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ABSTRACT 

The Development of a Microprocessor Based Instrument 
for Calculating Mass, Volume, and Energy of 

Natural Gas 

Michael G. Collins 

This Thesis describes the design of a microprocessor 

based industrial instrument which is used for natural gas 

metering. It is named the PC-800. By using equations and 

standards of the American Gas Association (AGA) Reports num¬ 

bers three and five, the FC-800 instrument calculates the 

volumetric flow rate, the mass flow rate and the energy flow 

rate of natural gas flowing in a pipeline. 

The primary volumetric metering standard is the ori¬ 

fice plate. The FC-800 dynamically calculates the modeling 

factors for the orifice plate i.e. Reynolds factor (Fp) and 

expansion factor (Y). This technique improves orifice me¬ 

tering over traditional volumetric metering methods because 

in the past Fr and Y were assumed constant at the time of me¬ 

ter design (AGA3). By measuring gas density and following 

the rules of AGA5 the FC-800 calculates the mass flow rate 

of natural gas. By measuring the specific gravity of nat¬ 

ural gas and using Caldwell's equation also found in AGA5, 

the FC-800 derives the energy flow rate in dekatherms. A 

dekatherm is one million BTU's. 

The design of the FC-800 is followed from its concep¬ 

tion to its inception by starting with the systems defini¬ 

tion and following through to a working prototype. The sys¬ 

tem definition is anaylized so the hardware architecture may 



be formalized and the equations optimized for efficient ex- 

exution. Several number formats are developed and a float¬ 

ing point arithmetic package is designed to manipulate thes 

formats. A study is performed on several microprocessing 

systems and the processor best suited is selected. After a 

processor is selected, the input/output structure and pro¬ 

tocall is designed. The final element discussed is the de¬ 

velopment of the FC-800 executive program. 
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INTRODUCTION 



The author has been employed by Agar Instrumentation 

Incorporated since July of 1975. He has been designing a 

microprocessor-based Instrument for the measurement of ener¬ 

gy content In hydrocarbon gases for the company as the sub¬ 

ject of his thesis. This energy calculator will be referred 

to by it's model number PC-800 throughout the thesis. 

PROBLEM 

In the past, natural gas has been sold by the thousand 

standard cubic foot or M.S.C.F.^ The current trend of gas 

metering is by the actual energy content of a gas In deka- 

p 
therms.c- 

If one were to take a one standard cubic foot sample of 

natural gas from a pipeline to compare it to a laboratory 

pure one S.C.P. sample, there would be non-combustibles, 

such as helium and carbon dioxide, or combustibles, like 

hydrogen in the pipeline sample. When the two samples are 

burned and compared, the pipeline sample would release more 

energy if the natural gas was contaminated with a combusti¬ 

ble gas and less energy would be liberated if diluted with 

non-combustible gases. 

A typical natural gas conglomerate that deals in the 

buying, storing, refining and selling of gases may have 

-*-A standard cubic foot (S.C.P.) is the amount of gas 
contained in one cubic foot at standard temperature (60 P) 
and pressure (14.73 PSIA). 

^A therm is one hundred thousand British Thermal Units 
and hence a kekatherm being one million BTU's. 
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hundreds to thousands of metering stations. This conglom¬ 

erate may transport several million standard cubic feet 

from vendor to user daily. Depending on heating value of 

the gas at the time of sale, either the vendor or user is 

not getting its money’s worth. Considering the rising cost 

of energy and the error induced by MSCF measurement, meter¬ 

ing of natural gas by energy content is a solution fairer 

to both buyer and seller. This is the purpose of the 

FC-800 volume, mass and energy calculator. 

The FC-800 calculator uses the orifice plate as its 

prime metering standard. An orifice meter input to the 

FC-800 is an indicator of volumetric flow rate. By adding 

a density measuring instrument to the FC-800, one may also 

calculate mass flow rate. With a specific gravity meter 

attached to the system, energy flow rate is calculated. 

The foundation of volumetric metering was designed in 

the 1920’s and revised in 1969 in a report by the American 

Gas Association on ’’Orifice Metering of Natural Gas, Gas 

Measurement Committee Report No. 3", in short AGA3. 

However, in 1970, further study took place to utilize the 

gas density to calculate energy content of fuel gas. Ener¬ 

gy metering is explained in ’’Gas Measurement Committee Re¬ 

port No. 5' also by the American Gas Association and is 

referred to as AGA5. 

A high-level discussion of a dekatherm calculator, 

which the FC-800 resembles, was first described in a paper 

2 



entitled "Therm Measurement" by Kenneth C. Yost,3 His pa¬ 

per discussed the functions that a hypothetical energy 

calculator should perform. It goes further to define a 

physical model of such a calculator from the standpoint of 

what indicators and switches would be required on the front 

panel. Further functional requirements were defined by an 

inter-office memorandum by Don A. McNally. It was on 

this foundation that the beginnings of the FC-800 digital 

flow computer was based. 

DESIGN 

My first design effort was to define the arithmetic, 

control flow, and input and output structure of such a cal¬ 

culator. From this structure the mathematical load and 

functions required for a microprocessor based system were 

formalized. When the system requirements were known, a 

survey of the microprocessors available was conducted to 

find one that best suited the problem definition. A micro¬ 

processor was purchased and development commenced on the 

math functions. A floating point package was developed to 

perform the following functions: add, subtract; multiply; 

divide; floating point square root; compare; BCD floating 

point to binary floating point conversion; and binary to 

BCD conversion. With these building blocks the author was 

^Kenneth C. Yost is manager of gas measurement of 
Consolidated Gas Corporation. 
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able to construct the equations of AGA3 and AGA5 for energy 

metering. 

The design effort for the PC-800 project was split 

between Agar Instrumentation’s England and Houston offices. 

In Airesford, Hampshire England an engineer named Ron 

Schneider did the hardware design for Agar England. His 

duties included the processor and peripheral hardware for 

the project. My duties included the systems design and 

software development. 

4 



Chapter I 

DEFINITION OF FC-800 FLOW CALCULATOR 



At the time of my employment at Agar Instrumentation, 

the function block diagram of the PC-800 dekatherm calcu¬ 

lator had been established. (Figure 1.) The type and 

number of input and output devices had been selected and 

dedicated to their function. A draftsman's conception of 

the front panel and internal control panel existed which 

further aided the FC-800 operational definition. (Figures 

2 and 3.) 

The FC-800 block diagram in Figure 1, shows how the 

calculator is sectioned into the classical model of a com¬ 

puter system. To the left of the sketch are the inputs. 

They include six differential pressure ofifice meters, spe¬ 

cific gravity or absolute pressure transducers, temperature, 

and density meters. The remaining inputs are the front and 

internal control panels and real time clock. The inputs 

are sensed and sequenced by the microprocessor which utili¬ 

zes three distinct types of memory. The Read Only Memory 

(ROM) contains the system programs to perform the functions 

of AGA3, AGA5, and the Agar Instrumentation density meter. 

The random access memory (RAM) provides temporary storage 

of equation results as well as scratch pad memory. Elec¬ 

trically Alterable Read Only Memory (EAROM) is used to 

store the constants that pertain to the gas at the point of 

installation. The EAROM can retain these gas constants 

even in a powered-down condition and may be erased and re¬ 

programmed in the field. 

The FC-800 is to be constructed for 19-inch standard 

5 
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rack mounting, 7 inches high and 11 inches deep. The digi¬ 

tal electronics are to operate within 0°F to 125°F; how¬ 

ever, normal operating range is 40°F to 95°P. The power 

supply is to be 22 to 28 VDC at 13 watts. The response 

time from charge of input to charge of output is to be 

held at a minimum and shall be approximately 0.3 second 

per run. All electrical inputs and outputs are to be 

shrouded screw type. 

There are three models of the FC-800. The simplest 

is for a single pipeline and makes a "single run" or single 

pass through the energy equations, (Figure 4.) The single 

run unit requires only one orifice meter besides tempera¬ 

ture, specific gravity or absolute pressure and density. 

The other two models for a multi-run system may include a 

maximum of six orifice meters and may make up to six pass¬ 

es through the energy calculations. The first method of 

multi-run is shown in Figure 5 and is used for applications 

where high flow rates are encountered or high accuracy is 

necessary. The reason for this method is the limited 

working range of differential pressure (DP) orifice meters. 

In this model the calculator provides control signals to 

valves In order to optimize the metering range of the DP 

cells. At the end of scanning and computing all six runs, 

the calculator sums the individual energies and flows, 

providing a totalized result. The second method of multi¬ 

run metering is shown in Figure 6. This is particularly 

useful when one pipeline must be manifolded or distributed 

9 



Fig. 4 - Piping Schematic For Single Run Flow. 

Fig. 5 - Piping Schematic For Multiple Run Flow Splitting to 
Increase Accuracy. 

10 



Fig. 6 - Piping Schematic For Multiple Run Flow Distribution 
to Various Consumers. 
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to several users. In this Instance the individual ener¬ 

gies and flows are totalized separately for each user. 

This method requires more digital to analog, and mechani¬ 

cal counter hardware. It is to be designed at a future 

date. The model for this thesis is the multiple-run meth¬ 

od for higher accuracy, as in Figure 5. 

Typically orifice plates have a three to one rangea¬ 

bility. To increase accuracy and improve rangeability sev¬ 

eral orifice plates can be put in parallel. At low flow 

rates only one orifice plate Is metered. As flow Increases 

and exceeds the range of one orifice plate, more DP cells 

are metered as valves are opened. 

INPUTS 

There are four groups of inputs. They are: the 

eight-channel multiplexed analog to digital converter (A/D) 

the real time clock, density or frequency to periodic time 

converter, and the knobs and switches of the two control 

panels. 

The eight channels of the analog multiplexer are dedi 

cated as follows : Channels zero through five are for a 

maximum of six orifice meters. Channel six Is for a spe¬ 

cific gravity meter or an absolute pressure transducer. 

The latter is used in conjunction with equation (13). 

Finally, channel seven provides the analog temperature in¬ 

put to the system. 

All eight channels are to be input protected as in 

12 



Figure 7» and are to be current mode inputs. Current 

transmission is widely used in the hydrocarbon industry for 

control systems and the common ranges are shown in Table 1. 

Unlike voltage transmission of analog signals, current 

transmission does not decrease the signal level as trans¬ 

mission line length and impedance increased. The FC-800 

shall be able to use these common modes as per Table 1. 

TABLE 1 

COMMON CURRENT MODE RANGES USED BY THE 
HYDROCARBON INDUSTRY CONTROL SYSTEMS 

Current 
Ranges Impedance 

1 - 5 Ma into 3000 ft max. 
0 - 10 Ma into 1500 ft max. 
0 - 20 Ma into 750 ft max. 
4 - 20 Ma into 750 ft max. 

10 - 50 Ma into 300 ft max. 

The analog multiplexer shall be connected to an ana¬ 

log to digital converter. The resolution of the A/D is 10 

bits. The accuracy is 0.5# ±0.002#/°F. ± ^ LSB over the 

temperature range of 0° to 125°F. 

A real time clock interrupt is to be provided for 

purposes of integration. The results of the AGA3 and AGA5 

equations provided MSCF rate, dekatherm rate, and mass flow 

rate. A regular time interval of known length is provided 

to convert these rates into totalized thousands of standard 

cubic feet and totalized dekatherms for the electromechani¬ 

cal accumulators provided on the front panel. 

13 
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Density may be determined by two methods. Prefera¬ 

bly the PC-800 will be using the Agar type density meter. 

In this case hardware is provided to receive a frequency 

and determine the periodic time of the input signal. Ac¬ 

curacy of the frequency to periodic time converter is 

0.003# ± 0.002#/°F over the entire temperature range of 0° 

to 125°P. Por cases in which analog density is provided 

via a current source, an additional A to D converter is 

necessary. This second analog to digital converter takes 

the place of the frequency to periodic time hardware. The 

A/D must appear to the software identically as the Agar 

type density hardware. The accuracy for the analog densi¬ 

ty A to D is identical to the previously defined A to D. 

The remaining inputs are the two control panels. One 

is internal to the chassis for protection from accidental 

changes. The front panel is used for general operation of 

the PC-800. It allows the user to examine all inputs and 

outputs as well as constants pertaining to the fluid. The 

user may also display results from intermediate calcula¬ 

tions while executing the various AGA3 and AGA5 equations. 

The front panel is also a useful diagnostic aid while trou¬ 

ble shooting a system. By manipulating the front panel one 

may inspect the inputs, intermediate calculations, and out¬ 

puts. In this manner, faults are located quickly. 

Some of the knobs on the front panel are optional. 

The "RUN SELECT” knob is provided with the multi-run models 

and modifies the function of other knobs to access the dif- 

15 



ferent channels. The remaining option is the "ENERGY" 

knob; it is used for entering the percent-by-weight impuri¬ 

ties and dekatherm calculation. 

The standard switches provided on the front panel are 

the "DISPLAY SELECT" and thumbwheel decade switches. All 

the constants required by the equations are entered via the 

eight thumbwheel switches. Seven switches are for the man¬ 

tissa of the number to be entered, while the last switch 

fixes the decimal point or magnitude of the mantissa. The 

"DISPLAY SELECT" switch allows the user to examine the 

physical parameters of the system and have them displayed 

on the seven-digit, L.E.D. readout. The "DISPLAY SELECT" 

switch is not used for entering information. The "ENTRY 

SELECT" knob examines and fixes parameters, depending on 

the mode of the FC-800. The internal panel determines the 

mode via the OPERATE/SETUP switch. In the "OPERATE" mode, 

the "ENTRY SELECT" switch displays the system parameters of 

the pipeline installation, density meter calibration con¬ 

stants, span setting of inputs or outputs, and enables the 

"ENERGY" switch so that one may examine percent-by-weight 

impurities. When the internal panel switch is in the 

"SETUP" mode, the "ENTRY" switch allows the user to change 

any of these parameters. This is accomplished by putting 

the data in the thumbswitches and pushing the "ENTER" but¬ 

ton. The internal control panel is simply two switches 

and two knobs. The "TEMP" and "GRAVITY" knobs allow sel¬ 

ection of different sources for these parameters, either 

16 



constant or analog. The "OPERATE/SETUP" switch lets the 

operator change parameters in the "SETUP” position or run 

the calculator on-line when pointing to "OPERATE". The re¬ 

maining toggle informs the calculator if the density meter 

is installed upstream or downstream from the orifice meter. 

A discussion of operating the PC-800 will be provided 

after the remainder of the dekatherm calculator hardware is 

defined. 

OUTPUTS 

The three groups of outputs provided are: analog for 

external control; various digital outputs for accumulators 

or binary control; and various indicators for the front 

panel. The analog outputs are current mode transmitters 

and provide the common ranges shown in Table 1. One digi¬ 

tal to analog converter (D to A) provides MSCP rate while 

a second is employed for density. Dekatherm rate is avail¬ 

able on successive D to A's for up to six runs. One D to A 

is provided for each run when using the flow distribution 

method. This is illustrated in Figure 8. The accuracy of 

the D/A's is 0.55? to 0.002%/°F ± LSB over the entire tem¬ 

perature range of 0° to 125°P. 

The digital outputs are strictly slow speed devices. 

They are mostly relays. The front panel contains two 

eight-digit non-resetable electromechanical counters. One 

counter is for accumulated MSCP and the other, for totali¬ 

zed dekatherms. These counters are triggered by relay 

17 



Fig. 8 - Outputs for Multiple Run Option. 

18 



closures which are under software control. The relay con¬ 

tacts are made available to the outside world for remote 

totalization. Just as the dekatherm D/A converters may be 

replicated up to six times for multi-run flow distribution, 

so may the MSCP and dekatherm counters and control relays. 

(Pig. 8.) Up to twelve additional relays are provided and 

indicate alarm conditions of either too much or too little 

mass flow rate. One pair of relays is dedicated to each 

run. 

The front panel outputs of the PC-800 include a sev¬ 

en-digit L.E.D. display. This is for displaying the nu¬ 

meric information generated by the various modes and front 

panel configurations of the calculator. Only two pilot 

lamps remain to be mentioned; one illuminates the "ENTER” 

button and the other indicates an "ALARM" condition. The 

"ENTER" lamp is illuminated when EAROM programming is in 

progress. The "ALARM" lamp indicates that one or more of 

the HI or LO alarms is set. 

PROCESSOR 

The CPU of the dekatherm calculator is a processing 

element with three types of memory associated with it: 

ROM, RAM, and EAROM. The CPU element is not relevant at 

this point. 

Using three types of memory for a small system Is 

unusual. The Read Only Memory (ROM) is non-volatile. In 

19 



addition it is program store for the functions generated 

and system control. A scratchpad random access memory 

(RAM) is necessary for temporary storage of intermediate 

results and working space. The Electrically Alterable 

Read Only Memory (EROM) is also non-volatile and may be 

written, read, erased and rewritten many times without the 

need for ultra violet light as required by common re¬ 

usable ROMS. 

The NCR 2105 non-volatile, Electrically Alterable 

Read Only Memory used by the PC-800 is field-programmable 

without additional external hardware because an EAROM pro¬ 

grammer (or EAROM burner) is incorporated into each deka- 

therm calculator. Under software control one may enable 

or disable this ROM programmer, erase the NCR EAROM, or 

put it in read-only mode. 

The EAROM connects to the memory bus in a manner 

similar to RAM and ROM; there are four commands that the 

EAROM programmer accepts from software. In addition it 

returns a "ready/busy" status during programming. The 

simplest command is DISABLE. This command removes the 

EAROM from the memory bus. This mode is useful during 

power-up to insure no inhibition of the memory bus opera¬ 

tions . 

The EAROM comes up in the DISABLE state when powered 

up. Giving the ERASE command clears the entire EAROM. It 

is not possible to selectively erase memory cells. The 

erase procedure requires a few hundred micro-seconds and 

20 



sets the EAROM status line busy. Giving the command for 

WRITE, allows data entered to be stored in the EAROM. 

This process takes on the order of sixty micro-seconds per 

word and also affects the status line. The READ command 

puts the memory on the bus as does a ROM access. However, 

a READ access from the EAROM is slower than conventional 

memories. A READ cycle requires approximately three mi¬ 

cro-seconds and does not affect the status line. 

OPERATION 

It is assumed that all external inputs and outputs 

are properly connected to the FC-800. On power-up at a 

new site, the user must first set up the dekatherm calcu¬ 

lator constants before putting it online. Once the FC-800 

is put in the operate state, it performs the energy and 

density equations. The front panel is used to examine the 

gas parameters. 

The internal panel's OPERATE/SETUP switch enables 

the user to access and edit the various gas system para¬ 

meters stored in the EAROM. This editing procedure is the 

main function of the ENTRY SELECT switch. With this knob, 

one may display on the LED numeric readouts the parameter 

to which it Is pointing. If that parameter is to be 

changed, the user enters the new number in the thumb 

switches and presses the ENTER button. The new constant 

Is then copied from the thumbswitches and entered in the 

21 



EAROM. 

