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HARDWARE AND SOFTWARE FOR MICRO- 
PROCESSOR CONTROLLED HPLC: INTER- 
FACING OF CONVERTERS (A/D AND D/A) 
FOR DATA ACQUISITION AND DISPLAY 

Ram P. Singhal and David B.  Smoll 
Departm+ent of Chemistry 

The Wichita State University 
Wichita, Kansas 6 7208 

ABSTRACT 

To allow direct  acquisition a n d  "real-time" processing of 
chromatographic d a t a ,  hardware interfaces and a software operating 
system are described here for  a dual-processor tiplc controller.  
The interfaces consist  of a multiplexed, analog-digital converter, 
and  digital-analog converters w i t h  bui l t - in  event marker c i rcu i t s .  
The a n a l o g  amplifiers for  the converters are specif ical ly  designed 
t o  permit interfacing o f  conventional Hplc detectors a n d  recorders 
t o  increase the f l ex ib i l i t y  of the system. A d igi ta l  logic design 
is  developed t h a t  minimizes interface servicing during "real-time" 
prograrii execution. The software operating system consists o f  ma- 
chine-lanyuaye "kernel" routines for  communication between the two 
prucessors, and high-level language programs t o  simp1 i fy  the oper- 

T h i s  i s  a secorid payer ir, i h i s  s e r i e s  [see  r e f .  12 f o r  f i r s t  payer) .  
Address a i l  correspondence t o  kPS. I n q u i r e  RPS f o r  a v a i l a b i l i t y  o f  cowple te  p ro-  

gram l i s t i n g s  on f l o p p y  a i S k  o r  ha rd  copy ( T e l :  316-605-3120). 
a re  a l s o  descr ibed i n  Lhe d i s s e r t a t i o n  o f  D. B. Smoll; i t  can be loaned from Ablah 
L ib ra ry ,  The Y i c h i t a  S t a t e  l i n i v e r s i t y .  Wich i ta ,  KS 67208. 

High-perfornidnce L i q u i d  Chromatography; LC, l i q u i d  chromatography; DHC, da ta  hand- 
l i n g  nncroconiyuter; see t e x t  t o r  o t h e r  abb rev ia t i ons .  
- Note: Apple i s  a r e y i s t e r e r i  trademark o f  Apple Coiliputer, l nc .  arid Exp lo rer -85  

i s  a r e g i s t e r e d  tradmdrk o f  Newtronlcs Research and Lieveloprnent, L td .  

Program I i s t i t l g S  

Abbrev ia t ions :  A/D, a n a l o g - t o - d i g i t a l  ; D/A, o ig i ta l - t o -ana log ;  HPLC, Hplc, 
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2662 SINGHAL AND SMOLL 

a t o r - i n t e r f a c e .  The " k e r n e l "  i s  des igned t o  p r o v i d e  t h e  necessary 
r o u t i n e s  f o r  e x e c u t i o n  o f  programs, s to rage  and r e t r i e v a l  o f  chro-  
matographic  data,  and d i s p l a y  o f  r e s u l t s .  The h i g h - l e v e l  language 
programs a l l o w  t a i l o r i n g  o f  da ta  p rocess ing  acco rd ing  t o  t h e  
a p p l i c a t i o n  b y  t h e  i n v e s t i g a t o r .  

INTRODUCTION 

Chromatography i s  used f o r  b o t h  q u a n t i t a t i v e  and q u a l i t a t i v e  

analyses o f  components (peaks) o f  a complex m i x t u r e .  

h e i g h t s ,  peak areas, and r e t e n t i o n  f a c t o r s  a r e  determined t o  iden-  

t i f y  t h e  coiliyonents and determine t h e i r  c o n c e n t r a t i o n  (1-4). 

However, manual a c q u i s i t i o n  o f  t h e  i n f o r m a t i o n  embodied i n  t h e  

chromatogram, e s p e c i a l l y  when r e s o l v i n g  a complex m i x t u r e  o f  

s o l u t e s ,  i s  slow, imprec ise,  and cumbersome. The i n v e s t i g a t o r  can 

become overwhelmed t r y i n g  t o  c a l c u l a t e ,  c o r r e l a t e ,  and analyze t h e  

da ta  generated f rom a s i n g l e  chromatogram. 

Peak 

These d i f f i c u l t i e s  prompted us t o  search f o r  a conven ien t  

The procedure shou ld  means o f  a n a l y z i n g  chromatographic  data.  

a l l o w  us  t o  c o l l e c t ,  analyze, s t o r e ,  and r e t r i e v e  t h e  d a t a  accu- 

r a t e l y  and r e l i a b l y .  Though min i  and mainframe computers a r e  used 

t o  ana lyze  and c o r r e l a t e  d a t a  ( 5 ) ,  t h e  i n i t i a l  c o s t  o f  t hese  com- 

p u t e r s ,  and subsequent a d d i t i o n a l  c o s t  and t h e  problem o f  i n t e r -  

f a c i n g  them Wi th  e x i s t i n g  o r  new chromatography equipment inake 

such dev i ces  u n a t t r a c t i v e .  Moreover, space and env i ronmenta l  

requi rements,  l i m i t e d  access, and c o m p l e x i t y  o f  t h e  equipment 

f u r t h e r  inake these  computers u n s u i t a b l e  f o r  r o u t i n e  l a b o r a t o r y  

a p p l i c a t i o n s  (6) .  

Advances i n  m ic rop rocesso r  techno logy  have p r o v i d e d  a v e r y  

power fu l  and a f f o r d a b l e  a l t e r n a t i v e .  Data base, da ta  spread- 
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INTERFACING FOR DATA ACQUISITION AND DISPLAY 2663 

sheets, and o t h e r  a p p l i c a t i o n  programs f o r  chromatography have 

been developed r e c e n t l y  f o r  a l i m i t e d  number o f  personal  computers 

(6-11). 

s p e c i f i c  da ins t rumen ts  and f a i l  t o  o f f e r  p r o v i s i o n s  f o r  expansion 

and m o d i f i c a t i o n  i n  o r d e r  t o  meet s p e c i f i c  needs o f  d i f f e r e n t  

i n v e s t i g a t o r s  employing d i v e r s e  chromatography equipment. 

However, these so f tware  packages a r e  o f t e n  designed f o r  

To s o l v e  t h i s  problem, a c o s t - e f f e c t i v e ,  microcomputer-based 

chromatography c o n t r o l l e r  and p rocesso r  i s  desc r ibed  he re  which 

a l s o  p r o v i d e s  necessary hardware and so f tware  i n t e r f a c e s .  

Recent ly ,  we have desc r ibed  hardware f o r  asynchronous m o n i t o r i n g  

o f  chromatographic  even ts  i n  " r e a l - t i m e "  (12) .  Here, hardware i s  

designed t o  enhance v e r s a t i  1 i t y  of t h e  LC/computer/processor 

system (DHC) i n  o r d e r  t o  p e r m i t  use o f  chromatography equipment 

commonly a v a i l a b l e  i n  t h e  l a b o r a t o r y .  The complete system con- 

t a i n s  s o f t w a r e  des igned t o  p r o v i d e  t h e  r e q u i r e d  so f tware  t o o l s  and 

o p e r a t o r  i n t e r f a c e  f o r  custom so f tware  development anci impleinenta- 

t i o n .  

A. Hardware Des ign  

The chromatographic c o n t r o l l e r / p r o c e s s o r  e f f i c i e n t l y  u t i l i z e s  

t h e  s p e c i f i c  f e a t u r e s  of two independent c e n t r a l  p rocess ing  u n i t s  

( C P U ' s )  l i n k e d  (programmed) i n  a master  - s l a v e  c o n f i q u r a t i o n .  

T h i s  c o n f i g u r a t i o n  o f f e r s  t h e  f u l l  advantage o f  t h e  r e g i s t e r -  

- o r i e n t e d  i n s t r u c t i o n  se t ,  t h e  expandable vec to red  i n t e r r u p t  

system, and t h e  h i g h - i n t e r f a c i n g  c a p a b i l i t y  o f  an 8085-based 

Explorer-85, employed as t h e  s l a v e  m i c r o c o n t r o l  l e r ;  t h e  mernory- 

- o r i e n t e d  i n t s r u c t i o n  se t ,  and e x t e n s i v e  so f tware  and hardware 

suppor t  o f  a 6502-bdsed Apple microcomputer, used f o r  t h e  master  
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2664 SINGHAL AND SMOLL 

microcoinputer (13-15). 

p r o g r a m i n g  c a p a b i l i t y ,  i ns t rumen t  i n t e r f a c i n g ,  f l o a t i n g - p o i n t  

a r i t h m e t i c ,  and p e r i p h e r a l  suppor t  necessary f o r  d a t a  a c q u i s i t i o n ,  

process ing,  and r e t r i e v a l .  

