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A MICROPROCESSOR SAMPLED DATA 

PFtfxEss m m m  

A micro-miniaturized d ig i t a l  processor was ut i l ized i n  the 

develop-ent of a sanpled data process controller. While general purpose 

i n  nature, the processor was  applied specifically to control temperature. 

Physically the processor was  found to be well suited fo r  industr ial  envi- 

ronrrents, a s  i t 's  relatively slow speed and high switching voltage levels 

mde it exceptionally noise humme. Successful application was found to 

be mre dependent on external software development support than anything 

else. This is because of the very limited nature of the processor i n  

terms of m r y  and input-output peripherals. 



This report doammts the application of an Inte l  KS-8 micropro- 

cessor to sampled data process control. Microprocessors are small scale 

d ig i t a l  processors w h i c h  offer  l aw cost, small s ize,  and high re l iabi l i ty  

t o  areas such a s  process control. The programring and application of 

microprocessors, hwever, present problems much different than those asso- 

ciated with miniconputer applicatims. Hence a major portion of the 

developmtwas expended solving these problems, m s t o f  which centered 

m u n d  software deve lopn t .  It was concluded that  software could only 

be conveniently and inexpensively developed with the use of a larger com- 

puter system. 

The frlCS-8 was found to be a highly rel iable unit,  and considerably 

mre inmme to e lec t r ica l  noise than conventimal d igi ta l  logic. This is 

due in par t  to its pchannel PDS construction, and i n  part  to its rela- 

t ively slw execution speed (higher speed logic is inherently m r e  sus- 

ceptible to electrical noise). 

Because of the l c w  cost of microprocessors, many new application 

areas w i l l  became feasible. But t h i s  depends directly on minimizing 

other developrent costs as  w e l l ,  notably software developmnt costs. 

The potential inpact of microprocessors on technology and productivity 

is trerrendous i f  the application problems are knmn and understood. 
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Under i n i t i a l  funding from Lawrence Livemre  Laboratory, Livemre,  

California, and l a te r  by funding from D m  Chemical, m y  Flats Division, 

Golden, Cblorado, Battelle was directed t o  undertake t m  tasks. F i r s t ,  

establish the feasibil i ty of using large scale integrated (LSI) circui t  

umputers knawn as  nricroprocessors in industrial enviromnts;  and second- 

ly to i m p l a n t  a digital brazing process controller with a microprocessor. 

This report is cancerned p r k i l y  with the l a te r  task, but discusses 

topics of the formr where pertinent. 

Applicatian Description 

The wider goal, of which this develcpmnt w a s  a part, w a s  to upgrade 

the performance of a brazing process and minimize unoertainties of the 

joint parameters. This, in turn, would reduce rejects and improve conpon- 

ent rel iabil i ty,  and would ease the problem of a caTlponent failure 

analysis. 

The braze is dDne under high vacuum, with heat applied by an induc- 

tively coupled coil. The coil  is fed by a three phase mto r -ge ra to r .  

Heating energy is controlled by the voltage applied to the g e r a t o r ' s  

primary winding. Presently the brazing tenperatwe is  uncontrolled, and 

its r i se  time varies from part  to part,  depending upon the degree of 

coupling between the heating coil  and the part. Also the tenperatwe r ise ,  

o r  overshoot, a f te r  the braze occurs is unknown. The object of closed 

loop control is to have repeatable r i s e  time and minimal overshot. It 

w a s  also specified that a post-braze tenperatme hold be maintained for 

a selectable period of &. 



During discussions of th i s  prcblem a t  Battelle i n  March of 1972 it 

was agreed that a -11 digi ta l  processor with its control program stored 

in an unchangeable type of rredia, tenred a read only memory (m)l, would 

sat isfy the requirerents of the controller for the brazing process. Reoent 

semiconductor deve lopn t s  had made available a d ig i t a l  processing unit  in 

a single integrated circuit (IC) , which was ideal for the processor re- 

quired by the controller. From this base a controller was developed using 

the microprocessor and analog input and output subsystems. The use of R@l 

for program storage eliminated the problenrs of al terat ion caused by elec- 

tro-magnetic interference (EMI) . 2 

The use of microprocessors i n  industrial applications have been 

&mnstrated to be a viable alternative to conventional control techniques. 

They offer  improvements in re l iabi l i ty ,  capability , and cost. M e r ,  

such advantages as  vastly simplified maintenance techniques (the "throw- 

may" philosophy) w i l l  minimize the necessity of errploying skil led tech- 

nicians to keep this equipment in operating order, which is  especially 

inviting a t  a time when skilled labor is beaming increasingly scarce. 

But t h i s  is the positive outlook, the negative aspects include the fac t  

tha t  d ig i t a l  processors are high technology devices, and require a t  least 

an acquaintence w i t h  the n m r o u s  technologies they touch on. The d i f f i -  

culty is that many of these areas are simply out of the realm of the aver- 

age control engineer. In other words, s m e  education and re-orientation 

of one's thinking are i n  order. For instance, the idea that  r e l i ab i l i ty  

is a functim of the switching function conplexity (i.e. the rimer of 

relay contacts) &s not hold for  microprooessors, where re l i ab i l i ty  is 

mre a function of the n- of interannections. A s  the complexity of the 

1. The actual memory used could not only be programmed, but could also be 
erased and reprogrammed indef ini tely .  I t  was read only, or unchange- 
able, i n  the sense that th i s  operation could not be done under program 
control, but took a special programing device which applied program- 
ming pulses unavai ZabZe t o  the processor. 

2. Some progrananable controZZers used core memory for program storage, 
and had problems because o f  Em. 



individual circuits  increase the n&r of in te rmmct ions  drop signifi- 

cantly, thus yielding a msiderable  re l iabi l i ty  increase. 

absolescence of the a n t r o l l e r  is minimized by (a) the universality 

of the control elemnt, and (b) the abi l i ty  of the u n i t  to be r ep rog rmd .  

The l a t t e r  feature is especially inportant with an in-place process which 

must be updat& to sore new specifications. Redesign of an existing relay 

control panel is a costly and tim-consuming task, but the alteration of a 

a n t r o l  program is a f a r  less formidable undertaking. Testirony to this 

observation is readily available £ran numrous special purpose an t ro l l e r s  

now obsolete, while mnputers procured a t  the sm tine  are still perform- 

ing valuable functions. 

Apparent contradictions w i l l  be the order of the day for  sore tirrrt 

for those recently introduced to this  area. The initial inpression one 

has of microprocessors is that  of unbridled complexity. Yet microproces- 

sors represent simplicity i t se l f .  Instead of being confronted with a 

bewildering array of semi-ccarpatible control elenmts the microprocessor 

represents a definite mve W a r d  standardization. Instead of hundreds 

or thousands of unique mmponents a control function can be performed by 

single ccarponent, the digital  processor. m y  functions can be executed 

by one processor, whose particular character is governed by the mntrol 

program. 

The control engineer who is unacquainted with conputer t e r n l o g y  

is m t  the only one mught i n  the tides of change. Engineers already ass* 

ciated with carrputer applications must accept s m  radically different 

theorems of use ("rules of t h d "  ) mncerning microprocessors. For the 

mt part  the central processor was treated as a scarce resource which 

must be utilized to the utmost. This is direct  resul t  of the cost of the 

processor and its associated peripherals. cbnsequently much effor t  has 

been expended to make programs as efficient  as possible, and t o  maximize 

the nmber of functions performed by the processor (the most i r r i t a t ing  

sight a p r o g r m r  can see is a cmputer which is m t  being used). This 

concept is being invalidated by the microprocessor, whose cost is beaming 



an insignificant factor. In other words the processor has changed f r m  a 

scarce resource t o  an overabundant resource, which can be used almst a t  

w i l l .  The irrp?act of th i s  IEW f a c b r  alo- is so imense as to defy f u l l  

consideration. 

I f  the processor is rn longer the scarce resource, what i s ?  Ui7ques- 

tionably this is i n  the cbmain of invested man-t im,  which continues to 

r i s e  and is accelerated by the rapidly changing technology. I f  savings 

are to be realized it w i l l  be by minimizing the invested man tim i n  each 

application. Specific r ecomda t ions  w i l l  be made as  hm to fully use 

microprocessors, while minimizing tk investment i n  both man-tim and 

e q u i p n t .  But it must be expected that  a greater developmnt of capabili- 

t i e s  is required than, say, relay controller design. It is only through 

the availability of pwerful developmnt tools that  the f u l l  advantage of 

microproessors can be gained. 

S m l e d  Data  Control Svstems 

Originally sampled data control systems implied the existence of a 

sampZer i n  what was otherwise a continuous system. The sampler would 

masure a continuous signal a t  discrete points i n  tim for  short inter- 

vals, thereby approximating the input with a pulse t r a in  similar to Fig. 1. 

T [ M E  T I M E  
(a) (b) 

C O N T I N O U S  I N P U T  S A M P L E R  P S A M P L E D  O U T P U T  

(4 
FIGURE I .  SignaZ samp Zing 



While sanpled data mntrol  s y s t e  still are used which contain continmus 

type components this t e r m  i s  more often applied to digi ta l  control systems 

which, by the very nature, are discrete. Indeed, it was the advent of 

practical d ig i ta l  cmt ro l  systems that motivated the theoretical develop- 

m n t  of sanpled data control. 

Unfortunately u n t i l  very recently the mst and re l i ab i l i ty  of a com- 

pletely d ig i t a l  system had a hard time conpeting directly with analog con- 

t ro l l e r s  economically. The prin-e use of conputers was not i n  the control 

loops, but i n  a supervisory role performing functions which sinply could 

not be b n e  with andlog techniques. Now,  hmever, the economics of LSI 

mke it feasible for  general d ig i t a l  controllers to conpete directly with 

their analog counterparts, a h s t  on a loopfor-loop basis. 

Feedback Control 

The initial goal was to implerrrent a single feedback control loop as 

diagramrred i n  Fig. 2. 

FIGURE 2 .  S ingle  loop feedback contro l  

The target,  o r  desired control p i n t  is R ( t ) ,  while C ( t )  is the actual 

process output, i n  this case temperature. Their difference, the control 

error  e (t) , is what the controller uses to compute the coatrol action, 

U ( t )  

A s  the time functional notation suggests R ( t )  is not a constant 

" s e t p i n t , "  but is rather a function of h, or  a the profile.  This 

allms the terrperature to be increased i n  a controlled manner during a 

brazing cycle and mkes the tenperatwe control more stable. 



The feedback control system of Fig. 2 takes on the physical formula- 

tion of Fig. 3. 

S T E P P I  I 4 G  I N D U C T 0  
+ V A R I A C  - 

M O T O R  T H E R M  
C O N T R O L L E R  Î ^̂ , H E A T I N G  - T H E R M O C O U P L E  

FIGURE 3 .  Contro ZZer i n t g r m l  view 

The tenperature, which corresponds to C ( t )  , is sensed by a themcouple, 

and is amplified and converted to digital  form by the controller. The 

control output, U ( t ) ,  is i n  the form of rotary motion derived from a 

stepping motor. T h i s  is converted to electr ical  energy by a Variac to 

ultimately supply power to a heating coil .  The independent control vari- 

able, R ( t )  , is generated internally by the controller fmm a profile table. 

Development Sequence 

While the end result  is mst visible i n  the hardware form the major 

part of the development effor t  w a s  i n  software. This includes not only 

the control program, but several other prograns written for a Battelle- 

amed SEL 840. The SEL 840 proved to be a convenient vehicle with which 

to develop the controller software, most of which was designed and opera- 

tional before any harhare  had been received. P a r t  of the SEL 840 software 

included a sirnulator for the microprocessor. With th i s  program the SEL 840 

simulated the microprocessor i n  every detai l ,  a l lwing it to be used to 

debug software for use on the microprocessor. 

Final design of the hardware was not done unti l  the software was 

conpletely operational. Th i s  resulted in  the leas t  n d r  of hardware 

design changes, and the mst efficient  software design. %nen the hardware 

was breadboarded using a device designed for this purpse by the manufac- 

turer of the microprocessor. This breadbmrd was used to find any errors 

i n  the control program, and t o  check out a data link to the SEL 840. This 



data l ink was  used primarily to load program into the mtroller (the 

program we= stored in volat i le  m r y  a t  this tire). Because all 

of these preparatory steps w e r e  taken the main task involved w i t h  the pro- 

totype w e r e  f inal  fabrication detai ls ,  as mst all the design problenr; 

had been solved. The prototype controller, mte control box, ard step- 

ping m t o r  are pictured i n  Fig. 4. 





CONCLUSIONS AND RE(DNENDAT1ONS 

The initial conclusion I have reached based on personal experience 

with E - 8  processors a t  Battelle and other installations is that  they are 

highly reliable ard relatively imnune to EMI. The only re l iabi l i ty  prob- 

lems I encountered were with the IVLM m r y  units? These exhibited a 

failure rate which w a s  unusually high (ten percent of exercised units).  

The sanple size, however, w a s  too mall (40 I C 1 s )  t o  base a firm judgmnt 

on. 

The P m ' s  were never observed to f a i l  when used properly. They are 

probably a m r e  reliable m r y  medium than the m r e  c o m n  magnetic core 

m r i e s .  The l a te r  devices are known rn be susceptible to EMI m n l y  

found i n  industrial e n v i r o m t s .  The imnunity of the PIiMvll s is due to the 

insulated floating gate on which the data are stored (each integrated 

circuit  has 2048 such gates). This gate is isolated i n  an e x t r m l y  high 

resistance material. Data are stored by avalanche injecting a charge into 

the gate by relatively high voltage pulses. Since EMI is highly unlikely 

rn duplicate these conditions the only possibility for loss of data is 

through degradation of the charge stored on the gate by leakage (it can 

also be erased with a high intensity shortwavelength ultraviolet l igh t ) .  

Th i s  degradation has been measured and found t o  take years to occur (only 

about three years data are available, with estimates based on projections 

past this point). This failure mechanism is considered to be insignificant 

as annual, or bi-annual, re-programing defeats it. 

Reliability of the processor can be further increased by minimizing 

the digital  logic external t o  the processor. A s  is explained i n  the sec- 

tion on the micro conputer set, much of th is  external circuitry is  due to 

the choice of packaging of the E - 8 .  The device is pin limited and must 

mlt ip lex data i n  and out of the processor. Much of the external circuitry 

is required rn handle this multiplexing. 

1 Vola t i l e  storage devices used for storing program variables.  

-9- 



Other Processors 

Intel  w i l l  soon introduce an inproved version of the 8008 processor, 

nubered 8080, which w i l l  eliminate these and other problems with the uni t .  4 

Furthemxe, progranrj written for the 8008 w i l l  run on the 8080 (which is 

what is called "upards conpatible") . The instruction s e t  w i l l  be expanded w 

by about 60 percent mre instructions than are available w i t h  the 8008, 

and w i l l  execute these instructions several times faster than the 8008. 

Future applications s b u l d  definitely consider other available micm- 

processors. Currently mst semicmductor mufacturers  are developing 

microprocessors, sore of which are available. An incomplete list of these 

m e s  is: 

Arrerican Microsy stems , Inc . 
Conputer Automation 

Fairchild Semiconductor 

National Semiconductor 

RCA 

RDclcwell International 

Teledyne 

Texas InstJxlmnts. 

Of these only Conputer AutcaMtion and Fackwell International have units 

available, while T e l e d p  repackages chips manufactured by sm other firm 

(as many as 30 conpanies are packaging the Intel  processors, ms t ly  the 

Mcs-4). 

Choice of the processor w i l l  increasingly depend less on performance 

and m r e  on software support. This is a sinple result  of the gemrally 

long time constants found i n  process control (high p e r f o m c e  applications, 

of course, w i l l  be an exception). In other words i f  a pmcessor can per- 

form a task w i t h i n  specified I3n-e constraints the major consideration w i l l  

be what it costs to build and program it. And since the costs of building 

the processor are decreasing the major cost w i l l  increasingly be program- 

ming (high volume applications are the exception here). 



Cbst Reduction 

Software costs can be minimized i n  a t  leas t  two ways. The f i r s t  way 

is to take advantage of vendor supplied software. This typically consists 

of programs such as  assablers, canpilers, and operating systems. S e l e e  

tion of a processor can in part  be based on the software available for it 

and the cost of that  software. Intel  offers programs written in Fortran 

to a s sab le  code for the E - 8  and simulate the E - 8 ,  ei ther as an outright 

sale o r  from a t b ~  sharing service. For us neither of those choices was 

acceptable due to the high cost. It w a s  more econanical to develop the 

s e  programs for our own conputer system. The reason for that  l i e s  i n  

the fact  that this type of program, when written in Fortran, becomes ma- 

&he dependent. The effort  involved i n  adapting the Fortran code for our 

own system plus the azquisition cost made it more econcnnical to design 

what we wanted to begin with. 