To satisfy all the requirements of the AGA3 and AGA5 

equations, the ENTRY SELECT knob must be versatile and take 

on several different meanings. The first three positions, 

as mentioned in AGA^ are: Beta (g), Table 5b» and Table 

4b. All three positions may be different for each run. 

The RUN SELECT switch interacts with g, Table 5b and Table 

4b to provide up to six different values for each of these 

three positions. If specific gravity is to be a constant 

or if super-compressibility is to be entered, the G posi¬ 

tion is used. The G position along with the density meter 

constants dc, t0 and K are identical for all runs and do 

not interact with the RUN SELECT knob. The ENERGY posi¬ 

tion of the ENTRY SELECT knob enables the percent-by¬ 

weight IMPURITIES knob so that the user may enter con¬ 

stants for the impurity compensation. Finally, the HI LIM, 

LO LIM positions work in conjunction with Q (MSCF/hr), 

DEKATHERM RATE (DT/hr), P (in, WG), TEMP (°F) and P (psia). 

For the dekatherm rate one may set a HIGH and LO alarm for 

each run. This position works with the RUN SELECT switch. 

The high/low alarm is for the external alarm signals to 

open or close the valves for the flow splitting method of 

multi-run. All the display select positions named are 

either an analog input or output. Placing a high and low 

boundary on each one also fixes the scaling factor for the 

ten bit, A/D's and D/A's as illustrated in Figure 9- 

After entering the gas constants, density meter 
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calibration constants and input/output scaling factors, 

the user may start the online operation of the PC-800 by 

changing the internal panel switch to OPERATE. At this 

point, the inputs are sequenced and scaled. All arithme¬ 

tic equations required by the problem definition are exe¬ 

cuted. Then the output devices are furnished the results 

of that pass. The process repeats for successive runs. 

The front panel during runtime plays a minor role. 

With it, one may examine the constants, inputs, outputs, 

and intermediate calculations. The knobs have the same 

method of accessing data as in the EAROM program mode, 

except that the constants can only be displayed (but not 

modified) on the seven digit LED numeric readout. 

The ENTER pushbutton and thumbwheel switches are 

unused during runtime. The ALARM indicator lamp illumi¬ 

nates when one or more of the high/low alarms are trig¬ 

gered. The two electromechanical counters accumulate to¬ 

tal dekatherms and MSCF. An analog panel meter is pro¬ 

vided to monitor the MSCP rate, dekatherm rate and den¬ 

sity. The meter function is toggle switch selectable. 

The internal control panel determines the data sources 

for the equations and also the flow of control for the 

system. Referring to Figure 3» we see that the "TEMP" 

knob selects the flowing temperature (Ft) for the AGA3 

and AGA5 equations. Temperature may be fixed at 40°F or 

60°F. Otherwise, the temperature is continuously pro- 
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vided through the analog multiplexer Into the A/D con¬ 

verter. Similarly, the "GRAVITY” knob when set In the 

manual position allows one to enter a fixed specific 

gravity constant via the thumbwheel switches. In external 

analog position, a specific gravity meter provides the 

analog for channel six of the multiplexer. However, when 

P and T correction Is used, absolute pressure Is available 

through channel six for the A/D. The Y/Y2 toggle switch 

is set depending upon whether the density meter Is In¬ 

stalled either upstream or downstream from the orifice 

meter. It enables the computation of one of two equations 

to provide the proper expansion factor. 
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Chapter II 

SOURCES OP THE EQUATION FOR THE 
FC-800 PLOW CALCULATOR 



The actual derivation of the metering equations 

found In AGA3 and AGA5 Is beyond the scope of this thesis 

and it is assumed that the user is applying them in ac¬ 

cordance to the rules established in both documents. 

However, to familiarize the reader with the terminology 

of the natural gas industry and the origin of the dif¬ 

ferent equations, I will discuss AGA3, AGA5, the Agar 

Instrumentation density meter and the Consolidated Gas 

Supply Corporation memorandum. 

Some equations are derived from hydraulic and ther¬ 

modynamic theory, while most equations have compensating 

factors that come from experimentation and agreements de¬ 

termined during decades of orifice metering. The Gas 

Measurement Committee Report No. 3 by the American Gas 

Association discusses how to use an orifice meter for 

volumetric flow rate. The most popular units in the 

United States are thousands of standard cubic feet per 

hour (MSCF/hr). The construction of an orifice meter 

consisting of an orifice plate attached to differential 

pressure tranducer or D.P. cell. 

AGA3 goes into great depth about the tolerances of 

an orifice plate. Simply stated, an orifice plate is a 

circle of metal with a hole concentrically cut in it. 

See Figure 10. The parameter that most characterizes an . 

orifice plate is Beta (3) and is the ratio of the diameter 

of the hole to the diameter of the pipe where it is 
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d 
Eq. (1) e = — 

D 

WHERE - B = ORIFICE TO PIPE RATIO 

d= 

Fig. 10 - Orifice plate dimensions. 

STRAIGHT EDGE 

ORIFICE PLATE DEPARTURE FROM FLATNESS 

Fig. 11 - Orifice Plate Flatness Tolerance Test. 

27 



installed. Refer to Equation 1. AGA3 goes further and 

provides tables of limits for the plate thickness, the an¬ 

gle of taper of the orifice, the concentricity of the ori¬ 

fice, the thickness of the orifice edge and the platens 

departure from flatness. (Figure 11) It even states that 

the surface roughness of the plate shall not exceed fifty 

microinches. 

The orifice plate is mounted in a pipeline so that 

the orifice is concentric with the pipe’s '.diaimèter. ■ >0n 

the upstream and downstream sides of the orifice plate 

are pressure taps that connect to a differential pressure 

(D.P.) transmitter. (Figure 12.) As the name implies, 

the D.P. cell takes the difference in pressure between the 

upstream and downstream orifice tap and turns the differ¬ 

ence into an electrical current analog. Typically, zero 

to one-hundred inches ’’water-gauge” of differential pres¬ 

sure is converted into four to twenty milliamps of current. 

This conjunction of an orifice plate with a differential 

pressure transducer is the heart of an orifice metering 

and is analogus to measuring the voltage drop across a 

resistor. 

AGA3 provides guidelines indicating where to mount 

the orifice metering system with respect to any bends or 

ells in the pipeline. Any such deviation from straight¬ 

ness should be far enough away as to not create turbulent 

flow at the metering point. The same is true for reduc¬ 

tion or expansion in the pipe’s diameter. For solutions 
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to such problems, it recommends that straightening vanes be 

installed upstream of the orifice meter. A major source 

of system noise that AGA3 describes is pulsating flow 

caused by compressors or impeller booster. 

The general equation for Volumetric flow rate 

measurement by an orifice plate is shown in Equation 2. 

Q = Whwpf Eq. (2) 

where : 

Q = rate of flow cu. ft./hr., 

V* = orifice flow constant, and 

hw = Differential pressure in inches of water at 60°P. 

Pf = absolute static pressure 

The orifice flow constant V’ is the product of 

the following compensating factors. (Equation 3*) 

V - fb fr Y ft fpv fg fpb ftb fg Eq. (3) 

where : 

fb = Basic orifice factors 

fr = Reynolds number factors 

Y = Expansion factor 

fj. = Flowing temperature factor 

fpV = Super compressability factor 

fg = Specific gravity factor 

fpb = Pressure base factor 

f^b = Temperature base factor 

30 



All of these compensating factors are found In ta¬ 

bles from AGA3 and relate to the physical parameters of 

the pipeline. If desired, Y may be calculated by know¬ 

ing the orifice pipe diameter ratio, and ratio of up¬ 

stream absolute pressure to that of differential pres¬ 

sure. If the absolute pressure tap is upstream of the 

orifice meter, Equation 4 applies. 

Y± = 1 - {(0.333 + 1.145 ($2x 0.7B5 x 12B13)} x(x/1.3) 

where : 

d Eq. (4) 
3 = — the orifice plate to inside pipe 

D diameter ration 

X = hw ratio of upstream absolute pressure to 
pf that of differential pressure. 

However, if the absolute pressure tap Is downstream 

of the orifice meter, the expansion factor is calcu¬ 

lated by Equation 5- 

Y2 = VI + X2 - {0.333 + 1.145 (32 0.7B5 x 12313)} x 

—-ll  Eq. (5) 
1-3 /Ï+X2 

where : 

X 2 
hw  

27.7 x Pf2 

ratio of downstream pressure tap 
to differential pressure. 

AGA5 

While AGA3 went into great detail describing dif¬ 

ferent types of metering systems, how to Install and use 
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them properly, AGA5 does not discuss or attempt to con¬ 

flict with current metering practices. It is concerned 

with using already established metering systems with the 

addition of density to replace absolute pressure in order 

to provide energy metering. This report goes further to 

compensate for impurities commonly found in gases to make 

the energy equations function more accurately in the real 

world. To use an AGA5 acronym, this use of density 

measurement for energy calculation is the DATE method of 

"Direct Approach To Energy". 

The main thrust of AGA5 lies in the recognition of 

an orifice meter not only as a volumetric rate meter but 

also as a mass rate meter. In AGA3 the basic orifice 

equation is shown in Equation (2). 

Q = V’/E FT" cu. ft./hr. Eq. (2) 
w I 

The use of density in place of absolute pressure 

allows one to derive mass flow rate. (Eq. 6.) 

W 

where : 

V" ÆT lbs/hr 
w 

Eq. (6) 

6 = specifice weight of a gas measured by a 
densitometer. 

V" 

V’ 

= Orifice flow constant for measurement 
in weight units. 

- fb fr V 

32 



The compensating factors that compose V" are the 

same for the AGA3 volumetric flow equation, except for 

^tb* fpb* and fg These compensating units have dimen¬ 

sions of weight units instead of volumetric units. The 

expansion factor Y must be changed to function from den¬ 

sity instead of absolute pressure. As in AGA3, the ex¬ 

pansion for upstream mounting of the density meter is as 

in Equation 7. 

Yx - 1 - (0.33 + 1.145 (32 + 0.73s + 12g13)) 

Ghw 
(6ft)13.3272 Eq. (7) 

where : 

hw = differential pressure across an orifice plate 

G = specific gravity 

6 = density 

f = flowing temperature 

If the density meter is to be mounted downstream of 

the orifice meter, the expansion factor equation is shown 

in Equation 8. 

Yz = /I+X2 - (0.333 + 1.145 (32 + 0.73
s + 12313)) 

- x2 Eq. (8) 
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The specific gravity factor becomes apparent in the 

expansion factor and until now no mention has been made of 

it. In some pipeline systems in which greater accuracy is 

required or the specific gravity of the gas composition 

changes dramatically, one may wish to use a specific 

gravity meter. Such devices are expensive and for many 

applications not required. In such cases one knows the 

specific gravity of the gas and assumes it to be constant. 

From mass flow rate it is possible to calculate 

dekatherm flow rate from Equation 9. 

E = MxW dekatherms/hr Eq. (9) 

where : 

W = mass flow rate lbs/hr 

M = Caldwell’s equation with impurity compensating 
factors. 

AGA5 was written by Bruce J. Caldwell.-^ Caldwell's 

equation is presented here in Equation 10. 

C " n M
 * C' + Q - Z a^ Eq. (10) 

C = gas constant 

C” = gas constant 

M^ = percent by weight of ith impurities 

A^ = adjusting factor of ith impurity 

Bruce J. Caldwell is Chairman of the Gas Quality 
Measurement of the AGA Measurement Committee. 
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Impurity compensating data is available for only 

eight impurities. This is because these impurities are 

the most common in typical pipeline applications. This is 

shown by the impurity compensating summation in Equation 

11. 

Eq. (11) 

n 
Ea* im. 
i=li i 

a 0.00216 Med + 0 .000224Mn + 0.000221MO 

+ 0.00 034 6Mhe + 0 .O00l80Mcm + O.OOOl48Mhs 

+ 0.000235MW - 0 .000124Mhy 

where : 

Med = percent by weight carbon dioxide C02 

Mn = percent by weight nitrogen N2 

Mo = percent by weight oxygen 02 

Mhe = percent by weight helium H e 

Mhs = percent by weight hydrogen sulfide H2S 

Mem a percent by weight carbon monoxide CO 

Mw = percent by weight water H20 

Mhy = percent by weight hydrogen H2 

Because the impurity summation is subtracted from 

the energy Equation (10) and the hydrogen component is 

negative, hydrogen causes energy enrichment in the gas. 

The remaining seven components dilute the gas, this les¬ 

sening the gas energy content per pound. 
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Five of the elements are noncombustible, namely car¬ 

bon dioxide, nitrogen, oxygen, helium and water. These 

gases occupy space and dilute the energy per pound of a 

gas system. Although carbon monoxide, hydrogen sulfide 

and hydrogen are combustible, only hydrogen enriches the 

energy of the system. This is explained in relation to a 

typical content of pipeline gases. From the octanes to 

methane the approximate energy density is 20,000 to 

24,000 BTU's per pound. Since hydrogen has an energy den¬ 

sity of 61,053 BTU’s per pound, it puts more average en¬ 

ergy per pound in the system. Carbon monoxide and hydro¬ 

gen sulfide have energy densities of 4,344 BTU's/pound 

and 7,186 BTU's/pound respectively. Therefore, even 

though these compounds burn, they will dilute the average 

energy density of the system. 

AGAR DENSITY METER 

Agar Instrumentation was established to manufacture 

highly accurate density meters. The Agar density meter is 

based on a metallic cylinder that is held in circumfer¬ 

ential oscillation by an electromagnetic field from two 

coils that are normal to the cylinder. 

Figure 13 shows a diagram of the "vibrating spool” 

density meter system. On vacuum, the spool has a natural 

frequency of oscillation. As a gas or liquid is induced 

around and inside the spool, the fluid dampens the natural 
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vibration and causes the frequency to shift. The fre¬ 

quency of oscillation is directly proportional to the den¬ 

sity of the gas or liquid surrounding it. The exact den¬ 

sity in grams per liter may be derived from the frequency 

of oscillation by using Equation 12. 

6 = 26o (AT/To) (l+KAT/2To) Eq. (12) 

where : 

6 = measured density lbs./cu.ft. 

6o = meter constant lbs./cu.ft. 

T = periodic time of frequency at density yS. 

To = periodic time of frequency in vacuum yS. 

AT = T - To 

K = Calibration constant. 

The signal from the maintaining amplifier is a 

square wave, the frequency of which is the same as the 

oscillating frequency of the vibrating spool. This square 

wave is used to gate a one-megahertz clock in such a way 

that the periodic time of the raw density meter frequency 

is determined. This periodic time is then used in Equa¬ 

tion (12) to determine the density of the fluid surrounding 

the spool. Currently, Agar Instrumentation sells the HC 

700 which is a hybrid TTL-Op AMP converter to take a fre¬ 

quency signal, perform Equation 12 and produce a current 

proportional to density. The FC-800 will take a frequen¬ 

cy signal, use hardware to derive periodic time for the 
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microprocessor and then use software to execute Equation 

(12). This is the source of density for the AGA3 equa¬ 

tions . 

CONSOLIDATED GAS MEMORANDUM 

Consolidated Gas and Supply Corporation presented 

the format and order of execution of the energy equations. 

In a meeting with the engineers who proposed this memo 

it was pointed out that by using an absolute pressure tap 

together with the already needed temperature transducer, 

one may derive specific gravity, thus eliminating a spe¬ 

cific gravity meter. 

If the supercompressibility factor is known and 

assumed constant, then one may calculate the specific 

gravity of a fluid by using Equation 13. 

G = 5ft Z (0.370098) Eq. (13) 

f
P 

where : 

5 = density 

ft = flowing temperature 

fp = absolute pressure 

Z = supercompressibility 

It should be noted that this method is not as ac¬ 

curate as an on-line specific gravity system, but It does 

provide an economical approximation. Calculation of spe- 
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cific gravity by using Equation (13) is provided as one of 

the features of the PC-800 dekatherm calculator. 

Another equation that attempts to reduce the mental 

arithmetic required by the user of the PC-800 is the 

Reynolds number factor. The microprocessor can calculate 

this by Equation 14. 

, . Eq. (14) 

ÆwS  

where : 

b = from table 5 of AGA3 of b values. 

hw = differential pressure from an orifice meter. 

6 = density. 

The aforementioned fourteen equations are the basic 

functions that the PC-800 must execute. But this is not 

the maximum arithmetic load of the processor. The inputs 

and outputs need to be scaled in order to provide the 

maximum resolution over their operating range. In some 

instances, conversion of units is required to change what 

is ergonomic for man to what is required by the equations. 

This further increases the processing load. 
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Chapter III 

OPTIMIZATION OP EQUATION SET 



A development project, such as the PC-800, Is well 

defined at the highest level. This permits good engineer¬ 

ing to be applied to successively lower and more detailed 

levels of design. This is unlike theoretical research in 

which the researcher has the freedom to occasionally devi¬ 

ate from the main goal in order to pursue an interesting 

point. Previous chapters laid the foundations as to the 

physical form that the FC-800 is to take and the functions 

it is to perform. 

It is now possible to designate the flow of process¬ 

ing for the dekatherm flow computer. The user provides 

the pipeline and gas parameters as constants. The vari¬ 

ables come from the online monitoring of the differential 

pressure, specific gravity or absolute pressure, tempera¬ 

ture and density. These sources totally supply the re¬ 

quirements of the energy equations in order to calculate 

mass flow and energy content. However, the form in which 

the equations are listed does not necessarily indicate 

that they are in the best form for efficient calculation 

by a processor. 

When using the PC-800 in the SETUP mode, the user 

supplies constants via the ENTRY SELECT and ENERGY knobs 

to satisfy the equations. These constants are as follows: 

ENTRY SELECT 

g - Orifice to pipe inside diameter ratio. 

b - Reynolds factor from Table 5 of AGA3. 
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b 

G to Z 

Do,To,K 

C ,C" 

Basic orifice factor from Table 4 of AGA3. 

Specific gravity or supercompressibility 
factor 

(usage determined by internal control panel 
GRAVITY switch). 

Agar density meter calibration constants. 

Energy factors for Caldwell’s equation. 

ENERGY - % BY WEIGHT IMPURITIES 

CO2 - Percent by weight Carbon Dioxide. 

N2 - Percent by weight Nitrogen. 

02 - Percent by weight Oxygen 

He - Percent by weight Helium. 

CO - Percent by weight Carbon Monoxide. 

H2S - Percent by weight Hydrogen Sulfide. 

H20 - Percent by weight water 

H2 - Percent by weight Hydrogen. 

With the PC-800 hardwired into a pipeline, the ana¬ 

log and digital signals from various sensors provide the 

variables for the equations. The signals from the trans¬ 

ducers are named: 

ANALOG INPUTS 

h 
w 

G or f - 
P 

Differential pressure. 

Specific gravity or absolute pressure (psia) 

(usage depends on position of GRAVITY Switch 
on internal control panel). 
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f 
t 

Plowing temperature of the fluid, °F (whether 
analog or constant depends on position of 
TEMP Switch on internal cohtrol panel). 

