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3r An automatic programming system has been developwd to generate 

software for automation of laboratory experiments. The system allows 

inexperienced programmers to produce software in a fraction of the 

time required by conventional techniques. 

Experiments whose analog signals have fi^equency componeni:s less 

than 100 hz, and magnitudes less than 10 volts, may be automated with 

the system. Data acquisition ar.d contrcl hardware, developed to imple

ment the software system on an HP 2100A computer, occupies cnly one 

I/O slot, while allowing efricient real-time operation. 

A software oper?.T:ir-g cystem which extends th3 real-time processing 

capability of the HP 210GA ŝ ŝteui has been developed. The operating 

system is necessary for the execution of real-time software. 



The software generation system is an effective cost saving tech

nique which applies to a wide variety of physical experiments. 
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CHAPTER I 

INTRODUCTION 

Computer hardware has become sufficiently versatile so that 

possible application to scientific and engineering problems are 

virtually unlimited. In 1971, for example. Computers and Automation 

published a list of over 2100 general applications for computers, 

and a large percentage of this list could be classified as scientific 

or engineering applications. Moreover, the list is coir5)osed of broad 

categories which could be subdivided into more detailed applications. 

If this subdivision were accomplished, the list would probably be too 

long to publish. 

One loosely defined category of machines, the "minicomputers", 

have contributed significantly to increased applications. The 

primary factor is probably cost, since minicomputers in general cost 

a fraction of the price for large computers. Several manufacturers 

today offer basic machines for less than $4,000.00. With their 

versatility, and this price range, it is not surprising that "Small 

computer systems will emerge with the highest growth rate during the 

next five years, an average rate of 22 percent per year in gross 

(2) 
shipments" and that "There is a seemingly endless list of practical 

(3) 

applications to keep them busy." 

One broad category of applications is of particular importance 

to the work presented here. This category is the use of a minicomputer 

for real-time data acquisition and control, with an emphasis on labora

tory applications. J.D. Swalen discussed this category in an issue 



(4) 
of the IBM Journal of Research and Development devoted entirely to 

the subject: 

"Today the capability for many exciting possibilities of 
laboratory automation exists. . . . and [this automation] 
can readily be done for many experiments." 

Some of the applications described in this issue include operation of 

x-ray laboratory equipment; automation of a general purpose spectro-

photometric system; automatic pattern recognition system for living 

nervous systems; computer assisted spectroscopy; data acquisition and 

control of low-energy nuclear-physics data. 

The computer systems for these and other similar applications 

have several capabilities in common. All perform data acquisition— 

that is, make numerical reading of analog signals. Most include open 

loop control of the measuring system and some include closed loop con

trol. Data acquisition implies analog-to-digital (A/D) conversion, 

a task which is similar for any system when viewed from the standpoint 

of software. Software requirements for control are varied, but 

digital-to-analog (D/A) conversion is the implied computer output. 

Specifying a controller is equivalent to relating these D/A values to 

A/D inputs (feedback) and/or user defined functions (forcing functions) 

by appropriate algorithms. 

In Figure 1.1, the computer system is used to find the voltage-

current relationship for an analog network. The user programs the 

computer to control the voltage V , and to make 100 different readings 

of the current, I , and V . The resulting data is a voltage/current 
A A 

curve whose data points could be plotted or listed as output. The 
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control of V is an example of open-loop control, since no variables 
A 

in the analog system influence the setting of the D/A converters. 

Suppose, however, that the device were nonlinear. Certain parts 

of the curve might change more rapidly than the fixed increments of 

input, such as shown in Figure 1.2. The total number of data points 

could be increased to insure that a complete curve would be measured, 

but a better approach would be to provide more points only when the 

curve required. The user might specify a reading of current for every 

1% change. The computer would change the D/A converter until the A/D 

converter recorded the desired 1% change. The computer would then re

cord the voltage and current, and proceed to the next point. This is an 

example of closed loop, or feedback control, and is illustrated in 

Figure 1.3. 

The cost of software required for a real-time data acquisition 

(5) 

and control system may be extensive. Gaylord in discussing the de

sign of on-line control systems with small computers, pointed out that 

"The cost of software is a significant or even major cost of implement

ing a small system." This fact is true of any computer application. 
(6 ) 

Martino reports that "Typical [programming] costs range from $2.75 to 

$7.50 per instruction, with an average of around $4.50 per instruction." 

(7) These figui'es reflect all elements of programming. Walter, et.al., 

reported that "Prograniming costs are often several times greater than 

(8 ) 
hardware rental costs," and a report of national expenditures for 

computer systems indicated an amiucil cost for software in 1971 of $7 

billion compared to $5 billion for hardware. 
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Figure 1.2. Nonlinear curve illustrates the 
need for sufficient data points. 
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At the same time, programmers are in demand. In 1966, there 

were about 120,000 programmers in the U.S. compared to a need for 

(8) (9) 
175,000 or more. Davis reported in 1972 a shortage of all 

types of computer personnel, and estimated that requirements woilLd 

double in the next five years. These figures indicate that software 

costs will be an important factor in development of new applications 

of real-time data acquisition and control. One question to be con

sidered in this dissertation is what can be done to reduce these 

costs, and to overcome the shortage of competent personnel? 

Consider current approaches to software development. Compilers 

and corresponding general purpose languages provide the most powerful 

base for programming today. A programmer in general wiJJ. choose the 

language most suited to his task (at least he will choose from the 

languages he knows) and base his software system upon a mainline pro

gram which utilizes many short subroutines to simplify the programming 

structure. As he gains experience in an applications area, the sub

routines which he has written, or has found, will begin to accumulate 

into a sizable library. This personal library eventually reduces the 

effort, and thereby the cost, of later software system development. 

Many users of computer systems never do enough programming to 

develop such libraries. This can be the case in a laboratory which 

has a computer available for automation of experiments. A small per

centage of the potential users may have developed the hardware for 

their particular application. The remaining persons may want to use 

the computer, but unless the lab has hired applications programmers, 

they must do their own software development. 
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The work reported in this dissertation can provide an easier 

path to software development for such individuals. The technique 

proposed, and implemented, is to let a computer program generate the 

specific software needed for data acquisition and control. Depending 

upon the work required of the user, and the effectiveness of the 

generator, a considerable savings of time and money could result. 

What exactly must such a generation system do? In one sense, a gene

rator could be viewed as a special purpose compiler which accepts 

information in one form (language) from the user, and produces a 

program in another form (language). While a compiler can produce 

programs for any purpose, however, a generator should only produce 

different programs for specific purposes. A FORTRAN compiler, for 

instance, can compile programs for accounting, engineering, or any 

other broad application. The term generator implies a much narrower 

scope in its usage, so that possible application of a generator 

system to a specific class of problems would depend on the broadness 

of the software requirements. 

In the data acquisition and control example used above, several 

categories of programs were required: 

1. Program to run A/D converter, 

2. Program to run D/A converter, 

3. Program to output data, 

4. Program to specify forcing function, 

5. Program to specify rule for calculating control. 

That this division into five categories can be made indicates that 

software requirements for data acquisition and control may allow the 



use of the generation system proposed. 

The primary purpose of the work reported in this thesis was to 

study possible approaches to such a generation system, and to 

implement a generation system on an available minicomputer. The 

major emphasis in the development would be directed to produce a 

complete operating procedure straightforward enough for use by 

novice programmers. In addition, the system should be designed so 

that knowledgeable programmers could expand the generation capability. 

The basis of these goals is that a system which is convenient to 

use would encourage later expansion, while a system inconvenient to 

operate may not be used, much less expanded, regardless of its 

capabilities. 

An actual data acquisition and control project provided 

motivation and direction for development of the generation system. 

A feasibility study had been proposed at Texas Tech University 

relating to fuel system design for internal combustion engines. A 

considerable amount of dynamic measurements were needed for an 

operating engine, and since computer systems were available, an 

automated measurement system was desired. Cost was an important 

factor, and minimum funds to expand existing facilities led to the 

use of a mechanical brake as a dynamometer. This approach was 

economically feasible because the available computer system could 

be used to control the brake, eliminating the need for more costly 

circuit development. 

Because the low cost dynamometer and measuring system was 

important to the development of the generation package. Chapter II 



10 
will deal with aspects of the engine system. This discussion serves 

as an excellent example of possible uses for the proposed software 

generator, since the engine system was actually constructed and the 

digital software requirements are well defined. This example allows 

comparison of the effectiveness of the generation system as a time 

and cost saving technique. 

Chapters III, IV, and V present the development of the generation 

system itself. The engine's requirements led to specification of the 

rules for calculating control as combinations of continuous transfer 

characteristics. Since the theory related to this type system was 

probably the earliest control problem studied, and the most completely 

developed, it is a natural choice for the generator system. 

Chapter VI includes an example of the system's usefulness, and 

suggestions for further development. The generator's ability to reduce 

programming effort, and its applicability to a wide variety of problems 

encourage the use and development of the total system. 



CHAPTER II 

A MOTIVATIONAL EXAMPLE: 

DATA ACQUISITION AND CONTROL OF AN INTERNAL COMBUSTION ENGINE 

Mciny State and Federal laws have been instituted during recent 

years governing exhaust emission and safety standards for automobiles. 

Prior to the passage of these laws, performance testing of internal 

combustion engines was conducted primarily by two distinct groups. 

One group, consisting mainly of manufacturers and a few independent 

research laboratories, was interested in the development of engines 

for manufacture. The second group was interested in achieving maximum 

power output for the purpose of racing. The narrow development goals 

of the latter group have changed little, since the majority of the 

new regulations affect only manufacturers. The manufacturing group, 

however, has been forced to increase internal combustion engine (I.C.E.) 

development many fold along new guidelines of performance and emission 

requirements. Other organizations, recognizing the need for new 

ideas, have become interested in various aspects of development. 

A study was proposed at Texas Tech University to test the 

feasibility of novel modifications of fuel systems for the I.C.E. 

Computer systems were available for automating the experiment, but 

one essential piece of equipment, a dynamometer, was not available. 

The djmamometer functions as a variable load to absorb and measure 

engine power output. Since commercial dynamometers capable of power 

levels in the range of several hundred horsepower cost several 

11 
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thousand dollars, this piece of equipment represents a sizable 

investment, and required that an alternate, less costly method of 

loading an engine be developed. 

Physical constraints on the low cost solution included 

reasonable control of the engine's speed under load, a minimum power 

rating of 100 hp, and repeatable torque measurements. An automotive 

disc brake unit, with special pads, was found to be adequate for the 

power level when sprayed with water to provide increased cooling. As 

these units are readily available from auto wrecking yards at a cost 

less than $50.00, they provide an excellent method of dissipating the 

power. Controlling the brake is not a trivial problem, but adequate 

control was achieved through simulation techniques and insight into 

system behavior. 

In this chapter measurement and control requirements of the 

engine testing system are discussed. These requirements are presented 

in terms of function, and may be related directly to software require

ments for digital control. Since the engine data acquisition and 

control system was actually constructed, these requirements are well 

defined. Many details relating to hardware design of the dynamometer 

and measuring system are bypassed since they are less interesting than 

other aspects of the total project. 

A Low Cost Dynamometer System for Testing I.C.E.'s 

Basic manufacturer's specificiations for the engine used at 

Texas Tech University are shown in Table 2.1. These specifications 

provide a minimum performance goal for a dynamometer system. An 

automotive brake is a possible load for the system, but performance 
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requirements must not exceed the brake's design limitations. In 

particular, the maximum required values of rotational speed, torque 

input, and component temperature n̂ ust not exceed safe limits during 

operation. 

TABLE 2.1 

Specifications for the Engine Used at Texas Tech University 

Configuration 4 cylinder, inline 

Displacement 115 cu in 

Maximum torque 117 ft lbs (3 1900 RPM 

Maximum horsepower 96 hp 

Maximum engine speed 6000 RPM 

Consider a small 13" wheel and tire on a car. A measured rolling 

radius on such a tire was found to be 12.5". A brief calculations shows 

the distance traveled per revolution: 

Distance Trl2.5" x 2 
Revolution 12"/ft. • 5280 ft/mile (2.1) 

Distance T oi. TA"3 -i / m n\ 
•5 r——. = 1.24 X 10 miles/rev. (2.2) 
Revolution 

At the engine's maximum speed of 6000 RPM, 

_3 
Distance _ 1.24 x 10 miles/rev 6000 rev/mile 
Time 60 min/hr 

Distance 

(2.3) 

Time = 446 mph (2.4) 

Since 446 miles per hour is far above typical driving speeds, it 

follows that 6000 RPM exceeds the design limitations of automotive 

brakes. However, the engine came with a transmission attached, and 
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one of its available gear ratios of 1.82:1 reduces the speed require

ment of the brake: 

Distance 446 ...̂  u ir, c\ 
Tiî i = 1782 = ^'^^'"P^- ^2.5) 

This speed is also high, but two other factors must be considered. The 

first is that the large radius and mass of the wheel and tire would not 

be a part of a laboratory system. These components limit both dynamic 

balance and the maximum possible speed. Secondly, the large bearing 

side loads normally presented by the car's weight are absent. Under 

these circumstances an automotive brake and hub assembly should perform 

adequately at the engine's maximum speed. 

Another calculation demonstrates the ability of the automotive brake 

to handle large amounts of power. An examination of deceleration rates 

obtained by Road and Track of numerous vehicles showed that most mod

ern vehicles are capable of average deceleration rates of .7g or greater. 

With a lightweight car of 2800 lbs, assuming that each of the four wheels 

contributes equally to stopping the car, and that the ratio of the axle-

to-ground distance to the brake-to-ground distance is 3/4: 

Brake Torque = R»F = R»M»A, 

= |- ft • .7g X 700 lbs = 375 ft lbs, 

where R is the effective lever arm, F is the stopping force, M is the 

mass of the vehicle and A is the deceleration rate. 

In the laboratory, the engine generates up to 117 ft lbs of torque 

which is multiplied by the 1.82 ratio in the transmission to produce a 

maximum of 212 ft lbs into the brake. Hence the brake in normal service 

handles approximately 1.75 times the torque required in this dynamometer 

application. 
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Cooling 

An automotive brake is intended to dissipate large peak power 

inputs for short periods of time. Long time intervals between applica

tions of the brake are required to allow sufficient cooling. In a 

dynamometer installation, however, operation is continuous, implying 

the possibility of temperature build-up over long periods of time. 

Since the brake must dissipate all the mechanical power to heat energy, 

the engine's maximum power output corresponds to the maximum heat flow 

in the brake: 

Heat Flow = 100 hp x 2545 BTU/hr-hp , (2.6) 

Heat Flow = 2.545 x 10^ BTU/hr. (2.7) 

This heat flow is very large, considering the dimensions of typical 

brakes, indicating that air cooling is impractical. If water cooling 

is used, however, it may be assumed that the brake temperature is high 

enough to cause cold water to be vaporized upon contact with the brake. 

Assume that incoming water has a temperature of 70°F, and is vaporized 

at 212°F. 

u ^ -̂  ^ u A 1 BTU/lb/op 
Heat capacity of H^O = ^-^gg g ^ / ^ 

=8.35 BTU/gal • °F 

(2.8) 

Heat dissipated/gal = 8.35 BTU/gal • ̂ F • 1420F 

= 1184 BTU/gal. (2.9) 

The heat of vaporization of water is 8,120 BTU/gal, so that for each 

gallon of water taken from 70°F to vapor at 212°F: 

Heat Transferred = 8120 + 1184 

= 9.3 X 10^ BTU/gal . (2.10) 
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The number found previously for the required maximum dissipation 

gives the required flow of water: 

^, 2.5 X 10^ BTU/hr 
flow = 

9.3 X 10 BTU/gal 

= 27.3 gal/hr, 

or about two quarts per minute. This flow rate is easy to control by 

spraying through small nozzles. 

Type of Brake 

Both disc and drum type brakes were considered for the dynamometer 

application, but calculation shows that drum brakes are less controllable 

than discs. The relationship between hydraulic pressure and torque 

output for a disc brake is: 

i^3HS _ = K • w (2.11) 
Pressure m 

where K is a constant related to mechanical dimensions and unit conver

sions, and y is the coefficient of friction between the pad and disc 

surfaces. 

