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Abstract 

LBL-4138 

A microcomputer system based on the Intel 8008 microprocessor 

has been .developed to perform real-time, on-line data acquisition 

and analysis of gas chromatographic data, and to control sampling 

and operation of the gas chromatograph. Real-time analysis is 

achieved by the novel method of interleaving subprograms for the 

sequential data acquisition and reduction steps, thereby minimizing 

memory requirements. The system contaiils a real-time clock for signal 

timing,and interfaces to a teletype and digital volt meter. A 

digital-to-analog converter is used to control the temperature of 

the gas chromatographic column, while a matrix of relays is able to 

actuate sampling values. 
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Introduction · 

During the past twenty years the gas chromatograph has rapidly 

evolved as an analytical device for the chemical industry. Since 

the development of the computer, many efforts have been made to 

automatically control the operation of .the gas chromatograph, and 

to analyze and reduce.gas chromatographic data~ Improving on the 

rather primitive manual integration techniques, specialized 

instrumentation has been developed, such as electronic, analog or 

hybrid integrators [1], and large-scale digital computer-based 

analyzers [2]. While the former methods are typically low cost, they , 

are limited in performance and are inflexible instruments 13]. The 

latter method encompasses a wide variety of conceptual approaches 

and systems; most of which are costly in terms of the computer system 

required {4]. 

The off-line approach to data analysis (i.e., storing data in a 

digital compatible media for later analysis by a computer program) 

has been widely used due to its relative low cost. and operational 

simplicity. However, while the availability of large-scale computers 

generally allows easy-to-develop, algorithmically sophisticated 

data reduction programs [5], the time delay involved before results 

become available often necessitates costly reconstruction of experiments; 

the delays are intolerable in process-control applications of gas 

chromatographic analysis. The impossibility of using off-line 

data reduction in interactive monitoring and control applications of 

gas chromatography is an inherent limitation of this approach. 
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The only other analytical improvement in gas chromatographic 

science since the late 1960's has been the introduction of the 

mini - or medium scale, dedicated computer for on-line control and 

background data analysis. The minicomputer is characterized by 

high performance and multichannel capability, but also by a prohibitive 

cost. These features limit this aJ>proach to large laboratory or 

industry applications. The cost of on-line analytical facilities 

for gas chromatography has been reduced in the last five years by 

new minicomputer-based systems [6,7], characterized by a lower 

cost and an automatic reporting facility. Some newsystems even 

' have capabilities for multichannel expansions [8]. 

Currently, a significant advance in gas chromatographic science 

is now made feasible by the recent improvements in large-scale 

integrated circuit technology, whereby it is now possible to produce. 

a sophisticated signal processing circuit on a single silicon chip -

a microprocessor. Microprocessor technology has-reached the point 

where it is possible to develop microcomputer systems with the 

performance range of existing minicomputer-based instruments, but 

in the cost. range of the limited, hardwired process controllers. 

This new approac~ promises to efficiently solve the gas chromatograph 

automation problem even for the small laboratories. Microcomputers 

have the advantages of high reliability, a high noise immmunity, 

small size and power requirements and continuous, dedicated service. 

The authors have developed a bus-oriented, modular microcomputer 

built around the INTEL 8008 microprocessor for real-time, on-line 

gas chromatographic data analysis and also for sampling 



0 0 .:' ~ 0 0 0 6 

-3-

control. It is appropriate to point out that, while all the alternative 

systems referenced above operate in ·two logically different steps -

on-line (or foreground) data logging on later (or background) data 

reduction -- the authors tried a completely different approach. 

Data acquisition and reduction·are both performed in real-time under 

software control, avoiding the storage of nearly all of the gas 

chromatographic data. Furthermore, the flexible, interface-oriented 

architecture of this microcomputer systemallowed another significant 

achievement in gas chromatograph instrumentation, until now featured 

only in the more sophisticated and expensive systems •. This is 

the totally automated operation of the gas chromatograph~ inclu~ing 

the sampling procedure, the control of the column temper~ture as a 

function of time, and data reduction. 

This article describes the microcomputer system, both from 

the hardware and software points of view. A comparison of results 

with a conventional off-line-analysis program is presented and easy-

to-achieve system improvements, such as critically mergedpeak 

resolution, are discussed. 

The Microcomputer System 

A microcomputer system based on the Intel 8008 microprocessor 

was constructed using the bin-oriented modular appoached developed 

at the Lawrence Livermore Laboratory [9]. In this system, logic 

cards supporting integrated circuits are connected together by a 

fourteen-wire bus controlling input, output, memory storage and 

timing functions. The modular approach is ideal for trouble-shooting 
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and for adaptability to different processes. 