DIGITAL INPUTS 

T Periodic time (yS) for Agar density meter. 

Prom the constants and variables, the desired re¬ 

sults are volumetric flow rate Q(SCF/hr), mass flow rate 

W(lbs/hr) and dekatherm rate (DT/hr). These are provided 

by equations (15), (16), and (9), respectively. Now an 

order of execution must be developed to correct the con¬ 

stants and inputs into the three desired values. One 

method of providing an order of execution for the basic 

equations would be to start with the required dependent 

variables Q, W, and dekatherm rate and work backward 

through the list of equations until one reaches the basic 

constants and variables. Then reversing the order of this 

trace will provide an order of execution. 

The density meter's periodic time will be used in 

equation (12) to calculate density. Every equation that 

has a density factor should be executed first. The Agar 

density equation needs a delta time, but the meter itself 

provides periodic time. Therefore, Equation (18) is needed 

for density calculation. 

AT = T - T (18) 
o 

6 = 2<S o ( AT/Tq) (1 + KAT/2TQ) (12) 
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Note that Q and W both rely on f^, fr and Y. Where 

f*k Is looked up from Table 4 of AGA3, the Reynolds factor 

f^ and expansion factors must be derived. The Reynolds 

factor Is calculated by equation (13). 

f = 1 + (o.058115b) (13) 

r 'V 

The expansion factor Is calculated from either (7) 

or (8). If an upstream tap for the density meter is used, 

then the expansion factor Y Is from equation (7). 

Y = Yj = l-(0.333 + 1.145C32 + 0.735 + 12$13)) 

G hw 
x  Eq. (7) 

<5ft 13.3272 

If one mounts a density meter downstream from an 

orifice meter, equation (8) is required for Y. But Y2 

uses the factor X2 twice and this intermediate equation, 

says (19) must be executed beforehand. 

0.0975 h G 
Xa =  — Eq. (19) 

6ft 

Y = Y2 = 1+X2 - (0.333 + 1.145 (32+0.735+12313) ) 

Eq. (8)' 
X2 

1.3/I+X7 
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The remaining equations are for volumetric flow rate, 

mass flow rate and dekatherm rate. Equations (15) and (16) 

are listed. 

Q 
13.873 x f^ x f x Y x /hwô 

G 
MSCP/hr 

Eq. (15) 

W = I.O6I8 x f^ x f x Y x lbs/hr Eq. (16) 

Before dekatherm rate may be used one must first 

apply Caldwell’s equation for impurity compensation. 

Caldwell's equation appears as Equations (11) and (10). 

n 
aiMi = 0.000216M , + 

cd 

0.000364Mhe + 

0.000224n + 

0.000l80Mcm 

0.000221MO + 

+ 0.000l48Mhs + 

0.000235MW - 0.00012Mhy Eq. (11) 

C" 
= C + —  

G 
- Eq. (10) 

The dekatherm rate is found by the product of equa¬ 

tions (10) and (16) and produce equation (9). 

E = M x W Eq. (9) 

Recall that the front panel of the PC-800 contains 

electromechanical accumulators for total MSCF and total 
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dekatherms. For this feature equations (15) and (9) must 

be integrated with respect to time. This will be con¬ 

sidered later. 

To assure that the FC-800 dekatherm calculator pro¬ 

vides rapid response time, the equation set should be 

factored for time efficiency. First, one should look for 

equations or selections of equations that do not contain 

variables. These factors are composed of only gas con¬ 

stants need to be calculated once at the beginning of the 

program. Secondly, factors of equations that are common 

to many equations may be extracted from those equations. 

Therefore, the factored equation segments are calculated 

once. 

Recalling the multi-run feature, there are six ori¬ 

fice meters to sample. This provides six answers each for 

MSCF flow rate, mass flow rate and dekatherm rate. How¬ 

ever, the inputs such as specific gravity , absolute pres¬ 

sure, temperature and density are sampled only once per 

every six orifice runs. This data is assumed to be iden¬ 

tical for all six orifice meters. So the equations that 

do not have orifice meter data are executed once and these 

results are used for all six runs. Now the FC-800 program 

begins to take the basic form of Figure (14). 

There are five equation fragments that consist of 

only constant factors. Examining the two expansion fac¬ 

tor equations seven and eight, reveals that the bracketed 

sections are identical and result from beta, the basic 
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Fig. 14 - Flow Chart of FC-800 Executive Program. 
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orifice constant. Thus this section may be removed and 

will be named Equation (20). 

A = 0.333 + 1.145 (32 + 0.735 + 12g13) Eq. (20) 

Now equations seven and eight are rewritten as Equa¬ 

tions (7a) and (8a), respectively. 

Y, = 1 - (A) {  Ï-ÎÎH } Eq. (7a) 
13.3272 6 ft 

X 
Y, - /Ï+X7 - (A)     Eq. (8a) 

1.3 /I+Xl 

Caldwell's equation (10) is all constants except for 

the specific gravity variable. The two Caldwell's con¬ 

stants C and C" are entered via the front panel as well 

as all the percent-by-weight impurities constants for 

equation (11). C" must remain since it depends on spe¬ 

cific gravity as a divisor. But the majority of equa¬ 

tion (10) is now part of the constant equations as num¬ 

ber (21). 
Eq. (21) 

M = C - (0.0002l6Mcd + 0.000224Mn + 0.000221MO + 
o 

0.000364Me + 0.000l80Mcm - 0.000124Mhv) 

Caldwell's equation must be executed in the major 

loop section of the FC-800 program in the form of Equation 

(10a). 
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C" 
M =   + Mg Eq. (10a) 

G 

The execution time of one multiply is saved when the 

Reynolds factor equation is altered to produce equations 

(22) and (14a). 

R = 0.058115 x b Eq. (22) 

R 
f - 1 +    Eq. ( 14a) 
r Æwô 

The intermediate R factor is placed with the set of 

constant equations while (14a) is executed as a major 

loop equation. 

The Agar density meter equation is divided into two 

equations of calibration constants plus two equations such 

that the independent variable is periodic time. One may 

extract the division of two by T as a constant in the o 

form of equation (23) and let equation (24) be the con¬ 

stant K divided by 2*T0. 

Dx = (2*<50)T0 Eq. (23) 

D2 = K/(2*Tq) Eq. (24) 

With periodic time provided as an input the con¬ 

densed density equations appear in the major loop class as 

number (25) and (12a) respectively. 
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Eq. (25) 

Eq. (12a) 

AT = T - TQ 

6 = + (D1*AT)*(1+D2*AT) 

The last expression of the constant equation set is 

for use in equation (13) when specific gravity is to be 

derived from absolute pressure and temperature. One 

multiplication may be performed outside of the major loop 

class as equation (26) making the modified P and T cor¬ 

rected specific gravity equation (13a). 

ZQ = Z * 0.370098 

.f, z 
G = 0 t c 

f 
P 

Most of the equations to be executed during the ma¬ 

jor loop have been discussed. But one remains, that is a 

product of density and flowing temperature, (f ) and ap- 

pears as equations (13), (19), and (7). This product is 

extracted from these equations in order to simplify P and 

T correction, x2 correction factor and Y1 the correction 

factor. It will appear separately in Equation (27). 

fdt = 6* ft E(l- (27) 

Now equations (13a) and (19) and (7a) are re-written 

as (13b), (19a), and (7b) respectively. 

a = (fdt * zc)/fP 
Eq- x3b) 

Eq. (26) 

Eq. (13a) 
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Eq. (19a) X, = (0.0975«h G)/f z w dt 

Yt = 1 - (A*hwG)/(fdt*13.3272) Eq. (7b) 

Equations (19a) and (7b) have the product of spe¬ 

cific gravity and differential pressure in common. This 

product is factored to form a new Equation. Equation (28). 

fgh = a*hw Eq. (28) 

Once again, for simplification purposes, equations 

(18a) and (7b) are rewritten to be equations (18b) and 

(7c) . 

X2 = (0.0975 * 
f
gh

)/fdt Eq* (l8b) 

Yx = 1 - (A * fgh)/(fdt * 13.3272) Eq. (7c) 

Note that the downstream correction factor Y2 uses 

equation (18) in three places. Two of these three fac¬ 

tors involve the square root of one plus X2. It is there¬ 

fore worthwhile to list this factor as equation (29). 

f = /Ï+XI Eq. (29) 
x 2 

So one may now condense equation (a) to equation 

(8b). 

Ya = fX2 - (A*X2)/(l.3*fX2) Eq. (8b) 
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Prom the foundation of the basic hydraulic equation 

(6) comes a much used sub-function. The square root of 

density multiplied by differential pressure appears in the 

Reynolds factor, SCP rate and mass flow rate. It shall be 

equation (30). 

fdh = i/<5*hw Eq. (30) 

Firstly, this changes the Reynolds factor to equa¬ 

tion (14b). 

R 
fr = 1 +   Eq. (lUb) 

fdh 

Secondly, SCP rate (equation 15) and mass flow rate 

(equation 16) have all but specific gravity and a constant 

in common. By factoring equation (3), three multiples are 

saved. 

Q = 13.873*fbrydh/G Eq. (15a) 

Similarly the mass flow rate In pounds per hour 

comes from equation (16a). 

W = 1.0618 * fbrydh Eq. (16a) 

Prom all the previous work, the dekatherm rate in 

millions of BTU’s per hour simply becomes equation (9a). 

E = W*(Mg + C"/G) Eq. (9a) 
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The equation set for the PC-800 dekatherm calculator 

is now in a form that is more efficient for execution. 

This assures that time is not wasted by performing the 

same arithmetic operations more than once. It also pro¬ 

vides for memory efficiency. The equation set has been 

condensed to a minimal number of operations. Therefore 

occupying less memory resources. 
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Chapter IV 

FLOATING POINT NUMBER FORMATS AND 
PARAMETER PASSING PROTOCALL 



The microprocessor chosen for the PC-800 must be cap¬ 

able of performing a complex class of arithmetic operations 

The functions required to perform AGA3 and AGA5 are addi¬ 

tion, subtraction, multiplication, division, and square 

root. From the problem definition, a magnitude compare is 

necessary to implement the HI/LO alarms for multi-run valve 

control. A software interface is required between the dec! 

mal system familiar to the user and the binary system used 

by the processor. This indicates that BCD to binary and 

binary to BCD converters need to be implemented. 

Recall that the main program to execute the FC-800 

equations are retained in Read Only Memory. Therefore, the 

variables must reside in RAM and be accessed by the main 

program through pointers. Due to the nature of the equa¬ 

tions, the location of a variable need not change; there¬ 

fore, the pointer to that variable is a constant. The 

method of call by reference for accessing operands would be 

both simple to implement and efficient in programming. 

All of the numeric functions are implemented as sub¬ 

routines with pointers to their operands. These pointers 

follow the point of call for a subroutine. There are three 

pointers in the case of binary operations and two pointers 

for unary operators such as square root. An example of a 

binary operator and how it appears in both assembly lan¬ 

guage and in memory is illustrated in Figure 15. 

The binary operation "o" is performed upon variables 

A and B with the result being placed in C. The assembly 
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TO PERFORM THE BINARY OPERATOR "o". 

(C) 4- (A) o (B) 

* FORMAT OF ASSEMBLY LANGUAGE 

* FLOATING POINT SUBROUTINE CALL 

JSR FUNC 
FDB A,B,C 

FLOATING POINT 

SUBROUTINE CALL 

FOR BINARY OPERATORS 

FLOATING POINT 

OPERANDS LOCATED 
IN R.A.M. 

Fig. 15 - Method of Passing Parameters to Floating Point Algorithms 
via Call by Reference. 
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code listing shows a jump to subroutine (JSR) to perform 

the function "o" named FUNC. The three addresses of the 

operands follow this subroutine call by using the assem¬ 

bler directive Form Double Byte (FDB). This allows the 

operands to be placed anywhere in the address range of 

zero to 64K. Where in the subroutine FUNC, the pointers 

A and B are used to retrieve the operands from ROM. The 

operation "o" is performed and the result is stored in the 

ROM location pointed to by C. The subroutine then returns 

program execution to the first location after the list of 

operand addresses. 

To call a binary function, the format would be the 

jumb to subroutine op-code plus the address of the function 

subroutine. This is followed by the three double byte 

addresses for the first operand, second operand and result. 

Most microprocessors being byte oriented devices would 

need one byte for a JSR op-code and two bytes for each ad¬ 

dress. This means that the binary operators at each point 

of call need nine bytes to be completely defined; while 

the unary operations, with only two addresses following a 

call to the function (i.e., square root or compare), occupy 

seven bytes of ROM. 

In the FC-800 there are three formats for number rep¬ 

resentation. The most frequently used format is floating 

point binary. All of the equations use operands and pro¬ 

duce results in binary form. The BCD floating point for¬ 

mat is strictly used as an interface to the user. 
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Parameters entered as BCD are immediately converted to 

floating point binary to be used in equations. Results 

of equations are converted from floating point binary to 

be displayed. A slightly different BCD floating point 

format is provided for the gas constants that are stored 

in Elecrically alterable Read Only Memory. This is due to 

the different hardware configuration of the EROM as com¬ 

pared to ROM and RAM. 

From the problem definition, a seven digit thumb 

wheel switch register is to be provided for entry of gas 

constants. An eighth digi-switch is added for decimal 

point placement. All the gas constants and pipeline para¬ 

meters are positive numbers. No provision is made for an 

external switch or memory space to determine the sign of 

the BCD format. Being decade switches, they require four 

bytes per switch. All eight switches pack nicely into four 

bytes of memory as illustrated in Figure 16. 

All the gas constants and system parameters entered 

by the user are burnt or permanently stored in the EAROM. 

This device insures retention of the user defined constants 

in the FC-800 after a power failure. These EAROM constants 

are all in a floating point BCD format similar to Figure 

16. The decision to make the EAROM constants BCD was pur¬ 

ely cosmetic. If EAROM numbers were in floating point bi¬ 

nary representation, the BCD to binary conversion routine 

would be needed to take the user’s number and store it in 

EAROM. When a user examines any gas parameters, the 

57 



BCD MAGNITUDE = MANTISSA * 10 

0 <, MANTISSA <, 9,999,999 

0 <_EXPONENT <. 7 

-EXP 

BYTE 

NUMBER 

MSD0 I Dt D- D- D, D_ D. EXP 
2 3 4 5 6 

MANTISSA- 

BCD FLOATING POINT 

\ 
EXPONENT. 

+ RAM or ROM 

Fig. 16 - BCD Floating Point Format for ROM and RAM. 
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binary to BCD conversion program would be required. This 

double conversion results in round off errors that plague 

floating point computations. It would be difficult to con¬ 

vince a user of the integrity of the FC-800 when he enters 

one number and recalls a number that is slightly different. 

The EAROM BCD format is forced to be different than 

the first BDC format because it is configured differently 

from other memory in the system. The NCR 2401 memory is 

configured as 1024 words of 4 bytes each. The mathetics of 

the BCD floating point format remain the same but it is re¬ 

configured as in Figure 17. 

The binary floating point format was created after 

some consideration. Some insight into it's design comes 

from the problem definition. It is stated that a seven 

digit thumbwheel switch bank is required for entering gas 

parameters. Therefore, enough bits must be used to repre¬ 

sent ten million discreet values. The least number of bits 

that allows values up to ten million is twenty-four bits. 

This packs nicely into three eight-bit bytes and allows a 

number representation from zero up to 16,777,215. For bi¬ 

nary floating point computation, this three byte format 

well suits the design constraints for the mantissa. 

No mention has been made of the sign of the mantissa 

nor has space been reserved for it's placement in the 

floating point field. The reasons are twofold. First, all 

of the constants are all non-negative. All intermediate 

calculations found in the FC-800 equation set remain 
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EAROM 

Fig. 17 - BCD Floating Point Format for EAROM. 
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positive over the entire operating domain of the input 

variables. This is intuitively clear via a brief analy¬ 

sis of the inputs and outputs. The gases flowing through 

a pipe under measurement will always flow in one direction 

It is not possible for the differential pressure across an 

orifice plate to reverse in magnitude. The temperature is 

based on the absolute zero Rankine scale and will never be 

negative. Likewise, the density measurement is based on 

vacuum having zero density and always remains positive. 

Finally, specific gravity may be formulated as a ratio of 

two densities which was shown to have a lower bound of ze¬ 

ro. The three outputs of pounds per hour, standard cubic 

feet per hour, and dekatherms per hour, retain positive 

polarity because the direction of gas flow does not change 

It does not make sense for the gas flow direction to re¬ 

main constant and the flow rates to reverse polarity such 

that energy flow conflicts with mass flow. 

By restricting the domain of the arithmetic opera¬ 

tions over the set of non-negative numbers it is possible 

to save memory and computation time. It is unnecessary to 

sacrifice memory resources for a sign bit or write the 

procedure to pack and unpack this bit. The arithmetic al¬ 

gorithms are simplified when it is not necessary to con¬ 

sider all cases of sign combinations for each function. 

The major concern was where to place the radix 

point. Traditionally it is placed at the extreme left of 

the mantissa in floating point computations. This makes 
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all mantissas a fraction less than one. There are other 

floating point systems that place the radix point at the 

right. A good example that proved worthy of study was the 

Burroughs B 5000 system. Their idea is that the floating 

point numbers and integers have the same format. This 

number format is an aids converting from one format to 

another. It Is also useful when performing functions of 

mixed floating point and integer operands. There are many 

common algorithems for conversion of integer BCD to inte¬ 

ger binary and vice versa. With the mantissa remaining as 

an Integer, these simple routines may be employed without 

need of further conversion into fractional binary. The 

major point for using an integer mantissa is best recog¬ 

nized when performing Input and output. The PC-800 has 

three numeric I/O devices, an A/D, D/A and density meter 

(or frequency to periodic time). Most analog to digital 

or digital to analog converters provide or expect binary 

integer data. Similarily, when constructing combinatorial 

circuits from discreet logic elements it is easier to de¬ 

sign integer binary devices by placing the radix point on 

the right. Another advantage is when handling Input/Out¬ 

put data. I/O devices usually provide integer binary data, 

with this format it is easier to pack or unpack Into 

floating point form. With little effort the FC-800 input/ 

output may be used directly by the equations. 

The exponent for the binary floating point format is 

a one byte, two’s complement number. Since the mantissa 
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occupies three bytes, any addition would spill over into 

the next byte. It is convenient to tack on an extra byte 

to represent an exponent of two for the radix point. Not 

only does this method fit nicely into one byte, but it 

provides a large dynamic range for computation. The radix 

point must float in both right and left directions. A 

sign bit is provided in this one-byte exponent. It was 

decided to use a two’s complement representation for the 

exponent because this is a common numbering system found 

on most microprocessors. This gives a floating point num¬ 

ber the dynamic range of -128 to +127 as an exponent of 

two. The floating point binary number representation is 

now fully defined. See Figure 18. 