T h i s  arrangement p r o v i d e s  " r e a l - t i m e "  

Hplc equipment i n t e r f a c i n g  i s  achieved through ana log - to -  

- d i g i t a l  ( A / D )  conver te rs ,  d i g i t a l - t o - a n a l o g  (D/A)  conve r te rs ,  

i n t e r v a l  t imers ,  and an i n t e r r u p t  c o n t r o l l e r .  Standard i n t e r -  

f a c i n g  techniques and c i r c u i t r y  t h a t  employ r e a d i l y  ava l a b l e  

medium-scale and l a r g e - s c a l e  i n t e g r a t e d  c i r c u i t s  (IC's) a r e  used 

as desc r ibed  i n  t h e  l i t e r a t u r e  (16-18). The c i r c u i t r y  i s  designed 

t o  pronlote " r e a l  - t ime"  programming o f  t h e  E x p l o r e r  m i  crocomputer 

by m i n i m i z i n g  t h e  programming r e q u i r e d  t o  s e r v i c e  i n t e r f a c e s  and 

i n t e r r u p t s  (19 ) .  

To i nc rease  t h e  f l e x i b i l i t y  o f  t h e  analog i n t e r f a c e s ,  t h e  

analog i n p u t  a m p l i f i e r s  f o r  t h e  A/D c o n v e r t e r  a r e  des igned t o  

p e r m i t  easy and accu ra te  c a l i b r a t i o n .  

- i n p u t  c u r r e n t )  o f  s tandard  o p e r a t i o n a l  a m p l i f i e r s  (op amps) 

produces a s u b s t a n t i a l  a o u t p u t  o f f s e t  i f  some p r o v i s i o n  i s  n o t  

i n c l u d e d  t o  nu1 1 i t  ou t .  U n f o r t u n a t e l y ,  conven t iona l  o u t p u t -  

- o f f s e t  n u l l i n g  c i r c u i t s  f o r  op amps a l s o  depend on i n p u t  

c i r c u i t r y  r e s i s t a n c e  when used on DC-coupled a m p l i f i e r s  (20). 

T h i s  i n t e r a c t i o n  between n u l l i n g  c i r c u i t s  and i n p u t  r e s i s t a n c e  

comp l i ca tes  c a l i b r a t i o n  when an i n p u t - l e v e l  ad justment  i s  used t o  

a d j u s t  t h e  g a i n  o f  t h e  op amp. 

u s i n g  an AC-coupled chopper a m p l i f i e r  (21) .  

na t i ve ,  we have overcome t h i s  problem by u s i n g  a t rack -and-ho ld  

The i n p u t  b i a s  (qu iescen t -  

The problem i s  g e n e r a l l y  so l ved  by 

However, as an a l t e r -  
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INTERFACING FOR DATA ACQUISITION AND DISPLAY 2665 

d m p l i f i e r / b u f f e r  f o r  t h e  a n a l o g  i n p u t s  o f  t h e  A/D c o n v e r  e r  i n t e r -  

f a c e  c o n s t r u c t e d  f r o m  a d i f f e r e n t i a l  t r d n s i s t o r  a r r a y  I C  We f i n d  

t h i s  c i r c u i t  s i m p l e  and i n e x p e n s i v e .  I t  s a t i s f a c t o r i l y  e l i m i n a t e s  

t h e  i n p u t - b i a s  c u r r e n t ,  and  t h e r e b y  niakes t h e  o u t p u t  o f f s e t  

i n d e p e n d e n t  o f  t h e  g a i n  ad jus tn ien t  f o r  t h e  DC-coupled op amp. 

B. O p e r a t i n g  System D e s i g n  

The pu rpose  o f  a n  o p e r a t i n g  sys tem i s  t o  s u p e r v i s e  and 

c o n t r o l  computer  o p e r a t i o n  ( 2 2 ) .  T h i s  i n c l u d e s  s c h e d u l i n g  o f  

t a s k s ,  r e s p o n d i n g  t o  e v e n t s ,  e.g. ,  i n t e r r u p t s  and coinmands, and 

m a i n t a n i n g  d a t a  bases. 

nient t o  t h e  a p p l i c a t i o n  s o f t w a r e  w n i c h  can  be  c o n s i d e r e d  as 

a n o t h e r  t a s k  managed b y  t h e  o p e r a t i n g  system. 

o p e r a t i n g  sys tem f u n c t i o n s  as a sys tem s u p e r v i s o r  and makes t h e  

e x e c u t i o n  o f  a p p l i c a t i o n  programs i n v i s i b l e  t o  t h e  o p e r a t o r .  I n  

t h e  e n v i r o n m e n t  o f  o u r  d u a l - m i c r o p r o c e s s o r  DHC, t h e  o p e r d t i n g  

sys ten i  a l s o  manages commun ica t i on  between t h e  t w o  computers .  

These f u n c t i o n s  a r e  p e r f o r m e d  as  a supp le -  

I n  t h i s  c o n t e x t  t h e  

The o p e r a t i n g  sys tem f o r  t h e  H p l c  DHC d e s c r i b e o  h e r e  c o n s i s t s  

o f  two  s o f t w a r e  packages -- t h e  System S u p e r v i s o r  and Turnkey .  

The System S u p e r v i s o r  i s  r e s p o n s i b l e  f o r  commun ica t i on  be tween t h e  

E x p l o r e r  and t h e  App le  computer  f o r  developi t ier i t  and  e x e c u t i o n  o f  

E x p l o r e r  p rograms,  a s  w e l l  as  t r d n s f e r  o f  d a t a  and  programs f ro in  

t h e  A p p l e  computer  t o  t h e  E x p l o r e r  and v i c e  ve rsa .  

p r o v i d e s  a " k e r n e l "  c o n s i s t i n g  o f  i ndependen t  r o u t i n e s  w h i c h  can  

be  used  b y  o t h e r  p rograms i n  t h e  A p p l e  computer .  

d e s i g n  a l l o w s  t h e  program t o  r e m a i n  h i g n l y  u n s t r u c t u r e d ,  p e r m i t -  

t i n g  random e x e c u t i o n  o f  k e r n e l  r o u t i n e s  (23 ) .  The s u p e r v i s o r ,  

The s u p e r v i s o r  

I t s  modu la r  
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2666 SINGHAL AND SMOLL 

including the kernel,  i s  wr i t ten  in machine language t o  liiinimize 

computer memory required as well as t o  maximize execution speed 

f o r  "real-time" monitoring of t he  Explorer operation. 

The Turnkey program i s  designed t o  simplify the  operator- 

- i n t e r f ace  w i t h  t he  DHC. 

highly s t ruc tured  program. This s t ruc tu re  promotes the  constant 

use of "menus" and "prompts" t o  o f f e r  user - f r iendly  operation of 

t he  U H C  ( 2 4 ) .  The use o f  a high-level language such a s  BASIC 

allows i t  t o  be e a s i l y  t a i lo red  t o  experimental requirments by the  

inves t iga to r ,  and o f f e r s  a "floating-point" package f o r  data pro- 

ces s i  ng. 

I t  i s  wr i t ten  i n  Applesoft BASIC a s  a 

MATERIALS AND METHODS 

The computer equipment consisted of two interconnected conipu- 

t e r s  which included peripherals a n d  in te r faces .  

ment was in te r faced  d i r e c t l y  t o  a n  Explorer-85 single-board micro- 

con t ro l l e r  obtained from Newtronics Research and Development Ltd. 

(New Milford, C N )  a s  i s  i l l u s t r a t e d  i n  Scheme I.  T h i s  micro- 

con t ro l l e r  included a standard s-100 Buss System (25) and was 

modified t o  include an inverted RS-232 ser ia l -da ta  p o r t  a n d  12K o f  

RAM memory. 

were provided by modifying i t s  on-board memory-address decoder. 

The data buss,  address buss, a n d  control s igna ls  f o r  t he  i n t e r -  

faces were derived d i r e c t l y  from the 8085 CPU through the  s-100 

Suss. 

