations observed (as a voltage
deieroped across a 10Q resistor) at ligh d'c' current
densities. Graín boundary sample B-11. V=I5V, I=150mÀ'
vert. scale: 500 uÀ,/div. liorz. scale: 1 ns,/div.

oscillations were noL observed below this threshold Ievel'

Àbove the threshold, generally rnore and larger pulses were

observed at higher current densiÈíes.

-31 -



This experiment rr'as originally int.ended to províde

evidence of carrier multiplication processes at grain

boundaries. Indeed, the observed oscillations are striking-

1y èimilar to those unanbiguously arising from aval-anche

nultiplication in p-n junctions [20J. It was however ob-

served that the grain-boundary current oscillatíons could be

therrnally stimulated. That is, a sample, biased at a cur-

rent beLow the threshold for oscillation, could be índuced

into oscillation by heating. The normal rnultiplication pro-

cess is expected to be hindered by an íncrease in lattice
tenperâture [8].

t{e now beIÍeve these oscil.Latíons to be due to electric-
field-enhanced emission of carriers [21] from the localized

interface states at the grain boundary. By this interpreta-

tion the large electric field on the reverse-biased side of

the grain boundary Lowers the coulonbic potential well asso-

ciated with the charged interface states, thus freeing a

portion of the charge trapped at the grain boundary. The

reduced grain boundary charge wí11 result in a lower elec-

tric fieLd and potential barrier. Field ernission ¡+i11 cease

temporarÍIy until the charge is replenished, increasing the

electric field. The current, being controlled by the poten-

tial barrier, exhibits rapid fluctuaÈions in accordance nith

the modulation of the charge.



3.4 ÀUTOMATED MEÀSUREMENT OF GRAIN BOUNDARY SÀMPLES

The direct current measurernents of grain boundaries have

been automated using an Àutomated Ðata Àcguísition and Pro-

cessing (ÀDÀP) systen. ADAP is an "in-house" data acquisi-

tion system specifically designed and constructed (as a part

of this thesis project) for semiconductor material and de-

vice measurenents. The systen consists of an Àpp1e II Plus

microcomputer coupled to an Experiment Control Interface

(EcI). EcI provides an'8-input channel, 12-bit ana1o9-to-di-

gital converÈer (l/n) and four 1O-bit digital-to-analog

þ/A) voltage outputs. À1so incorporated is an anmeter in

lhe form of a current-to-voltage converter $ith conputer-

controlled sensítivity. A detaÍ1ed description of the ÀDÀP

and ECI systems ean be found in the rtÀDAP User's Guide" in-

cluded in this thesis as Àppendix D.

The experinental setup is shown in Fig. 3.8 The four-

probe neasurement configuration used previously is repJ-aced

here by the two-probe method which is better suited for au-

tomated measurements. The Z output provides a bias voltage

of up !o one volt to lhe sample. The resulting current is

passed through the current-to-voltâge converter I'hose output

ís connected to input channe] 6 for nreading" by the À,,/D.

Àn FTs Multi-CooI refrigera!ion unit provided temperature

control from +20oC to -50'c. The sanple temperature was

nonitored with a Fluke 2100À thermometer. The analog outpul

voltage of the thermomeLer rtas anplified by a Keithl'ey 610C

(gain set to 100) and connected to the ECI input channel 4.
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lered into a matrix (i.e. with tenperature and voltage as

coefficienls) and stored on a floppy-disk for reduction by

other programs. appendix B is a listing of "G8".

Figure 3.9 shows a set of current-voltage characteristics

that nere collected and plotled on a log-Iog scale using

NGBU.

The computer facilitaÈes these rneasurenents in several

ways. Most imporÈantIy I the experíment can run unattended

for its two to three hour duration. Àlso, measurements at

each temperature are conpleted in less than five seconds '
thus ensuring isothernality. Clerícal errors are eliminated

by storing the data directly on floppy disk in a form suita-

ble for subsequent processing. Graphical output in the con-

venient form of a Iog-eurrent vs. Iog-vottage plot is imme-

diately ava i Iab1e.
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3.5 DETERMINÀT]ON OF THE IÑTERFÀCE STÀTE DENSTTY BY

DECONVOLUTION

In sec. 2.2 we discussed the important role that the in-

terface states play in det,errnining the electrical conduction

at grain boundaries. It is thus desireable to experimentally

characterize the interface states of the sanples previously

described. À conplete characterization would include the

densities and capture cross-sections as a function of energy

for both the acceptor- and donor-1íke states. The capture

cross-sections are ¡nore relevant to transient and photo-re-

sponse measurements and wiIl not be deaLt with in our pres-

ent steady-state analysis. Àn iterative !echnique has been

deve).oped to provide an indication of the interface-state

densities at grain boundaries from their current-voltage

characteristics. This type of calculation has been dubbed

"decgnvolution" of the current-voltage characteristics [18].

}ie begin our formulatíon by assuming that the diffusion

and recombination vel.ocilies at the grain boundary are ap-

proximately egual for the small applied voltages (Va<1v) we

are considerÍng. This assumption trâs justified by the re-

sults of the computer si¡nulation (sec, 2,3) which revealed

ttlat I/2< v¿l(vu+v, I <l/3. Equation (2.2) is then

o\,,%, ",.0(+) [' 
-"*r(+,)] (3.1)

Js

- 3t -



We have used the electric field on the forward-biased side

of the grain boundary E¡nf because it has a slightly grealer

influence over the current than Emr.

The difference between the diffusion potentials on the

reverse- and forward-biased sídes of the grain boundary vo"

and vdf respectively is egual to the applied voltage V" and

can be related to the electric field as

(3,2)

The total charge Lrapped at the grain boundary Qau is

%s = tr( Erf - Err) (3.3)

From (3.2) and (3.3) we solve for the electric fields

-v"q 
t/2

*,=+.H=(?'.1
(3.4)

_ _veqr 
r/2

""=+ H=(+-l
Solving for tbe diffusion potentials

¿_ r
v" = Vd, - vdr = 

"fu 
Lt,"Î

ur?

'.r=*^ (
2

-v-qN^-q; Qcs
+

(3.5)

,, ,. ¡/ -v"c'o Q 
t

'¿" = Z[I[ \T; {)
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We begin the iterative solution for the charge at thê

grain boundary (for a particular current-voltage pair) by

chosing an initial value for the charge QcB' This value is

used ín (3.5) to establish a firs! estinate of the diffusion

potentials at the grain boundary for the given applied volt-

age va. The resulting forward-biased diffusion potential

vdf is,used in (3.4) to calculate the corresponding electric

field E*r. The current equation (3'1) can now be solved for

another value of vdf. Àn improved calculation of Qru fol-

Iows fron (3.4) and (3.3). The next ileratíon uses this QGB

to calculate new diffusion potentiaLs and so on' The itera-

tions continue until Qau converges to a constant value'

when the applied voltage is increased' the Fermi-level at

the grain boundary will shift closer to the valence-banil

eilge in p-type ¡naterial due to the reduction of the forward-

biased diffusion potential' The concentration of holes (ma-

jority carriers) at the grain boundary p(o) is expressed as

tl.sl
N¡.

p(0) = F----:-T_:-mT m1 1r,"".'ffi-r,,r".offif
which has a corresponding Ferni-leve}

Ef(o) = -ou, mffi

where Nu is the effective density of states

band. The values of Erf, Err, Vur ' and VU"

tive solution .r" used to calculate Er(0)

voltage.

(3.6)

(3.?)

in the valence

f rorn the i tera-

at each aPPl i ed
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Successive steps in applied voltage produce an

increnental shift of lhe Fermi-Ievel ÀE, (as noted in sec.

2.3) and a correspondíng alteration of the grain boundary

charge 
^QGB. 

Provided that the interface states are in equi-

librium with the majority-carrier Fermi-leveI we may write

the interface-state. density Nr, (e) as

Nis(Ef) = å
(3.8)

The deconvolution of current-vo1!age characteristics

measured at different temperatures are conbined in Fig. 3.10

to show the experimentally determined relationship between

the ínterface-state density and the electronic energy of

these states. The upper energy linit that may be investi-

gated is the sum of the bulk and zero-bias diffusion poten-

tials, The lor¡est measi¡reable energy is determined by sev-

eral factors including pinning of the Fermi-leve1 and the

inevitable breakdown of our approximations under the Iarge

deviations from equilibrium reguired for probing close to

the valence band.

It is interesting to note that the nunerical simulation

of sec. 2.3 has shown that at high voltages the enission ap-

proxirnation made by Seager [18] can lead to an underestima-

tion of the interface-state density by a factor of Lwo or

three.as compared to lhe enission/diffusion model enployed

here.

ÂQcs

E_t
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3.6 GRÀTN BOUNDÀRY ÀCTIVÀTION ENERGY

For va>>vT the current equation (2.2) simplífies to

, = c+*o "-npkl (3.e)
L KI J

and it follows that

'" [h] = u"[${ - * '., (i) ( 3.10 )

Taking the derivative of both sides of (3.10) v¡ith respect

Eo Ih r+e deline an activation energy Ea as

d en(J/vo) a[f vurrturl]
Eg - --ã11æ-

ð (L /r)

= l(0,"' . +l#) = *('0""' îË)
( 3.11)

/r r"\

(3.13)

Similarly for va<<vT

.r = q2uJ¡ v" "*n($)zm
which results in the activation energy

*(uu",,,'ï#)E=
a

d .q,n (J'T) _

d (r /r)
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The difference of activation energy measured at any ti{o

temperatures T, and T, i'ill be

/ ¿vdr(r2) _. ._ ì , . dv¿r(rr)\
Ea(r2) - Ea(rl) = *(arrrzl - rr-ft- - vdf (rr) . tr-ä:/ 

(3.14)

= *(uarrr2l - vdr(rl) - T,t, - ,r)= o

so that E, is independent of temperature for grain bounda-

ries lha! conform to our one-dimensional mode1, provided

rhar dvdf (T1 )/dr=dvdf ß2)/dT.

The diffusion potential is temperature dependent due to

Lhe temperature dependence of the bulk Ferni-potential

given as

%=ir,n(Nu/No) (3.1s)

As the temperature ís decreased the Fermi-potential shifts

cl.oser to the valence band edge (p-type), increasing the

charge trapped ín the interface states. Thus dvuo /dr<O.

ouant i Èat iveIy,
dv. dóoo = _.,,._Ê = _vf r.n(N,,/N^) (3.16)
dTdrqv¡ì

where we have neglected the neak temperature dependence of

lnNV .

The parameter y accounts for lhe increased charge at the

grain boundary. lf no interface states exísted in the energy

- ¿? -



range in question (Nr, =0) then dvdo,/dT=o which leads to y =0.

Conversely if Nis is relatively large dvdo,/dT=-dOo,/dT, hence

Y=1.

To derive Y vre recognize that at equilibrium

where Op +vdo is the Fermi-potentiar at the grain boundary

oN.' ts

We then have

dv.(to

Comparing ( 3.18 ) and

t(%:!¿ 
= 

dQcs dudo

dT dvdo dT

I
"N.' 15

dQcs

dv.óo

(3.17)

( 3.18 )

(3.19)

dó,p

dTdT

t/2

tr (#)

I

(3.16) we find y to be

Y
I

oN.' 15

dQcs

ãf,-
do

where

(3.20)

provided that vdo >>vT. In general 1 is a function of temp-

erature; however, it can be considered constant provided Nt,

is relatively independent of energy (for the range of Fermi-

level excursions to be considered).

- 44-



Chapter Iv
DI SCUSS I ON

4.1 EXPERTMENTÀL DETERMTNÀTION OF THE POIENT]ÀL BÀRRIER

The potential barrier at a grain boundarY vdo has been

measured by several techniques. The first uses (3.12) and

currents ¡neasured at low voltage to obtain VOo at near-eQui-

Librium conditions. The second employs (3.13) to obtain Voo

from the rneasured aclivation energies. This procedure re-

quires an independent deternination of the interface-state

density which is acquired by deconvolu!ion of the current-

voltage characleristics (sec. 3.5). The resul!s of lhese

calculations for vdo as functions of measurement temperature

are shown in Fig. 4.1 for several sarnples.

From Fig 4.1 it ís evident thât samPle B-L2 conforms, a!

least qualitatively, to the results predicted by (3.14) itith

y=I. The marked decrease of Ea and Vuo with decreasing

tenperature for sample B-10 is however incompatible wíth the

present theory. Several possible causes of this effect wilI

be discussed in the followíng section.
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4.2 NONUNIFORMITY
POTENTI ÀL

OF THE GRÀIN BOUNDARY DÎ FFUS I ON

So far we have assumed the grain boundary potential bar-

rier to arise from a macroscopically uniform distribution
of charge trapped in the interface states. There are how-

ever at least two reasons to suspect that most of our sam-

pLes will have nonuniforn potential barriers.

the rnaterial used for our experiments, Wacker "silso" po-

lycrystalline siJ.icon, is cast in blocks with the boron dop-

íng incorporated in the nelt. Upon cooling the boron atoms

may cluster and be forced to the grain boundaries during re-

crystallization 122J. The impurity doping concentration

could be considerably enhanced in the vicinity of the grain

boundary resutting in a local reduction of the potential

barrier.
The second possible source of the potential barrier nonu-

nif orrnity is a consequence of the origin of the interface

states. I,fe have assumed that these states arise from the

lattice mismatch between adjacent crystâIs. F igure 4.2 is a

Thomson penny mo¿leL (ÎPM) of lhe crystal lattices at the

grain boundary. It is apparent that different ¡nismatch an-

gles will result in different bond energies across the

boundary. À variatíon of lhe mismatch angle could alter the

energies and densities of lhe interface states. This would

Iead to a localized variaÈion of t.he grain boundary charge

which woutd produce a nonuniform potential barrier.
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We further suggest that the bonding defects at the grain

boundary could be periodic in nature. GeneraIIy, large mis-

rnatch angles would produce bonding defects wiLh periods of a

few atomic spacings whi,le low mismatch angles wi).I generate

ì.onger periods. It is inleresting to note that, by virtue

of the periodic nature of the defect sLructure, a two-dimen-

sional band conductlon should be possible in the grain

boundary p1ane.

Thomson [23] has hypothesized that the irregularities òf

the B-10 activation energies at Iow lemperatures are a re-

suLt of nonuniformities of the diffusion potential over the

plane of the grain boundary. Àfter assumíng a truncated

gaussian dístribution of boundary potentials this approach

produeed qualitative agreement with the observed behavior of

B-10. Quantitalive agreemenl was not good, possibly because

a gaussian distribution is unphysical for this problem.

À1so, many simpJ.ifications such as the neglect of spreading

resistance (whích could be significant, especially at Iow

temperatures ) were in effect. À Monte Carlo sirnulation of

the grain boundary potentials may leail to a more favorable

result. Experimental determination of the grain boundary

potential distribution, possibly by scanning light spoÈ

techniques [24J, would greatly enhance the usefulness of

these numerical. simulations.

The reduction of the potêntial barrier under illuminated

conditions as described previously in sec. 2.3 has been ex-
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perimentally verified (by Thomson in [14]). Low voltage ac-

tivation energy neasurements over a range of illunination

intensities were used to consÈruct the relation between the

potential barrier and the intensity shown in Fig.4.3
We wish to point out Èhat sample B-12, which is thought

to have a uniform potential barrier, conforms well to the

predicted barrier reduction of 0.07 ev per decade of illumi-
nation. On the other hand, B-10 shows a signifícantly
greater reaction to illumination. This again nay be attrib-
uted to the nonuniform nature of íts potential barrier.
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Chapter V

CONCLUSTONS

The najority-earrier current across sílicon grain bounda-

ry potential barriers is controÌled by an emission,/diffusion

transport mechanism. The diffusion velocity of majority

carriers to the grain boundary is lhe current limiting fac-

tor.
The interface stâtes at the grain boundary are found to

play an inportant role in deterrnining the electronic proper-

ties of potycrystalline silicon. Indeed, it is this facl

that aIlows us to deconvolve the density of these states

from current-voltâge measurements of isolated grain bounda-

ries. Interface-state densitíes of approximately lO12

ev-1cm-2 were rneasured. under optical ilIuminaLion, minori-

ty carriers interact with the interface states in such a way

as to decrease the potential barrier to majority carriers.
Grain boundaries v¡ith a varieLy of diffusion potentials

exist in wacker 'Silso' polycrystalline silicon. Àctivation

energy measurements have shown irregularities tha! nere at-

tributed to the nonuniformity of the diffusion potential

over the plane of the grain boundary. The speciaÌ case of a

spacially uniform boundary has also been observed,
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À nicrocomputer has proven useful for automating the cur-

rent-voltâge measurements and deconvolving the interface-

state densities of grain boundary samples.

The many apptícations of polycrystalline se¡niconductors

necessitates a complete understanding of lheir electrical

and electrooptical properties. The large number. of processes

involved will make this a challenging research endeavor for

years to cone.
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Àppendix A

PHOTO GB

//pHoT oGB .JoB ',,,,,,T=10,L=2,c=0 r,McGoN

/ / ExEc pÀsccc , pARM. pÀsc= ' NoxREF, NoPXREF , NoWARNI NG I

,//sysrN oo *
PROGRAM PHOTO G
**************
*

(*)
BEGI N
REÀDLN (

READLN (

REÀDLN (

REÀDLN (

REÀDLN (

}TRl TE (

WRI TELN (

,N IS D);
sIõ cT;
À ; ' ,N Is À:L0);

B(TNPUI,OUTPUT); (* IBM PÀSCÀL,/VS REL. 2 *)*********** pHoTo_GB *****************************
*

* WRTTTEN BY G.C. MCGONIGÀL *
**
* MÀTERTALS & DEVICES RESEÀRCH LÀB *
* DEPT. OF ELECTRICAL ENGINEERING *
* UNIVERSITY OF MANITOBÀ *
* 198t. *
**
******************x*********************************************
**
*PHOTO GB CALCULÀTES THE POTENTTÀL BARRIER ÀT À ONE-DIMENSIONÀL*
*GRÀIN_BOUNDÀRY AS A FUNCTION OF À UN]FORM PHOTOGENERÀTION RATE*
*THE CORRESP. IMREF SEP. ÀND CAPÀCITÀNCE IS ÀLSO GIVEN. *
*tr
*ÀLL UNITS ÀRE CGS *
**
*INPUT PÀRÀMETERS ARE: *
* TEMPERATURE (K) *
* BULK IMPURITY DOPING CONCENTRATION *
* MINORTTY CÀRRIER DTFFUSION LENGTH (BULK) *
* ÀCCEPTOR INTERFÀCE ST. DENSITY, DONOR INT. ST. DENS. *
* NEUTRÀL CAPTURE X-SECTION, COULOMB]C CÀP. X-SECTION *
**
*****************************t(**********************************

vÀR DELTÀ_E , ÐELîÀ_E_STÀR , V_T , V_D , V_D_STÀR , V_TH , N_V , N_C , N_D , G_PI{ ,
PHI_N;PHI_P, PHI_N_GB, PHI_P_GB, F_À | F_D, T, P_O, N_O, N_I S, L_P, Q,M_E,
cÀPÀcITÀNCE I
N_I S_À, N_I S_D, SI G_N, SI G_C , EPS I LON-S, P-O-STAR I G-PRI NT, I NC: REÀL i

(*)

T);
N D)'
L:P) t
N IS À
sïc_ñ,I N-IS

WRI TELN
WRITELN

I TEMPERÀTURE = ' ,T¡ 6:1, ' K' ) ;
' ND = ',N_D:10,' PER CM CUBED')i, MIN. CÀR; DIFF. L. = ,,L_p:10);

ñ_t s_o =- t , ñ_I s_D: 10 , ' pER cM souÀRED' ) t

- 56-
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WR]TE('
WRITELN (

WRITELN
WRITELN
WRI TELN ;(*

.... CÀLCULATE CONSTÀNTS
*)
9:= . 6E-19;
ME: 9.18-31;

* ELECTRONI C CHÀRGE *)* ELECTRONIC MÀSS *)
* K*T/Q *)* THERMÀL VELOC. *)* # o¡ vÀL. srs. *)* # or coND. sÎs.*)* BULK MÀJ C.FER LvL *)* TOTÀL INTERF. STS. *)* DIEL. CONSTÀNT *)

(* PHoTO-GENERÀTI ON *)

(* GB MÀJ. CÀR. FER. LVL *)
(* GB MÀJ. CAR. CONCENTR.X)

NEUTRAL CÀp. X-SECTION = ,,SIG_N:10);
' couLoMB cÀp. x-sEcTIoN = 

"src_c310,' 
cM SQUÀRED');

WRI TELN 
'' G_pH ;V_D, DELTA_E, P_O, N_O, F_4, F_D, PHI_P, PHI_N, CÀP' ) i

vT 3

v-rg
H-V :

8.67E-5 * Tt
= SQRT( 3. 0*V_T*9,/M_E) *100. 0 ;
2.0E15 * ggnr(T *-T * T)i
5.389E15 * SQRT( T*T*T )i
= LN(N_C,/N_D) * V_Tt
N_IS_A + N_IS_D'

_S:= 11.8*8.8548-14;

.... DEF'INE INITIÀL CONDITIONS FOR ITERÀTIONS ....
*)
DELTÀ-E:= 0.00; (* SEP. OF FERI'{I LVLS *)
V D :tr O.3O; (* ÐIFFUSION POTENTIAL*)

NC:
PEI N
NI3
EPSI LON

V D STÀR
G-PF :=
(T

*)
WHILE

BEGI
(*

*)
REPEÀT

VD
PFI

(r

:E

0.0
v_Ð;

G PH < ].OE2O DO
N-

.... REPEÀT CÀtC. FOR VÀLUES OF G PH .,..

NO-

BEGIN MÀJOR ITERÀTION FOR V D

: = v_D+ (V_D_STÀR-V_D) *1. 0E-2 ;
NGB:=PHIN+VD;
: i N_C*sxp (=pHr_N:GS,,/V_T ) t

.... BEGIN MINOR ITERÀTTON FOR P O & ÐELTÀ E ....
*)
REPEÀT

PHI P GB := 1.12-PHÍ N GB-DELTÀ E;(*GB MIN. CAR. F. LVL.*)
p O-:] N V*EXP(-PHI Þ õ8,/V T)' T* GB MIN. CÀR. CONCENTR.*)
DELTÀ E Stan := 2.OFG-PH*L-P,/SIG N,/V TH,/N IS,/p Ot
DELTÀ_E-:= DELTÀ E-(PET,T¡ E-OETTã E STAR)FO.OOT'

UNTIL ÀES(DELTÀ E-D_ELTÀ E SFÀR) <= õ.õOOT;
F A := SrG N*N õ/(StO NTN-O+SIG C*P O)t(* ÀCCEPTOR OCCUP.*)
F-D := S I G-C*N-O,/ ( S I G-C*N-O+S I G-N*P-O ) 

' 
(* DONOR OCCUPÀTION*)

vl srÀR := sOF(O*(-pFr N-cs*H îs prpui P GB*N Is À- -op¡.,Te E*T(I.0=F õ)*N r3 D-r ¡-
N rs E) ))/ß.9*þ*¡ ¡FspgrLoñ s) t

uNTrL ÀBS(V O Sr¡n-V-O)-<= 0.0100; -
cApÀc r rÀNcE- : ã sonr ( õ*Eps r LoN_s*N _D / a . 0 /v _Ðl i
I.IRI TELN ( G_PH : 10,V_D : 11 : 4, DELTÃ_E :11 : 4, P_O : 11, N-O : 11, F_À : l1 : 4,

FID : I 1 : å, Þ¡¡r 
-p_cil 

: 1 L : 4;PHI-N-GBîI I : 4, cÃPÀc I lAÑcE : 1 1 ) ;
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(* ÀRBITRÀR. INCREMENT G_PH *)
G pH l= c pH*26.0/(rN(c FH+I.0) /2.3+5.0)+1.0E13t
EÑo; 1 

*¡a¡11¡"* ,
END.
//* SàMPT'E INPUT PÀRMS

,/,/co.INPUT DD *
300.0
1 . 0815
30.08-4
7,0Et2 7.0812
1.0E-16 1.08-14

TEMP
ÐOPI NG
DIFF LENGTH
N IS À N IS D
sfc¡,fr N SlcMa c

-58-



Àppendix B

GB

( l*S+* )

F.RO6RAM GE ¡

(t
ANALoG INFUTS!