Conputer Autnmation, a minicorrputer mufac ture r  as apposed to a 

semiconductor manufacturer, based their micro design on a previous m i n i -  

canputer series. Since the instruction sets  were wnpatible, software 

developed for the ear l ier  series can be used with the micro series. Th i s  

presents the txemndous advantage of a large body of existing software. 

It must be understood that the Conputer Automation processor is consider- 

ably more p e r f u l  than the E - 8 ,  being m a r a b l e  to most miniconputers 

in a l l  respects with the exception of speed. Thus with a reasonable amunt 

of m r y  (a t  least  4K words) it is possible to operate an a s seh le r  with 

the unit. The primary disadvantage here is with the lack of high speed 

peripherals and mass storage. This can be overcome by using it i n  con- 

junction with another mnputer system already possessing those peripher- 

a ls ,  canmnicating by mans of a =dim speed data link (an asynchronous 

9600 baud interface w i l l  do nicely). 

Amther approach to take is to develop a s h d a t o r  for  the target 

q u t e r ,  and ex~cute  the assab le r  with simdator on the host m u t e r .  

This has proven satisfactory i n  the past, and has the great advantage of 

not requiring the availability of the target conputer. The value of a 

good sirmilator, i n  this and other respects, should not be under-estimated. 



Alrrrost a l l  of the software developmnt for this project was done in this 

fashion, with few changes when run on the actual processor. I f  this ap- 

proach had not been taken a delay of between om and two mnths would have 

resulted. In addition, program changes can be tested with the simulator 

before they are installed i n  the field. I f  the process operation is criti- 

cal ,  o r  the tim to deliver and in s t a l l  a change lengthy, this alone can be 

justification for the simulator's development. 

The other area where softwxe development aosts can be saved f a l l s  

in the category of remte s i t e  assistance. Generally the application pro- 

cess w i l l  be physically separated f m  the research and developmt loca- 

tion, perhaps by thousads of miles. Thus it may be inconvenient, o r  

patently impractical, to make repeated t r ips  to the host computer for pro- 

gram changes and re-assertblies. Yet the use of these fac i l i t i es  is very 

useful for such purposes as  . program debug . Equipmt installation . Program danges . Process alterations. 

The obvious conclusion is som sor t  of data link between the host conputer 

and the process control site. Where it is infeasible to in s t a l l  a dedica- 

ted aormmications l ine  the telephone lines can be used. This requires a 

data mdulator/damdulator (rmdem) a t  each location. The use of switched 

telephone l k s  for data transmission involves well known problem. These 

problems can and have been solved by the use of error checking techniques. 

The teletype interfacse can be used to oonplete the data link from the modem 

to the ES-8 processor (the se r ia l  data f o m t  is c ~ t p a t i b l e  with mst 

mdems) . In th i s  case the Teletype cannot be used while the modem is 

cannected to the processor. A seaond telephom l ine  would be necessary 

for the operators a t  each end to ccamnunicate. Another alternative is the 

addition of an interface dedicated to the mdem so that  the Teletype would 

be on-line with the processor while the corranunications link is established. 



The p r i m r y  use of the data link would be to load program i n  writ- 

able storage (RAM) , but  other  uses c m  t o  mind. For instance, by means 

of the recessary "operating system" (mt to be confused with operating 

sys tem developed fo r  larger  systems) the system developer could mnitar 

ard change program data ard p a r m t e r s  during operation. A t  present t h i s  

can only be dore by stopping the  processor ard, hence, the process. 

Packaging 

Packaging and interface h a r h a r e  can eas i ly  dwarf the cos t  of the 

microprocessor, its peripheral logic,  and remry. And adapting a particu- 

lar microprocessor to a package configuration consistent with the user's 

usual electronics packaging can be an expensive proposition. Packaging 

alone can sway the choice from a lwer cost, higher p e r f o m c e  processor, 

merely because the older  processor is already available i n  a desirable 

package. 



The controller rack munts and is equipped w i t h  ba l l  bearing slides 

w i t h  a t i l t - lock mchanism. Other than physical proximity to the brazing 

process the only consideration need be given W a r d  pl-t is the availa- 
.I 

b i l i t y  of free air f l w  behind the unit .  The box has tm fans, one for 

blwing cool air i n  ad the other for  exhausting hot air. The input fan 

has no f i l t e r  so i f  instal lat ion is i n  a dusty area it my  be w i s e  to add 

a f i l t e r  t o  this fan. 

Cables 

The unit has three cables which mate  to the controller via two comc-  

tors. The andlog input uses a special twisted pair  shielded cable a d  

three conductor coaxial m e c t o r  (both manufactured by Tmmpeter Electron- 

i c s ) ,  J56, for  minim11 e lec t r ica l  noise pickup (Fig. 5 ) .  

The other two cables are for  the remte control box ad the stepping 

motor. They both use J53, control outgut, for  mt ing to the controller, 

and are both ten fee t  long. 

Stepping mtor 

The HS-50 stepping motor requires a 15 volt,  6 anp p e r  supply, 

m e c t e d  by terminal s t r i p  J55 (Fig. 5) . I f  desired, the power can be 

provided by tm 15 volt ,  3 anp supplies. Good regulation of this p e r  is 

not necessary, a brute force regulated supply is mre than sufficient.  

Sixteen gauge w i r e  should be used i n  the power distribution. 

The program is designed to have the mtor connect directly to a 

Variac, or equivalent. The control output is limited to 180 degrees maxi- 

mum rotation for  this reason. I f  the 85 oz-in torque of the mtor is insuf- 

f i c ien t  to rotate the shaft,  gearing can be added, but this w i l l  require a 

Program change* 

Because there is no feedback from the stepping motor it is necessary 

for  the program to rotate the mtor fa r  enough i n  CCW direction to reach a 

travel limit. After this in i t ia l iza t ion has been acccxrplished the program 





rraintains the mtors position by counting a l l  output pulses, un t i l  heat is 

tD be shutoff follawing the braze mlt. A t  this tim in i t i a l i za t ion  is 

repeated tD assure no accumulating error. A l i m i t  switch is sensed by the 

program to prevent excessive rotation of the Variac. 



OPERATING INSTRUCTIONS 

N o m 1  Operation 

-When p e r  is f i r s t  applied to the controller it w i l l  be necessary 

to restart the unit by pressing the switch an the front panel. This w i l l  

also in i t i a l i ze  the ccmtrol program and return the stepping mtor to ham 

position, so that i n  the event of an errergency automatic control can be 

shut off by pushing the restart switch. 

Usually p e r  w i l l  be on and the program running. Under these con- 

ditions the operator need m l y  be concemd w i t h  the pushbutton switches 

on the mte control box. A brazing cycle is ini t iated by pressing the 

START switch. This mmmnds the controller to raise the tenperature up 

to the brazing point a t  a preset rate (see Adjustrtlents section for dis- 

cussion of this and other control settings).  me a t  the brazing tertpera- 

ture the controller w i l l  hold indefinitely a t  this tenperature u n t i l  the 

operator signals that rrelt has occurred by pressing the MELT switch. This 

causes the controller to continue holding for  a pre-set time period, a f t e r  

which the heat is shut cap le te ly  off.  

Controller adjustmnts are located inside of the enclosure tmards 

the front on the r ight  hand side (see Fig. 6)  . Adjustrtlents include three 

gain control po t en t imte r s  for  the feedback ampensation and two data 

entry switches for profile control. The parmeters determined by the l a t e r  

two switches set the ra te  of rise (in minutes to reach brazing terrperature) 

and the hold tim follawing the braze m e l t  (in tens of seconds) before 

heat shut-off. The hold t i w  may not be set a t  zero, as  the program w i l l  

t r ea t  this situation incorrectly. 

Control Response Adjustmnts 

The gain constants associated with each of the three different con- 

t ro l  actions: proportional, integral, and differential,  are set by the 

previously mentioned potentiomters . For satisfactory aperation these 

controls must be set correctly, o r  ei ther  under-control or unstable re- 

sponse w i l l  result.  Many references in the l i tera ture  describe techniques 





for setting these controls, b u t m s t  assum. detailed characterization of 

the controlled process. The rrethod given here anticipates the absence of 

this knmledge, and only requires a s t r i p  &art recorder attached to the 

terrperature feedback signal (f ull scale should be 50 m) . 
One note of caution: the response of any particular brazing setup 

w i l l  be affected by the degree of coupling between the heating m i l  and 

the part. The control response should take this into acmunt by being 

set on the cmservative side. Otkrwise a test part  with adequate mupling 

my control w e l l  when a production part  with poorer mupling is part ial ly 

unstable. Str ip dmrt records of the tenperature profile should be rrain- 

tained for the f i r s t  few parts fol lming an adjustmnt for  this reason. 

Proportional Gain. The bulk of the control response w i l l  undoubtedly 

be proportional, that  is the mntrol  output (the m u n t  of heat being ap- 

plied to the part) w i l l  be proportional to the difference between the de- 

sired profile temperature and the actual (rreasured) terrperature. The 

important thing to note is that there must be sorre tenperatme error to 

produce any proportianal response. Thus for  any terrp?erature other than 

arbient with proportional response only, a steady state tenperature offset  

w i l l  exist.  Increasing proportional gain w i l l  decrease the m u n t  of the 

offset,  but can never ful ly eliminate it. A t  som point further increases 

in proportional gain w i l l  cause the system ta go unstable and oscil late  

(this is called the ullimte proportional gain). A reasonable propor- 

tional gain setting is half this value. Fig. 7 represents the effects 

of increasing proportional gain. The third adjusbrmt is the u l h t e  
gain setting, and the process is i n  continuous oscillation a t  this 

p i n t .  

Integral Gain. The offse t  error that  accorrpanies proportional-mly 

mntrol  can be eliminated by the introduction of integral mntrol.  The 

mntrol output in this mde is. proportional to the integral of the mntrol  

error. Thus'even a smdll offset  w i l l  integrate over scme time period to 

a sizable control response. In  fact ,  any degree of integral control has 

inf in i te  gain for  dc mntrol  errors. The integral gain mrely  determir~s 

the ra te  a t  which integral a c d a t e s .  



The infinite dc gain of integral (also known as reset) control a l l m s  

it to reduce the steady state error to zero, but the 90 degree phase lag 

it adds tends to make the closed loop system m e  unstable. For this reason 

it should be used sparingly. After the proportional gain is set ard the Y 

steady state error is hmn, the integral gain can be increased to observe 

its effects. This is illustrated by Fig. 8, where the cycle was allowed g 

to reach the holding terrperature before the integral gain w a s  adjusted. 

This allows for a constant se tpoint  tmpra ture ,  thus avoiding the intro- 

duction of another variable paramter during the adjus-nt. When the 

integral gain is f i r s t  increased it w i l l  begin integrating the offset 

error which presently exists. This w i l l  increase the a n t r o l  output, 

causing the temperature to increase. When the terrperature reaches the 

setpoint of the profile the error has gore to zero, but the integral m y  

have accurrnzlated mre than necessary. To reduce the excessive integral 

the tenperatme must go d o v e  the profile to integrate in the apposite 

direction. The ret effect  of this is the darrped oscillation irdicated by 

Fig. 8. Further increases of integral gain w i l l  make the oscillations 

continwus and, then, unstable. The ideal integral gain (or inteqratim 

rate)  w i l l  match the response of the process such that l i t t l e  o r  no ova? 

shoot results f r m  th i s  adjustment. 

Differential Gain. T h i s  control mde responds to the differential 

of the an-1 error. Its p r b a q  use is to optimize the dynamic perfor- 

m c e  of the cantroller to fas t  changing setpoints and processes. This 

applimtim does not require such performane so its use may not be neces- 

sary. Certainly unti l  mre operating e p r i e n c e  is gained it should not 

be used because interaction of a third paramter makes adjus-t m r e  

difficult.  However, because differential a n t r o l  has a 90 degree phase 

lead it can, to s m  degree, oounteract the instability of the integral 

control's phase lag, i f  this is neessary (it probably w i l l  not be). 



T E M P E R A T U R E  SUSTAINED OSC ILLATlaUS 

FIGURE 7 .  E f f ec t s  o f  various proportionaZ gain se t t ings .  

T E M P E R A T U R E  

PRDPORTIONAL CavlROL & PRlFQRTION4L iW3 INIEGML CCNlROL 
aULY 

FIGURE 8.  Adjustinq inteqral control. 



The m l y  periodic preventive maintenance which the a n t r o l l e r  re- 

quires is occasional oi l ing of the -ling fans and analog-*digital a n -  

verter calibration. A l l  other maintenance w i l l  involve ei ther "tuning" 

the control paramters (detailed i n  the Operating Instructions) or repair- 

ing a failure. Because the a n t r o l l e r  is considerably mre sophisticated 

than it f i r s t  appears a m r e h e n s i v e  set of procedures for verifying 

operating and detecting failures is included. 

Digitdl Process Simulator 

The k d i a t e  concern in the event of a mlfunction is  the positive 

isolation of the source of the difficulty. For th i s  and other reasons a 

digi ta l  process simulation was designed and fabricated which permits mst 

of t k  a n t r o l l e r  functions to be checked out independent of the other 

anponents in the systm. While not intended to be foolproof, th is  tech- 

n i q ~  can identify mst cantroller failures. 

Connection of the simulator is mde through a cable card annector 

which plugs into card position 37 (Fig. 9)  accessed through the top a v e r .  

It  is recessary to turn the controller p e r  off and disconnect the tern- 

peratme input cable (J56). The simulator should never be connected or 

disconnected with controZZer power on. I f  it is necessary to disable the 

stepping mtor for any reason, so by turning off the translator p e r  

to t e r m i n a l  s t r i p  J55, ard rut  by disconnecting only the mtor. 

The analog output ( a r r e s p d i n g  to tenperature) of the simulator is 

mde available by the two terminal posts on the s imla tor ' s  box (Fig. l o ) ,  
and varies between 0 ard +10 volts. The best method for observing this 

signal is w i t h  a s t r i p  chart rearder .  

T e s t  Programs 
* 

The interface circuitry can be largely checked by uti l izing the pro- 

cessor and a Teletype. This is a n e  by using the O c t a l  Debug Technique . 
program (OM') to enter sbrt test program into randm access mmry (RAM) 

from the Teletype and execute them. Fig. 11 shms the a n t r o l l e r  connec- 

ted to a video terminal i n  place of a Teletype, along w i t h  instrunentation 

used during calibration. 









Testing of the input f a c i l i t i e s  is eased by use of the octa l  output 

routine, OCTAW, contained i n  the OIX program i t s e l f .  This routine types 

a space and the value of the A register  as a three d ig i t  octal  nunber. It 

is executed by any subroutine call, such a s  

10 6 CALocTALP 

307 

000. 

T k  BCD and control switches, for  instance, are examired mre ly  by input- 

t ing their se t t ing  and typing it out  i n  octal.  

Exercising the MUX-ADC is a l i t t le  mre involved. It requires 

set t ing the multiplexer and m m g  a mnversion. A BCD switch is con- 

veniently used to select the input line (only 0 through 3 are used) by 

reading its value ard outputting it to the multiplexer mntrol  register.  

The real-time clock is tested simultaneously with the ADC by waiting for  

it to set before amnanding a mnversion and resetting the clock flip-flop. 

A Teletype, however, is not  f a s t  enough to keep up with the clock rate 

(10 Hz),  but the real time clcck must be operational for  any output to 

occur. 

The stepping mtor has no feedback which can be examined, but can be 

tested i n  two ways. F i r s t  the mtor can be single stepped i n  both dire<;- 

tions by pushing "A" for  CCW and "B" for  CW rotation. It m y  be mnvenient 

to use a masking tape "pointer" on the mtor shaft  a s  a single s tep (1.6 

degrees) is d i f f i cu l t  to &serve. A typical mtor fa i lure  w i l l  involve a 

single winding (usually the p e r  driver is the ampnen t  which goes). 

In this si tuat ion the mtor m y  m t i n u e  to rotate, but in an e r r a t i c  

faskion. Single stepping w i l l  reveal this as two steps i n  one direction, 

ore reversed, and OIE with no mt ion  a t  all (four steps are required to 

canplete a f u l l  sequence). The mtor still turns because the net  sum of 

m t ion  w i l l  be in the ammmded direction, but a t  OIE fourth the mrrect 

m u n t .  Speed is a lso  limited so that it may stall when operated a t  norm1 

speeds 

Contintnus mt ion  is best checked w i t h  the mtor disconnected from 

the load. F r i c t im  clanping can simulate the load's torque r e q u i m n t s ,  



but w i l l  not usually be necessary. The test program reads the Teletype 

input character (which is available unt i l  another is typed) and outputs it 

as a stepping ccnmnnd. As befare an "A" causes CCW motion aTld a "B" CW 

motion, a "DM w i l l  stop all motion. The stepping rate,  200 Hz, is fixed 

by a so fbare  delay of s l ightly less than 5 millisemds. 

Calibration 

Tb assure an accurate correlation between the thenmmuple tapera-  

ture and the internal d ig i ta l  representation the input anplif ier  and ana- 

log-digital converter w d  periodic calibration of approximtely once a 

year. This task w i l l  require the following pieces of equiprent (see 

Fig. 11) : 

Fkference p e r  supply, 0.01% 

Precision divider, 0.01% 

Digital voltmeter, 0.01%. 