When using the multiple run option a majority of the 

equations are executed once for each orifice plate. This 

means that all Inputs, constants, and intermediate partial 

calculations must be stored for each calculator run, for 

up to six passes. This can be thought of as a need for sub¬ 

scripted variables or some method of handling a one by six 

array of floating point numbers. The chosen solution Is to 

replicate the floating point format six times. Each vari¬ 

able and constant will be represented by six contiguous 

floating point formats. One memory location is reserved 

to indicate the run currently being executed. This one 

location is accessed by all math algorithms and is used to 

index into the arrays being used as operands. The multi- 

run floating point format is shown in Figure 19. 
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Fig. 19-One By Six Array of Binary Floating Point Numbers for 
Multi-Run Arithmetic Operation. 
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As described earlier, each floating point word oc¬ 

cupies four bytes. The multi-run block of floating point 

words has one word for each run. A block of Twenty-four 

bytes are required for each operand of a multi-run opera¬ 

tion. 

One memory location is reserved as a pointer into 

the multi-run array. The value of this location remains 

constant for one pass through the set of minor equations. 

These are the formulas that must be executed for each of 

the six differential pressure orifice meters. After a pass 

is complete, the "run number" pointer is advanced so the 

arithmetic functions may index further into the array for 

the next floating point word. This continues until all six 

runs have been executed. An example of a multi-run func¬ 

tion FUNC operating on arrays 0P1, 0P2, and RSLT is shown 

in Figure 20. When subroutine FUNC is called, the one loca- 

ation RUNUM is used to index into all three arrays simul¬ 

taneously. The two indexed operands 0P1 (RUNUM) and 0P2 

(RUNUM) are fetched by routine RUNC. The operation ® is 

performed as in previous functions. The result of this 

binary operator is put in the RSLT array by accessing RUNUM 

to find the proper index into the array. 

For some instances, it is desirable to perform an op¬ 

eration between a single operand with a multi-run array of 

operands. Such is the case when there is a constant that 

is used as an operand for all six runs. To conserve memory 

this constant is stored once and the floating point sub- 
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TO PERFORM THE FLOATING POINT MULTI-RUN BINARY OPERATION: 

RSLT(RUNUM) •+■ OPl(RUNUM) o OP2(RUNUM) 

* ASSEMBLY LANGUAGE FLOATING POINT 

* MULTI-RUN SUBROUTINE CALL 
JSR FUNC 

FDB OPl,OP2,RSLT 

FIRST OPERAND SECOND OPERAND 

Fig. 20 - One by Six Array Arithmetic for Floating Point Operators. 
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routines are intelligent enough to handle the various com¬ 

binations of multi-run and single-run operands. At first, 

it was thought it would not be worth the extra program 

space to make the arithmetic functions this versatile. 

The intent was to copy each constant six times, once for 

each run. It was realized that the arithmetic functions 

should be improved because of the large number of constants 

and single run variables used in the major loop and power- 

up sequence. Mixed format operands for binary functions 

create four cases that must be implemented. See Figure 21. 

Case four is performing a function between two arrays 

using the RUNUM offset pointer to select the proper oper¬ 

ands from each array. This has already been discussed. 

The first case is just a simplification of case four. To 

perform a function between two single floating point words, 

RUNUM is forced to zero. The index will be calculated as 

zero and no offset will be used. This is analogous to 

performing a multi-run function on the first run only. 

For the remaining two cases a modification is needed 

to disable the offset calculating algorithm while fetching 

one of the operands. If the first operand is to be a sin¬ 

gle word, then the function FUNC shall be named FUNC 1. 

Similarly if the second operand should ignore RUNUM, this 

option shall be called FUNC 2. Figure 22 shows how a 

mixed mode function call is implemented for case two. 

Similarly case three is provided in converse manner. 

This makes for three entry points to be provided 
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TO PERFORM THE MULTI-RUN BINARY FLOATING POINT 

OPERATION WITH NON-MULTI-RUN OPERAND: 

RSLT(RUNUM) OPl o OP2(RUNUM) 

* ASSEMBLY LANGUAGE CALL 

JSR FUNC1 

FDB OPl,OP2,RSLT 

FIRST OPERAND SECOND OPERAND 

Fig. 22 - Implementation of Mixed Format Operands. First Operand 

is A Single Floating Point Word. Second Operand is 

an Array. 
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for each binary operator. The original entry point of 

FUNC will automatically take care of cases one and four. 

The entry point for case two is FUNC 1 .and case three is 

taken care of when entering an operator at FUNC 2. 

The microprocessor chosen for the FC-800 should 

have an instruction set that has flexible symbol manipu¬ 

lating capabilities. Because of the arithmetic functions 

the CPU should be strong in the class of shifting, com¬ 

paring, adding, subtracting and propagating carries. Such 

a processor might also be versatile in pointer manipula¬ 

tion. This is used frequently in fetching operands, in¬ 

dexing into arrays and packing or unpacking various nu¬ 

meric formats. Such considerations should be made when 

examining microprocessor systems to perform the set of 

equations. 
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Chapter V 

SELECTION OP A MICROPROCESSING SYSTEM 



In searching for a suitable processor for the PC-800, 

it is important to remember that the interest is in not 

only a microprocessor chip, but also a complete computa¬ 

tional system. The CPU chip is expected to be fast, and 

to have a versatile instruction set. A wide data path is 

necessary for efficient processing. The microprocessor 

must be supported by it's manufacturer in several ways. 

Hardware support should be provided from a family of bus- 

compatible chips to aid in the interfacing of memory and 

external devices. Software support should be provided in 

the form of an assembler, editor and diagnostic package to 

aid in program development and debugging. The manufacturer 

should offer a development system on which one may con¬ 

struct programs and test hardware designs. These are the 

primary factors in choosing the proper microprocessor for 

the PC-800. 

There are secondardy factors that have less influence 

on the microprocessor choice. However, while the primary 

factors are a coarse filter of the available CPU’s, the 

secondary factors will bias the choice of two processors 

with equal cababilities. Such factors are: cost, power 

consumption, number of power supplies, the users library 

and second sourcing. 

The raw list of processors for preliminary study are 

shown in Table 2 along with several of their character¬ 

istics. A majority of them may be eliminated rapidly as a 

result of their low clock speed, particularly the RCA 
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COSMAC, Rockwell PPS -4, and PPS-8. The data width of the 

processor should be wide to keep serial processing of num¬ 

bers to a minimum. The processor width should be no less 

than 8 bits. This criteria eliminates the Intel 4004 from 

study. Another factor, related to computing power, is in¬ 

struction execution times. With current technology the 

fastest instruction should execute in fewer than five us. 

This provides a maximum throughput of only two hundred 

thousand instructions per second. This parameter elimin¬ 

ates Toshiba's TCSL-12 and Intel 8008-1. 
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Internal Registers Stack Interrupt 
(No. x 

(Exclude 
: Bits) 
( Stack) 

Depth t Inputs 

Fairchild 1 X 8 00 1 

INTEL 
4004 

INTEL 

16 X 4 3 x 12 Reset 

Interrupt 
8008 7 X 8 8 x 14 (Hardware Vector) 

INTEL 8 X 8 Reset 
8080 2 X 16 00 Interrupt 

(Hardware Vector) 

Motorola 3 X 8 Software 
MC6800 

Raytheon 

3 X 16 00 Restart 
Non-Maskable 
Maskable 

(Hardware Vectored) 

Non-Maskable 
RP16 8 X 16 00 Maskable 

RCA 4 X 8 Restart 
COSMAC 16 X 16 NONE Non-Maskable 

DMA 

Rockwell 
PPS-4 2 X 4 2x4 # 

Rockwell 
PPS-8 8 X 8 32 x 8 * 

Toshiba 
TCSL-12 6 X 12 # 

t Stack Depth of «Implies that the stack Is stored In R/W 
Memory. 

* Unknown Information or does not apply for that processor. 

Table 2: List of Microprocessors under study. 
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TECHNOLOGY WORD LENGTH NO. OP CPU FAMILY PARTS 
(BITS) CHIPS 

Fairchild 
F-8 N-MOS 8 1 

I/O, ROM 
RAM, MEMORY 
interface 

INTEL 
4004 P-MOS 4 1 ROM, RAM 

INTEL 
8008 P-MOS 8 1 I/O, ROM, 

RAM 

INTEL 
8080 N-MOS 8 1 I/O, ROM 

RAM, Com¬ 
munications 

Motorola 
MC6800 

N-MOS 8 1 I/O, ROM, 
RAM, Com¬ 

munications 

Raytheon 
RP16 BIPOLAR 16 6 ROM, RAM 

RCA 
COSMAC C-MOS 8 2 ROM 

Rockwell 
PPS-4 P-MOS 4 1 I/O, ROM 

RAM, CLOCK 

Rockwell 
PPS-8 P-MOS 8 1 I/O, ROM 

RAM, Com¬ 
munications 

Clock 

Toshiba 
TCSL-12 N-MOS 12 1 RAM, ROM 

TABLE 2 Continued. 
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No. of 
Additional 
Chips In 
Family 

Supply 
Voltages 
in Volts D.C. 

Std. 
Instruction 

Set 

System 
Clock 

Instruction 
Time (uS) 

Fairchild 
F-8 3 +5,+12 101 1 MHz 2-13 

INTEL 
4004 20 +5,-10 45 750 KHz 10.8-21.6 

INTEL 
8008 20 +5,-0 48 800 KHz 12.5-27.5 

INTEL 
8080 4 -5,+12 74 2 MHz 2-8 

Motorola 
MC6800 

4 +5 72 1 MHz 2-12 

Raytheon 
RP16 15 +5 32 5 MHz 1 

RCA 
CQSMAC 10 +5,+12 35 333 KHz 

12V 
6-20 

Rockwell 
PPS-4 0 17 50 200 KHz 5-10 

Rockwell 
PPS-8 0 -17 90 250 KHz 4-8 

Toshiba 
TCSL-12 0 +5,-5 100 # 10-* 

TABLE 2 Continued. 
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Addressing Modes Memory Size 
(in Bytes) 

Fairchild 
F-8 

INTEL 
4004 

INTEL 
4008 

INTEL 
8080 

Implied (Short+Long) 
Direct (Register) 

Indirect (Register+Memory) 
Relative 

Pointer Immediate 
Register Indirect 

Pointer Immediate 
Register Indirect 

Indirect 

Motorola 
MC6800 

Raytheon 
RP16 

RCA 
COSMAC 

Rockwell 
PPS-4 

Rockwell 
PPS-8 

Toshiba 
TCSL-12 

Immediate 
Indexed 
Direct 

Extended 
Inherent 
Relative 

Immediate 
Indexed 
Direct 
Extended 
Inherent 
Relative 

Direct 
Immediate 
Indexed 

Pointer Intermediate 
Register Indirect 

Pointer Immediate 

TABLE 2 Continued 

64K 

RAM - 1280 
ROM - 4K 

16K 

64K’ 

64K 

64K 

64K 

16 K ROM 
8 K RAM 

16 K ROM 
16 K RAM 
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The PC-800, flow calculator may be operated off bat¬ 

tery supply In some applications. Power consumption is a 

severe limiting factor and immediately excludes bipolar 

technology. Unfortunately, bipolar processors have the 

greatest speed and processing width of other technologies. 

The bipolar processors include Intel 3000 series, National 

IMP16, Raytheon RP16, and will not be studied further. 

The preliminary elimination of the aforementioned 

processors brings the list for a detailed study to six pro¬ 

cessors . 

Three CPU's are manufactured by Texas Instruments. 

The TMS-1000, and the SBP-0400 represent entirely different 

architectures and technologies, whereas the TMS8080 is an 

Intel 8080 equivalent. The remaining four are manufactured 

by different vendors and are National Semiconductors-PACE, 

Fairchild's P-8, Intel's 8080 and Motorola's M6800. 

TEXAS INSTRUMENTS TMS 1000 NC AND TMS 1200 NC 

The TMS 1000 NC and TMS 1200 NA are identical except 

for physical packaging and the width of the data path. A 

twenty-pin dual inline package (DIP) contains the TMS 1000 

NC, while a forty-pin (DIP) encapsulates the TMS 1200 NC. 

The latter has thirteen output bits or two more output 

paths than the TMS 1000 NC. The extra 10 pins on the TMS 

1200 NC are not connected. 

The processor chip is suited for small, low speed 
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applications where a minimum of parts is required. The TMS 

1000 series has on chip components that other microproces¬ 

sors have externally. For example, 1 K bytes of instruc¬ 

tion memory and sixty-four words of four-bit RAM are on 

chip. The RAM is divided into four pages of sixteen words 

each. These pages are pointed to by the two-bit X register 

and function as scratch pad registers. 

The Y register has three purposes. It can be used in 

conjunction with the X register to address any four bit RAM 

quantity, it is used as a source/destination pointer for a 

four-bit ALU function, or the Y register may be gated to 

the outside world as the "R" output port. 

Exclusive to the Texas Instruments processors is the 

programmable logic array (PLA). On the TMS 1000 series it 

appears as an output port eight bits wide for external de¬ 

vice control. The PLA reserves five bits of information, 

four from the accumulator and one from the ALU in the form 

of a status bit. This makes for a flexible control output 

to recognize any function of five variables. The user de¬ 

fines the eight bit wide function at mask time to create the 

”0M outputs. A good feature is that the clock oscillator is 

internal to the micro-processor. 

The instruction decoder receives eight bits from ROM 

and recognizes forty-three standard instructions of the pos¬ 

sible two hundred fifty-six opcodes. The undefined opcodes 

may be user defined by masking. The standard instructions 

are not powerful and are sometimes wasteful. For example 
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three seperate instructions exist to add three different 

constants: ADD 6, ADD 8, ADD 10. 

The TMS 1000 series has several attractive features 

such as single fifteen Volt supply operation, and many on¬ 

board devices such as: clock, ROM, RAM, and PLA. However, 

these features make it difficult to use because of the 

large amounts of mask programming required. The undefined 

opcodes, ROM and PLA must be masked programmed before the 

chip is functional. Without a functional processor there 

is no way one may test and debug the system. No mention 

was made of a simulator or software support to aid system 

development. For these reasons the TMS 1000 series was 

found unsuitable for this application. 

TEXAS INSTRUMENT'S SBP0400 

This processor incorporates many of the latest tech¬ 

niques. The hardware design is the flexible bit slice 

architecture incorporating a 9 x 20 PLA for each four bit 

slice. Thë SBP 0400 is constructed out of the low power 

Integrated-Injection Logic (I2L). I2L permits greater com¬ 

ponent densities as compared to TTL or CMOS and single pow¬ 

er supply operation. Since this is a current mode device, 

the power supply voltage may be varied over a range. The 

selection of the supply voltage fixes the injection current 

of the processor. The injection current determines the 

propagation delay time and therefore, the maximum clock 

speed. 
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The SBP0400 is a four bit processor slice that is 

combined with other identical chips for forming larger CPU. 

For example, four of these chips may be connected to build 

the CPU of a 16 bit minicomputer. Carry look ahead chips 

may be added to improve system through put. 

The user custom designs the instruction set by mask 

programming the PLA. Eight general purpose four-bit reg¬ 

isters are provided, one of which is the program counter. 

Two more registers are available as four bit work register 

and a double precision eight-bit extended work register. 

The ten registers are addressable as operands for the ALU. 

The results of the ALU are put on the data out bus and is 

transferred back into the registers. Any of the registers 

may be gated to the four address lines. The only way data 

may be put into the microprocessor is through the ALU as 

an operand. 

It is difficult to discuss the instruction set or 

software of the SBP 0400 because it is a mask programmable 

device defined by the user. Nine operations select wires 

go into each CPU chip, through a PLA to be decoded into 

twenty internal control signals. These nine control lines 

are subdivided into these fields. A four bit OP-FIELD 

determines the function to be performed. The two bit 

D-FIELD determines if the operation is single or double 

precision and is used with the OPFIELD for further decoding. 

The remaining three bits from the S-FIELD select the source 

and destination for the operations. 
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This processor provides an interesting study and has 

many applications as a divice controller or in other ap¬ 

plications where custom designed micro-processors are re¬ 

quired. Because of the I2L process the internal voltage 

differentials are only 0.6 volts between logic levels. 

This indicates a poor signal-to-noise ration and is not 

suitable for noise laden environments in which the PC-800 

calculator will be found. 

The SPB OAOO and the TMS 1000 are not software sup¬ 

ported. Until the user defines the instruction set, it is 

not possible to write support software, such as an editor 

or assembler. This is a case in which an attempt to make 

a device very flexible, makes it more cumbersome. The 

SPB 0400 would not be a good choice for the FC-800. 

NATIONAL PACE 

The National Semiconductor Pace (Processing And 

Control Element) device had little Information available 

on their micro-processor at the time of writing. The lit¬ 

erature is in the form of a sixteen page brochure that 

gives brief hints to the system parameters. My Interpre¬ 

tations of how the PACE functions has been derived from 

artist’s conceptions and one line descriptives. Some of 

the information presented could be incorrect. 

The PACE is a sixteen-bit, one-chip, micro-processor. 

Even though the external data path is sixteen bits wide, 

It works on sixteen bit words, eight bits at one time. 
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Two eight-bit registers are needed for true sixteen-bit 

storage. There are sixteen lines into the chip that are 

multiplexed for address and data. The arithmetic section 

is fed via a bus from ten sources. Pour of the data 

sources are general purpose accumulators. Two temporary 

storage registers are available. The PACE has a ten word 

stack that is a sixteen bits wide, Last in-Pirst Out (LIFO) 

register. The program counter has access to the ALU bus as 

well as the I/O buffers and the sixteen bit status/control 

flag register. The ALU output goes to the result bus that 

can be loaded into the accumulators, temporary registers, 

LIFO stack, or program counter. 

The Status and Control register is rather powerful. 

Five of the bits are for enabling the six vectored inter¬ 

rupts. A sixth bit is a master interrupt enable. Link, 

Carry and Overflow flags are provided for arithmetic status 

while a fourth flag is to set the machine in sixteen-bit or 

eight-bit arithmetic mode. In the PACE are four unused 

status bits that the user may define as well as set and re¬ 

set. The remaining two bits in the Status and Control reg¬ 

ister are always set to one. 

National was one of the first to Introduce the bit 

slice architecture in the form of the IMP -16. It is sup¬ 

ported with software and a development system. The PACE’s 

forty-five instructions are compatible with that of the 

IMP -16, so the IMP-16 development system works ,for the 

PACE software too. The PACE does have a good family of 

82 



support chip. The three types of memory systems provided 

cover the spectrum needed for micro-processing systems. 

Scratch pad facilities are provided by their 256 x 4 RAM. 

For program store National supplies 1024 x 16 ROM and 512 

x 8 PROM. The I/O chips provide storage and buffering in 

two word widths, eight and sixteen bits. 

The PACE has many on-chip functions as; internal 

clock generation, and priority encoder for interrupt vec¬ 

toring. The PACE is an expensive processor. In some 

cases, it costs twice the price of it's nearest leading 

competitor. Information was not available on such items 

as the clock frequency, instruction times or even the in¬ 

struction set. The PACE is eliminated as a processor for 

the FC-800. 