-language t o  acquire,  manipulate, and d isp lay  chromatographic 

d a t a .  

The Hplc equip- 

The f u l l  s e t  of input/output (I/O) por t  addresses 

The Explorer was programmed u s i n g  MCS 80/85 machine- 
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2668 SINGHAL AND SMOLL 

Data and programs were t ransfer red  from the Explorer t o  a n  

Apple  IIt computer through the  KS-232 s e r i a l  p o r t  o f  t h e  Explorer 

and a n  Apple Super Ser ia l  In te r face  Card (Apple Computer Inc., 

Cupertino, C A ) .  

d i sk  dr ives  and a d i s k  con t ro l l e r  and was expanded t o  a f u l l  48K 

KAN. 

was saved on a 5-inch floppy disk f o r  fu r the r  processing. Commu- 

nication between the  Explorer and Apple computers was achieved by 

programming the  Apple computer with a 6502 machine-language pro- 

gram and using t h e  Explorer 's  res ident  operating system monitor. 

The Apple computer was equipped w i t h  two (floppy) 

Once a s e t  of data was t ransfer red  t o  the  Apple computer, i t  

Other per iphera ls  of t he  Apple computer included a video 

d i sp lay  (model BM-lPAUW, 15 NHz, BMC In t e rna t iona l ,  Japan) and  a 

dot-matrix p r i n t e r  (Prowriter,  model 8510, Leading Edge Products 

Inc., Canton, MA) in te r faced  with an Apple I 1  Para l le l  In te r face  

Card (Apple Computer Corp., Cupertino, C U ) .  

The analog-output signal of t he  UV monitor was converted t o  

a n  8 -b i t  d i g i t a l  value by an Analog-to-Digital ( A / D )  i n t e r f ace  

b u i l t  with an ADC0809 8 -b i t ,  8-channel, Multiplexed A / D  Converter 

(National Semiconductor Corp.,  Santa Clara,  C A ) .  The ca l ib ra t ion  

of t he  A / D  converter was performed through a n  ampl i f ie r /buf fer  i n  

a manner t o  y ie ld  f u l l  - sca le  absorbance equal t o  fu.11 - sca le  moni - 
t o r  analog output. 

A s e t  of data was displayed on a s t r ip -cha r t  recorder a f t e r  

t he  DHC processed the  data (ISCU, model 613, single-pen recorder 

or a Linear, model 232, dual-pen recorder).  The d isp lay  was 

achieved by converting the d i g i t a l  data back t o  an analog voltage 

with a two channel Digital-to-Analog ( D / A )  i n t e r f ace .  Each D / A  
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INTERFACING FOR DATA ACQUISITION AND DISPLAY 2669 

i n t e r f a c e  channel was b u i l t  u s i n g  a DAC1020 1 0 - b i t  B i n a r y  M u l t i -  

p l y i n g  D / A  c o n v e r t e r  ( N a t i o n  Semiconductor Corp. , Santa C la ra ,  

CA) .  The o u t p u t  o f  t h e  D/A c o n v e r t e r  was a m p l i f i e d  and combined 

w i t h  an event-mark s i g n a l  u s i n g  a surnniing o p e r a t i o n a l  a m p l i f i e r .  

The c a l i b r a t i o n  o f  each c o n v e r t e r  was c a r r i e d  o u t  u s i n g  t h i s  

a m p l i f i e r ,  match ing 255, t h e  f u l l - s c a l e  d i g i t a l  va lue  o f  DHC, t o  a 

f u l l  - sca le  r e c o r d e r  va lue.  

T iming o f  t h e  program c y c l e s  (DHC)  was p r o v i d e d  b y  an I n t e r -  

v a l  T i r n e r / I n t e r r u p t  C o n t r o l l e r  i n t e r f a c e  (12). The I n t e r v a l  Timer 

w i t h  i n t e r f a c e  f u r n i s h e d  t h r e e  t o t a l l y  independent and synchro- 

n i z e d  t i m e r s  which c o n t r o l l e d  t h e  8085 Cen t ra l  Process ing U n i t  

(CPU) o f  t h e  Explorer-85 v i a  an I n t e r r u p t  C o n t r o l l e r .  

r u p t  C o n t r o l l e r  p r o v i d e d  a t o t a l  o f  e i g h t  programmable vec to red  

i n t e r r u p t s  f o r  t h e  system. 

b y  t h e  t i m e r s  and one b y  t h e  A / D  c o n v e r t e r .  The rema in ing  i n t e r -  

r u p t s  were n o t  used a t  t h i s  t ime, a l t hough  t h e y  a r e  a v a i l a b l e  f o r  

f u t u r e  expansion. 

The I n t e r -  

O f  these, t h r e e  i n t e r r u p t s  were used 

HARDWARE INTERFACE DESIGN 

A. D e s c r i p t i o n  o f  A/D Hardware I n t e r f a c e  

The hardware f o r  t h e  A/D c o n v e r t e r  sca led  analog v o l t a g e s  and 

conver ted  them t o  an 8 - b i t  d i g i t a l  va lue.  T h i s  i n t e r f a c e  had 

e i g h t  separa te  and independent ana log  channels b u t  o n l y  one 

c o n v e r t e r .  Consequently, o n l y  one channel c o u l d  be read  and con- 

v e r t e d  a t  one t ime,  r e q u i r i n g  approx ima te l y  100 microseconds. I f  

a convers ion  " s t a r t "  i n s t r u c t i o n  was i ssued  p r i o r  t o  comp le t i on  o f  
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2670 SINGHAL AND SMOLL 

a conversion, the present conversion would be aborted a n d  a new 

one s tar ted.  However, inore t h a n  one analog-input channel could be 

used since channels were independently addressable. 

required only t h a t  the conversion be completed atid t h a t  the o u t p u t  

regis ter  be read before s tar t ing a new conversion. 

1. Digital Logic 

The hardware 

The function of the d i g i t a l  logic was t o  generate necessary 

electr ical  signals for  the conversion only a f t e r  receiving the 

correct instruction w i t h  the appropriate address. The conversion 

process was in i t ia ted  with an O U T p u t  machine-language instruction 

using the address of the desired a n a l o g  channel ($00 - $07) .  

(Each hexadecimal value i s  specified t h r o u g h o u t  th i s  a r t i c l e  by a 

dollar sign before the value.) No other instructions were 

necessary until  the convers 

instruction addressing por t  

converter. 

on  was completed; thereaf ter ,  a n  

($00) read the o u t p u t  regis ter  of 

N p u t  

the 

A / D  Converter. Each analog-input channel of the A / D  

converter was Connected t o  a separate and  jndependent ana log -  

-amplifier/buffer as shown i n  Scheme 11. 

HID converter provided a total  unadjusted error  o f  20.5 LSB ( 2 6 ) .  

The reference-voltage inputs, Vref(+) a n d  Vref(-), were connected 

t o  a separate, regulated 5VDC reference supply isolated from the 

5VDC logic power supply. This provided the converter with a 

stable voltage having less t h a n  10 mv of ripple a n d  noise as 

measured between the two reference terminals. 

The use o f  the ADC0809 

Reset. The reset  logic cleared a l l  interface logic u p o n  

power u p  of the Explorer, and  i t  prepared the interface for  a con- 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
5
:
4
2
 
2
4
 
J
a
n
u
a
r
y
 
2
0
1
1



INTERFACING FOR DATA ACQUISITION AND DISPLAY 267 1 

Scheme 11. 
'Logic. Interface converts analog voltages from Analog 
Anplifier/Buffer (see Scheme 111) to  a n  8 - b i t  d igi ta l  value fo r  
use by the microcomputer. Control logic i s  shown here for  
selection and control o f  track-and-hold stage of appropriate 
amplifier. All unused logic inputs are  connected t o  t5 volts DC 
unless otherwise indicated. 