The reference voltage is divided by a suitable factor, such as ten to 

provide an input to the controller from zero to 40 millivolts i n  0.1 

mil l ivolt  steps. The d igi ta l  voltmeter verif ies  the correct gain of 

the conbined arrplifiers with calibration data i n  psxxdix D. 

The analog input test program, with the arrplifier input selected, is 

used to conpare converted values w i t h  the above calibration data. 

Since the arrplifier gain is fixed the use of the digi ta l  voltmeter 

is an optional &uble check. Small variations f r m  tabulated values can 

be corrpensated for  by the analog-digital converted (ADC) . Larger varia- 

tions indicated a fai lure o r  a d r i f t  in a mrrponent value. In  this case 

the particular arrplifier a t  f au l t  should be identified (the f i r s t  arrpli- 

f i e r  has a gain of 10 and the second a gain of 25) and repaired. 

The ADC has two adjusbrents, one for  zero and one for  f u l l  scale 

trimning (see LED 69-901184). These adjustments w i l l  a f fec t  only a few 

d ig i t s  change i n  the data l i s t ed  in the cal ibra t im table (only eight of 

the mitts twelve b i t s  are tabulated because this is a l l  tha t  is used in 

the control program). Adjustments which are greater than this range 

cannot be made by these po t en t imte r s  and indicate a gross malfunction 

which should be repaired. Any adjustments which are mde should u t i l i ze  



the f u l l  twelve data b i t s  to afford the longest term calibration ( fu l l  

scale of 42.38 ns can be a s s m d  equal to 377.7408 for th i s  p q s e ) .  

Oscilloscope Waveform 

The general s tatus digi ta l  and program logic can be determined £ram 

a few waveforms. Any oscilloscope with a dual trace feature can check 

this. 

The real- t i re  clock w i l l  always be running except forone second after 

a restart. This signal, a t  pin 26-R, is triggered by a ten Hertz clock on 

pin 26-N (see Fig. 1 2 ) .  The processor continually sarrples this signal, and 

once it is triggered the processor resets it (pin 26-L). 

REAL TIME CLOCK (26-R) 2 
10 HERTZ CLCICK (26-N) 2 

RESET (26-L) -uu 
FIGURE 12 .  Real Time Clock Waveforms. 

Much informtion about what the processor is doing and when is 

available frcm the irgut  mlt iplexer mntrol signals. To synchronize 

these signals with a particular p i n t  i n  the program the Real  T i m  Clcck 

signal (26-R) is used to trigger the oscilloscope. The signals i n  Fig. 13 

are typical for  a cycle a f te r  the push of the STAKT button. About seven 

milliseconds a f te r  the resetting of the Real T i m  Clcck the reset signal 

w i l l  pulse three tims. Th i s  is the triggering of the A X  for each of 

the three control paramters for  use in  calculating the output response. 

Be-tneen 20 to 25 milliseconds a f te r  the start of the cycle output pulses 

to the stepping mtor w i l l  appear ( i f  there is a change in  the control 

output). These pulses my be CW (38-B) or  CCW (38-A) during any cycle, 

but w i l l  never be both. The pulses w i l l  be separated by 5 millisecond 

intervals, and can never exme? 175 total (an urJikely nmber, with a 

hzen  or less being mre typical) . Once all output steps have been 

caminded the processor w i l l  r e s m  sarrpling the Real T i m  Clock with 



the status input signal (23-3) . Since this signal is absent during the 

calculatims the execution time during any cycle can be observed from it. 

REAL T I M E  
CLOCK ( 2 6 - F )  n 

RESET 
( 2 6 - 1 )  - 

1:IPUT DATA 
( 2 3 - 1 )  1 1 1 1  

I i l P U T  STATUS / 1 l i  1 
( 2 3 - 3 )  

OUTPUT STEP 
(%A, B) 

1 

FIGURE 13. Data Mu 2 t i p  Zexer Waveforms. 

Maintainina the Processor 

Much of the previous maintenance &perxis uqpn the processor being 

operational so that a t  least  the OM! program can be run. In the event 

that the processor is not operational procedures are needed for diag- 

nosing and repairing the mlfunction. 

One sirrple technique is to replace al.1 cards associated with the 

processor one a t  a  ti^^ until the facil i ty card is isolated. The nine 

cards i n  positions 18 through 26 are those which must be exchanged. T h i s  

technique w i l l  only work i f  the failure is  on one of these nine cards. 

If it is on another card,or i f  it is i n  the wiring (it is  possible for 

tk m m r  of a wire wrap pin to cut through the insulation of a w i r e  

held against it with excessive tension),this technique w i l l  only indicate 

that the problem is  not on these cards, which is valuable infomt ion  i n  

i tse l f .  

While the particular problem may dictate the nature of the problem 

it is wise to ascertain the follming i t e m s  

1. Both p e r  supplies, +5 and -9 volts, are within tolerance. 



2. The two phase clocks are running and i n  tolerance (see MCS-8 

manual o r  LEA 68-9068-94D) 

3. The Sync signal (19-W) is running a f te r  pushing restart 

4. The Wady line (19-19) is lm. 

Single Stepping - I f  the follming procedures do not locate the pmb- 

lem it w i l l  be necessary to examine operation on a step-by-step basis. 

'RE processor can be single stepped by pulsing the READY l ine  (19-19) w i t h  

a lm-true pulse. For this purpose the wire to ground was remxred ad 

wired to an inverter a t  22-V. W i t h  the input disconnected the output w i l l  

be low and the processor w i l l  run normally. W i t h  a pulse generator con- 

nected to the input on the digi ta l  sinailator which generates a positive 3 

to 5 volt  10 microsecond pulse the processor w i l l  acecute one instruction 

cycle for  each pulse (see Fig. 9 for  the setup of this equi-t). If  

the generator is set for  single pulses the processor can be easily single 

stepped through a program. Also the program can be executed a t  the repiti-  

t ion ra te  of the generator. The effect  of this is best observed by operat- 

ing the Om program a t  a slow speed w i t h  an aperational processor. 

Single stepping and slow speed execution by thanselves are of l i t t le  

value without address and data display. LLL has available a card which 

plugs into one of the m r y  s lots  which displays the address and m r y  

output data w i t h  l igh t  e t t i n g  diodes (LED'S) . But to be useful this 

informtion must be properly interpreted, for  which a program l i s t ing  and 

an J!43-8 mual are useful. 

It must be remrrbered that  the address information serves a rrolltiple 

purpose. Not only is it used for  the instruction address, but it also  is 

used far  1-0 i n s t n ~ ~ t i o n  deoode ad accumlator output data. Further for  

mdt iple  cycle instructions data and address fetches rmy be required. The 

breakdown of each ins t ruct im on a subcycle basis is tabulated in the 

KS-8 U s e r ' s  Manual. An instructim set s m  is on the inside rear 

cover. 

Wl? - If  the Om program does not respond to input usually ei ther  the - 
asynchronous receiver/transmitter is r a t  functioning (card 21) o r  the input 



rtolltiplexer is not properly inputting status (card 23). I f  data available 

(21-2) do not go high af ter  pushing a Teletype key check that  ser ia l  data 

are actually being sent by examining both 21-W and 21-19 (refer to LEA 6 8- 

9068-99C). I f  the ODT program does not properly recognize the character 

check to see that  the clock on 21-14 is 1760 Hz. I f  the clock ra te  is  

right,  OIE of the data lines, ei ther beween the UART and the rtolltiplexer 

or  tk multiplexer and processor, has been damaged. ODT my  reaognize 

s m  characters and not others, which w i l l  point to a particular data b i t  

(for instance an apen line w i l l  have the effect  of a high signal, which 

w i l l  work for these &aracters that agree i n  this b i t  position). 

Pkrmry - I f  ODT, tk processor, and the interface e q u i p n t  function 

properly but t k  tenperatme control program f a i l s  i n  some manner the mem 

ory my be a t  fault.  b&mry consist .  of both random access (RAM) and 

pmgramnable read-only (PFOM) n-emry, so each must be checked separately. 

RAM is checked easiest by replacing it (be sure that  the three junp- 

ers of the replacerrent are identical to the original).  I f  this does not 

solve the problem, yet the RAM is k n m  to be the problem (as can be 

detennined by a test program which must be entered i n  another RAM) , the 

next step is to check the address b i t s  and the read-write control line. 

The l a t e r  must pulse high to w r i t e  data, but also must stay low a t  a l l  

other tirres. 

The PRX presents a more di f f icul t  situation, but has also demnstra- 

ted to be mre  reliable from the ah i t t ed ly  s ~ l l  sample size with which 

w e  have w o r k e d .  T h e  difficulty is that spare P m '  s written w i t h  the 

con-1 program (it takes four) m y  not be available for replacemnt. 

Assuning this to be the case, one of Wo techniques my  be used to check 

the PW3M out. 

I f  a mnputer is available with a synchronous interface of suitable 

speed (a t  leas t  600 baud) a program i n  the host corrputer can do a word-for- 

word w a r e  of the PW3M to a program tape using ODT. Such a program has 

mt  been developed for this project, but one designed to link the MCS-8 to  

an SEL 840A could be readily adapted for this purpose. 



I f  th i s  is not practical, the slw speed execution technique may be 

used to detect hard program failures ('hard' is used to describe those 

changes in the program which cause a mnplete stoppage of execution, such 

as a jmp to an unused page of m r y )  . By restarting the program and 

a l lwing it to approach the p i n t  of failure slawly the approximte ad- 

dress of the failure can be determined. Although it is only necessary to 

determille the page i n  which the mmry change is located the exact loca- 

tion can be deduoed by close examination w i t h  Om. 

A 'soft '  program failure is mre dif f icul t  to identify since f u l l  

operation is not defeated. Further it my  be erra t ic  sin= only certain 

number sizes m y  be affected, for exanple. The best bet here is to start 

execution and stop it periodically to examine the program variables i n  

F4M with OM'. The program nust be manually restarted a t  4415* to avoid 

program init ial izat ion ea& tinre. Only experience and a thorough knwledge 

of the control program &e this  feasible, hwever, as these variables are 

only the effects, and not the causes, of the failure. 



C o n t r o l l e r  7 x l 9 x 1 5 i n  
Remote control box cable 1 0  f t  
S t e p p i n g  motor cable 1 0  f t  
Analog input cable 15 f t  

A.C. : 120 v @ 
D.C.: 15 v @ 6 a 

Analog Input 

Bardwidth : 
Iqedance : 
CMRR: 
F u l l  scale Vol tage:  
Connector:  

1 KHz 
300 MQ 
100 db 
42.38 mv 
Trcanpeter PL-72 

S t e p p i n g  Wtor 

?LPe: S u p e r i o r  E l e c t r i c  HS- 50 
mrque: 85  oz- in  
S t e p s / r e v o l u t i m :  200 
C o n t m l  range:  180 degrees 
MDunting: Any position 
Thermal : 55' C rise 

C o n t r o l  d e s :  
D i g i t a t i o n  accuracy 
S q l i n g  rate: 
Output resolution 

N(nTIina1: 

T a p r a t m e  profile 
N* of points: 
kcuracy : 
Pdvancmt  R a t e :  

Hold de lay :  

T e l e p r i n t e r  Interface 

P r o p o r t i o n a l ,  integral, and differential 
+o .012% - 
1 0  Hz 

256 
+0.012% - 
Selectable, 0.6 to 5.4 sec/point, 

0.6 sec i n c m n t s  
S e l e c t a b l e ,  1 to 9 min. 

WE= Asynchronous, current loop 
kvel : 8 
Code: ASCII 
Rate:  110 baud 



As ~ n t i o n e d  i n  the Introduction the largest e f fo r t  i n  the oontroller 

development w a s  software. mviously the success o r  fai lure of a micropro- 

cessor application w i l l  depend greatly on the oontinuity and strength of 

a l l  associated software. The general approach of using the sane system to 

develcp so fba re  which it w i l l  eventually run on, ard relying on vendor 

supplied system software, w i l l  not be viable for  microprocessors. For 

even i f  the system software exists, the microprocessor, by nature a small 

dedicated purpose machine, w i l l  not be adequate for  this use. The soft- 

w a r e  d e v e l c p ~ n t ,  then, must be done on a larger system w i t h  the necessary 

hardware and sofmare to support the developmnt. 

Support is of several different types. F i r s t ,  f a c i l i t i e s  must be 

available to a s s i s t  in the conversion of a synbolically ooded micropro- 

cessor program to the machine oode of the micropmessor. This w i l l  con- 

sist of ~ a n s  of preparing the syrrblic code, such as on punched cards, 

editing it, and storing it on a m s  storage device such a s  magnetic tape. 

This code then must be converted to machine oode by what the current pro- 

gramning jargon calls a "cross assmbler." The designation "cross" refers  

to the gema t ion  of code for one type of machine on another. The assem- 

bler  generates both the machine oode ( t e m d  the "object code" ) and a 

program l i s t ing  with both the mchine oode and the synbolic o r  "source" 

&. 
An assembler is a m a t o r y  a id  i n  the software developmnt. The 

only alternative to an assmbler is to "hard" a s s e h l e  the program. This 

is a lengthy and error  prone procedure for  a reasonably sized program, 

and mt be repeated each time the program is changed (which,during devel- 

o p m t ,  is often) . 
The second type of system support is a hardware simulator program. 

The simulator must be capable of performing every function of the micro- 

processor. It executes the identical program code which the micropro- 

cessor executes. It also provides the operator with sophisticated de- 

bugging aids unavailable on the miaoprocessor. The use of the simulator 

speeds program d e v e l o p n t  by a factor several times the ra te  using the 



microprocessor alone. Further the s imla tor  could be used to check out 

program changes before they are applied to an actual process. This is 

dDns by simulating the pmcess as w e l l  as  the microprocessor. 

It should be stressed that the sole value of a simulator is the 

i n fomt ion  it supplies the designer. For this reason the s M a t o r  must 

be highly interactive w i t h  the user, pmviding a l l  pertinent i n fomt ion  

and fu l l  control of execution. Also, because i n f o m t i o n  can be v o l d n -  

ous, the simulator should be capable of condensing it daJn to a useful 

form. 

The third type of support involves mt ing  the microprocessor to the 

larger system. With a data link beween the M, the larger corrputer can 

ass i s t  i n  such tasks as  pmgram loading, pmgram debugging, mmry check- 

out, and microprocessor exercising. 

Program loading is a typical chore during deve lop~nt .  Because 

r e - p m g r d n g  of several ROM's can be time consuming, much time can be 

lo s t  making simple pmgram changes. I f  RAM is used during th i s  stage 

instead of ROM this tim can be cut drastically. The key to the ~ t h o d  is 

using the data link to  pass the program code from the large corrputer to 

the microprocessor. 

The data link i t se l f  is the RS232C ser ia l  asynchronous convention 

which is relatively commnplace. The controller is equipped with such an 

interface, but is designed for a Teletype a t110  baud (data e1errent.s per 

second). Each character requires eleven b i t s ,  which sets the character 

ra te  a t  ten per second. This is not sa t is facbry for  an i n t e ~ c a r p u t e r  

link, since both devices can operate a t  a much higher rate, which necessi- 

tates mdification of the i ne r f ace  for higher speeds (a straight-forward 

mdification) . 
The host ccarputer can be used for  debugging by capturing i n f o m t i o n  

during pmgram execution. The host w i l l  have fac i l i t i e s  for storing, con- 

densing, and outputting this infomtion.  Exercising the microprocessor 

can be written to return control to the host ampu.ter a f t e r  execution. 

Hawever the data link is used, for  program loading or controller checkout, 



there must exist a service mutine i n  the controller to support its end of 

the data link. Su& a pmgramhas been written for this purpose. 

O c t a l  Debug Technique 

The octal debug technique (Om) allaws the operator to examine and 

change rmmry from a terminal  such as  a Teletype. Lawrence Livermore Lab's 

docurrent LER 72-103402 describes the use of Om for the purpose. The pro- 

gram given in  the documnt has been mdified i n  minor ways. P r k i l y  the 

pmgram loading c o m d  was altered to a m r e  efficient binary f o m t .  

The hs t  canputer uses ODT by min im iz ing  the operator's interaction, 

but a t  a much higher speed. Through Om the bst  corrputer can examine and 

change rmmry, and transfer control to saw other pmgram. The capabili- 

ties of the C S - 8  ODT should not be confused with y e r f u l  debug program 

written for the larger minicorrputers. ODT, for practical reasons, is 

limited to 256 words (one page) of m r y .  

The program starts by typing a question rrvark and waiting for input. 

A s  each character is typed it is d e d  as to its type: 03mw-d termina- 

tor, or digit.  Legal octal digits  are a c d a t e d  to form a number up to 

255, anything greater i s  an error. The nmber typed is interpreted by 

Om when a terminating comMnd is entered, such as G for  go. For exanple, 

377G. 