Drum brakes, however, demonstrate a different relationship since 

ciirrent designs have a "self servo" action. In self servo designs, 

part of the output torque is fed hack mechanically to increase the total 

brake output without increasing hydraulic pressure input. 

Torque = y(K • pressure in + L»Torque) 

Torque (l-Lp) = pressure in 

Torque _ yiK 
Pressure in 1-Ly 
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where L is the feedback constant, and y and K are the same as above. 

The coefficient of friction varies greatly with temperature. The 

effect of this variation on the disc brake is a linear one, but for 

drum brakes, a nonlinear effect and a more pronounced change in the 

overall ratios is seen. Hence the disc brake should be easier to 

control, and actual experience with both types of units confirmed 

this fact. 

Interfacing the Hydraulic Brake to the Computer 

Components are required to convert electrical control signals 

from a computer into hydraulic pressure signals at the brake. These 

components must satisfy minimum performance requirements for speed of 

response, controllability, accuracy, and minimum cost. 

A CcLlculation can be made to determine the maximum hydraulic 

pressure which a conversion scheme must provide to the brake. Figure 

2,1 illustrates the dimensions of the brake which was used. If we 

assume the brake must handle the maximum rated torque of 212 ft lbs, 

and that the pads have a coefficient of friction y, then: 

p 212 ft-lbs _ 99 PSI f . 
max ' 1/3 feet • 27r sq in • y y K^-^^) 

The coefficient of friction varies with temperature so that a margin 

of safety is required. Typical operating conditions seldom produce a 

coefficient of friction less than .1, which in turn requires hydraulic 

pressures up to about 1000 PSI. Electrical-to-hydraulic converters 

for this pressure range are quite expensive, requiring that direct 

electrical-to-hydraulic conversion be eliminated in favor of an 

indirect technique. In the system shown in Figure 2.2, an inexpensive 



Piston, 
Diameter 

Hydraulic 
Cylinder 

^ on —•"^'^ Disc 

w 

Center Line 
of Caliper 

Hydraulic 
Chamber 

18 

Center Line of Disc 

Figure 2.1. Mechanical dimensions of brake, 
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solenoid air valve provides an intermediate conversion from the 

electrical source to a pneumatic signal. A constant air supply which 

can be regulated from 0-30 pslg supplies the pneumatic source, while 

pulsing the 3-way solenoid in a variable duty cycle provides a pneu

matic signal at the output. An automotive power-brake-assist unit can 

be modified by relocating two rubber hoses to provide pneumatic-to-

hydraulic conversion. Since the power assist unit is designed for 

automotive use, it follows that it is capable of providing sufficient 

hydraulic pressure to run the brake. A measurement of the pneumatic 

and hydraulic pistons in a power assist servo allows an estimate of 

the required pneumatic pressure. One inexpensive servo has a ratio of 

144, ̂ diich allows the use of low pressure pneumatic components. 

This unusual conversion scheme sacrifices some speed of response 

and controllability, and requires that a more efficient controller 

be designed to compensate for the loss. Since the controller is to be 

executed in the form of a computer data acquisition system, a better 

controller means better (or possibly more) software. This requirement 

in turn means a higher expense. However, the software generation system 

developed in this dissertation greatly reduces the overall software 

costs, so that the lower cost of mechanical components make the conver

sion scheme a desirable compromise. 

Controlling the Dynamometer 

The basic function of the brake control is to provide a desired 

engine speed regardless of variations in power level, or other para

meters. The actual engine speed is compared to the desired engine 

speed to provide an error signal which causes the controller to increase 
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or decrease the brake force as required to maintain engine speed. 

Before the controller can be specified, however, the engine's reaction 

to brake inputs must be known. 

Consider an engine operating with constant throttle opening, 

and a brake input sufficient to maintain a desired, fixed engine speed. 

A typical I.C.E. has a fairly flat torque output over much of its 

usable operating region. If we assume temporarily that this torque 

output is constant over the speed range, several observations are 

possible. 

If the brake input force is decreased slightly, the engine out

put torque will differ from the brake torque by some value. The engine 

and load's rotating masses will then be accelerated at a constant rate, 

as summarized by the curve of Figiire 2.3. The difference in output 

torque and brake torque must return to zero to stop the upward climb. 

When the brake force is increased slightly over the torque output, the 

engine speed ramps downward. 

A simple model of the relationship between brake input and speed 

output can be obtained from these curves. A ramp output for step input 

results when integration is applied, so that 

y^^^ ° f : ^ (2.13) 
iorque In s 

where K is a constant, and s is the Laplace variable. 

For constant throttle opening, torque actually falls off in 

either direction around the speed where the maximum occurs. Figure 

2.4 shows a typical curve. If equilibrium conditions exist at some 

point to the left of maximum, say x, then a slight decrease in brake 
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Figure 2.3. Relationship between torque and speed, 
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Figure 2.4. Typical torque vs speed relationship. 
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torque causes the engine speed to increase, but the difference in 

torque first increases, then decreases until it finally reaches zero. 

This behavior is shown in Figure 2.5. If the starting point is X 

and brake torque is increased slightly, then engine speed begins to 

ran̂ ) down. If the brake torque does not exceed the engine's peak, 

equilibrium will occur at some point above maximum. If the brake 

torque exceeds the engine's peak, however, speed will decline at an 

increasing rate until the engine suddenly stops. 

This behavior gives considerable insight into the type of control 

required. The basic pattern of integration shows that a desired change 

of speed is brought about by a short-term change of torque. The 

addition of variable torque into the model shows a nonlinear effect 

which is basiĉ cilly unstable for operating conditions calling for 

decreasing speed. Hence the controller must adjust its baseline value 

as the speed changes. A first approximation to a controller satisfy

ing these requirements is: 

h 
Brake Force = K 'speed error - — • speed error 

Brake Force . . ( K . !i) (2.14) 
Speed Error 2 s 

K and K are chosen to provide the best compromise between stability, 

response, and error. Generally speaking K is chosen sufficiently 

small to guarantee little baseline change for small disturbances, but 

large enough to guarantee that speed errors will be adjusted in a 

short time period. An expression may be calculated for the rate of 

baseline change: 
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Figure 2.5. Exaggerated effect of nonlinear 
torque-speed relationship. 
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Base line change = —^ • Speed error , (2.15) 

Rate of base line change = K • Speed error . (2.16) 
o 

The question now arises how fast should the baseline change? 

Consider the operation of a dynamometer system. Once the engine's 

speed is under control for some throttle setting, a torque speed curve 

could be generated by changing engine speed slowly from one extreme to 

the other. If transients in the engine and measuring system are damped 

out, the result would be equivalent to the curve generated on a point-

by- point basis with a conventional dynamometer. For this curve to be 

accurate, the brake controller must provide a very small speed error 

during the operation. This implies that the baseline must change as 

fast as the desired speed. If S' is the maximum speed error that 
^ max ^ 

can be tolerated during data runs, and R' is the desired rate of base

line change, then 

K 3 = ^ . (2.17) 
max 

This equation sets a minimum time response criterion for K . 

Unfortunately, slow speed changes are not always the rule. K2 

is chosen to provide instantaneous adjustment for large sudden (Changes 

in speed. If a large instantaneous speed change occurs, then the 

maximum speed error is related to K by: 

S - ^ = K^ (2.18) 
max 

or 

S -S = ~ (2.19) 
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where S is the maximum desired speed, S the actual speed, and T the 

brake force required. Hence K may be chosen to provide a bound on the 

maximum speed error that can occur. 

Stability 

Stability of response must be considered, along with characteris

tics of the solenoid valve, power assist servo, and disc brake, before 

the controller is completely specified. Consider a small step change 

in the duty cycle of the solenoid valve. This change in duty cycle 

results in a delayed readjustment of the air pressure delivered to the 

air cylinder. Mechanical delays also exist in the hydraulic unit, and 

these may be lumped together as one transfer function of the form: 

Brake force _ 4 , . 
Duty cycle in " s + b U.20; 

where K would be constant only if y, the coefficient of friction, 

were constant. 

If the engine, brake, and brake-controller transfer functions are 

examined as a unit, response and stability can be studied for the small 

signal-linearized case. The open loop transfer function becomes: 

G(s) = -^ • [K^ + -f-] 
\ 

s 2 s s + b 

s s s + b 

s^ (s + b) 
(2.21) 

Define 
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^3 
a H ~ (2.22) 

^2 

K = W\ . (2.23) 

Then 

G(s) = M5_L^I. . (2.24) 
s (s + b) 

The root locus for G(s) is shown in Figure 2.6. For large values of 

K, the system will be oscillatory with only slight damping. Since 

K^ and K have minimum values required by the response times found 

earlier, and IC is fixed by engine dynamics, it is obvious that a 

compromise between response and stability is necessary. However, 

b_ can be modified somewhat by choice of valve sizes and air pressure, 

and a_ is determined entirely by the controller we wish to specify, 

so that a reasonable compromise may be reached. 

At this point the reader may think the controller problem is 

solved. However, several variables have not been taken into account 

by the root locus technique. First, K , the gain coefficient for the 

mechanical part of the brake system, is not a constant. It is a 

function of y, the coefficient of friction, and therefore varies 

with temperature. Since temperature variations are difficult to pre

dict, the most that can be said about K is that it is bounded and 

time varying. The magnitude of the bound may be partially controlled 

by the consistancy of the brake's cooling, indicating that cooling 

rate might be more critical than first predicted. Fortunately, this 
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Figure 2.6. Root locus for brake control system. 
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did not prove to be the case because of the high quality brake pads 

used. 

A second error comes from the simple model chosen for the 

engine. The model is based upon constant torque output, rather than 

a nonlinear curve, and K , the gain coefficient, is in itself a 

function of outside disturbances. The nonlinear torque curve can be 

modeled by remembering the fact that a torque vs speed curve sloping in 

one direction causes an increased slew rate for constant brake force. 

A slope in the opposite direction causes a decreased slew rate. Since 

this "slope" is relative to the direction of slew, the overall effect 

can be considered as a time-variation of K , or as a parameter depen

dent upon direction of slew. Other variations in IC can be mentioned 

such as the effect of throttle opening, and environmental parameters, 

but suffice to say that the controller must cope with a considerable 

variation in the value of K . 

Determining Actual Values 

Direct simulation with the actual components was used to deter

mine optimum values for K , K« and K . The basic technique utilized 

was to study response to small steps in desired speed for variations 

in speed, throttle opening, direction of slew, brake cooling and 

other parameters with possible influence. The result was a set of 

parameters with good-to-marginal response characteristics over the 

operating range. The worst response occurred typically at the 

extremes of speed for all throttle openings. The center range, 

from about 1700 RPM to 4000 RPM was always good regardless of other 
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conditions. "Worst" here means a single overshoot of not more than 

60% occurred. In the center range, if overshoot occurred, it was 

less than 10%. 

An explanation for the difficulties encountered at the extremes 

of RPM is the fact that the torque curve begins to fall off 

rapidly. The overshoot response to small signals was regarded as 

more critical in the upper RPM, higher power output region of operation, 

because any instability which might later develop could result in 

damage to the system. Instabilities at low RPM and low throttle 

settings are less critical since the engine in general will have less 

tendency to rush toward over-rev. 

Large signal simulation uncovered another problem. Basic response 

characteristics were similar to the small signal case, except that in 

some instances 2 or 3 overshoots occurred. The 60% was again a maximum, 

but this overshoot in going from 4000 RPM to 1500 RPM takes the 

engine through zero RPM. In other words, the engine halts. Excessive 

overshoot past the upper FIPM limit is also undesirable for obvious 

reasons. A solution to this problem was sought by studying the effects 

of additional poles and zeroes on the small signal model. It was 

apparent that some improvement could be obtained with a more complex 

function (and resulting more complex circuit) but none of the functions 

gave enough improvement to be certain of their behavior for large 

signals and time varying parameters. Insight into controller action, 

however, gave a very simple solution which proved effective. 

Because of the time lags in mechanical components, baseline 

adjustment occurs for all controller actions. In order to provide good 
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response time for small variations, the integral gain is required to 

be large. For large signed inputs, however, excessive baseline adjust

ment occurs, causing the large magnitude overshoot. The solution is 

to limit the maximum rate of baseline adjustment for large signals. 

This may be accomplished in the controller by using saturation 

limiters on the input to the integral term. In addition, one satura

tion limit may be slightly larger than the other to provide compensa

tion for the torque-output-nonlinearity at high speed. The effect 

this limit has on the response characteristic is to cause a constant 

ramp as long as the error can saturate, and a normal response after

wards. This "normal response" provides a percentage of overshoot 

which corresponds to a step barely large enough to provide saturation. 

The optimum value for these limiters was determined by simulation, and 

adjusted to give a maximum overshoot of about 200 RPM. Step response 

times are adequate, since a complete performance curve for a particular 

throttle setting can be taken in less than one minute. 

The torque vs speed curve of Figure 2.7 is a typical ciirve taken 

by an analog computer data acquisition system, using the brake dynamo

meter. The torque measurement was taken from a load cell mounted to 

restrain the gimballed engine's movements about the crankshaft axis. 

Speed was measured by a belt driver tachometer. The computer first 

made a constant throttle setting, and then ramped the desired speed from 

about 1500 RPM to 5000 RPM, and back again. The hysterisis displayed 

is primarily due to mechanical characteristics in both the brake and 

engine systems. The noise on the curve is due primarily to mechanical 

vibration coupled into the load cell. 
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Figure 2.7. Unfiltered torque curve from engine data acquisition 
system. 
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The nonlinear brake controller just specified represents one 

function which a computer data acquisition and control system must 

provide. Additional functions of such a computer system are discussed 

in the next section, and relate to other hardware developed for the 

engine testing system at Texas Tech University. 

Hardware and Software Requirements of the Engine System 

Any significant study of an I.C.E. requires measurement of a 

number of performance and environmental parameters over a wide range 

of operating conditions. Typical systems measure parameters related 

to the following: 

1. Power output, 

2. The air intake system, 

3. The fuel supply system, 

4. The exhaust system, 

5. Atmospheric conditions, 

6. Engine ambient conditions. 

Depending on the data required, various states of the above six sub

systems would be controlled and measured to demonstrate relationships 

between the engine's subsystems and outside influences. If some 

device were tested for improvements in fuel economy, as an example, 

the measurement system would monitor fuel consumption, while load 

conditions were set to simulate actual driving conditions. 

The following parameters were chosen for the study undertaken 

at Texas Tech University; 

1. Engine speed, 

2. Engine torque. 
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3. Air flow (intake system), 

4. Fuel flow (fuel system), 

5. Throttle opening, 

6. Ambient air temperature and pressure, 

7. Engine oil pressure, 

8. Engine operating temperature. 

Engine speed and torque provide a measure of power output, and are 

utilized in most engines testing situations. Air and fuel flow, and 

throttle opening provide information about the fuel and air intake 

systems. Ambient air conditions, and engine operating temperatures, 

provide reference information to insure repeatability of the other 

meaisurements. 

Engine oil pressure, operating temperature, and speed must be 

monitored for "safe" conditions. If oil pressure should fall below 

a safe level, or if the operating temperature should become too high, 

or if engine RPM should exceed a safe limit, corrective action is 

necessary. In all three cases, unsafe conditions require that the 

engine be halted immediately, to prevent damage to the system. 

Since digital data acquisition systems sample input signals, 

a s.ufficiently high sampling rate must be used if all information is 

to be transmitted. The sampling rate for each variable must be 

several times the highest frequency component of importance. Since 

engine time constants are typically in the order of 1 sec, sampling 

rates of 1-100 hz are adequate for most engine parameters. Even 

slower rates may be possible for engine temperature, and ambient air 

measurements. 



34 
A wide range of operating conditions are required of the system. 

In particular, measurements should be made for wide variations of 

throttle opening, and engine load. Hence, the computer must provide 

"continuous" control of these two parameters. The mechanical compo

nents for throttle control include a servo motor and gear system to 

turn the throttle shaft. Load is controlled by a dynamometer, 

discussed in the previous section. 