Diagram of Analog-to-Digital Converter Interface 

version "s ta r t "  instruction. The logic used the POC l ine  of the 

S-100 Buss activated on pressing the "RESET" key of the Explorer 

(see Scheme 11) .  The logic,  when activated,  cleared the Service 

Request Flag a n d  the Track-and-Hold Address latch,  thereby dis-  

abling i t s  address decoder. 
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2672 SlNGH AL AND SMOLL 

Analog Channel Addressing. The channel -address ing was 

handled b y  t h e  address ing  l o g i c  w i t h i n  t h e  A/D-converter i n t e r -  

face.  T h i s  ha rd -w i red  l o g i c  presented t h e  3 - b i t  channel address 

on address l i n e s  AO, A l ,  and A2 t o  t h e  c o n v e r t e r ' s  address-decoder 

u n i t  w h i l e  u s i n g  t h e  rema in ing  address l i n e s ,  A3  th roush  A7, SOUT, 

and PSYNC s i g n a l s  t o  generate an Address La tch  Enable (ALE) 

s i g n a l .  

address i n t o  t h e  c o n v e r t e r ' s  address l a t c h .  

a f t e r ,  on t h e  f a l l i n g  edge o f  ALE, a c o n v e r t e r  " s t a r t "  s i g n a l  was 

The ALE s i g n a l  was then  used t o  l a t c h  t h e  analog-channel 

Immediate ly  t h e r e -  

generated t o  i n i t i d t e  t h e  convers ion  process. T h i s  s i g n a l  

t i o n  r e q u i r e d  approx ima te l y  0.2 microseconds f rom t h e  f a l l  

o f  t h e  PSYNC s i g n a l .  

Track-and-Hold Addressing. The 3 -b i  t analog channel a 

was l a t c h e d  s i m u l t a n e o u s l y  i n t o  t h e  Track-and-Hold Address 

genera- 

ny edge 

dress 

Latch, 

a long  w i t h  a f o u r t h  Address Decoder Enable (ADE) b i t  b y  t h e  above 

ALE s i g n a l .  

l a t c h e d  3 - b i t  address which s e l e c t e d  one o f  t h e  e i g h t  Track-and- 

-Holds. 

analog i n p u t  t o  t i l e  A/D c o n v e r t e r  d u r i n g  t h e  convers ion.  

The HDE b i t  enabled a 3-0 decoder t o  decode t h e  

The s e l e c t e d  Track-and-Hold was used t o  p r o v i d e  a s t d b l e  

End-of-Conversion S igna l .  The c o n v e r t e r  was d r i v e n  by a 768 

kHz c l o c k  d e r i v e d  from t h e  system c l o c k  o f  t h e  5-100 Buss. 

c o n v e r t e r  r e q u i r e d  no f u r t h e r  s e r v i c i n g  u n t i l  t h e  convers ion  was 

done. A t  t h i s  t ime, t h e  End-of-Conversion (EOC)  l i n e  o f  t h e  con- 

v e r t e r  r e t u r n e d  "h igh" .  

def ined as a v o l t a g e  g r e a t e r  t h a n  t2.4 VDC.) 

used t o  s e t  t h e  Serv i ce  Request F l a g  (SRQF) o f  t h e  i n t e r f a c e  and 

The 

( A  "h igh"  c o n d i t i o n  f o r  TTL l o g i c  i s  

The EOC l i n e  was 
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INTERFACING FOR DATA ACQUISITION AND DISPLAY 2613 

t o  c l e a r  t h e  Track-and-Hold address l a t c h .  T h i s  d i s a b l e d  t h e  3-8 

decoder and a1 lowed t h e  s e l e c t e d  Track-and-Hol d t o  resume t r a c k i n g  

i t s  i n p u t .  

o f  t h e  i n t e r r u p t  c o n t r o l l e r  ( V I R Q O  l i n e  o f  t h e  SlOO Buss). 

The SRQF was communicated t o  t h e  CPU v i a  an i n t e r r u p t  

Output  Reg is te r .  The address o f  t h e  o u t p u t  r e g i s t e r  was 

p laced  on t h e  address l i n e s  and decoded b y  t h e  address-decode 

l o g i c  o f  t h e  i n t e r f a c e  on e x e c u t i o n  o f  an INpu t  i n s t r u c t i o n  

address ing t h i s  r e g i s t e r .  

t h e  S I N P  and P O B I N  s i g n a l s  o f  t h e  S-100 Buss t o  generate an Output  

Enable (OE) s i g n a l ,  which enabled t h e  o u t p u t  r e g i s t e r  o f  t h e  con- 

v e r t e r  t o  p l a c e  t h e  d i g i t a l  va lue  o f  t h e  l a s t  completed convers ion  

on t h e  Data-In-Buss. S imul taneously ,  t h e  SRQF was c lea red ,  and 

t h e  i n t e r f a c e  was prepared f o r  t h e  n e x t  " s t a r t "  i n s t r u c t i o n  and 

ano the r  convers ion.  

2 .  Analog, Ze ro -Of f se t ,  Track-and-Hold A m p l i f i e r / B u f f e r  

T h i s  decoded address was combined w i t h  

Process ing o f  t h e  ana log - inpu t  v o l t a g e  f o r  each ana log - inpu t  

channel o f  t h e  A/D c o n v e r t e r  was handled by a separa te  Zero- 

- O f f s e t ,  Track-and-Hold A m p l i f i e r / B u f f e r  as  shown i n  Scheme 111. 

These a m p l i f i e r s  a l l o w e d  t o t a l l y  independent  c a l i b r a t i o n  o f  each 

ana log - inpu t  channel f o r  f u l l - s c a l e  convers ion.  

l i n e a r i t y  of t h e  a m p l i f i e r  was demonstrated t o  be l e s s  than  0.1% 

o v e r  f u l l - s c a l e .  

The o v e r a l l  non- 

Gain Stage. The a m p l i f i e r / b u f f e r  c o n s i s t e d  o f  t h r e e  s tages 

connected i n  s e r i e s  t o  p r o v i d e  t h r e e  f u n c t i o n s  (Scheme 111). The 

f i r s t  s tage was a 60 dB g a i n  s tage  w i t h  an a d j u s t a b l e  i n p u t  l e v e l  

which p r o v i d e d  t h e  o v e r a l l  g a i n  f o r  t h e  a m p l i f i e r .  A t r a n s i s t o r  
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INTERFACING FOR DATA ACQUISITION AND DISPLAY 2675 

a r r a y  (CA3026 Dual Independent D i f f e r e n t i a l  A m p l i f i e r ,  RCA Corp., 

Somerv i l l e ,  NJ) was used on t h e  i n p u t  o f  an LM709 op amp ( N a t i o n a l  

Semiconductor Corp., Santa Clara,  C A )  i n  o r d e r  t o  n u l l  o u t  com- 

p l e t e l y  t h e  i n p u t  o f fset . .  

independent o f  t h e  g a i n  s e t t i n g  and p r o v i d e d  b e t t e r  t han  60 dB 

s u p p l y  r e j e c t i o n  a t  t h e  i n p u t .  

a d j u s t a b l e ,  p e r m i t t i n g  z e r o i n g  o f  t h e  a m p l i f i e r  r e g a r d l e s s  o f  t h e  

o f f s e t  o f  t h e  i n p u t  vo l tage .  Use o f  two temperature-conpensat ing 

d iodes i n  t h e  c o n s t a n t - c u r r e n t  e m i t t e r  c i r c u i t  o f  t h e  t r a n s i s t o r  

a r r a y  v i r t u a l l y  e l i m i n a t e d  thermal  d r i f t  a m p l i f i e r  ove r  a t h i r t y  

degree range (20 - 5 O O C ) .  

Track-and-Hold Stage. The o u t p u t  o f  t h e  g a i n  s tage was 

coupled t o  t h e  n o n i n v e r t i n g  i n p u t  o f  a h i g h - i n p u t  impedance (10%) 

T h i s  rendered t h e  o u t p u t  o f f s e t  t o t a l l y  

Furthermore, t h e  o u t p u t  o f f s e t  was 

bi-FET LF351 op amp ( N a t i o n a l  Semiconductor Corp. , Santa C la ra ,  

CA) t h rough  a FET chopper. 

t h e  t r a c k i n g  mode, h e l d  i t s  i n p u t  v o l t a g e  as l o n g  as a l o g i c  

"h igh "  s i g n a l  was a p p l i e d  t o  i t s  TTL-compa t ib le - l og i c  i n p u t .  

D r i f t  was reduced t o  10 mv/sec w i t h  t h e  use o f  i n p u t  gua rd ing  and 

a p o l y s t y r e n e  cha rge -ho ld ing  c a p a c i t o r  o f  t h i s  s tage ( 2 7 ) .  