FAIRCHILD F-8 

The F-8 microprocessor manufactured by Fairchild 

Semiconductor is designed as a distributed intelligence 

system. To give justice to the F-8 micro-processing con¬ 

cept, one must look at a chip family and not just the CPU, 

The N-MOS chip set is functionally divided into four class¬ 

es. The CPU will be studied last because it is more in¬ 

formative to see the intelligence in the peripheral chips 

such as the Program Storage Unit, Memory Interface and 

Direct Memory Access chips. 

For large program storage, the F-8 system provides 

the 3851 Program Storage Unit. On the surface, it appears 
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as a 1024 byte mask programmable ROM. Eight of these pins 

are for the bidirectional data bus and sixteen bits for the 

bidirectional I/O bus. It is unusual to make two-way data 

transfers on a ROM. On closer study, one finds several on¬ 

board registers. It is surprising to find the program 

counter, indirect address register, and stack pointer on 

the memory chip and not on the CPU. Also provided is the 

logic to generate a Vectored interrupt address. A useful 

feature provided by the 3851 PSU is an eight-bit program¬ 

mable timer or real time clock. 

There are two types of memory interface chips, both 

are for attaching large amounts of memory to the systems, 

be it ROM, RAM, OR PROM. The 3852 Memory Interface pro¬ 

vides all of the logic necessary to refresh dynamic type 

MOS memory. The 3853 Memory Interface is similar to the 

3852 except the latter is for static memories. Like the 

PSU, the 3853 has interrupt Vector logic and programmable 

timer. Both Memory Interface chips contain program counter 

and stack pointer registers. Unlike the PSU, they have two 

indirect address registers. 

The third class of PACE components is the 3854 Direct 

Memory Access chip. The 3854 DMA is used for setting up 

high speed data paths from memory to I/O. Compatible hand¬ 

shaking electronics is found on the 3852 Dynamic Memory 

Interface device. No external hardware is required to con¬ 

nect the DMA chip to the CPU. After a DMA transfer is com¬ 

plete, the CPU is not notified. It Is up to the user soft- 
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ware to sense a completed transfer. This is commonly ac¬ 

complished by continuous polling of a status bit. 

It has been shown that the support chips are about as 

powerful as the microprocessor itself. The 3850 Central 

Processing Unit has sixteen address lines, eight data lines 

and five control lines. Power up Reset Logic and Clock 

generation circuits are internal to the CPU. Recall that 

the stack pointer program counters and indirect addressing 

register are not on the CPU chip, but distributed to it's 

support family. 

The sixty-six P-8 instructions provide eight modes of 

addressing. The instructions themselves are not excep¬ 

tionally powerful, but are functional enough to make a well 

rounded microprocessor. This system is a good contender 

for the PC-800 and a development system is available. The 

development system is comprised of a fifteen-inch printed 

circuit board with soldered control swiches. The major 

drawback to the P-8 is that large amounts of mask pro¬ 

gramming are necessary to make the system operational. 

The masked programmed on-chip ROM is a recurring fea¬ 

ture that several manufacturers have implemented. While 

onboard ROM is ideal for high volume, simple application 

devices, this approach would not appear cost effective for 

a low volume, complex device like the PC-800. 

INTEL 8080 

The INTEL 8080 is designed as a family of N-MOS 
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integrated circuits. Unlike the P-8 system the peripheral 

chips are not as intelligent and some devices seem to be 

designed as an afterthought to increase system through¬ 

put . 

INTEL is given credit as the first company to commer¬ 

cially market a microprocessor. They are also the first 

company to create a mini-computer like development system. 

The 8080 has evolved from it's pocket calculator circuit 

ancestors and still exhibits some characteristics of a 

scientific calculator part. 

The forty-pin pack of the CPU has sixteen uni-dir- 

ectional address lines, eight bi-directional data lines and 

ten control lines. Three control lines are regularly used 

in instruction fetch, memory and I/O control. They pro¬ 

vide little use when the system expands beyond it's sim¬ 

plest forms. These control lines must be decoded by the 

aid of the 8228 System Controller which is a twenty-eight 

pin chip to increase throughput. The System Controller 

goes in series with the eight bit data bus and traps this 

information in a status latch. The status latch informa¬ 

tion along with the three control lines are decoded to form 

six control lines that compose the 8O8O control bus. 

The 110 instructions are either one, two or three 

bytes long and can be divided into four addressing modes : 

Direct, Register, Register Indirect, and Immediate. Of the 

ten registers in the 8O8O, only six of the eight bit reg¬ 

isters may be accessed by the user for storage or arithmetic 
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operations. Two eight-bit registers are temporary or work 

registers. The remaining two registers are sixteen bits 

wide and are the program counter (PC) and stack pointer. 

Of course, the sixteen-bit registers allow a program space 

of 65K bytes and a stack of equal size. The hardware uses 

the stack for storing subrouting return addresses. 

The 8080 is an eight-bit device. In some respect it 

functions as a sixteen-bit machine. Instructions are pro¬ 

vided to push and pop pairs of eight-bit registers on the 

stack. The 808O can add pairs of registers, increment reg¬ 

ister pairs, and transfer register pairs. Input/Output is 

accomplished on the 8O8O by two instructions. IN and OUT. 

The byte following the IN or OUT instruction contains the 

address of the I/O device. Two-hundred, fifty-six input 

and equal number of output devices may be accessed by the 

INTEL 8080. 

Briefly mentioned were the 8228 System Controller 

chip and the 8212 status latch which are necessary to in¬ 

crease system throughput. The 8O8O claims eight-level vec¬ 

tored priority interrupt. The CPU itself cannot perform 

this function without the 8214 Priority Interrupt Control 

Unit. 

I/O is aided by the 8255 Programmable Peripheral 

Interface. This device provides twenty-four I/O pins for 

external device use. It is programmable as two groups of 

twelve pins that may be put in one of three modes. 

In the first mode, the twenty-four I/O pins, are 
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divided into six groups. Each group is a four bit wide 

data path. These groups of four may be program selected 

as either an input or an output. In the second mode, each 

group of twelve pins are configured into eight bits of data 

and three bits of interrupt/control lines. No indication 

was given as to the function of the leftover pin. The last 

mode provides an eight bit bi-directional bus with fine 

control lines for handshaking. 

An impressive plus for the INTEL system is its high 

level language PL/M. However, the arithmetic section of 

PL/M is not much better than using assembly language. 

PL/M arithmetic only provides eight bit integer add and 

subtract. 

The 8080 system is a strong contender for the PC-800 

calculator and is the first processor so far that meets all 

requirements. It has the necessary speed, low power drain, 

and a powerful instruction set. No mask programming is re¬ 

quired and it is supported by a development system and a 

large selection of software. The drawbacks to the 8080 

system include the need for extra chips to increase 

throughput and the requirement for three power supplies 

required. These factors permits increase throughput and 

three power supplies required. These factors permits the 

use of the 8O8O. 

MOTOROLA M68OO 

The Motorola M68OO microprocessor is a recent addi- 
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tion to the small systems field and proves to be one of the 

larger families available. The chip family consists of six 

elements. These elements are supported in hardware by a 

modular development system. The are supported in soft¬ 

ware by an assembler, editor and a diagnostic program that 

run on the development system. 

The M6800 control processing unit is a six register 

device that executes seventy-two instructions in up to five 

addressing modes. The eight-bit architecture has six in¬ 

ternal registers. Two eight bit registers are for arith¬ 

metic instructions and are named accumulators A and B. 

There is a third eight-bit register that is the condition 

code register for characterizing results of arithmetic 

operations. The three remaining registers are all six¬ 

teen bits wide and are used as pointers to memory. One is 

the program counter, a second is the stack pointer and the 

third is an index register. 

The five addressing modes are immediate, direct, in¬ 

dexed, extended and implied. Relative addressing could be 

included as a mode of the M6800, but it is not available on 

arithmetic instructions. The branch instructions generate 

addresses relative to the current program counter. 

The M6800 may make one feel a little restricted by 

it being a two-register machine. After examining the in¬ 

struction set, it is found the second operand of most in¬ 

structions is memory. Effectively, any memory location 

serves as a register. This is made clearer when instruo- 
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tions are found that work only on memory. These include 

increment, decrement, clear, shift, rotate, complement and 

test. 

Unlike previously discussed architectures, the M6800 

uses memory addresses to perform I/O. Input and Output 

interfacing is aided by the MC6820. Peripheral Interface 

Adaptor chip or PIA. As a programming model the PIA has 

sixteen data lines and four control lines. It is divided 

into two halves of eight data and two control lines. Any 

data line may be individually programmed to be either an 

input or an output. This allows total flexibility in 1/0 

design. The two control lines may be programmed in several 

modes. They can be either an input or an output for addi¬ 

tional data. They can be used for interrupt control and 

have several other modes of handshaking and pulse genera¬ 

tion. 

The remainder of the family include asynchronous 

serial communication plus ROM and RAM chips. The ACIA or 

Asynchronus Communications Interface Adaptor Is used for 

serial bi-directional communications for such devices as 

terminals and cassettes. Motorola also manufactures a mo¬ 

dem chip that connects to the ACIA for remote telemetering. 

The attractive feature of the M6800 family is that all of 

the parts function using a single five volt power supply. 

The Motorola M6800 system meets all of the criteria 

Initially set for study. The system is the most modular 

family of chips provided by a manufacturer. It is sup- 
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ported by a development system with both hardware and 

software. It is a fast machine with a strong instruction 

set. Unlike other systems, it can drive a small set of 

family parts without the aid of external drivers. Less 

hardware is required for the M6800 because of its single 

power supply. For these reasons, the Motorola M6800 was 

chosen to construct the FC-800. 
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Chapter VI 

FLOATING POINT ARITHMETIC PACKAGE 



From earlier chapters, the floating point numeric 

format that best suits the range of variables in the 

FC-800 was designed. From the equation set, the necessary 

floating point functions were created. Now that the 

Motorola M6800 microprocessor has been chosen as the pro¬ 

cessor element, it is now possible to design the floating 

point math package. 

The internal hardware accumulators of the M6800 are 

not large enough to hold the twenty-four bit floating 

point word format. Extra registers must be created in 

Random Access Memory and manipulated by software in order 

to implement the four-byte binary floating point format. 

These software registers must provide a good dynamic range 

with a minimum of truncation error. Therefore the soft¬ 

ware register width should be twice that of the mantissa 

width for a standard operand. A three-byte mantissa was 

chosen and the software register will have six bytes for 

the mantissa and one byte for exponent. This is readily 

realized when using the multiply operation as an example. 

When multiplying two operands of three bytes each the re- • 

suiting mantissa width will be no more than six bytes. 

Another point is the add function must align the radix 

point before the add may take place. If the radix points 

of two operands differ by twenty-four bits (three bytes) 

or more, then there will be no effect of the smaller op¬ 

erand upon the larger operand when added. 

These software registers will be called Working Reg- 
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isters. Two are needed. As in the M6800, the working ac¬ 

cumulators shall be named "A" and "B". Figure 23 shows the 

format for Working Register A (WRA) and Working Register B 

(WRB). 

The first operand of a function is to be fetched and 

loadëd into WRA. The second operand is loaded in WRB. Af¬ 

ter the function is performed between the two working reg¬ 

isters, the result is normalized and rounded so that it fits 

back into the standard four-byte format for binary floating 

point numbers. 

The working registers follow the same numeric rules as 

the standard floating point words. The mantissa represents 

a binary positive integer and the radix point is rightmost 

of the mantissa. The exponent is a two's complement number 

representing a power of two. For most functions, two regis¬ 

ters are required. The more complex functions required two 

additional working registers. Square root is such a func¬ 

tion. For these operations SORT and TEMP were created. 

Both registers are six bytes wide and do not contain an ex¬ 

ponent. As their names imply, these working registers are 

for scratch pad arithmetic operations and temporary storage. 

Before the arithmetic functions can be discussed, 

some very simple algorithms will be designed to manipulate 

the working registers. These routines are commonly used by 

each arithmetic function and include loading a register from 

memory, storing a register into memory and normalizing a 

register. 
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The first operand of a function is loaded into work 

register A by calling LDWRA (Load Work Register "A"). The 

Motorola M6800 microprocessor stores the subroutine return 

vector on it's stack. It will be the function of LDWRA to 

use the subroutine return address to fetch the operands. 

An example of fetching the first operand to load work reg¬ 

ister A is shown In Figure 24. When function FUNC is 

called, the address following the point of call is pushed 

onto the stack as two bytes. FUNCH Is the most significant 

byte, while FUNCL is the least significant byte of the six¬ 

teen bit return address. After entering the function to be 

performed, the load work register A routine is called. The 

function return address (FUNCH and FUNCL) points to the ad¬ 

dress of the first operand array. The two bytes that form 

the first operand address 0P1H and 0P1L are fetched and the 

current run number is added to it. Now that the proper 

offset address has been calculated for the array of first 

operands, the indexed 0P1 may be fetched and stored in the 

least significant bytes of WRA. All that remains is to 

clear the first three bytes of WRA In order to complete the 

LDWRA routine. Control then returns to the main function 

algorithm. 

In the cases of a function with two operands, the sec¬ 

ond operand is fetched and put into work register ’’B" (WRB). 

This is done in an identical manner of LDWRA by calling the 

load WRB routine (LDWRB). The two differences between 

LDWRA and LDWRB are implied in their names. First, The 
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source address for the second operand is found as the fifth 

and sixth byte after the functions point of call. Secondly, 

WRB register is the operand destination. The fetching of 

the address pointer and implementation of multi-run is 

handled in the same manner for LDWRB as in LDWRA. 

When the arithmetic function has been performed, the 

result must be normalized and stored. Before explaining 

the normalization algorithm, the discussion of operand 

pointers will be completed with the method of storing work 

register "A”. Pointer manipulation of the stack will be 

illustrated with the functions exit algorithm "EXIT". 

To find the memory location where WRA is to be stored 

in floating point form the STA algorithm must first fetch 

the stack pointer, (Figure 25). The stack pointer is then 

advanced past the return vector for the STA routine and the 

point of return address for FUNC is fetched. The two byte 

return address located on the stack for the floating point 

operation FUNC is incremented by four so as it now points 

to the most significant address byte of the RSLT address. 

RUNUM must be added to RSLT for addressing the multi-run 

result block. Recall that the result pointer RSLT is actu¬ 

ally a block of six floating point words and the index pro¬ 

vided by RUNUM must be added to RSLT in order to find the 

actual floating point word in which to store WRA. As sta¬ 

ted earlier, WRA will be normalized before STA is called. 

Only the three most significant bytes of WRA will be stored 

in the RSLT mantissa. Finally the exponent of WRA (EXPA) 
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Fig. 25 - Storing of Work Register "A" Into Result Operand. 
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is packed in the exponent portion of the result. 

When exiting a subroutine, the program flow of con¬ 

trol is returned to the memory cell immediately following 

the point of call. Because of the call by reference poin¬ 

ters that follow the function point of call, the return vec¬ 

tor stored on the stack must be modified. The ,'EXIT,, rou¬ 

tine performs this operation. 

Refer to Figure 24 showing the function call format. 

The difference between the subroutine return address gen¬ 

erated by the hardware and the modified point of return is 

six bytes. This six-byte adjustment is for functions of 

two operands. 

The EXIT routine for binary operations uses the stack 

pointer to fetch the return vector for the math algorithm 

FUNC. The number six is added to advance the return vector 

past all operands and the new return vector is restored on 

the stack. (Figure 26). In the case of unary, operations 

such as square root, four is added. 

The normalization algorithm is broken down into two 

sections. First the six bytes in a work register are 

shifted left until the most significant byte is non-zero. 

Secondly, the forty-eight bit work register is bit shifted 

until the most significant bit is a one. These two modes 

of shifting are referred to as macro-and micro-shifts. 

Transferring byte blocks of data is called macro-shifting 

while bit transfers are referred to as micro-shifting. 

The reason for two modes of shifting is to provide 
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Fig. 26 - Calculation of Exit Vector Via "EXIT" Routine for a 
Binary Operation. 

100 



a fast normalization algorithm. Normalization is common to 

all floating point arithmetic funcitons. In the case of di¬ 

vision and square root it is used twice, both before and 

after the operation. Much time is wasted by using standard 

bit-by-bit shifting techniques when there is more than one 

bytes worth of leading zeros. 

The macro-shift is accomplished by two pointers named 

SOURCE and DESTination. This is shown in Figure 27. Ini¬ 

tially, both the SOURCE and DEST pointers Indicate the first 

cell of a work register. The SOURCE pointer is incremented 

along the work register and each byte is tested to see if it 

is zero. If the source pointer scans all six bytes of a 

work register and finds them to be zero, the exponent is 

cleared and the algorithm terminates. When a non-zero byte 

is found, the normalization routine goes into the byte- 

transfer mode. The byte pointed to be SOURCE Is transferred 

to the byte pointed to by DEST. Then the byte pointed to by 

SOURCE Is cleared. Both pointers are incremented and SOURCE 

is tested to see if the end of the work register has been 

reached. When this occurs macro-shifting is complete and 

micro-shifting begins. 

After a macro shift the most significant byte of a 

work register is non-zero. The normalization algorithm 

transfers control to the micro shift section and bit 

shifting begins. At worst case the seven most significant 

bits are zero. A standard left shift routine for a work 

register is applied until the most significant bit is one. 
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Fig. 27 - Flow Chart of Normalization Using Macro and Micro Shifting. 
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The mantissa of the work register is now properly normal¬ 

ized . 

Until now, no mention has been made of exponent hand¬ 

ling. During macro- or byte-shifting, a transfer of one 

byte represents a change in magnitude of two hundred, fifty- 

six or two to the eight power. For each macro shift, the 

exponent has eight subtracted from it. During micro- 

shifting, the exponent is decremented once for each bit 

shift. 

FLOATING POINT ALGORITHMS 

Once the basic floating point register manipulation 

support routines have been designed, the actual math al¬ 

gorithms quickly follow. 

The eight floating point functions are grouped into 

four classes. The first class includes addition, subtrac¬ 

tion and comparison. Secondly, multiplication and division 

are grouped because of their similarity. In a class by 

itself is square root. Lastly, are the two conversion rou¬ 

tines, BCD to binary and binary to BCD. 

Common to all three operations of the first group is 

the need to align the radix point before commencing the op¬ 

erations. First, the subroutines to load work registers 

"A" and "B" are called. The next step is to take the dif¬ 

ference between the exponents of the two registers. This 

determines the number of shifts required to assure that the 

magnitude of each operand is the same. The standard 
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floating point mantissa is twenty-four bits. If the dif¬ 

ference between the exponents are twenty-four bits or 

greater, the two mantissa will have no effect upon each 

other for the cases of addition and comparison. For sub¬ 

traction, when the exponential difference is between twenty- 

four and forty-eight, inclusive, and the subtrahend man¬ 

tissa is non-zero, a borrow will be generated that propa¬ 

gates into the minuend mantissa. For the case of the ex¬ 

ponential differential greater than forty-eight, the minu¬ 

end will not be affected. 