TEI'IF ¡ FROM T{EITHLEY (G=ICt(:r) FFOI4 FLUI'IÉ TEI'IFERATURE l'1ElER

CURRENT: VOLTAGE FROI'I I/V

ANALOG OUTF'1J15 !
x-
Y-
t4-
Z. SAIIF'LE B IAS

t)
USES TRANSCEND'ECIDAST APPLESTUFF'TURTLEGRAFHICST

TYF'E MATRIX=AÉÉAYI1..1(:'1 OF ARRAYTl..10] OF REAL¡

VAR ITV! MATFI Xi
HODEeHAR' INCHAR¡ cHARI
TEr4FCO,J,I: fNfEEEÉi
V,VTEHÉ,TEMF'IARRAYT1.. 1(': OF RÊALi
TOTAL I REAL ¡

FLoT¡ BBOLEANi
10747C', IVDATAT T: TEXT í

FROCEDUFE LOB6RID ( XDECNUI'I' Xlf lNllAGr YDECNUH! YHINMAG¡ INTEGER) i
(T GENEÊATES A LOB-LOB GRID *)
(* DECNUM=NB. OF DECADES

H I NHAB=5|'IALLEST DECADE TCI BE DISP *)
VAR I ! XMAxl4AG. YMAXHA6! INTEGERi

riE6IN
x t4Axt'tAG ! =xM f NffAG+XDECNUII ¡
Yt'1Axl'lAG ! =YM l NMAG+YDECNUM¡
REl¡JFiITE (10747(1!' #Br' ) ;
WRI TE ( TO747Cr" INi SÈ 

" 
XMAXMAG 

" 
T 

" 
XIIINMAB!' r 

" 
YMINI¡AGr

WRITE('l-O747O"SPt¡'); (* LEFT PEN t)
hlR I TE (TO747t)' 'Df Ô.0' 1. r:'¡ ' ) i
FtrR l!=XHINMAO TO XÌ'IAXHAG D0

Þ-

r-
3-
4-

à-
7-

RO

rYúAXMAG,'i')i



BE6IN
l,lFf TE (TÕ747(1,' FU' ! I,' !', Yl"tAXllA6r
NñITE (TO7470,'FD' I I, 

"' 
TYHINMAB,

STR ( I. ISTR) i
t¡JRf f E (f 0747(:). 'Fui DT', , Cl-lR (3) , ' ; LB , CHR (B) , CHR (B) , CHÊ (3) , ' PUi LB' , ISTF! 6HR (3) ) ;
ENDi

FoR II=YHINMAG TO Yl4AXlfAG DO

BEGIN
t,]RIfE (TO747(1, 'FU', XMAxllABr ' 

" ' 
r,'i') !

NRI'rE(TO747C,,'PD' rXllINl'AËr',', I,' i' ) i
sTR ( I, l5TR) i
t¡]RITÊ (To747rlt 'FUi DI(:,. !, 1..-'¡ LB', , CHR ( 11) . CHR (3) r 'DIrl. O, 1,0i LF' ! ISTR, CHFi(f,) ) ¡
END;

I4RITE(fo747(lt'sPO!'); (* STORE PEN *)
UJRI-rE (TO747ó,' DIi' ) t
EñDi

FROCEDURE LOBFL0T(X,Y!REAL;XDECNUI'ItXl'IINMA6TYDE0NU|¡tYl'¡INHAG:INTEGEFi
EONFTST BO0LEAN; eHARMARIiERt cHAR) ;(* FLBTS F'BINTs ON -l'HE LO6 PLOT *)

(* DECNUIÍ .I4INI-446 SAME AS FOR LOGGRID
XrY=CO-ORÞS. OF FoINT Tú BÊ PLOTTED
CONFTS=TRUE DRAWS A LINE 1Ð NEXT FT,
CHARI'1ARIi:ER=CHAR TU BE FRINTED * )

BE6IN
t,]FrTE (Tû747(). . SFri SH" CHAFHART{ERr' i' ) ;
IF CONPTS=TRUE THEN

|¡JRITE (TO747(1, 'FD¡ ' ) (*FEN DoWNt)
ELSE

t4RITE (TÉ747rlr 'FU¡ ' ) i (*FEN UF*)
t4R¡lË (lO747Or' FA', LO6 (x) ! E! 3"' I 

rLOG (Y) : 3¡ lr' ¡ 5M¡' ) t
END ¡

FROCEDUÊE LAYOUTÍ
(* DÉA|4S ELÊCTRICAL CONNECTIIlNg )T)

VAR C¡ CHAFii
BEGIN
INITTURTLEí
PENCoLER (NoNE) i
flOvETo ( 15. 18ö) i
I¡STRING ('EOI INSTRUMENT EBNNECTIoNS FOR EF' ) i
|'IOVETO (40, t)) i
FENCOLOR (WHITE) ¡
r4ovET0(40r?c,c,);
tlBVETO(4(l,1á(l) i
llovETo ( 194,r, 160 ) ¡
MoVETO ( l.90! !tlcr) |
I.IBVETB (4(:r, l Orl ) ;
ItovETo(40.75);
l.lDVETo (60.75) i
HoVETO ( é(1,55) i
I'lovETo (4c, r E5) ¡
fioVETo ( 4(,! 3{)) ;
1,10VÊTO (23C),30) ;

V lE|^JF'oRT ( 1å(:t! 22(lr 1l t:tr 1gO ) ¡
FILLÉCRÊEN ( l^lHIlE ) ;

v IEWF oRT (B(1, 14C', 1Ò, 5() ) i
FILLSCREEN (WHf TE ) i

vIEWFORT ( 1AC,i 34r:r, tCli 50) i
FILLSCREEN (I¡JHITE) ¡
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vIENFoRT (Or 3OC'i rl, ÉOCr) i
FENCOLBR (NoNE) i
IIOVETO ( r93, 125) i
CHARTYFE (7) ;
I¡STRIN6 ('GB' ) i
HOVETo (B?,52) i
I^JSTRING (' I4EITHLEY' ) i
MOVETO (92' 22) t
þlsTRfNG ('B=1ôO' );
HOVETO ( 190 

' 
52 ) ¡

WSTRING ('FLUl,lE' ) ¡
ìfoVETO ( 19ô' 22) i
WSTRINB ('21O04' ) i
CHAFTYPE ( 1O) ¡
HOVETO (32, 157) ;
WSTRIN6 ('Z' )

t4ovETo (32¡ 97
I4STR ING (' I' )

HOVETA (25,72
I4STRIN6 ('VI'
MOVETO (?5r 52
WBTRING ('46'
t'lovETo (25, 17
I4STR INE ('44'
READLN (C) ¡
TEX 1ÍOÞE;
END ¡

FROCEDURE COLLECft
(* SI4EEF9 THE OUTFUT VOLÍABE AND REEORDS

THÊ RESULTING CURRENTS IN ITV T)
VAR gvoLTsr TolAL, I VALUE, I VoLTS ¡ REAL ¡

RANÊET INTEEERi

EEG¡N

TNITECIDAgt ( [4 (< (4 (<(<< (1< 4 <<<<'/'<l t t ¿ìll

TJRITELN tCHR ( 1r) ) ¡
NRITELN (' I-V DATA FOR TEHP>}}) >>>>>}>>' 

' 
TEMPTTEHFCO] ¡ 5! 1) ¡

WRITELN (' V-TEMP, ' ' I VTEI'IP t'f ÊmPCO I ! 5¡ 3) ¡

WR¡TELN¡
WRITE(' ')¡
WRITELN(' v I')iWRITELN¡
FOR J!=1 To 1ô DO (* 10 VOLTAÊES t)

EiEGIN
ANALoÊOUT (Vt'lll1O. Õ, Z) i
RAN6E! =2i
I2V ( RANGE ) i
SAMFLE (år IVOLTS) t(T FIND SUITAÊLE CURFENT SENSITIVlÏY I)
WHILE (-IVOLTS < 1,O) AND (RANÉE <> 5) DO

BE6I N
RANGE! =FANGE+1i
1?V (RANGÈ) ;
SAMPLE (6r MLTS) i
END¡

TOTAL! =O, Oi
FOR ¡r=1 TU to DO (f AvE. OF lO BAIIPLES l)

BEGIN
SAITPLE (åt fVOLTS) I
T0TAL¡ =TOTAL+IVOLIS¡
ENDi

I VOLTS r =TOTAL/ 1O. (:,i

MLUE r -- M!LÌS,/F !¡IROFTEN ( RANBË+ 1) i (rt REAL-VALUE CURRENT t)
IF IVALUE < I,0Ê-6 THEN (*FOR ANALL I IIAKE 1OO SAIIPLESI)
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BE6IN
TÖTAL¡ =0, (:)i

FOF Ir=1 TO 1(rC) DO
EE6IN
SAIIFLÊ (è! ÍVOLTS ) i
T0TAL: =TOTAL+MLTS¡
END;

MLTS! =TgTAL,/ 1{r{). (¡i
I VaTLLJE: =- I VoLTS,/F I¡IROFTEN (RANGE+1) i
END¡

ITVCTEHFCO. Jl ! =MLUE¡ ('SAVE Ir()
WRITE(' ')i
I4RITELN (VfJl ! 5: trr ' ' , IVALUE) ¡
END;

ANALOGOLJT ((:', rlr Z ) i (*ZERO OUTF'UT8)
END;

F,ROCÈDURE CASEI] t(* USES THE TEIÍFEFATURES F'FEVIOUSLY
ENTERED IN THE TEHF'.TEXT FILE
AS MEASIJREI,,IENT TEI¡F'S. T( )

VAR TVoLTS: REALi
ETEGIN
RES€T (T, 'TEMF. TEXT' ) ;
FOR Ir=1 T0 ró DO READLN ( T i TEIIP I I I r VTEI4F t I I ) i
l,JFlI TELNi
FOR I:=1 TO 10 D0 Ì4FITELN(' T('r I ¡ 2, ' ) =' , ÍEMF I t I ! f, ¡ 1!'l.i') i
I,JRITELN ('H1T .iRET} TO INITIêTE EXF'ERII.IENT' ) ;
REFEAT UNTIL l4EYPREss¡
READ (I(EYBBARD, INCHAF) i
NRITELN ('NEXT T=' r TE|4F t 1I I51 1) i
TEI'1F CB ! =1¡
IJHILE TEI'IF.CO { 11 DT] (*FOR 1(] TEMFS*)

EÊEIN
REFÉAT (*I¡AIT UNTIL SFEEIFIED TEIIF,* )

ToTALT =C) ¡ (:,r

FOR I!=1 TO 1(:, D0 {*AVÊ. 1t:, SAIIFLES*)
BEBIN
SAI4FLE (4, TVOLTÉ) i
T0IAL: =TOfAL+TVBLTS i
ËND;

TVOLTS! =TDTAL/ 1{:', r:'i
tjNT I L TVoLTS > VTE|4FtTEíFCOIi
CoLLECT¡ ( *S[4EEF THRoUGH VoLÍAEE STÉFS*)
TEHF'CB: =TEI4FCO+1¡ ( *NEXT TEI4F''( )
t¡JR I TELN i
I'JF I ÍELN ( ' I * * I i Ì * t EXFERIIÍENT IN FFBGFESS *r(r(t(l*Xi(');
F0É I!=1 TO 3 D0 tdFITELNi
FoR Ir=1 TO 14 DO [4R¡TE(' ')!
lF TEIÍFCDT:11 THEN NRITE('NEXT T=' ! TEMFTTEüPCOI ! S! l) i
FOR I!=L TO 27 Do I4RITE(' ')i
END¡

ÊND ¡

F RUCEDURE CASENT
(* USED FBÊ CALIBRATING A NEI4 SET OF TEMÊERATURE FO]NTS.

TÊN -TEHFS IÍUST BE ENTERED.
MAIN FCN IS TO ASSOCIATE A VOLTAGË FROII
THE TEMF-HETER 14ITH THE I1EASURED TEMP..
THE VOLTABE-TEIÍF' PAIRS {lC¡) ARE ENTERED IN 'TEHF.TEXT i)

VAR TVOLTS ! REAL i
BEGIN
WRITELN (EHR ( 1!) ) i
WRIIELN ('HANUAL TEI'IP INFUT MODE. . , ' ) i
WRITELN!
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l.JRITELN('ÊNTER TEÌiF (K) TO INITIATE SAI4FLING')i
WRTTELN(,ENTER C, fO EXIT. # OF Î-FTS IS 1(,' ,) ¡

14RITELNi
TËMFCO¡ =1 ;
NHILE TEIIF'ËO'' 11 DO

BEEIN
WRf Tg ('T (' ! TEI'IF CO:2' ' ) =' ) ;
READLN ( EMF'TTEMPCO] ) :
TDTAL, =('J, (ri
FOR f!=1 TIi 1(] DÚ (I AVE SÎGNAL FÉOII TEIIF-I4ETER* )

EEGIN
SAMFLE (4, ÍVULTS) ¡
TOTAL! =T0TAL+TVOLTSi
END i

vlEHF,I TEFIF trO ] I =TOTAL/ 1C', r:r i
COLLECTi ( l6[¡JEÊF VoLTAEÊ 6TEFS)l)
lF TEllPtTEllFCOl=rl. {1 THEN lEltFCO! =11i
WRITELNi
WF I TELN i ' [ * I * * * X * EXPERTIIENÎ IN PROGRESS *'i*****i(') i
TEI'IF CÕ ! =TEMPCO+ 1 i (Ù NEXT 1Êl4F *)
END í

fF TEllFeO=l1 THEN I¡IRIIELN ('LAST TEHF PT' ' ) ;
REI4RITE(T"TEIIF.TEXT')i _ ____ ..
FOR t!=1 iO TCI OO I,]RITELN(T'TEHPTI]!5I lIVTEMF'II]!6) I

cLoSE (T, LOCi() ¡ (rsAVE TEHPST)
ENDt

FñOCEDURE WFIITEDATA'
(* oENERêTEs n tngLÊ or oURRENTS FRolf rHE ITV MATRrxx)
VAR Ylf I NllAG, YDECNUM: lNTEÊER¡

CONFISr BO0LEAN¡
BÊGIN
tF {MODECHAR='O') OR ('foDEËHAR='N') ÎHEN

EÊ6IN
ÉEWRITE ( MATAT ' ITV. TEXT' ) i
FOR TEHPCOT=I 10 10 DB

FoR J:=1 TO 10 DO

t¡]FTTELN ( IVDATA! lTVrTEl',lFÉ0i 't 
I ) i

CLBSE ( MA lA|. LOEh:) i
ENDi

IF MODECHAR='É' THEN
BEGIN
RESET (T,' TÊMF', TEXT' ) ¡
FOR I ! =1 TO 1Ò DO FIEADLN (T! TEI'lPt I1' VTEüPC I I ) i
END i

REgET ( ÍVDATAt ' ITV. TEXT' ) i
FOR TEMFCDT=1 TO lcr D0

FOR Jr=1 TO lC¡ DO
RÊADLN ( IVDATA' ITVcTEMFCOT.I I ) i

l¡JRITELN¡
WRITE(' ')i
FOR TEMPCO!=I TO 5 DO

BÊÉIN
l¡RITE (fEl'IF tTEMFEOI ! 5! 1 ) i
WRITE(' ,)i
END¡ NRITELNi

FOñ J!=1 TO l0 DO

BEGIN
|¡JRI TE ( VCJ 1.5! 2, ' ' ) ;
FOR TEMFCO¡ =1 TO 3 DO WÉITE ( ITVTTEMPCOT 'tl ! 13) |
l¡]FITE(" '!VCJlrS!2)i
WRITELNT
END¡

WRITÉ(' ')¡
FOR TEI'1FCO! =å TO 1o D0

FEGIN
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NRITE (TEI'IFTTEHFCO] ! 5t 1) I
WRITE(' ')¡
ENDi WR I TELNi

FoR J!=1 T0 10 DO
EIEG I N
hiR I TE ( V t J I ! 3 ! ? r ' ')i
FOFi fÉltPEo! =6 fO 1Ú DO WRITE ( ITVTTEMFCO' Jl ! rS) I
WRITE (' 

" 
VtJ l ¡ 5r 2) ¡

NFiI TELN i
ENDi

Ip rlOr rge¡¡t* ËEN LOGI-LOGV FLOT ON 747C' FFoM ITVf)
BE6IN
yüINt'tA6! =TRLJNC (LBG ( ITVt 1{,, 1l ) ) -1i
YDECNuI4! =TRUNC (LOG ( ITVt 1' 1Ol) )-YMrNfiAEi
LoGGRID (YDECNUMT YMINHA6! 2r -2) I
WRITE (TO747O' 'DIO' O' 1. O! sIC'. 1!. O. l7¡ ' ) ¡

FBñ TEI'1FCO! =1 TO 1() DO
BEBIN
CUNFTS: =FALSEi
FoR ,l!=1 To 10 Do

EE6IN
L0GFLOT ( ITVTTEMFCOT Jl r VrJ I ! YDECNUI'I' YtIINHAGt 3t -lt EoNFTÉ! CHF ( 111) ) í
C0NFTS: =TRUEi
ENDi

14ÂITEiTO747O! 'PUí LB' r ROUND (TEIIF',CTEMPCoI ) :4' Cl'{R (3) ) ¡

ENDi
l^,RITE (T0747O' 'SFù! ' ) ¡
END ¡

END ¡

EiEG I N (IMAIN*)
V!I]¡=CI.(;'2¡ (* SF'ECIFY VOLTAGE STEF'B *)
Vtrl ! =0, (13;
V Ca l: =Cr, {:'Ei
Vt4lt=(:,,C)7t
V CEI : =o. 1cJ;
V C 6l ! =C), 15;
VtTl r =0, rÕ¡
Vf 8l t =r:1. 3C)i
Vt9l ! =C',4Ò!
VC 101! =0.5(l¡
I,IFITE('N)EW OR O)LD TEIIP PTs OR F)RESENT DATA? *')¡
(r N=CALIB OF NEW TEI4P FTS

O=PREVIOUSLY CALIB TEHPS FOUND IN TEMP.TEXT
F=WRIIE DATA FRESENTLY IN ITV.TEXT r)

RÉF'EAT UNTIL I"IEYFRESS¡
READ (ñODEDHAF) i tJRITELNi
l^tRITE('PLOT? (Y/N) I ') ¡ (*LOGI-L06v ON 747C'A*)
REF'EAT UNTIL KEYF'RESSi
READ ( INCHAÉ) I
IF TNCHAR='Y; THEN FLOÌ:=TRUE ELSE FLOT!=FALsE¡
IF (MODECHAR='N') OR (MODECHAR='0') THEN LAYOUT¡
CASE If OÐECHâÉ BF

'O' : EASÊO¡
'N' I CASEN¡
END ¡

WRITEDATA!
END.
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Àppendíx C

ÀUTODECON

( * * t * * * f * * * I * * * * * aFFLE AUTODECON r.rt t*tX***t*****t)

(*5S+l)
FROARAH AUTODECON i

(f BY G. C. MC6ON I BAL/ 1982
HATERIALS 3¡ DEVIEES RESEARCH LAB
DEF'T, OF ELEÖÍRICAL ENCINEERIN6
UNIVERSITY OF MANITOBA,

FUNETION!
DEEONVOLVES THE INTEFFACE-sTATE DENSITY FROI'I
I-V EHARACTERISTICS OF 68 SAIIFLES IIEASURED
EtY THÊ F'ROERAII 'GB' .

DATAI
1) FILÊ 'TEHF,TEXT' T-1UST FE PRESENT ON *4.
?) EITHER 'ITV.TEXT' SHOULD BE F,BESENT ON *4

OR
A TEXT FILE ON #5 MAY BE USED AS DATA.

OLJTFuT! ROUTED TO -rB|- 747çA FLOTTER.
*)

USES TRANStEND r APPLESTUFF, TURTLEGRAPH I CS r FLOTA I DS r F LBTTERGRAFH I CS r PENPLOTA I DS i

CoNST EFS ¡ L0NO=4, B34E-14¡
EPSILoNR=11,7t
O=1.6É-19t
ND=3, ()E 1Si
AREA=3. (,E-3i

vAR T, NEr oGBA. OEB1, MUr VT, EFStLONS,
VDF, VDÉ, OGB. I I DELTAO, DELTAEFT EF, EFl t NI A,
XBOT t YBOT, XDIV, YDIVT
FHIN! V, J, J0Er REALi
F I LENAI'lE, TLABEL, SAMF LENAI'lE ! 5TR I NB C 2C,l ;
TDECoN! ARRAYT 1. . 1Ol OF ÉoOLEAN¡
C0NFTS¡ BOOLEANi
TVAL! VAFFr ARRAYT 1,.1Ol OF REAL¡
INCHART CHAFi
sTEFllAX r VCo! TEI'IFCO! ¡ I ! INTEGERi
TVALUEË, MATAr TEXTr
ITV: AÉRAY( 1. . 1T]] OF AFRAYI l, . 1O] OF REAL¡
SYúr POINTI4ARHER¡
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FROCEDUÊE VOLTAGEDIVi
(* FOñt¡ & REV. DIFFUSIoN FoTs ti)
BÊGIN
VDFr =EPsf LoNs/2, 0/G/ND*sOR (-V*o*ND/068+e6g/!. (r/EFSIL0NS) ¡

VDFi! =EFS I LONS /2. r)/É,/ND*s0É ( OBB/ 2. 0 /EPS I LONS+V*O*ND/ 0BB ) ¡

ENDI

FFOCEDUFIE SATCUR i
(I SATURAIIgN CURRENT *)
BEGIN
JOE! =J/ ( 1. (,-EXF ( -VlVT ) ) í
ENDi

FRoCEDURE E ARFIIERi
(I EARRTER HEIEHT I)
VAR E1! RÊALi
BE6IN
E1 ! =SaRT (?, lr*O*ND*VDF/EFSILONS) ;
VDF¡ =-VT*LN (2. o*JOE/ ( 6lND tlui E l ) ) í
EñD t

PR0EEDUßE CHAREEi
(T GRAIN BOUNDARY CHARÊE T)
VAR E1' E?! REALi
BE6IN
E1: =SORT (1. o*O*NÞIVDF/EPS I LoNS )

Ê2 ! =-SOFT ( ?, {,l OtND*VDR /EFS ¡ LONS
BGB: =EPS ILBNS* (E1-Er) ;
END i

FROCEDURE WRITEHEADER¡
E(E6IN
VAFF T 1l ! =O, O?i
VAFFf2l ! =O.otri
VAPF t3l ! =(:r. C'5i
VAFPt4l ! =C',07i
VAFF C3l ¡ =Õ. 1r:'i
vAFFÍ6l ! =0. 15¡
VAFF t 7I ! =Cr. ?[, ¡
VAFF rBl ! =C¡,3r)¡
VAFF C9l ! =0, 4(:ti
VAFFflCtl¡=0.30¡

WRITELN(eHR(12) ) ¡
t¡¡R ITELNi
I4RITELN(' MDRL AUToDEÕON I'0 ocT/Bl') í
WRITELN;
hIRIÍELN ('DATAFILE NAI4E ( ' ¡ lu FÙR PRESÉNT) ' ) |
READLN (F ILENAI4E) ¡

IF POS ('t' 
' 
FILENAI4E) =1 THEN

()i FIRST CHAR='*' USE PRESENT IlV i()
EEGIN
FILENAME: =' ITV. TEXT' i
WRITE('SAMPLE')i
READLN (SAI'IPLENAME) I
END

ELSE
(l( usE FILE FRO'I i*5 FOR IIV t{)
EÊ6IN
SAHFLENAHE' =FILENAMEi
F ILENAME! =CONCAI (' *5 !', F ¡LENAIiE 

" 
. TEXI' ) t

ENDi
t.¡RITELN¡
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FúR II!=1 .l.0 tçr Do
BEAIN
t^lÉITE(' DEE0N T ( ' ' 

I I ¡ 1' ' ) =' 
' 

TVAL t f I I ! 4 ¡ 1 
' ' 

? (Y/N) ');
ÉEF'EAT UNTIL I.ÍEYFRESS¡
FIEAD ( INCHAR) i
IF INCHAR='Y' THEN

TDECONTfI]!=TFIUE
ELSE

TDECONCIII!=FALSEi
tJR I TELN i
END i

|¡JFTTELN('Ì1AX VSTEÉS=? ')i (X * OF VOLTABE STEÉS T0 EiÉ DEEONED*)

READLN ( SÍÊFHAX ) i
WñITELN (CHR ( 1:!) ) ;
I¡JRITELN ('DECON FOR! ' ) i
FOR II!=1 TO 1{' DO

rF TDECONTIT]=TRUE ÎHEN I4RITELN(' ' I TVAL ! I I ] ! 4 : 1 ) ;
HDRAWGRID ((), g, rl.4()! 14' 5, 10.1"). xBoT 

' 
YBOT! XDIVTYDIV'FALSE) I

HAX ISLABEL (' EGAF',' , 'LOB NtS', ) i
HÍOVE'Io (30.0, l78, O) i
HI¡STR INE ( SAúF'LENAME) I
ENDi

FROCEDURE I4RITEDATAi
(* 6ÊN CURRENT TABLE FRðI'I IIV *)
EEGIN
WR I TEL N;
I¡IFITE(' ')i
FoR TEMFCo¡=1 TO 5 DO

EEGIN
lÀJRITE (TVALCTEI'IFCOl ! 5¡ 1 ) i
l¡iRITE(' ')i
END i t^lRlTELNi

FoR II!=1 T0 10 Du
EIEG I N
l¡lRlTE (VAFF C I I I ¡5:2,' ') i
FOR TEMPCO!=1 lO 5 DO l'JFITE(ITVCfEMPCo' III! 13) i
NRITE("' rvAFFCIIlrS:?)i
taJR I TELN i
END i

l,lRITE(' ')l
FoFl TEñFCO!=6 TO 1Þ D0

BEGIN
t^,R I TÉ ( TVAL t TEIIFCO I | 5 ! l) i
WRIIE(' ')¡
END ¡ l¡F I TELN i

FOR II:=1 TO 1o DO
BËGfN
tJR I TE ( VAF'P t I I I ! 5 ! ? 