T h i s  t rack -and-ho ld  stage, n o r m a l l y  i n  

Output  Buf fer  Stage. The f i n a l  s tage  was a matched com- 

p lemen ta ry  t r a n s i s t o r  p a i r  (TCGZgOAMCP, New-Tone/ECG E l e c t r o n i c s ,  

B loomf ie ld ,  NJ), which f o l l o w e d  t h e  o u t p u t  v o l t a g e  o f  t h e  t r a c k -  

-and-hold stage. Connection o f  t h e  t r a n s i s t o r  c o l l e c t o r s  t o  t h e  

i s o l a t e d  VRef supp ly  p reven ted  t h e  f i n a l  o u t p u t  v o l t a g e  f rom 

exceeding t h e  ana log -vo l tage  range o f  t h e  c o n v e r t e r ' s  analog 

i n p u t s ,  and p r o v i d e d  a s t a b l e  v o l t a g e  w i t h  l e s s  t h a n  10 mv of 
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2616 SINGHAL AND SMOLL 

r i p p l e  and no ise .  

- p u l l  o u t p u t  a l s o  s i g n i f i c a n t l y  reduced modu la t i on  o f  t h e  o u t p u t  

due t o  r a p i d  consecu t i ve  readings.  

B. D e s c r i p t i o n  of D/A Hardware I n t e r f a c e  

The c u r r e n t  a m p l i f y i n g  c a p a b i l i t y  o f  t h i s  push- 

The D/A c o n v e r t e r  hardware handled t h e  convers ion  o f  8 - b i t  

d i g i t a l  da ta  t o  analog v o l t a g e s  and a m p l i f i e d  them t o  a f i n a l  

maximurli v o l t a g e  o f  one v o l t  i n t o  a 10nK i n p u t  impedance. 

t h e  p o s s i b l e  e i g h t  channels  wds t o t a l l y  independent and c o u l d  be 

used c o n c u r r e n t l y .  The i n t e r f a c e  c i r c u i t r y  a l s o  i n c l u d e d  an Event 

Mark c i r c u i t  which, when addressed w i t h  an INpu t  i n s t r u c t i o n ,  p r o -  

duced a sharp descending mark on a s t r i p - c h a r t  r e c o r d e r  wherever 

t h e  pen was loca ted .  

1. D i g i t a l  Log ic  

Each o f  

The f u n c t i o n  of t h e  d i g i t a l  l o g i c  was t o  p r o v i d e  necessary 

s i g n a l s  t o  r e a d  t h e  Data-Out-Buss o f  t h e  S-100 Buss and t o  t r i g g e r  

t h e  event  marker  when addressed w i t h  t h e  c o r r e c t  i n s t r u c t i o n .  The 

D/A c o n v e r t e r  and even t  marker used t h e  same address-decode l o g i c  

b u t  d i f f e r e n t  s t a t u s - c o n t r o l  s i g n a l s  f rom t h e  CPU. Consequently, 

each p a i r  had t h e  same address ($08 - $OF) b u t  responded t o  d i f -  

f e r e n t  i n s t r u c t i o n s .  The data l a t c h e s  o f  t h e  D/A c o n v e r t e r s  were 

addressed w i t h  an OUTput i n s t r u c t i o n ,  s i n c e  t h e y  r e c e i v e d  data, 

w h i l e  t h e  even t  markers were addressed w i t h  an INpu t  i n s t r u c t i o n .  

D / A  Conver ter .  The D/A  i n t e r f a c e  i s  shown i n  Scheme I V  w i t h  

da ta  l a t c h e s  and assoc ia ted  l o g i c ,  The two most s i g n i f i c a n t  da ta  

l i n e s  o f  t h e  1 0 - b i t  c o n v e r t e r  were connected t o  l o g i c  "low", t h u s  

c o n v e r t i n g  i t  t o  an 8 - b i t  c o n v e r t e r .  ( A  ''low" c o n d i t i o n  f o r  TTL 
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2678 SINGHAL AND SMOLL 

l o g i c  was de f i ned  as a v o l t a g e  l e s s  than  +0.8 VDC. )  

m i n a l  was connected d i r e c t l y  t o  t h e  t5 VDC s u p p l y  o f  t h e  i n t e r -  

face.  The s e t t l i n g  t i m e  f o r  t h e  c o n v e r t e r  was s t a t e d  t o  be 0.5 

microseconds, and n o n l i n e a r i t y  was 0.05% -- guaranteed o v e r  t h e  

temperature range, 0" t o  +70"C (28). 

The VRef t e r -  

Reset. The r e s e t  l o g i c  was a c t i v a t e d  b y  t h e  "RESET" key o f  

t h e  Exp lo re r -85  th rough  t h e  POC l i n e .  

c l e a r  t h e  data l a t c h e s  o f  t h e  i n t e r f a c e  when t h e  power was f i r s t  

t u r n e d  on. 

o f  t h e  D/A c o n v e r t e r s  were s e t  t o  zero. 

Its s o l e  purpose was t o  

Therefore,  a f t e r  p r e s s i n g  t h e  "HESET" key t h e  o u t p u t s  

D/A Conver ter  Addressing. Addresses f o r  a1 1 D / A  c o n v e r t e r s  

were decoded b y  one 3-8 decoder u s i n g  address l i n e s  AO, A l ,  and A2 

(see Scheme I V ) .  

were decoded as  an " a c t i v e  low" Address Decoder Enable (ADE). 

T h i s  ADE s i g n a l  was combined w i t h  SOUT and PWR t o  enable t h e  D / A  

Address Decoder. T h i s  decoder s e l e c t e d  t h e  L a t c h  Enable (LE) l i n e  

o f  t h e  da ta  l a t c h e s  decoded f rom address l i n e s  AO, A l ,  and A?. 

The rema in ing  address l i n e s ,  aaaaA3 th rough  A7, 

Event Marker Addressing. The event-marker add ress ing  was 

handled i n  a s i m i l a r  manner as above, excep t  t h a t  a separa te  3-8 

decoder was used. The ADE s i g n a l  generated above and SINP s i g n a l  

o f  t h e  S-100 Buss were used t o  s e l e c t  one o f  e i g h t  Event Marker 

T r i g g e r  l o g i c  i n p u t s  o f  t h e  a n a l o g - a m p l i f i e r  c i r c u i t s .  

l i n e s  o f  t h e  S-100 Buss were n o t  used b y  t h i s  l o g i c ;  t h e r e f o r e ,  

t h e  da ta  read i n t o  t h e  accumulator  when address ing  t h e  even t  

marker  was meaningless.) 

(Data 

Data Latches. Data va lues  on t h e  Data-Out-Buss were l a t c h e d  

i n t o  8 - b i t  data l a t c h e s  when i t s  LE l i n e  was s e l e c t e d  and r e t u r n e d  
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INTERFACING FOR DATA ACQUISITION AND DISPLAY 2679 

t o  a l o g i c  "h igh " .  As a r e s u l t ,  t h e  da ta  v a l u e  was p resen ted  t o  

t h e  da ta  i n p u t s  o f  t h e  D/A c o n v e r t e r  f o r  immediate convers ion.  

2. Analog Output  A m p l i f i e r  

T h i s  a m p l i f i e r  c o n s i s t e d  o f  two i n v e r t i n g  op amps which, 

t oge the r ,  produced a n o n i n v e r t e d  o u t p u t  (see Scheme V ) .  The f i r s t  

stage, an LF351 bi-FET o p e r a t i o n a l  a m p l i f i e r ,  wds connected t o  t h e  

L)/H c o n v e r t e r  i n  t h e  usual  way ( 2 9 ) .  An o u t p u t - o f f s e t  ad justment  

was p r o v i d e d  on t h i s  s tage t o  be used t o  ze ro  t h e  ou tpu t .  

- s c a l e  adjustr, ient o f  t h e  o u t p u t  was a d j u s t e d  w i t h  a p o t e n t i a l  

d i v i d e r  on t h e  o u t p u t  o f  t h e  l a s t  stage. 

used t o  sum t h e  event-mark p u l s e  i n t o  t h e  o u t p u t  vo l tage .  