Once the difference in exponents is calculated, then 

either the first or second operand must be shifted to ad¬ 

just the mantissas to the same magnitude. Since the work 

registers are loaded with right justified data and the ra¬ 

dix points are right justified the mantissas must be shifted 

left; otherwise, loss of information would occur. If the 

exponent differential is positive or equal to zero, the 

first operand (or work register A) is shifted left. Con¬ 

versely, if the difference in exponents is negative, work 

register MB" is shifted left. The shifting procedure exe¬ 

cutes more efficiently than bit-by-bit shifting because it 

makes use of the macro and micro-shifting technique des¬ 

cribed earlier. 

Now that the radix points are aligned, the operations 

of addition, subtraction or comparison may be performed. 

In the case of addition, the least significant bytes of work 

registers A and B are summed. If a carry is generated, it 
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propagates into the next higher order byte and becomes part 

of the sum for the second byte of work registers A and B. 

This continues until all six bytes of the work registers 

have been summed. If a carry is generated as a result of 

adding the most significant bytes, an overflow condition 

exists. Since no method of flagging errors by listing such 

a condition on a terminal exists for this system it was de¬ 

cided not to give the overflow condition any special sig¬ 

nificance . 

The floating point subtract is executed in a similar 

manner to that of add. Floating point compare becomes a 

special case of subtract. Like addition, the least signifi¬ 

cant bytes of the work registers are fetched and subtracted. 

A borrow may be generated and passed to the higher signifi¬ 

cant bytes. 

If a borrow appears as a result of the most signifi¬ 

cant subtraction, then the subtrahend is larger than the 

minuend. Since the mantissas are unsigned integers, a bor¬ 

row from the subtract of the two working registers would in¬ 

dicate an underflow condition. As in addition, this error 

condition of underflow is not dealt with. 

A comparison of two numbers allows one to determine 

if a particular number is greater than, equal to or less 

than a reference number. This was implemented as a floating 

point subtract where the number under test has the reference 

number subtracted from it. The result portion of the sub¬ 

tract is not returned as a subroutine parameter but the 
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condition Code is set accordingly. If a borrow is created 

as a result of this subtract, then the number under test is 

less than the reference. If no borrow occurs then the test 

number is greater than or equal to the reference. The re¬ 

sult register must be tested to see if it is zero. If so, 

the reference and test number are equal. If the result is 

non-zero with no borrow, then the number under test is 

greater than the reference. The condition code of the pro¬ 

cessor is set accordingly and the compare routine exists to 

the main control program. Usually a conditional branch 

follows the floating point compare. 

To exit from the floating point add or subtract, three 

subroutines are called. The result register is normalized 

and then is stored into memory via the "Store Work Register 

A" routine. Finally, the return vector is fetched from 

the stack and modified to bypass all the pointers to the 

parameters that follow the point of call. The floating 

point operation is complete and a return from subroutine 

instruction is executed. 

MULTIPLICATION/DIVISION 

The floating point multiplication algorithm is im¬ 

plemented by using the traditional shift and add technique. 

In the same manner division is accomplished by subtract and 

restore division. Both operations make use of a six byte 

scratch pad register named SORT for temporary storage. 

After the multiplier is loaded into WRB and the 
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multiplicand is placed in WRA the multiplication routine 

goes thru its initialization stage. A one byte iteration 

counter named "CTR" is preset with the number twenty-three. 

Because a twenty-four bit mantissa is used, it would seem 

that twenty-four iterations are required. The first itera¬ 

tion is absorbed as a part of initialization. 

The second phase of initialization is to copy the man¬ 

tissa portion of WRA into the six-byte scratch register 

"SORT". WRA will be used as an accumulator for the shift 

and add sequence, while SORT contains the multiplicand to be 

shifted and added. 

WRB is used as the addition control register. On each 

iteration WRB is right shifted so that the least signifi¬ 

cant bit may be isolated for testing. During initialization 

the first shift of WRB determines if WRA shall be cleared. 

If the bit is one, WRA is not cleared. If the first bit 

shifted from WRB is zero, then WRA is zeroed. This pro¬ 

cedure saves one addition of SORT to WRA, and sometimes 

saves the time required to zero WRA. 

Initialization is now completed. The shift and add 

iteration loop is entered. SORT is doubled in magnitude by 

left-shifting one bit. WRB is right-shifted one bit and the 

bit shifted out of the least significant end is tested. If 

It is one, then SCRT is added to WRA and the sum is placed 

in WRA. If the bit shifted out of WRB is zero, then WRA is 

not affected. One Iteration has been followed through to 

completion. CTR is decremented. If CTR is non-zero, the 
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process repeats as described in this paragraph. 

When CTR becomes zero, the last stage of multiplica¬ 

tion is entered. The exponents are calculated by adding 

the exponent of WRA and WRB then placing the sum in WRA's 

exponent. The product now resides In WRA and is normalized 

by calling the NORMA subroutine. WRA is stored into RAM as 

the result of the function by calling the subrouting STA. 

The last subroutine to be called is used to modify the 

floating point subroutine return address. This is necessary 

to bypass the operand pointers and return control to the 

next successive location after the pointer before the pro¬ 

gram exits. The floating point multiply Is now completed. 

The restoring divide algorithm is implemented with the 

aid of the six-byte scratch pad register (SCRT). SCRT is 

used to hold the dividend while the divisor in WRB is sub¬ 

tracted from it. WRA is used to hold the quotient of the 

division. 

Restoring division was chosen over non-restoring di¬ 

vision because of the M6800 architecture. Due to the In¬ 

struction set, memory-to-memory transfers are cumbersome to 

implement. This type of transfer would be required for non¬ 

restoring division. The add instruction can fetch one of 

Its operands directly from memory. This performs one mem¬ 

ory transfer and the restoring add In one step. Therefore 

on the M6800 a restoring divide executes as fast as a non¬ 

restoring divide. 

After the first operand dividend and second operand 
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divisor are loaded into WRA and WRB respectively, both reg¬ 

isters are normalized. This pre-divide normalization pro¬ 

vides the full forty-eight bit resolution of the work reg¬ 

isters. Since both work registers are left justified, the 

lower significant three bytes have zeros shifted into them 

during normalization. Division is attempted by subtracting 

the divisor from the dividend then right shifting the divi¬ 

sor. As a result of the pre-division normalization, the 

divisor may be shifted through the entire forty-eight bits 

to provide a three-byte quotient with a full twenty-four 

bit resolution. The lower significant three bytes of the 

result is remainder and is not used. 

After pre-divide normalization, initialization con¬ 

tinues by setting the iteration counter "CTR" to the values 

of twenty-four. This is the number of restoring divides 

that will be attempted to provide twenty-four bit resolu¬ 

tion. Secondly, the first operand or dividend in WRA will 

be copied to SORT. The division will be performed on SORT 

with WRA being used to shift in the quotient. 

After the initialization phase, the main divide pro¬ 

cedure begins. The first iteration is performed when WRB 

is subtracted from SORT. If a borrow is not generated, 

then the subtract was successful and WRB did divide into 

SORT. Therefore, a one is shifted into the least signifi¬ 

cant bit of quotient (WRA)-. If the subtract did generate 

a borrow, then WRB is larger than SORT and did not success¬ 

fully divide. In this case, a zero is shifted into WRA and 
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the dividend must be restored. The restoration procedure 

is accomplished by adding WRB (the divisor) to SORT (the 

dividend) and storing the sum in SORT. 

One iteration is now complete and the iteration coun¬ 

ter (CTR) must be decremented. If greater than zero, the 

division is not complete and WRB is right shifted to form a 

new divisor. The routine now goes to the beginning of the 

iteration loop. When CTR becomes zero, the mantissa divis¬ 

ion of the floating point registers is complete and the 

floating point division subroutine must be prepared for 

exiting. 

The exit section for floating point division consists 

of exponent adjustment, quotient normalization, quotient 

storage and modification of exit vector. As in simple 

arithmetic, the exponent of a division is calculated by 

subtracting the exponent of the divisor from the dividend 

exponent. In this instance, the exponent of WRB is sub¬ 

tracted from the exponent of WRA and stored in WRA’s expon¬ 

ent. Now the quotient is ready for normalization by NORMA. 

WRA is stored as the result by STA. The exit vector for a 

binary operation is calculated by EXIT and the floating 

point divide subroutine terminates. 

SQUARE ROOT 

To implement the square root function, a second tem¬ 

porary storage register is needed. TEMP is six bytes long 

and is used to store intermediate values of the square root. 
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As in past floating point subroutines, the initialization 

consists of loading and pre-operation normalization of WRA. 

Square root has only one operand. 

Square root is handled as a special case because the 

exponent interacts with the mantissa when this function is 

executed. It can be broken into two cases. The first oc¬ 

curs when the exponent is even; and the second case is the 

square root of floating point numbers with odd exponents. 

Figure 28 shows case one. The square root of a floating 

point number, "X", is calculated by taking the square root 

of the mantissa with a simple integer square root algorithm 

then dividing the exponent by two. Because case one has an 

even exponent, no remainder will exist as a result of the 

halving operation. 

Case two is similar to case one except that the ex¬ 

ponent is odd. For this operation having the exponent re¬ 

sults in a remainder. This means that multiplication is re 

quired between the square root of the mantissa and the 

square root of two. 
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CASE I Square root of floating point number with even 

exponent : 

Given: X = M x 2E 

Where: X is the number to be square rooted 

M is the positive mantissa of the 

floating format 

E is the even exponent of the floating 

point format. 

/X~ » M x 2E 

= v'M X 2e/2 

CASE II Square root of floating point number with odd 

exponent : 

Given: X = M x 2E" 

Where: X is the number to be square rooted 

M is the mantissa of the floating point 

format 

E' is the odd exponent of the floating 

point format. 

/X~ = /M x 2E" NOTE: E = E" 

= ^Tx 2e'/2 

= Æ~x 2E + 1/2 

= {/M-x /2} x 2e/2 

CASE II = CASE I x /2~ 

Figure 28 The two cases of floating point square root. 
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This extra multiplication of the square root of two 

required for case two results in a significant increase in 

computation time. However, the extra multiplication can be 

totally eliminated by a simple algorithm. The three-byte 

mantissa is pre-operation normalized to the three most sig¬ 

nificant bytes of the six byte Work Register A. The odd ex¬ 

ponent may be incremented so that the exponent is even as in 

CASE I. But the value of the floating point number has been 

doubled as a result of the increment. To adjust the num¬ 

ber to its original value, the mantissa is halved by a one- 

bit right shift of WRA. Now the floating point number has 

its original value with an even exponent and the square 

root algorithm reduces to case one. A multiply by the 

square root of two may be saved by a right shift of the 

mantissa and incrementing the exponent. No resolution is 

lost from the right shift because the least significant bit 

of the three-byte mantissa is shifted into the most signifi¬ 

cant bit of the lower half of WRA. This process occurs 

during initialization. 

Initialization continues by setting the iteration 

counter CTR to twenty-four. Then the working register WRB 

is cleared along with scratch register SCRT. 

The actual body of the square root algorithm is simi¬ 

lar to that of the traditional square root procedure for 

decimal numbers. The two most significant bits of WRA, 

which contains the number to be rooted, is left shifted in¬ 

to the least significant part of the SCRT register. Regis- 
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ter WRB will be used to hold trial square roots of WRA. A 

trial "l" is shifted into the least significant bit of WRB. 

WRB is subtracted from SORT and the result is placed in 

TEMP. This is to see if the trial divides the high order 

bits of the operand. If the divide is not successful, then 

a borrow will be generated as a result of the subtract. In 

this instance the trial bit is reset and the next iteration 

is performed. If a borrow was not generated, then TEMP is 

copied to SORT and WRB is incremented. The iteration coun¬ 

ter is decremented. When it reaches zero the algorithm 

exits to terminal section of the square root routine. 

The square root now resides in WRB and must be copied 

to WRA. The exponent was modified during initialization so 

WRA is normalized and stored as the result. The subroutine 

exit vector is calculated and the floating point square 

root terminates. 

DECIMAL TO BINARY CONVERSION 

The last group of floating point operators are the 

unry conversion subroutines; BCD to Binary and Binary to 

BCD. 

Because the register manipulating routines and other 

support software have already been described how they work 

in floating point routines it will not be repeated in this 

section. To reduce redundancy, only the basic conversion 

algorithms will be discussed. 

To convert a floating point Binary Coded Decimal 
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number into a floating point Binary, the BCD mantissa is 

treated as an integer. After conversion to binary, the man¬ 

tissa is divided by the appropriate power of ten. 

There are many algorithms for conversion of BCD in¬ 

tegers to integer Binary. The conversion routine selected 

makes use of a algorithm to multiply a software register by 

ten. The register is first multiplied by ten, then a BCD 

decade is added to the register. The conversion starts with 

the left most or the most significant BCD integer and walks 

its way through to the least significant BCD decade. Now 

the integer decimal number has been transformed into its 

binary equivalent. 

Because the PC-800 L.E.D. display is seven digits 

wide, this limits the dynamic range to a magnitude of seven 

decades. A table of seven elements is constructed. Each 

element is a decade starting with ten and continuing thru 

ten million. The BCD exponent is fetched and used as an 

index into the table of decades. The value chosen is used 

as a divisor into the integer binary mantissa. The conver¬ 

sion is complete, the floating point binary number is stored 

and the algorithm terminates. 

The floating point binary to floating point BCD con¬ 

verter is more difficult and is divided into two main sec¬ 

tions . 

First, the floating point binary mantissa is shifted 

and its exponent is adjusted to insure that the number re¬ 

tains the same value. The shifting continues until the 
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exponent is zero. Now the binary radix point aligns with 

the decimal radix point. The conversion is performed on 

the integral part of the mantissa, then a different conver¬ 

sion algorithm is performed on the fractional portion. 

The binary integer is converted to a decimal by suc¬ 

cessive division by powers of ten. The division is accom¬ 

plished by a simplified subtract sequence which is not part 

of the floating point divide algorithm previously discussed. 

The largest power of ten is selected (One Million) and suc¬ 

cessively subtracted from the integer binary number until 

the integer is less than the divisor. An accumulator counts 

the number of successful divisions for that decade, then 

packs it as a BCD digit. The next lower value decade is 

selected and the process repeats until the integer is less 

than ten. Any binary remainder represents the BCD units. 

The algorithm for fractional binary conversion into 

BCD was found in Knuth, "The Art of Computer Programming; 

Semi-numberical Algorithms." The simple algorithm is per¬ 

formed by multiplying the fraction by ten and using the 

floor of that number as a BCD digit. This is found on page 

281 in Knuth and repeated here as Figure 29. 
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CONVERSION OF THE NUMBER u FROM RADIX b TO RADIX B. 

THIS RESULTS IN A NEW NUMBER U IN RADIX B. 

EACH DIGIT OF THE NUMBER U IS DERIVED BY TAKING 

THE LOWER BOUND OF U, SUCCESSIVELY MULTIPLIED BY B. 

U-i = |_uB J 

U -a = LLUBJBJ 

U-3 = L L I_uB J B J B J 

WHERE: 

u = A Fractional Representation of a Number 
in Radix "b". 

U^ = The i'th Digit of the Number in Radix "B". 

Fig. 29 - Multiplication by B for Radix Conversion of Fractional 
Numbers. 
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Both the integer and fractional portion of the bi¬ 

nary floating point number has been converted into BCD 

form. The BCD fraction is concatenated to the BCD integer 

and truncated to seven digits. Seven digits is the limit 

of the BCD format. By counting the number of decimal pla¬ 

ces, the exponent is derived and packed into the floating 

point BCD format. The binary to BCD conversion is complete 

and the number may be stored. The subroutine is then ter¬ 

minated. 

The floating point package not only performs addition, 

subtraction, multiplication, division, square root and ra¬ 

dix conversion, but the register manipulation allows four 

combinations of array-scalar arithmetic. The mulit-run al¬ 

gorithm may be enabled or disabled for either operand. This 

allows the processing of one-by-six arrays with any of the 

seven functions. 
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Chapter VII 

INPUT/OUTPUT 



The peripheral devices of the PC-800 are interfaced 

to the Motorola bus via their MC 6820 Peripheral Interface 

Adaptor or PIA. The input and output of the FC-800 is di¬ 

vided into five groups, with each Input/output group having 

its own dedicated PIA. The first two PIA’s (zero and one) 

control all the mechanical functions such as the front pan¬ 

el, internal panel and alarm relays. PIA two controls the 

density meter. The eight analog Inputs are brought in 

through PIA three, while PIA four controls the three analog 

outputs. 

PIA DESCRIPTION 

A programming model of the Peripheral Interface Adap¬ 

tor is shown in Figure 30. It is divided into two halves, 

A and B. Each half consists of three eight bit registers 

that are used to control ten pins on the outside of the 

chip. Eight of the external connections correspond one-to- 

one for the bits in the data register. 

Whether the data bits function either as an output or 

an input is individually determined by the bits in the data 

direction register. The eight-bit control register per¬ 

mits access to the data direction register as well as set¬ 

ting the mode of the two external control bits. Control 

bit one may be used only as an input. Control bit two may 

be either an input for interrupts or an output control line. 

This description Is for one half of the PIA. All registers 

and outside pins discussed are symmetric and duplicated for 
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the A and B sides. 

The data registers are very flexible with reference to 

input/output dedication. Any bit may be software selected 

as an input or output. This is accomplished by putting a 

one or a zero in the bit of the data direction register. 

For each bit in the data direction register there is a cor¬ 

responding bit in the data register. A one in a field of 

the data direction register makes the data bit associated 

with it an output. Conversely, a zero in a data direction 

bit enables an external data bit as an input. After the 

data direction register is initialized, it will be write 

protected by setting a bit in the control register. 

The control register in the programming model is di¬ 

vided into five fields. The two leftmost fields are one 

bit wide. Bit seven corresponds to external control line 

one and bit six is set from control line two. When one of 

these control lines is pulsed, the corresponding control 

register bit is set. This bit stays set until the data dir¬ 

ection register is read. 

Another one-bit function is control register bit two. 

When the bit is set the data directions register (DDR) is 

write and read protected. When zero the DDR can be acces¬ 

sed. 

The two least significant bits of the control regis¬ 

ter set the function of control line one which is input on¬ 

ly. Bit zero, when low, will mask any pulses from pro¬ 

ceeding through the interrupt request line. Bit one deter- 
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mines if control line one responds to rising or falling ed¬ 

ges. 

The remaining field of the control register programs 

the function of the external control line two. When bit 

five of the control register is low, the second control line 

is an input and therefore performs identically to the con¬ 

trol line one as described in the previous paragraph. When 

bit five is a one, the second control line is an output and 

takes on four new functions. Two of the modes are simply 

fixing the control line either as high or low. A third mode 

is providing a single pulse when the A side data register is 

written to or the "B" side data register is read. The last 

mode is similar to the third mode except that it is for 

asynchronous handshaking of signals. 

PIA ZERO AND ONE 

One of the major problems in developing the FC-800 was 

designing a method of interfacing the control panel to the 

processor. A standard rotary switch is constructed by pro¬ 

viding one contact closure per switch position. This meth¬ 

od requires a bulky cable from the front panel to the main 

chassis consisting of one wire for each contact closure. 