The overall microcomputer system for gas chromatography is 

shown schematically in Fig. 1. Special-purpose circuits were 

constructed for the present application. These include a real-time 

clock, a digital voltmeter (DVM) interface, a process-control signal 

latch, and control relay circuits. In addition, the system contains 

standard circuits for data output to a teletype, digital-to-analog 

conversion and analog multiplexing. The interface modules are shown 

in Fig. 2. 

A special-purpose operating system was developed for the system 

to facilitate software programming and. data acquisition [10]. The 

operating system contains an interactive teletype monitor, and 

incorporates useful features such as an automatic breakpoint facility 
I • 

which saves the program.status in a push-pop memory stack. Also a 

Floating Point mathematical package (FPP) [11] makes possible 24-bit, 

binary floating-point arithmetic, including square root. 

Due to the low time constants involved in the gas chromatographic 

control and analytical processes, even a relatively slow 8-bit 

microprocessor such as the Intel 8008 is able to control the gas chroma-

tograph column temperature in a wide variety of preprogrammed, 

discrete functions. The system can perform real-time statistical 

analysis, can tolerate a_ noisy input signal,_ and can. correct for 

baseline drift. The program automatically detects the peak-

starting condition, computes the integral of the peak area, using 

traperoidal rule, identifies the maximum of each peak, and has 
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facilities for detecting different end...,of-peak conditions. Following 

each peak a report of the results of the analysis are printed on a 

teletype, and (optionally) a graph of the input signal can be produced, 

avoiding the necessity of a strip chest recorder. 

The System Components 

The heart of the :system is an Intel 8008, 1-chip microprocessor 

organized on three 5 by 3 1/2 inch printed circuit boards. A diode 

restart board allows easy recovery from default conditions and 

for initializing the system program. The expandable, 21-slot bin 

contains special connectors which are wire-wrapped to provide blocks 

for similar cards such a programmable read-only-to memory (PROM), 

random-access memory (RAM), and input-output circuits. In the present 

configuration, the microprocessor can directly access 66 pages 

(256 8-bit bytes each) of RAM or PROM in any combination, eight input, 

and eight output ports, each of eight bits. A typical interface 

circuit fits on a standard board. Special circuits of the microcomputer 

system are summarized in Table I. The memory allocations for the 

control programs described are summarized in Table Il. 

The entire system is contained in a one-foot cubed aluminum 

cabinet containing the microcomputer bin, power supplies, the digital 

voltmeter (Newport 2000 S/B) and 8 LED indicators to monitor the 

status of the control relays. Control relays are located in two 

remote connection boxes for automatic control of the sampling values · 

of the gas chromatograph. Control of the chromatographic column is 

achieved with a temperature controller-amplifier, which is driven 
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Table I 

Special Circuits of· the Microcomputer System 
for Gas Chromatography 

Serial asynchronous transmitter-receiver interface 

Digital voltmeter interface (4 1/2 digits) 

Solid-state de relay interface (24 relays) 

Solid-state ac power relays (2 relays) 

Resettable real-time clock, binary, 8-bits 

Digital-to analog converter (DAC), 12-bits, with .5 ~s settling 

time and a .± lOV output range. 

Push-Pop memory stack for register storage at breakpoints (16 byte) 
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Table II 

Program Features of the Microcomputer System 
for Gas Chromatography 

Memory Total Memory 
Sub-Program Storage Occupancy (bytes) Location (page) 

Restart and breakpoints PROM 256 0 

Operating System PROM 1024 30-33 

Floating-Point Mathematics PROM 1536 11-16 

Gas Chromatography PROM 1024 4-7 

Data St~rage RAM 256 10 

· Plotter routines RAM 256 37 

Main Control Program RAM 1024 17,34-36 
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by the digital-to-a'nalog converter outputand'regulates the power to 

be supplied to the column heater. An electrometer ~mplifier is 

used to amplify the gas chromatograph detector output. Finally a 

model ASR-33 teletype is used to control input and data output, 

as well as for software development. 

Software and Algorithms 

The floating-point package (FPP) allowed the performance of 

relatively sophisticated data reductions with floating point accuracy 

-3 {<2Xl0 %) at some reduction in computational speed. 

Nevertheless, the relatively slow 8008 CPU (20 ]Jsec./cycle) could 

sample and process data at a rate up to 2 samples per second even 

with statistical subroutines in operation. However, the newer 

Intel 8080 microprocessor (2 ]Jsec cycleand "upward compatible" 

with the 8008 at the source code level) could run the same software 

10 times faster. 