' ' ') t
FúR TEMFcO!=6 T0 1Õ DO WRITE(ITVIIEI'IPCO' III¡ 13) í
WRITE (' ' 

' 
VAFFT I I l:5! 2) ¡

l¡¡RITÊLN;
END t

END !

FUNCTION HUP (T! REâL) : REALi
(I HOLE MOFILITY(TEIIF) -LOW FTELD *)
(i D.F, AROFA ET. AL. I)
VAF úU1, MUlr TNr REAL!
BEGIN
TN: =T // 3¡1ú,0 i
ñU1: = 1 ,3èEBt(EXF (-3. ?ßxLN (T) ) i
fiU2! =ND/2.35E17/EXF (1' 4*LN (TN) ) lÔ. BATEXP ( -0. 146tLN (TN) ) i
MUF,! =34.3*EXP (-(),37*LN (TN) ) +l¡LJ1/ ( 1. C'+MU2) i
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PROÚEDURÊ GBFERÍI i
(ìI GRAIN BOUNDARY FERIII-LEVEL ¡I)
VAR N('t E1, E!I REAL¡
BÊÉIN
E2: =-V *0*ND/QGB-OGB/ r. O/EFSILoNS¡
E1¡ =-Vì16*ND/OGB+BGB/2. O,/EPS I LONE i
N(:,! =ND/ ( E3-E t ) )i ( E!*EXP ( -VDR/VT ) -E 1*EXF ( -VDF /VT ) ) ¡

EF! =-VT*LN ( NÒ/NÇ ) ¡

ENDi

(I END SUBRDUTINES *)

(* I4AIN EEGINS HERE *)

EEGIN

RESET (TVALUES! 'TEMF. TEXT' ) i

FOR TEHFCO!=I TO 10 DO
READLN (TVALUEST TVALI-rÉüFCOI ) í

I,]RITEHEADER¡

RESET ( MATât FILENAI'IE) t

FOR TEMPCO¡=I TO IC' DO

FoR VCO!=I TO 10 DO
READ ( TVDATA, ITVTTEMÊ'CO, VCol ) i

I4RITEDATAi

EFSIL0NS ¡ =EFSI L0NR*EPSILoN0 i
TEIíF'co!=1t
NHILE ÎEIIPCO {:= II) DO

EEÉIN
WÊITE ('TEMF'Co=' ) i
IF ÎDECONTTET1FCO] THEN

EEGIN
l¡lR ITELN (TEMFEO) i
DELTA0 ! =().0;
0l3Er 1 ! =O. r:' i
6GE! =O,0¡
c0NFTS r =FALsEi

I ¡ =ITVTTEfiFCO, 1l ¡
V: =VAFF'C 1l ¡
T¡=TVALTTÉMFCOli

l4U! =HUF {T) ¡
Nc: =1.925E15lSORT (TrTl"r) !
VT: =8, é7E-5*Í i
Fl-1IN! =LN (NC/ND) *VTi
J!=1,/AFIEê¡
VDFr =O. I i
VDR! ÊC,, 1i
SATCUR ¡
BARRIER¡
CHAFi6Ei
FUR VCO¡=1 TO STEPHAX DO

BÊGIN
V, =VAPF C VDoI i
I r =ITVcTÊMFC0' vcol ¡
¡¡ = L/AREA ¡

(* EAÈH VOLTAGE PT *}
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REF'EAT (I FOR FARRIER HEIGHT *)
OGBAr =oGF;
VOLIAGEDIVi
SATCUR¡
BARRIERi
CHARcÊi

uN-rfL ABS (oGFA-QGB) = o.O¡
GEFERI'IIi (t ENÊRGY OF FERMI-LEVEL Al BOUNDARY *)
IF QGB1 .,1 ¡ rt. (t THEN

(* FIND SHIFT OF FERIII FROM FREVIÚUS VALUE *)
FE6IN
DELTAEF! =EF-EFl i
DELTA0! =068-o6B1i
N I S i =-DELTAG /DELTAÉF,/O ¡ ( f I NTERFACE-sTATE DENSITYI )

I,JRI TE (' )' ) ;
tIRITELN (DELTAEF/?. ('+EFl | ¡r f, ! NIS) i
IF NIS :¡= O.O THEN SYH!=SOUARE ELsÉ SYH!=cRoSSi
HFLOTFOfNl{DELTAEF/!. a-¡+EFr r LBE (AErs (NIS) ) 

' 
XE BT, YETOT, XDIVr YDIV, CoNFTS, SYti) i

END;
EFl!=EF¡ (* SAvË THESE ÉONDITIÚNS *)
06Bl ! =OGB¡

ENDi
END!

TEI'IF CO: =TEllFcO+ I ; (* REFEAT FOF NEXT TEHPT)
ENDi

END.
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OVERVIEW

Page ii

ADÀP is a computer-contro
cessing system specificallY
vices Lesting and exPerimenta
er provides the comput in
colleét ion, reduction, and di
faced to the comPuter via a
(EcI ) . EcI $as designed by t

1. 12-bit À/D converter

2

3

Ê

lled daÈa acguisilion and Pro-
designed for materials and de-
tion. Àn Àpple I1+ microcomPut-
g , power required for data
épIãy. Experiments are inter-
n Experiment Control Inlerface
he author to provide:

I buf fered voltage inPuts

4 10-bit D,/À converters

counter/t ime r

current-to-voltage converter

several digital inputs and outputs.6
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L

SYSTEM COMPONENTS

This section
ÀDÀP system.
tem.

to introduce the user to the
schematic diagram of this sYs-is i ntendeil

Figure I is a
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1.1 ÀPPLE TI+ MICROCOMPUTER

The heart of ÀÐAP is an Àpple II+ microcomputer
with 64k RAM, two Apple 5-I/4 ín. disk-drives
green-phosphor television nonitor.

Page 1.2

outfitted
and an NEC

I.2 PROGRÀMMING

À working knowledge of the (UCSD) Pascal computer lan-
quaqe is reõuired to program ÀDÀP. This manual âssumes that
Ëh"-us"r is'familiar - wi[h Pascal. The user is referred to
the Àpple II PascaI manuals [1,2] for a detailed description
of this language and operating system.

The ÀDAP software resides on four floppy-disks labeled
'ÀDÀP1 ' , 'AÐAP2 r ' 'ÀÐAP3' , and 'ÀDÀP4' . ÀÐAPI and ADÀP2 con-
tain thá Àpple Ii Pascaf 1.1 compiler, editor, -and operating
system. Àb¡p3 contains the source and code files that have
bèen added !o the system library for use by the ÀDÀP system'
ÀÐÀP4 contains many example programs that have been wrÍtten
for lhe ÀDÀP systém. -ADAÞl includes the system -Iibrarywhich contains- the subroutines written specifically for
ÀDÀP. These subroutines are written in Pascal and are in-
tended to simplify the implementation of ÀDÀP programs.
Included in thè syétem Iibrary are programs for contro]ii!9
ECI and plotting results on the Àpple TV screen or HP7470À
pen-plot ter .

The ECI subroutines are especially important for tþ"y
Þerform the machine-leveI tasks- requiréd to control the in-
ãividuat devices in the ECI interface. The use of these sub-
routines allows the user to access the various devices by
simpte names and pass parameters. in-convenienl units (e.9.
volis instead of their bínary eguivalent).

À complete description of the ADAP soflware is given in
chapter 2.

1.3 SSC SERIAL INTERFÀCE

Àn AppIe SSC RS-232C interface card proviöes serial com-
municatiðn to various peripherals. The SSC resides in
card-slol 2 on the Àpple bus, The Communications Mode of
operation is used rn'lth aLl peripherals including plot-
tèrs,printers, and links to other conputers. The SSC ap-
peârs'as volume #8 to the Pascal operating system qnd. is
ãlso referred to as REMIN and REMOUT. Ìt is suggesred thet
the data rate be sel to 1200 baud. Ðetailed iniormatiorr on
lhe SSC may be obtained fron the "Super Serial card, lnstâl-
Iation and operâting ManuaL" [3J.

February 28, 1983 - 77 - ChaPter 1



Page 1.3

1.4 HP747OA PEN-PLOTTER

Hard-copy of graphical results is obtained from the Hew-
Iett-Packaia lü0A' pen-plotter. This plotter features two
óãnã "ñå 

un addressäb1e' resolution of -0.025mm ( 0.001 in. ) .
ðommunication with the Plotter is made through the SSc. TÞ9
pLotter is connected tô the SSC on the Àpp]e . via-an-RS-232
ðable. The dip-switch on the plotter beside the RS-232 con-
nector should be configured as 00011-l'01.

Commands are sent to the plotter in HP Graphics Language
(HPGL) format. These instructions are of a high-1eve1 na-
ture and include commands for automatic scalingf straight-
J.ine pen movenents from À to B, and the prinLing.of -ASCIIcharaãter strings. Detaits of the HPGL may be-obtained from
ih" *l+p74zOA In[erfacing and Programming Manual" [4].

A Pascal UNIT of subroutines called PENPLOTÀIDS is in-
cluded in the ADÀP system Iibrary. PENPLOTAIDS enables the
user to obtain graphical hard-còpy without a knowledge of
the HPGL. incluáed- are programs capable of drawing and ap-
propriately scaling graphs ás weIl as plotting Pollli at.the
ãesire¿ .raiu"s. aÍsó i-n ttre system library is a UNIT calLed
PLOTTERGRAPHICS WhiCh iS SiMi],AT IO ÎURTLEGRÀPHICS.
PLOTTERGRÀPHICS provides many of the subroutines for drawíng
with the pen-plotter that TÙRTLEGRAPHICS provides for draw-
ing on thã Àþp1e screen. À detailed description of these
UNITS is found in chaPter 2.

With PENPLOTÀ]DS aNd PLOTTERGRAPHICS ThE USCT iS Ab]è IO
generate plots of usable gualitY.
Èo the plots are required the user
manuaL mentioned above to take fuI
ture5.

If
1S

1.5 PRINTER

Programs and numerical results may be transferred to a

line píinter such as the Epson Mx-100 via the serial inter-
face. Programs may be printed as they are compiLed by add-
ing the comfiilet di?ective (*$L #8:*) to the.lop of the pro-
gtãr. Disk'files nay be printed using the filer's T)RANSFER
õomrnand with the desiination specified as #8:. During pro-
gram execution nunerical results nay be written to a TEXT

íi1" ur"o"iated with #8r (see Pascal manual for syntax).

Note that the printer and plotter cànnot be on-line si-
muftaneously as they both require the SSC port.

further embelishments
referred to the 7470À
dvantage of its fea-

-78-February 28, L983 Chapter I



1.6 EXPERIMENT CONTROL INTERFACE

The Experiment control Interface (EcI)
terface bètween the user's experiment and
er.

provides
the Àpple

Page 1.4

the in-
c omput-

ECI was designed to monitor the analog outputs. of inst
ments as well ás provide voltage stimulae to their ana
inputs. Direct cónnection to a Çevice ulqgr.test sh9u,1d
undertaken onlv with extreme cauflon. EcI 1s a perlpne
EõãlZÍ-lõIseã-Tñ ITE-o[n cãEînet external to uhe Àpple and
cönnecled to card-slot 3 of the Àpple bus via ribbon cab
ECI prov ides:

1. 12-bit A,/D converter

2. I buffered voltage inPuls

3. 4 1o-bit D/A converters

4 . counter/t imer

5. current-to-voltage converter

6. several digital inputs ând oulputs.

Full details of the ECI hardware are given in chapter 3.

be
raI

log

1S
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This chapter endeãvours to present
of the existing ÀDÀP software as well
reqarding the nore subtle aspects of
thát Èhe user may find useiul .

2.I ÀPPLE TI PÀSCÀL 1.].

Apple II Pascal 1.L h'as chosen as the programming. 1an-
quaqã for ÀDÀP because of its Iogical structure, flexibili-
íy, -and readability. 4ppfe Pascal.closely follows the. syn-
tãi of UCSD Pascal. rtrlê manual will assume the user has a

working knowledge of this.language. The particulars of Ap-
p1e II-Pascal mãy be obtained-frõm the manuals [1'2].

Page 2.1

2

ÀDÀP SOFTWARE

detailed documentation
as provide information

the Àpp1e Pascal system

Editor. This is a ful1-screen editor used to create
the Pascal source files.

The

1.

Àpple Pascal provides the follov¡ing facilities:

Pascal Compiler. Generates code for execution from a

PascaI source f iIe.

3

4

Filer. This
f iles on the

v

Àssembler. Used to create assembly lan
tines that may be linked inLo a Pascal
execution. fhe assembler ís required on
the system at the machine-code level and
not normally needed for ADAP programs.

fa
f1

tT

oppy-
handles the bookkeePing for the

isks.

s
h
uage subrou-
ost file f or

when using
s theref ore

I
YI

5 Linker. The linker is used for adding assembly lan-
guage subroutines to host PascaI programs and adding
Éasõal UNITs to the system library' The linker is not
usually invoked bY the ÀDÀP user.
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2,2 SYSTEM LTBRARY

The system ì. ibrary res ides in the . f i 1e SYSTEM' LI BRÀRY '
This filå contaÍns thè subroutines written for ADAP as well

"- *uny subroutines used by the Pascal system which are also
availaËte lo the user. These subroutines take the form of
PascaI PROCEDUREs and FUNCTIONs. Groups of related'subrou-
tines are grouped into packages called UNITs' UNITs are ac-
cessed troñ t¡ã system ilUraiy by the USES declaration which
is required beforê the subroutines may be called'

Apple Pascal provides severaf useful units' The user may

wisfr'io refer !o the Pascal ¡nanuals regarding all of these
units but two are rvorth mentioning here. The user should be

aware of the TRANSCEND unit which contains the basic tran-
ãàã"ãuni"t iunctions such as LoG and sIN. The other impor-
iant unit is TURTLEGRÀPHICS. This unit comprises of the sub-
routines required !o implement the UCSD Turtle Graphics
fånguug" of {raphics commãnds. These commands are useful for
conétrúcting output on the AppLe's screen.

Several units written specifically for ÀDAP have been
added to lhe system Iibrary.- Their names and functions are
as follows:

ECI performs the machine-leveI tasks reguired to-con
trol the individual devices in the ECI interface
ii,Àá" "u¡toutines 

allow the user to access the vari
å""-ã.uiã"t bv simpre names and pass parameters i
convenient uniis (e'g. volts instead of their binar
ãq"i"ãr.nt). a comþIete description of the EcI uni
follows.

PLOÎÄIDS provides subroutines for drawing graphs on
the ÀÞÞIe screen. Included is a subroutine to draw
and sèäle a grid given its coordinate extrema. Àn-
òther subroutíne places markers at the desired values
on the graph. A ðornplete description of the PLOTÀIDS
unit f ollows.

PLOTTERGRÀPHICS implements a version of UCSÐ TurtIe
Graphics that wiIl-drive the pen-plotter rather than
the'TV screen. PLOTTERGRAPHICS may be used to embe-
ilåit pfots made by PENPLOTAIDS. A complete descrip-
tion ðf the PLoTTERGRAPHICS unit folrows'

PENPLOTÀIDS is a slightIy modified version
PLOTÀIDS that is used to draw graphical ouiput on
pen-plotter. A complete description of
ÞENPLoTAI DS unil folloçs.

or
the
Èhe

I

n
vt

2

4
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EcI Unit

The ECI unit is a group of subroutines used to access the

""tióus åevices residént -on the ECI board. These subroutines
Ë;¡;;; itre required machine-Ievel tasks, thus the user is
ñot required tó learn the addresses or protocols of the var-
ious integrated circuits employed.

Àpple Pascal aIlows assembly language subroutines to-be
refeiänced with the same syntax as a Pascal subroutine. The
aåiembled subroutÍnes may èither be made available direclly
lo tt't" user (e.g. I2v) or ca1led by.another Pascal subrou-
iine which in túrn is made available (e.9. ÀNÀLOGOUT is the
ávailable PascaI subroutine that calls the assembled subrou-
tine DIG2AN, which is not available). In the latter case
the Pascal åubroutines present a more intelligible parameter
iiit to the user (e.g,2 rather than a device address) '

Page 2.3

must re ference ECI DAsPrograms that call ECI subroutines
in the USES declaration, e.g.

USES ECI t

À listing of the compiled ECI unit and its assembled sub-
routines is-included in Àppendix A.

À complete description of the subroutines avaílable
ough nðr is nos' givãn. The user may wish to consult chap-

ã regarding tñe hardware aspects of the devices em-

PROCEÐURE I 2v( SCÀLE ! lNTEGER)

The current-to-voltage converter sensitivity is cont-
roffãã by I2v. The ín[eger parameter SCALE specifies the
cuirent ittat is required -to þroduce a fuI1-scale voltage
;;¿;;t: -ihe 

desirea scelp is -calculated from the magnitude
ãi-ii'tã ¿esirea value of current (in powers of ten) nulti-
olved by -1. The following table lists the possible values
ãt'SCerË and their corresponding ful1-scaIe currents'

scÀLE ! FuIl-scale current (À)

I omA
1mÀ

0.fmÀ
0. 01mÀ

thr
ter
ployed.

2
3
4
5
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FUNCTl ON ÀSSÀMPLE ( CHÀNNEL : I NTEGER ) : I NTEGER

ASSAMPLE is an assembly language subroutine that controls
the analog-lo-digitaL convertei and the analog-multiplexer'
lhe opera[ions pérformed by ÀSSÀMPLE are as follows:

1. Set the analog mulliplexer to the desired channel' lpecified by tñe input- parameter CHANNEL. This is an
i'nteger value that corresponds to the number of the
inpu[ to be sampled, e.9. - if CHANNEL=3 then the À3

inþut voltage *i11 be routed to the analog-to-digital
converter.

2

?

4

À " slart of

Wait until
A/D,

conversion" request is sent to the A,/Ð.

"conversion complete" is received from the

Read the resulting conversion value.
be an integer in the range 0 to 4095.
correspondá to an inPut voltage of
while ¿095 represenls 10.235 voIts.
turns a value of 2047.

Return value and exit.

PROCEDURE SÀMPLE ( CHÀNNEL: I NTEGER; VÀR RRESULT: REÀL )

This subroutine perf orrns the same functions as ÀSSÀMPLE

except that the convãrsion result is returned as a real-num-
bereä voltage in the range -L0.240 to I0'235 volts. Note
that SAMPLE-is a procedurã wheras ÀSSÀMPLE is a function'

PROCEDURE DOUT(HIORLO ILINENUM! ]NTEGER)

The digitâ] outputs labeled Ð0'Dl'D2, and Ð3 are con-
troled wi[tr oour. The parameter HIoRLo specifies the state
that the output LI NENIJM will assume after execuLion,e.S. tllg

"àir oout(r,ã) will nake Ð2 9o high while Dour(0,3) would
put D3 ).ow.

occurred on the
I f a high-to-Iow

then SINPUT (2) =l ,

This value viIl
A value of 0

-10,240 volts
Zeto vofts re-

i npul .

sI l npuE

else

FUNCTTON SINPUT(LTNE: JNTEGER) ! TNTEGER

SINPUT returns the status of either the Sl or 52

I f a Iow-to-high transition has
then SINPUT(1) =1, else SINPUT(1)=0'
sition has occurred on the 52 inPut
SiNPUT(2)=0.
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PROCEDURE ÀNALOGOUT (VOUT: REÀL; D2À: DEVI CE )

The voltage on any one of the four analog-to-digital con-
verters is set by a èall to ÀNÀLOGOUT. This procedure as-
sumes that the èonverters are wired for a voltage range of
-10.240 to +10.220. The z output is, however, wired for 1V
operation so that the actual output voltage will be l/10 of
thaÈ specified by VOUT.

À new variable type called DEVICE has been created for
this procedure. The irãmbers of this lype are {x,Y,I,z} which
refer-to the voLtage outputs on the ECI module. Thg parame-
ter D2À specifies -which- device the voltage control signals
will be sent to.

The voltage to be converted is specified by the VOUT pa-
rameter. vóUt ís the real-valued voltage in volts that is
to appear at the output specified by D2À. -4ny -value of type
REÀL Ëetween -10.24 and +:-0.22 can be specified.

The 1O-bit converters provide a conversíon resolution of
0.020 volts. values of VOUT are thus rounded to the nearest
0.020 volts before they are sent to the converter.

As an example we may wish to set output Y to +3.20
volts, the procädure call-ÀNALOGOUT(3.20,Y) wiIl accomplish
this.

ÀNÀLOGOUT calls the assembled procedure DIG2AN to perform
the machine-leve1 operations.

PROCEDURE TNITECIDÀS

This parameter-less procedure must be called before most
or iüå- 'licipas devices 'can be acðeEîedl- --õie calt ât the
start of a program is usually suffícient.

The Ðrimarv function of INITECIDAS is to configure the
pIA lo iead tire A/D and s inputs, and write to the I/v con-
verter. It also confiqures the three stages of the Progran-
mabLe Timer Modu1e foi counting in microseconds, millise-
conds and seconds. 51 is èet lo become active on a

low-to-high input transition while S2 is active after a

high-lo-Iów inpirt transition (see chap. 3). The assembled
suÉroutine INIÍPIA is called to perform the necessary byLe
manipulations.

INITECIDAS also sets the v
volts and the digítaL outputs

9eoI
DO

puts X,Y,W, Z

logic 0.
to 0.0

84-February 28, 1983
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FUNCT]ON TIME(SECTION: INTEGER) : INTEGER

timinq functions are provided by a 6840 Programmable Tim-
er t'todulã (PTM). This dévice contãins three 16-bit counters
which may be progranmed to perform a variety of duties' 

-Àninvocatiðn of- INiTEcI wilI èonfigure the three counters Tf'
T2. and T3 to count microseconds, milliseconds, and seconds
reåpectively. The input parameter to this assembly language
ir;;iiá" is'either !,'2, -ot 3 in reference to the three tim-
er sections.

PROCEDURE ZEROT

This parameter-less procedure resets the timing counters
by actívating the PTM's master reset"

PLOTAIDS UniI
constructing

I nc luded in
a subrout ine

The
2-D gra
this un
for pla

unit PLoTÀiDS provides facilities for
phical output ón the Àpple's monitor. 

-it is a seif-scaIing axis generator and
cing markers at lhe desired coordinates.

PLorÀIDS employs the UCSD graphics language 19!!19-glg-Pl:
ics for controili-ng the rnonitòr display. The TURTLEGRÀPHICS

u"it in the sys[em library must be referenced before
PLoTÀIDs in thè Pascal USES declaration, e.9' UsEs
TURTLEGRAPHI CS , PLOTÀ I ÐS . Documentation of the Turtle Graph-
ics lanquaqe cán be found in the Apple Pascal "Language Ref-
erence tianúa1" [1] '

The available resolution is 192 vertical by 282 horizon-
taI pixels.

À listing
Àppendix À.

We nou Present a
subroutines.

of the compiled PLOTÀIDS unit is included in

detailed explanation of the PLOTÀIDS

DRAWGRTÐ ( XMAX, XMI N, YMÀX, YMI N : REAL i
VÀR XBOTTOMLI NE, YBOTTOMLINE'
XDI vS I ZE , YDI VSI ZE r REÀL;
DOTTEÐLI NES : BOOLEÀN )

This procedure draws and labels a tr+o-dimensional coordi-
nate systen on the monitor.
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rameters, XMÀX, XMIN' YMÀX' and YMIN'
trema that are to be plotled, This is a
enerator so any values may be specified.
own, these values may be set at compile
, during execution, the data to be plot-
o determine the range of values present.

The four parameters that ÐRÀWGRID returns, XBOTTOMLINE 
'YBOTTOMLINE, xDIvSIzE, and YDIvSIZE, contain infornation

concerning ihe axis scaling that has been selected. These
values aré required by thè PLoTPOINT procedure and should
not be altered.

The first four pa
spec i fy the value ex
four-quadrant axis g
If their range is kn
t ine. Alternat ively
ted may be scanned t

If DOTTEÐLINES=TRUE, a grid
witl be added to the Plot.

of dotted reference lines

Scaling values are shown along the bottom ând Ieft-hand
side of tñe pIot. An exponentíal. factor.m?y Þ9 indicated by
the charactei uEu. For example if uE-3u is displayed' alI
values should be mult.iplied by 0.001.

PLOTPOINT (XNUM, YNIJM, XBOTTOMLINE I YBOTTOMLINE I
xÐIVSI zE, YDIvSI zE ! REÀL;
CONNECTPOI NTS : BOOLEÀN ; POi NTSYMBOL : POI NTMÀRKER )

This procedure places markers at the desired coordinates
on a plot previous].y constructed by DRAWGRID'

,DRÀWGRID must be called before PLOTPOINT.

The parameters XNUM and YNUM specify the x and y coordi-
nate vaiues of the point to be plotted. These values should
be within the rangè previously established by xMÀx ' xMiN,
YMÄX, YMIN of the DRAWGRID procedure.

The input parameters XBOTTOMLINE' YBOTTOMLINE¡ XDMIZE'
and YDMI zE shoutd be obtained f rom the DRÀWGRIÐ proce-
dure's output parameters of the same name. In this way
PLOTPOINT is abie to obtain information about the axis scal-
ing that DRÀWGRID has established.