Besides the rotary switches, there are eight decades of 

thumb switch, seven decades of L.E.D. display, pushbuttons, 

lamps, counters and the internal control panel. A one for 

one wiring method would become unreliable. Since the front 

panel is hinged and swings downward to allow access to the 
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cards, the more wire harnesses and solder connections re¬ 

quired for the front panel, the greater the chance of 

breaking a wire. 

One approach that was studied was to give the front 

panel some intelligence and encode the switches. This meth¬ 

od could go as far as giving every switch an address and 

serializing its data through an asynchronous transmitter. 

This would require a single pair of wires between the front 

panel and the chassis. Contained in the chassis is the ap¬ 

propriate decoding circuitry. 

Because the front panel has many devices mounted on 

it and they protrude at different depths, it would be diffi¬ 

cult to devise a printed circuit that would contain the en¬ 

coding parts and also connect to all the mechanical devices. 

Another problem with encoding the front panel would be the 

power constraints. The chips required would be consuming 

power just to reduce the amount of wire. This does not 

seem worthwhile trade-off and the idea was discarded. 

Rotary swithces were located that provide a four bit 

BCD output. This allows several rotary switches to share 

the same set of four wires to form a bus. Traditionally, 

thumbwheel switches are also BCD encoded and may be attached 

to this same bus. The same approach was taken to control 

the front panel output devices. An output bus was formed 

to send data to the L.E.D. display, electromechanical coun¬ 

ters and high-low relays. 

Two PIA’s were used to interface all the front panel 
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devices into the system. PIA zero is shown in Figure 31 

and is dedicated as the input bus. PIA one in Figure 32 

performs as the output bus. 

PIA zero was placed in the FC-800 memory map to oc¬ 

cupy hexadecimal addresses 4000 through 4003 inclusive. 

The A side data register of PIA zero receives two BCD dig¬ 

its packed onto the eight-bit input bus. This includes the 

impurity switch, enter switch, run select switch, display 

switch plus the thumbwheel switches and internal panel. 

The "Bn side of PIA zero selects which of the switches is 

bused onto the A side. The lower four bits of the B side 

are outputs and the switch pair address is written to this 

port. The high order bits of the B side are used for EAROM 

status and control plus control of the lamp in the ENTER 

pushbutton. 

The output bus is constructed from PIA one which is 

addressed from hex '4004’ through '4007' inclusive. The A 

side is used to write data to the L.E.D. displays and con¬ 

trol the decimal point. It also determines which relay will 

be closed and which electromechanical counter will be in¬ 

cremented. The device to receive data is selected by 

writing its device number to the lower four bits of side 

"B", (PIA one). The most significant bit of side "B” is 

used to turn on the ALARM lamp, while the remaining bits are 

not used. The control register is configured to generate a 

pulse when data is written into side "B". This gives a cue 

to external latches to trap the device address. 
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The scanning and interpreting of the front panel is a 

non-trivial task because the front panel knobs change modes 

and interact, depending upon their position. During the 

run mode of the PC-800, it is the function of the front pan¬ 

el to look up the perameter desired by the user and copy it 

to the L.E.D. display. While the main program is running, 

the desired number may be located in Random Access Memory or 

the non-volatile EAROM and in floating point Binary or BCD 

format. 

During the programming mode, the front panel function 

is to calculate the EAROM address to which the thumbwheel 

swithes are to be written into the EAROM. 

The front panel position may be configured into eight 

states. The purpose of each front panel state is to apply 

the proper algorithm to calculate the address of the number 

to be displayed. The eight front panel states are listed 

in Figure 33. 

PIA TWO 

The Agar density meter is interfaced via a frequency 

to periodic time converter on PIA two. The address of the 

frequency to periodic time converter are hex 4008 through 

400B. The square wave frequency from the Agar transducer 

is proportional to the density of the fluid surrounding the 

transducer. This frequency is put Into a series of counters 

that extract the period of the frequency. The period is a 

sixteen-bit quantity brought Into the computer through the 
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Fig. 33 - Eight Modes of the Front Panel. * - NOT ACTIVE. 

128 



DISPLAY SELECT 

ENSITY 

TEMP. 

SP.GRAV 
PSIA 

/ 
I 
\ 

N 
\ 

* \ 
/ 

/ s 
/ \ 

I * I 
' / 

N 
i * \ 
V / 

DATA SOURCE: RAM NUMBER FORMAT: FLT.PT.BIN. 
STATE III - SINGLE RUN DYNAMIC VALUES. 

DISPLAY SELECT RUN SELECT 

TAB.4Fb 

TAB.5b 

ENTRY SELECT 

/ 

1 
\ 

* \ 
I 
/ 

/ 

DATA SOURCE: EAROM NUMBER FORMAT: FLT.PT.BCD 
STATE IV - MULTI-RUN CONSTANTS 
Fig. 33 - Continued. * - NOT ACTIVE 
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DISPLAY SELECT 

ENTRY SELECT 

DATA SOURCE: EAROM NUMBER FORMAT: FLT.PT.BCD 

STATE V - SINGLE RUN CONSTANTS 

DISPLAY SELECT 

CD 
CONSTANTS 

/ 

/ 
\ 

* 
\ 

I 

ENTRY SELECT IMPURITY 

% BY WEIGHT 

DATA SOURCE: EAROM NUMBER FORMAT: FLT.PT.BCD 

STATE VI - IMPURITIES AND CALDWELL’S EQUATION 

Fig. 33 - Continued. * - NOT ACTIVE. 
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DISPLAY SELECT RUN SELECT 

ENTRY SELECT 

DATA SOURCE: EAROM NUMBER FORMAT: FLT.PT.BCD 
STATE VII - MULTI-RUN SCALING 

DISPLAY SELECT 

DENS. 

TEMP. 

SP.GRAV. 
PSIA 

\ 
1 
/ 

/ 

ENTRY SELECT 

DATA SOURCE: EAROM NUMBER FORMAT: FLT.PT.BCD 
STATE VIII - SCALING - SINGLE RUN 
Fig. 33 - Continued. * - NOT ACTIVE 
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B side of PIA two and is multiplexed, byte at a time. (See 

Figure 3^-) 

A conversion is started by a dummy write to the B 

side. The control register contains the proper bit pattern 

to give the frequency to periodic time converter a start 

signal whenever a write to side B occurs. When the conver¬ 

sion is complete, the rising edge to control bit two of side 

B makes bit seven of control register B become high. The 

data may be read and inserted into the Agar density meter 

equation. 

The A side of PIA two is divided into four fields. 

The least significant three bits are used to write the ad¬ 

dress to the density meter to be measured. Currently only 

one density meter is used with the FC-800 architecture. 

However, the multiplexer is installed for future use. On 

the density meter card are located the three switches that 

set the sensitivity, or span, of the frequency to periodic 

time converter. The position of these swithes can be read 

through bits three, four, and five of the "A” side. The 

magnitude of these swithes are used as an exponent of two. 

The sixth bit is an output that selects the most significant 

byte of data to be presented to the B side. Finally, the 

most significant bit on the A side is an overflow input bit 

from the sixteen bits of data. This can be used, with cau¬ 

tion, as an extra data bit or as an error condition. 

In order to condition the data in the form of a float¬ 

ing point format, the switches are complemented and become 
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an exponent of two. Because there are two bytes of data 

from the density meter and three bytes in the floating point 

mantissa, the highest order mantissa byte is zeroed. 

PIA THREE 

The ten-bit analog to digital converter and eight 

channel analog multiplexer is interfaced through PIA three 

hex address 400C through 400F. The data register format 

for this device is identical to that of the density meter 

on PIA two. The reasoning behind this plug for plug com- 

patability is to allow an identical analog card to be in¬ 

serted' in the density meter slot. This is for users who 

provide an analog density from a non-Agar density meter. 

(See Figure 35.) 

The same handshaking procedure is identical to that of 

the frequency to periodic time converter. A write cycle to 

the B side initiates an A to D convert cycle. When the A to 

D conversion is complete, it returns a rising edge on control 

bit one of the B side. This sets bit seven of control reg¬ 

ister B. 

The ten bits of data is multiplexed through the B 

data path. When bit six of the A data byte is zero, the 

lower byte of digitized analog data is presented. When bit 

six is raised to a one, the high order two bits of the A to 

D is presented to the least significant bits of the B side. 

The remaining higher order bits all being zero. 
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The three low order bits of the A side in PIA three 

are used to select the channel to be converted. This three 

bit address is fed to the analog multiplexer. Addresses 

zero through five are for the differential pressure trans¬ 

ducers. The sixth channel input is from a specific gravity 

system, while the last channel is a temperature input. 

There is one consideration when switching analog chan¬ 

nels. The analog multiplexer is configured in such a way 

that, common to all channels is a buffer amplifier with a 

slugging capacitor on its input. The purpose of the slug¬ 

ging capacitor is to provide a filter for random noise from 

the transducers. Because of the capacitor the time average 

of the signal may be digitized with greater noise immunity. 

When switching channels, some stray charge may remain from 

the previous channel. Time must be provided to allow set- 

teling of the buffer amp to the new channel’s value. It 

was found through experimentation that a ten milli-second 

delay for the ananlog multiplexer switching was adequate. 

The remaining "A” side bits are three, four, five, 

and seven. They were connected to small swithces mounted on 

the A to D card. Currently, they are not dedicated to any 

function but are available for future use. When the A to D 

card is used as an analog density input, the switches may be 

used to select the span, as in the digital density card. 

PIA POUR 

PIA four interfaces the three channel, ten bit digital 
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to analog converter to the system. The ten bits of data to 

the converter are presented in parallel. The least signifi¬ 

cant byte goes to the A side. When the high order, two bits 

plus the D to A channel are written into the "B" side, a 

pulse occurs on the "B" side, control bit two. 

There are three channels of analog output for the 

PC-800. One channel is volumetric flow rate (Q). The sec- 

one channel provides dekatherm flow rate while the last 

channel output is density (6). Each channel is a ten bit 

D to A converter that provides a current that is propor¬ 

tioned to the binary number being presented to it. This 

current signal is in one of several standard current ranges 

used in industrial control applications. (See Table 1.) 

The bounds of the digital to current converter is 

coarsely selected by links. The fine calibration or allign- 

ment is accomplished via potentiometers on the D to 1 board. 

Figure 36 shows the bit dedication of PIA four to the 

D/1 converter. The PIA occupies the hex addresses '4010* 

through '4013’, inclusive. The "A” data side is totally 

dedicated to providing the eight least significant bits to 

the three channels. The "B" side provides the remaining 

two bits, the data and the control for selecting the proper 

channel. Bits zero and one are the most significant data 

bits to the D/1, while bits two and three are reserved for 

future implementations of a twelve-bit D/1. 

Bits four through six contain the address of the chan¬ 

nel to which the data will be latched. If a zero is pre- 
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sented to bits four through six, the data bits will be 

latched into the volumetric flow rate channel. Similarly, 

channel one is dedicated to dekatherm flow rate and channel 

two updates the density D to 1. Bit seven of the "B" side 

in PIA four is not connected. 

The five Peripheral Interface Adaptors occupy hexi- 

decimal addresses 4000 through 4013 inclusive on the PC-800 

memory map. These PIA's provide all the external data flow 

and control of the PC-800 I/O device hardware. The low or¬ 

der PIA’s allow access to the front panel and control relays. 

The mid PIA's access the line inputs necessary for the AGA 3 

and 5 equations. The highest order PIA is then written to 

after calculations have been made. 
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Chapter VIII 

THE PC-800 EXECUTIVE 



The floating point math package has been developed 

and the PC-800 input and output structure is designed. De¬ 

velopment can proceed to the FC-800 main program or execu¬ 

tive. Prom earlier chapters, the equations were broken in¬ 

to segments and organized for time efficiency. These equa¬ 

tions are broken down to the discreet operation level. At 

this level, various program control operations and Input/ 

Output routines are Interleaved with equations to form the 

PC-800 executive. 

Upon power up of the PC-800, a restart interrupt will 

be generated that vectors the microprocessor into its power 

up routine. First, the stack pointer is loaded to the value 

of the bottom of the stack. Secondly, the data direction 

registers and control registers are initialized on each of 

the five PIA’s. Their value is determined by the bit dia¬ 

grams illustrated in the previous chapter. After the PIA’s 

are setup, the I/O devices themselves are primed. The out¬ 

put devices are set to a desired value. The input devices 

are cycled to contain a value when accessed for the first 

time. 

The initialization of memory only involves RAM. The 

program memory in ROM is fixed and by definition, cannot be 

altered. The EAROM is assumed to be programmed with the 

flow constants before power-up. All RAM locations were 

cleared to zero instead of allowing power-up in a random 

configuration. The RAM initial conditions would have no ef¬ 

fect upon the program execution. However, if RAM were set 
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to a known value, it would make program fault finding easi¬ 

er. 

The initialization of programmable constants is a 

rather lengthy procedure. All user defined constants are 

stored in the EAROM in floating point BCD format. The 

EAROM is configured as a four bit wide memory instead of the 

conventional eight bits, as in the rest of the system. An¬ 

other point about the EAROM is that it is the slowest mem¬ 

ory in the system. If the EAROM were used during program 

execution, time would be wasted in waiting for the EAROM 

access, unpacking into a standard format and conversion 

into floating point binary. This would be necessary each 

time a parameter would be needed. It was decided that dur¬ 

ing power up, all EAROM constants were to be converted to 

binary and stored in RAM. 

The last procedure in the power-up section of the 

FC-800 is the calculation of initial conditions. These 

equations are all a function of constants in the EAROM and 

ROM. They are calculated but once. When finished with the 

constant equations, the power up procedure is terminated and 

the FC-800 is ready to continue into the remainder of the 

executive. 

The next phase is to test the PROGRAM/RUN switch for 

its status. If the switch is in the program position, the 

executive exits to the EAROM program routine. The executive 

stays in this section of the program until the PROGRAM/RUN 

switch is put back in the RUN position. The purpose of the 
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PROGRAM position is to change EAROM constants. These con¬ 

stant equations must be performed again for the new user 

defined values. When the switch is returned to the RUN po¬ 

sition, the action performed is identical to that of a 

hardware powerup restart. 

While in the PROGRAM mode, the ENTER illuminated push¬ 

button is turned on. The program waits until the button is 

pushed. At this point, the front panel Is decoded to cal¬ 

culate the EAROM address that is to be altered. The valve 

stored in the bank of BCD thumbwheel switches is fetched and 

burned into the EAROM. 

Again the PROGRAM/RUN switch Is tested and if found 

in the RUN mode, the executive begins sampling the inputs. 

The density meter or frequency to periodic time converter is 

the slowest I/O device in the system. A convert cycle may 

take up to forty milliseconds. It is started at the same 

time that the analog inputs are being sampled and scaled. 

The HI LIM and LO LIM positions are used for both 

alarm setting and scaling of all analog inputs and outputs. 

The PC-800 is fed an analog current signal that requires 

scaling to some physical engineering unit parameter measured 

by a transducer. The internal equations variables of the 

PC-800 must be provided a floating point number. Therefore, 

a conversion must take place in the form of scaling. 

The current signal is digitized via the A/D converter. 

The ten bit converter provides binary numbers in the range 

of 0 through 1023, inclusive. (See Figure 37.) These 
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numbers are linearly proportional to the four to twenty 

milliampere signal. The LO LIM and HI LIM provided by the 

user and stored in the EAROM are used to condition the dig¬ 

itized number in such a way that it is acceptable for use 

directly in the AGA 3 and 5 equations. This conditioning is 

performed by equation 30. 

NUMBER 
HILIM - LOLIM 

1023 
x INPUT + LOLIM 

INPUT 

HILIM 

LOLIM 

NUMBER 

binary number provided by A/D converter 
and is proportional to current. 

absolute maximum value of physical para¬ 
meter provided by transducer. 

absolute minimum value of physical para¬ 
meter provided by transducer. 

scaled number to be used in equations. 

The six differential pressure transducers are sampled 

and scaled. In a similar manner, the specific gravity and 

temperature channels are sampled. Depending upon the posi¬ 

tion of the TEMP and GRAV switches on the internal panel de¬ 

pends how these values are scaled and used. 

The internal panel temperature source select switch is 

tested. (See Figure 38.) If in the 60°F or 40°F position 

the analog signal, from the appropriate channel, is not used 

and the value for temperature is forced to a constant. Next, 

the gravity switch is tested in order to determine the 

source of the gravity variable. In the constant position, a 

value is copied out of the EAROM and converted to floating 

point binary. When pointing to EXT. ANALOG, the live sig- 
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Fig. 38 - Flow Diagram of Input Control Executive for 
Temperature and Specivic Gravity. 
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nal from channel six of the multiplexer is scaled to the 

limits dedicated to a specific gravity signal. If P + T 

corrected gravity is selected, the analog channel must be 

scaled to a different set of limits in order to use that 

channel as pressure in the P + T formula. After the abso4 

lute pressure is derived, it is substituted along with temp¬ 

erature in the formula to calculate specific gravity. This 

concludes the analog inputs and their scaling. 

When finished with the A/D convert and scaling the 

density meters frequency to periodic time convert cycle 

should be completed or near completion. No special scaling 

is necessary because scaling is taken care of via the Agar 

density transducer law. The valve from the density equation 

may be directly used in the AGA 3 and 5 equations. 

All variables have been sampled and constant equations 

evaluated. The executive may continue into the group of 

major loop equations. These equations are the set of equa¬ 

tions that are not a function of differential pressure. The 

results are common to all six runs. With this section com¬ 

plete, the executive flows into the minor loop equations. 

The first task accomplished in the minor loop is that 

of scanning the front panel. Scanning involves decoding the 

front panel into an address of a parameter to be displayed. 

This parameter is then formatted and copied to the display. 

A user, turning one of the front panel knobs and wishing to 

scan through the various pipeline conditions, would like ra¬ 

pid response to his actions. He would feel uncomfortable 
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waiting a couple of seconds for the requested answer to art- 

rive on the digital display. Therefore, the front panel 

scan was put inside the micro loop in order to get the fast¬ 

est response possible without using excessive computation 

time in servicing the front panel. 

After the front panel is serviced, the minor equations 

are executed. These include the expansion factor Y, the 

Reynolds factor Fr and the actual flow rate computation 

themselves i.e. mass flow rate W (lbs./hr.), volumetric 

flow rate Q (MSCF/hr.), and energy flow rate (Dekatherms/ 

hr.). In the micro loop, the HI and LO limits are tested 

and appropriate contact closures are made. At the end of 

the micro loop run, a test is made to see if all six runs 

have been evaluated. If not complete, the run counter is 

updated and the executive goes to the beginning of the mi¬ 

nor loop to evaluate the next run. If it is the sixth run 

then the executive flows into the output sections of the 

PC-800. 

The three analog outputs are provided by the PC-800 in 

the form of current signals. Each one comes from a separ¬ 

ate ten bit digital to analog converter and provides out¬ 

puts for volumetric flow rate, energy flow rate and density. 