All measurement and control requirements for the engine system 

are summarized in Figure 2.8. The dotted line surrounds the blocks 

to be handled by a digital computer, and correspond to softwcU?e 

requirements in the digital system. Note that each software block 

falls into one of the five classifications introduced in Chapter I: 

1. Program to run A/D converter, 

2. Program to run D/A converter, 

3. Program to output data, 

4. Program to specify forcing functions, 

5. Program to specify rule for control. 

A particular functional block can be specified in terms of its 

required operation in the overall engine/computer system. 

Programs to Run A/D Converter 

Each of these program blocks must direct A/D conversion of a 

particular analog variable. The rate of conversion is specified by 

the desired sampling rate for the measured analog signal. A 

corresponding computer variable must be defined and maintained to 

scale by the program. The HP 2100 system at Texas Tech University 
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Figure 2.8. Data acquisition and control of the engine, 
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depends on a 16 channel, ± 10 V, 15 bit converter for all A/D input. 

Scaling of the total computer/engine system is necessary to maintain 

analog levels in this range ± Ifi.V,, and to provide a sufficient 

digital accuracy. 

Programs to Run D/A Converter 

These programs read an internally defined computer variable, 

magnitude scale and output to an appropriate D/A converter channel 

at the desired sampling rate. D/A conversion on Tech's HP 2100 falls 

into two categories: (1) 8 each 10 bit D/A converters with t_ 10 volt 

output range, and (2) 8 each DPDT relay registers (single bit D/A 

converters). 

The relay registers are "picked" for positive digital inputs, 

and 

10 bit converters are zero order hold elements, since each holds its 

last setting until a new setting is made. 

ine rexdy î gj.suei's are piciv.eu JTUI' posxi.j.ve uigixdj. xupuus, 

"unpicked" for negative digital inputs. The relay registers and 

Programs to Output Data 

The simplest acceptable format for data output is a column 

listing of all the variables at regular intervals of time. X-Y plots 

are desirable, but can be produced off-line if necessary. 

Program to Specify Forcing Functions 

Two forcing functions, one to specify throttle opening, and the 

other to specify engine speed for the dynamometer, are required in 

this system. How these functions are specified, depends on the data 

to be taken. Steps, ramps, and other functions of time can be used 

to generate families of performance curves. To generate a torque 
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vs speed relationship, for example, the user might cause speed to 

be ramped from idle to maximum RPM for each of several constant 

throttle openings. 

Rules to Specify Control 

Five control actions have been indicated in Figure 2.8. These 

are: (1) control throttle opening, (2) control engine speed, (3) moni

tor oil pressure, (4) monitor engine temperature, and (5) monitor 

engine speed. The last three are similar in function, and are 

discussed in terms of Figure 2.9. 

The monitored variable is filtered to eliminate noise impulses 

which might cause a false alarm. The filtered variable is then 

summed with a constant, so that a positive or negative output corres

ponds to normal conditions, or emergency conditions, respectively. 

The filter may be specified in terms of a linear transfer function in 

the Laplace-transform domain. 

The throttle controller is determined by classical root-locus, 

or Nyquist techniques, since active region models for the servo motor, 

position signal, and controller are linear and time invariant. System 

components can saturate, however, so that a limiter characteristic 

must be inserted prior to the D/A converter to prevent overload condi

tions. The form of the throttle controller is shown in Figure 2.10. 

and is composed of an error detector, linear transfer characteristic, 

and nonlinear saturation characteristic. 

The dynamometer controller is specified in the previous section, 

and consists of an error detector, nonlinear, and linear transfer 

characteristics. 
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The total software requirements for the engine data acquisition 

and control system are listed in Table 2.2. 

TABLE 2.2 

Estimated Software Requirements for the Engine System 

1 •. V 

IXEe 

A/D conversion 

D/A conversion 

Data logging 

Forcing Functions 

Controllers 

Operating system 

Auxiliary service routines 

TOTAL 

Number Total Instructions 

8 

3 

2 

2 

5 

-

-

185 

55 

65 

45 

1,075 

510 

145 

2,035 

The estimated instruction count is based on experience gained 

in developing the software generation system. Software in addition 

to the specific fxinction blocks would have been required for the 

HP 2100. In particular, a scheduling routine, to be discussed in 

Chapter III, was required to operate the real-time software, and 

auxiliary programs were desired to reduce the time required to 

calculate coefficients for the program blocks. 

Cl2) Martino reports that a trained programmer can produce 

from 13 to 20 checked and debugged instructions per day. Using this 

estimate, six to eight months would be required for an experienced 
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programmer to produce the engine system software. The generator 

developed in this study enables even an inexperienced programmer 

to produce the engine software in one or two days. 



CHAPTER III 

DEVELOPMENT OF A SOFTWARE GENERATION SYSTEM 

FOR DATA ACQUISITION AND CONTROL 

Digital computer technology has advanced rapidly in recent 

years. Computers in general have more capabilities, are faster, 

and cost less than ever before. One loosely defined group of 

machines, the "minicomputers", are particularly attractive for real

time applications, because their low unit price makes it feasible to 

dedicate them to their tasks. 

An HP 2100 minicomputer system was available at Texas Tech, 

and its use was natural for the data acquisition and control of the 

engine/dynamometer system. So much theoretical work has been done in 

the area of digital control that use of the digital computer seemed 

to be a matter of selecting the proper control algorithms and coding 

them in an appropriate computer language. An engineer experienced 

in programming real-time applications might agree, because experienced 

programmers eliminate much of the work in generating software by 

building up large personal libraries of subroutines. For the less 

ejqperienced programmer, however, applicable subroutine libraries may 

be limited or not available. In addition, the interaction of programs 

with the operating system becomes very important when the application 

is real-time. This factor requires an engineer to have a thorough 

understanding of both programming techniques and operating system 

software which can be obtained only through considerable study and 

e3q)erience. 

41 
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One might ask if general purpose software routines are 

available for data acquisition and control. In all the applications 

(4) 
found in the journals mentioned in Chapter I, special software 

was written to do the job. This is typical of most real-time 

applications, and indicates that programming costs are a major 

part of any real-time computer data acquisition and control project. 

The generation system proposed and implemented in this thesis can 

reduce the software effort required in many applications. 

Software for data acquisition and control may be divided into 

five general categories: 

1. Programs to do A/D conversion, 

2. Programs to do D/A conversion, 

3. Programs to output data, 

4. Programs to specify forcing function, 

5. Programs to specify rules for calculating control. 

A generation system would produce a complete program to execute each 

function specified by the user. 

If a generation system is to be usable, it must be as easy 

and convenient to operate as is feasible in light of performance 

requirements. Three general comments, related to a potential user's 

desires, can be outlined as shown below: 

A. The system should be easy to use. 

1. The system should be self instructing (question-answer 

approach to get information). 
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2. There should be a choice of hard copy or mass storage 

output. 

3. If the operator makes an error, or decides to modify his 

generated system, it should require only a small loss of 

original effort. 

4. It should be easy to manipulate the computer. Front 

panel switch operations should be minimized. 

B. The system must be easy to expand. 

1« Utility subroutines should be available. 

2. Mcxiular structure of routines will permit development 

of generation programs. 

C. Efficient operation of generated software is required. 

1. The mechanics of loading and execution should be 

s tr aight forward. 

2. The generated software should interact efficiently with 

the operating system. 

3. Minimum hardwcire should be required. 

4. Compatability should exist with subroutines produced by 

means other than the generator. 

Several questions related to the above requirements must be answered 

before the generation system may be developed. 

I. Is the control of timing internal or external to the 

computer? Computer action may be synchronized to real-time measure

ment by two means: (1) internal clock signals, or (2) external timing 

pulses. In the external case, the computer performs desired actions 

once for each external trigger pulse. In data acquisition, for 
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example, the analog system might produce a pulse to trigger each 

computer measurement. In this mode of operation, the control of 

timing is said to be directed by the analog system, since it alone 

determines when events will occur. 

In the internally timed mode, the computer itself decides when 

to perform events. In this case the computer is said to direct the 

timing of the system. Internal timing control results in the most 

flexible system, since changing rules for control requires software 

changes as compared to hardware changes with external control. 

Internal timing should be utilized by the generated programs. 

II. What specific programs are to be generated, and with what 

"language" will the user specify his desired software? Of the five 

categories of programs, the rule for calculating control needs the 

most definition. Mamy types of control rules could be specified, but 

since this development emphasizes user conveniences rather than 

generation capability, some limitations were necessary. The engine/ 

dynamometer control applications provides motivation for the choice 

of "continuous" linear and nonlinear transfer functions linked 

together in block form to provide the total control rule. Since this 

blcxjk-diagram, transfer-function approach is widely used in control 

system theory, and fits a variety of applications, it provides a 

good base for the generation system capabilities and the user 

"language". 

III. How accurate must the system be, and how fast? In any 

computer system, these two variables are inter-related, with the over

all capability being determined by the computer itself. In general. 
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higher accuracy implies longer computation times and lower frequency 

response. Accuracy of a data acquisition and control system, however, 

is limited primarily by the A/D 6 D/A hardware, and computer calcu

lations should have a corresponding accuracy. Speed should be 

optimized within this accuracy limitation. 

IV. Into what programming language will the generation system 

be coded? The software described herein was coded primarily in HP 

Assembly language. A high level language such as FORTRAN would 

allow direct usage of the generator on several computers, but many 

necessary generation tasks can be performed only in Assembly 

langucige. Users of other computer systems who wish to use the soft

ware package will be faced with the task of coding the flow charts in 

their own assembly language. This situation can be remedied only 

when the incompatability of software from computer to computer is re

solved. 

A Software Base for the Generator System 

The software developed for this project includes subroutines 

and programs at many levels of purpose and complexity, but can be 

cataloged under 5 major classifications: 

1. Operating system, 

2. Compile operations, 

3. Mathematical subroutines, 

4. Utility subroutines, 

5. Users programs. 



46 

The Operating System 

Several operating systems are used by the program. The 

Magnetic Tape Operating System is file oriented, and used primarily 

for loading compilers and loaders into the computer at the user's 

request. The magnetic tapes are segmented into three files. File one 

contciins absolute programs such as the FORTRAN compiler, the Assembler, 

Basic Control System (BCS), and absolute versions of user programs. 

The completed Data Acquisition and Control Generator resides in file 

one. File two contains relocatable subroutines comprised of standard 

library routines and user written routines. These relocatable routines 

can be called by programs which run under BCS (see below) control. 

File three is a scratch-pad area. 

The Magnetic Tape System calls programs from file one when 

requested by the user. This task is accomplished by the use of 

non-interrupt I/O drivers. Files two and three are used by 

the programs in file one. 

The Basic Control System accomplishes two fundamental tasks. 

The first task is the loading and linking of relocatable programs and 

subroutines for the purpose of execution. The second task is the 

execution of all input/output requests under priority interrupt con

trol. During the loader phase BCS establishes links for all memory 

references across page boundaries. This feature eliminates the need 

for page addressing in user developed relocatable programs. BCS is 

is 
For additional information relating to the Hewlett Packard 2100 

computer system, see (13). 
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the execution part of the Mag Tape System, but BCS can be loaded in 

a stand-alone environment, independent of MTS, for program execution. 

A simulated load by BCS can be used to produce absolute versions of 

relocatable programs, which in turn may be added to file one of a 

Mag Tape System. 

Another operation not available in BCS or MTS, but considered 

part of an operating system, is the ability to schedule job execution. 

Scheduling is a fundamental requirement for real-time operation, as 

will be shown in Chapter IV. Hewlett Packard has two systems which 

allow scheduling. One is a disc-based system not available at Texas 

Tech. The other, DACE, is an addition to BCS which can schedule jobs 

as often as once a second. Unfortunately once a second is not often 

enough for the type of real-time operation sought in this project. 

Hence, one part of the necessary software development is a scheduling 

routine capable of higher job rates. The concept of a schedule is 

well known, and while the scheduler eventually used may be similar to 

others, it was written with the present task in mind. 

Connected with this scheduler is another addition to the 

operating system, I/O drivers. Two drivers, one for the time-base-

generator and another for D/A and A/D conversion, were developed. The 

D/A and A/D hardware was constructed specifically for this system using 

available commercial converters and appropriate control logic. This 

hardware is documented in Appendix A. 

Compilers 

Compilers perform the task of translating one language to 
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another. A FORTRAN compiler translates FORTRAN to machine language, 

for example. The Assembly and FORTRAN compilers are used to develop 

the total software system. The generator itself is a form of special 

purpose compiler. It takes a specific user language, namely infor

mation related to blocJc diagram transfer functions, and produces the 

machine code appropriate to the task. 

Mathematical Subroutines 

Mathematical subroutines are programs which perform designated 

mathematical calculations. HP supplies a limited library of these 

subroutines. Several others were found necessary for generation of 

the program blocks. 

Utility Subroutines 

Utility subroutines perform designated non-mathematical tasks 

such as positioning magnetic tape and manipulating data formats. A 

standard library is again available, but additional routines were 

required for efficient generator operation. 

User Subroutines 

User subroutines are written by the user to perform specific 

tasks and depend on all the above mentioned software (sometimes 

lumped together as system software) for successful execution. For 

flexibility, the data acquisition and control software generator must 

be compatible with user subroutines. 
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Development of the Operating System 

A Scheduler and I/O Driver 

Scheduler 

A scheduler routine must perform the following functions as a 

minimum: 

1. Maintain a list of all jobs to be executed, and their 

location in the computer, 

2. Know when each job is to be executed (or how often), 

3. Maintain a time of day clock to compare against, 

4. Execute a job when its execution time occurs. 

Some other features which may be desirable are: 

1. Ability to execute jobs out of schedule, 

2. Ability to change the schedule, and/or list of jobs, 

3. Ability to maintain a priority system for deciding simul

taneous requests for execution. 

In addition, the routine should use as little core, and as little 

machine time, as possible. 

An adequate operating system may be formed by adding a scheduler 

and appropriate I/O drivers to HP's BCS. BCS is very flexible from 

the standpoint of types and number of I/O devices, and the relocating 

loader is adequate. From the execution standpoint, BCS executes input/ 

output requests with priority interrupt drivers. All other tasks 

must be accomplished by the user-written programs. If the 

scheduler routine were regarded as a mainline program, and jobs to 

be executed were regarded as subroutines, addition of a scheduler into 
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BCS would involve writing a mainline program to call a specific set 

of subroutines by a set of rules relating to priority and desired 

execution time. 

The basic requirement for a scheduler may be met by the system 

shown in Figure 3.1. Three tables are defined to store the required 

information for each job. Table 1 is a double-word table containing 

the time-for-next-execution of each job. Table 2 is a double-word 

table containing the time-interval-between-execution for each job, 

and Table 3 contains the execution address for each job. The double 

word entries for Tables 1 and 2 could assume several formats, all 

accomplishing the same task. For this discussion, however, assume 

that one word contains the time in minutes, while the other contains 

the time up to one minute, in increments of the smallest interval 

possible to schedule. 

In the HP 2100, most instructions require 2 ys to execute, so 

that choice of a minimum interval will correspond to a maximum number 

of instructions which can be executed in that interval. For example, 

minimum intervals of 10 ys, 100 ys, 1 ms, and 10 ms correspond to 5, 

50, 500, and 5000 instructions, respectively. 

The total instruction execution count for scheduled jobs and 

the operating system must not exceed the maximum rate if the computer 

is to maintain the schediile. Five thousand instructions or 10 ms 

seemed a reasonable choice for the HP 2100; however, the flow charts 

and coded program are easily changed if another interval is desired. 

Basic operation of the scheduler, shown in Figure 3.2, is to 

compare the entry in Table 1 to the actual time. If the actual time 
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Figure 3.1. A basic scheduling routine 
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is less, the next entry in the table is examined. If the entry 

list is exhausted, the scheduler begins again at the top of the list. 