If CONNECTPOI NTS =TRUE a line will be drawn from the pre-
ceding point to the point currently being plotted' If
CoNNEðTPoI NTS=FÀLSE no-Iine will be drawn and only the mârk-
er will appear at the specified point. This has an analogy
with a mãêhanical plotter in thal CONNECTPOI NTS =TRUE puts
the pen down beforê moving to the specified point whereas
coNNÈcrPoI NTS=FALSE wilI Iift the pen before moving.

POINTSYMBOL specifies which marker is to be drawn at the
data points. - This parameLer is of ihe special !Ipe
POINTMÀRKER and rnay hâve the value POINT' CROSS, or SQUÀRE.
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PLOTTERGRAPH]CS UNiI

PLOTTERGRAPHICS al1ows the user to control
Packard 7470A penplotter in much the same
TURTLEGRAPHICS cóntiols the Àpple monitor.

The SCREENCOLOR tYPe has
r¡ith the requirements of
the HP 7470A. See the
procedure for details.

Page 2.8

the Hewlett-
manner Èhat

been modi f i ed in accordance
a two-pen plotter such as

description of the ITPENCOLOR

or ientat i on of t-he turtle.
in degrees. Angle=0 Points

PLOTTERGRÀPHICS supports eight of the TURTLEGRÀPHICS sub-
routines. Their füñctions are analogous to those of
TURTLEGRAPHICS. The similarities between the two graphics
uÃits requires that the user need only learn one graphics
lanquaqe' in order to manipulate both the screen and the
pfoitei. Their compatibility also allows graphics programs
to be easily transfeired from one medium to the other.

There are two main differences between PLOÎTERGRAPHICS
and TURTLEGRÀPHI CS:

l. AIl length and angular Parameters in PLoTTERGRAPHIcS
are of type REAL (whereãs they are type. - 

INTEGER in
TURTLEGRÀÞHI CS ) . This enables full utilization of
the plotter's 25 micron addressable resol'ution.

¿

À listing of the compiled PLOTTERGRÀPHICS unit is included
in Àppendix À.

}le now present a detailed explanation of the
PLOTTERGRAPHTCS SubTOUT iNCS.

The 74704 plotter is initiâlized so that the
coordinate scä1íng resembles the Àpple monitor'
units are 292 x 192. ÀI1 pens are stored and
moves to pos i t ion 0,0.

HT NT TTURTLE

Initialization routine for the PLOTTERGRÀPHICS mode. Its
main iunction is to create a file called PLOTTER and associ-
ate it with the seria].-port file REMouT. The lâbel PLoTTER
may not be rede f i ned.

x- and y-
i.e. user
the ho lde r

PROCEDURE HTURNTO ( ÀNGLE : REÀL )

the

Explicitly sets the angular
pãrameter ÀNGLE is sPecified
turtle to the righl .
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PROCEDURE HTURN (ÀNGLE:REÀL)

Àdds the ÀNGLE value (counter-clockwise) to the current
angIe.

PROCEDURE HMOVETO(X,Y ¡REAL )

This procedure noves the pen to the absolute position
(x,it--i-n user units. The pãrameters are of type REÀL to
tãxã tuff advantage of the plótter's resolution'

PROCEDURE HMOVE (DI ST : REÀL )

HMOVE moves the pen relative to its current
rhiË'-moiion wiIl be- in the direction specified
;;;i ;;;;i;' uãii"¡r" (set bv HIURN and HruRNro)
tance DíST specified in user units.

by
f

position.
the cur-

or a dis-

PROCEDURÐ HPENCOLOR (PENMODE: HSCREENCOLOR )

HPENCOLOR directs !he pen configuration'

For this procedure a new TYPE has been created called
HSCREENCOLOR.

1. HPENCoLOR(No) Lifts the pen. If the pen is already
uP, no action results.

2. HPENcoLoR(YES) Puts the pen down'

3. HPENCOLOR(ONE) Loâds the pen stored in the lefthand
well of the 7470À. If thé pen is already in use no

act ion results.

4. HPENcoLoR(Two) - Loads the Pen stored in the right-
hand Pen well of the 74704.

5. HPENCoLoR(AWAY) - Stores any pen that is currenty in
use.

change pens a HPENcoLoR(ÀllÀY) call is notNote that to
requ i red.

HVT EWPORT ( LEFT , RI GHT , BOTTOM, TOP : REAL )

The plotting "window" is set by the pâ

HvI EWPO'RT procédure. values outside oÍ the
Ë"-ófott"a. À "pen-up" command is executed
whe-n this boundarY is reached.

rameters of the
w i ndov¡ will not
by the PlotLer
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PROCEDURE HWSTRING( S : STRING)

The character string S is printed horizontally, at the
current pen position' starting with the lower lefthand cor-
ner of ihe -f irst character. The string S may be of any
J.ength. The pen should be raised prior to a HWSTRING call
ãi Ëf"" it wili be returned to the páper at the starting po-
sition of the next (nonexistent) character.

PENPLOTÀIDS UNit

PENPLOTÀIDS is useful for obtaining graphical output on
the 74704 plotter. PENPOTÀIDS is analogous to PLoTAIDS in
the same manner that PLoTTERGRÀPHICS is analogous to
TURTLEGRÀPHICS. In fact, porlions of PLOTTERGRAPHICS ltere
created by changing the TURTLEGRÀPHICS routines in PLOTAIDS
to the PLOTTERGRAPHICS equivalent.

Included in thís unit is a self-scaling
and a subroutine for placing markers at the
nates.

axis generator
desired coordi -

À listing of the conpiled PENPLOTÀIDS unit is included in
Àppendix À.

we now present a detailed explanation of Lhe PENPLOTÀIDS
subroutines,

HDRAWGR]D (XMÀX I XMIN, YMÀX I YMI N 3 REÀL ;
VAR XBOTTOMLINE, YBOTTOML]NE,
XDMI ZE 

' 
YÐIVSI ZE: REÀL i

DOTTEDLI NES : BOOLEÀN )

This procedure draws and labels a trr'o-dimensional coordi-
nate system on the Plotter

?he first four parameters, xMAx, xMINf YMAX, and YMIN¡
soecifv the value èxtrema that are to be plotted. This is a

tður-qüadrant axis generator so any values may be specified.
If théir range. is kñown, these values may be set at. conrpile
time. ¡lterñaiively, during execution, the dala to be plot-
ted may be scanned lo determine the range of vaLues present'

The four paraneters returned by HDRAWGRID, XBOTTOMLINE,
YBOTTOMLINE, xDIVSIzE, and yDIvSI zE, contain information
concerning ihe axis scaling that has been selecÈed. Thegg
values aré required by thé HPLOTPOINT procedure and should
not be a lt e red.
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lf ÐOTTEDLI NES=TRUE, a grid of reference Iines will be
added to the plot.

Scaling values are shown along the bottom and left-hand
s ide of the plot.

HPLOTPOI NT (XNUM, YNUM,XBOTTOMLINE, YBOTTOMLT NE I
xDTvS I zE, YÐI vS I zE r REAL i
CONNECTPOI NTS : BoOLEÀN ; POI NTSYMBOL ¡ HPOI NT¡,ÍÀRKER )

This procedure places markers at the desired coordinates
on a plot previously constructed by HÐRÀwGRiD.

HDRÀvíGRI D musl be caIled before HPLOTPOINT.

The parameters XNUM and YNUM specify the x ând y coordi-
nate vaLues of .the point lo be plotted. These values should
be within the range previously established by xMÀx, XMINf
YMÀX, YMIN of the HDRAWGRID procedure.

The input parameters XBOTTOMLINET YBOTTOMLINE, XDI
and YDIVSIzE should be obÈained from the HDRÀWGRID
dure's output parameters of the same name. In th
HPLOTPOINT is able to obtain information about the
scaling that HDRÀWGRID has established.

VSI ZE,
pr
1S

oce-
way

axis

If CONNECTPOI NTS =TRUE a Line r¡iIl be drawn f rorn the pre-
ceding point to the point currently being plotted. If
coNNEcTPoI NTS=FALSE no line will be drawn and only the mark-
er will appear at the specified point. This has an analogy
wíth a mechanical plotter in that CONNECTPOI NTS =TRUE puts
the pen down before moving to the specified poinl whereas
CONNECTPOI NTS= FÀLSE will Iíft the pen before movíng.

POINTSYMBOL specifies which marker is to be drawn at the
data points. This parameter is of the special type
HPOINTMÀRKER and may have the value HPOINT, HDOI, HCROSS' or
HSOUÀRE. Note that the HDOT rnarker is not supported in
PLOTAÏDS.

2.3 COMPILTNG ÀND RUNNING LARGE PROGRÀMS

pr

The App1e Pascal has a segmentation system which allows
sections of the code to be loaded into the main memory from
lhe floppy-disk only when they are needed. UNITs and
PROCEDURE subroutines are eligible for this segmenlation.

Special considerations âre required for running large
ograms. UnpredictabLe results will occur if the progrêm
too large for the Àpple's rnemory.
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The user is referred to the discussion of the segment
swappinq (SS+) and SRESIDENT compiler directives in Il].
¡fsõl [5] contains a discussion of other methods for han-
dl ing Iarge programs.

2.4 UNIT SUMMARY

ECT

DEFINED TYPES3

DEVICE=(X,Y.W,Z)

RESERVED VÀRIÀBLES:

TEMI COPY, RETÀD, L] NE

AVAILABLE SUBROUTTNES 3

PROCEÐURE I 2V(SCÀLE : INTEGER)

FUNCTTON TIME(SECTTON:]NTEGER) : INTEGER

FUNCTION S]NPUT(L]NE: INTEGER) :INTEGER

PROCEDURE DOUT(HiORLO, LINENUM: ]NTEGER)

FUNCTi ON ÀSSÄMPLE ( CHÀNNEL : I NTEGER ) : l NTEGER

PROCEÐURE ZEROT

PROCEDURE SÀMPLE(CHANNEL: TNTEGER; VÀR RRESULT:REÀL)

PROCEÐURE ANÀLOGOUT(VOUT:REÀL; D2À:DEVICE)

PROCEDURE INTTECI

- ot -February 28, 1983 Chapter 2
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PLOTÀI DS

DEFINED TYPES¡

POI NTMARKER= ( POJ NT , CROSS , SQUÀRE )

VECTOR = ÀRRÀYIo..7] OF REÀL

AUXILIÀRY UN]TS REQUIRED:

TRÀNSCENÐ, TURTLEGRÀPHICS

AVAILABLE SUBROUTINES ¡

PROCEÐURE PLOTPOINT(XNUM'YNUM¡XBOTTOMLTNE IYBOTTOMLÏNE'
XDMI ZE, YDIvSI ZE : REAL ;
CONNECTPOI NTS: BOOLEAN t
POI NTSYMBOL : POT NTMARKER )

PROCEDURE DRAWGRID(XMÀX,XMIN IYMÀX IYMTN : REÀLi
VÀR XBOTTOMLINE I YBOTTOMLI NE I
XDI VSI ZE 

' 
YÐ]VS I ZE I REÀL i

DOTTEDLINES: BOOLEAN )

February 28, 1983 Chapter 2



PLOTTERGRÀPHI CS

DEFTNED TYPES:

HSCREENCOLOR= ( NO , YES , ONE 
' 

TWO 
' 

ÀI^lÀY )

RESERVED VÀRIABLES:

PLOTTER

ÀUXTLIÀRY UNITS REQUIRED!

TRÀNSCEND

ÀVÀi LABLE SUBROUTINES :

PROCEDURE HINTTTURTLE

PROCEÐURE HTURN (ANGLE :REÀL)

PROCEDURE HTURNTO (ÀNGLE :REÀL)

PROCEDURE F{MOVE (DI ST : REÀL )

PROCEDURE HMOVETO (X, Y : REÀL )

PROCEDURE HPENCOLOR ( PENMOÐE: HSCREENCOLOR )

PROCEDURE HVI EWPORT (LEFT, Ri GHT, BOTTOM, TOP: REÀL )

PROCEDURE HI,¡STRI NG ( S : SîRI NG )

Page 2.14
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PENPLOTÀI DS

ÐEFINED TYPEST

HPOI NTMARKER= ( HPOI NT , HDOT , HCROSS , HSOUÀRE )

ÀUXILIARY UNITS REQUIRED:

TRÀNSCEND, PLOTTERGRAPHICS

ÀvAI LÀBLE SUBROUTINES !

PROCEDURE HPLOTPO] NT ( XNUM ¡ YNUM I XBOTTOMLI NE 
' 
YBOTTOMLI NE 

'
XDIVS T ZE, YDI VSl ZE 3 REÀL;
CONNECTPOI NTS : BOoLEÀN ;
POI NTSYMBOL : POI NTMÀRKER )

PROCEDURE HÐRAWGRID (XM¡'X'XMIN'YMÀX, YMIN :REÀL ;
VÀR XBOTTOMLINE' YBOTTOMLINE I
XÐIVSi ZE' YDIVSI ZE : REAL i
DOTTEDLINES: BOOLEÀN )

PROCEDURE HÀXI SLÀBEL ( XLABEL 
' 
YLÀBEL : STRI NG )
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3

z Ð/A
vI D/A
\ D/A
x D/A

PIA
amux la tch

PTM
Ð-out Iatch

Page 3.1

locations.
ig. 2

3.1 ÀPPLE BUS BUFFERING ÀND ÀDDRESS DECODING

Communication between the Àpple computer and the ECT pe-
ripheral occurs via lhe Apple bus. A 24-wire ribbon cable
coirnects a card in the Apple bus card-slot 3 to the ECI
board r,¡here three 74LS245's, one for each of the data, ad-
dress, and control busses provide the necessary buffering.
The IRQ line is not buffered.

The Àpp1e bus provides an 'I/o SELECT' 
.line which is ac-

tive whe'n'the memõry associated with the card slot is being
addressed. This prõvides decoding to the card-slot level so
that only the eight least-significant address lines are re-
quired by ECI .

From the 43, A4, and À5
further decoded to select
board. These are as follows:

Chip Select Line

ECT HARDWÀRE

address lines, eight lines are
the eight devices on the ECI

Device

cs0
cst
cs2
ac ?

cs4
cs5
cs6
cs7

Each device is allocated eight consecutive memor
The buffering and decoCing details are shown in

v
f
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lì

rb

r-Þi
t-1,

lg

Figure 2: Bus buffering and address decoding
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3.2 MEMORY MÀP

The following is a
used by ECI . The ECI c
ory allocated for that

Page 3.3

ifation of the rnemorY Iocations
resides in card-slot 3. The mem-

slot is from C300 to C3FF

REGI STER DEVI CE

c otnp
ard

LocATION (hex)

c300
c301

c308
c309

c 310
c 311

c 318
a21C)

c320
c32r
c322
c323

c328

LSB
MSB

LSB
MSB

LSB
MSB

LSB
MSB

PRÀ
CRÀ
PRB
CRB

latch

latch

wcR1,/3
I^lcR2

read TI
wríte Tl
read 12
write T2

wri Èe T3

D/A

D/A

D/A

D/A

ÀMUX

PTM

D-output s

w

I

!¡

PIA

c330
.ì??l

c332
LSJJ
î?'¿a
c335
c336
c337

c338
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3.3 v9 TINES

The f olLowin
outputs, their

Pâge 3.4

is a tist of the avaiLable ECI inputs
unct ions, and electrical characteristicsI

f
and

These four input-pairs are connected to differential-i
instrumentatioñ amþlifiers. Figuré 3 is the amp).ifier
cuit. The outPuts are connected to the A,/D converter's
log multíptexer for reading.

À0-À3

put
than

nput

These devices are the National LHO037C. They have an in-
is greaLerirnpedance of 300 Mn. Common-mode rejection

100 dB.

Offset adjustment is via the 100K pot.

The gain of these amplifiers is.normally ulityr however a

variable gain of up to 100 is available. This fealure may
be exerciéed by coñnecting a jumper between pins 7 and I on
the amplifier'Ë socket. cain adjustment can now be made via
the 1O:turn pot which is accessible through the case.

À4-À7
These four inputs are connected to single-ended amplifiers.
Fiqure 4 is the amplifier circuit. the outputs are connect-
ed to the À,/D conierter's analog multiplexer for reading.
These are non-inverting amplifiers constructed with the Na-
tional LF356 op amp. Thià device has an input irnpedance of
1Gn.

offset adjustment is via the 25K pot.

The gain of these amp).ifiers is normally unityr however.a
variablã gain of up to iOO is available. Gain adjustment ís
via the lÓ-turn pot which is accessible through the case.
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+ll

A,

100 k -ll
lok 3.3 K

Figure 3¡ A0-43 amplifier wiring connections.

+ll
zoo K

t0R

-15

Figure 4: À4-47 amplifier wiring connections.

+

Page 3.5

At

A,/

-99-

5¿K

LHoo3TC

ztk

+

L F35ó
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DO-D3

These
states
procedure.

A 1417 prov i des
may be wire-ORed.

open -c ol lec tor
Figure 5 shows

buffering. These outpuLs
the wiring connections.

are general-purpose 0-5 volt digitaL
are controlled independently !tith

oulput s .
the DOUT

Page 3.6

Their
PascaL

+5

cs7ef r1
3.3K

I
DO

,t
DZ

D3

Figure 5: D-output wiring diagram

I
This is the input for the selectable-sensitívity current-to-
voltage converter.

The basic converter circuil consists of an op amp and a
feedback resistor. The output vollage (see the vr outpul)
is the negative of the input current multiplied by the re-
sistance, In this parlicular circuit, a wide range of cur-
rent magnitudes may be accurraiely measu¡'ed because an ana-
ì-og multiptexer is used to select an appropriate resis!ance'
Figure 6 shows the connection of the op amp, analog multi-
plexer, and measurement resistors.

The I input is at virtual ground.

I

I

)

z

I ,3

t-

ñ
4t

Q+

DI

,t
Ð1

î,1

T
os
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Page 3'7

The analog multiplexer channel is .,controlled via PPA''

PB5. and PB6 on ti'""äãäi'PlÃ'- These lines can be set wrtn

iñã'izv Pascar subroutine'

Four resistance values are currentll.l::Hå:ttl là-A l3i:
ioo'xl'iuj.-- rr rhe 1K resistance rs- ?"1ïl'lií".'"-*irä*"-ir.,"
renr wirr produce-e :io'i-åtiãiit' lt-lh' other extreme tne

t M resistance wrrr 'ã'pànå 
tð " ?11-ti"to-amp 

input r¡ith a

-1 v output. The tiÃlñut ¡neasureable 'cuirent'is 
Aetermined

bv noise. rf ,t"t'lïiäãî 
--'ãvåraging.is emploved' currents

"Ë low as 0.r ti"'o-ã*p--ãre-tå""út"áur'9' Four channers o¡

the 8-inpu! analog *iÏiipÍ"""t are available for future use'

output-offset adjust is provided by- a 25K pot' Each-of

the measure*"na '"=iliånãã"'iluu" 
an aËsociated pot for carr-

Ëiãtion to a known inPut'

tl5

+l

+6

SZOY zoèK

-tt

vr

Figure 6: current-to-voltage converter wirÌng details
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sl, s2

The S-inputs are gene ra }-purpose , edge-triggered digital in-
puts.

Sl,and 52 are buffered by a 7414 Schmidt-trigger-and con-
ne'cteå to cBL and cB2 on Lhe 68zt pre respectively. The
status of either input may be examined wilh the Pascal sub-
routine SINPUT.

ECI is usually configured (with the INITECI procedure ) so
that sL is activè on a Íow-to-high (0-5 volt) transition and
52 is active after a high-to-Iow (5-0 volt) transiÈion.

V¡

rhis is the output voltage
verter (see t).

of the current-to-voltage con-

Maximum output vol tag
ally connecled to one
A/D, output-of f set ad
of the nea sur etnen t res
calibration to a known inPut.

The converler emPloYed here is the
ibte National DÀCl006. The DACI006
and 10-bit accurracY.

Figure ? is the comPlete wiring
output s .

X,!,W,2
These four voLtage oulputs are each controlled by a 10-bit
digital-to-analog converter 6/A).

e is 10 vo1ts. This output is usu-
of the À-inputs for reading bY the
ust is provided bY a 25K Pot. Each
stances have an associated Pot for

MI
ha

oprocessor -compat -
10-bit resolution

j
I

cr

diagram for one of the

The output-voltage swing is determined by- ^the feedback
resistance of the final amplifier stage. À 10K resistance
will produce a voltage swlng from -10 to +10 voLts. À IK
resislance wilt result in -1 to +1 volt.

The National LHO071 provídes a reference voltage of I0,24
v. In this way each of the 1024 bils is approximately 20 mv

over the 20.48 V output voltage range.

These outputs are controlled by t
program DIG2ÀN which is called bY t
ÀNÀLOGOUT.

he a ssembly- language
he Pascal procedure
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The z output is eguipped with . pass transistors which
a}low this ou'tput to süppiÍ up to the.power supply limit of
500 nA. AII - other ouiÞuls ãre restricted to less than 10
mÀ. The Z output, in slandard configuration, has an output
voitage swing öf r.024 vo1ts. À11 other outputs have a

10.24 voltage range.

+I

.a\
!

I

o
n

b

Figure 7: D/A converter wiring

-! r¡
o

B

À

{
t\
À
Ë
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3.4 ÀNALOG-TO-DIGITÀL CONVERSION

The main function of lhe ECI system is to convert analog
siqnals into a representative digital f orm. This is accom-
;ií;h;ã ¡u-ir'r" t¡ational ÀDct211 Lr-bit, successive-approxi-
ñ"tion, a'naloq-to-díqital converter (A/D). Àn 8-channel an-
ãi"õ-rútiipteier (p¡¿í MUx-8) selects which.of the À-inputs
ió:Íl *iri ¡" routed to the input of the.¡,/o prior to con-
ìãråion initiation. The serectèd analog signar is precondi-
tioñeå by a 1:2 voltage divíder and connected through a

buffer amþ to the converter ínPut.

Figure I is a wiring diagran of the ¡,/D section'

À 10.24 V reference voltage is provided by a.National
LH0071. The eonverter is wired to aðcept bipolar ínputs of
ãnå:ftutf lhe reference voltage. Due to the voltage divider'
ih; rãsulting inpu! voltagé ranqe. - is. -10.240 to +10'235

"ãit" ãn¿ eacñ of'the 4096 -resolvable bits corresponds to 5

mv at the A-inpuÈ (assuming unity gain).

ã L4O kHz clock signal is generated by a 555 titner IC to
drive lhe successíve-approxination sequence.

The conversion time is approxinately 100 ¡nicroseconds'

The outputs from the 1211 are not tri-staled and there-
rorå ã ¡¡ãi-oioi" 6821 Periferal Interface Àdapter (PIÀ). is
i.ãuirea to provide the interface with the Àpple bus'. The À

.tã;-;i tt¡e Þr¡ is connected to the eight least-significant
bits of the A,/Ð result while PBo-PB3 monitor the four most-
ãiõniilcant ¡its. The PIÀ also serves as the source of the
isÉart conversion' pulse and monitors the 'end of conver-
sion' line. Becausè the 1211 is a cMoS device, Ievel-con-
uãii"rl (mlz¿cgor,MM74c9o6) are required to interface the
digital signals.

The analog multiptexer is controfled-.by three outputs
from an indepéndent iatch (4042). For diagnostic -and cos-
ràii" t""sonÈ, a string of LED's have been added to the
;;;;a ;ã;;i õi t¡," ECI cáse. rhese LED's show which.input
;hã;;"i-i; currently routed to the A'lD' This function is
ãilããi,ióiiãñ"á-uy-ariiring the LEÐ's f rom another analog multi-
;l;;;; lãosrl ' that í! also receivins the control signals
from the latch.
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a

f-Jr,
ii,¡

a

a !

Figure 8: À/Ð section wiring
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3 .5 PROGRÀ.}4I-[4BLE TIMER MODULE ( PTM)

The Motorola 6840 Programmable Timer Module (PTM) 
-isoaUiã-of tirning, event còuntin9, frequency compâr1son '

ã"tãuiã: ana nónostable-purse generation'

Page 3,12

and

The PTM comprises three independent 16-bit counting reg-
isters. In tr¡e stanãärá- pcr configuration these registers
åiã-ããå""a"á as shonn-ln-ri9, 9.. - ine output of register_1
is connecÈed to tfre"inpul ãlock of regisuèr 2. SimiIarIy
;;"-;;ï;;;-ãt-i"9itt.i"ã-i.-"onn"cted "õ 

the crock of resis-
t"i ã. 