The volumetric rate and energy rate must be summed for all 

six channels in order to provide one rate for the analog 

outputs; then, each of the three dependent variables must 

be scaled. The output scaling is shown in Figure 39- 

As in input scaling, the object of output scaling is 
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to give the current output physical meaning. The range of 

the current must correspond to the range of a physical 

parameter. This range is provided by the user and stored 

in the EAROM. The output scaling equation is shown as 

Equation (31). 

OUTPUT 
1023 

HILIM-LOLIM 
x NUMBER - LOLIM 

WHERE : NUMBER = a dependent variable provided by the 
AGA 3 and 5 equation set. 

HILIM = absolute maximum the physical para¬ 
meter will become. 

LOLIM = absolute minimum the physical para¬ 
meter will become. 

OUTPUT = a binary number from 0 to 1023 ready 
to be presented to the D/A output 
channel 

After the process variables have been presented to 

the digital to analog converter, the executive has completed 

its task. The PC-800 is now prepared to repeat the process 

by branching to the point at which the PROGRAM/RUN switch 

is tested. The PC-800 will continue to monitor pipeline 

conditions until power is lost. 

The last part of the executive needed to be discussed 

in the integration routine for incrementing the electro¬ 

mechanical counters. This procedure takes the flow rates 

of volumetric flow plus energy flow and integrates them 

with respect to time. Integration provides a summation or 

total flow that has passed down the pipe. This total flow 

is accumulated on the electromechanical counters located on 



the front panel of the PC-800. 

The integration routine was not mentioned earlier 

while discussing the flow of the executive because the in¬ 

tegration routine is entered via a real time interrupt. 

The real time interrupt occurs on the maskable interrupt 

every 0.878906 seconds. This time interval arrives from 

a divider chain that chops each hour into 4095 equal inter¬ 

vals . 

When the interrupt occurs, processing is suspended. 

The M6800 hardware automatically stores the processor reg¬ 

isters on the stack and enters the interrupt service rou¬ 

tine. This routine is the integration portion of the ex¬ 

ecutive. The floating point package is used in the inte¬ 

gration routine for comparison of the flow against a limit 

and subtracting the limit from the total flow. If the 

floating point package is used as is, it will destroy the 

values of the floating point registers at the time of in¬ 

terrupt. The first part of the interrupt service routine 

is to push the floating point registers on the stack. 

These include WRA, WRB, TEMP and SORT. 

After the floating point registers are pushed on the 

stack, the integration of the two flow rates may proceed. 

In each instance, the flow is summed a floating point ac¬ 

cumulator. When the accumulator is greater than one, the 

electromechanical counter is pulsed and the accumulator has 

the value one subtracted from it. After this is done for 

both totalizers, the floating point registers are popped 
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off the stack and restored. A "return from interrupt" 

instruction is executed and processing return from the 

point at which the interrupt happened in the executive. 

The PC-800 design is complete. Prom the AGA3 and 5 

equations and density transducer law, it was possible to 

define the arithmetic load and the required functions of 

the processor. Prom the front panel sketches and harware 

system design, the software reflected the necessary fea¬ 

tures such as multi-run, input/output scaling and switch 

selectable equations. Then each section were designed and 

combined into the executive that allows the PC-800 to meet 

its design criteria. 

ft 
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Chapter IX 

IMPROVEMENTS IMPLEMENTED PROM 
PROTOTYPE TO PRODUCTION 



At the time of this writing a working prototype has 

been functioning in the field for several months. From this 

prototype it was possible to learn how to improve the pro¬ 

duction model FC-800. From retrospective views by Ron 

Schneider, Joe Agar and myself, plus user feedback, a pre- 

production lot of ten FC-800's are being built that incor¬ 

porate new ideas. A comparison between the FC-800 proto¬ 

type and pre-production model shows how closely the initial 

concept met the design goals. 

There were several minor hardware changes that need 

not be mentioned. They involved items such as the type of 

printed circuit edge connector used or new methods of get¬ 

ting connections from the outside world into individual 

input/output boards. There were four major hardware chang¬ 

es. The analog to digital converter and the digital to ana¬ 

log converter were altered and the EAROM was also expanded. 

The technology and configuration of the RAM was improved. 

The ten bit A to D converter that was originally used 

received criticism from the field. Competitors were using 

twelve bit converters, and there was doubt about ten bits 

being enough resolution to properly represent an analog 

transducer signal. Recent advances in monolithic A/D tech¬ 

nology allowed the implementation of a thirteen bit conver¬ 

ter that employs quad, slope integration for its conversion 

technique. It provides a two's complement pattern and is a 

slow device. The A/D software drives was modified as. well 

as the input scaling equations. The executive was re- 
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structured so that the differential pressure transmitters 

are sampled at the beginning of each pass through the minor 

loop instead of all analog inputs being sampled contiguous¬ 

ly. 

Because the A/D converter was enlarged to greater 

resolution, a wider digital to analog converter was imple¬ 

mented. Three, twelve-bit converters provide the current 

signal for density, volumetric flow rate and energy flow 

rate. Only minor software changes were required. These 

were changes to the output scaling algorithm. 

The EAROM board originally contained one Electrically 

Alterable Read Only Memory that was configured 1024 words 

by 4 bits. Due to space limitations in the EAROM, a second 

memory was added. This brings the total capacity of the 

EAROM board to 1024 bytes. The larger EAROM aided the 

software by eleminating the pack and unpack routine required 

for reading and programming the old EAROM. 

The Random Access Memory originally used was designed 

by Motorola with the purpose that most microprocessor sys¬ 

tems are usually small. The MC6820 PMOS RAM was configured 

128 words by 8 bits. Because of the large number of these 

memory chips required, power dissipation and heating prob¬ 

lems arose. The RAM was changed to a CMOS RAM which was 

configured 1024 by one bit. This change solved the heating 

problem and made more board realestate available because the 

CMOS RAMS are physically smaller than the Motorola RAMS. 

When first presented with the project, it was thought 
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that the actual program would take about four thousand 

bytes of memory. The most current generation of software 

is well over six thousand bytes. The complexity of the 

EAROM and underestimating the difficulty in driving the 

front panel expanded the program. As the program developed, 

new features were added that previously were not part of the 

product definition. 

The memory size was not a parameter because the pro¬ 

gram was allowed to grow to whatever form necessary. The 

main concern was execution time. A projected figure of 0.3 

seconds per run was considered good. After an experiment, 

the execution time was measured to be 0.26 seconds per run. 

This was well within the limits. 

The multi-run software met the required six run speci¬ 

fication with the twenty four bit accuracy. The array pro¬ 

cessing package is set to six runs, but is versatile enough 

to be expanded to a maximum of sixty four runs. The arith¬ 

metic package itself has the ususal round off errors that 

are generated by most calculators. The most precise live 

input to the PC-800 is the sixteen bit density meter's fre¬ 

quency to periodic time converter. This leaves a guard band 

of at least eight bits on this input and even more guard 

bits are available for the thirteen bit A/D converter. 

There is no need for concern about the roundofff error ever 

contaminating the live values. 

There were three changes made to the FC-800. equation 

set. Two of the changes allow the dialing in of the pipe 
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diameter, and orifice diameter. From these one can calcu¬ 

late the basic orifice factor fb and the pipe to orifice 

ratio 3. The third change allows the supercompressibility 

factor Z to be dynamically calculated, instead of being 

dialed in as a constant. 

The Reynolds factor, shown in Equation (14), has the 

factor from Table 5 of AGA3 called b. By entering in the 

orifice diameter d and the pipe diameter D, the pipe to ori¬ 

fice ratio is calculated as in Equation (1). This factor 

beta (3) plus two diameters may be used to calculate Table 

five b by using Equation (32) through (34) Inclusive. 

E = + 830 + 90032 - 50003 - 420033 Sq. (32) 
/D- 

K = 0.6035 + 0.38034 Eq. (33) 

b = 12835 K Eq* ^4) 

Where: b = "b” value used in Reynolds factor. 

3 = orifice to pipe diameter ratio. 

D = inside diameter of pipe in inches. 

This additional set of equations allows the user to 

deal with the more intuitive parameters of pipe and orifice 

diameters. This feature saves him to consume time looking 

up a value in a table. These equations are found in AGA3. 

When using the P and T correction formula to calculate 

specific gravity, as much as a three percent error existed 

at hight pressures. This was because the supercompressi- 
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bility factor "Z" was assumed constant and programmed into 

the EAROM. Mr. Klaus Zanker, the fluid flow engineer work¬ 

ing for J. Agar Instrumentation Ltd., provided an equation 

for dynamically calculating the Z factor. Mr. ZankerTs 

equation is a function of temperature and density. It Is 

shown as Equation (35). 

Z = 1 _{
6
5»3

61
*9_3 _ O.0768886}S 

Where: Z = supercompressability factor 

T = flowing temperature of fluid in °R 

6 = density of fluid in lbs./cu. ft. 

This equation is satisfactory up to 1000 PSIA and under 

some conditions be pushed 1500 PSIA. 

There were several features added to the FC-800 to 

make it more ergonamic for the user. Most of these changes 

are reflected in the front panel. A few of the more useful 

features will be highlighted. 

The RUN SELECT switch breaks down the system on a per 

run basis. Until now, only the volumetric flow total and 

energy flow total were available on the analog meter and 

integrated for the electromechanical counters. 

A TOTAL position has been added to the RUN SELECT 

switch that enables the total system mass flow rate, volu¬ 

metric flow rate and energy flow rate to be viewed on the 

LED numeric displays. 

Another useful parameter to view is the volumetric 

energy density measured in BTU/SCF. In the United States 
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most natural gas has a fixed value of 1035 BTU/SCF, and 

most contracts for the sale of natural gas are based on 

this value. This figure was made available as a position on 

the DISPLAY SELECT switch. 

The ENTRY SELECT switch has had more changes made to 

it than any other switch on the front panel. One of the 

more useful changes is the addition of an entry constant of 

temperature. The internal panel had a switch to select the 

source of the flowing temperature parameter. It would be 

either analog, 60°F or 40°F. The internal panel switch se¬ 

lects either analog or manual source for the temperature. 

In the manual position, the user is able to program into the 

EAROM a temperature that the user desires. 

An eighth thumbwheel switch was added to allow the 

placing of the decimal point of the number to be programmed. 

It was found that the decimal point thumbswitch was some¬ 

times confusing as to where the decimal point would actual¬ 

ly be placed. It was decided to add a blinking decimal 

point to the display. The blinking decimal is controlled 

by software and its poisition is determined by the current 

value of the decimal point thumbwheel switch. Two decimal 

points now appear on the LED display. One decimal point is 

on constantly and signifies the current location of the 

decimal, and the blinking decimal point signifies the loca¬ 

tion of the decimal point after EAROM programming. 

A new concept that Agar Instrumentation tried to in¬ 

troduce for flow switching was setting the limits on the 
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HILIMit LOLIMit relays on mass flow rate. This practice 

allows greater rangeability because it takes into account 

density fluctuations. This feature was incorporated into 

the prototype. After field testing, convention forced the 

design back to the standard way of flow switching on dif¬ 

ferential pressure. The HI/LO alarm relays are closed on a 

percent basis of differential head from the D.P. transmit¬ 

ters . 

There were about twenty-five software changes between 

the prototype FC-800 and the pre-production model. Most of 

the major changes have been described here and the remainder 

are transparent to the user. The FC-800 has remained basi¬ 

cally the same unit. The FC-800 is well accepted by the 

market for which it was designed. Overall, the FC-800 has 

met the design criteria that was established for it in the 

beginning. 
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Chapter X 

COMPARISON OP FINAL PRODUCT AND 
ORIGINAL DESIGN GOALS 



The natural gas Industry has been orifice metering 

since the turn of the century. Not until companies banded 

together to form an independent agency did the AGA develop 

a United States standard for orifice metering. This was the 

AGA 3 report. Because of the widespread usage and equipment 

invested in orifice metering, the gas industry was reluctant 

to change to a different style of metering. Pressure for a 

more accurate metering system plus a more equitable system 

lead to the AGA5 report for energy metering standards. By 

using a density meter in conjunction with an orifice plate 

that an accurate method of mass and volumetric flow measure¬ 

ment could be obtained. By adding specific gravity, the 

calorific value of the gas could be obtained. Metering by 

energy is a more equitable apprach to both vendor and user 

of natural gas. 

The AGA3 and 5 reports require a large amount of ar¬ 

ithmetic processing for conventional analog circuits or 

hardwired digital integrated circuits. Programmable calcu¬ 

lators or calculator chips for such processing were not fast 

enough for the desired thruput. This application called for 

a new breed of instrument. The microprocessor-based FC-800 

gas, energy and flow computer meets the applications of the 

natural gas industry. It calculates both the AGA3 and 5 

equations. It also acts as a process controller by provid¬ 

ing analog outputs for volumetric flow rate, energy flow 

rate and density. It provides contact closures for HI and 

LO limit alarm ranging. 
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The FC-800 does meet the needs of a widespread appli¬ 

cation. In the future different permutations and additions 

to the device will be developed in order to make it a more 

versatile instrument. A few of the additions will be in 

hardware but most of the changes involve only software. 

The concept of the FC-800 having multiple runs is 

available to increase the accuracy and rangeability of the 

orifice meter. Other applications are configured as one 

large pipeline will enter a metering station and exit as a 

manifold to several users that must be metered individually. 

Such a manifold would be a flow distribution system. For 

this application, a pair of electromechanical counters need 

to be allocated for each run. The real time interrupt in¬ 

tegration routine will be modified to integrate the volu¬ 

metric flow rate and energy flow rate on a per run basis. 

This will be sold as one of the options of the FC-800. 

A second option is the capability for having a separ¬ 

ate density meter dedicated to each orifice meter. This 

again would have separate flow totalizers for each run but 

would be for the purpose of mass balance processing. This 

application is one in which a chemical processing plant 

would have up to six individual process streams that need to 

be monitored and their flow used to control other parameters 

In the process. In this instance, none of the flow proces¬ 

ses need to be related in any way. In the past, all flows 

had some metered parameter in common. 

For the majority of the European Sales, a metric ver- 
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sion or a calculator using Standard International units 

would be needed. This version of the FC-800 would measure 

differential pressure In miltimeters of water or mercury, 

density in grams per liter and temperature in degrees Kélvin. 

The sums the FC-800 would produce would be mass flow rate in 

kilograms per hour, volumetric flow rate in liters per hour 

and energy flow rate in BTU's per hour or kilocalories per 

hour. The metric FC-800 will be available for all three 

types of metering options; flow splitting for increased ac¬ 

curacy, flow distribution and mass balance. 

A metering method that is becoming popular is the use 

of a turbine meter instead of an orifice meter. A turbine 

meter is based on the principle of a rotating propeller or 

turbine mounted in the flow to be measured. The blades 

spinning past a sensor provide a frequency that is propor¬ 

tional to flow rate. Unlike the orifice meter that follows 

a square root law, the turbine meter follows an "S" shaped 

frequency vs. flow curve much like a transistor's V vs. 
be 

IC curve. Most users work the turbine flow meter in the 

linear region. By a piecewise linear approximation of the 

'’S’1 curve, the turbine flow meter can well be used from 

threshhold, thru the linear region and partially into satur¬ 

ation. 

A turbine meter input for the FC-800 would be a use¬ 

ful addition. The same frequency to periodic time converter 

used for the density meter is directly applicable to turbine 

meter use. The software needs to be updated in order to in- 
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corporate the turbine meter law. 

When direct calorific value of a gas was desired, the 

investment would be made for an online calorimeter. A cal¬ 

orimeter gives a highly accurate energy valve of a gas and 

constantly adjust for rapidly varying impurities. Calori¬ 

meters are expensive and bulky instruments and a gas company 

would be unlikely to dispose of such an investment. A use¬ 

ful feature would be to provide an analog input to the 

PC-800 that would accept the online signal from a calori¬ 

meter. The analog calorimeter could extend the range of 

energy measurement of the FC-800 because Caldwell’s equation 

for energy computation is limited to a narrow variety of 

natural gases. 

An PC-800 option that will require a considerable a- 

mount of hardware and software development is the acoustic 

MODEM. The thought behind this option is that Motorola of¬ 

fers an asyncronus serial reciever/transmitter that is bus 

compatible with the M6800 architecture. They also manufac¬ 

ture a MODEM integrated circuit that can be attached to the 

serial interface. It is possible to give the FC-800 a MODEM 

board that allows it to be linked up to a host computer or 

central data gathering station via voice grade telephone 

lines. The MODEM feature enables the PC-800 to be located 

remotely at an un-manned metering station. The MODEM would 

send information such as volumetric flow rate or energy flow 

rate to a destination to the destination the information is 

required and can be processed. The major drawback is 
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choosing the proper communications system and handshaking 

format. There are already many data highways in use by 

telemetering companies and a small company cannot afford to 

develop a different system to be compatible with each tele¬ 

metering system. 

A serial interface, such as the MODEM, could be use¬ 

ful for diagnostic applications. There have been several 

portable terminals-in-a-briefcase developed and even a hand 

device held terminal is available. As more PC-800fs make 

their way into the field, such a terminal interface could 

be used in troubleshooting faulty PC-800's. 

It took one year from the time the author started on 

the FC-8OO project until the first working prototype was 

shipped. The work effort put into the project by Ron 

Schneider, myself, and other help involved about five man 

years. It should not be a reflection on the FC-800's com¬ 

plexity, because the system is physically small and fits in 

a nineteen inch rack. Until a few years ago, this task only 

could be accomplished by a minicomputer which occupied sev¬ 

eral times the space and cost in the tens of thousands of 

dollar price range. 

The PC-800 is a fully programmable computational sys-* 

tern attached to a real time data acquisition and processing 

system. The software can handle multiple precision arith¬ 

metic, arrays, input/output scaling and a real time inter¬ 

rupt. The hardware takes analog and digital inputs, prov- 

vides analog outputs and control pulses. It all fits in the 
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size of a suitcase and sells for the price of an economy- 

car. The PC-800 will truly have an impact on the natural 

gas industry. 
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APPENDIX 



March 3, 1976 

Dr. Edward A. Feustel 
Laboratory for Computer Science and Engineering 
Rice University 
Houston, Texas 77001 

Dear Dr. Feustel: 

This is tâ inform you that the work of your student, Mike 
Collins, is progressing well. We anticipate completing 
the working prototype of, the FC-800 dekatherm calculator 
at the end of March 1976. 

The work Mike is doing is not proprietary and can be 
published in thesis form. 

We wish Mike the best of luck towards the completion of 
his MSEE. 

Sincerely, 

Joram Agar 

JA/dm 

Ends: Our FCD-800 Specifications 

cc: Mike Collins 

167 



AGAR INSTRUMENTATION owns the copyright of Figures: 

1, 2, 3, 4, 5, 6, 7, 8, and 13, which is supplied In con¬ 

fidence and which must not be used for any other purpose 

other than for which it is supplied. These figures must not 

be reproduced without written permission from the owner. 
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