If the actual time is equal to or greater than the time for next 

execution, the routine calls the corresponding subroutine address in 

Table 3, and updates Table 1 by adding the time interval (Table 2) to 

Table 1. 

No priority is given to any job with this scheduler. A modifi

cation of the c±art, shown in Figure 3.2, introduces a simple priority 

scheme. After each job is executed, the program begins searching at 

the top of the list, instead of the previous position. A job at any 

point in the list has a higher priority than jobs below it. To illus

trate this condition, consider a job which is scheduled to run more 

often than the computer can keep up. After each execution of the job, 

the table is searched down to that job, which is then re-executed. 

Jcjbs lower in the table are never examined, while jobs higher in the 

table are still examined. 

Once the computer begins execution of a particular job, no 

other jobs are examined until the current execution is completed. If 

a particular job requires 10 sec to write six lines of information on 

the teletype (TTY), for example, all other jobs in the list must 

wait the entire 10 seconds, even though 1000 other job executions 

might have been scheduled for that time period. Furthermore, under 

HP's BCS, outputing several lines on the TTY results in a considerable 

amount of CPU time being wasted while waiting for mechanical comple

tion. Hence, it would be desirable to interrupt execution periodically 
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to check the execution times for jobs of higher priority. 

Unfortunately, an interrupt scheduler is incompatible with 

HP*s Basic Control System because subroutines such as IOC must 

complete their instruction sequence before another call occurs. 

It is necessary, therefore, to utilize a scheduler similar to 

Figure 3.2. Care must be taken, however, to avoid scheduling of 

long jobs which might interfere with regular operation. This 

requirement limits the usability of this operating system in many 

instances. 

Initialization of the Scheduler. Initialization of the s 

scheduler consists of three basic tasks: filling in tables, start

ing the time of day clock, and transferring control to the main 

scheduler. Since the time of day clock is maintained by an I/O 

driver for the time-base-generator, calling the driver starts the 

clocdc. 

Table 3, the location of each job, must be filled by BCS when 

the generated system is loaded, and the time-interval-for-execution 

(Table 2) for linear transfer functions is fixed when the linear 

block is generated. Hence, Table 1 must be filled during the 

initiation of the scheduler while Tables 2 and 3 are produced by 

the generator as a task schedule program, to be discussed in 

Chapter V. 

Figure 3.3 shows a flow chart of a program to initialize the 

scheduler. The number of jobs is contained in the generated task 
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tape, while pertinent storage and table addresses are supplied by 

BCS during the load phase of the program. 

User Options. User options are desired to allow efficient 

check-out of the system. A manual execution mode and the ability 

to reinitialize are two such features. On the HP 2100, operator-

inputs during the run mode are handled most efficiently through the 

front panel switch register. Various switches can be assigned 

options; switch 15 was assigned as a flag to indicate the presence 

of an option. Although it is possible to poll the entire register, 

use of the flag allows the operator time to set several switches 

before the computer acts. Some of the switches must be assigned 

as "job numbers" to allow selection of the correct job during 

manual execution. 

Each time the switĉ h option routine shown in Figure 3.4 

is entered, switch 15 is examined for a flag. If a flag is present, 

the switch register is examined to determine whether manual mode, 

re-initialization, or forced execution is desired. For re-initiali

zation, control is transferred to the initialization entry point. 

For manual mode, another switch (bit 11) is polled repeatedly until 

the operator sets it. This action signifies that a manual execution 

should be started. The job number is then isolated and a call-

subroutine to the appropriate table address is executed. 
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Forced execution is similar to manual mode, except that execu

tion is immediate and the register is cleared to insure that only 

one program execution occurs. Since manual mode does not clear the 

switch register, the computer will remain in this mode until cleared 

by the operator. 

The switch option routine must be executed following each job, 

to check for any options that might have occurred. In addition, it 

m\ist be executed periodically even when no jobs are running. The 

best point to perform this check is before starting at the top of the 

job list to search for a task time. Linkage of the initialization, 

scheduler, and switch option sections in this manner is shown in 

Figin?e 3.5 , and forms the complete scheduler required in the operating 

system. 

I/O Drivers 

A detailed procedure for writing BCS compatible I/O drivers is 

Cl4) found in A_ Pcx:ket Guide to Interfacing Hewlett Packard Computers.^ ' 

No attempt will be made to duplicate this information; however, 

the two drivers written for this system deviate sufficiently from 

normal procedures to require some discussion. Normal BCS drivers 

maintain status tables (EQT) in IOC, the subroutine which handles all 

system I/O requests. Information in EQT includes driver and device 

busy flags, a current transmission log, error codes used when errors 

occur, and the hardware select code required by the driver to address 

the device. 
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D/A and A/D Driver. The hardware has two characteristics which 

distinguish it from typical HP devices. The interface contains 16 

data channels in both the read and write direction, and the device is 

not record oriented. Having 16 channels is not unusual in itself, 

but including multiplex control in the same I/O slot with data is 

unusual for HP perepherals. BCS allows single drivers to activate 

several slots, but was not intended to address 16 channels in one 

slot with a single driver. Hence, some link is necessary between the 

user's call to read or write a channel, and the I/O driver itself. 

Careful examination of the procedures required to generate a Basic 

Control System showed that such a link could be created. 

During the preparation of the EQT (status table) for a Basic 

Control System, logical unit numbers are automatically assigned, start

ing with 7B"', and inca?easing in the order of each I/O driver entry. 

This logical unit number corresponds to the number used in FORTRAN for 

read and write. For example, in the FORTRAN statement 

Read (10, 15) X , 

10 corresponds to the logical unit number for the device. Making 16 

listings in the EQT for the D/A - A/D hardware creates 16 unit numbers 

as entries to the one I/O driver. To standardize procedures, the 

numbers lOB through 27B were chosen, corresponding to the second 

through seventeenth entries in the table. 

Most HP devices are record oriented in that the user asks to 

read or write a record consisting of more than one word. D/A or A/D 

"•A B following numbers in this dissertation signifies that the 
number is octal. 
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conversion, however, is word oriented, because analog data is read in in

tervals of time. I/O transfers through the A/D and D/A driver are single 

word transfers, eliminating the need for a transmission log in EQT. 

The software sequence for operation of the conversion device is: 

A) to write, output a single word containing data, function 

command, and channel number; 

B) to read, output a single word containing function command and 

channel number. When a device interrupt occurs, load the 

data word from the device. 

The format for the command word is shown in Figure 3.6. 

Flow c:harts for the driver (named D.60) are shown in Figure 3.7. 

(14) HP's interface manual and the above comments should allow the 

reader to follow the charts with ease. Many other types of D/A and 

A/D hardware are available for the HP 2100, as well as for other 

<x)n5)uter systems. As long as the I/O driver handles the task of 

reading and writing on multiple channels, any hardware can be used 

with the overall generation system. 

Time Base Generator Driver. The basic purpose of the time 

base generator driver is to start and maintain a time-of-day clock 

through use of the time base generator (TBG) available in the 

HP 2100. The routine receives interrupts from the TBG each 10 ms, 

the minimum scheduling interval, and increments the clock registers 

accordingly. 

Since maximum speed is necessary in servicing TBG interrupts to 

maintain an accurate clock, the usual BCS procedure of configuring 
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Figure 3.7. D.60 flowchart, (continued on jjext page) 
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I/O instructions each time the driver is used is intolerable. 

Instead, the I/O select codes are configured into the driver during 

assembly. This approach makes alterations of I/O locations more 

time consuming, but the advantage in reduced instruction count is a 

worthwhile trade. 

Since the TBG driver is self-maintaining following the initial 

cadi, driver and device busy, transmission log, and error information 

tables have little or no meaning. The driver and device are always busy, 

for example, so that there is little reason to maintain these tables. 

Relocatable routines generated by the system may call for 

readings of the TBG. For linkages to exist, the TBG driver must 

exist as a relocatable siibroutine, rather than a part of IOC. Hence, 

the routine is a driver in the sense that I/O instructions occur, 

but could also be categorized as a utility subroutine. 

In Figure 3.8 the initiation section of the driver requests 

the correct time on the TTY. The operator gives the correct time, 

the clock registers are initialized accordingly, and the computer 

halts. When the operator presses run to signify the start of the 

clock, the TBG is started, and the initiation section is exited. 

The continuation section saves working registers, and restarts the 

TBG as soon as possible. The clock registers are updated, the 

working registers are restored, and the continuation section is exited, 

exited.The delay between the generated interrupt, and the restart 

of the TBG, causes an error in the time-of-day clock. Five instruc

tions must be executed during this interval, for a total delay of 

10 ys. Since the TBG is producing an interval of 10 ms, a positive 
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error of *-̂  "'̂  x 100, or 0.1% occurs. Over a one hour period, this 
JLU ms 

-3 error accumulates to 10 x 1 hour = 3.6 seconds. 

This error is sufficiently small for the applications available 

to the system at Texas Tech. However, the error can be reduced by 

using a smaller interval, say 1 ms or .1 ms, and adjusting the count by 

the required instruction delay to make exactly 10 ms. The cost of 

this change is am increase in the total instruction overhead to the 

operating system. In a system where only 5000 instructions can be 

executed in 10 ms, increasing the clock overhead could cause more 

problems than 0.1% time error. 



CHAPTER IV 

TARGET SOFTWARE FOR THE GENERATOR 

The first step in producing a generator system is to determine 

what software will be generated. In general, the target software 

is a collection of subroutines corresponding to well known transfer 

characteristics which can be linked together in a block diagram to 

form a total system. 

Before defining specific blocks, it is necessary to determine 

what linkages can be used in the operating system to interconnect 

transfer blocks. The HP 2100 Assembler uses two declarations, EXT 

and ENT, which enable the loader to link variables in different 

subroutines. The statement 

EXT, X, Y, Z 

indicates that the variables X, Y, and Z are defined in programs 

external to the subroutine. The statement 

ENT, A, B, C 

indicates that other programs may reference the variables A, B, and C 

in this subroutine. Figure 4.1 shows how three separate programs may 

be linked by these statements. The EXT X statement in program 1 

directs the computer to search other programs for a corresponding ENT X 

statement, which it finds in program 3. The "LDA X", instruction of 

program 1 executes on the variable X, defined in program 3. 

Let the three programs in Figure 4.1 correspond to 3 transfer 

functions from a block diagram. If the ENT statements refer to the out

put of each block, and the EXT statements to the input of each block, 

67 
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the result shown in Figure 4.2 is achieved. Program 1 is a transfer 

block with input X and output Y. Programs 2 and 3 have inputs Y and 

Z, and outputs Z and X, respectively. 

Since several variables may be defined as "external" or as "entry 

points", blocks are not in general restricted to be single-input/single-

output functions. To simplify the user's specifications of a system, 

however, it is useful to restrict each block to a single output and 

to multiple inputs combined as linear weighted sums of variables. 

Figure 4.3 illustrates a block with these restrictions. If G is a 

single input, single output transfer operator, then the output A is: 

A = GCK^X t K^Y + KgZ + ... ] . (4.1) 

Defining types of blocks becomes a matter of defining G. The next 

few pages deal with the development of an algorithm for one such trans

fer function. 

Linear Transfer Function 

A linear transfer characteristic is widely used in control system 

theory and is often expressed as a ratio of polynomials in the Laplace 

domain. 

^ ^ ^ (b s"̂  + ••• + b^s + b ) 
?HtEHl= G(s) =-^2 i ^ , (4.2) Input / n ^ ^ ^ V ^ ( s + » * * + a , s + a ) ± o 

where the â *s and b̂ 's are constants, and ŝ  is the Laplace domain 

variable. If we let y = the output, u = the input, and define states: 
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X . = X 

Xj^ = X = x^ 

( 4 . 3 ) 

X = - [a x^ . + • • • + a X. ]+u 
n n-1 n-1 o 1 

then i t i s poss ib le to represent the transfer function by the following 

set of equations: 

t 

X 

I 
X 

n 

0 0 1 

0 

0 

•^o -^1 -^2 -a J X 
n-IJ n 1 

- I 

y = [ b X + b , x , + * * « b ] , 
^ m m m-1 m-1 o-*' 

which is a system of the form 

X = Ax + Bu 

y = ex , 

u(t) 

( 4 . 4 ) 

( 4 . 5 ) 

,n where x ( t ) R , u ( t ) R, y ( t ) R for a l l t >_ t , the constant matr ices 

n A, B and C are of compatible dimensions, and R denotes the n-fold 

cartesian product of the real line. This representation is the 

("15) 
so called linear "state model" of the system. Transformations 
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are often used to produce certain matrix properties, or other 

equivalent formats; however, the obvious relationship between the 

transfer function coefficients and the matrix coefficients makes 

the form of Eq. 4.4 convenient in this development. 

Since digital software results in a discrete, rather than 

continuous, process, it is necessary to develop a difference equation 

format to correspond to Eq. 4.5. One method is to digitize the 

equations directly. Approximation of the derivative in Eq. 4.5 

yields: 

^(^^ . x(t t AO - x(t) ^ ^(^^ ^ 3 ^(^^ ^ (̂^̂^ 

x(t + At) : [A At - I] x(t) + [B At] u(t) . (4.7) 

Let the time t represent the k calculation in the computer, and At 

represent the interval between calculations. Then 

X^^^ = [A At - I] X^ + [B At] u^ (4.8) 

is a difference equation approximating the equations 4.5. A disadvan

tage to this approach is that the computer must solve an approximate 

equation. Computer errors (due to roundoff, etc.) may multiply the 

error in approximation so that the eventual solution may differ 

widely from a solution to Eq. 4.5, even though it may be a good solu

tion to Eq. 4.8. 

A second approach is to discretize solutions to Eq. 4.5. If the 

solution to Eq. 4.5 can be discretized, then the total error in digital 

computation should be less than the result obtained by solving appro

ximations to the differential equations. To solve Eq. 4.5, first 
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consider the homogeneous equation 

X = Ax, x(t^) = x^ . (4.9) 

Assume a solution of the form 

x( t ) = X(t) x(t^) (4.10) 

which i s some linear transformation on the i n i t i a l conditions. 

Differentiating (4.10) and substituting into Eq. 4.9 gives: 

X x(t^) = A X x(t^) , (4.11) 

[X - AX] x(t^) = 0 . (4.12) 

Since the initial conditions, x(t ), are arbitrary, it follows that 

X = AX . (4.13) 

Also, at t = t , 
o' 

x(t^) = X(t^) x(t^) (4.14) 
o o o 

or 

io^lying 

[I - X(t^)] x(t^) = 0 (4.15) 
o o 

X(t ) = I . (4.16) 
o 

Equations 4.13 and 4.15 completely determine the solution to Eq. 4.9. 

To find a solution to Eq. 4.5, assume 

x(t) = X(t) y(t) , (4.17) 

where yis to be determined and X satisfies Eqs. 4.13 and 4.15. Then 

it follows that 

X y + X y = AXy + B u . (4.18) 

But from Eq. 4.13 we see that Eq. 4.18 becomes 

A X y + X y = A X y + B u . (4.19) 
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Since X (t) exists (this can be shown for all t > t , see [13]) we 

— o 
get 

y = X" Bu . (1̂ ,20) 

Integrating both sides of Eq. 4.20 yields 

y(t) = X" (x) B U(T) dx + y(t ) . (4.21) 

t 
o 

Multiplying Eq. 4.21 by X(t) yields the solution: 

X(t) = x(t) y(t) = J X(t) X"^(x) B u(x) dx + X(t) y(t^) . (4.22) 

t o 

From Eq. 4.16 and Eq. 4.17, y(t ) = x(t ), so Eq. 4.22 becomes 

x(t) = X(t) x(t ) + 
o 

X(t) x"-̂ (x) B u(x) dx , (4.23) 

t 
o 

which solves Eq. 4.5. 