---'ir,e firit rãgíster, and consequentl-v all three' are

crocked from the i MH;';;;;å*-.loãL'---rhis ålrons the soft-
iråiã"iiNiõËöri 

-tã 
"ái"uii"r., 

a sysrem_rime-base for countins
*î"ioiã"onas, milli seconds, and seconds '

The user may wish to rewire the timer and add his own as-
sembly-Ianguage ptogiã*t-to utilize-the timer in another
mode. For examp.re,'å-puf se generator may be requi.red for a

iiiiã'.vtiãi -I;'l:--'rn this cåse, one of the PrM's output
ri"ãt-åãùia uã ¡ro"ghï out to one of the unused terminals on

iiä'eci-"ãá.. ÀnorË;; Ãiámpr" mighr be an event counter-for
a shaft-encoder. in-ti,li ã"s" ihe external input would be

;";;;;;"ã ¿o one of the !imer's clock inputs'

¡5

Figure 9¡ PTM wiring connections
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3.6 POWER SUPPLY

Power for ECI's anafog devices is derived from a local
tlsv por¡er supply. À Hammond 166 J28 tranformer converts
the line voltage to 28 v ât 1 amp which is then rectified
and regulaled by a complementary pair of 15 V regulator ICs
(LM78M1scp,LM79Mtscp). Power for the 5v digital circuits is
derived from the Àpple bus. The power supply wiring is
shown in fig. 10 .

Hanron/
/é¿ rze
zave /A 5/

3 210
+Iî

-t5

e.¿
f.^1.

+ / 20 VAc

- ìn? -

'/¿ A

+
2,2
fa.l.

Figure 10: J15V por,rer supply wiring details.

LM 7Aþ|tc

25 kl!oc
2Òòo

2ooo
zswlÈ,

7?/"1/t¿P
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APPend i x

ÀÐAP SYSTEM L]BRÀRY UNITS
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I 1 !!D 1

2 I 1rD 1

4 lé 1rD 1

A lÈ llD I
é !6 1!D 1

7 16 lrD 1

B 1é lrD 1

I 76 l¡D !
1l' lé 1!D 1

11 16 llD 1

1: 1é l:D I
1¡ 1é lrD 1

14 16 1:Ð 1

15 1ó llD 1

16 1é lrD 1

17 lé 1:D I
lE tÉ llD 1

19 16 1rD 1

lrr 16 1¡D I
:l 1é lrD I
?? 16 1rD 1

21 tê trD 1

:4 1é l:D I
15 1ó 1!Ð I
?þ té 1:D 1

i7 16 llD I
'tE lê lrD I
?? 16 1:D I
îo 1ó llD 1

3: 16 lrD I

¡4 1è llD I

;-ô 16 1!Iì 1

37 16 lrD 1

¡B 16 1!D 1

:-9 16 llD I
4çt 16 llD 1

41 1é lrD 1

4a té t:D t
4a 16 llD I
44 76 1:D L

4= 16 llD 1

4ê 16 lrD 5
47 tê lrD I
4F 1é !!D 7
4c lê 3:D 3
9r:, 16 3! D 4
91 1ó ' 4:D ¡
E2 1A 4rD 4
5X 1é =!D I
54 lê 5)D 3
95 1ó 6¡D f,

=6 76 6:D 4
37 \é 7tD 1

38 1ó 7¡D 1

5? 16 E:D 1

ó() 16 ËrD 3
6t !6 9!D \
62 lê 9!D 4
é3 1é lt:rr D 1

64 1é 10rD I

LlNlT ECIi INTFINSIC CODE 1é DATA 31t

( * * * , * )k )i t. * i ¿ t( * r r I I x i * I X I i * * r x 1t EcI * * I X t i I t I X i t )r * I f t I I I i * t t t t i t i * , )

l¡IFITTEN BY G. C, IfCGONI6AL

IÍATERIALS & DEVICES RESEAFCH LêE]FÊATOFY
DEF'TAFÍIIENT OF ELECTFlEAT ENGiNEERING

UNIVEFSITY OF 1'lANITOEA

vEF. I.4 / 19e:

* I I ftt*x Ì xi t Í i)l i i t * tllÍ * t t, x1*t t i * t x *ft I x t* t* x I I t t * * )i t *t * I I l
l)

ECI ¡5 A LINIT OF FAEEAL FÀ-OCEDUFES DESIGNEI) TO 5Il4FL1FY
(I 'THE I I4FLEIIENTêT I ON OF CON-TFEL Fñ'CFAì'ls FOR THE ''EXF'EF]IIEN-T *)
(i CONÍROL INTEFFACE' IECIJ. *]
(t tr
(X RECOGNIZAELE FUNC'IION NAÍES A!'.ID 'HICH_LEVEL' FAñêItEÎEÉEJ *)
(1 AFE ÊIIFLOYED TO 'FUFFEF' THE F'ROEFAIfÍEh FÉEf 'iI]E I4AI:NINE-LEVEL )it )

(X F'ARTI{:LILÊñS, T)

(* 6llnt4ARY OF AVâlLêELE FROCEDURES¡
(t Nêl'1E! FUNCTION¡

I?V
T I I'IE
S INF'UT
DOUT
ASSAI'1F'LÊ
ZEROT
SAIIFLE
ANALOGOUT
INiTECI

SETS EÊN9ITIVIÌY OF THE 1 TO V CONVERTEF
FEADS ê COUNTEF
F'OLLS fHE 51 OF S: INF'UT
CONTFOLS THE D EUfF'UT5
ASSEIIELEÐ SAIIFLING ÉOUTINE
RESSTS THE COUNTEFS
FETUFNS THE SAIIPLED VOL'TAGE
I¡F1TES VOLTAGES TO THE DACS
SYSTE]Í INI'TTêLIZATION FBUT]NE

*)

(t i 1t i * l l r t Í x* I x I t xi ¡( )r )i 1* I xri i x)rt)i l)i * i * T * * I x)i )i i t )rtr t r I * * f * )i t t t * 1' ! rl )

INTERFACE

TYFE ÐEVICE= (X! Yi W, Z) i

VAR fEl'l, coF Y. RETAD. L INE ! INTEGÊR ¡

FRoCEDUFE i:V (SC,âLEt INTEGEF) i

FUNCTION TIl"lE (SECTION: INTEGEñ) ! INTEGERi

FUNCTloN slNFLIT(LINE! INTEGEÉ) | INTEÉEF,i

FRoCEDURE DOUT (HIORLO. LINENUI'I; INTEGEF) I

FUNC_rIBN ASSAIiFLE (CHANNÊL: INTEEEF) | tNTEGEFi

FFOCEDURE ZEFOT!

F'ROCEDURE SAI1PLE(EHANNELI INTÊGEñ¡VAR FFESULTIFEAL) í

FROCEDURE ANALOGOU'r(VOUT¡REAL¡DrA:DEVICE) ;

FBËCEDUFiE INITECI ¡
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ó= 1é

éB lé

72 16

7= 16

B0 tó

Ei lé
84 1ó
EÞ 1é

E7 t6
EA 16

tc' 16

9; 1ó

97 16
9E 1ó

la..) Iê
1,:'1 16

1i-11 16

1ó5 16

1.1{' 1ó
11t 1ó
1l: 1é

114 16
r15 1é

t17 Ië
r le 1é

1l(-' 1é
131 1ó
t2: l6
11f, 1ó
124 të
115 1é

ltE 16
1:9 1ó
1f,O 1¿,

1-41 t 6

1:r] 16
1f,4 1ó
1tr5 1é
17,6 !ë
ta7 !6
1ilB 1ó

t4t) t6
14t t6
t4a t6

1Cì! D

lrD

?rD

l¡D

4rD
4rD
4!D
4rD
4rÐ

4tD

I
l TMF'LEIIENTAT I ON

FFOCEDUFE I3V! EXTERNALI
(X CONTFOLS TIiE F¡ìNGE SETTINE OF fHE CL]EñENT Tg VOLTAEE CONVEF'TER-

THE FAFII SCALE I5 SET TO THE AES OF THE IfAGNITJ.]DE OF THE DESIRED
ÉIILL-FANGE CURRENT FEAÐIN6 1N AIIF'S,
E,6, FOF FULL-SCALE (V=l¡l V) OF ¡.lE-4 êllFS THEN SCALE -_4. *)

FUNCTION'r IÍEi EXTEFiNAL!
(Ì FETIJRNS 'THE CURRENT VALUE EF'THE EFECfFIED CEUNTER

SECTION=1 COUNTS fi ICFiOSECoNDSi,, 2 ' ¡IILLISECONDS, AND
D3.,sEcoNDs'l)

FUNCTIEN SINFUTT E)(TEñNALI
(I FOLLS THE S1 OF 52 INFUT

sl ls
s?"

WILL BE FETURNED IF THE LINE I5 ACTIVE (OTHERI4ISE '11')
AËTM Ol\ ê LO -o l-l TF.aNSITION.

, TTHITOLO " f)

PROCEDUFÊ DOUTi EXTEFI'IAL¡
(i coNTFoLS THE DI6l-rAL OUTFUTS D(),D1.03.Þ:1.

LINENUI'1 IS THE NI.]IÍEEF OF THE LINE'TO EE ACCESSED (0.1,1,OR 3)
HIOFLE IS THE DESIRED STÊ-IE (I OÃ C)). X)

FUNcTION AsSAI'lF LE ¡ ExTERNALT
(* A55EI'IBLED F'ROC TO READ THE ADC,

CHANNEL SF'ECIFIES THE AI'IUX CHANNEL TO EIE ACTlVATED DUF]I"¡G CONVEÉSIEN.
FE9ULT ]S THE 11-B11 SI6NED INTEGER VÊLI-]E FEAD DIFECTLY FROI1 THE êDC'*)

5!D
5: D

5rD

érD
11¡D
11!D
11¡D
l1: D

1l: D

7tD
7tD
9:D
9rÞ
9tD
9!D
?: D

?t D

9¡D
9rD

91 1

ArD
B:D
A¡D
E! D

B:D
A: D

B!0
E¡ I
BrO

FROCEDUFE I Ni TF Ì A ¡EXTERNAL I

FñOCEDUÉE DIG!-êN(vDUTI,CoNVERTERT INTEGEF) íEXTERNALT

5
3
¡
3
3
!-

4
I
I
1

I
z
¡
I
t
1

I
I

4

('
C)

FFOCEDUFE ZEROT¡ EXTERNALi
(* RESETE THE TIIIER'5 COUNTEñg *)

FFOeÊDURE ANêLO6ollTt
(i CONTROLS THE DlE¡-TAL TB ANALOG CONVEÁTEFS'

voLlT=DEsrRËD OUTFUT VOLTêIìE (REAL ä(-t(l,l4(r .r0 +t¡:¡,I r)), THIS FROË

FOUNDS VOU'T TO THE NEAFEST VOLTAGE LIIf]-IÊD gY THE CONVEFÌEF
FESOLUTION WHTEH I5 C'.Ö3O VOLTS

D2A=CONVER_rEF TO BE I¡FITTEN INTE' THIS I5 A vAR OF TYFE DÊVICE
l¡lHIËH I5 ONE OF XrY!l¡.2.

E.6. FFOCEDUFE ANALOGOUT (-Q' 13' Y) i
IJOULD F'RODUEE êN OUTFUT OF .C'.14çI VOLTS AT Y. *)

VêF VEUTI 
' 

CONVEFTEF: INTEGEFi

:f, IF D?A=Z THEN CENVEFTER!=o¡

EEEIN
vouTl r =RouND (vouT/i). ()!+:1?.0) i

¡1
f,9

72
7?

1

f,
3
3

IF D:A=l¡l THEN EONVERÍEFi! =e¡
IF D?A=Y THEN CONVEFTER: =1èi
IF DzA=X THEN CONVERTERT =?4¡
D I G1ÊN (VOUT I 

' 
CONVEFTEF ) i

ENDi

¡ VAR RESULT: INTEGEF!

I1 FEGIN
Cr RRESULT! = (ASSÊl'1FLE (CHANNEL) -2047) li:,' (r(r5l

!Õ END!
¡r-

FFOCEDUFE SAI4FLET
(I SAIÍE A5 ASSÊIIPLE EXCEFT THêT THE REgULT IS RETUFNED AS A FEâI.-VêLLJED

VoLTAEE (-1O.24 TO +10.2J5), r)
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143 16 grc)
144 16 I {r¡ D

145 16 lC, ! D

14¿r 16 1r., ¡ D

147 t6 1ç, ! D

l4B 1ó lcr: D

149 1é lçr! D

l!(' 1ó lC' ! D
151 16 1Cr! D

15? 16 1Cì¡0
15r 1ó 1Þr lr
154 I ¿, 1cr! ç'

l5s 1ó li:ì ! I
156 16 10¡ 1

\37 16 l crr 1

lEA 1ó l rl: 1

15t 16 1O! I
1ér1 l¡r 11ll 1

lêL 16 lQ:1
L67 L¿ 11) ! 1

l¿f 1é l(): 1

16¿, !ê I r.1r 1

rêA lê 1r:' ! 1

166 1ó 1(|¡ I
167 1_Ì. 1¡:r! 1

1éB 16 1O! Cr

\é9 Ié 1Or n
I7(., I lro

51
I
1

1

1

1

1

1

I
c)

tr

F FOEÊD¡JRE INI-ECI i
<l-iñiiecr sHouLD EE cALLED BEFoFE aNY o'¡HEñ Ect FFoc ro AsslJRL

iiÈ ãisre¡ Is FFoFEÊLY coNFI6uFED. INI'recI êlso IN¡TlALIzEs rHE

VêFÌoUS DÊvICEs TE THE FOLoI'llNG!
X,Ytl¡J'Z:=o.O VOLTS
DCr,01, Dîr D =o! =Lo¡
s1=âcTM Hi t SI=âCTIVE LO r)

BECIN(r sEf-uF Flâ r)
{* sE_r TIÍER TO rltcRogEc!l',lILLIÉECtsEÈS )ß)

() INITF'IAi
? (ìi zERo x.Y,¡l,z Ì)
? aNALOEOUT (C'. çr. X) ¡

11 ANâLAGOUT {C'' O' Y) ¡

?t ANêLOEOUT (i). (', t¡) ;
31 ANêLOGoUT (r). ¡), z ) ¡
4l (* SET D(:'.,D3 LO ¡)
41 DOUT(O:ç');
4E DOUT (C), 1) i
49 DoUl (C" !) i

E7 I2V 1?) i
éO ENDí
7?
I:' END.

SI DOUT (O'¡) ¡
57 (I sET Ì?V -TO LEêsT-SENSIT]VE RANEE X)

:-r2



Fê6E -

¡:ìÌlrl(' I

çr;¡{'c)
rl¡)i1¡) |

c)o[1r] I

'10('o 
I

rlr:,(l{) |

':'1)r)ç) 
|

o(:icrÖ |

QQr)a i

oa)o1l

(rL){:r5

orrÒa I

a)ii,É:
¡l(ìL:rc r

1)(iQD l

r:'rl1':!i
{:){,11 r

c,i:rlf l

oolal
QOlE I

(tÒ1c i

oot¡il
0(rlE I

':'!:':':rillr:,! I I

1)(r::

no:5 |

aJo?a
(rl)î¡ |

t,'1:D ì

r:"):F I

()i1;1 i

'1'1:.8 
i

1)(1=,1 l

lllr-aE I

r)':,;D I

(:rar41 i

ar(]4: i

¡RESULT,
DÊA . EOU
CFA , EOU
DFE . EOU
CFE . EOU
AMUX . EOI.]

STA

I asSAllFLE FILEr ASSÊ|¡FLE

eLLrr eñt rìeñorY Àvåi tåbIe:
- FUNE ASSêI'1FLE. !

81f,1
, PUBLIC FÊTAD

:T¡.]IS FJNC SELECfS 'fI'É INETT CHÊIINEL
ìrn¡u rqE êÍùl (o..7) !GEr'lEhATEs É 5ÌAq-
,cOvEnSrO¡¡ clrLSE (5C).Wê¡TS ÊOF F\Ð OF

iccr.rveqsrotr. aND EFTJFNÈ- THE 1:-¡r'-

c:1{)
c1: I

Ë¡1;-
Cr-?B

ocf,2Ü
Þc¡:r

oc3?r
ocllB ¡ CHANNEL SELEL_f

i SAVE RET ÊDRéa
ÊD oc)or)
óB
eD [)1çr]
óB
AB
éê
éE
é9
ÊÞ:6Ëf,
óa

aD:fc;

BD î1C:i
EA

EA

EI\
EA
EA
EA
A9 ¡E
aD î 1C:l

lil llcf

FETIìD

$cr!

STÉì ÊE'TÂD+1

Ë rA Afuv

5TA CFF
LDA *;éH

NOF
NI]F'
NOF
NOF
NÊF
NOF'
NÐF'
NEF'
LDA *:E
5TA CF]ê
LDê NAC)

EIT CFA
EEC' SCrl

âND DRE

LDA DFê

LDA ÉETAD+1

LDA FEÎAD

RTS
. END

I SEL ¡ NF l.lT El-lêNNEL
i DISCAFiD r'1SE

iSC FULSE L0

rrlEEF 9C LO 1 ELOCI

rSC FULSE Hl
r CONvEFiSION ÊEGlllS
i WAIT FoF EOi4É!ETl ON

i MêSli 4 HI FITSì

i SToFiE HI oFDEF DATA

I STOFTE LO OADEÉ DATA

i FUSH RE_r ADñ

i FETUFN

AD !OC:l
4S
AD nlnâ
4E
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FAGE -

(,1:¡r:'cil

CLrrre¡t her¡orY åvãt t åble:

a_'Ör:r1;r j cf:¡
orr{'¡) i cl:3
cl'lcrar óB
oú()1 i aD (floll

oor:¡9 r aD olocr
r:'or:'E | éB
r:rrll:j9 | ég

o0c)E I óB
r-lrli:rc | 6E
r:'.-r:rD ì C9 1)1

(:ri' 1 I C9 Cr3

(l{r15 i Di:!*Ì

l)i:r19 t 4E tt*l
rr i) 1f,t cj7

(to 1rr* 1EÓr1
(lrtlE r 1c !¡c;
(:!): l Fr'J*I
(¡(1:f i A9 1:r1

(:rrj29 i 4C ÌÌXr
rlQtlf Q5

()(r?A | 4C Itl*
'l(:ì 

l3t 1ó
(r1:Ir I A9 l'!
0ttFl îF..',)

':'0?ó, lFiro
(:rafF r 4E
o0;0 i AD r:' l lic)
1:'aì1:- l 4Ê
ilot4 l AD oCrO¡:ì
(ir;r:-7 j 4E
{,of,e I rìD r:Cf,
oa¡E ì é(j
rto:c i

I St NF UT FILE! SINFUT

,FFIVATE RETAD
. EOU r)C¡1:
. EOU aJCf??

STA FETAD

STê RE'|êD+1

crf F l1
EEU SI
Éf.1F +f
EEO S3
FNE NONE

s1 LDA *A':I
I IIF CNT

Êr f,?

CFB
DFB

E:

CNT

. FUNC S I NF'U-T. I

iGÊftoÃ?INFUT..
¡ . . AND LÊAVE CII) ON TOF

i LOOIi AT S¡

!LOOli aT s!
i LOçrri AT NUNE

! r'1ASli cFE-7

i gAVE FETURN ADF

i ltê5r: EFE-é

t St NFUT'' 1

i SINFU'r=Cl

I sINFU'r=?

i CLEAF INFUT FLAGç

EIT CÃ!'
BEO LO

J I'IF EI IT

LO

NONE

EXIT

JIIF E: I-T

LDA FÊ14Ð+ 1

LDA FIETêD

LDA DFA
RT5

ì FL]T SINF'UT EN 5TAËII
! RETURN
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FAEE. FILE ! I?V

orlc'o I

currÊnt trÈñorY åvåí I àbl et
ooorl I

O'JQQ i

ooÕ01
oorrrl i

ooÞo I

ooc'c| i

c,cicro i

ocJllol
a)1100 i

813:
ITHIS PFOC SELECTS T¡IE ACTIVE CHANÑEL

¡ Or,¡ rsE CUnXr'lr, VO'rAGE CONVERTEF' ÉI4
!OUTPUTS FE4-PEé ADÉ THE Al'1UX.

;fHE INFJT PAFr 'scaLE" I5 aN IN-EEEF
ivcLug rgnr IS EALc EY rarlING lrE AFS

iveuue or rFE mAGNITUDE 0F THE DESIFED
iCtn¡Erur nr FULL_SCALE OUrpU.r {ro VOL-S)
ie.o. scn-e=¡ ulouLD LEAD To þ FULL
rscALE OUÍFUT ô I=1.OE-4 AhF5.

, PFIVATE RETAD' SCALE
DRF . EOLr r)cf,22

PLA t SêVE ÃETI.JRN ADR

STA RETAD

SlA FETAD+1

5TA SCALE ISAVE SCALE FAEToFi
LDâ *¡]A
cLc
sEE SCêLE ¡CALC A|'IUX CNANNEL
cLc
ÉOL A i SHIFT EEFOFE
ROL A ¡|¡ÊITINÉ TO FIA
RO! A

STê SCALE
LDA DñF I HAINTAIN DFiEr-7

AND iÉO
OFâ SCALE
STA DRE TWFITE TO FtA
FLA I CLEAN-UF STACI¡'
LDÊ FETêD+I ¡ REfUFN
FHA
LDA ÉE'TAD

Rf6
. END

FÊGE * 1 IN¡TFIA FILEI INIfFIA
oc,c,í |

(rlCrO

OC'r)C) |

11001 |

ooQ4 |

cjoc'5 |

OO{'E I

('r)('9 |

0otjc I

o()rlE
()oc'F I

oÈ1t i
(r()1f, I

Ò0141
c'o1= I

oo1ô i

çtÕl t- i

r:r(:rt¡ |

00?: I

(lr:,:! |

0c,3ó i

oc'!9 |

r101ê |

{'r)?Ð
cr(r:E
0o2F

CL(r rent ñer¡orY åvåÍ I åbt er
ocr[,Ö |

(r()a)O I

oort(t I c32rl
oot'0 | c3tl
crooo I E31?
C'(rr),:)r Cf,1f
OOOC, ì 83.-(l
rt(tr:'(:, i 83f,1
oc'(,0 | cf,¡2
o(lrr) ì c¡34
(rc'c'o I cßÌé

(xrrli I ED ?1Ef,
oc)r:r3 BD 2lCf,
(ro(lÉ | BD ?OC3
CIOC'E I

o{r{'D
0010I
o¡:' 12 |

C'1;' 15 i

QtJtT i

0C)1E r

':'¡121(Í124 |

0o?6 t

t!1!-9 |

crqr!B i

OQ!E
oo¡c' i

00f,;
oo,?91
(ri3É i

cjof,D I

ocrf,F I

()c,4: I

aQ44 |

['cl471

c,¡:r4c i

oo4D

éa
ED rjúC'L)
èa
BÞ O1A0
óB
BD ííOO

ED CrOOir
1A
?A

?â
:A
aÐ il{xlcì
AD 118¡

oD orloc)
BD l3cf,
èE
AD Q 

'çIO4B
AD (l(rcìrl
4É

eD îlcf,

BÐ 21C¡

aD 23C7
a9 0¡
BD ¡ICÍ

ED f:C3

ED 34C3

BD f,sc¡

BD f,éCf,

BD a7C3

BD ¡1cf,

eD toci
A9 95

BD 30C3

F.FOC I N ITP¡A
813?
;CONFIGURES lHE FIA AND PTlf
! FOR STANDAnD ECI OFEBêTlON.

DRA
CRA
DFB
CRE
I}¡cFl f
ulcF?
FTlC
RT!C
RT3C

. EOU C'C¡?CI

. EAU OC32l

. EOU OCßr2

,EOU OC3f,C)
. EOU C'C331
. EOU OCf32
. Equ 0c3f,4
. Eou oc33é
LDA *C)
STA ÈRA
STA CFE
STA DRA
LDA If,E
s'r A cÉA
LDA SC'FC)
STA DÉE

STA CRE
LDA;f,
STA FI IC
LDA *OF?
5TA R'r1C+1
LDA *3
ÊTA RT2C

sTA RTlc+l
LDA II]7F
STA RTSC

STA RTSC+1
LDê TI]
STA WCR2
LDA Ë 1CIH
ËtA t4cR1f,
LDA I95H
STA lrJCFz
LDA fl9éH
sTA WCRl3
RTS
. END

i
¡ F'rfi

I PIA
I

i
; RESET coNTRoL FEGS

¡ SET A-SIDE T0 INFUTS
i CA 1= ¡ N ! CA2=OUT&H I

i PEl. . 3=¡N
iF84..7=OUT
; CB1=ACTM (HI )

i CB2-âcT M (LO )

; STARI 1l COUNT

i
i

TSTART T2 CEUNT ô 999

i
TSTART TS CEUNT ð 3!tl

lLs -

¡ INIT PTI'1 CR

; POINT TO NCFl:
rFUT _rJ lN Ié-BIT IIODE
¡& EXTEFNAL CLOCli.