F u l l -  

The l a s t  s tage was a l s o  

3. Event  Marker A m p l i f i e r  . 

The event-marker c i r c u i t  was designed t o  be used w i t h  a 

s t r i p - c h a r t  reco rde r .  

compa t ib le  l o g i c  "h igh "  a t  i t s  t r i g g e r  i n p u t ,  b u t  r e q u i r e d  a 

minimum o f  1 ma d r i v e  c u r r e n t .  The c i r c u i t  produced a n e g a t i v e  

go ing  p u l s e  which was summed w i t h  t h e  o u t p u t  v o l t a g e  o f  t h e  D / A  

conve r te r .  The descending mark produced on t h e  r e c o r d e r  c o u l d  be 

lengthened by i s s u i n g  more than  one t r i g g e r  s i g n a l  i n  succession. 

T h i s  c i r c u i t  was t r i g g e r e d  b y  a TTL- level  

OPERATING SYSTEM DESIGN 

The s o f t w a r e  f o r  t h e  DHC c o n s i s t s  o f  separate programs f o r  

t h e  E x p l o r e r  and t h e  Apple computer. 

t h e r  subd iv ided  i n t o  o p e r a t i n g  systems and a p p l i c a t i o n  programs 

f o r  each microcomputer. The a p p l i c a t i o n  p r o g r a m  a r e  desc r ibed  i n  

subsequent papers. T h i s  work w i l l  o n l y  deal  w i t h  t h e  o p e r a t i n g  

systems f o r  t h e  two microcomputers. 

These programs can be f u r -  
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INTERFACING FOR DATA ACQUISITION AND DISPLAY 268 1 

A. The Exp lorer ’s  Operating System Monitor 

The o p e r a t i n g  systeni f o r  t h e  Explorer  was purchased with t h e  

Explorer  and i t  res idet i  i n  i t s  onooard read-only-memory (RUM). 

This  machine-language systeni inonitor decoded Icw-order ASCII cha- 

r a c t e r s  t r a n s m i t t e d  through i t s  RS-232 p o r t .  I t  provided b a s i c  

f u n c t i o n s  f o r  Explorer  sof tware  development, nieniory irtani p u l a t  ion ,  

program execut ion ,  a n d  o p e r a t o r - i n t e r f a c e .  

Explorer  a s  t h e  coiiiriiun c a t i o n  sof tware  i n t e r f a c e  between t h e  

Lxplorer  and trie Apple computer. 

It.  wds used by t h e  

Upon power-up, t h -  Explcrer  requi red  an i n i t i d l i z a t i o n  

sequence t o  i n i t i a l i z e  i t s  CPU a n d  t o  s e t  i t s  baud r a t e  f o r  i t s  

s e r i a l  p o r t .  As soon a s  t h i s  procedure was conipleted, i t s  r e s i -  

dent  systeni nionitor could t r a n s m i t  o r  r e c e i v e  over  t h e  HS-232 

chaiinel. 

B. Descr ip t ion  o f  System Supervisor Program 

The Apple computer sof tware  provided conimunicati on between 

t h e  Explorer  a n d  t h e  Apple computer using a machine-languase pro- 

gram which r e s i d e d  between $8800 arid $YGOC i n  t h e  Apple coiriput.ur. 

This Systen; Superv isor  progran; was w r i t t e n  with a iriodular design 

wich well defir1t.d e n t r y  p o i n t s  a n d  p a r m e t e r  t a b l e s .  This  des ign  

allowed t h e  use of i t s  r o u t i n e s  by h igher  leve l  languages with 

high leve l  “ C A L L ”  anu “USK” i n s t r u c t i o n s  ( 3 0 ) .  

The prograrii c o n s i s t e d  of two pr imary modes: t h e  Monitor Mode 

anc t h e  Comnmiid Iviode. 

coniriiunication between t h e  Explorer ,  t h e  Apple conlputer, d i s k  

d r i v e s ,  and o t h e r  p e r i p h e r a l s .  

\v.ittiip t h e  s u p e r v i s o r  o r  by procjrarl s o u t s i d e  of t h e  s u p e r v i s o r .  

These niodes provided necessary  r o u t i n e s  f o r  

Each r o u t i n e  WdS designed f o r  use 
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2682 SINGHAL AND SMOLL 

Uata was t r a n s i n i t t e d  f rom t h e  Apple Coniputer t o  t h e  E x p l o r e r  

o r  v i z  u s i n g  a s e r i a l  i n t e r f a c e  c a r d  as & b i t  low o r d e r  ASClI cha- 

r a c t e r s .  

d r i v e n  r o u t i n e s  t h a t  used t h e  niaskable i n t e r r u p t  (IRQ l i n e )  o f  t h e  

Apple coriiputer t o  a l e r t  i t  when data was be ing  t r a n s m i t t e d  f rom 

t h e  Exp lo re r .  The baud r a t e  o f  a l l  E x p l o r e r  - Apple s e r i a l  t r a n s -  

m iss ions  was 9600 baud ( b i t s  p e r  second). 

1. M o n i t o r  Mode 

The t r a n s m i s s i o n  r e c e i v i n g  r o u t i n e s  were i n t e r r u p t  

The p r i m a r y  mode o f  coinrriunication was t h e  Mon i to r  Mode. Th is  

iniode p r o v i d e d  a d i r e c t  o p e r a t o r - i n t e r f a c e  w i t h  t h e  Exp lo re r .  I n  

t h i s  niode a l l  alphanumeric c h a r d c t e r s  en te red  v i a  t h e  Apple key- 

board were t r a n s m i t t e d  d i r e c t l y  t o  t h e  Exp lo re r .  

was i n  i t s  r e s i d e n t  System M o n i t o r  program, t h e  A S C I I  code was 

decoded as an E x p l o r e r  M o n i t o r  Comniand. A l l  c h a r a c t e r s  t r a n s -  

w i t t e d  back t o  t h e  Apple computer were d i s p l a y e d  a f t e r  b e i n g  con- 

v e r t e d  t o  h igh -o rde r  ASCII. 

d e f e r r e d  u n t i l  a low-order  End-of-Transni ission code, p e r i o d  (52E)  

o r  dash ( S Z D ) ,  was rece ived .  Ey pos tpon ing  d i s p l a y  i n  t h i s  

nidririer, a f a s t e r  Baud r a t e  was achieved. Th is  mode was used t o  

e n t e r  and "debuy" E x p l o r e r  proyranis, t o  i ssue  cornrriands t o  t h e  

Exp lo re r ,  and t o  d i s p l a y  t ransn i i ss ions  f rom t h e  Exp lo re r .  

I f  t h e  E x p l o r e r  

D i s p l a y  o f  t hese  c h a r a c t e r s  was 

The System Superv isor  w a s  n o r m a l l y  en te red  t o  t h e  M o n i t o r  

[viode a s  shown i n  i t s  f l o w  didgram, Scheme V I .  The IKQ S e r v i c e  

Vector  f o r  t h e  6502, a t  $03FE and $03FF, was changed t o  t h e  p ro -  

gram IKQ Serv i ce  Rout ine.  The RAN memory i n  which t h e  program and 
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INTERFACING FOR DATA ACQUISITION AND DISPLAY 2683 

Scheme V I .  Flow Diagram o f  System S u p e r v i s o r  Program. 
Machine-language program r e s i d i n g  i n  t h e  Apple computer i s  respon- 
s i b l e  f o r  communicating w i t h  t h e  Exp lo re r ,  p r i n t e r ,  and f o r  s t o r -  
age and r e t r i e v a l  o f  Hplc  d a t a  on f l o p p y  d i s k s .  

data b u f f e r s  r e s i d e d  ($6600 - $95FF) was p r o t e c t e d  f rom usage f o r  

B A S I C  programs b y  changing t h e  v a l u e  o f  HIMEM ( l o c a t e d  a t  $73 - 
$74). 

t h e  Apple computer, t h e  E x p l o r e r  was i n i t i a l i z e d  and cornmunication 

between t h e  E x p l o r e r  and t h e  Apple computer c o u l d  con t inue .  

A f t e r  a space c h a r a c t e r  ($20) was s e n t  t o  t h e  E x p l o r e r  by 

The m o n i t o r  mode d i d  n o t  generate e r r o r  messages o r  codes. 

I ns tead ,  t h i s  t a s k  was de lega ted  t o  t h e  E x p l o r e r  program. I n  most 
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2684 SINGHAL AND SMOLL 

ins tances ,  when e i t h e r  an e r r o r  in transniission o r  i l l e g a l  code 

was detected,  a comrrand de fau l t  was perfornied which was indicated 

by the  issuance of a de fau l t  ( a s t e r i s k  f o r  the  Explorer System 

Noni to r  o r  a question mark f o r  niost programs) and  a new prompt. 