The terminator is demded by successively subtracting the nmerical 

difference between legal terminating characters. For instance, the d i f f e ~  

ence between a l ine  feed and a carriage return is 3. The program f i r s t  

subtracts octal 212 (the l ine  feed code) from the terminator. I f  the re- 

sult is not zero the character was not a l ine feed. I t  then subtracts 3 

(for a total of octal 215, the carriage retum code) and again tests for 

zero. In l ike manner all other legal terminators are tested. 

m r y  addressing must be &E i n  two separate steps. The rren-ory 

page is s e t  by entering the page nunhr in octal follawed by S . The Om 

page is selected by typing 

a's 1 



and the RAM page w i t h  

1gs. 
It must be r w r e d  that  the assenbled address, as  outputted i n  the pro- 

gram l ist ing,  is a mnplete octal nLnnber which is not separated by page 

numbers. C o n s w n t l y  page 1%, word fl is equivalent to address 4flflg8. 

Once the page has been se t  a particular location within that page 

can be examined by typing the octal  m r d  n d e r  (0 to 3778) , follmed by 

a slask. ODT w i l l  respond by typing the contents of that  location. I f  

this location is i n  RAM the contents can be changed by typing the desired 

quantity follmed by a line feed or carriage return. The mntents are 

unchanged i f  no n-r is typed, or the location is a part of RC1M. 

A line feed automtically displays the mt sequential location i n  

the selected page. This comMnd uses an output routine wh i& converts an 

eight b i t  octal nunber to three octal digits  preceded by a space. F i r s t  

typed is the page nLnnber, follmed by the m r d  numkr, mrrpleted with the 

an t en t s  of that address typed as three octal digits.  It is up to the 

operator to interpret this octal nmher as either instruction code of pro- 

gram data. As with the slash t amha to r ,  the cmtents can be altered i f  

a one to three digi t  octal ncrmber is typed by the operator. 

Control can be transferred to another program f r m  O m  by entering 

the starting address follcwed by G. The page nunher, as  before, must have 

been s e t  by the S mnmwd. O m  constructs a junrp m d  in the l a s t  three 

mrds of page l o 8  (375, 376, a d  377). For th i s  reason these locations 

should not be used except as  &npraries. It also requires a page of RAM 

a t  this page nLnnber. 

A "bootstrap loader" is executed by the R m m d .  It is not intend- 

ed to be operated from the Teletype i n  as  all data is in binary format 

(the host mnputer takes over a t  this p i n t ,  having i t s e l f  i s s ~ d  the "R" 

to begin program load). The program is loaded into RAM i n  contiguous 

pages, whether o r  not the program uses a l l  of the pages for code. Lmd 

p a r m t e r s  consist of the starting page and the nunher of pages. The 

start ing page is typed in octal preceding the R m d .  The f i r s t  data 



following the R are the n m k r  of pages to be loaded, beginning a t  word P( 

of the starting page. The nmber of pages and the program a c k  is  i n  binary. 

KS-8 Instruction Set 

The IVICS-8 instruction se t  is divided into five classes: 

I. Index register instructions 

11. Accumulator group instructions 

111. Program counter and stack control instructions 

IV. I~u t -ou tpu t  instructions 

V. H a l t  instruction. 

Index register instructions allow for the loading of registers from 

m?mry and other registers (a NOP is perfomd when an index register i s  

loaded f r o m  i t s e l f ) .  Also any register, except for A, can be incremnted 

or d e m e m n a  by one. 

Accumulator group instructions use the A register as one of the 

operands for an ar i thmtic  or  logical operation. The source of the second 

operand, which can be an index register, rmmry, or data in the program 

code (imnediate data), subdivides the a c d a t o r  group class three ways. 

A carry flip-flop provides the mechanism for propgating carries during 

nniLtiple precision arithmetic operations. 

In the third class of instructions are program jumps, and subroutine 

calls and returns. Tkis class allaws use of conditional testing where the 

p r o g r m r  can specify which of the status flip-flops must be true or false 

for the instruction to be executed. While being quite useful it is also 

the only way in which the status flip-flops can be examined. Because the 

prograrrurer has no access to the return address during a subroutine call, 

argunents must be passed via the general registers or predetennined m r y  

locations. 

Input-output insmctions are the sole source of c o m c a t i o n  with 

the external world. Both use the A register for the destination and source 

of the transferred data, respectively. 

The hal t  instruction is, l i teral ly ,  in a class by i t se l f .  Because of 

the dedicated type of application to which microprocessors w i l l  be put, 



this instruction is not expected to be normally used i n  program code. It 

can catch the gross error of a jurp to a mmry address with no actual 

m r y  (the structure of the mmry generates the code of a ha l t  i n s t r u e  

tion i f  no valid decode occurs). 

A serious deficiency of the ICS-8 instruction set is the lack of 

provisions for signed arithrretic. For instance there is no direct  mans 

to detect a signed overflm. If A and B are the operands a d  R is the 

condition for  overflm is 

(% + B ) * ( %  + 

Clearly this calculation by sofware mans would be costly, so much so 

that  it is as  f a s t  to do double precision arithrretic and not check over- 

f lm. This ,  in fact ,  is what t k  control program does. Enough dynamic 

range is allocated to contain a worst case s e t  of inputs. The output of 

the program is limited to the maximum range of the cmtrolled variable 

a f t e r  the calculations have been done. 

Control Program 

The control program executes a discrete version of the three mode 

mntrol  algorithm and a f i r s t  order d igi ta l  f i l t e r .  The tern three rnode 

refers to the three types of responses available with the a n t r o l l e r :  

proportional, integral, anddifferential.  The tim response of th i s  con- 

troller is 

U (t) = kle (t) + k2 i e( t )  d t  + k j  de(t) /dt .  

It a lso  a n t r o l s  analog conversion, checks control l imits,  and generates 

a tenperatme profile.  'This code occupies four 256 word m r y  pages, 

w i t h  the profile requiring one of those pages. 

Tenperature profile data are stored in the table as eight b i t  

unsigned integers, of the f o m t  



This permits a resolution of 1 part i n  256, o r  about+0.0125%. - The value, 

o r  weight, assigned to the leas t  significant b i t  is not i n  units of tan- 

perature and must be oonverted by multiplying by a constant. A oorrelation 

to m r a t u r e  q u i r e s  two conversions; f i r s t  thetemperature-voltage 

function of the thermxouple must be k n m ,  and semnd the voltage-digital 

factor of the analog-digital converter must be k n m .  For a cmml- 

alum1 t h m o u p l e  a tenperature of 810' C produces a voltage of 32.91 

mv corrected t o  an anbient tenperat- of 20' C. For this voltage the 

output of the converter is 305. 348 (see Appedix for an AD: calibration 

data and a terrperature-digital conversion table).  Th i s  calculates to be 

a p p r o h t e l y  4.09' C leas t  significant b i t  (LSB) weight. 

The control program is not aware of this factor. It mrely  conpares 

converted input data to profile data, both of which are in the sane units 

and need not be oonverted any further. The difference between the table 

entry and the masured terrperature is knmn as  the control error, e (t) . 
The oontrol response calculation is based on this error. 

Prior to rraking this calculation, hmever, the tenperatwe data are 

operated on by a recursive digi ta l  f i l t e r .  This f i l t e r  has Wo purposes: 

f i r s t  it reduces any signal noise that my be present, and semrdly it 

minimizes the truncation effect  of digitization (quantization). Both of 

these problems tend to be very disruptive to the derivative action. Even 

i f  noise w e r e  not a problem, quantization, o r  truncatim error, muld be. 

Quantization error is i l lustrated by Fig. 14,  where mntinuous signals 

must be a p p r o h t e d  both by sampling and by discrete levels. Although 

the oontinmus signal can usually be approximated adequately for  mst 

applications by quantizing, the conputation of the derivative my not. 

I f  only two data are used it is easy enough to show that for  any frequency 

the s ap l ing  ra te  can be increased to  the point where the derivative is 

ei ther me or zero. The addition of noise a t  this point greater than the 

quantization level w i l l  man that the signal to noise ra t io  w i l l  be less 

than one, a disastrous control situation. The use of programed f i l t e r s ,  

however, can circumvent this problem. 



FIGURE 1 4 .  Quantization error. ( a )  Approxi- 
mation of a  continuous signal.  
( b )  Discrete der ivat ive .  

Digital. F i l t e r  

I f  the input to the f i l t e r  is X ard the output X' , the output a t  

step n is 

The fac t  that  X' appears on both sides of the equation makes it recursive, 

that is the result of any successive calculation deperds q o n  a l l  previous 

calculations. The output, XI,, can be written as an inf in i te  series 

It is evident from this that XI,. is  a function of a l l  previous inputs, 

X .. I f  the difference is taken between t w o  sucessive outputs, X I n  n 
and Sm1 (as the derivative does), the result w i l l  also contain d i f f e r  

a c e s  be-tween a l l  successive inputs, as can be seen f m  



mntrol  Algorithm 

The error thus calculated is used as the input to the three mde 

control algorithm. The control response derived by this algorithm is 

calculated as f o l l m :  

where uh is the control output a t  sanpling interval n 

en is the control error a t  sampling interval n 

P is the praportional gain 

I is the integral gain 

D is the differential gain. 

The proportional calculation uses the single precisian value of the 

control error (which is scaled back down to regain the o r i m  weight). 

This is multiplied by the proportional gain, m u r e d  from a potentiometer, 

which is also a single precision nunber. If no further operation is done 

on the result choices of proportional gain muld be limited to integral 

values. Since this would be insufficient resolution the proportional 

output is scaled down by a factor of one-sixteenth. This allms a pro- 

portional gain range of 0 to 7 15/16 units i n  1/16 unit steps (1 par t  i n  

127). 

The integral control is calculated i n  Wo steps: f i r s t  the current 

control error is surmd to the error integral, and then the integral is 

multiplied by the integral gain. I f  the integral were allowed to accumu- 

late a t  10 sumt ions  per second, the sarrpling ra te  of the controller, the 

integral muld rapidly saturate i f  a significant error w e r e  present ( e m  

though the integral is maintained i n  double precision). Prescaling the 

error prior to sumation is undesirable i n  as th i s  creates a deadband 

for errors less than the minimum resolution of the scaled error. For 

instance, say the control error is caled by four, then errors in the range 

of one to three un i t s  (approximtely 4OC to 12OC) would *par as zero 

a f te r  scaling. Since this is the type of error which the integral response 

is to eliminate this is an unacceptable t e c h n i p .  A second approach is 



t o  integrate a t  a slaver rate, such as one-tenth the sampling frequency. 

Th i s  has the effect  of scaling the integral by one-tenth without intro- 

ducing deadband. It does, haever,  reduce the bandwidth of integral 

ccmtrol and increases phase lag a t  frequencies near ard greater than the 

s w t i o n  rate. This is accoqlished in the program via a tireout vari- 

able which is init ial ized to ten and is decremnted a t  each calculation 

loop. Summation occvrs only i f  it is zero, otherwise the control response 

is calculated from the previous integral without sunning the current error. 

To do this the single precision equivalent is found from the double pre- 

cision integrand, which is nniltiplied by the integral gain and then scaled 

C0.m for the sm reasans outlined i n  the proportional response discussion. 

Differential response is found by d i f f e r e n c i ~  two successive cmtro l  

errors, and multiplying the difference by the differential gain. To avoid 

the truncation problem mentioned ear l ier  the scaled double precision error 

is used i n  the difference calculation. These data have the bm word format 

It is mandatory, h m v e r ,  that the multiplication routine be entered with 

two single precision nudxrs. Thus i f  the greater resolution (2-3) is 

to be h t a i n e d  som magnitude restrictions on the error di f ference  must 

be rrrade. What this mans is that  the largest positive error differen= 

recordable is 7 5/8 units and the regative bound is -8 units. Th i s  would 

only happen i f  the s e t  point changed by an m u n t  greater than this i n  two 

successive steps, which it dDes not. As before, the double precision 

value generated by multiplication is scaled dmn. 

After all three control responses have been calculated a signed 

dDuble precision value represents the mntrP1 variable. This must be 

translated to sckoe physical quantity capable of controlling the process. 

This is the purpose of the stepping mtor, which, when connected to  scm 

suitable device as  a Variac, can regulate the energy inputted t o  the 

process. Som limitations are applied t o  the control variable. F i r s t  



only positive energy is maringfu.1 so a l l  negative control values are 

limited to zero. Seaondly, the Variac has a t ravel  l imi t  which mst m t  

be exceeded. Since the mtor is direct ly coupled t o  the Variac shaft ,  a d  

the mtor rrakes one revolution with 200 steps, mx imm clockwise actuation 

is limited to 185 steps (310 degrees). The program keeps the mtor posi- 

t ion equal to the a n t r o l  variable by stepping it i n  the appropriate 

direction (clockwise for  positive differences and aounterclocFwise for  

regative) one step for  each unit  difference up to the travel  l imi t  (0 and 

175). Because there is no position feedback from the stepping rotor the 

aontroller keeps track of it by storing its current position i n  m r y .  

Further, the rotor has certain dynamic restr ict ions which l imit  the maximum 

synchronous stepping rate .  A delay variable i n  the output stepping program 

loop sets this r a t e  a t  200 Hz. 

Seq~lential Control 

The of the aontrol program is related to sequence control. 

Facets of the program which c m  under this category are program in i t ia l iza-  

tion, cycle start, temperature rarrping, braze ~ l t ,  and cycle aonpletion. 

The decision logic of this par t  of the program is regulated by a table 

controlled routine knawn as a f i n i t e  s t a t e  automation (FSA). Process aon- 

trol is exercised by which of the several states the FSA is in.  It ad- 

vances from me state to the next on the basis of aontrol inputs and the 

particular state it happens to be i n  a t  the line. The FSA for  the aontrol 

program has four states, which have the following functions: 

1. Ini t ia l iza t ion  - &set stepping rotor position, input data switches 

and i n i t i a l i z e  other a n t r o l  variables. 

2. W a i t  - Wait for  the start of a cycle. 

3. Cycle - Advance process through a tenperature cycle. 

4. W l t  - Hold process a t  plateau terrperature for  specified delay, then 

return to ini t ial izat ion.  

Inputs to the FSA include the two control pushbuttons and an internally 

g e ~ r a t e d  advance and reset a o d .  The decision of what the & state 

the process w i l l  transfer to is mde by a table m t a i n i n g  a l l  the possible 



catbinations of possible states and inputs (4  states x 4 i q u t s  = 16 

entr ies) .  An example is i f  the FSA is i n  state 2 and the S t a r t  button is 

pressed the FSA is advanced to state 3. I f  the %lt pushbutton is pressed 

i n  s t a te  2 the next s t a t e  is also s ta te  2. In effect  the - M e l t  pushbutton 

is ignored a t  this h. I f  it is pushed when the FSA is i n  state 3, haw- 

ever, the FSA w i l l  change t o  state 4. 

The switches are scanned a t  the sarrpling ra te ,  10 times per second, 

to test for  activation. I f  one is pushed the FSA is executed to determine 

the next state, otherwise the current state is decoded i n  order to execute 

the appropriate routine. The other two inputs are generated by the pro- 

gram i t s e l f ,  as in the in i t ia l iza t ion routine which is to be executed only 

once. It causes the FSA to advance to state 2,  the Wait state. The other 

instance is i n  the Wit state following the hold delay, a t  which time the 

FSA is t o  be triggered in to  the Ini t ial izat ion s ta te  to shut p e r  off and 

re- ini tiali ze . 
The Cycle s ta te  executes the three rode m t r o l  algorithm, and ad- 

vances a pointer through the tenperature profile table. The table contains 

256 entries,  which are sequenced a t  a ra te  of 0.6 second tin-es the rise 

tim sett ing per entry. For instance, i f  the switch is set a t  one (for 

a two minute rise time) the pointer w i l l  be i n c r m t e d  once every six 

program loops. The pointer w i l l  reach the .two hurdredth entry a f te r  120 

sewn&, o r  ~ J O  minutes. The profile stored i n  the table is set such that  

the brazing tenperatme is reached a t  this entry. The remaining 56 entr ies  

also are this value, which corresponds to the tenperature plateau. I f  the 

cycle is not coqle ted  by the end of t k  table the program autcaMtically 

h a l t s  advancing the pointer a t  the l a s t  entry. 

The Wit routine deaemnts  the hold tin-e out, which is the set t ing 

of the hold delay switch times 60 secoIlds. Since the loop is executed a t  

10 Hz the set t ing is multiplied by 600. The hold delay switch is read 

during ini t ial izat ion,  so i f  it is changed after in i t ia l iza t ion the pro- 

cessor must be restarted to re f lec t  tha t  change for  the next cycle. All 

the time the hold delay is being executed the three rode control algorithm 

is being executed to maintain tenperatme control r ight  up to the mment 

when the power is shut off. 