!F'UI T: IN B_B]T I"IODE

i& EXTERNAL CLOCli,
tFUl T3 ¡N B-SIT IIODE

i INTERNAL 1. O!3 HZ CLOCIi'



F'AGE - I l II¡E
¡to()o i

CL(r rent memorY åvåi I åb
ocrlí i

i:'rlcio
c¡:)l)o I

Q()On i

oo00 |

cr(rl-]r) |

c'oc,¡11
({,!:ro l

ciar:r(l i cff,r)
rr¡rr:ii' I cì1tr1
oo{ril cfl!
0or:r:)l c3l4
()¡l{ro I n:::,é
rl00i) i 6E
1l1l¡ll i ED c)c)r-r(r

¡t1)n3 6Ê
r)a)115 i eD o!ll()
cÌrtrte i 68
rlr)crT I é6

r:'oc'F | éE
r:il)ilc óB
()0':rÞ ca lr1

ú'::r 1I C9 Cj:

nr-,1E | ÍìD ¡éC::
i:rl11B I ËD Ciçriir
r;)r:ì1!r | ÉìD f7El.
OtlE i EÐ i'{rÒar

Cr¡\2: ' 1A
OLì?4I ED OoO[j
1:'¡r:7 | EÐ (lc)1;ì(l
(101ê I A9 Bó
.r'1?C I ED rlr:,ÖCr

'tç'fF i eD l'orra)
r)1)f? 4c rlxf
ar.i1:)i ?11
¡11:rtr5 | rìr) tr4c:l
oo:e i BD (,.r(!:'

(:r(lfE 4E lrlI
r:rit4l I aD ¡îcf,
r:":'4 4 | ED r:,(xlo
r:ra4t I aD ::1c;1

Oo4é I ED ,l(:'C,r;l

':rl4D 
i aÉ rlQcril

oÒs: c9 0:
()o54 lOti
rlose I At 1?
r1')5ê 4C )i*ÌX
{-rC'36* o5
r¡r'r:D i At clc
ç'1:':F | 4C rlit
r:r(:r54* OC

(:)i641 4C )i)itt
(rÞ5r:)i 1E

r)Ò5Ef A9'10
il¡ló91 1a

oa,óc | 1a
rl':'éD ì ED rl()¡)':)
Cr(:r7.-¡ i SD çir1í¡l
¡il)7f, a9 0:
r:'{'75 | ED 11r1rlç)
()o7E i BD ('{,t){)
{)nz¡l 7F(:)')
rlit7B i óE
a[]7[ | êD i)i{)i)
0(:r7F I 46
r:rltBc) AD C)çri)O
r:rr)Ê: i 4E
¡)oE4 | AD r:11CrO

IJC)A1 4A
a)¡:reE I aD c)cra,ìa,r

ooBF | 4A
C¡)EE i óI]
0rlBD I

FILE: I IllE
. FUNC T¡I4E ¡ 1

1e r g1¡!
¡THE TII4EF WTLL EE CONFUGUñED EY INITECI
ì ro couN-l 11¡ cRcrsEcs: l1 I LL I SECS r êND sECS.

;THE INFUT PAFI'1 SELECTS l]JHlËH l¡IILL EE FEÊll
¡ FAFII'I - l, --), TII'IEFl _-l ll¡EROSECs.

--. frILt tsEcs,
¡ T --ì TII'1ÊRf, --¡ SECONDS.

; TIíEFf, ÍA)(=3:7ó7'
.FRM'rE RETAÞ, |'1SEr LSEr

l,lCF 1¡
urcRl
FTlC
RTlC
R-r3C

. EOLl octrfcj

. EOU 0C331
, EOU CrCf,;!:
, EOU a-,Cf f,4
. EOU OËf r-é

STA FEÎAD

STA RETÊD+1

cHF +r
EEF T1
ct'1F *:
BEO T?
LDA FTi]C
5TA I4SF
LDA FTì]C+ 1

sr'a L sEr
LDA +I]
ELC
SFE LSF
STA LSE1

LDê fÊi]
ÉFÊ I.1SE

STA IISE
JIfF'OUT

i SAVE FETI.JRN ADÃ

¡Ftx sTAcl{

I6ET TIIÍEF * TO BE FEAD
r LOOI AT T1

i LOOÌ, AT T2
t ELSE LOOII AT T3
¡ ÁEÊD 'T111ERf,

icoNvEFT 
_|f, RESULT TO lHE

I AFF'FOFFIA'TE DATA

i

t

Ì? LDA R1?C
9TA IISF
LÐA RT?C+1
JI'1F'OUT!

; READ lII'1EF:

¡AEAD TIIIERl

i FEfUFN

TI

oLlTl

LDA FTlC
STê I49E
LDA FTIC+1

STA !SÊ
LDA I"i5E]

FEO C']
CMF'*?
BHI Cl
BEO C2
LDA { 18.
JIIF'CNT

LDA S 1¡-
J¡1F CNT

JI¡F'CNT

E2

cl

c¡)

CNT

LDÉì åC'

¡coNvÊFT T? 0F T1 RESULT
I TO TIIE AFFNOFFIATE
i DêTA FOFIIêT,

I STAEIi CLEêN-I.IF
t RETUFI.I FEiJUL.T

I

cLc
ADE
SEE
SEC

LDê
5ÊC

s('E7

LSE
L5F

tlsB
If SE

OUT
LDA I'1SEI

LDA LSB

LDA RETAD+1

LDA FETAD

RlS
, END
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FAEE - 1 ZEñoT FILE! zEFoT

{r{)r)o I

cLrrrent nenory åvåi I eÞr e!

rlocrQ i

r:'ilrl(:ri cff,()
LìÕcro I cf31
O(IC¡O I C33!
o()ç)1:¡ I È¡f4
oilrlo i cff,6

. F.FOC ZEFET

i RESETS THE ÏIHEA COUNTEF(9.
IUSES THE INTEN-NAL-RESET BIT (Eñ1-CI)

. FRIVATE FETAD
l¡CF1r- . EOU ç,Cff O

t4cF? , EOU Ocff,l
FtlC .EOU qjcf,¡z
FTIC , EOU tcf,::4
FTf,C . EOLI OCff,ó

FLâ tsÂvE RETUñN ADF
STê FETêÞ

STA RETAD+ I
LDê f97H i INTERNAL FESEÍ
STÊ ¡JCñ1tr
LDA +9ér.i
5TÊ l¡1CR1tr
LDA RETAD+1 i FETUFN

LDA NEÌAD

RTS
. END

úoc¡o | éB
,:¡rlr:'l BD
cxlc,4 | óE
0C!:15I AD
c,cr)B I A9
r10i:ìA I ED

¡:'00F ED
c)ai1¡ i AD
or)t5 46

001ç 4E

o¡)lB I

01¡10

()cr{r¡:l

olcr1:r
97
s('83

f,r:rc¡

ooo!:'
rtooci

FAGE - 1 DIG?êN F¡LEr DIEîAN

Oi:'('O I

Current ñeñory åvåi ¡åb1Êr
orl(ltrl
crooo i

rlo¡lc' I

cr)r1o i

oo('3 r

c'c,')61

ooc,F
oc'QE I

oarlrl i
(r011 |

('r'l I f
or:)1t l

ao16 ì

(:rQ17 |

ó(,rDl
iil?Q l

c,aJ!¡ i

{¡ú?é I

cr).-9 |

¡'rQlc i

11Ò!D
oolo I

cl)f,¡ i

oo34 |

447.7 I

oolS
cr()f,B I

!:'o¡E I

('o3F

. , FROC DlElêN .?
a 1:!!
i CËNTFOLS THE D/A CONVER'IEFs'
!CALLED EY ANÂLOGOUT ¡N ECI'

. FF I !ATE FETAD. V' Y'TÊ¡iTt )TTEYF

SLoT3 ' EOU OEtr()Cl
STY YTEI'IF iSêVE Y STâTUS
STX XTEüF iSAVE X S'TATUS
PLA ¡ SAVÊ FETURN ADF
STA FEfAD

STA RETAD+1

TAX i 6ET D?ê oFFSET

TAY ;SAVE LO URDEF VoLTS
5Tê V

5TÊ V+1
ROR V+I iFU'I THE B I"I.5.B]TS IN V

ROF V
FOF V+1
FOÉ V
LDA V
ETA SLOTÍ+1' Xr WRITE IYSES

STê ËLOTS, X iqiFIlE L.5.8¡TS
LDA ñEÍAD+1 i RETUFN

LDA RETAD

LDY YTEHF ¡FESTOFE Y STATUS
LDX xTEtlF ¡RESToFE x STATUS
ÃT5
, END

c;orl

çrÕcf,

ac
EE
óÉ
AD
ée
ED
óE

óã
ós
AB
ED
óe
AD
èE
6E
éE
6Ê.
AD
9D
9e
9D

4A
AD
4E
AC
AE

()oorl
o{,r1¡l

0cii:!l

Òlc'11

cr.l{ì0

r;¡1çrcl
¡) 10r)
orlcf:j
cl1QC)
()cr:r¡:r

oo()aJ
o 1c:l

00ol

- 117



1:D

1rD
1!D

1:D
l!Þ
1:D

11
:!
at7
4 t2
3!7

7!7
e!7

1r) 17
tt t7
11 17
1f, 17
14 t7
t3 \7

t7 17

t9 17
?rt 17

?? 17
7A !7

1A l7

?7 17

aú !7
=L t7
¡? 17
4,1 17
,:4 ît

f,6 19
17 29

4¡., ?9

4f, :Cr
44 ztt

4é f':)
47 ?t:,
4É :i)

5() ?O
51 2r1
3? ?rl
5; :1;'
54 tcr
s5 1Ì)

é') ?11

6t 2ç,
é: ?¡:)
éf, ?11

ó5 ?Cì
èÁ i(:j

7t i7
7i t7

1

1

I
1

!D
:D
:Þ

!D
:D
!D

!D

¡D

B'D
trD

1!D
1:D

?! D

16!D

lErl)

1?!D
1:Þ

4:D
5¡D
érD
7tÐ

9!D
I (l: D

11rD
1?! D

ll!D
l4!D
13r D

( t6E+* )

UNIi FLO'IAIDS, INTFINSIC CODE l7¡

( r I x * * * * * x x 1r r( i t ¡( I x I t t I * F LoTA ¡DS I I I I T * t * t * t I I x I I t i * t * t I ; * )

*)
I'IATERIÊLS !, DEVICES FESEARCH LâE
DEF'T. OF ELEC'F ¡ ÊAL EN6INEERING

UNIVEFSITY OF IIANITOE A

( * * x*xrt* * * t *1* )t* *¡ tt I x i I i * tï** * x xt,tt I * t ** l Ì * * *t(t * x xt l* * f ll )

(i *)
(¡ F'LOTÊIDS 1S A F'AETiêEÊ OF F'êgCAL sU¡'FOL]TINES DESI6NED I)
(* TO REDIICE THE COT1FLEXITY oF FROGFAI'1S THÉìT CoNSTR!]CT i)
(* ERAF'IIIEIIL DISFLAYS ON THE AF'F'LE ¡IONIÎOR. I)
(t *)
()r FLETêIDS IS ACCESSED FÀ_ol1 SYSTET,LIBFêRY BY THE DECL.I)
(l U9ES TFANSËEND. TUFTLEGñAF|I I cS, F LOTAIDST *)
(x l)
()i SUrlr¡4RY OF FñOC, F'FOVIDED: *)
(t Nlìl'lEr TYPE/FUNCTION! rk)
(t t)
(X F'LETF'OINI F'FEC I¡FITES A SYIIEEL AT THE sF'ECIFIED FT. Ì)
(l DFAr/lGRlD FROC GENEñATES êND LABELS THE GñIDLINES *)
(t *)
( * * * * * ** * )i * * * t ri * * t i t * I * I t Ë)i x * * **i * * t xl l f I i *t * * * * ri )i t I *li t f * x )

!¡RITTEN EY B, E, I'IEGONI6êL

vEF L O/l9A?

- lta -

TNTERFAfE

FU¡]C-IION
FU¡JCTION
FUNCf ¡ON
FUNCTION
FUNC-r ¡ Ot,l
FUNCTIEN
FI]NCT I CIN

SIN (X: ñEAL) ! ¡iEALi
COS(X: REêL) | FEÊLr
EXF (X: REAL) ! EEêLt
ÉìTÊN ( X: FEAL ) ! REAL I

Ll! ( Xr FIEÊL) : F.EAL!
LOG (X: FEAL) rREAL!
SOFIT(X!FEÊL)rÉEAL¡

TYÊE
SCREENCOLOF= (noñei Hi i te, bl åcl j rPv€rËe, rådÂr,

bl åc[1.qrFËn. vi Þì Èt, khitel r bl acll. oråhqe' þI!¡e. l{hi te2) ¡

FFOCED]]FE INiTTUFiT!Ei
FROEEDUFE TUFN (ANGLE! INTEEER) r

PFOCEDURE TUFNTO (aNGLEr ¡NTEGEFi) i
FFOCEDIJRE fiÉVE (DiST! INTEGEF) r

FRoCEDIJRE Ì'IOVETO(XrY! INTE6EÃ) i
FFOCEDUFE PENCOLOR(PENI'1ODEr SCÁEENCOLEF) i
F.ROCEDI.JRE TEXTI'lODE;
FFOCEÞURE GRAFI¡ODFi
FFocEDUFE FILLSCREEN(FILLCoLoR! SCFEENCOL0F) ¡
FFOCEDURE VIEWFúFT (LÊFTt RI6HT, EOTTEI"I' TOF I INTEEEÉ) i
FUNSTIoN TUFTLEx! INTEoEFT
FUNcT I ON TUFTLEY: IN¡ËGERi
FUNETION TUFILEANG! INTEGEñ¡
FUNCTION SCñEENE¡T(X'\'r INTE6Eñ)! EEOLÊAN¡
FFOCEDIIRE DRAl.lErLOCl{ (VAÂ SOUFCEi FOWSIZE!xSl 1F:YSl TF,UiIDTH,HEIGHT!

¡5C\-EFNt vSLÁEÊ',JrTODE: IN¡EGEñ) r

FROCEDIIRE itCBAF. (EHr CHAR) i
FROCEDIIFE l¡lSTRfN6(5! 6TFINF) i
F ÊOCEDUÃE CHÊF-|YFE (Ì'1ODE! IN_TEEEF)¡

USES TRANSCENn, TUFTLEFFAFHICgI

TYFE FOINTI'irtìFr{Elr". ( FÐIl'lT, CFoss, sclllAliE ) i

vEal tìR= Alit_iaìYIlj, ,7] OF FE'qLt



7¡

BC,

B1
B1
B3
B4
B5
Bê
e7
BA
89
tc)
91
9?
93

9B

1c{l
1{' 1

1C'2
103
Lç14
1C'5
10ó
tQ7
roÉ

110
111

1lf,
114
115
116
tL7
118
119
1?O
121

123
t?4
1?9
126
t27

119
1-Ìr1
1ft
73?
t¡¡
134

LAb
137
138
t¡9
740
t41
r42
143
144

146

t7
1,7
t7
!7
t7
!7
t7
t7
t7
l7
t7
!7
t7
L7
t7
t7
t7
77
t7
!7
t7
l7
t7
77
L7
17
t7
L7
t7
t7
t7
t7
L7
t7
!7

!7
77
l7
17
L7
t7
t7
t7
!7
T7
t7

L7
77
L7
17
t7
t7
L7
t7
L7
L7
t7
17
t7
t7
t7
t7
17
!7
I7
t7
t7
t7
t7
L7

l7

1:D

3¡ D

3: D

3: D

1!D
4¡ D

4¡ D

4r 1

4t?
4r 1

5! D

5! I

5¡ o

é! D

ó¡ D

ó!{r

é!C'

2! D

2tD

?: D

2tD

1

1

I
1f,
15

1

9
t4
L4
I4

F'ROì:EDI]ñE F'LOTF CIINT ( XNUI'iI YITUI'I'
IFOTT0IfLINE' YBU-TTO1'1LINE. XDIVEI ZE' YDMI zEI FEAL¡
EONNEETFolNTS! EOFLEAIIi FOIllTSYl'1EtÉL! FOINTI'1AFr:EFI ;

F'FOEEDURÊ DFAWEFI D ( XÞ1AX 
^ 

XI'II N, YI'1AX ! YüI N¡ FiEAL i
vAF XBO'iTOlf LINE, YB0lTOl',lLINEr
XDMI ZE. YDMI ZEt REALi DOTf EDLINES: ÉOOLEAN) ;

rMF'LEIIÊNTA'TION
1

3 FUNCT'ON EXF'O(X!REAL) I INTEGEFi
9 (* RETUFNS lHE EXF'ONENTIAL PAñT OF X I)
O BEG TN
(r IF X=0. C' ÍHEN

¡4 EXFO! =Cl
14 ELSE
19 ExF o! =TRUNC (LoE ( AEs ( x ) )+1C'C')-locr;

FUNCTION IIANTISSA (l¡ REAL) : REALi
(* FEÎURNS THE IIANTIS6A OF X *)
BE6I N

l'1êNTISsA: =X/EXF (EXPO ( X ) *!. f, 0259) i
ENDi

FUNCTION XNOF(A! g¡ÉOOLEêN) TBOOLEANi
(t ExEcu'fEs THE EXCLUSM NOR FEN ON (ArE) )i)

FEGIN
XNOR:=(A AND E) OF ((NOT A) AND (NOT F))¡

11 ENDi
24
?4

5C'

¡
C'

CI

3C¡
47
42

f,

Cr

Cl

2t?
?t?
2,1

2! ?

2!f
2r:1

2t3
2¡ f
2!3

2t3

I

15
15
15
1E
l5
15

Cl

C'

B
11
1?
3q
óÉ
77,
7A
77

9t

10õ

FÉ0CEDUFE FLÐTFÈINT¡
(I ¡4RI'IES ê SYIÍEOL AT 'ÍHE REAL å CO.OAD. (XNUI'I. YNUI"I)

XEOTTOIYILINE}YEOfTOIILINE! XDIVSIZEIYDIVS¡ZE AñE FEAL FAFIÍS GENEñTìÌED
EY DRAWGFID. THE FEIN'I I'IILL 8E ÊONNEC_IED gY A STFAIGHT LIr'lE 'ÌO THE
FREVIOUS FOINT IF CONNECTF O I NTs=TAUE, FOINTSYÌIEoL lS OF TYFE
FOINÌMAÉIIEF (EITHER CFOSS,SOUARETOR FOINT)' })

vAR Cr INTEGEFi

FEG] N
FENEoLOR ( BLåCt{ ) ¡
IF NOT CONNECTPOINTS ÎHEN

FENCOLOR(NONÊ) ¡(* CALC FBSI'T¡ON ON SCñEEN *)
üovETo (FouND (21+ ( XNUl"l-XEOTTOt¡LINE) /XDMTZEI?2' O) r

FOUND (9+ (YNUll-YBoT'tOlfL INE) /YD I VS I ZE)i23. O) ) ¡
¡F FOINTSYI"IEBL = CROSS THEN

FEGI N

TUFNTd (CI) ¡
l"lOVE(1)i
FÊNCOL0Ê ( BLAcl,i ) i
IURN( 135) ¡
I'IOVE ( 1) i
TURN (9r)) i
OVE(1)i

TURN(90) ¡
MOVÊ (t ) ¡
TURN(1f,5) i
MOVE (1) í
F ENDoLoR ( 14H I TE ) !
IIOVE (O ) i
END¡

IF FoINTSYIIFOL È SoUARE 'rHEN

BEGI N
TUFiNTE(45) t
IÍUVE(l)i
TURNTO ( 1SO) i
PENCOLOR (ELACK ) ;

2t7

?r2

2t3

L07
111
t!7
!21
135
13?
129
1¡4
134
138
t42
148

119



t47
¡48
149
150
lgl
152

ta7

16Ct
LêL

1ó¡
1é4
165
16ê

168

171
177
\7:!
t74
t7a

!77

l7?
lEO

IB?
1Bl
184

L86
te7
1AB
189
19r)
191

194

198
199
20rl
?t)l
2C,?
3¡:r¡
244
205
2ct6
2Þ7
2ÞA

311
272
213
?14

?t7
214
219
?24
t2t

L7
L7
t7
L7
t7
l7
t7
l7
t7
t7
t7
t7
T7
17
t7
t7
L7
t7
t7
t7
L7
!7
t7
t7
t7
l7
l7
t7
t7
17
L7
L7
t7
l7
17
t7
L7
l7
L7
T7
t7
!7
t7
17
l7
L7
t7
!7
17
17
!7
t7
t7
I7
!7
!7
t7
t7
!7
t7
t7
77
17
L7
L7
t7
t7
t7
t7
l7
t7
t7
L7
t7
l7

7tD
7ta

7t I

7tI

7 tþ
E!D
B¡D
B¡ D

A! D

ErD
E!D
8r fl
e. C,

Ër 1

15t
1ó3
1ó3
t67
t7L
t7a
l84
1EB

?a-¡ I

205
2t:.tg
?C,'
?t3

t¡9
?èB
272
?Bó
2ê6

3

4

3
o
o
3
3
3

34

47
5E

?6

2! 5
2t4

2t4
2,Z

2tA

2: I

FUF C!= I TO 4 DO

EEG IN
fiovE (?)t
TURN (90 ) ;
ENDi

fUFNIO{135) i
l¡OVÊ(l)i
ÊENCOLOFi(l¡lHITE) i
I'lovE ( (:r ) i
END¡

IF FÐINTSYI'IEOL = PO¡NT THEN
EEG IN
FENCOL0F (BLACll) ¡

tlovE (..r ) i
ENDi

PENCoLOF ( NoNE ) ¡
( )i ÍovE BAct( TE F T, l )

MOVETO (ROUND (!1+ ( XNUII-XÉOTTOI'1L1NE ) / XDM I ZEifz ' r1) ,
ROUND ( 9+ ( YNLll4_YBO_f 

-rÊML I NE ) /YD MI ZEllf,. () ) ) i
FENCOLDR (BLACla) ¡

ENDr

2:3

21 1

Ir I
2tl

2!at

7tD
7tÐ
7tD
7rÐ
7rD

E!
Ar

B!

B!

E!
Br

Bt

FUNCTI0N LêEE!ODDS (VêF LINEVêLUE: VEC-IOR) ! EOOIEAN¡
(' USED BY DFAI¡EFID'TE DETEÉI4INE IF 'THE 4 EDD ËÉ EVEN NUI"IBEFED

CRIDLINES sI-]OULD EE LABELED I)

VAR I; TNTEEERi

EE6I N
LAEELODDS! =FALSE¡

(i CHEcta FOR l¡¡HÊLE Nl.ll'lFEFS T)
IF ABS (ROUND (IfANT¡ SSA (LINEVALUE!¡]] ) ) -IIAIIT IS9ê (L¡NEVALUET(J] ) )

} (I. O1 THEN
LAÊELODDS: =lRUEi

(x cHEcli FoF 'zEFo" axls {)
FOF I:=0 'fo 7 Do

FEG IN
IF êEIs (LINEVALUET I ] / (LINEVALUETT]'LINEVALUEIi'] ) ) i' ('' O1 THEN

LêEELoDDST=ODD(I)i
l Crl ENDi
1¡JA ENDi
L??
t?2

I FFOEEDUFE LINEAñAX 1S (VAF !INEVALUEt VECTOFT ¡14X, t4IN: REAL),

ó VAR ¡ 
' 
FiEFTRr INTEËEFi¡

E DMIZETRANGE,RGmANTISSA!REAL!
l4 FULLRANGE! ARFAYtT:,. . 10l'OF REALí
36

CI BEGIN
O (* SET-UF' RANGE F'OËSIEILIT]E9 

')(' FULLRANGE t ('l: = l. ?;
16 FULLRâNGE f I I ! = I . 6 r
J2 FULLRANEET ?l: =2 ' o i
48 FULLRANGE l3l | =!,4 r

é4 FULLFiANGE I4I r =f,2 i
Bo FULLFANOETEI ! =4. r)t
9& FULLRANGE l6l ¡ -4. B!