Consider a digitized approximation to this solution. If the 

states are calculated once for each input sample, then at each time, 

t , a prediction of the states at time t is desired. If the smapling 

interval is uniform, then t - t = At = constant, and u(x) will be 
o 

constant between sample times. Then: 
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x(t^ + At) = X(At + t^) x(t ) + X(At + t ) 
o o o o 

t +At 
' ° -1 

X (x)dx u(t ) (4.25) 
o 

t o 

If t is always "now" when the calculation is made, then t = 0 , and 
o o 

X(At) = X(At) x(0) + X(At) 

At 
f 

x'-̂ (x)dx Bu(0) . (4.26) 

This digitized approximation of the solution to Eq. 4.5 is of the 

form 

X(At) = D»x(0) + E-u(O) , (4.27) 

where D and E are constant matrices. Equation 4.27 provides an 

algorithm for simulating a linear transfer function with a generated 

target program. Since D and E are constant they may be calculated 

during the process of generating the target program. The operating 

system would be responsible for scheduling the calculation of 

Eq. 4.27 each At interval in time. These operations, while 

mentioned only briefly, set important requirements for both the 

generator and the operating system. 

Equation 4.26 is an ideal form for digital calculation. More

over, the order of the transfer polynomial is directly related to 

the number of arithmetic steps required for a single sample interval. 

This relationship allows the user to ascertain that scheduled 
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calculations will not exceed the computer's bound on the maximum 

instructions executable in a given time interval. Large order 

systems may require more instruction time than the user wishes to 

allow by his choice of the time interval. This can lead to restric

tions on the user's specification, which correspond to frequency 

limitations at the computer's analog interface. 

Sufficient information has now been discussed to allow the linear-

block program to be specified. Assume that all coefficients for a 

given block have been calculated (i.e. the C, D, and E matrices). The 

target program may be considered in three sections: (1) calculation of 

the weighted input sun, (2) calculation of new vadues of the states of 

[x], and (3) calculation of the output from the new states. 

These three steps may be defined in terms of the coefficients of 

the matrices as: 

n 
Step 1. INPUT = Z K.IN. , (4.28) 

i=l ^ ^ 

where IN. is the i input variable, and K^ the i constant 

multiplier. 

Step 2. xl = Z (d^ ^k •*• ® * INPUT) (4.29) 
n 

^ k=l 

(This must be repeated for i = 1, to n) 

d and e, are coefficients of D and E. xl is new state, x, 
ik K 1 ĵ  

is state at last sample time. 
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n 
Step 3. OUTPUT = I c.x! (4.30) 

j=l ^ ̂  

where c. are the coeffieicnts of C. 

Figure 4.4 shows a flow chart for step 1 with 3 input variables. 

Sequential calculation is necessary because the variables IN , IN , and 

INg are defined by other program blocks, and have different names 

rather thcui different subscripts. Figure 4.5 shows a possible flow 

chart for step 2. Looping is possible because all variables in the 

summation are subscripted. 

One task not accomplished in this chart is to set the x(I) = 

x'(I). The interpretation is that x(I) is always the last state calcu

lated, while x'(I) is a temporary buffer used for that calculation. 

This task is easily accomplished during step 3. The step 3 flow chart 

is shown in Figure 4.6. The output is changed only once, to insure 

that only correct values are stored in the output varicible for other 

subroutines to see. 

The three flow charts (Figures 4.4, 4.5, 4.6) constitute the 

general form of the program which the generator must produce. The next 

section of this chapter defines the flow charts for the remaining 

target programs. It is necessary to code these charts in machine 

language format before the generator can be developed. To illustrate 

the procedure, the machine language version of one program will be 

developed to complete this chapter. 

A Nonlinear Transfer Function 

Nonlinear!ties such as saturation, deadband and others are often 
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Figure 4.5. Step 2 of linear block. 
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S«t J>1 

Claar 
TMP 

G«t X'(J) 
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I 
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J 
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= Temp 

Figure 4.6. Step 3 of linear routine. 
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Input 

Figure 4.7. Nonlinear transfer function. 
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used to define controllers. The specification of the input-output 

characteristics often occurs in the form of a graph, although mathe-

2 X 

matical expressions such as x , e , etc. , are applicable. Mathematical 

expressions are easily handled with FORTRAN subroutines, which are 

compatable with the generated software. An example is the nonlinear 

relationship, 

y = x^ , (4.31) 

where y is the output, and x is the input. The FORTRAN subroutine for 

Eq. 4.31 is: 

SUBROUTINE NAME, (X,Y) 

Y = X * * 2 

RETURN 

The obvious simplicity in programming this class of nonlinearities 

makes questionable the worth in providing this capability in the 

generator. Characteristics represented graphically, however, are 

more difficult to handle in FORTRAN, and are a natural addition to 

the generator's capabilities. Figure 4.7 shows one general non-

linearity specified in terms of break points and slopes. The break

points K , K , L and L are assumed to be positive numbers, while the 

slopes M , M , N and N may be positive or negative. 

The general function in Figure 4.7 is very useful in generating 

breakpoint curves. Several blocks may be cascaded to provide more 

breakpoints and slopes, and constants may be added to the input or 

output to provide shifts in the origin. 

Summation of input variables is again desirable, so that the 

first part of a target program to simulate the nonlinear block of 
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Figure 4.7 would be identical to Figure 4.4 for the linear routine. 

The remaining part of the target program must test the input to deter

mine which section of the curve~"ap'plies, and calculate the appropriate 

output. Figure 4.8 shows a flow chart of a program to accomplish 

these tasks. 

Data Logging 

Data logging is a natural consequence of data acquisition. If 

data is taken, it eventually must be printed for display by the user. 

In addition to values of the variables displayed, information related 

to the time when the readings occurred must be recorded. Many formats 

are possible for data output, but a repeated display of several 

variables is easily read if printed in columns. Some column format 

should be chosen and data logging should be included as a generated 

program. The generated program which produced Figure 4.9 displays up 

to six variables with their names above the corresponding values. If 

several logging operations occur with this format in the same system, 

different variables may be interlaced down the page. A better format 

might result from separating the printing of headings and values into 

two routines. The heading could be used only once a page, or as often 

cis necessary to produce a good copy. 

Data logging on the HP 2100 is simplified by the standard 

library subroutines used to process FORTRAN Read/Write and Format 

statements. The calling procedures for these routines are found in 

the appropriate HP literature.^^ The target program for data 

logging must include these write-call statements and a format statement 
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Figxjre 4.8. Nonlinear target program. 
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NANEl 

21.45 

NAME2 

18.50 

NAME3 

-275.32 

NAME4 

-1.00 

NAME5 

6.87 

NAME6 

0.00 
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vith appropriate variable names and/or Hollerith fields. 

D/A and A/D Input 

Since a BCS compatible driver was written to handle I/O transfers 

for the D/A and A/D hardware, a target program for the generator 

corresponds to the FORTRAN I/O call: 

Read (u) K, or Write (u) K. 

û  is the chaxmel number between lOB and 27B corresponding to channels 

0-15 in the hardware, and K is the name of the variable. This call is 

a standard unformatted (binary) I/O call, and the assembly language 

sequence is found in the appropriate HP literature. 

Calling Sequence for FORTRAN Subroutines 

FORTRAN subroutines use dummy argxjments to link input and output 

parameters to the calling program. The EXT and ENT statements in 

Assembly language, however, are absolute links that give the same 

name to linked variables appearing in more than one routine. The 

FORTRAN subroutine call: 

Call NAME (â .̂a . ... a^) 

is equivalent to the following assembly language sequence: 

JSB NAME 

DEF * + n+1 

DEF â^ 

DEF a 
n 
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NAME refers to the name of the subroutine. The second line of the 

Assembly language call contains the address of the first instruction 

following the calling sequence. The variables a.—a are the calling 

program's names for the FORTRAN subroutine's dummy parameters. The 

"DEF a." statements contain the memory addresses for each correspond

ing variable, a.. 

Since absolute links are used by the generator system to link 

and schedule subroutines, a target program is required to interface 

dummy arguments for FORTRAN subroutines included in the system. Such 

a program, in Assembly form, is shown in Figure 4.10. 

There are two classifications of parameters, those defined 

external to a FTN subroutine and those defined by a FTN subroutine. 

The externally defined parameters link directly through the EXT state

ment, and correspond to inputs to the FTN routine. The parameters 

defined by the FTN routine correspond to outputs and must be given 

storage locations in the target program for the ENT statement to 

reference. 

Developing Machine Language Formats 

More is involved in producing a BCS-loadable, machine-language 

format than coding the instructions of a program in binary. To illus

trate the format required, and the techniques involved to produce the 

format, the FORTRAN subroutine link program will be used as an example. 

The relocatable format is shown in Figures 4.11 through 4.15. 

Information is broken into a series of records formed from five 

different record types. The first record in each program must be a name 
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NAM LINK NAME OF PROGRAM 

ENT LINK, OUTl, 0UT2,...0UTN 

EXT INI, IN2,...,INM 

LINK NOP 

JSB NAME 

DEF ENDLS 

DEF INI 

PROGRAM ENTRY POINT 

EXECUTE PROGRAM "NAME" 

ADDRESS OF FIRST STATEMENT AFTER CALL 

ADDRESS OF INPUT VARIABLES 

DEF INM 

DEF OUTl ADDRESSES OF OUTPUT VARIABLES 

DEF OUTN 

ENDLS JMP LINK,I 

OUTl NOP 

EXIT "LINK" PROTRAM 

STORAGE LOCATIONS FOR OUTPUT VARIABLES 

OUTN NOP 

END 

Figure 4.10. Target program to link the 
generation system to FORTRAN subroutines. 
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NAM RECORD 

IS 8 7 

C O N H N T 

0151312 0 15 

EXPUNATION 

RECORD LENGTH = 9 WORDS 

IDENT = 001 

CHECKSUM: ARITHMETIC 
TOTAL OF ALL WORDS 
IN RECORD EXCLUDING 
WORDS 1 AND 3. 

WORD WORD 2 WORD 3 

15 8 

S 

7 015 8 

Y M 

7 0 

B 

15 

I 

8 7 

i 1 
0 

W// 1 
WORD 4 WORD 5 WORD 6 

SYMBL: FIVE CHARACTER 
NAME OF PROGRAM 

1SU 0 15 0 15 

LENGTH OF 
MAIN PROGRAM 

SEGMENT 
(OR ZERO) 

LENGTH OF 
BASE PAGE 
SEGMENT 
(OR ZERO) 

LENGTH OF 
COMMON 
SEGMENT 
(OR ZERO) 

•A/C 
WORD 7 WORD 8 WORD 9 

A/C: BINARY TAPE PROCESSOR 
= 0 IF ASSEMBLER 

PRODUCED 

= 1 IF COMPILER 
PRODUCED 

Figure 4.11. Relocatable tape format for NAM RCD. 
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ENT RECORD 

15 8 7 

WORD 1 

CONTENT 

0151312 4 3 0 15 

RECORD 
LENGTH 

M 
7/// 

'/// 
7/7 i 

0 
E 
N 
T 

W// 
///// 

/ / / / 

///// 

Wi. 
N 
X 
R 

CHECKSUM 

WORD 2 WORD 3 

EXPLANATION 

RECORD LENGTH = 7-59 WORDS 

IDENT =010 

ENTRIES: I to 14 ENTRIES PER 
PROGRAM; EACH ENTRY 
IS FOUR WORDS LONG. 

15 

S 

8 7 

Y 

015 

M 

8 / 

B 

015 

L 

8 7 

' / / i 
1 0 

% i 
SYMBL: 5 CHARACTER ENTRY 

POINT SYMBOL 

R: RELOCATION INDICATOR 
= 0 IF PROGRAM RELOCATABLE 
= 1 IF BASE PAGE 

RELOCATABLE 

WORD 4 WORD 5 WORD 6 

15 

RELOCATABLE 
ADDRESS 

FOR 
SYMBL 

0 15 

S 

8 7 

Y 

015 

M 

8 7 

B 

0 

WORD 7 

1 0 15 

WORD 10 

WORD 8 WORD 9 

015 

RELOCATABLE 
ADDRESS 

WORD 59 

WORDS 4 THROUGH 7 ARE 
> REPEATED FOR EACH 

ENTRY POINT SYMBOL. 

Figure 4.12. Relocatable tape format for ENT RCD. 



EXT RECORD 
CONTENT 

89 

EXPLANATION 

15 8 7 

RECORD 
LENGTH 

' / , 

v//> 
/ / / 

0151312 

'/// i D 

N 
T 

' / , 
/ / / / 

/ / / / 

54 0 15 

1 
N 

. 

0 

CHECKSUM 

RECORD LENGTH = 6-60 WORDS 

IDENT - 100 

ENTRIES: 1 TO 19 PER 
RECORD; EACH ENTRY 
IS THREE WORDS LONG 

WORD 1 WORD 2 WORD 3 

15 87 0 15 8 7 0 15 8 7 

S Y M B L 
SYMBOL 

ID 
N O . 

SYMBL: 5 CHARACTER 
EXTERNAL SYMBOL 

SYMBOL ID. N O . : NUMBER 
ASSIGNED TO SYMBL FOR 
USE IN LOCATING 
REFERENCE IN BODY 
OF PROGRAM. 

WORD 4 WORD 5 WORD 6 

015 

WORDS 4 THROUGH 6 REPEATED 
. FOR EACH EXTERNAL 
? SYMBOL (MAXIMUM OF 

19 PER RECORD). 

WORD 7 WORD 60 

Fig. 4.13. Relocatable tape format for EXT RCD 



DftL RECORD 
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IS 87 

RECORD 
LENGTH 

WORD 1 

CONTENT 

0151312 765 015 

NO. OF 
INST. 

WORDS 

u z/c 
WORD 2 

CHECKSUM 

WORD 3 

EXPLANATION 

RECORD LENGTH - 5-60 WORDS 
IDENT ' O i l 
Z/C: BASE/CURRENT PAGE LOADING 

* 0 FOR BASE PAGE 
« 1 FOR CURRENT PAGE 

NO. OF INST. WORDS: 1 TO 45 
LOADABLE INSTRUCTION 
WORDS PER RECORD 

ISM 015 1312109 76 43 

RELOCATABLE 
LOAD 

ADDRESS 

WORD 4 

1015 
T l — 

WORDS 

I ABSOLUTE 
VALUE 

INSTRUCTION WORD 
R = 000 

RELOCATABLE LOAD ADDRESS: 
STARTING ADDRESS FOR 
LOADING THE INSTRUCTIONS 
WHICH FOLLOW. 

R'»: RELOCATION INDICATORS: 
000 = ABSOLUTE 
001 = 15-BIT PROGRAM 

RELOCATABLE 
010 = 15-BIT BASE PAGE 

RELOCATABLE 
Oil = 15-BIT COMMON 

RELOCATABLE 
100 = EXTERNAL REFERENCE 
101 = MEMORY REFERENCE 

1514 

i 

: 

0 

15-BIT PROGRAM 
RELOCATABLE 

VALUE 

INSTRUCTION WORD 
R = 001 

1514 

n 

15-8IT BASE PAGE 
RELOCATABLE 

VALUE 

INSTRUCTION WORD 
R =010 

1514 

[ 15-BIT COMMON 
RELOCATABLE 

VALUE 

INSTRUCTION WORD 
R=011 

Rl IS RELOCATION INDICATOR FOR 
INSTRUCTION WORDi; R2, FOR 
INSTRUCTION WORD2; ETC-MEMORY 
REFERENCE INSTRUCTIONS USE 
TWO WORDS, WITHIN THE TWO-
WORD GROUP, "MR" INDICATES 
RELOCATABILITY OF OPERAND 
SPECIFIED IN SECOND WORD: 

00 = PROGRAM RELOCATABLE 
01 = BASE PAGE RELOCATABLE 
10 = COMMON RELOCATABLE 

P 

514 1110 0 151411109 

I 
N 

T 

c D/l 

EXTERNAL 
SYMBOL 
I.D.NO. 

D/l 

INSTRUCTION WORD 
R = 100 

INSTRUCTION WORDS 
R= 101 

D/l: INDIRECT ADDRESSING 

0 = DIRECT 
1 = INDIRECT 

Z/C: BASE/CURRENT PAGE LOCA
TION OF OPERAND ADDRESS 
AS DETERMINED BY LOADER. 