THEORY OF OPERATION 

The hardware discussion is separated in to  two sections. The f i r s t  

section deals with the processor i t s e l f  and oonpares it w i t h  the m-4. 

Explained are both the internal and external organization of the MCS-8. 

The second section goes into the interface equipment and its theory of 

operation. 

In te l  M i a  Cbnputer Set 

In te l  pioneered the advent of large scale integrated (LSI) d ig i t a l  

processors with the MCS-4 (which stands fo r  Micro mnputer Set) and the 

PYICS-8. The MCS-4 is a four b i t  parallel organized processor, with a total 

of 45 instructions. It has a mxhm program s ize  of 4096 words. The 

PYICS-8 is an eight  b i t  parallel processor with a miximum m m r y  addressing 

of 16,384 words. It has 48 instruction set repertoire. The PYICS-4 has 

a 10.8 p s e c  instruction cycle, corrpared to 20 p s e c  for the PYICS-8. 

TIE MLS-4 commnicates with external circui try over a four b i t  data 

path. This bus is shared for  both input and output transfers. Four data 

transfers consisting of mre than four b i t s  the transfer must be d o r ~  

during several subcycles, with a four b i t  "slice" being transferred during 

each subcycle. For instance, program addresses are twelve b i t s  axd r e  

quire three subcycles to conplete the transfer. 

M s t  corrputers store thei r  program code i n  reavwri te  m q .  It 

is beooming increasingly more ccmmn to find w e l l  used programs stored in 

read only m r y  . This assures that the program is not accidently al tered 

or erased. In the situation where the rea-ite m m r y  is voZatiZe (the 

oontents are l o s t  i f  the p e r  is shut off)  the use of RCN is especially 

useful. The MCS-4 has gone beyond this, requiring a l l  program code to 

be stored in EMM. The processor distinguishes between the writeable naem- 

ory (RAM) and the program store (EMM) . For programs which are being 

changed regularly, as they are during developmnt, this can be an awkward 

arrangemnt . 



T k  -4 has the sinplified internal organization of the block dia- 

gram i n  Fig. 15. A four level, twelve b i t  stack stores all program ad- 

dresses, the top of the stack being the address of the current instruction 

(the program counter). Subroutine calls cause the specified address to be 

"pushed" onto the stack. Returning from a subroutiz reverses this pro- 

cess, "popping" the stack up one level. The four level stack pennits sub- 

routine z s t i n g  of three levels. The address is incremnted as it is 

gated out mto the data bus four b i t s  a t  a time. The i n c r m t e d  four 

b i t  s l ices are rewritten into the stack register af ter  each of the f i r s t  

three subcycles. 

Internal working registers consist of 1 6  four b i t  index registers. 

One of these is used as the accumulator during arithrrretic operations, 

There is also a carry flip-flop, which can be used to prapogate carries 

during multiple precision arithrrretic or s h i f t  operations. 

A series of special purpose instructions enable the addressing of 

the read-write storage. This cannot be considered as a general mmry  

array, addressable by a single operation. Each RAM has folx sections, 

each with two types of storage - four "status" words (or four b i t s  each) 

and sixteen other storage locations. Four separate instructions pennit 

the accessing of the status words. The general locations, hmever, must 

be selected by f i r s t  setting up thei r  location i n  two of the index regis- 

ters (by a bm word instruction), outputting these registers by a second 

instruction, and findlly reading the location with a third instruction. 

And then the RAM must be in the currently active "bank" (a bank cons i s t s  

of 4 RAM'S). The san-e procedure must be used to write data into the RAM'S. 

Use of the rea-ite storage is artfully caplex.  

Constants can be accessed from the IMM m r y  in  a considerably 

mre straight forward rranner. Since each RCM consists of 256 words, 

eight b i t s  are required to address a l l  locations. Tkis is done irdirectly 

by a pair  of index registers which are ini t ial ized prior to reading. The 

IMM is selected by virtue of being the one i n  which the program is cur- 

rently executing. Of course th i s  mans that any RCN cannot be totally 

f i l l ed  with program constants, but must have som program instruction 

code besides. 



FIGURE 1 5 .  4004 CPU block Diagram 
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Conservation of chip area ard package interconnections dictated the 

use of a single eight b i t  data bus (see Fig. 16) . The 48 instructions are 

divided into subcycles to share control of the data bus. But because a l l  

data transfers must take place on this bus a considerable nunber of sub- 

cycles are required far  each instruction. Take for instance nmnry 

addresses which must select one of 16,384 locations. This aorresponds to 

1 4  b i ts ,  s i x  m r e  than can be transferred a t  one tirrrt. Thus bm subcycles 

are used t~ transfer just m r y  addresses. 

Addresses are used for referencing bm types of rmmry contents-- 

instruction code and program data. While program data can be fetched or 

stored, instruction code can only be fetched, and is stored i n  a register 

within the instruction decode logic. Program data are stored i n  one of 

seven general registers (referred to as A, B, C, D, E ,  H, and L) . One 

of the registers, A, is used as an accumulator. The A register i s  used 

as one operand i n  all ar i thmt ic  and logical instructions, ard is also 

the destination of the result. 

Instructions cannot access m r y  directly. That is, no data 

addresses, in any form, are cmbined with any instruction. Instead, 

mmry is referenced irdirectly using registers H and L. Tko registers 

are required becake 1 4  address b i t s  must be ass-led for each m r y  

access. The L register aontains the leas t  significant eight b i ts ,  and 

the six mt significant b i t s  are i n  the H register. 

Program addresses are maintained i n  an eight register stack of 1 4  

b i t s  each. One of these is the program aounter, which is inmerented 

after  each instruction fetch. A s  with the KS-4,  subroutine cal ls  and 

returns are linked by saving the program counter i n  one of the other 

seven registers. A three b i t  aounter designates the location of the 

program counter (the present address). A subroutine call causes this 

aounter to be inmerented and the subroutine address to be stored i n  that 

address register. This register is naw the program aounter and execution 

continues from this point. A subroutine return reverses th is  process, 



demenenting the stack pointer so that it n m  uses the previous register 

as the program counter. An eight level stack permits nesting of subrou- 

tines to seven levels. 

Sore w u t e r s  use a location i n  the subroutine to save the retum 

linkage address. For microprocessors this technique poses the problem of 

having to use writeable storage for the subroutine instead of M. Address 

stacking solves this drahack, but as designed the address stack is not 

accessible to the program. 

T k  Arithmtic/Logic Unit (ALU) executes ari thmtic ard logical 

instructions. It is capable of two's corrplement addition and subtraction, 

and can perform AND, inclusive OR, and exclusive OR. Four f l i p  flops store 

certain conditions resulting from an ALU instruction. These mdi t ions  are 

A carry out of the mst significant b i t  

Whether or not the result was zero 

The sign of the result 

The parity of the result. 

Two temporary registers a a d  b store operands for ALLJ operations. They 

are also used for data storage during transfers of data both within and 

without the proaessor. 

The KS-8 has eight subcycles as does the KS-4, but a l l  subcycles 

are not entered during any particular instruction. The KS-8 has state 

oontrol logic (see Fig. 17 for the state diagram) implenented by a five 

stage feedback sh i f t  register. This eliminates unnecessary execution 

states for multiple mrd  instructions such as JMP but allaws longer cycle 

tims for multiple mrd  instructions. Also sore instructions require 

different nuthers of cycles i f  a condition tested was tnx or false. 

A register indicates which instruction cycle a particular ins t rue  

tion is in. The output of this register is one of three possible states: 

C1, C2, or C3. Note t h a t m s t  transitions of the state diaqam include 

a t e r m  from the cycle register. All transitions back to state T1 cause 

the cycle register to be updated. The operation is discussed in  mre  

detail la ter  for typical OIE, two, and three word instructions. 



FIGURE 16 .  8008 CPU block diagram 

The subcycles T1 through T5 are used by the ITS-8 for the follwing 
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T2 Send higher s ix  b i t s  of m r y  address 

T 3 bkmory data fetch 
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T4 and T5 Instruction execution. 

e r a t i o n  is probably best explained through exanples. Consider, f i r s t ,  
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a single word instruction such a s  an intra-register data transfer, Lrlr2 

(load register rl with the contents of r2) . Subcycles T1, T2, and T3 are 

used to send the program counter out ard fetch the instruction. A t  T4 

- 

the source register, r2, is gated onto the internal data bus, the data 

bus is strabed into register b (not to be confused w i t h  general register 

A D D R E S S  

S T A C K  

B). A t  T5 register b is transferred, by the internal data bus, to the 
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destination register,  r In i t i a l ly  the processor is in s ta te  T1 of the 1 ' 
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2 2 
b = C1-(LrM + ALUM + AUJI + INP + OUT + I21 + JUMP + CALL) 

c = C2-(LMI + JUMP +CALL,) 

4 -3 d = C1- ( H L T 0 W  ) + RDY 

f = automatic transition. 5 

FIGURE 1 7. MCS- 8 s ta te  diagram 

1 These conditions are true only i f  the condition tes ted failed,  or i f  no 
condition was specif ied.  

2 These i n s tme t ions  include a l l  immediate and memory reference ALU ins truc-  s 

t ions  (add, subtract, AND,  OR, compare, exclusive OR). 

3 This i s  the ready signal originated external t o  the CPU. . 
4 This i s  the interrupt  signal originated external t o  the CPU. 

5 Transition occurs on next clock and i s  not dependent on any other 
condition. 



f i r s t  instruction cycle (C1 is ire, and C2 ad C3 are false). The lower 

address bi ts  are sent out the data bus during this subcycle ad the state 

changes to T2. The higher six b i t s  are transferred a t  this point (along 

with two additional b i t s  which signal the m r y  that  an instruction 

fetch is in  process). The state advances to T3 during which the mmry 

data are strobed into the instruction register. This state has five possi- 

ble output transitions to i t se l f ,  state T1 ad state T4. Equations a, b, 

and c are not tnE because the particular instruction, LrlrZ, does not 

appear in any, leaving paths d or g. Because a, b, a d  c are false g w i l l  

be equal to the inverse of d. Path d allows the processor to w a i t  for the 

n w p q  i f  the processor's subcycle was shorter than the access tirrre of the 

m r y .  This is indicated by the &ady l ine being true. In this case the 

state changes to T4, where the source register is transferred to the tem- 

porary register. Because equation e is false state T5 is entered, where 

the terrporary register is transferred to the destination register. Ebllcw- 

ing this mtrol dmnges to state T1. The cycle register is se t  to the 

f i r s t  instruction cycle, C1, even though it is still i n  the f i r s t  cycle. 

This ccarpletes the instruction execution and the processor is ready to 

execute the next instruction. 

A typical two word instruction is add the contents of the accumulator 

with the data irmrediately folLowirq (add imnediate, ADI) . Two mmq 
fetches are required, om to get the instruction and the other to get the 

data. The AD1 instructian fa l l s  in the ALU imnediate class, XUI, which 

bypasses the unnecessary execution phase, T4 and T5, of the f i r s t  instruc- 

tion cycle. This occurs by transition path b a t  state T3. Durirq the 

f i r s t  cycle C 1  is true, and AWI is tnE. This transition changes the 

cycle register to the second cycle, making C2 ire and C1 false. The see 

ond cycle fetches the word following the instruction, which w i l l  be added 

to the A register. This tin-e path g is followed to state T4 and, hence, 

to T5. T4 ad T5 add and store the result back into the A register. As 

before, the transition fromT5 to T1 resets the cycle to C1, conpleting 

instruction execution. 



A l l  three word instructions are either program j w s  or subroutine 

calls,  whidz include the f u l l  m r y  address of the operation. Wo suc- 

cessive words contain the address, the lower order eight b i t s  are stored 

in  the f i r s t  word and the higher order six b i t s  i n  the second. Both t 

instructions have the option of specifying a condition which r u t  be m t  

before the instruction is executed. Otherwise the next sequential i n s t r u e  - 
tion is executed. The conditions tested are status f l i p f l a p s  s e t  accord- 

ing to the result of a previous ALU instruction, and indicate whether the 

result generated a high order carry, was zero, had even parity, o r  i f  the 

mst significant b i t  was true. Execution begins by fetching the instrue 

tion. T4 and T5 are amided through path b, and the second cycle begins. 

The lcwer order address of the jump or call is fetched next, and is stored 

i n  register b. Transition path c se ts  the th i rd  cycle of the instruction 

and ini t ia tes  fet&ing of the higher part of the jmp or  ca l l  address. 

States T4 and T5 are used t o  set the high and lm part  of the program 

counter to the new address, respectively. I f  a condition was specified 

and failed, the junp or  ca l l  is defeated thrc-lgh path a of the third cycle. 

A hal t  instruction, o r  a law level on the kady input, causes a con- 

timed looping a t  state T3 by path d. The ITS-8 m o t  actually stop 

since the contents of its dynamic rmmries would be lost .  Instead T3 is 

used to refresh these It-emries. The Ready l ine h n g  true again w i l l  

in i t i a te  execution, but only an interrupt can bring the W - 8  out of a 

halted condition. 

The interrupt signal (INT), except in the halted condition, is 

recognized in sta te  T1  of the f i r s t  cycle. The presence of the interrupt 

signal inhibits normal inmarenting of the program counter. This allows 

the substitution of an interrupt instruction i n  place of the n o m l  rmmry 

instruction. This is not done by the 8008 and must be bu i l t  in- the 

peripheral MCS-8 logic. 

The processor signals the external logic that  the interrupt has been 
I 

recognized. A t  state T3 the external rmltiplexer selects a hardwired inter- 
I 

rupt ins.truction instead of the mmry. The instruction used m y  be any 

i n  the instruction set ,  but is usually the &start instruction. A &start 



instruction is used because it is a single word subroutine c d l  i n  page 

zero (multiple word instructions can be used, but a penalty is paid by 

the additional multiplexing required t o  inplemnt it) . 
While this £ o m  the skeleton of an interrupt structure the MCS-8 

is not capable of a true interrupt. The reason for this deficiency is 

that m r y  referencing can only be do= through the H and L g e r a l  

registers. It is not possible to save registers after an interrupt with- 

out losing the contents of a t  least  o z  of them. The one alternative is 

t9 dedicate one or two registers for interrupt W r a r y  storage so the 

H and L registers can be saved while the interrupt storage is being set 

up. If  only one page (256 words) is referenced by a22 programs only the 

L register z e d  be saved. It should hardly be z e s s a r y  to emphasize 

the reluctane with which the loss of one or two general registers (out 

of seven, two of which rriust be dedicated to m r y  referencing) is treated. 

The only other alternative is to build special purpose logic to handle this 

situation, which is even less desirable than the f i r s t  alternative. Be- 

sides this, status-flip-flops can be tested only through condition j q s  

ar subroutine calls, making the saving and restoring of status c m h r s m .  

A side-by-side anparison of the MCS-4 and the MCS-8 demnstrates 

the MCS-8 to be mnsiderably m r e  pmerful, as one would expect. Besides 

the abvious advantage of a larger word size the MCS-8 has a mre  flexible 

m r y  referencirg scherre. Constants in  the KS-8 can, for the mst part, 

be accessed through imrrsdiate data instructions. The MCS-4 has to fetch 

irrmediate data with a separate instruction. The eight level address stack 

of the -8 has h n s e  advantage over the four level stack of the MCS-4, 

s i n e  this is an absolute limit to subroutine nesting. While the MCS-4 

must cannit its program d e  to RCM, the KS-8 can intermix ROM and RAM 

for this purpose. This permits checked out d e  to be stored i n  a non- 

volatile m, while new programs are being debugged in RAM. The alloca- 

tion of m r y  is l e f t  solely up to the designer. 

It is perhaps simpler t9 point out the MCS-4's few advantages mr 

the MCS-8 than vice versa. The E - 8  requires ansiderably mre  peripheral 

logic than does the MCS-4, when the MCS-4 is used with its c u s t o m  designed 



RJM and RAM, the 4001 ard 4002, respectively. The 4001 ard 4002 require 

no peripheral circuitry allawing the minimum system package count ard, 

hence, cost. Also it has a few decimal arithrrretic instructions tha t  E - 8  

does not, but has none of the logical instructions (such as logical AND 

and inclusive OR) that the E - 8  has. 

MCS-8 B a s i c  System 

Fig. 18 shms the minirmnn logic required to form an operational 

MCS-8 system. The bi-directional data bus a c a m d a t e s  instruction and 

1/0 input data a s  w e l l  as m r y  and 1/0 output data, but buffering is 

necessary fo r  TTL carrpatibility. The 8008 requires a twc-phase, non- are^ 

lapping dock with the timing diagram of Fig. 19. 

The basic processor is contained on three 3 1/2 by 4 inch printed 

c i rcu i t  cards, which exclude mst of the mmry  and the data multiplexers. 