1 1? FULLFANGEIT]I =ó. 4I
1?E FULLRANBEIA] I =B' I]i
144 FULLFANGEt 9I | = 12. O¡
ló(¡ FULLFêNGEl lC'l ! =1ó,0¡
t76
17é RANBE¡ =fAX- INi
189
189 (i CHECI( FOF A CONDITION BF ZEFO EXTENT i)
189 lF RANEE-C'. O THEN
2ç14 BEGIN
z(t4

-r20-

22C) I'lIN: =-AES (l'11Nt l. ! ) I
237 END!
247



??4 t7
27= !7
21è L7

2:B 17

2f,rl 17
23t 17

234 L7
2AA !7
23ê t7

1f,8 17

24A t7
74r t7
24? t7
?4A t7
244 t7

246 t7

24A !7
249 17
î30 17
2At 17

243 t7
234 t7
2AA 1''

157 t7
?54 17

?6at 17
761 t7
262 t7
26t 17
164 t7
263 17
26É- 17
267 t7
2ée t7
?69 L7
271, L7
271 t7
277 !7
274 t7
274 !7
274 t7
276 t7
777 L7
278 t7
279 t7

zAL t7
2e7 17
28f, 17
2A4 t7

28é T7
2e7 L7

2e9 t7
29t:, 17

292 L7

294 L7

296 t7
?97 t7

Br 1

ar3
Er ?
A:3
B¡ 3
B¡ 3
Er 4

Er 3
E:3
8r s
Br3
B! 3
A: f
B:3
8¡4
Br5

B!3
et4
E:5

E:4
B:4
At4
B! 3
gr4
B¡g
E! 4

at2
B! I
BrC)
A: O

ErO

¡¡D

JrD

3: D
3¡ D

237
237
237
247
249
2=A

258
276
276
276
2AE
:i2r1
3lc)
32r)
f,f,4
Ì34
55C¡

397
397

399

439

EC'1
EOB

3C,E
54Cr
aê2
a62

I
l4
14
t4
t4
14
t4
t4
t4
L4
14
16
17
2t
7,7

o
cl

3

REPEAT
EEGI N
1I FIND A 6UI'IAELE RANEE *)
RGIIANT I SSA! =I'IANT ¡65A (RANBE ) t
RGFTRT =-l t

RBPTR: =ROPTFi+1t
UN-f I L RGIIANTISEA <= FULLRANGEIRGPTRI I

(Ii I'IA¡|E EACH DIV I/E OF FULLRANGE *)
DMI ZE, =FULLRêNÊEt RGPÍFI /8. O

tExF (EXF',O ( RANEE) t?.5t'259) ¡

EE6IN
¡N¡ TTURTLE t
{I DEFINE FLOT AREA II)

(i DETER¡4INE SUITABLE BOTTOMLINE t)
lF llIN ¡= O.O THEN

AEEIN
LINEvêLUElOl ! =o. C'i
I¡HILE I'1IN > LINEVALUETTI]+DIVSIZE DO

LI NEVALUE I o I ¡ =LI NEvALUE Iol+D¡ vs I zE i
END

ELSE
BE6IN
L INÊVALuE t c'l ! =O, C'i
LlHILE LINEVALIJEtOI*1.('01 I' l¡IN DO

L INÊvALUEtC¡l ! =L INEVALUE t ol-D IvsI zEi
END;

()i DEFIVE B BÊIDLINES I)
FOÈ l¡=l To 7 Do

EE6IN
LINEVALUET I I ! =LINEVALUEt I-l l+DMIZE¡
END¡

END
(l CHECI{ THAT TIIIS FESULT I¡IILL EE SUITâELE *)
UNIIL LINEVALUEtTI-LINEVALUEtOI+DIVSIZE )= RANGEi
END;

FRoCEDUÉE DFAWGFTIDi
(¡ DFAI45 & LABELS ê GFID SO âS IO ACCO¡ODATE A SET OF POINTS OF THE

EX_IENT Xl'lAX DOI¡JNTO XIIIN ON THE X-AXtS AND YIIAX DOI4NTB YIfIN ON

THE Y-AXI5. THESE DII1ENSIONS CêN FE GENEÉêTED EY D,qIASCAN OF

F¡XED EY THE FROGRAIITIER.
XBBTTO'ILINE IS THE FEAL VALUE OF THE LEFT-I'IOST VERÍ. LINET
YSOTïÐHLINE " " LoI,JEST Hoñz, LINE.
XDIvSI?E=1/B oF THE RêNGE IN x-vALUEs THAT CAN FE FLoTTED,
YDÌVSIZE=1/B ,' ', 'FLOTTED, *)

VAR RANEEI FEAL¡
oDÐLINES¡ EooLEANi
EXPLêBEL, I I J I L¡NELAEEL: INTEGERI
LABELSTR: STF I NG tf(,1¡
LINEVALUE! ARñêY!C). .7] OF REêLI

3:
¡:
3¡

Zt

s VIEIJPoR'I (2r t 27ó r 9' 19") ¡
14 FILLSCREEN(WHITE);
1a vIEWFoRT ((¡,282,0, 193) i
29
29 (¡t*¡t*t Do Y-LINES *i*i*)
29 L INEARAX I S ( L I NEVALUE, YT4A){, YI'1¡ N) I
41
41 (I PRINT Y-AXIS EXPONENT *)
41 TOVETo (0, 183) i
4E WSTñ¡NG('E') i
52 EXFLAEEL ! =EXFO {L INEVALUET 1]_L INEVALUE I O] ) i
79 STR ( EXFLAEEL r LABELSTR ) |
92 9ISTE ING (LABELSTR) t
97
97 (T CHECI{ LINEE TO AE LABELED I)
97 ODDLINES: =LABELODDS (LINÊVALUE) ¡

loã
10! (f WRITE LABEL tr GÊID LINE t)
1C,5

-r2t-



298
299
3ç,C)
f,ot
f,C,?
30f,
3Õ4
305
3Cìé
307
SCrE
309
31C'
311
312
f,15
314

¡lé
417
314
¡19

f,:1

3?5
3tè
7,?7

r-29
f,3(:j
ff,1

a3a
434

f,f,ó
aa7
f,¡B
Tf,9
f4cì

i42
¡44

34ó
447
348
349

393

f,55
35é

lEA

a6a
3é1
f,6:

364
¡é5
3é6
3é7
3èB
36?
a7c,
37t
:57?
473

L7
t7
t7
t7
t7
t7
t7
t7
l7
17
L7
17
L7
l7
!7
t7
t7
t7
l7
L7
t7
t7
17
17
17
17
l7
L7
L7
L7
L7
!7
L7
!7
t7
t7
l7
L7
t7
!7
l7
t7
t7
t7
t7
L7
L7
\7
t7
17
!7
L7
!7
t7
17
77
t7
I7
L7
17
l7
17
t7
t7
t7
L7
!7
77
t7
t7
L7
t7
t7
l7
17
t7

3! I

¡r 3

Jr4

3!I

f,r I
3:9

3r 9
3: E

317

3t7

284
?BA
¡o1
¡01
3té
324.ì
f,24
3:Ë
a34
s3E

f,65
3é9
377
ra3
387
:87
3É9
389
39f,
4ct?;
4Ct7
411
4t4
4t4
427
427
431

4¡?
444

455
49t

473

4e9
493
493
493

303

538

347
347
547

545
598
Éo3

tOE FOF Ir=7 DoWNTO O DO

118 BEGIN
1!B TOVETO (C), ¡f23+9) i
¡!B lF XNOR(ODD (l ) TDDDLINES) THËN
I37 BEGI N

!a7 LINELAEELT=RoUND(LINEVALUEtII
I4é /EXF (EXF LABELÌ2 ' 3025t ) 

' 
i

168 STFì (LINELêEEL, LABELSÎR ) ¡
141 USTFINB(LABELSTF);
186 t¡IR¡TELN(LINÊVALUEI¡],'''L¡NELABEL)I
24A (tCHECll FoR ZERO AXIS*)
24þ IF ABS(LINEVALUETI]/(LINEVALLJETT]'LlNEVêLUEICJ]) )

284 BE6IN
ÎURNTO(O);
FOR ,J!=o 10 9 Do

BEGI N
llovETo ( f1+,1X32,9+ I t23 ) i
TUFN (90) i
FENcoLofi (BLAcll) ¡
ÍovE (3) ì
TURN ( I B(I) I
l'1EvE (6) i
rovETo (? 1+Jll32, 9+ I *?¡ ) i
FENCOLOFi(uJHÌTE) ¡
fUFNTO (C') i
fiOVE ( 1) t
FENC0L0R (ELACFi) (

ENDi
TTJRNTO(!BO);
tlDVE (40) ;
ÈND

ELSE
BE6'N
TUÁNTO(o) i
I'lovETo (! 1 ,9+ I l:3 ) ¡
FENEOLOF (BLACI{) ¡
MOVE ( f) ¡
IF DOTTEDLINES THÊN

AE6] N
FOR Jr=Cj fO é4 DO

EE6I N

PENCoLOR (l4H ITE ) i
T4BVE ) ;
FENCELOR (ELACI{ ) i
llovE l1 ) i
PENEOLOR (l¡IHITE) i
I'IEVE ( 1) :
PENCOLOR (ELêCX) ;
IIOVE ( 1) !
END t

ÊND
ELSE

AEGI N
FENECLOF (l¡IHITE) i
íovE (2éc') i
END!

TURN ( lso) i
F.ÊNCOLOR (BLACK ) I
I'1OVE(11)¡
END¡

ENDi
FENooLOR (NONE) i
END;

YaoTTOÌIL INE ! =L INEVALUET o I I
YDMI ZE: =L¡ NEVALUEC 1l -YFOTTOfaL I NE i

3:1
3! I
3:1

( lif*t Do x-LINES ***xi)
LINEAFâXIS (LtNEVALIJE, XIìâX, XI'1IN) i

{* PFINT X-AXIË EXPONENT T)
lioVETo (232 

' 
a) i

r¡81ÃING('E');
EXPLABEL! =EXPO (L INEVALUEI I ]-LINEVALUE ÉO] ) ;
EIR (EXFLAEEL, LABELSTR ) |
USTRING (LAEELS.TF) I

o. c)l ÍHEN

5r A
7tq
3r 9

3r3
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s74 L7
373 l7

377 t7

379 t7
3eQ 77
f,Et 17

¡84 17

38ó 17
387 17

389 17
39() 17
;-91 17

a93 t7
794 t7

396 \7
,197 17

399 17
4(rl, t7
4t.tL 17
4\)2 17
4QA t7
4Cr4 17
4Q= t7

4çt7 L7
qatB 17
4.J9 17
4tct \7
47t 17
4t2 17
4LJ I7
414 t7
Ata t7
4tê 17
4!7 \7
47e 17
4\q l7
4?A t7

422 ),7
424 77
424 t7

4?ê L7

4?9 17
4:Q 17
4f,1 17
4A7 !7
4aa t7
47,4 17
4a'¿ !7
446 t7
447 t7
4AB 17

44A !7
44t 17
44? t7
444 t7

445 t7
446 !7
447 1

3! 4

3! E

f,: E

f r 9

3t7

3!9
3t ll
I! I

3!ç,

3t9

3t7

60J
óf'3
é11

611
é11
6?4
624
è44
64J
ê4i
631

é87
69?

êçt7
8t:\7
B?1
874
Bf,C)
834
B4[,
444

Bó:;
a67
87L

EBf
aË9
89tr
B?f
B9E

B9?

91f

9?Ct
92Q
933
933
9-.i.7
941
945

93;a

965
973
977,

945

991

1OC¡3
101 I
L024
to41
!474
LA7 4

o

(* CHECI{ LINES TO EtE LAEELED I)
ODDLINES! =LABELODDË 

(L¡NEVALUE) ¡

l* !,JR¡TE LAFEL I GRID LINE l)

FBR I!=7 DoWNTo 0 Do
EEE IN
MovETo ( a+I tfl! i)) ¡

IF XNOR{ODD(I).ODDLINES) THEN
BEGIN
LI NELASEL! =nOUND ( LI NEVêLUÉ I I l

/EXF (EXF'LâEEL'2.3CI:E9) ) i
STFi (LINELAEEL, LABELSTF) i
I,.¡STFING (LêFÊLgTF) ¡
l¡iFITELN (LtNEVALUEII I 

" 
',LINELAÉEL)i

(lcHEcX FoFr AxIsi)
tF ÊES (LlNEVALUE! I ] / (LINEVALUETT]-LINÊVALUETO] ) )

8EGlN
TURNTO (tO) ¡
FoR J!=O 10 9 D0

BEGIN
l.lovETE (21+ I *32, ?+J xîf,) I
TURN (9C') !
FENCOLOF (BLACrl) I
|'1OVE (3) i
ÎURN ( l AO) i
I'lovE (6) ¡
MOVETO (3f +Itf,?¡9+Jl:f, ) ¡

FENcaLoÊ (WFITE) ¡
-IURNTO (90) i
|4OVE (1) i
FET,IEOLUF (ELâCli) ¡

END ¡

TIJFNTO (?7çr) ¡
IIOVE (4O) ¡
END

ELSE
BEG IN
TURNT¡ (9O) ¡
ÍovETo ( ? 1+ I i3:, 9) ¡
FENCOL0R (ELêCti) i
llovE (f,) ¡
IF DCT'TEDLINES THEN

EEGIN
FôR J!=l:, TO 45 DO

BEGI N

PENCOLOR ( UIHITE ) I
rovE(1);
FENCOLER (ELACli) ¡
I'IOVE ( 1) i
PENÈ0LOF (NHITE) i
I'IOVE ( 1) ¡
FENÊBLOF (BLACli) i
ÍOVE ( 1) ¡
ÊNDi

END
ELSE

BE6I N

PENCoLoR(WHITE) ¡
l'1OvE ( 144) i
ENDi

TURN( 1BC') !
FENEOL0R (BLACll) t
IIOVE ( ó) i
END¡

ENDi
PENCOLOR (NoNE) ¡
ENDi

XFoTIOiILINEr =LINEVALUEI('l i
XDMI ZEr =LINEVALUE! 1 I -XBOTfOíLINE!
END¡

END.

d O. CI1 THEN

E:4

f,: O

¡r (,
lrCl

t23



I I llD I
? I l¡D I
f, I llD I
4 lA llD I
5 1E lrD 1

ó 1A llD 1

7 lB llD 1

A 1A l:D L

I lS l:D 1

1(l lB flD I
11 lB llD 1

12 lA 1rD 1

1¡ 1E 1rD 1

14 lE lrD I

1é 1A 1!D 1

17 lE l;D 1

1Ê 18 l:D !
1? 18 l:D I
2¡l lE llD 1

2¡ 1A 1rD I
2:- 19 1rD I
?4 18 l¡D L

15 1e llD 1

2é 18 l:D 1

?7 1A 1rD I
?B lB 1:D 1

?9 18 l:D I
r-C, 1g 1! D 1

31 lE 1rD 1

¡? 1E lrD 1
33 tA llD 1

14 lB 1rÐ I
:15 lA llD 1

f,ó 1e 1:D L

37 1A lrD 1

3B lE 1¡D I
Ì9 lB !¡D 1

4rl lE lrD I
41 lB 1!D I
4! lE l:D 1

4f, 1A ¡:D 1

44 29 tlD 1

46 ?9 3:D ¡
47 ,9 4¡D 3
48 29 5;D ¡
49 29 ó!D 3
ltt 2? 7tD a
51 29 B,D f,
5: ?? A¡D 5
3f, 1B l:D 5
54 1A l:D 1

55 1B 1!D I
5é 1B llD 1
E7 lB l:D 1

98 lB llD ¡O?
5? lB 2tD 1
60 lE ?rD I
é1 1A 3rD !
ó2 18 3:D 3
ó3 18 4rD 1

ó4 18 4!D 3
é5 1B 5:D I
66 tB 5!D 3
67 lE é!D 1

6Ë lE êrD 3
é9 18 7tD 1
7c) 18 7!D 2
7L ,A ErD I
72 18 B:D I
73 tE ?tD 1

74 IA 9!D 43

( t$L *B: X)
( t$s+x )

UNIT FLO'TTEFGFAFH¡CS; INTRINSIC CODE lE DATA ¡9i
( * I t I t * i I i )i x t I x x I l * * f t I x * * i I FLoTTERGFÊFHlCS t I X * * * f X I I Í * I I t t t * r x * r r*r)(i *)
IT WRITTEN BY 6.C. I¡CEONIGAL 11)(* *)
(I I¡ATERIALS & DEVICES RESEARCIi LAF 

')(' DEF'Ì. OF ÊLEC'TRICAL ENGINEERINE T)
* UN¡VEASITY OF JìIANITOBÊ *)
I *)
* vER t, 0/198: x)
, t)
l*tlxlrrrT**xxT*x**xxiiiriå*i*ttttt*)i*xÌr{tÍ)it*trttixTTtrrtr*rrx*xr*t1 r¡

FLOTTERGRAFHICS IS A EFÊFHICS FACIiAGE ÞESIGNED AS THE F'LÈÍTER 
')II"IF,LÊI']EN'TêTION OF UCgD 'TUFÌLEGRAPH 1CS. IfOST TURTLEGñAF'HICS *)

SUEñOUTINES AÀ_E SLIFFOFTTED. *)

FFOERAI'1S êFE CONVEÃTEÞ FFO¡1 IURTLEEFêF'H]C9 'TO ËLO'ITER6TTâF'I1IC3 X)

INTERFACE

(l EY FFEFIXING THE SUÊFOUTINES l^Jl Tl-l 'H', l)(* *l
(t NOTE THAT IHE FLET DII"IENSIONS EEMAIN l9¡- X ?83 ELlT ALL f)(* FBSITIÉNAL ¡I ANGLILêF FAFAIfETEFS ARÈ NOI4 OF -IYFE FEAL. ALsO, *)
(f THE HF'ENCOLOR FARAflEÌERS HêVE BEEN IIODIFIED. X)
(* t)
(* SUI'1|'1ARY OF AVAILAELF FFOCEDUFES! Í)(t r)
(X HINITTUFTLE *)()i HTUFN T)(* H'ÌURNÌO t)(t HllovE ¡)(l HÌ']OVETO t )(I HPENCOLOF *)
(X HVI E|}IFOR_r *)(r HWSTFING *)(r f)(***18**X*XËiiXrttixtr)ixxt**r*rt*t*r*rf *rrtr)iiÌtilr txttrxt*f xxxxlx*tttt )

FUNCTION SIN(X:FTEAL) : FEêLt
FUNC'rlON COS (X: REêL) ¡ FEALi
FUNCTION EXF (X:FIEAL) |FiEALt
FUNCT¡ON ATAN (Xr REAL) !FEAL¡
FUNCTION LN(N: REAL) !REAL!
FUNCTION LOF (:: FEAL) ! FEALi
FUNCTION SOñT (X! REAL) : FEALì

USES TFANSCËNDi

TYFE HSCFEENCOLOR= (N0,YES, ONE,Tt¡0, êi{AY) ¡

VAR FLOTTER: TEXT¡

FFOCEDURE HINITTUFTLEi

FROEEDUFE HTURN (ANGLE: FEAL) I

PRoCEDURE HTUÂNTO ( ANGLE ! ñEAL ) i

FROCEDUFE HÌ¡OVE (DISTT REAL) i

PROCEDUFE HT,IOVETO ( X, Y¡ REAL ) ¡

FROCEDUFE HPÊNCOLOF(FEN¡100E:HSCFEENCOLOR) í

PROCEDIJFE HVI ENF ORT (LEFl ! R¡ GHI) BOTTOI'1, TOF: ñEAL ) i
PROCEDURE HI¡STFING (S! STFiING) ¡
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7ê le

78 1E
79 tA
EO IE
81 18
E: 1A
E= 18
E4 1A

a6 1B
É7 1A
EA lÊ
E9 18
9Cr 18
91 rg
93 lA
9¡ lE
94 1A
?3 te
9ó lE
97 1A
9E 1A
,9 1Ê

l')ir lE
1crl 1Ë
1c)2 lE
1(r:. 1e
104 le
!o: lE
1r)A tB
!þ7 Ie
1{A lE
t1l9 1g
110 18
111 1A
11? rE
111 lE
114 1Ë

11é lB
\17 1e
11S 1A
119 tE
1:¡) !9
1f1 1Ë
1!3 lA
1?f, 1Ê

1?5 1É
r1é lB

I2E IE
12? tE
lfcr 1B
131 lE
1f: 1E
ltf, 18
1¡4 1E

t¡ó ta

ltn 1B
1f,9 1A
140 lE
141 la
L4? ¡

1:D

1!D

?! 1

l! ¡l
?! O

f,!D

4t !

5, D

:¡()

5: O

7.t

1rC)

f,c,3
3':,2
¡04

I
o
(r

?c,
2|:t
¡t
5!
B1

106

1

c'
¡J

t7

3('
1

CI

o
10
1?
2!

1

¡
t)

?7
:=

,t7
13Cl
l:l()

1

cl

CI

è:

I
r)
(,
3

?C)

5é
73
9L

1'la
l2C)
l:o

1

o
o
o

Eó

L7t)
I
r)

ó¡
7e

o

43
4f, IIIFLEI.lENTêT I ON

VAR CURRENTANGLET ÉEALi

FROCEDURE H¡NIT'TUFTLÊI
EEE IN
FEl4ñITE(FLOTTEF,' REMoUT¡' ) !(I SET SCALINE SAIfE AS SCÉEEN *)
WFITE(FLOTTEñ¡' INí IFiSCCTT 2E:r O¡ 191i' ) i(l F ENCOLOF=NE. F'EN: =LLH CORNÊR r)
l¡FITE (FLO-TEcr' pu; 5r'(r; FAl. ¡:" ü, r:'¡' ) ;
CURFENTANGLE! =0. Cr¡

END i

F'FOCEDURE HIUFINi
BEG]N
CURREN'rANÊL E ! =CURFENTANGLE+ANGLE ¡
END;

F'ROCEDUNE HTURNTO;
EE6 !N
CURRENTANELE: =ANGLE i
END!

PROCEDUFE H¡1OVE:
VAF XÍÐVE, YI4OVE!ÉEAL;
EEG¡ N
XFOVE | =DISTXC0S (C|IFFENTANGLE*r. 745¡lE-?) i
Yfi OVE: =D¡ 9TtSlN (CURRENTANGLEI 1, 749f,3E-¡) ;

PFOCEDUFE HHOVEToI
EtE6I N
WFI TE (F LOTTER, ' PA' . X: 9: 4.
ENDr

trtFITE (PLOTÍEF, 'Fñ" . XfiOVE: ?! 4. ' '.YMAVEr9:4,';')i

iLE'rSrCBR(3))¡

(l

D
cr

(l
1

I

D
CI

I
(:,

FFOCEDURE HFENEELOFii
!1ËGIN
CASE FENIIODE OF

NO: I4RITE(FLoTTEFi,'FU;')¡
ONE! WRITE (FLOTTER, 'SP1¡ ' )
TWO! l¡FITE(FLOTTEÉ,'SF:¡' )
YEE: WF(ITE (PLOTTEF,'FÐi' ) i
AWAYr i,JRI'lE (FLOTTEhi' SF0t | )
END;

FFOCEDURE HV¡EWF OFiTi
BEG¡ N
(f IlJ USES oNLY FLOTTEF UNITS *)
r¡¡ñITE(FLOTTEF,'IW'r2Fi)+ROUND(LEFTt¡ó,5?4Ë)ró,""179+ROUND(EETTOI1t:9.57S):6.

:5i]+FOUND (FTIGHTXf,ó, 5?48) I ê.' . ., ?79+ROUND (ToF x:9. 575) ! ér . ¡' ) I
ENDr

FREeEDURE HHSTRINGi
EEGIN
ulRÌlE (FLOTTEñ.' DT' t CHÊ (¡)
END:

END.
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1 t l:D 1

3 I tlD I
f, 1 l:D I
4 23 lrD 1

s ?f, lrD 1

ó :f, !¡D 1

7 ?3 l:D I

1Cr 23 llD I

13 23 ¡¡D 1

1¡ ?f, lrD ¡
14 :¡ !¡D I

1ó :3 llD !
17 ?J IrD 1

1A ?f, l¡D 1

19 ?3 1!D 1

?¡l 2¡ 1!D I
?1 :f, l:D I
21 ?3 ¡:D I

24 ?f 1!Ð I
29 ?3 lrD 1

26 2¡ l¡D 1

27 23 l:D t
2g 23 1rD 1

?9 !3 1!D I
¡(, ?f, llD 1
¡1 23 1¡D 1

3? ?f, llD 1

3¡ ?f, llD I
34 ?: 1!D 1

35 ?¡ llD I
fó î9 lrD 1
i7 29 2rD 3
3e !9 3:D 3
39 :9 4rD 3
 Ct 29 =¡D 3
4t 29 6:D f,

43 29 A:D f,
44 ?? ElD 5
45 18 1!D E
4è 1E lrD 1

47 lB llD 1

4A lB l:D ¡
4t lE 1¡D I
50 l8 lrD 1

El 18 l¡D 1

51 18 1! D 3C)2
sf, lB 2rD I
34 18 2¡D 1

3ó 1Ë srD 3
57 18 4rD 1

5B 18 4:D I
59 1B ElD 1

óo 18 srD 3
é1 18 érD 1

6? 18 ?ro J
ó3 1Ë 7tD I
è4 tE 7tD 2
èE 18 BrD I
éé 18 ErD I
é7 lE 9¡D I
68 1A 9!D 4Z
é9 lg 9¡D 43
7ç, 2i trD 43
7L 23 1rD 1

72 23 1,0 L

77 2J IrD I
74 23 l:D 1

(i$L *B¡ r)
( ¡(ts++* )

UNIT PENPLOTAIDS; INÍRINSIC CODE 23i

( * 1i I I r I Ì t t i i * t t * f i I * I r I FENFLOTA¡DS I I I * * I t t * I r I I X * I * I I X { f )(t

(t

1*

(*

ri)
TJRITTEN ErY G.c, I4CBONIGAL l)

*)
I,IATERIALS & DEVICES RESEAFCH LAB I)
DEPT, OF ELECTFICAL ENGINÊERINE *)

UNIVERSITY OF IIANITOBA I)
x)

vER L ó./1941 r)
ü)

I i*?lt *itlåt xtti* Ët i *rt*t*i *ttÍt I I I ttlrr r*rr* * **r * r * r* f,i r r )

*)
PENF'LOTAIDS IS A PACI1AGE OF PêSCAL SUEROUIINES DESIGNEDX)
TO RÊDUCE THE COI.IPLEXITY OF PROGÉêI,1S THAT CONSTRUCT i)
GFAFHICAL DISFLAYS ON THE HF'747I]A PLOTTER, Ì)

*)
PENF'LOIAIDS IÉ ACEESSED FROIf SYSTEÍ,LIFÉARY FY THE DECLi)

USES TRANSCEND,TUFTLEEFêFHICS,FENFLoTAIDSt l)
*)

SUlllfARY OF FFOC. & FUNE. PFOVIDED¡ *)
NAME: TYPE/FUNCTIENT X)

r)
HF'LOTPOINT FFOC I{RITES A SYIIBOL A-T 'THE sF'ECIFIED PT. *)
HDRêÌ¡IGRID FFOC GENERATES AND LAEELS THE Eñ¡DLINES. t)
HêXISLABEL FROD I¡FI'TES IITLES FOF THE X- & Y-AXIS. ï)

t)
( **tl lt tTti ri xf tÍf r x¡*ttt*t * * tf t t* x *t*ttt i I xr i x iïi I I iitt I * t* )

IN'TEÊFACE

FUNCTII]N
FUNCTION
FUNCT ION
FUNCI ION
FUNCT ION
FUNCT¡ON
FUNEl ION

SIN(X! FEAL) ! FEALi
cos (l¡REAL) | RÊAL !
EXF (Xr REAL) ! ËEALi
ATAN(X!FEAL):FEALi
LN (X! REAL) ¡ REALi
LoG (XrFEêL) r FiEêLi
SOFTiXTREAL)!REALi

I.JSES TRêNSCEND, PLOTTEFGRêFHIC6i

f YPE HPOINTI,IARXER= (HPOINT, HDOÎ, HCROss, HSOUARE ) ¡

HVECToR= ARFiAYI O. ,71 0F REÊL!