This was of ten  used t o  a b o r t  a mon i to r  cornmdnd, since i t  was n o t  

possible t o  e d i t  comniands in t h i s  niode. 

2 .  Coinniarid Mode 

Control chdracters ([Ctrl]) were used as cormand codes a n d  

were n o t  transmitted t o  the  Explorer with the  exception of [Ctrl 

G ] ,  [Ctrl 11, a n d  [Ctrl PI]. 

pressing the  [Ct r l ]  charac te r  f o r  t h a t  mode except when executing 

the Explorer s ing le  s tep  coninland. 

Each command mode could be entered by 

IYonitor Commands. Pressing the [Ctrl] key while typing 

another key ( cha rac t e r ) ,  entered the l e t t e r  as  a monitor coninland. 

These cornwands were used t o  e x i t  the System Supervisor proyram t o  

o ther  Apple proyrilms, t o  manipulate t he  Apple video screen, t o  

p r i n t  da ta ,  and t o  en te r  t he  o ther  command modes. 

T h e  Konitor Command mode did not generate e r r o r  messages o r  

The use o f  a n  i l l eg i t ima te  [ C t r l j  charac te r  resu l ted  in no codes. 

transniission and  a re turn  t o  the monitor mode. 

DOS Commands. The function of t h i s  coniirland mode was t o  

handle t r a n s f e r  of f i l e s  between the  Apple computer d n d  disk 

dr ives  without leaving the  System Supervisor program. The command 

s t r i n g s  consistecl of standard Apple DOS 3.3 conirnand s t r i n g s .  (For  

f u l l  descr ip t ion ,  syntax, arid e r ro r  codes, consult  the  Apple I 1  

DO5 manual.) The uecoding o f  the  cominand s t r i n g s  was accomplished 
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INTERFACING FOR DATA ACQUISITION AND DISPLAY 2685 

by e n t e r i n g  t h e  cornnianci s t r i n g s  through t h e  "GETLN" s u b r o u t i n e  

(App le  coriiyuter ROM dddress $FU6A) w i t h o u t  changing t h e  DOS 1/0 

hooks. When t h e  s u p e r v i s o r  program was used i n  c o n j u n c t i o n  w i t h  a 

BASIC prograni, t h e  ISBASRUN r o u t i n e  (SAA65) of  DOS was patched t o  

always r e t u r n  an Immediate Mode r e t u r n  code, and t h e  "ON ERR GO 

TO" Bas ic  command was employed t o  i n t e r c e p t  e r r o r s .  

DOS command mode was en te red  b y  e n t e r i n g  [ C t r l  D]. A f t e r  a 

command s t r i n y  was executed, t h e  program r e t u r n e d  t o  t h e  DOS 

comniand mode and d i s p l a y e d  a new prompt w i t h  cu rso r .  

c o n t r o l  was t r a n s f e r r e d  t o  t h e  Apple BASIC M o n i t o r  when a BASIC 

program was loaded, saved, o r  run.  

e x e c u t i n g  a "CALL -28572". 

However, 

The program was r e - e n t e r e d  b y  

The DOS e r r o r - h a n d l e r  d e t e c t e d  e r r o r s  and generated e r r o r  

messages and codes because t h e  DOS command i n t e r p e r t e r  was used t o  

decode these commands. I f  t h e  e x e c u t i o n  o f  a non-DOS command 

s t r i n g  was at tempted and t h e  DOS e r r o r - h a n d l e r  d i d  n o t  i n t e r c e p t  

i t , an "ILLEGAL COMMAND" e r r o r  was generated w i th  no a c t i o n  taken. 

The program r e t u r n e d  t o  t h e  DOS command mode w i t h  t h e  d i s p l a y  o f  a 

new pronipt and a c u r s o r .  

EOS Commands. The p r i m a r y  f u n c t i o n  o f  t h i s  cornirisnd mode was 

t o  f a c i l i t a t e  t r a n s f e r  o f  l a r g e  b l o c k s  o f  b i n a r y  da ta  and programs 

between t h e  Exp lo re r -85  and t h e  Apple computer w i t h  t h e  e x c e p t i o n  

o f  t h e  " P r i n t "  and " D i m "  cominands. Data va lues were t r a n s f e r r e d  

f rom ( o r  t o )  consecutive-memory l o c a t i o n s  i n  t h e  E x p l o r e r  t o  ( o r  

f rom) t h e  E - b u f f e r  i n  t h e  Apple computer as a s i n g l e - b y t e  b i n a r y  

number. The E - b u f f e r  r e s i d e d  i n  p r o t e c t e d  RAM o f  t h e  Apple com- 
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2686 SINGHAL AND SMOLL 

p u t e r  a t  $6600 t o  $8800 ( d e f a u l t  va lues ) .  

s i z e  c o u l d  be extended t o  $SEOO, i f  necessary, w i t h o u t  g e n e r a t i n g  

a " B u f f e r  Over f l ow  E r r o r " .  Furthermore, a " D i m "  comniand c o u l d  

f u r t h e r  ex tend  t h e  s i z e  o f  t h i s  b u f f e r  b y  lower i r rg  i t s  s t a r t i n g  

address as l ow  as $0800. ( T h i s  was o u t s i d e  t h e  p r o t e c t e d  RAM.) 

However, t h e  b u f f e r  

The EOS coirlriiand mode was en te red  by  p r e s s i n g  [Ctrl E l  and 

c o n s i s t e d  o f  f o u r  b a s i c  corninand s t r i n g s .  

" S A V E "  t r d r i s f e r r e d  t h e  b l o c k s  o f  data and r e q u i r e d  t h e  E x p l o r e r  t o  

be i n  i t s  Resident  System Mon i to r .  Otherwise, a "Command I n i t i a -  

t i o n  F a i l u r e "  e r r o r  was generated and t h e  command was abor ted.  

Once t h e  da ta  had been t r a n s f e r r e d  t o  t h e  E - b u f f e r ,  t h e  b l o c k  o f  

rdw da ta  c o u l d  be p r i n t e d  w i t h  t h e  "P I I INT"  coriirnand. 

command, t h e  " D I M "  conimand, a l r e a d l y  mentioned as a means t o  

extend t h e  s i z e  o f  t h e  E -bu f fe r ,  was a l s o  u s e f u l  f o r  s t o r i n g  

m u l t i p l e  s e t s  o f  data i n  t h e  E - b u f f e r  a t  t h e  same t i m e .  

The commands "LOAD" and 

The f o u r t h  

The conirnand s t r i n g s  c o n s i s t e d  o f  t h e  command f o l l o w e d  b y  a 

l i s t  o f  parameters. 

s i m i l a r  t o  t h e  b i n a r y  data f i l e  t r a n s f e r  DOS coniinands -- "command" 

A $ [ s t a r t i r i g  irtemory address],L$[length o f  da ta  b lock ] .  

command, on t h e  o t h e r  hand, o n l y  r e q u i r e d  t h e  E - b u f f e r ' s  s t a r t i n g  

address t o  be s p e c i f i e d .  

o the rw ise ,  an " I l l e g a l  Coininand" e r r o r  was generated. Any ommition 

o f  spaces, commas, o r  parameters produced a "Syntax E r r o r " .  

a d d i t i o n  t o  t h i s  command s t r i n g  e n t r y  checking, t ransn i i ss ion  Val i- 

d i t y  check ing ensured v a l i d  d a t a  t r a n s f e r .  

by comparing da ta  echoed by t h e  E x p l o r e r  w i t h  the o r i g i n a l  data. 

The syntax f o r  most command s t r i n g s  was 

The "DIM" 

Only these  commands were dccepted, 

I n  

T h i s  was accomplished 
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INTERFACING FOR DATA ACQUISITION AND DISPLAY 2687 

Upon detection of  a transmission e r ror ,  a n  error handling routine 

generated ail "I/O krror" message. The data count where the error  

occurred, and an error  code specifying the nature o f  the e r ror ,  

was displayed. 

The EOS commands were a l s o  written as modular routines t o  

allow use by h i g h  level programs. 

specific paraaieter locations were loaded w i t h  the s tar t ing nieniory 

dddress and byte count prior t o  a progrdm "CALL" t o  the appro- 

pr ia te  macnine language routine. 

the program returned t o  the next program stdteirient. 

level program ut.ilization of  these routines also provided the same 

transmission val idi ty  testing a n d  error  handling as i f  the command 

was issued from the System Supervisor. 