These cards and their  L i v e m r e  stock nmkers are 

Central processor -8-9068-93 

Input-output a n t r o l  LEA6 8-9 06 8-9 4 

Phrory address LEA68-9068-95 

The processor card, besides the In te l  8008 BU, contains the data bus 

input and output buffers, ard the state decode. The state of the 8008 is 

encoded on three output signals from the 8008, which is decoded to eight  

separate signals fo r  the input-output control card. T k i s  card generates 

all the necessary control signals for  the reminder of the logic, for  

instance signaling the input multiplexer when to gate m r y  output data 

onto the 8008 data lines. This card also contains the two phase clock 

generator, and its trimning a d j u s m t s .  The mmry address card has a 

sixteen b i t  register  for  storing the current mmry address sent  during 

two subcycles. It a lso  contains one 256 word PFOM. 

Emry for  the processor is on two card types, one for semianductor 

RAM (LEA68-9068-97) ard another for  PRJM (LEA68-9068-96). The RAM card 

has storage for  256 words, while the PRaM card has a total. of 512. Both 

types of semiconductors internally decode the l ea s t  significant eight  b i t s  

of the mrmry address, with the remining six b i t s  being decoded by a 
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FIGURE 18. MCS-8 s y s t e m  b lock  d iagram 
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FIGURE 19. Clock t i m i n g  d iagram 



m i n a t i o n  of fwo jmpers and a one-of-sixteen decoder IC. Sixteen card 

positions are dedicated fo r  rrermry use, with a l l  intermmected by the 

bussingoffourteen address lines, eight data input lines, eight  data out- 

put l h s ,  and one cantrol line. Since decoding is done mmpletely on the 

m r y  card, the card m y  be inserted i n  any of the sixteen slots .  

Interface Lmic 

The controller must be capable of accurately nrtasuring mil l ivolt  

signals, provided multi-phase current drive fa r  a stepping mtor, sense 

switch aruj. potentiometer settings, and provide the correct asynchronous 

s e r i a l  pulses to cxrmnunicate to a teletypewriter. A l l  of these functions 

f a l l  under the category of the interface logic, although they m y  bear 

l i t t le  resemblance to each other. This equipment is outlined by the block 

diagram of Fig. 20. Except fo r  the serial interface this logic is Battelle- 

designed, u t i l i z ing  unused card s l o t s  i n  the processor. Schematics of this 

par t  of the processor is i n  Appendix BNWL 

The input circuitry must transform a 50 millivolt  peak signal to a 

minimum eight b i t  d ig i t a l  nmber, & be as hnune as possible to process 

electrical noise. T k  input signal is carried to the processor on a 

shielded twisted pai r  cable, mnnected by a t r iaxia l  shielded mnnector 

(n-anufactured by Tmmpeter Electronics). This signal is f a r  too s d l  for  

the andlog-digital canverter, which requires a 10 vol t  full-scale input, 

z ce s s i t a t i ng  anplification by a factor of 189. The output of the anpli- 

f i e r  is connected to a multiplexer (LEAS8-9068-64) as are the gain control 

potentiameters. This multiplexer is controlled by a register  loaded under 

program control, a d  its output is the input of the analog-digital converter 

(LEA68-9068-89) . This converter is capable of twelve b i t  accuracy, although 

only eight are used. The e i g h t m s t  significant b i t s  are wired to one of 

the ports of the data d t i p l e x e r  made up of two four-bit multiplexers 

(-68-9068-33). The four l eas t  significant b i t s  are transferred to the 

processor with the use of a multiplexer expander (-68-9068-37) since the 

unused b i t s  of the supplied d t i p l e x e r  were inadequate. 
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FIGURE 20. Detailed control  system block diagram 
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A stepping mtor was chosen as  the output device as it offered the 

greatest n* of alternatives for the user. It is a true digital trans- 

ducer in that a mtion mm-md is translated into a discrete mtion. Fur- 

ther the error involved in each "step" is nonaccunulative, which mans that  b 

its long term repeatability is excellent, as  is its capability for rraking 

accurate long distance m e n w t s  (which is important i f  it is connected - 
to a lead screw of a machine for nurrerical control). The stepping mtors 

driving electronics are also considerably sirrpler than those for an @- 

valent dc servo mtor. The main disadvantage of the stepping mtor, 

besidrts its inferior dynamic perfonmnce, is that  it dissipates as much 

energy, and, hence, heat, i n  the stardby mode as in the operating mde. 

The electronics for the stepping mtor, with the exception of the 

p e r  supply, are entirely self-contained by the controller. T h i s  is con- 

tained on b~ p.c. cards (-8-9068-85 and LEA68-9068-86) and two p e r  

dropping 'resistors, which are collectively called the stepping mtor trans- 

lator (translate as used in  the sense that  it "translates" digi ta l  stepping 

cammnds into rotary nation). The mtor is of the variable reluctance 

type with four windings. Those wii-rdings must be activated in a specific 

sequence to induce mtion. Fig. 2 1  is a sirrplified version of the trans- 

lator. TIE heart of the translator is a .two stage counter which gemrates 

the correct drive signals for the p e r  drivers. This sequence is speci- 

f ied by the follcwing s ta te  transition table. From this table the 

sequence for several forward canrands can be derived as 

Present State 

A B 

0 0 

0 1 

1 0  

11 \ 

Next State 

Forward 

0 1 

11 

0 0 

Reverse 

1 0  

0 0 

11 

1 0  1 0 1  
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FIGURE 21. S tepping motor t ransZator  



This mrrespods to the timing diagram of Fig. 22. 

COMMAND 

FIGURE 2 2 .  TransZator output 

Note that a l l  four windings are being actuated a t  a frequency which is one 

fourth the stepping frequency. It is this laver frequency which is the 

u l h t e  l i m i t  t o  the stepping rate of the mtor, as the mtor w i l l  step 

no fas ter  than the rate  a t  which the windings can be turned on and off .  

This, in turn, is limited by the i n d u m / r e s i s t a n c e  rat io of the w i d -  

-sf which is  reduced by the use of external droppi~lg resistors. The 

tradeoff here is  the p e r  which must be dissipated by the dropping resis- 

tors. 

Turning the windings on and off also generates transient voltage 

spikes. These are undesirable, and w i l l  adversely affect the digital  logic. 

To minimize these spikes clamp diodes were installed a t  the mtor to bypass 

them back to the pawer supply. The driver card has its awn diodes, but were 

mt used in favor of clamping the spikes as  close as possible to the source, 

and as f a r  as possible from the logic. 

Provision w a s  made for the use of a dual p e r  supply for the stepping 

mtor, connected a t  terminal s t r i p  J55, instead of a single, but is not so 

restricted. Either a 15 volt 6 anp, or  dual 15 vol t  3 a q ,  supply is 

required. 



Digital inputs, which include the mtrol switches on the mte 

mntrol box and the data selector switches inside the cabinet, are con- 

nected directly .to the data multiplexers used tn input data to the 

KS-8. T k  START pushbutton switch serves a dual purpose. Besides 

being available as  data to the processor it is also wired to om of the 

bits  of the interrupt instruction. In this way it can influence what 

happens when the HESTART. pushbuttm is pressed, which causes the hard- 

wired interrupt instruction to be executed. The two interrupt instruc- 

tions w h i d l  can be executed are mstar t  to location 0 or lo8  , deperding 

an whether the STAKT switch is or is not depressed when the RESTART 

button is pressed. The f o m r  causes Om to be executed, while the 

l a t t e r  causes the control program to be executed. Nomlly the mntrol 

prcgrarn w i l l  be started so extra effort  is required to start Om. 

The serial in@rfaoe pennits coMnunication with input-output ter- 

minals such as Teletypes. The logic of this interface is mst ly  contained 

on a single large scale integrated circuit. This circuit  cmverts both 

parallel data to ser ia l  and serial  data to parallel, as w e l l  as adding 

"start" and "stop" bits. Because Teletypes provide only contact outputs 

a d f i c a t i o n  must be made to generate a 0 to +10 volt signal. A psi- 

t i v e  supply voltage must also be provided for the printer for use as a 

current source. The in@r£ace transmits .tD the Teletype by sinking this 

current, or not sinking it. 

Digital Simulator 

A digital simulation of the braze prooess was designed and buil t  to 

"close the loop" during develapment, ard as a maintenanoe tool during 

installation and repair. It allaws the proessor to be exercised inde- 

pendent of the process. The digital sirro-rlntnr, hawever, is not nwnt to 

be equivalent .to the prooess in response, only repmsentative. 

Basically it is a f i r s t  order digital  f i l t e r ,  exhibiting the transfer 

dmzacteris t i c  



Ws is realized by an integrator (counter) whose output (value) is fed back 

to the input (see Fig. 23). 

FIGURE 23. Block diagram of  the  d i g i t a l  simulator. 

The multipliers b and c are i q l a n t e d  with d ig i t a l  frequency multi- 

p l iers  (SN7497). The integrator is a cascaded up/cbwn counter. The counter 

is controlled by logic which prevents it from over o r  underflming. 

Because the output of the controller is pulsed to a stepping motor the 

simulator has an u p / m  counter to a c d a t e  the output pulses and produce 

a paral lel  b i n a q  v a l ~  equivalent to the stepping motor position. A £re- 

quency multiplier (represented by rreiltiplier b) converts th i s  to the £re- 

quency dormin. This pulse stream is applied to the up clock of the 

integrator. 

A digital/analog converter changes the process "tenperatwe" to vol- 

tage form. The 0 - 10v output is inverted by an arrplifier, and scaled by 

a voltage divider to 0 to +50 m. 'This signal is returned to the controller 

and applied to the input anplifier.  

The clock for  the s h d a t o r  cones from the real tine clock. 'This 

must be running fo r  the sinnilator to run.  Changing the clock ra te  (say 

it w e r e  connected t o  a pulse generator instead) would change the the scale 

of the simulation. Heating arid -ling tirrre constants are altered by 

changing b and c ,  respectively. A t  present no provision has been made i n  

t k  simulator to do this. 
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MULTIPLEXLR/TTY IUTCRFACL 
LEA72-9001  - 11 

L r ~ 6 8 - - 9 0 6 8 ~ 4 <  1 
CABLL C A R D  1 

L - - - - - _ d  

- - - - -  

r ~ ~ ~ 6 8 - 9 0 6 8 - 4 6 -  I 
CABLE CARD I 

L --- - - - - - A  

I i T T Y  RETURN 

DRAWINGS/ASSEMBLILS REQUIRED: 
NOTES: 

LEA72-9001 -01 ,  THIS DWE. 
I. FOR TTY OPTION SEE LLA72-9001-11. 

- 03 PARTS L15T. 
2. RttlOVE FRAML NEAREST FRONT PhHEL. 

- 0 4  P, S. BRACKET. 
3. I F  PS 1 15 L E D 2 1 5 5 9  FUSE wlTH L A ;  

IF PS I  IS LED 21686 FUSE WITH 3 A .  

- 06 FRONT PANEL TLMPLATE. 
- 07 F R O N T  P A N E L  SILK SCRLEN. 
- 08 REAR PhNEL TEMPLATE. 
- 09 R E A R  PANEL S ILK  SCRLEN. 
- I I MULTIPLEXLR/TTY INTERFACE -~SSLMBLY. - 13 PARTS L15T FOR -11. 
- 14 CARD 1.0. FOR -11. 

RO 1 0 5  







m 4 5 

SYM8OLS PER L t D b B  9 0 2 0 1 3  

7 D E S l G N A T I O N S  P E I  LED68 PO2014 

3 UNLESS O T U E I W I I S E  SPE;lrlED O N  ALL L E A X I  V07C X I  I O A I D S  

o C O M P O N E N T  S T O  BE N O  G I t A 7 f R  T H A N  2 1 0  M A X  N f l c ~ '  
F I O M  B O I I D  W H E N  L O A D E D  

b THIS D R A W I N G  N u ~ n E t  1 0  BE S T E N C I L E D O N  C A I 0  H A N D L t  
COMPONENT J l D E  O r  B O A I D  A S  S H O W N  A I O V E  

4. L~RDED CaaL I,,.,- STGCU k0.5975 - 5 9 5 2 5 .  

~ .PARTs&coMPoNENTS W I T H  X: ARE 
NOT 70 BE S U P P L I E D  B Y  L L L .  

ELLCTRONICS CCIGMfLRING O E P A R T Y L M  



4 .OLD 4 3 I 2 1 1 

1 LEA CIRCUIT DIAGRAM CARD OUTLINE 
TOP VIEW A 

LO w 
ADR 
FOR 
N W ,  

NOTE 

1 SYMBOLS PER LEDbB 901013 

1 DESIGNATIONS PER LED68 901014  

3 UNLESS OTHfRWIRSE SPECIFIED. O N  ALL LEAXX 9 0 7 0  X X  IOARDS 

101 COMPONENT s TO BE NO G R E A T E R  THAN 250  M A X  n E l c n T  
FROM BOARD WHEN LOADED 

[b)  l H l S  DRAWING NUMIER TO I E  STCNCILED O N  CARD HANDLE 
COMPONENT SIDf OF 8OARD AS SHOWN A8OVf  

4, n O P - ? = \ t i  4 It.? STOCK h0.59bI-59448 TO BE 
LORDED b Y  U S E R .  

6. 8 TEST PIN5 LOADED. DhRKENED CIRCLES IN 

OUTLINE A B O V E  INDICATE LlRCUlT T W  POINTS 
7, A L L  J U M P E R S  TO B E  I N S T A L L E D  

BY U S E R .  I 
8. PARTS #COMPONENTS W I T H  % A R E  

N O T  T O  B E  S U P P L I E D  B Y  L L L .  - 
9. /NSTALL JUM PC R W r / W  -'W 
S UPPf Y IS USED 

I 

UNlVERSlTV OF CALIFORNU 

LAWRENCE RADUTION UBORATORV 

ELECTRONICS ENGWEERlNG OEPARTYENT 



~ ~ - 
7.1111 Z J M P E R S  TO B E  I N S T A L L E D  BY 

U S E ~ R  ONLY. 

~ 

8. L L L  W I L L  SUPPLY /C /TNRV/CB( / /O /A )  

~~ ~ ~ -- - - 

~~ -~ 

Nrt!L--- 
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CARD Ass1-S 

POSITION 

1 

15 

16 

17 

18 

19 

20 

21 

22 

23 

24 

25 

26 

27 

28 

29 

30 

31 

3 2 

3 3 

34 

35 

36 

37 

3 8 

39 

4 0 

FUNCTION 

Crm-Bar Protection 

PRm I'kTtKIry 

PRm Mfm3ry 

RAM -ry 

Mmry Address Storage 

Central  Processor 

Input-Output Control 

Serial Interface  

Inverters 

Dig i ta l  Multiplexer 

Dig i ta l  Multiplexer 

4 to 16 Decoder 

' D ' Flip-Flops 

Analog-Digital Converter 

Analog Multipl- 

Di f fe ren t ia l  Amplifier 

Multiplexer -er 

2-Input NAND Gates 

Frequency Divider 

Oscillator 

2-Input NOR Gates 

Simulator Connector 

Translator 

Power Driver 
- 

' ~ e s i ~ n e d  and b u i t t  by BNW. 



INPUT-OUTPUT ASs1- 

INPUT 

1-0 POHT INSTRUCTION DATA FIEID FUNCTION 

CODE' MSB I S B  

0 101  3 - 0  HOID TIME Switch 

2 10  3 3 - 0  RISE T m  Switch 

4 105 7 - 0 UART, Receive Data 

6 107 STATUS 

0 UART, D a t a  Ready 

1 UART, XlW Ready 

2 CCW Limit  Switch 

5 MELT Switch 

6 START Switch 

7 Real T i m  Clock 

111 7 - 0 ADC, mst s i g n i f i c a n t  b i ts  

113 3 - 0  ADC,least s i g n i f i c a n t  b i t s  

20 121 Cont ro l  Output 

0 s t e p ,  

1 s t e p ,  cw 
2 Reset  Clock, Convert 

7 - 5  Analog Multiplexer  

7 6 5 

0 0 0 

0 0 1 

0 1 0 

0 1 1 

Inpu t  Amplif ier  

Derivative Gain 

Integral Gain 

Proportional Gain 

UAKC, Transmit D a t a  



CONTROL OUTPUT CafsZKXlR WIRING, J53 

Dropping Resistor 

DESTINATION CY)LOR 

Rermte Control Box, STAKI' WHT 

p.b. N.O. 

RemDte Control Box, START GRN 

p.b. c m n  

RemDte Control Box, MELT BLU 

p.b. N.O. 

m t e  Control Box, MELT RED 

p.b. carmon 

Stepping mtor CCW Limit 

Switch, N.C. 