USES TRANSCENDi

TYFE HSCREENCoLOR= ( NO, YES, ONEi Tt¡¡O, 
'qWAY) 

I

vAF FLoTTËRt TEXTi

PFOCEDURE HTNITTURTLE¡

PROCEDURE HTIJRN ( ANGLE? REAL) i

FROCEDUÉE HIURNT0 (ANGLE ! REêL) Í

F'ROCEDURE HI'IOVE (DISTI REAL) I

FÂOCEDURÊ |-¡ÍoVETO(X, Y! REAL) t

PROCEDURE HF ENCOLOR (PEN14ODE: HSCFEENCOLOF ) ¡

FAOCEDURE HVIE(F.OFf (LEFT, FIEHT, EDTTOI'1, TOFI FEAL) i

FROEEDURÊ HWSTFING (Sr STRIN6) !
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7é 23
77 23
78 ?3
79 2A
BO 25
at 23

83 ?f,
84 ?¡

Eé ?f,
B7 23
ÊB 23
a9 2f
9(' 23

93 2Z
94 ?f
95 ?f,
96 23

9A !f,

1C'( ?3
101 ?5
1Crî îf,

1aJ4 ?tr
lCrE l3

LQ7 2A
108 ::_
1¡t9 !3

111 ?3
t1? 2Ì
1lf, !3

115 3f,
tt6 23
717 7i

I 1? 2:!
1?O :f,
111 3f
1!¡ !f,

1?4 2::,

127 2i
l?E 23

13rl :3
1f,I ?3
1f,2 2l
133 2:
1f,4 !3
1f,5 2f
1Jé 23
ta7 21,

140 23
141 23

t44 2A

,4é 27
t47 23
t4B 2a
t49 23

131 ?3
1E? 23

2tD
2tD

3! D

4tD
4!D
4! D

1:D
lrD
5: D

E:0
5! 1

5! 2

5!0
E: rl
ê! D

ó!(r

I
1

1

t3

1

74
1

AE
I
1

E
o
o

t4
!4
l9
5í
EC'
¡
5
(r

C,

30

42
I
I
1

o
o
4

15
1g
37
4l

a9
9f,

tl9
1?é
140
140

I
è

a
L4
3ó

0
C'

L6
32
4B

EO

112
L2A
t44
lÉo
t76

PFOCEDUAE HPLOTPBINT ( XNUII, YNUIÍ ,
XÉOTTOIIL INE, YBOTTOI.IL I NE. XD MI ZE, YD I v5I ZE I FEAL ¡

CONNECTPOINÌS! ABOLEAN; FOINTSYI.IBULI HFEINTfiARtiER) i

PROEEDL,FE HDRAI¡JEF ID ( XIIAX, Xt'l1N, YHAX r Yll lN¡ REAL i
VAR XBOTTO¡1L INE, YBOTTOI'1L I NEI
XDtVSITE, YDMI ZE! REALi DOTTEDLINES: EOOLÊAN) I

PFOCED|JRE HAX I SLAFEL ( XLABEL, YLAEEL ¡ S'fRI NG) ¡

FUNCTI0N HExFO(X!REAL) r INTE6Eñi
(I RETURNS .ÎHE EXF'ONENTIAL PAFT OF X 

')BEG IN
lF X=O. (¡ THEN

HEXFO!=O
ELSE

HEXFOT =TFiUNC (LOG {AES (X ) ) +lOCr) -100;
END¡

FIJNCTION HllêNTI9SA (X: FEAL) I REALi
(* ÂE'ÍURNS lHE I'IANTISsA OF X I)
BEGTN

Hì'IANTISSA| =X/EXF (HEXFo ( X) f 2, 3('259) r
END;

I I'IF.LEIfENTAT¡ ON

¡D

:Ò

PROCEDURE HDFAWDAFI{!
(l DRêl¡lS GRIDLINES*)
VAF I ! INTEGEF!
EE6I N
HFENC0LOF(No) r
FOR I:=1 fO 7 DO

BEGI N

HñOVElo ( 21, O,9+ I *?3, (,) i
HFENCBL0R(YES) í
Hl'lovETO (27É, o. 9+I ll3. 0) i
HF,ÊNCOLOFi(NO) !
Hì.1oVEÍO (21+JÌ3I. Q! 9. O) ;
HFENEOLUFì (YES) i
HfiOVETiI ( ?1+ t tf,?, C" t9t, rl) ¡
HFENC0L0F (NOl r
ENDi

ENDi

7to
A: D

B!D
A: D

ErD
8: D

ArO
Er 1

Br 1

Br 1

B: I
A! I
E¡ I
8! I
å! t

B¡ 1

Br 1

Er 1

8r I
8¡ 1

Ar I

A! 2

A! 3
A:2

PRÞCEDURE HLINEIìFAXIS(VAR LINEVALUETHVECIOFiItAX.l'lIN:REAL) ;(ü USED BY HDÃAÞIGRID TO ESTABL1SII êI]S SCALIN6*)
VAR I, RGFTF: INTEGEFi!

DlVSI ZE, RêNEE, ÉGìÍANTIESAT RÊALi
FULLRANEE'ARFiAYI(I,. 1O] OF FEALI

EEGIN
(I 5E1-UP RAN6E POSSIBILITIES f)
FULLRANEEf0I!=1.2!
FULLRANÊEtl l! =1, éi
FULLRANEE t!l | =2. (r;
FL.lLLRêNGE ! 3l: =2.4¡
FULLFANGE l4l I =3. 2 i
FULLRANGE C ã] ! =4. Oí
FULLRANGE t6l r =4. a;
FULLRANGEITIT=ó.4¡
FIJLLRANGE t Bl r =E ¡ r:, i
FULLRANEE t 9l ¡ =12. (,t
FULLRANGE I 1('l r E1é, O;

2

3

3

3

2

c,

17ó RANGE I =EAX_I.lIN¡
t89
199 (I CHECI( FOR A CONDITION OF ZERO EXTENT })
189 IF RANGË=O. O IHEN
2Q4 BEÈIN

ÍAX!=ABS(l"lAXll.1)t
MINrC-ABS(lllNt(1. 1 ) ;

?04
22Cl
237 ENDi
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155
1Eó

1é2
1éf,

1éË

l-71)
171
\72

l7a

t77
178

1Ai:)
181
\e7
lBa
144

1Sé

1e9
1¡rc,
191
,92

¡95

!r7

?lt I
?i:r!

2!i4
2Cr5

1t,7
:0e
:rl9
ll(l
111
î1?
f1f
tt4
¡15
rl é
?\7
!18

314
?21.
???
211

727

?f,1
1r5

?J7
?37
737
237
247
249

29f,

?7ê

276
:EB

31C,
f,?rl
f,:4

f,E,l

ar7

i99
414
4¡9

5r:' 1

50e
5QÊ
508
54('
961

I
85

B5
o
('

t4
f(:)

15
1=

13
IE
15
13

(r

4:
1í
14
L4
4?
7:l

a?

1Þl
t:1

2J7

73 Er2
23 A:1
23 g!:
!3 Ë:!
!3 4;f
?f, Elf
23 Ë! r_

,-r at1,

t¡ B:f
1¡ B¡f,
1f, Brf,
!'3 8:3
!3 4:l
1¡ 6!f
?A E!4
î-r gr 5
:f A¡5

1l Br 4
i,i B: f,

îf, B!é

tf E!4
?l Et4
?:. E!f,
?f, Et4

?f, Br4
13 8!2
¡¡ A:i

_-tr BrC)
!f, Er rl
¡¡ 4rD
:,r 4:D
?f, 4rD
:: 4tD

?f, 4t !
t-Ì 4! 1

!,: 4t !

7a 4: I
?f, 4tC,
:f, 4; r:r

?1 4! ¡:t

:;t 7t D

If, 2!D

:f ?¡D

îf, ?:c

77, ?: D
3f, !:D

?:J !r 1

7i 2r I
2¡ :!?
2t 2t7
lil !: I

!.-, :! 1

t¡ ztl
?7. ?r I
?3 ît,1
73 2r ¡
?f, 2t?

REF'EAT
ÈÊctN
()I FIND A SUITAELE RANEE i)
REÍêNT l9Sê | =HIiANTISSA (RêNGE) i

F6FTRI =R6FTF+1I
UNTIL RGI4ANTISSÊ í= FULLRANGETFEF TF I I

(I I'IAI{E EACH DIV 1,/A OF FULLFêNGE I)
Dl VS I ZE: =FULLñANGE r RGFTE I / A. Cl

tEXF (HEXFO (RAN6E) 12.30?!?) i

(i DÊÎEFI'IINE 5UI-TAALE EOTTOI'1LINE I)
lF Þ1IN:)= o. r:' rHËñ

EE6IN
L I NÊVêLUE ! ()l ! =Cr, O¡
I4HILE J"IIN , LINEVALLIEt(rl+DIvSIZE DO

L I NEvALUE t Ol: =LINEVALUE I O l+Dl VS I2E i
END

ELSE
EEGIN
LlNEvALUEtnl | =r:r. C)¡

WHILE LINEVALUEtarlll.Crll > r'1IN DO
L I NEVêLUE I C' I r -L I NEVALUE!0I -DI VSI ZE¡

END i

f3 Hf,rovETo(?, c)¡ 74. Ò) I
51 i4ñlTE (FLOÌ-rEF! I DIr_.r. (r, 1. Cil t ) ¡
7f, HUJS_rFil NG ( YLABEL ) I
7E UIFII TE (FLD-rTEF, 'DI ¡ ' ) I
9¡ END;

1a'ó
1 FFOCEDUÃE HPLoIF0INTi

(X DERIVE A GFIDLINÊS *)
FoR I!=1 T0 7 DO

BEE IN
LINEVALUE! I I ! =L¡ NEVALUEI 1-1 l+DIvsr zE!
ENDI

END
(* DHÊCII THA'T THIS ÃEsULT 14ILL BE SUITAELE I)
UNTf L LINEVÉILUEtTl-L¡NEVALUE!çrl+DMI ZE )= RANGE:
ENDi

FFOCEÐURE BêY ISLAEELi
(i STFINE XF'ñE IS FRIN'IED BEFOÂE 'THE EXFONENT,

XPOgT AFTEÃ EIP )I)

BEEIN
HFENCOLDR(NO) !
HÍoVETU ( 1 ?¡]. (), -1. Lr) i
HWSTRING(XLAFEL).

(t I,JRITES A SYlfEoL AT THE REAL fi CO-ORD. (XNUtl.yNUtl)
XBOTTOI1LINE.YF¡TTOIfL]NEt XÐIVSI?E,YDIVSIZE AFE FEAL FêFT1S GENEñATED
EY DFAWGFID. THE F'OINT WILL BE DONNECTED EiY A STñAIGHT LINE 'TO THE
FREVIoUS FOINT IF CONNEC-rFO I NTS=TRUE. F0lN-rSYIBEL I5 OF IYFE
F'OIN'TÍAÊI]EFI (EIIHEF CFOSS, SOUAF|E ! OE FOINT). *)

VAR C: INTEGEñi

FE6iN
IF NOT CONNECTF'OINTs THEN

HF'ENCOLOR (ND)
ELSE

HFÊNcOLOF(YES) ¡(T CALC POSITION ON SCÑEEN *)
HflOVETO (?1 , Þ+ ( X N!.J t'1- X E O-rÌ O ÍL I NE ) ./ XDMI ZÊt3!. O,

9, O+ ( YNUI'I.YBOTTOIÍL INE) /YD I VSI ZEi?3. (') ¡
HFENCOLOR (YES) |
IF FEINTSYIIBOL : HCROSS IHEN

uJRl'rE (FLOflER,'FRo,0, 1,f,,0.O,-t,É,!O.O, 1. f,, 1 , ¡ , (1 . O r -¡, ó . (1. O , l . 3 r O . (:,; ' ) ¡IF FoINTSYI1BOL = HSOLIAFTE THEN
EE6IN
U¡Rl'rE (PLOTTEF.' FF(]. ()r l. O! -1. O, O. ()! r), (r, -?. (r, ?. ('¡ O. Þ,' ) ¡
r¡JFITE (FLOTTEF. '('. C),1. O, -1.0, O. (,, (r. Cr, -1. Oí' ) ¡
ENDi
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276 îa llf
?¡7 ?:: ?!1

242 2-1 ?!O

243 13 9! I
74è 2a ?. t
?47 73 9! Cj

î4' ?a 9: Cl

151 ?f, 10: D

?5;r :¡ 1Cr¡ ()

15f, itr 1ç, ! I

:55 :f, 10:1
1:ó ¡r- 10! 1

247 71 1O:3

259 ?-i 10 r:

:61 ?¡ 10¡ 2

764 l= 10, 1

:é9 1¡ 1Õ! 2

?7? 13 10:1
:7¡ 2¡ 111! 1

275 îf, l rl: C)

277 2:'. I(,| Cr

178 1tr f: D
?7? ?7. :t! D

1f:J I :f f,: D

?BE r_;! f,i D

:ll7 :ì.i 3: Ð

:ee :: f: D

=ec =:\ ;l: D

:91:' ;'i f,r D

t91 3; ::¡ D

it- I 13 rr 
1

:t.; s ::. :! I
,r;: :: :,t )

:':7 i.1 ::¡ I
iiiÉ :.: l: i

i!.:.: 1- ;: I
-ìJt t i:: ;i 1

il':j!' ?f, l: I
:otr :¡ r-¡ ?

f{,6 !-! frf,
7at-7 7,1 f,!¡
fC,6 2j r-! ¡i
f,{r9 !; 3rf,
I10 1r :i! f,
¡Ì 1 2: ¡:f

244

2AE

398
I
o
c'

l7
37
4l
BCI

92
92

I
I
o
CI

¡=
19
?a
34
74

a1

1?1
159
!50
15i)
191
1?A
30?
2Cr9
r-t,:'

?74
277

;c)r
\

L4
t4
!4
t4
t4
14
14
!4
14
14
IE
t1
a7
7Í

f
3

=5
L7

t7

71
!rlf
1C,7
1?:
1U rl

IF FO¡N_TSYFEOL = HFoINT THEN
BE6I N
HFENCoLEF (YÊS) l
t¡JFITE(FLOTTER,'FF(',0.r:'. 1! r), C" -r:). ?! ç). Õ\ O, 1; '| ) ;
ENDI

ENDi

FRoCEDURE DFìAHÊXIs(J' t! INTEGEF) ¡
EE6IN
H¡1oVETO (îl +J tr!. Ci,9+ I t?3, Q ) ì
HTUFN (9¡1. O) i
l-lFÊNCoLoF {YES) l
l,tRITE (FLÖTÌEÉ, 'FRCr. rl.3, Or Cr. C" -é, (l ! Cr. Cr¡ f,, O; '!) i
END¡

PFOCEDUFE 0UTLINÈi
VAñ I r IIITEGEFi
EEGIN
F¡1OVETO (11. C)r9. C') i
HFENCoLOF (Tl,JO) i
HFENCOLOFi{YES) r

FOF I:=r) TE 7 DE
EE6IN
t¡jF: I TE (F LETTEÃ" ' PFO. çr, :f,. O,3. C'¡ ¡:r. C'! -f,, rl. r), Oi ' ) i
END ì

FOR I:=c' TO 7 DO

EEGI N

l,tÂ I TE (FL OTTEñr ' F F¡:. (1. O. 
'1. 

(:'. Cr, -3. aìr (), (i, 1,. C); ' ) r

END i
FOR Ir=C' TO 7 DO

EEIìIN
WFlTE (FLOTTER. 'FFC,. (r! -!:-. C,. -:1. O! (:'. r)' 3. O' Q. i¡ ¡ ) t
END ¡

FOF Ir=r:' TO ô DO
BEGI N
ltFrI TE ( F LOTTEFì.' F F-t:, (r. O, O I O. (l ¡ r-. (:" Cr' ir r -f . (); . ) r

ÊNn¡
tiMcvETo (t?, cì,9. ¡1) I
HFENCOLOFi(NO) |
HFENCOLOFi(ONE) ¡

ENÞ ¡

FFocEDUFE HDRAulCnl Dr
(t DFAI,¡S & LêBELS A GFID SO AS TO ACCOIfODATE A SET OF FüINTE CF THE

Ex.rENT XnAX DOUJNTO XfitN ON THE X_êXI9 êND yf1Éìx DCri,Jr,tTO yfiIN ON
THE Y_AXI5. THESE DII1EN9IBNS EAN AE GENEFêTED EY DêT'IsCA¡.I OR

FIXED EY IHE F'RO6T'IêIIÍEF.
XBOTTOIIL]NE IS THE FEAL VAL.LIE OF THE LEFT-MAS] VETT, LII'JE,
YECT'IOI¡LINE ' ' LOI,IEST IIOÊ2. LINE!
XDI!5I¡E=1/E OF fHE FANEE IN X-VAI-LJES THAT CAN EE FLFTTEI',
YDIVEIZE=I/E 'Y-VALUÉF ' FLCT]I¡ ìi

LJAF RANGE. LINELAEEL: FEÉIL;
EXFLAFTEt_r l.;' r INIEGEÊi
LAETELSIR: S i al I llG I l':ì:r :

L I l\lElrir ..llË : lìFFirlYt rl. - 71 OF nEALr

EÊF1I\
HIÌ!IT'UFi_rLEI
ÉUTLÌNEi

lrr:¡xì Drl Y LINEE ¡(lifÌ)
iIL INE:TìR¡ìI 15 (LINEVâLUE. Yl.1AX. YMIN) ¡

(* FFINT Y-AII9 EXF'ONENT *)
EXFLAE¡ELr =HEXFO (L INEVALUE!: 1 l-LINEVALUETCÌl ) |
IF (EXF'LAEIEL : 2) OF (EXF'LAEEL I -I) THEi

BEG IN
HMCVETO (:,¡:r! 1:f,. O);
irlcITE (ELO--EF. !DIC'.4. 1. C'iSFc'.5r 1. 'li '):
HI¡ISTRING ('X' ) i
l¡RITE (F!nTTEF, 'SF¡ ') ;
Hl¡sTFrNO('1tì" ) i
l,lRl TE { PLOTTEFI. 'FF-1. Crt 

':'. 
(r! ' ) ¡

STF (EXFLAFEL! LÊElELSTF) t
HIISTF I NB ( LABELSTF ) !
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f,t? ?f
¡13 ?X
f,14 ?f,
;lE ?¡

at7 2a

319 !f
f,1Þ :.r,
¡!I !:-

f,?f, îf,
424 23

32ê 2A
7,77 7Í

¡14 !r-

¡-Jó !¡
:,47 ?a
f,:16 î3
¡tr9 :tr
34Q îf,
141 ::
;4! :tf,
f,4f ?f
7.44 ?:.

,-4è ?f,
J47 27,
-!44 !l
,?9,1 lf

:ri;:- ?3
f 5:- îi-

f,57 1:

1a,s ?7,
îé¡) 2X
,161 :3

:¿.¡ :¡
=,64 ?:,
3¿= ::

¡69 !¡
f70 îf
37 t 1=,

t75 ::
:.7 é ?a
177 1A

¡7? !f
fB(] 23
3Bl !f,

¡Ef ?f,
f,84 ?;i
fe5 23

¡87 ?:.
TBB !¡

l!!

f!4

:¡4

¡:1

f,: ¡

f :3
¡:1

f,! f,

3: :_

3! 4
f,r I

lté
:Jt7

!é

:! I

1! O
3!C)

1¡ C)

t-71.
186
186

191
1?l
191
zt:t4
!c'4
3!ó

3?1
ft1

a7L

494
:94
441

4ea
505

905
3!7
=tiat7

55é

59Ë

6?L
é4:,
êaê

678
681
éBt
6Êt
6Et

7t7
744
811
Ê11
e=4
aél
eéL
BE?
891
91f
t1?
9 47,

986

lrt?L
1t'11
l0!r
103¡

WñITE(FLOTTEF"' DI í' ) i
END

ELSE
EXFLAEEL! =ó¡

(T l¡ÈI1È L ABÉL I. GRID LINE *)
FOF I:-7 DOWNTo O DO

EiEG I N
HT1OVE IO (C'. Cr. I i?f,. {'+E ) i
L ¡ NELAEEL! =L INEVALUEI I l./EXF (EXPLêE EL *:. 3C'259) |
¡¡,FITE (FLOTTEF, '58O. ór 1,:r LB' , L¡NÊLAEEL: Er 2! CrlR (?) . 'SFi¡ ' ) r
( XEHÊCI{ FOR ZEñE êXI5T)
IF (êEg (LINEVêLUEII]/ (LINEVALUEIT]-LINEVALUE!C)]) ) i; o. O1)

( I{ :CI) THEN
BE6] N

|-ITUFNÌO (r1. O)t
FOF J:=A _rO E DO

EE6I N
HVI ENF OFT ( 21. Cr,1?Q, O,9. C). 192, O) i
DFAI,]AXIS(JI I)¡
l-ÌV I EI,IFORT ( (,. (). ¡91. O, O,1l ! 19:. rl) ¡

ENDi
ENÐ!

HFENCOLOR(NO) ¡
ENDI

\ EOl TOÍLI NE: -L I NEVALUE t f l ì
YDI vS I ZE: =L I NEvALUEI I I -YEOT_IOfiL I NE I

()i F'FINI X-êXIS EXF'ONENT i)
EXFLêEEL! =HEIFO (L INEVÊLUEL 1 l-LINEVALUETíl ) i
1F (EXPLABEL ' ?) OR (EXFLâBEL I -1) THEN

EE6l N

HHOVETO ( 1E:. ('! -l. O) ¡
l,rRI TE ( FLOTTEF. 'SÉo. 3 t l. O¡ r ) ¡
HUSTñING ('X") i
UIRITE (FLOTTEF! '5F¡ ' ) !

Hl¡51ËINE (' l0' ) i
l¡RI-rE (,ÉLOTTEF. " F.Fr), (r! ?, r)t ' ) ¡
STR (EXFLABEL. LAEELSTF) i
HWSTFTNG (LABELSfR) i
UIRITE(FLFTTER,' DI í' ) ;
END

ELSE
EXFLAEEL! =C,i

1* I¡RIIE LABÊL ¡. GRID LINE *)

FOF Ir=7 DOFNTO O DO
FEGIN
Hi'lovETo ( l3+ I i;13. ot :, c,) ¡
L INELAEELT =LINEVALUET I I /EXF (EXFLABEL*!. 3O!5?) !
l¡IRITE (FLoTTEF,' SRÇ. é, l, 2i LBt, L¡llELÉlËEL! ór 2, CHfi (f, )
( tEBEC|{ FOñ êXISr)
IF ( ABS (L I1\¡EVALUE T I1l (L INEVÂLUET 7 ] -L ¡ NEVALUE L I]] ) )

(]i}D) .THEN

BEGI N

HVIET4FOFT (?1. ('r ??0. Q. A. O, 19!. (r) r
HTURNTO(9i:'. O) ¡
FOF J!=C' TO E DO

EEGIN
HtlovETo (: t +I t32, 0. ?+J l13, 0 ) i
HFENCOLOFi(YES) i
l¡RITE (PLOTTERT' FR¡. C,, 0. O, -é. O, O, O, 3, O, O, Oi I ) i
END;

HVI E|¡FOF r ( O, O. ??1. (rr rl, l:,, 19f, O) ¡
ENDI

HFÊNCOLOR ( NO) i
ÊND!

lF DOTTEDLINES THEN HDFêWDAFI|¡

(*Ë*Ëf Do x-LINES Xf*tt)
HL I NEAAAX I5 ( L I NEVêLUE. XfiAX 

" 
I ¡1I N) i

'sFi') i

{ cr. i1) AND

1(r3A XEOTTOÍLÌNE: -LINEVALUEtT)l i
l091 XDI VSI ZÊ ! =L I NEVALUE l l l -XBO'rTOíL I NE i
1OéA END¡
1096

O END.
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