0 = BASE PAGE 
1 - CURRENT PAGE 

Figure 4.14. Relocatable tape format for DEL RCD. 
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ND RECORD 

5 87 

WORD 1 

514 

RELOCATABLE 
TRANSFER 
ADDRESS 

WORD 4 

CONTENT 

0151312 21015 

WORD 2 WORD 3 

EXPLANATION 

RECORD LENGTH - 4 WORDS 

IDENT - 101 

R: RELOCATION INDICATOR 
FOR TRANSFER ADDRESS 

- 0 IF PROGRAM RELOCATABLE 
' 1 IF BASE PAGE 

RELOCATABLE 

T: TRANSFER ADDRESS 
INDICATOR 

= 0 IF NO TRANSFER 
ADDRESS IN RECORD 

= 1 IF TRANSFER ADDRESS 
PRESENT 

Figure 4.15. Relocatable tape format for END RCD. 



92 

record (NAM RCD); the last record must be an ending record (END RCD). 

The NAM RCD contains the name of the program, and an account of type 

and amount of memory locations used by the program. 

Between the NAM RCD and END RCD, combinations of the other three 

record types are used as necessary to record the program. The ENT RCD 

contains the names and addresses of all entry points in the program. 

The EXT RCD contains the name of each externally defined variable and 

an assigned number used to reference that variable in the actual 

instructions. The data block record (DBL RCD) contains all information 

corresponding to actual memory contents in the computer. This infor

mation includes instructions, constants, and storage. 

All records begin with a three word format. Word one contains 

the record length (377B maximum) shifted into the upper eight bits. 

Word two contains an indentifier for record type, and word three 

contains a checksum which is the arithmetic sum of all words in the 

record except words 1 and 3. 

Each DBL RCD is subdivided into groups of five (or less) instruc

tions. The word preceeding each group contains a relocation identifier 

(R's) which classifies each instruction into one of six categories. 

These relocation identifiers are: 

1." R = 000 - The data is absolute, and does not need address 

relocation. These instructions are loaded into the computer 

exactly as stated. 

2. R = 001 - The data is 15-bit program relocatable. Since 

relocatable programs are assumed to start at zero, the loader 

will add a current-page relocation vector to each instruction 
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in this category. 

3. R = 010 - The data is 15-bit base page relocatable. A 

base-page relocation vector will be added to these instruc

tions by the loader. 

4. R = Oil - The data is 15-bit common relocatable. A common seg

ment relocation vector will be added to these instructions 

by the loader. 

5. R = 100 - The data makes an external reference. These 

instructions contain as memory references the number assigned 

in the EXT RCD for the appropriate variables. 

6. R = 101 - The data includes a Memory Reference. It will be 

current-page relocated if possible, but indirect addressing 

links will be set up for references across page boundaries. 

Preceeding the first five-instruction-group in each DBL RCD is a single-

word program-relocation-vector for that record. It indicates the pro

gram relocatable address of the first instruction in each record. Each 

(13) octal instruction is given in the Hewlett Packard manuals. 

A FTN Link program for one input and one output parameter is 

shown in Figure 4.16. Column 1 indicates the relocatable address for 

each instruction. Columns 2 and 3 contain the assembly language 

program. Column 4 contains the instruction in octal form, with 

appropriate addresses or external reference numbers inserted. Column 5 

contains the relocation indicator to be used in the DBL RCD. 

Address 0001 contains the instruction "JSB FTNSB". The binary 

equivalent to a JSB instruction is 16 B. FTNSB is an external 



NAM EXPLE 

ENT EXPLE,OUTl 

EXT FTNSB,INI 

94 

0000 

0001 

0002 

0003 

0004 

00005 

0006 

EXPLE NOP 

JSB FTNSB 

DEF ENDLS 

DEF INI 

DEF OUTl 

ENDLS JMP EXPLE,! 

000000 

016001 

000005 

000 

100 

001 

OUTl NOP 

000002 

000006 

126000 
000000 
000000 

100 

001 

101 

000 

END 

Figure 4.16. FORTRAN link program. 



95 

referenced variable and is first in the EXT list. Hence Column 4 for 

address 001 contains 16001^, and Column 5 contains 100, the symbol for 

external reference instructions. Address 0002 should contain the address 

of the instruction "ENDLS". This address is 0005, and is program reloca

table (R = 001). Address 0003 should contain the address of the variable 

INI. INI is an external reference variable (R = 100) and is second 

in the list. Hence Column 4 should contain 00002B. Address 0004 

contains the address of "OUTl", which is 00006B (R = 001). Address 

0005 should contain the memory reference instruction "JMP,I" which is 

126000B in binary. Memory reference instructions require that the 

memory address be in a second word. The address of "ENDLS" is OOOOOB 

in the program, and the relocation indicator is 101. Addresses 0000 

and 0006 should both contain OOOOOOB. This is an absolute quantity 

so that R = 000. 

The information in Figure 4.16 may be used with Figures 4.11-

4.15 to complete the binary format for this target program. The 

binary information listed in octal form in Column 2 of Figure 4.17 is 

exactly the information which a generator routine must output to 

produce the two-parameter FTN link program. From this pattern, one 

can see that many more lines of information would be required for 

additional parameters. The generation routine must provide these 

additional lines for each parameter listed, along with address and 

modifications. 

The procedures used to produce Figure 4.17 from the FORTRAN link 

program must be applied to each target program the generator will pro

duce. The resulting lists, such as Figure 4.17, completely specify 
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WORD 

1. 

2. 

3. 

4. 

5. 

6. 

7. 

8. 

9. 

CONTENTS 

4400B 

20000B 

175314 

42531 

50114 

42440 

00007 

00000 

00000 

NAM RCD 

COMMENT 

Record length of 9, shifti 

Nam Identifier 

Checksum 

ASCII for 

ASCII for 

ASCII for 

Length of 

Length of 

Length of 

EX 

PL 

E_ 

main program 

base page 

common 

ENT RCD 

1. 

2. 

3. 

4. 

5. 

6. 

7. 

8. 

9. 

5400 

40002 

140563 

42531 

50114 

42440 

00000 

47525 

52061 

Rec. len of 11 shifted 8 bits 

Identifier for 2 entry points 

Checksum 

ASCII for EX 

ASCII for PL 

ASCII for E 

Program address for "EXPLE" 

ASCII for OU 

ASCII for Tl 

Figure 4.17. Relocatable machine language format for 
the FORTRAN link program, (continued on next page) 
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WORD 

10. 

11. 

CONTENTS 

020040 

00006 

COMMENT 

ASCII for 

Program address of "OUTl" 

EXT RCD 

1. 

2. 

3. 

4. 

5. 

6. 

7. 

8. 

9. 

4400 

100002 

170432 

43124 

47123 

41001 

44516 

30440 

20002 

Rec. len of 9, shifted 8 bits 

Identifier for 2 entries 

Checksum 

ASCII for FT 

ASCII for NS 

ASCII for B plus reference no. of "1" 

ASCII for IN 

ASCII for 1 

ASCII for plus reference no. of "2" 

DBL RCD 

1. 

2. 

3. 

4. 

5. 

6. 

7000 

60107 

154427 

00000 

010302 

00000 

Rec. len of 14, shifted 8 bits 

Identifier for 7 instructions on the 

current page 

Checksum 

Program starts at reloc address 00000 

Octal equivalent of 1st five R's 

1st instruction 

Figure 4.17. Relocatable machine language format for 
the FORTRAN link program. (continued from previous page) 
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WORD CONTENTS COMMENT 

7. 

8. 

9. 

10. 

11. 

16001 

00005 

00002 

00006 

120000 

2nd instruction 

3rd instruction 

4th instruction 

5th instruction 

Octal equivalent of last 2 R's with 

trailing zeroes. 

12. 

13. 

14. 

126000 

000000 

00000 

6th instruction word 

7th instruction word 

END RCD 

1. 

2. 

3. 

4. 

2000 

120000 

120000 

00000 

Rec. len of 4 words, shifted 8 bits 

Identifier for no transfer address 

Checksum 

Transfer address 

Figure 4.17. Relocatable machine language format for 
the FORTRAN link program. (continued from previous page) 
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the action required of the generator routine. To summarize the pro

cedure, assume that generation of some transfer characteristic is 

desired. The steps required to specify the action of the generator 

are ais follows: 

1. Develop an appropriate mathematical algorithm for the 

function (if required). 

2. Flow chart a typical assembly language program to execute 

the algorithm. Note variations which will occur due to user 

options (number of inputs, etc.). 

3. Code the flow chart into Assembly language, and verify its 

operation. 

4. Make a table of information similar to Figure 4.16, showing 

types of instructions, machine code, etc. 

5. List the required binary format in a manner similar to 

Figure 4.17. Make certain that all the effects of variations 

due to user options (noted in II) are understood. 

With these five steps completed, flow charts for generating the program 

may be developed. 



CHAPTER V 

THE GENERATOR SOFTWARE 

A software generation system must produce a number of program 

types, each requiring its own special information from the user. 

Moreover, the user's needs determine which sections of the system 

are executed, and in what order. If the generation system were 

composed of a collection of subroutines, the user might call each 

subroutine as required to produce a software system. Figure 5.1 

illustrates a system with this organization. 

Complete independence of each subroutine allows file definition 

in mass storage to conserve machine core. The program director, 

which services user directions, would call and transfer control to 

the required section from mass storage. When that section had 

executed, control would transfer back to the user direction routine. 

Unfortunately, complete independence of sections is impractical, 

since much duplication of effort would occur in each section. For 

example, all sections must output programs so that storing an output 

service routine in every section and calling it into the machine with 

every call is wasteful of mass storage and CPU time. It follows that 

a sufficient number of service routines will exist in common with 

enough generator sections to warrent creating a permanent space for 

them in core. 

A generation system which has this organization is shown in 

Figure 5.2. The program director routine still calls the individual 
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Routine 
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Subroutine 
to Generate 
Program 
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Subroutine 
to Generate 
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Subroutine 
to Generate 
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Type 3 

Subroutine 
to Generate 
Program 
Type N 

Figure 5.1. Subroutine organization for the generator. 
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director 
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Core-Resident, Common 
Service Routines 

Figure 5.2. Service routines in comm 
on with several segments 
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generation sections, but each section can in turn access the common 

service routines as required. This arrangement, with proper choice 

of common routines, can provide a good compromise between file 

independence and conservation of CPU core and time. 

Routine to Service User Direction 

A routine to service user direction must define a list of 

symbols by which the user will indicate desired actions. Although 

any number or combination of ASCII symbols could be used, a compro

mise is necessary. Long symbols relate well to the desired function. 

If one possible action is to generate a nonlinear routine, for 

example, the command "NONLINEAR" provides good identification. 

However, long symbols require more core for storage and identifica

tion, so that shorter symbols are desirable. Longer symbols also 

require more CPU time to identify, but this time is negligible when 

compared to the time required for the user to input characters. 

ASCII characters are stored two characters per computer word 

in the HP 2100. Since HP recognizes 64 characters, two-character 

symbols provide enough combinations to service most systems, and are 

used in this particular system. For easier identification, the 

first character is a "/", while the second is a significant initial. 

For instance, /N calls for generation of nonlinear programs. This 

scheme is adequate for the number of actions available to the user at 

Texas Tech, but can be expanded to any two-character symbol without 

program modification if more combinations are required. 

The basic operation of the director routine would be to: Q ) ask 
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the user for a command, (2) read the coiranand and identify it, and 

(3) send control to the appropriate subroutine. A heading, and basic 

instructions, might also be written the first time the director 

routine is entered. Figure 5.3 shows the flow chart of a program 

which accomplishes these tasks. Direct comparison is used to iden

tify the user symbol in a list of known symbols. If the user symbol 

is not identified, an error message is printed, and a new symbol is 

requested. If additional symbols are desired, (1) add each new symbol 

to the list and (2) insert the corresponding transfer statement into 

the routine. 

Common Service Routines 

A number of subroutines are common to most sections of the 

overall generation section. These subroutines, discussed briefly in 

the following pages, simplify the addition of major generation sec

tions. These common routines, along with the \iser direction service 

routine, are core resident. 

Routine to Output a Program (Paper Tape) 

Each generated program must be written on some permanent 

material for later use. Paper tape and magnetic tape output are 

available on Texas Tech's hardware, and both capabilities are provided. 

Paper tape output is record oriented, and I/O calls to IOC state the 

length of the record to be transferred and its location in the compu

ter. A space of 4 feed frames are inserted automatically between 

records. Leader and trailer is created by writing blank records. 

All output requests enter the entry points shown in Figure 5.4. 

file:///iser
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Figure 5.3. Program director routine. 
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Figure 5.4. Program output director routines 



106 

There are three entry points, and three corresponding sections, 

used to output a program. The first entry is called to initiate pro

gram output. The routine determines whether the user desires magnetic 

tape (MT) or paper tape (PT) output, and places address directors for 

the other two entries so that the desired output (PT or MT) occurs. 

If paper tape is requested, the section to output a leader is executed, 

or for magnetic tape, the tape is positioned. When a data output 

entry is made, the address director sends control to the appropriate 

routine (PT or MT) to output a data record. Entry to the third point 

results in termination of the output by writing a trailer on paper 

tape or an end-of-file (EOF) mark on magnetic tape. The three service 

routines for paper tape are shown in Figure 5.5, and are self explana

tory. 

Magnetic Tape Output 

Since the subroutines being written on magnetic tape are reloca

table, they belong in file two of the Magnetic Tape System. Therefore, 

a call to initiate magnetic tape transfer must result in the magnetic 

tape being positioned to the end of file two. Termination of the 

program must cause a new end-of-file mark to be generated. To 

accomplish these tasks successfully, status of the MT must be checked 

before and after tape motion occurs. 

In addition, a search to the end of file two is time-consuming. 

It is desirable to avoid this delay by searching only when the first 

program is generated. An appropriate flag is set to indicate that 

this positioning has occurred, and that data output may continue. 
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Figure 5.5. Paper tape output routines. 
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Flow charts for the three MT service routines are shown in 

Figure 5.6. The first three steps in the Leader entry test for auto 

mode, presence of a write ring, and position of the load point. An 

error message is printed and retest occurs if one of the first two 

tests fails. If the tape is away from load point, a rewind command 

is issued. A status check is made repeatedly until a not busy signal 

returns, indicating that motion has ceased. 

Positioning to file 2 is accomplished by reading a record and 

checking status to determine if an EOF mark were passed. This pro-

cedxire is repeated until an EOF mark appears, when a test is made to 

determine if the EOF mark is for file one or file two. When file 

two is found, the unit is cleared and backspaced over the EOF mark. 

A check is made for transmission errors, and if any occurred, the 

routine is restarted. If no errors are present, the routine is 

exited, leaving the MT positioned at the end of file two. 

The data transfer entry adds an extra record-length word to the 

front of each record, as required for compatibility with the 

Magnetic Tape System. A call to IOC writes the record, and a 

check for errors coii5)letes the data transfer. The trailer entry 

point writes an EOF mark. 

Routines to Read a Variable Name (ANAME) 

Each generated program, and all input and output variables, must 

be given unique names by the user. Hence, each generator section 

reads one or more ASCII variables from the TTY. ASCII names are five 

characters in length in HP software, but a blank character is stored 
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Figure 5.6. Mag tape output service 
routine. Ccontinued on next page) 
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in the sixth position to fill three computer words. Figure 5.7 shows 

a flow chart of the routine to read a name. The routine is entered 

with the address destination in the A register. 

Subroutine to Read a Name in One Location and Write It in Another 

(TRSFR) 

Each generated routine contains the program name twice: once in 

the NAM RCD, and once in the ENT RCD. This routine, illustrated in 

Figure 5.8, reads a name found in one location, and writes that name 

in a second location. The routine is entered with the read address 

in the A-register and the write address in the B-register. 

Subroutine to Print a Message (PR.NT) 

Many different messages must be written on the TTY to instruct 

the user. The routine in Figure 5.9 accomplishes this task and is 

entered with the format address in the A-register. The format state-

ment contains the message in a Hollerith field. 