Stepping mtor CCW Limit 

Switch, camon 

Stepping mtor Ccmmn, A WHT 

Dropping Resistor Stepping mtor Ccmrron, B BLU 

39-20 Stepping mtor Phase 1 BUT 

39-M 3 RED 

39-2 4 BRN 

GROUND Stepping mtor Cable Shield 

J55-2 Clamping Diodes YEL 

3042, 29-B Analog Out 

GRCXTND Analog Ground 



coNI'laD DESTINATION 
CARD PIN 

co-R 
3 7 

(Zou'ND 

Unused 

Unused 

Unused 

+5v 

+5v 

+5v 

+15v 

-15v 

10 Hz m 

OUTPUT, INCREASE 

OUTPUT, DECREASE 

ANAIXX; mUT 

ANAIXX; GROUND 
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00100 107 
00101 07U 
00102 no0 
o r c i o ~  trn 
ouioe 100 
04105 010 
OulOb 101 
OU107 012 
OU110 012 
a u i t i  012 
OUllc? 060 
00113 n o u  
o u 1 1 u  121 
Ou115 1 1 1  
Oullb lob 
OUlll 307 
oa120 000 
00121 075 
04122 100 
OUl23 100 
04120 010 

T E S T  PROGRAuS 
A S S E M B L Y  LISTING S T A R T S  A T  L O C A T I O ~  i o n  OF T H E  R A M  

T H I S  I S  P A S T  THE AREA U S E D  ( A N D  C L E A R E D )  B V  THE 
CONTROL PROGRAM 
THESE PUOGRAYS MUST B E  E N T F R E D  r I T u  O D 1  

OUG 'U100 

E X E R C I S E S  M U X - A D C  A Y O  R E A L  TIME C L O C K  

HOLD T I M E  9 d I T C H  S E L E C T S  MLJX CHANNEL 
0 -- ANALOG I N P U T  

1 1 -- D E R I V A T I V E  G A I N  
1 2 -- I N I E G R A L  G A I N  
1 3 -- P R O P O Q I I O N A L  G A I N  

SEND EQU '50 T E L E T Y P E  OUTPUT R O U T I N E  
READ E Q U  '60 T E L E T Y P E  I N P U T  R O U T I N E  
C R L F  E Q U  '70 T V P E S  A C A R R I A G E  U E T I ) R N - L I N E  F E E D  
F L A G  L O U  b S T A T U S  D A T A  
H O L D  E Q U  0 HOLD T I M E  S ~ I T C H  
C r A N D  EQU '20 CONTROL OUTPUT 
D A T A  EOU '10 ADC DATA,  MOST S I C  
L S O A T A  L O U  '12 ADC DATA,  L E A S T  S I C  
O C T A L P  EQU '307 ODT O C T A L  OUTPUT R O U T I N E  ADDRESS 

M Y 1  I N P  F L A G  T E S T  I F  THE CLOCK I S  S E T  
C P I  0 BIT 7 M U S T  BE ON 

J F S  * X I  

I N P  H O L D  U S E  HOLD TIME SNITCH T O  
RRC S E L E C T  THE MUX CHANNEL 
a R C  P O S I T I O N  B I T S  0 - 5 TO 5 - 7 
u u c  
ORI o S E T  C O N V E U T  B I T  

OUT C H I N O  COMMAND C O N V E R S I O N  
I N P  DATA G t T  CONVERTED D A T A  
C A L  OCTACP TYPE I T  OUT 

QSI C W C F  C A R R I A G E  ~ E T U W V  
J rp  ' 4 x 1  

F U L L  P Q t C I S I O *  AOC OUTDUT R O U T I N E  

OUTPUT A P P E A R S  AS T W O  O C T A L  NUMBERS 
THE F I Q S T  NUMBER C O Y T A I N S  THE F I R S T  8 S I C  B I T S  
T H E  SECOND b l l M R E Q  C O N T A I N S  T H L  0 L E A S T  S I G  H I T S  

1 THE FIRST DIGIT OF THE S E C O N ~  NUMBER IS N O T  U S E D  
1 E X A M P L E - - F U L L  S C A L E  7777 I S  T V P E D  AS 377 070 
1 

ADC L A 1  U CONVERT ANALOG I N P U T  



+ 
+ 
1 

+ 
+ 
+ 
S T E P  

+ 
+ 
+ 
+ 
+ 
1 

+ 
D E L T A  
R A T E  
+ 
s 1  

I N P  D A T A  GET HOST S I G N I F I C A N T  D A T A  
C A L  O C T A L P  OUTPUT 

I N P  L S O A T A  GET L E A S T  S I G  D A T A  
RRC 
RUC 
C A L  O C T A L P  OUTPUT 

C A L  C R L F  

J M P  ADC 

S I N G L E  S T E P  MOTOR T E S T  

T E L E T Y P E  f A f  = C C r  S T E P  
181 a c r  S T E P  

R S T  R E A D  J A I T  FOW I N P U T  
OUT . CMAbD U S E  CHARACTER AS COMMAND D A T A  
J * P  S T E P  

D Y N A M I C  M O T 0 9  T E S T  

T Y P I N G  A CHARACTER C A U S E S  THE MOTOR TO MOVE 1 8 0  
DEGREES,  THE D I R E C T I O N  DEPENDENT UPON THE CHARACTER 
T Y P E D  ( S E E  ABOVE)  

E O U  1 0 0  NO, OF S T E P S  MOVED 
E Q U  bU S T E P P I N G  R A T E  ( b U  USEC P E R  D I G I T )  * 

L C 1  D E L T A  

R S T  READ W A I T  FOR COMMAND 
L B I  9 A T L  

DCB DECREMENT R A T E  U N T I L  ZERO 
J F Z  S 3  T E S T  I F  ZERO 

OUT CMAND S T E P  MOTOR 
DCC DECREMENT S T E P  L E N G T H  
J F Z  S2 

J M P  S l  



B R A Z E  
I 
I 

RAM E Q U  
T B P A G E  t Q U  
COYST E Q U  
eon eou 
H T S w  EOU 
R T S w  LOU 
f L A G  E Q U  
D A T A  eou 
S T E P  EQU 
S C A L E  E Q U  
D S C A L E  E Q U  
D E L A Y  EQU 

ORG 
D T I M E  D  
I R A T E  a 
P G A I N  D  
S I G M A  D  

0  
P O I N T  0  
U ( N 1  D  

D  
S  D  
Mh( D  

D  
M N l  D  

D  
MN2 0 

0  
E  D  

D  
E l  D  

D  
E2 D  

D 
S L O P O S  D  

D  
S P l  D  
I C L K  D  
I C A N D  D  
M T l  0  
M T 2  0 
H O L D  D  

D  
R I S E  D  
I 

ORG 
S T A R T  L n I  

CONTROL 

~ 4 4 0 0  
RAM 

PROGRAM w-  T A S  

V A R I A B L E  PARAMETER STORAGE 
S T A T E  T A B L E  P A G E  ( S T A R T I N G  P A G E )  
MATH S U B R O U T I N E  CONSTANTS 
P R O F I L E  T A B L E  PAGE 
H O L D  T I M E  S W I T C H  
R I S E  T I M E  S W I T C H  
S T A T U S  B I T S  
ADC PORT 
COMMAND I N S T R U C T I O N  
S C A L E  F A C T O R  ( P O W E R  OF 2 )  
D E R I V A T I V E  S C A L E  FACTOR 
S T E P P I N G  MOTOR R A T E  FACTOR 

CURRENT D I F F E R E N T I A L  G A I N  
CURRENT I N T E G R A T I O N  R A T E  
C U e R E N T  PROPORTXONAL G A I N  

P O I N T E R  TO TEMP P R O F I L E  
CONTROLLEQ OUTPUT 

P R E S E N T  S T A T L  

P R E V I O U S  MEASURED VALUE 

S E T P O I N T  - MEAS. VAR, 

S L O m S V N  P O S I T I O N  

P R E V I O U S  S E T P O I N T  

M U L T I P L I C A N D  R E G I S T E R  
H A T H  SUBR, T E M P O R A R I E S  

TEMPERATURE HOLD T I M E O U T  

L L I  S  S E T  TO P R E S E N T  S T A T E  

X R  A  
LMA S E T  P R E S E N T  S T A T E  TO ZERO 
L L I  I C L K  l N T E G R A T O R  T I M E O U T  

L M I  1 0  



JMP I N I T  

CLOCK L B I  0 

C L K l  I N P  FLAG 
ORB 
LBA 
RLC 
JFC C L K l  

OUT STEP 
LAB 
OR1 ' 1 0  

RLC 
SWITCH I N B  

RLC 
JFC SWITCH 

L A B  
CAL STAT 

I N 0  
OCB 
J T Z  I N I T  

DCB 
J T Z  d A I T  

I N I T I A L I Z E  CONTROLLER 

INITIALIZE S W I T C H  S T A T U S  

k A I T  FOR REAL T I M E  CLOCK 

SAVE STATUS FOR SWITCH TEST 

RESET REAL T IME CLOCK 
TEST CONT40L SWITCHES 

BVP4SS REAL T IME CLOCK B I T  

EXECUTE S T A T E  CONTROL 

PRIME STATE FOR TEST 

W 4 I T  FOR START 

DC0 
J T  2 CYCLE EXECUTE TEMPERATURE CYCLE 

DCM 
J T Z  MELT 

JMP CLOCK N A I T  FOR NEXT SAMPLING PERIOD 

I 

I STATE TABLE EXECUTION ROUTINE 
I A  0 I N P U T  TOKEN ( 0  - 3 )  
I 

STAT C P I  4 TEST RANGE OF I N P U T  TOKEN 

L L I  S  



LBM GET PRESENT STATE 
L A B  
9FC IGNORE I F  OUT OF RANGE 
@LC MULT, BY 4 ( 0  E N T R I E S  PER S T A T E )  
RLC 
ADC ADD TOKEN DISPLACEMENT 
A 0 1  TABLE COMPUTE F U L L  ADDRESS 

L H I  TBPAGE 

L L  A 
L s M  GET NEXT STATE 
L L I  s 

L H I  RAM 

LMB SET PRESENT STATE 1 0  NEXT STATE 
RET 
T R A N S I T I O N  TABLE--FOUR E N T R I E S  PER STATE 

* 
TABLE 0 1 

0 0  
D 0 
D 0 
D 1 
0  2  
D 1 
0  0  
D 2 
D 2 
0 3 
D 0 
D 3 
D 3 
D 3 
D 0 

l N I T I A L I Z A T I O N  ROUTINE 

I N I T  L H I  RAM 

XRA CLEAR A 
L L A  
L B 1  40 

N T l  LMA CLEAR RAM MEMORY 
I NL ADVANCE ADDRESS 
DCB 
J F Z  N T l  

F I R S T  RESET SLO-SYN P O S I T I O N  
L C 1  2 0 0  WAX, NO. OF STEPS 

L O 2  L B I  9 0  

L O 1  DCB 
JFZ L O 1  



I N p  F L A G  
RRC 
RRC 
RRC 
JTC L O 3  

OUT S T E P  
DCC 
JFZ L O 2  

GET S T A T U S  B I T S  
P O S I T I O N  L I M I T  S N I T C H  I N  CARHY F F  

S T O P  M O T I O N  I F  L I M I T  R E A C H E D  

OUTPUT S T E P  COMMANO 

L O 3  C A L  7 1 0  

1 I N I T I A L I Z E  H O L D  T I M E  D E L A Y  
L L I  H O L D  

L H I  1 0 0  1 0  SEC D E L A Y  

INP ~ T S W  GET H O L D  S k l T C H  S E T T I N G  
I N L  
C A L  1 1 0 1  Y U L T I P L Y  BY S I X  

X R 4  
C A L  S T A T  ADVANCE S T A T E  TO W A I T  S T A T E  

J M P  CLOCK 

1 

W A I T  J M P  CLOCK NO O P E R A T I O N - - W A I T  FOR S T A R T  OF C Y C L E  

1 

T E Y P E R A T U R E  C Y C L E  CONTROL 

C Y C L E  L L I  R I S E  GET R I S E  T I M E  V A R I A B L E  

L B M  
DCB DECREMENT T I M E O U T  ( I N I T I A L  V A L U E  D E T E R M I N E S  R 4 T E  

OF R I 3 E )  :E: L 2 0  ., 
L L I  P O I N T  A D V A N C E  P R O F I L E  T A B L E  P O I Y T E R  

I N 8  
L n B  
JFZ C Y l  T E S T  FOR P O I N T E R  OVEYFLOvi  

L q I  255 D o  NOT ALLOW T O  OVERFLOW 



C 4 L  T T O  R E - I N I T I A L I Z E  R I S E  R A T E  T I M E O U T  

CONTROL R E S P O N S E  C A L C U L A T I O N  

CONTROL I S  A  C O M B I N E 0  P R O P O W T I O N 4 L - I N T E G R A L  ( P I )  4 C T I O N  

C A L  F I L T E R  D I G I T A L  F I L T E R I N G  R O U T I N E  

OUT 
I N P  
L M A  
1 N L  
L A 1  

OUT 
I N P  
L M  A  
I kL 
L 4 I  

OUT 
I N P  
LMA 
C A L  

D T I M E  

1 4 4  F I N D  D I F F ,  G A I N  S E T T I N G  BY C O N V E R T I N G  

S T E P  P O T E N T I O M E T E R  S E T T I N G  
D A T A  

I 1 0 4  F I N D  I N T E G R A T I O N  R A T E  

S T E P  
D A T A  

1 1 4 4  F I N O  P R O P O R T I O N A L  G A I N  

S T E P  
D 4 T A  

P R O P  P R O P O R T I O N 4 L  R E S P O N S E  C A L C U L A T I O N  

C A L  I N T  I N T E G R A L  R E S P O N S E  C A L C U L A T I O N  

C 4 L  D I F F  D E R I V A T I V E  R E S P O N S E  C A L C U L A T I O N  

L L I  U ( N )  GET CONTROL R E S P O N S E  

L B M  
I N L  
L C M  
L L I  MAX 

C A L  L I M I T  CHECK BOUNDS ON C O N T R O L  

L L I  U ( N )  

L M e  
I N L  
LMC 
L L I  S L O P O S  



L B "  
I N L  
L C M  
L L I  

GET P R E S E N T  S L O - S Y N  P O S I T I O N  

COMPARE W I T H  COMMANDED P O S I T I O N  C A L  

J T Z  E Q U A L  

J T S  L E S S  THAN, S T E P  U P  

DCC 
I N C  
J F  Z  

G R E A T E R  THAN, S T E P  DOWN 
T E S T  I F  C  = 0 (DECRI  W I L L  C A U S E  A  BORROW) 

D C B  
DCC 
L A 1  

P A S S  CARRY I N T O  MS H A L F  
DECREMENT L E A S T  S I G  H A L F  
S T E P  DOWN 

OUT 
J M P  

S T E P  
L 2 6  

O U T P U T  S T E P  COMMAND 

P A S S  O V E R F L O W  I N T O  HS HALF 
2 9 T E P  U P  

OUT 
L D I  

S T E P  O U T P U T  S T E P  COMMAND 
D E L A Y  

S L O P 0 3  S E T  N E W  S L O - S Y N  P O S I T I O N  

L M B  
I N L  
LMC 
J M P  CLOCK 

AT CURRENT T E M P E R A T U R E  F O R  S P E C I F I E D  D E L A Y  A F T E R  M E L T  OCCURS 

WOLD 

GET T I M E  OUT [ H O L D ,  L e n  
D C B  
L V R  



Obb 
0 3 6  
1 0 3  
5 1 0  
0  0  2  
2 0  1 
0 0 2  
5 7 0  
0 0 7  

Obb  
0 1 7  
3 1 7  
0 6 6  
0 0 2  
3 2 7  
1 0 6  
1 2 6  
0 1 3  
0 0 6  
0 0 4  
1 0 6  
0 5 1  
0 1 3  
0 6 6  
0 0 6  
3 7 1  
0 6 0  
3 7 2  
0  0 7  

e 
I 

TTO 

I 

I 

I 

I 

PROP 

L M I  1 0 0  

I N L  
LBM 
DCB 
LMB 
J F Z  L20  

CAL  STAT  

JMP CLOCK 

TEST I $  T I M E D  OUT 

10 SEC DELAY 

GET HOLD T I M E R  

T I M E D  OUT--RESET STATE 

CALCULATES TEMP, T I M E  OUT 
L L I  R I S E  

I N P  a T S k  GET R I S E  T I M E  S W I T C H  S E T T I N G  
L B A  ENTRY FOR HOLD T I M E  C A L C U L A T I l l N  
RLC 
ADB 
RLC MULT BY S I X  
LMA 
9 E T  

P R O P O R T I O k A L  CONTROL SUBROUTINE 

COMPUTES K ( P ) * ( E ( N ) - E ( N - 1 ) )  

L L I  E 

LBM GET CONTROL ERROR 
L L I  P G A I N  GET PROPORTIONAL  G A I N  

LCM 
CAL MULS 

L A 1  SCALE 

CAL DSRA SCALE PROPORTIONAL  OUTPUT 

L L I  U t N )  