C.  Description o f  Turnkey Operating System. 

When used i n  th i s  manner, 

After completion o f  the command, 

This high 

The Turnkey program was designed t o  automate and  simplify the 

operational-interface and d a t a  processing o f  DHC. The program was 

written i n  " A P P L E S O F T  6ASIC" for  the Apple computer as three sepa- 

ra te  segments i n  order t o  conserve the Apple computer memory. The 

segments were written as prompting programs which loaded programs 

and d a t a  from menus. 

reponsible for  loading the patched version o f  DOS, loading the 

System Supervisor, a n d  in i t ia l iz ing  the Explorer was automatically 

booted i n t o  the Apple computer u p o n  power-up. 

were loaded and run by the Apple computer depending on which 

Explorer program or  procedure was selected. 

The f i r s t  segment o f  the Turnkey which was 

The other segments 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
5
:
4
2
 
2
4
 
J
a
n
u
a
r
y
 
2
0
1
1



2688 SINGHAL AND SMOLL 

The Turnkey program u t i l i z e d  the  machine-language rout ines  of 

the System Supervisor t o  autoiriatically i n i t i a l i z e  the  Explorer, 

load Explorer programs, and save chroniatographic da ta .  

t i nes  were entered w i t h  h i g h  level "CALLs" a n d  "USR" defined 

statements a f t e r  loading the  rout ine  parameter t a b l e  w i t h  "PDKEs" .  

Control was returned t o  the next "BASIC" statement i n  the Turnkey 

program a f t e r  completion of t he  Supervisor 's  rou t ines .  

de tec t ion  a n d  e r r o r  handling within the  Turnkey program were 

handled by "ON E R R  GO TO" satements. 

These rou- 

Error 

DISCUSSION 

Liguid chromatography (LC), s ince  i t s  conception, has been 

employed t o  i s o l a t e  a n d  pur i fy  components of complex mixtures. 

Information derived from chromatography has furnished quan t i t a t ive  

and q u a l i t a t i v e  information about each component. The prob.lem has 

been how t o  conveniently acquire and a s s imi l a t e  t h i s  d a t a  su i t ab ly  

f o r  rout ine  inves t iga t ion .  

co l l ec t ion ,  quan t i t a t ion ,  and charac te r iza t ion ,  we have s a t i s f a c -  

t o r i l y  in te r faced  a typ ica l  Hplc de t ec to r  t o  a dual-processor 

cont ro l led  data-handling computer ( D H C ) .  

A. Hardware for  Data Handling Equipment 

To s impl i fy  a n d  f a c i l i t a t e  d a t a  

The DHC described here can be d i v i d e d  i n  two hardware compo- 

nents -- data processing equipment and equipment monitoring i n t e r -  

faces.  

ment i s  t o  manipulate the data and control the in t e r f aces .  The 

dual-processor configuration used here o f f e r s :  ( a )  the  speed of 

The primary r e spons ib i l i t y  o f  the data processing equip- 
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INTERFACING FOR DATA ACQUISITION AND DISPLAY 2689 

e x e c u t i o n  of  t h e  register-oriented-8085-instruction s e t  o f  t h e  

E x p l o r e r ,  ( b )  and an abundance o f  suppor t  ckiips, and ( c )  a h i g h l y  

i n t e r f a c e a b l e  buss ( t h e  SlOO Buss) f o r  i n t e r f a c i n g  equipment. 

Therefore,  t h e  E x p l o r e r  p rov ides  t h e  components needed f o r  con- 

t r o l l i n g  tkie equiprrrent and t h e  data p rocess ing  r e q u i r e d  d u r i n g  

" rea  1 -ti me" . 
The Apple computer, on t h e  o t h e r  hand, coniplements t h e  speed 

and t h e  i n t e r f a c i n g  c a p a b i l i t y  o f  t h e  Exp lo re r .  

i n g  power of t h e  memory -o r ien ted -6502- ins t ruc t i on  s e t  and t h e  

sof tware suppor t  o f  t h e  Apple coniputer p r o v i d e  a " u s e r - f r i e n d l y "  

env i ronment  f o r  programming of n o n - t i m e - c r i t i c a l  p rocess ing  o f  

chromatographic  data.  

d r i v e s ,  CRT m o n i t o r s ,  and p r i n t e r s  a r e  r e a d i l y  a v a i l a b l e  f o r  t h e  

Apple computer; hence, t h e y  p r o v i d e  a conven ien t  medium f o r  da ta  

s to rage  and d i s p l a y .  

v ides  t h e  necessary components f o r  t h e  o p e r a t o r - i n t e r f a c e  t o  t h e  

DHC . 

The d a t a  process-  

I n  a d d i t i o n ,  p e r i p h e r a l s  such as d i s k  

As a consequence, t h e  Apple computer p ro -  

The i n t e r f a c e  between t h e  DHC and t h e  Hplc equipment i s  

p r o v i d e d  by t h e  equipment m o n i t o r i n g  i n t e r f d c e s .  T h i s  hardware i s  

s p e c i f i c a l l y  designed t o  meet t h e  requi rements t h d t  we e s t a b l i s h e d  

f o r  t h e  DHC. 

extended o v e r  a wide v o l t a g e  range t o  accommodate a v a r i e t y  o f  

i ns t run ien ts .  

t o  d i f f e r e n t  m o n i t o r s  and reco rde rs .  

r e r ' s  vec to red  i n t e r r u p t  system p r o v i d e s  a means t o  communicate 

e x t e r n a l  even ts  t o  t h e  E x p l o r e r ' s  CPU. Hence, e f f e c t i v e ,  asyn- 

C a l i b r a t i o n  of analog a m p l i f i e r s  a r e  s i m p l i f i e d  and 

T h i s  f e a t u r e  i nc reases  t h e  a d a p t a b i l i t y  o f  t h e  DHC 

The expansion o f  t h e  Explo- 
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2690 SINGHAL AND SMOLL 

chronous "real-time" nioriitoring of  events a n d  instruments i s  

possible. Finally, the d i g i t a l  logic of the interfaces i s  

designed t o  reduce interface servicing during the experiment t o  a 

single two-byte machine-language instruction. For example, func- 

t ions such as analog channel addressing, activation of appropriate 

track-and-hold, a n d  converter in i t ia t ion ,  are  performed simulta- 

neously w i t h  a s ingle O U T p u t  instruction. Moreover, the A / D  con- 

verters output reyis ter  i s  read and  i t s  SRQF i s  cleared simulta- 

neously with a single INput instruction. Similarly, event-marks 

are  issued, and the timers are  s tar ted and synchronized w i t h  

n~ininiuni disruption of program execution. In t h i s  manner, the 

design of the interfaces promotes e f f ic ien t  "real-time" program- 

m i n g  of the DHC. 

B. Software for Data Handling Equipment 

The hardware of our DHC i s  made available t o  the investigator 

through the operating system, 

of  interactive programs w h i c h  reside i n  the memories of the Apple 

a n d  the Explorer. A machine-language "kernel" i s  provided for  

conimunication between the two computers and the peripherals by 

System Supervisor programs. These programs furnish a means t o  

load, s tore ,  and display programs and chromatographic d a t a .  

they are  written in a modular form, the i r  routines are  a l s o  

available for  other prograins. 

This i s  achieved through a ser ies  

Since 

The other programs co-reside in the Apple computer w i t h  the 

System Supervisor. 

t i l e  operator-interface w i t h  the Apple computer and the Explorer 

Their primary function i s  t o  provide a versa- 
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INTERFACING FOR DATA ACQUISITION AND DISPLAY 2691 

using the  superv isor ' s  "kernel" rout ines .  

booted in to  the  computer a f t e r  power-up of  tkie D H C  t o  provide a 

Turnkey Operating Systeiri. 

mdke f u l l  use o f  the  "user-friendly" software Support provided 

with the  Apple coriputer. 

and can be ur i t te r i  w i t h  the  spec i f i c  laboratory appl icd t ion  in 

mind .  They a r e  designed t o  allow the  user t o  expanG the DHC's 

curren t  program c a p a b i l i t i e s .  

They a r e  automatically 

Since they a r e  wr i t ten  i n  BASIC, they 

The Turnkey programs a r e  qu i t e  f l e x i b l e  
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