Subroutine to Get an Integer Value (IVAL) 

This routine makes the appropriate call to IOC and exits with 

the integer value in the A-register. 

Subroutine to Merge the External Reference Number (XRF.N) 

This routine merges an EXT reference number into an ASCII name 

for entry into an EXT RCD. The routine is entered with the reference 

number in the A-register, and the address of the last two characters 

of the name in the B-register. 
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Subroutine to Get a Two Symbol Control Word (C.WRD) 

This routine makes the appropriate call to IOC, and returns 

with a two-symbol control word in the A-register. 

Subroutine to Read a Fixed Point Value (VALUE) 

Coefficients of continuous systems are usually represented in 

decimal form. For example the coefficients of a polynomial would be 

given with digits on both sides of the decimal point and not as inte

gers. It follows that the software generated to use these coefficients 

must handle decimal arithmetic, but computer arithmetic execution times 

become important when real-time operation is involved. 

The HP 2100 has two kinds of arithmetic, floating point and 

integer. Table 5.1 shows typical execution times for each. 

TABLE 5.1 

HP 2100 Arithmetic Execution Times 

Mode 

add 

subtract 

multiply 

divide 

float 

fix 

Integer 

1.96 ys 

complement 
3.92 ys 

10.7 ys 

16.7 jis 

S add 

Floating Pt. 
Software 

.257 ms 

.280 ms 

.255 ms 

.295 ms 

.133 ms 

.121 ms 

Floating Pt. 
Hardware 

31 ys 

33 ys 

44 ys 

66 ys 

.014 ys 

.018 ys 

Although floating point hardware is available for the HP 2100, it was 

not included in the installation at Texas Tech. Hence, a typical 
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floating point operation requires 275 ys execution time. Consider 

the model developed previously for a linear transfer function. The 

target program executed three mathematical steps. 

n 
1. Input = E k. IN. 

i=l ^ ^ 

n 
2. x' = Z (d. x^ + e. • Input), 

^ k=l ^^ ̂  ^ 

i = 1, n 

n 
3. Output = I c. X. 

Steps 1 and 3 each require n-multipli cations and n-additions. Step 2 

requires 2n multiplications and 2n additions for each i, giving a 

2 2 
total of 2n multiplications and 2n additions for step 2. The total 

operations required for a linear program of order n are: 

Multiplications Additions 

Step 1 

Step 2 

Step 3 

Tota l 

n 

2n2 

n 

2n^ + 2n, 

2TI Cn+l ) 

or 2n2 

2n 

n 

2n2 

n 

+ 2n, or 

(n+1) 

For a third order system, as an example, a total of 24 multiplications 

and 24 additions are required. Comparing integer and floating point 

times for these cases shows: 
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Floating point = 24 (.255 + .257) ms = 12.4 ms 

Integer = 24 (10.7 + 1.96) = .303 ms 

This floating point time of 12.4 ms is greater than the 10 ms chosen 

as a rainiraum scheduling interval. Furthermore, systems with higher 

order require longer times because of the squared term in the calcu

lation. A sixth order system, for example, requires 84 executions of 

each instruction, compared to 24 for the 3rd order system. The 

corresponding times are 42.2 ms (floating point) and 1.06 ms (integer). 

These calculations demonstrate that floating point operations must be 

avoided if the sampling interval is to approach 10 ms as a minimum. 

Integer arithmetic may be used to handle decimal numbers in a 

fixed point mode. To allow integer operations on two numbers, 

X = 9.3 , 

Y = 17.6 , 

a scaling factor, say 10, would convert the niombers to a fixed integer 

value. The scaled numbers would be: 

X» = 10-X = 93 

Y' = 10«Y = 176 

Integer arithmetic would yield: 

Unsealed 
Operation 

X + Y 

X - Y 

X • Y 

X 
Y 

Scaled Integer 
Operation 

X' + Y' 

X' - Y' 

X' • Y' 

X' 
Y' 

Result 

10 (X + Y) 

10 (X - Y) 

100 (X • Y) 

X 
Y 
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Addition and subtraction of scaled values yields a scaled result. 

For a scaled result to multiplication and division, however, the 

answer must be divided by (for multiplication) or multiplied by (for 

division) the sceLle factor. 

The use of fixed point arithmetic limits the size of numbers 

used in calculations. The 16 bit word length of the HP 2100 allows 

an integer range of t_ 32,678. A scale factor of 10, for example, 

would make this range +̂  3267.8. Therefore choosing a scaling factor 

is a conpromise between the resolution (increment of .1 for scale of 

10, for example) and the maximum stored size. 

Accuracy is also sacrificed when fixed point (integer) is 

chosen instead of floating point. For applications involving A/D and 

D/A conversion, however, integer accuracy is sufficient. The A/D 

converter at Texas Tech has a 15 bit output, with a total accuracy 

(including multiplexing, crosstalk, sample and hold, and actual con

version) which corresponds to something between 13 and 14 bits of 

readout. Hence, only 13 bits are guaranteed accurate at the output 

of the converter, which is three bits less than the computer's 16. 

The D/A converters at Texas Tech are 10 bit converters with 

+ 1/2 LSB accuracy. Inputs to the computer operation shown in Figure 

5.10 have accuracies to 13 bits. The computer must perform necessary 

manipulations with 16 bits, and produce an output accurate to 10 bits. 

The computer can lose up to six bits in round off error and still 

provide an output more accurate than the D/A can use to advantage. 

Another fact can be observed from Figure 5.10. The input volt

age to the A/D converter and the output of the D/A converter are 

f̂-
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limited to a magnitude less than 10 volts. This limitation is at 

least as restrictive as the magnitude limitation imposed by fixed 

point arithmetic, since high transfer function gains in the CPU could 

only result in saturation of D/A outputs. Therefore, fixed point 

arithmetic is well matched to the generation system in all three 

characteristies—speed, accuracy, and dynamic range. 

Choosing a scale factor is, again, a compromise between resolu

tions and range, and specifies the smallest and largest system gains 

usable in the CPU. A scale factor of one hundred is a reasonable 

choice for the generator and allows decimal numbers as small as .01 

and as large as +_ 326.78. All constants entered into the computer 

must be scaled by this factor of 100. The subroutine shown in 

Figure 5.11 (VALUE) accomplishes this task. It reads a decimal con

stant, scales it, converts to an integer, and returns with the integer 

value in the A-register. 

Subroutine to Calculate the Checksum of a Record (CKSUM) 

Every record contains a checksum in the third word of the 

record. Figure 5.12 shows the flow chart of a routine to calculate 

this checksum. The routine is entered with the first-word-address 

in the A-register and the negative record-length in the B-register. 

The Major Generator Subroutines 

The subroutine which directs the generation of the FORTRAN-link 

target program is presented in this section to illustrate a typical 

form for the major generator sections. The generator routine must 

(1) ask questions of the user and receive information required in the 
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target program, (2) place this information in a buffer containing the 

target program, (3) supply necessary address and instruction modifi

cations, (4) supply identifiers and checksums for each record, and 

(5) output the target program. The utility routines are used where 

applicable to simplify this process. 

The user approaches the generation system with a desired result 

in mind. This result is specified as a group of transfer blocks, 

linked together to form the desired real-time software system. Each 

block has a name which becomes the name of a corresponding target 

subroutine. Each block also has inputs and outputs which are linked 

through EXT and ENT statements, respectively. 

A study of the FORTRAN link target program shown in Figiire 4.17 

shows that the user must supply four types of information to the 

generator. These are: 

1. Name of link program, 

2. Name of FORTRAN subroutine to be linked, 

3. List of input parameters, 

4. List of output parameters. 

The name of the link program belongs in the NAM RCD and in the 

ENT RCD as the execution entry point. The name of the FORTRAN sub

routine is referenced in the EXT RCD because the JSB instruction 

executes to this name. The input list and output list are variable 

in length. This complicates the program, since the subroutine calling 

sequence, and storage locations for output parameters, will all change. 

Since the program output devices (Mag Tape and Paper Tape) are 

record oriented, it is necessary to form complete records in a buffer 
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location in memory, prior to output. In addition, it is conven

ient to set aside sufficient memory to contain all the records for 

the entire program simultaneously. The buffer area for the FORTRAN 

link program is shown in Figure 5.13. Instructions are divided into 

three DBL RCD's, because the input and output parameter lists are 

variable in length. The first DBL RCD contains the instructions from 

the start of the program through the end of the list of input 

parameters. A break at this point allows a complete memory buffer, 

but the output of that record would include only as much of the list 

as the user specifies. The second DBL RCD contains the output list. 

A break at the end of the output list has the same advantage as for 

the input list. Record three contains the termination instructions 

and storage locations for output parameters, if any. 

Figure 5.14 shows a block diagram of this generator section. 

The order in which steps occin? is not particularly important, except 

where one step must be performed to provide the necessary information 

for later steps. 

Other Generator Sections 

Detailed development of other generator sections will be left 

to the interested reader, since procedures are similar to the example 

above. Source listings of the generator system (available from 

Texas Tech University) and flow charts in this dissertation will aid 

in that task. 

The programs which can be generated are: 

1. linear transfer function routine. 
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Octal 
Code 

000000 
004400 
020000 
000000 
000000 
000000 
000000 
000000 
000000 
000000 
000000 
000000 
000000 
000000 
000000 
000000 
000000 
000000 
000000 
000000 
000000 
000000 
000000 
000000 
000000 
000000 
000000 
000000 
000000 
000000 
010310 
000000 
016001 
000000 
000002 
000003 
iiino 
000004 
000005 
000006 
000007 
000010 
111110 
oooon 

Asseirbly 
Program 

FTNl 

FTN2 

FTN 3 

FTN4 
FTN5 

FTN6 

FTN7 
FTN8 

FTN 9 

FTNIO 
FTNll 

FTN12 

NOP 
OCT 
OCT 
NOP 
NOP 
NOP 
NOP 
NOP 
NOP 
NOP 
NOP 
NOP 
NOP 
NOP 
NOP 
NOP 
NOP 
NOP 
BSS 
NOP 
NOP 
NOP 
NOP 
NOP 
BSS 
NOP 
NOP 
NOP 
NOP 
NOP 
OCT 
NOP 
OCT 
NOP 
OCT 
OCT 
OCT 
OCT 
OCT 
OCT 
OCT 
OCT 
OCT 
OCT 

4400 
20000 

57 

39 

10310 

16001 

2 
3 
111110 
4 
5 
6 
7 
10 
111110 
11 

Comments 

Space for MT Rec. Length 
NAM Record Length 
NAM Identifier 
Checksum 
Name 

of 
Program 

Length of Main 
Length of Base 
Length of Common 
Space for MT Rec. Length 
ENT Record Length 
ENT Identifier 
END Checksum 
Name 

of 
Program 

Entry address 
Space for ENT List 
Space for MT R.L. 
EXT Record Length 
EXT Identifier 
Checksum 
Space for 

EXT Entries 
Space for MT R.L. 
R.L. , 1st DBL RCD 
Identifier 
Checksum 
Relocation Vector 
Relocation Identifier 
Program Entry 
JSB EXT #1 
DEF ENDLS 
DEF EXT §2 
DEF EXT §3 
Relocation Identifier 
DEF EXT #4 
DEF EXT #5 
DEF EXT #6 
DEF EXT #7 
DEF EXT #10 
Relocation Identifier 
DEF EXT #11 

Figure 5.13. Buffer for the FORTRAN 
link program, (continued on next page) 
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Octal 
Code 

000012 
000013 
000014 
000015 
000000 
000000 
000000 
000000 
000000 
022222 
000000 
000000 
000000 
000000 
000000 
022222 
000000 
000000 
000000 
000000 
000000 
022222 
000000 
000000 
000000 
000000 
000000 
000000 
003000 
000000 
000000 
000000 
120000 
126000 
000000 
000000 
000000 
002000 
120000 
120000 

Assembly 
Program 

FRN13 
FTN14 

FTN15 

FTN16 

FTN17 
FTN18 

FTN19 

FTN20 

OCT 
OCT 
OCT 
OCT 
NOP 
NOP 
NOP 
NOP 
NOP 
OCT 
NOP 
NOP 
NOP 
NOP 
NOP 
OCT 
NOP 
NOP 
NOP 
NOP 
NOP 
OCT 
NOP 
NOP 
NOP 
NOP 
NOP 
NOP 
OCT 
OCT 
NOP 
NOP 
OCT 
OCT 
NOP 
BSS 
NOP 
OCT 
OCT 
OCT 

12 
13 
14 
15 

22222 

22222 

22222 

3000 
0 

120000 
126000 

16 

2000 
120000 
120000 

Comments 

DEF EXT #12 
DEF EXT #13 
DEF EXT #14 
DEF EXT #15 
Space for MT R.L. 
R.L. for 2nd DBL 
Identifier 
Checksum 
Relocation Vector 
Relocation Identifier 

Space 

for 

Defining 

Addresses 

of ENT 

Parameters 

Space for MT R.L. 
R.L. for 3rd DBL RCD 
Identifier 
Checksum 
Relocation Vector 
Relocation Identifier 
JMP Entry, I 
Storage for 

ENT Parameters 
Space for MT R.L. 
END Record Length 
Identifier 
Checksum 

Figure 5.13. Buffer for the FORTRAN 
link program, (continued from previous page) 
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Figure 5.14. Flow chart of FORTRAN-link 

generator section. (continued on next page) 
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Calc S Store 
3rd DBL 

Rel. Vector 
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of Lntry 
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Calc S Store 
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R.L. 

Calc S Store 
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Figure 5.14. Flow chart of FORTRAN-link 
generator section. (continued from previous page) 
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2. nonlinear transfer function routine, 

3. A/D or D/A conversion routine, 

4. data logging routine, 

5. FORTRAN subroutine link routine, 

6. routine to define constants, 

7. task schedule routine. 

The task schedule routine contains the information required by the 

operating system to execute the desired list of subroutines. Included 

in the program are: 

1. A transfer statement which calls the operating system 

scheduler, 

2. A 3J.st of all jobs to be scheduled, 

3. The tiroe-interval-between-execution for each job, 

4. Room for the other "task" tables required by the operating 

system, 

5. The number of jobs scheduled. 

The Task program is generated by the same techniques used to generate 

other target programs. 

Other Functions of the Generator System 

Another section of the generator system should be mentioned. 

This section, at the user's request, calls the relocating loader from 

magnetic tape to initiate execution of the user's generated system. 

The procedure is to (1) transfer the call (:PROG,LOADR) into the re

quired buffer of the Magnetic Tape System, (2) print appropriate instruc

tions on the TTY, (3) rewind the magnetic tape, and (4) transfer 
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control to the Magnetic Tape System. The flow chart for this opera

tion is shown in Figure 5.15. 
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Figure 5.15. Subroutine to call BCS loadr. 



CHAPTER VI 

A SIMULATION, AND SUGGESTIONS FOR FURTHER DEVELOPMENT 

The purposes of this chapter are (1) to demonstrate the effec

tiveness of the generation system in a real-time example, and (2) to 

suggest several directions for future development of the generation 

system. 

A Simulation 

An approximate model of the brake control system was developed 

in Chapter II. Analog simulation of this model provides an excellent 

example to demonstrate the effectiveness of the generation system. 

Figure 6.1 illustrates the assumed dynamics of the engine, brake, 

and software controller. The input to the analog system is a brake 

control signal, and the outputs are engine speed, and torque. This 

model assumes that all parameters are time-invariant, and that torque 

is related to engine speed by the nonlinear relationship shown in 

Figure 6.2. These conditions are representative of those which occur 

on a recil engine for constant throttle opening, in a controlled 

environment. The following coefficients were chosen to approximate the 

typical time response of engine systems: 

K^ = .8 

\ = 2.5 

a = 2.5 

Controller coefficients, chosen by methods described in Chapter II, 

follow: S " -̂^ 

\ = .4 

130 
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The computer system measures the torque vs speed relationship 

of the analog simulation by causing the engine's speed to ramp slowly 

from 1000 RPM (a typical idle speed) to 6000 RPM. Both speed and 

torque are recorded during this time, and if the controller can provide 

adequate regulation of speed errors, then the data will approximate 

the actual relationship of Figure 6.2. 