LMB 
I N L  
L r c  
RET 

I N T E G R A L ,  0 9  RESET,  CONTROL SUBROUTIYE  

L L 1  I C L K  G E T  TIMEOUT 



L B M  
DC B  
L " B  
J T Z  

L L  I 

L B M  
I N L  
L C M  
JMP 

INTI L n r  

L L  I 

L B M  
L L I  

L C M  
C A L  

L L I  

C A L  

L L I  

L H I  

C  AL 

L U I  

L L I  

L M a  
I N L  
LMC 

I Y T Z  L A 1  

C  AL 

L L I  

C A L  

L H B  
I N L  
L  MC 
RET 

I M A X  D  

I N 1 1  

S I G M A  

I N 1 2  

1 0  

E 

I R A T E  

MULS 

S I G M A  

DADD 

I M A X  

CONST 

L I M I T  

4 A M  

S I G M A  

8 

DSRA 

U [ N l  

OADD 

1 7 7  

C O N T I Y U E  I N T E G R A T I N G  

OUTPUT I N T E G R A L  CONTROL 

GET C O ~ T R O L  ERROR 
f E T  I N f E G R A T I O N  H A T E  

ADD TO P R E V I O U S  I N T E G R A L  

T E S T  FOR S A T U R A T I O N  

OUTPUT C O M P A R E D  UITH z SUCCESSIVE L I M I T S  

S A V E  R E S U L T  

C O H B I Y E  CONTROL A C T I O N S  



O b b  
0 2 1  
3 1 7  
0 6 0  
327 
0 6 0  
37 1 
0 6 0  
3 7 2  
0 6 6  
0 1  1  

D  1 7 7 7  
I M I N  D  0 LOWER I N T E G R A T O R  L I M I T  

D 0  
MAX D 0  C O N T R O L L E R  OUTPUT L I M I T  

D 1 0 0  1 8 0  DEGREES ( 1 0 0  S T E P S )  
k I N  D  0  M l N  :, 0 

D  0  
I 

I D E R I V A T I V E  RESPONSE R O U T I N E  
I 

D I F F  L L I  E l  GET CURRENT ERROR 

L B M  
I N L  
L C 4  
I N L  ADDRESS NOW AT P R E V I O U S  ERROR 
C A L  DSUB ( E ( N )  - E t N - l I I I B  

C A L  C D S I  

L B  A  
L L I  D T I M E  GET D I F F E R E N T I A L  G A I N  

L C M  
C A L  MULS K ( O ) * ( E ( N )  ( N - l ) ) * B  

L A 1  D S C A L E  

C A L  DSRA S C A L E  R E S U L T  

L L I  U ( N )  

C A L  DADD COMBINE ~ I T H  O T H E R  C O N T R O L  ACTIONS 

L M B  
I N L  
LMC 
RE T  

I 

I D I G I T A L  F I L T E R I N G  R O U T I N E  
I M ( N )  :, ~ l * n ( N )  + K 2 r Y ( N - 1 )  
I K 1  P 118 K 2  8 7 / U  
I C U T O F F  FREO,  8 , 1 9 9  HZ 
I 

F I L T E R  L L I  E l  

L e n  
I N L  
L c M  
I N L  
L ~ B  R E P L A C E  E ( N - 2 )  U I T H  E ( N - 1 )  
I N L  
LMC 
L L I  VN 
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L B M  
I N L  
L C M  
I N L  
L M B  S E T  M ( N - 1 )  = M ( N 1  
I N L  
LMC 
D C L  
L A 1  3 

C A L  DSRA MULT BY 1 / 8  

M ( N )  I S  S C A L E D  B Y  8 
C b L  DSUR - K 2 * M ( N - 1 )  

XRA 
L L I  M h  

L M  A 
I N P  D A T A  SET M ( N )  r TEMP I N  D O U B L E  P R E C I S I O N  F O R H A T  
I N L  
L V A  
D C L  
C A L  DADO M ( N )  = K l * M ( N )  + K 2 * M ( N - 1 )  

K ) + M ( N )  I 3  AUTO, DOhE BECAUSE OF S C A L I N G  ON M ( N - 1 )  
L M B  
I h L  
L n c  
L L I  P O I N T  GET CURRENT S E T P O I N T  

L L M  
L M I  R 0 M  

LCM 
L B I  0 S E T  UP AS DOUBLE P R E C I S I O N  V A L U E  

C 4 L  D S L L  S C A L E  BY 8 

L H I  RAM 

L L I  MN 

C A L  D S U B  ERROR 0 S E T P O I N T  - M ( N )  

L L I  € 1  S A V E  S C A L E D  ERROR 



DCMP 

L A 1  3 

C A L  DSRA RESTORE NO, WEIGHT OF 1 

C A L  C D S I  CONVERT TO S I N G L E  P R E C I S I O N  

L L I  E 

COMPLEMENTS D O U B L E  P R E C I S I O N  I N T E G E R  

XR A 
SUC 
L C  A  
L A 1  0 

S B 8  
L B  A  
P E T  

D O U B L E  L E N G T Y  S ~ I F T  R I G H T  
LEFT  H A L F  ~h e 
R I G H T  H A L F  I N  C 
NO OF S H I F T S  I N  A 

C P I  1 6  COMPARE FOR MAX h O  OF S H I F T S  

J T C  D L S l  

L B I  0 C L E A R  B O T H  

L C B  
R E 1  
L H I  R 4 M  

C P I  0 

R  T Z  
L D  A  
XRA C L E A R  CARRY F F  
L A B  
RAR S H I F T  L E F T  H A L F  R I G H T  
L B A  
L A C  
R  AR S H I F T  R I G H T  H A L F  
L C  A 
DCD E X E C U T E  I N D E X  
J F Z  D L 9 2  T E S T  I N D E X  

ARITYMETIC DOUBLE SHIFT R I G H T  
ARGUMENT I S  I N  8 AND C  
NO OF S H I F T S  I N  A  

-C13- 



t 

DSRA 

DSR 1 

1 

DADD 

1 

t 

D S U B  

L D A  
c P I 

R T Z  
L A B  
X R I  

L B A  
L A B  
XR I 

C P I  

RAR 
L B A  
L A C  
RAR 
L C A  
DC D  
J F  Z 

NO OF S H I F T S  
0  

I N V E R T  S I G N  FOR A R I T H .  S H I F T  PURPOSES 
' 2 0 0  

1 2 0 0  CORRECT S I G N  FROM P R E V I O U S  S H I F T  

1 2 0 0  S E T  CARRY TO I N V E R S E  OF S I G N  

SHIFT n o s y  SIC HALF 

GET R I G H T  H A L F  AND S H I F T  

ADVANCE I N D E X  
DSR 1 T E S T  FOR C O M P L E T I O N  

L A B  
X R I  1 2 0 0  MAKE F I N A L  C O R R E C T I O N  

L 0 4  
R E T  

D O U B L k  P R E C I S I O N  A D D I T I O Y  SUER 
8 = MOST S I C  H A L F  OF ADDEND 
C  L E S T  S I C  H A L F  
M = ADDER 

SUM I S  L E F T  I N  0 AND C 

I N L  
L A C  GET L O w E R  H A L F  
ADM COMPUTE L E A S T  S I C  SUM 
L C A  S A V E  R E S U L T  
D C L  
L A  
A C M  C O M P U T E  M O S T  SIGNIFICANT SUM 
L B A  
RE 

D O U B L E  P R E C I S I O N  S U A T R A C T I O N  
C O N T E N T S  OF MEMORY ARE S U B T R A C T E D  FROM D P  I N T E G E R  STORED 
I N  B  AND C  

I N L  
L A C  
SUM 
L C  A  
D C L  
L A B  
SBM 
L e A  
R E T  

GET R I G H T  H A L F  

S U B T R A C T  W I T H  BORROC 

S I N G L E  P R E C I S I O M  S I G N E D  M U L T I P L Y  R O U T I N E  



I 

I 

MULS 

UMLS 

T I M E - -  1 0 7 0  TO 1 0 9 0  MICROSECONDS 
XRA 
m e  
LEA 
SUC CONVERT ARGUMENTS 1 0  AeSOLUTE VALUE 
J T S  MLO 

LDA 
I NE 
L I E  SET CARRY EQUAL TO MOD 2 SUM OF S I G N  B I T S  
R  AR 
CAL UMUL M U L T I P L Y  P O S I T I V E  ARC'S 

CTC OCMP COMPLEMENT I F  RESULT I S  NEGATIVE 

UNSIGNED M U L T I P L Y  
A R G l S  I N  C  AYD 0  
RESULT I N  0 AND C  
REGtS--A,B,L,  AkO FLAGS EXCEPT CARRY 
U M L S - - M ~ L T I ~ P N E C I S I O N  ENTRY 
(B,C) s c D * e 
L B I  0  

L E I  9 

LAC 
RAR ROTATE CARRY I N T O  PRODUCT - M U L T I P L I E R  
LC A  P A R T I A L  PRODUCT, L S B  M U L T I P L I E R  H I T  
DCE FORCED I N T O  CARRY 
RTZ RETURN AFTER 8 LOOPS 
L A B  
J F C  U M L l  I F  CARRY A 0 0  M U L T I P L I C A N D  TO PRODUCT 

ADO 
RAR NOTATE LSR I N T O  CARRY 
L e A  
I M P  U M L O  



C D S l  

Z 

* 
I 

Z 

D S L L  

D S L  1 

CONVERTS S I N G L E  P R E C I S I O N  I N T E G E R S  TO D O U B L E  P R E C I S I O N  
R E S U L T  I N  B Ail17 C  
ARGUMENT I S  I N  A  

L C  A  
L B I  0 

CPB 
R F  S  
L B I  ' 3 7 7  

T E S T  S I G N  OF ARGUMENT 
R E T U R N  I F  P O S I T I V E  
V A K E  MOST S I G  H A L F  NEG 

CONVERTS DOUBLE P R E C I S I O N  I N T E G E R S  TO S I N G L E  P R E C I S I O h  
ARGUMENT I S  I N  B  AND C  
R E S U L T  I S  L t F T  I N  A  

L A B  
CPT 0 T E S T  S I G N  

J F S  C D S l  

X R I  1 3 7 7  I N V E R T  MOST S I G  8 1 T S  

L A 1  - 1 2 7  I N I T I A L I Z E  R E S U L T  TO LOWER ROUND 

RF Z RETUWN I F  L E S S  THAN - 2 5 6  
L A C  T E S T  RANGE OF L O A E R  H A L F  
C P I  - 1 2 7  L O H E R  BOUND I S  - 1 2 7  

L A 1  - 1 2 7  I N I T I A L I Z E  R E S U L T  TO LOUER BOUND 

T c U E T U H N  I F  I N P U T  I S  A L G E B R A I C A L L Y  L E S S  T H A N  - 1 2 7  
L A C  W I T H I N  A L L O M A B L E  RANGE--USE I N P U T  
Q E T  
L A 1  1 1 7 7  I N I T I A L I Z E  R E S U L T  

QF Z R E T U R N  I F  GREATER THAN 2 5 5  ( R E S U L T  3 2 5 5 )  
L A C  GET LOWER H A L F  

CPR COMPARE A I T H  Z E R O  
L A 1  1 1 7 7  

R T  S  
L A C  
R E  T  

U t T U R N  J I T H  1 2 7  I F  GREATER 
I F  L E S S  THAN, U S t  I T  

D O U B L E  L E N G T H  S H I F T  L E F T  
ARGUMENT I S  I N  B AND C  
S H I F T  L E N G T H  I S  AN A  

L D A  U S E  D  REG FOQ I N D E X  
C P I  0 

R  T  Z 
XR A  
L A C  
R  AL 
L C A  
L A B  

C L E 4 R  CARRY 

S H I F T  THRU CARRY 



L M T l  

t 

1 

1 
t 

t 

t 

t 

DCPM 

D C P l  

R A L  S H I F T  L E F T  H A L F  WITH CARRY 
L B  A 
DCO DECREMENT I N D E X  AND TEST 
J F Z  D S L 1  

M A I N T A I N S  CONTROL OUTPUT W I T H I N  S P E C I F I E D  MAXIMUM AND 
M I N I M U M .  L I M I T S  
Y  AND L  P O I N T  TO 2 CONSECUTIVE  L I M I T  VALUES, MAX F I R S T  ( D P  FORMAT) 

C A L  D C P M  C D M P A R E  WITH UPPER LIMIT 

J F S  L M T Z  GREATER THAN- USE 4AX 3 1 4 1 1  

1 N L  CHANGE ADDRESS TO M I N  
I NL 
CAL DCPM COVPARE N I T H  LONER L I M I T  

RPS R E T U R N  IF WITHIN LIMITS 
LBM USE L I M I T  VALUE 
I N L  
LCY 
R E 1  

DOUBLE P R E C I S I O N  COMPARE 
C O N D I T I O N  F L A G S  S AND Z C O N T A I N  RESULT 

S  Z 
GREATER THAN 0 0  
EQUAL 0  1 
L E S S  THAN 1 0  

L A U  
XRH COMPARE S I G N S  
J T S  DCPL D I F F E R E N T - - T E S T  S I G N  O f  ARGUMENT 

L O 8  SAVE ARGUMENT 
LEC 
C A L  DSUB CYECK D I F F E R E N C E  

J F Z  D C P l  TEST I F  E Q U A L  

LAC GET L S  H A L F  
C P I  0  TEST FOR E Q U A L I T Y  

J T Z  D C P l  E Q U A L - - E X I T  

NO1 ' 1 7 7  SET S I G N  0  

OR1 1  SET Z r 0  (FOR GREATER THAN) 

LBO RESTORE ARGUMENT 
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0 5 7 U 5  
0 5 7 U 6  
0 5 7 U 7  
0 5 7 5 0  
0 5 7 5 1  
0 5 7 5 2  

0 6 0  
ObOOO 
0 6 0 0 1  
0 6 0 0 2  
0 6 0 0 3  
ObOOO 
0 6 0 0 5  
0 6 0 0 6  
0 6 0 0 7  
0 6 0 1 0  
0601 1  
0 6 0 1 2  
Oh0 13 
ObOlU 
0 6 0 1 5  
0 6 0 1 6  
3 6 0 1 7  
0 6 0 2 0  
06021 
0 6 0 2 2  
0 6 0 2 3  
Ob02U 
0 6 0 2 5  
0 6 0 2 6  
O h 0 2 7  
0 6 0 3 0  
0 6 0 3 1  
O h 0 3 2  
O h 0 3 3  
0 6 0 3 0  
0 6 0 3 5  
0 6 0 3 6  
Oh037 
0 6 0 0 0  
0 6 0 0 1  
0 6 0 8 2  
O b O U 3  
ObOUU 
0 h 0 0 5  
0 6 0 0 6  
0 b O u 7  
0 6 0 5 0  
0 6 0 5 1  
0 6 0 5 2  
0 6 0 5 3  
0605U 
0 6 0 5 5  
06056 
0 6 5 5 7  
0 6 0 6 0  
Oh061 
ObOh2 
0 6 0 6 3  
Oh060 

32U L C E  
007 2 E T  
301 n C P 2  L A R  
ObU O R 1  1  
001 
0 0 7  R E T  

0 0  DRG ' 6 0 0 0  
001 D  1  
0 0 2  D  2  
0 0 2  D  2  
0 0 3  D 3  
oou D  u  
0 0 5  3 5  
0 0 6  D  6  
0 0 6  D  6  
0 0 7  D 7  
0  10 D  8  
011 D  q 
0 1 1  D  9  
nir D I D  
0 1 3  D 11 
OlU D 12 
0 1 5  D  13 
0 1 5  3 13 
0 1 6  D 10 
0 1 7  D  15 
0 2 0  D  16 
021 D  17 
021 D 17 
0 2 2  0  18 
0 2 3  0 19 
0 2 0  D 20 
0 2 5  0 21 
0 2 5  D 21 
0 2 6  0 22 
027 D  25 
0 3 n  D 20 
0 3 0  D 2u 
o 3  I n 25 
0 3 2  r) 26 
0 3 3  D 27 
03U D 28 
03U D 28 
0 3 5  D 29 
0 3 6  D  30 
0 3 7  D  31 
OUO D 32 
0 0 0  0 3 2  
0 0 1  D  33 
0 0 2  b 30 
0 0 3  0 15 
0 0 0  O 3b 
0 0 0  D  36 
0115 D  37 
Oub D  38 
0117 0  39 
OU7 D 3Y 
0 5 0  n oo 
0 5  1 D  01 
0 5 2  D  U2 

R E T U R N  i I r n  C o n P r R t  R E S U L T  U N D I S T U R B E D  
R E S U L T  I S  E I T H E R  G R E A T E R  OR L E S S  T U A N ,  B U T  
E Q U A L  T O ,  T n u s  S I G N  I S  T E S T E D  W I T ~ D U T  S E T T I N G  z 

053 
0 5 3  
05U 
0 5 5  
0 5 6  
0 5 7  
057 
0 6 0  
061 
0  6 2  
0 6 3  
O b 3  
0bO 
0  6 5  
0 6 6  
0 6 6  
0 6 7  
0 7 0  
071 
0 7 2  
0 7 2  
0 7 3  
07u 
0 7 5  
076 
0 7 6  
077 
100 
101 
102 
102 
103 
100 
105 
105 
106 
107 
110 
Ill 
111 
112 
113 
110 
115 
115 