Figure 6.3 illustrates the analog program which simulates the 

engine. It is impossible to control the "engine's" speed with a 

manual, open loop signal. 

The software controller is generated by the procedures indicated 

in Appendix B. 

Figure 6.4 contains the data taken during an actual computer-

controlled simulation. The time required to develop this curve was 

about one minute. The noise appearing on the data is attributed to 

poor ground connections between the digital system and the analog 

computer. That reliable data could be taken despite this noise is an 

indication of the strong control applied by the digital system. 

This simulation illustrates the time-saving nature of the generator 

system. The entire digital operation, including software production, 

checkout, and data-taking, can be accomplished by one person in less 

than two hours. Without the generator an experienced programmer would 

require two to three months to produce the required software, and 

inexperienced programmers even longer. Hence the developed generator is 

the time saving and useful system it was intended to be. Each of the 

assumptions above assume a complete knowledge of the system to be con

trolled and the instrumentation required. 
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Suggestions for Further Development 

The development of a generation system produced a useful 

target capability, a convenient operating procedure, and a powerful 

base for expansion. Future development should assume one of two 

major goals. These are (1) adapting the software generator to 

operate on other computer hardware, and (2) expanding the generation 

capability of the system. 

Adapting the Software Generator to Operate on Other Computer Hardware 

One project would allow the generator to operate with disc

based systems, which are popular and allow more rapid and flexible 

use of mass storage techniques. This development for the HP 2100 

would require a study and possible modification of available disc 

operating systems. Software produced for HP's Magnetic Tape System 

is compatible with most HP disc operating systems, so that the 

generator itself should require little modification. However, the 

scheduler, task program, and I/O drivers are dependent on BCS and 

must be redesigned. 

A second group of development projects would adapt the genera

tion system to computers other than the HP 2100. This effort would 

require complete receding of the generation software which now 

totals close to 4000 instructions. Martino's estimate than an 

experienced programmer can produce 13 to 20 checked and debugged 

instructions per day indicates that one man could recede the 

generation system in 10 to 14 months. Since flow charts are 

available, however, this estimate may be high and the time-saving 

capabilities of the generation system should pay for the effort. 
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Expanding the Generation Capability of the System 

Expanding the capability to generate three classifications of 

data acquisition and control programs would increase the power of 

the total system. These are (1) programs to record data, (2) programs 

to specify forcing functions, and (3) programs to specify the rules 

for control. 

Programs to Record Data. Most computer printers are slow 

enough to limit the rate at which real-time data may be printed. 

Since mass-storage devices, in general, allow higher transfer rates, 

the ability to store data on-line would enhance the capabilities of 

the generator. A buffered I/O program should be used to minimize 

start-stop operations, and to allow maximum data transfer rates. 

Additional line printer formats, and on-line plot routines, 
« 

would provide more flexible data presentation. 

Programs to Specify Forcing Functions. The present generation 

system assumes that forcing functions will be supplied as user sub

routines or analog inputs. The ability to generate a variety of 

fijnctions would eliminate user effort, but a careful study should be 

made of usable waveforms, corresponding FORTRAN subroutines, and the 

total software required in the generation system. The development of 

this capability might require more effort than the user would expend 

in writing FORTRAN programs. 

Programs to Specify the Rules for Control. The theory of 

time-varying coefficient systems, multi-input/multi-output systems, 

and optimization systems are representative of the many powerful 
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control techniques which could be implemented in the generation 

system. A study should be made to weigh the cost of software devel

opment for each control rule against the usability of that rule 

in a wide variety of systems. The more useful control techniques 

should be developed in the generator to allow a more versatile 

target system to be specified. 

The Real-Time Data Acquisition and Control (Senerator can have 

a significant impact on new applications. The growing number of 

real-time systems, the expense of software development, and the 

strength of the generation system make future development of its 

capabilities vezy desirable. 
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Bits 6-15 contain the data word in offset binary format for option 10. 

Bit 15 contains the data word for option 11. 

Interrupt logic is contained on the breadboard interface kit 

available from HP (P.N. 12620A). The following signals are found on 

this board: STC, 100, lOI, lOG, lOBO , lOBI , FLAG SET, FLAG FF. 
n n 

The following signals connect to the Datawest converter: EOC, 

A/D DATA BIT , NORMAL/SEQ. , CONVERT, STEP/SCAN, MULTIPLEX STROBE. 
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APPENDIX B 

OPERATION OF THE GENERATION SYSTEM 

The purpose of this Appendix is to document operating proce

dures for the generation system, and to review the generation capabi

lities. This is demonstrated by producing a real-time software 

system. 

Figure B.l illustrates the relationships among sections of the 

generation system. The program director receives a user command to 

execute a specific subroutine. Control is transferred to one of the 

generation sections, or to the loader call routine, as required. 

Each generation section may call any or all of the utility subroutines 

to produce a program. The generator accepts user definitions for 

each specific block, calculates the information necessary to complete 

the target program, and writes the program on paper tape or as a 

part of a Magnetic Tape System. A buffer in each generation section 

contains the entire program prior to output. 

Operating procedures for the generation system may be divided 

into foin? categories: 

1. System specification, 

2. Use of compilers for special routines, 

3. Use of generator system, 

4. Execution of the generated software. 

1. System Specification. The user must define the target 

software by providing a block diagram of the entire system. Each 

142 
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software block in the diagram must correspond to a single subroutine, 

and must include names for (1) the block, (2) the input variables, and 

(3) the output variables. Numerical coefficients of each transfer 

function and the execution rate for each block must be specified. 

2. Use of Compilers. Some of the blocks specified by the 

user may require separate FORTRAN, ALGOL, or Assembly language sub

routines. The user must program and compile these subroutines 

while keeping in mind parameter linkage requirements, and the 

scheduling mode of operation. 

3. Use of the Generator System. The user calls the generator 

with a standard Magnetic Tape System program call. The generator 

requests action commands, and at the user's direction, generates 

the desired blocks and a task schedule. When all the software has 

been generated, the user requests execution, which causes the 

generation system to call the BCS loader. 

4. Execution of the Generation System. The compiled and 

generated subroutines are loaded by HP's Basic Control System. 

Procedin?es for this operation are found in the appropriate Hewlett 

(13) 
Packard literature. When the run phase begins, the scheduler 

executes its initiation section, which requires the user to list 

initial task-execution-times and to set the real-time clock. The 

scheduler begins execution in automatic mcDde unless the user sets 

switch options. The manual mode facilitates checkout of individual 

blocks. 

Figure B.2 specifies a real-time software system which is used 

to illustrate the operation of the generation system. Two variables, 
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named INI and IN2, are read from A/D converter channels 1 and 2 by 

programs READl and READ2. INI is logged as data by a program named 

LOGl. IN2 is multiplied by 3 and added to a constant, Al, in the 

input of a program called FILTR. FILTR approximates the linear 

transfer function l/(s+l), and produces the variable IN2A as output. 

The program named LIMTR limits the magnitude of IN2A to less than 

10 volts, and produces IN2B as output. The program 0UT2 writes IN2B 

onto D/A converter channel 1. 

The program LINKl links the system to the FORTRAN routine 

GENl, which produces a square wave output called SQWVE. 0UT3 is a 

program which writes SQWVE onto D/A converter channel 2. 

The target software of Figure B.2 can be divided into three 

sections which might perform data-acquisition and control of an 

imaginary analog system as follows: 

1. The square wave signal might act as an open loop forcing 

function. The period of this square wave may be chosen as 30 seconds 

for illustration. 

2. The data logging routine records one variable from the 

analog system at an arbitrary rate of one reading every five seconds. 

3. The remaining routines may act together as a feedback 

controller whose input is the sum of a constant and a variable in the 

analog system. The time constant associated with the transfer 

function l/(s+l) leads to a scheduling rate of 10 times per second. 

The next few pages illustrate the interaction of the user and 

computer system in generating the above target software. The 

information duplicates actual computer output, except that an "»'"'«" 



145 

is inserted to indicate user responses. If the response to a 

question is a list, /E signifies the end of the list. The symbols 

in the "ACTION?" line have the following interpretation: 

1. /C 

2. /E 

3. /I 

4. /L 

5. /N 

6. /S 

7. /T 

8. /W 

Generate a constant 

Execute the target software 

Generate programs to supervise A/D or D/A conversion 

Generate a linear block 

Generate a nonlinear block 

Generate a FORTRAN link program 

Generate a task program 

Generate a data logging routine. 

The A/D and D/A program generator asks whether the conversion program 

is to be input (/I) or output (/O). 

The highest order term in the denominator of the linear trans

fer function is assumed to be 1.0. All terms, including zero-valued 

ones, must be listed in order of ascending powers of s_. 

1. Magnetic Tape System call to the generation system (RTGEN) and 

the generation system heading. 

HP MAGNETIC TAPE SYSTEM 

*BATCH OPTION ENABLED. 
*NEXT? 

**:PROG, RTGEN 
REAL TIME DATA ACQUISITION/CONTROL SYSTEM GENERATOR 

2. The user specifies two A/D programs. 

ACTION? (/C,/E, /I, /L, /N, /S, /T, /W). 
**/I 
BLOCK NAME? 

**READ1 
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/I OR /O? 
**/I 
INPUT VARIABLE NAME? 

**IN1 
CHANNEL NO? 

**1. 
PROGRAM DESTINATION DEVICE? (/M OR /P) 

**/P 
ACTION? (/C,/E, /I, /L, /N, /S, /T, /W). 

**/I 
BLOCK NAME? 

**READ2 
/I OR /O? 

**/I 
INPUT VARIABLE NAME? 

**IN2 
CHANNEL NO? 

PROGRAM DESTINATION DEVICE? (/M OR /P) 
**/M 

3. The user specifies two D/A programs 

ACTION? (/C,/E, /I, /L, /N, /S, /T, /W). 
**/I 
BLOCK NAME? 

**0UT2 
/I OR /O? 

**/0 
OUTPUT VARIABLE NAME? 

**IN2B 
CHANNEL NO? 

**1 
PROGRAM DESTINATION DEVICE? (/M OR /p) 

**/P 
ACTION? (/C,/E, /I, /L, /N, /S, /T, /W). 

**/I 
BLOCK NAME? 

**0UT3 
/I OR /O? 

**/0 
OUTPUT VARIABLE NAME? 

**SQWyE 
CHANNEL NO? 

**2 
PROGRAM DESTINATION DEVICE? (/M OR /P) 

4. The user specifies the linear block. 

ACTION? (/C,/E, /I, /L, /N, /S, /T, /W). 
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**/L 
BLOCK NAME? 

**FILTR 
OUTPUT VARIABLE NAME? 

**IN2A 
DEFINE INPUT SUM, UP TO FOUR TERMS. 
NUMBER OF TERMS? 

**2 
INPUT VARIABLE NAME? 

**IN2 
CONSTANT MULTIPLIER? 

**3. 
INPUT VARIABLE NAME? 

**A1 
CONSTANT MULTIPLIER? 

**1. 
DEFINE TRANSFER POLYNOMIAL: ORDER OF DENOMINATOR? 

LIST OF DENOMINATOR COEF IN ASCENDING ORDER. 
**1. 
LIST NUMERATOR COEF IN ASCENDING ORDER. 

**1. 
HUNDREDTHS OF A SECOND INTERVAL? 

**10 
PROGRAM DESTINATION DEVICE? (/M OR /P) 

**/P 

5. The \iser specifies the nonlinear block. 

ACTION? (/C,/E, /I, /L, /N, /S, /T, /W). 
**/N 
BLOCK NAME? 

**LIMTR 
DEFINE INPUT SUM, UP TO FOUR TERMS, 
NUMBER OF TERMS? 

**1 
INPUT VARIABLE NAME? 

**IN2A 
CONSTANT MULTIPLIER? 

**1. 
POSITIVE DEADBAND BREAKPOINT? 

**0 
NEGATIVE DEADBAND BREAKPOINT? 

**0 
POSITIVE SATURATION BREAKPOINT? 

**10 
NEGATIVE SATUPJVTION BREAKPOINT? 

**10. 
POSITIVE LINEAR SLOPE? 

file:///iser
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NEGATIVE LINEAR SLOPE? 

POSITIVE SATURATION SLOPE? 
**0 
NEGATIVE SATURATION SLOPE? 

**0 
OUTPUT VARIABLE NAME? 

**IN2B 
PROGRAM DESTINATION DEVICE? (/M OR /P) 

**/P 

6. The user specifies the constant. 

ACTION? (/C,/E, /I, /L, /N, /S, /T, /W). 
**/C 
NAME OF CONSTANT? 

**A1 
TYPE VALUE OF CONSTANT (RANGE +/-324.67) 

**21.3 
PROGRAM DESTINATION DEVICE? (/M OR /P) 

**/P 

7. The user specifies the FORTRAN link program. 

ACTION? (/C,/E, /I, /L, /N, /S, /T, /W). 
**/S 
BLOCK NAME? 

**LINK1 
NAME OF SUBROUTINE? 

**GEN1 
LIST INPUT PARAMETERS. 

**/E 
LIST OUTPUT PARAMETERS. 

**SQWVE 
**/E 
PROGRAM DESTINATION DEVICE? (/M OR /P) 

**/P 

8. The user specifies the data logging routine. 

ACTION? (/C,/E, /I, /L, /N, /S, /T, /W). 
**/W 
BLOCK NAME? 

LIST UP TO 6 VARIABLE NAMES TO BE LOGGED ON TTY, 
/E DESIGNATES END OF LIST. 

**IN1 

PROGRAM DESTINATION DEVICE? (/M OR /P) 
**/p 
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9. The user specifies the task tables. The order of entry determines 

priority. 

ACTION? C/C/E, /I, /L. /N, /S, /T, /W). 
**/T 
GENERATE TASK TABLES. /E SIGNIFIES END OF TASK LIST 
TASK NAME? 

**READ2 
MINUTE INTERVAL? 

**0 
HUNDREDTHS OF A SECOND INTERVAL? 

**10 
TASK NAME? 

**FILTR 
MINUTE INTERVAL? 

**0 
HUNDREDTHS OF A SECOND INTERVAL? 

**10 
TASK NAME? 

**LIMTR 
MINUTE INTERVAL? 

**0 
HUNDREDTHS OF A SECOND INTERVAL? 

**10 
TASK NAME? 

**0UT2 
MINUTE INTERVAL? 

**0 
HUNDREDTHS OF A SECOND INTERVAL? 

**10 
TASK NAME? 

**READ1 
MINUTE INTERVAL? 

**0 
HUNDREDTHS OF A SECOND INTERVAL? 

**500 
TASK NAME? 

**L0G1 
MINUTE INTERVAL? 

**0 
HUNDREDTHS OF A SECOND INTERVAL? 

**500 
TASK NAME? 

**LINK1 
MINUTE INTERVAL? 

**0 
HUNDREDTHS OF A SECOND INTERVAL? 

**3000 
TASK NAME? 

**0UT3 
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MINUTE INTERVAL? 

**0 
HUNDREDTHS OF A SECOND INTERVAL? 

**3000 
TASK NAME? 

**/E 

10. The user calls for execution of the generated system. 

ACTION? (/C,/E, /I, /L, /N, /S, /T, /W). 
**/E 
PLACE TASK TAPE IN READER. PRESS RUN. 
:PROG,LOADR 

The above example illustrates one or more versions of each 

subroutine that the Real-Time Data Acquisition and Control System 

(Generator can produce. The example serves as a summary of both 

operating procedures and system capabilities. 
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--V Entry 

Type 
Heading 

Z 
Program 
Director 

Get User's 
Request 

I 
Execute 
User's 
Request 

Generate 
Linear 
Prograun 

Generate 
Nonlinear 
Program 

I 

Generate 
Etc. 

J 

Call 
Loadr 

Perform Utility 
Service Functions 

Exit 
Generator 
to MTS 

Figiu?e B.l. Generator system organization. 
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