In addition to the operating system and floating point 

mathematics subroutines, a set of flexible, easy-to-sequence 

subroutines was developed and stored in PROM. These subroutines 

constitute the Gas chromatography Package (GCP). The GCP includes sub-

routines to perform on-line data acquisition from the DVM at a prede-

termined sampling rate controlled by the Real-time Clock, and to 

perform real-time statistical analysis and data reduction. Other 

routines provide the temperature control algorithms and a spe·cial 

. plot program to graph the chromatogram on a teletype printer. 
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The main program, stored. in RAM for greater flexibility, 

provides the appropriate su])routine sequencing for different 

alternative run conditions. The basic logic of the main control 

program is shown in Fig. 3. In each computational cycle a new 

sample is acquired in BCO format from the DVM. It is then 

converted into ASCII-code and then i1;1to floating-point representation. 

The details are shown in Fig. 4. When the programis first started 

a certain number of samples, COUNT, was acquired, after.which each 

new sample (x ) was compared to the average 
n 

(x) and standard 

deviation (cr) of the last samples. If the condition 

x >x+2cr 
n 

(1) 

was met, a traperoidal·integration subroutine was started, beginning 

at the sample X 
n-1 

(START). Otherwise new x and 0' values were 

computed including x , to establish a moving statistical window 
n· 

with a sample number denoted by WINDOW. The size of this sample 

number was kept low to avoid excessive errors due to a declining or 

rising base line. 

One interesting feature of this start-of-peak test is its 

implicit noise-compensation property. If the input signal noise increases, 

then the admissible dynamic band <x ± 2cr> for the next sample X 
n 

is increased. A smaller start-of-peak admissible dynamic band criterion 

is set by a low-noise signal. 

The program operation with a typical gas-chromatogram is shown 

in Fig. 5. The first COUNT samples were acquired without testing for 
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the start-of-peak condition to compensate for any abnormality of the 

first samples, and to provide some statistical inertia in high noise 

environment. To avoid unwanted program instability or lack of small-

peak detection; it was found that the sampling rate should be preset 

to a value related with the temperature slope of the heater and the 

expected noise~characteristics of the signal. A 1-byte program 

variable (FILTR) was introduced for this· purpose, to be· set by the 

initialization routine and to act as the time constant of a software . 

filter. 

When the ~tegration was started, the last value x was 

saved in memory. The program then began to check for the peak maximum. 

Following the peak maximum, the program tested for one of the following 

end-of-peak conditions, (i) nonnegative slope 

X >X n - n-2 
(2) 

or (ii) base-line intersection and minimum slope (MSLOP), 

[ (xn < x + 20') and (xn_2 - Xn,) < MSLOP] • (3) 

Note that all the tests were performed with digitized, non-contiguous . . 

samples to improve the noise-immunity of the algorithms. 

The temperature control algorithm could be reset following any 

gas-chromatogram peak, or at any time anew sample was obtained, 

(i.e., in synchronism with the real time clock) and was able to send 

any piece-wise linear function to the set-point input of the temperature 

controller. Following each new sample input from the DVM, a new 
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set-point value was sent to the DAC. The s~t-point increment and 

the sampling rates determined the temperature-ramp slope. The 

data required for establishing the temperature ramp slope was stored 

·in RAM memory and accessed after: each successive end-of-peak 

condition. The duration of each ramp segment was automatically 

set by the actual peak duration and was maintained until the end-of-run 

condition was satisfied. 

More sophisticated software could be developed to program the 

column temperature, and even direct-digital, closed-loop control 

of the column temperature is possible with the present system [12]. 

Experimental 

The microcomputer system was experimentally tested in separate 

process-control and analytical studies. The program:behavior was 

throughly tested both by manual input using a special simulation 

routine and by on-line input to the DVM. The accuracy of chromatographic 

peak integrati6n was studied with propane-helium and cyclopropane-

propane-helium mixtures with known concentrations •. 

Chromatograms were produced with a Bec1anan.GC-2A gas chromatograph 

with a thermal conductivity detector, whose 0-1 mV output was amplified 

with an extremely stable, high-impedence differential amplifier. The 

amplified signal was digitized by a 4 1/2-digit digital voltmeter 

with BCD output. Peak integrals were obtained with the gas chromate-

graphic subprogram, with a normalization factor of unity. The number 

of data points used in the moving statistical window was 16. 
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Comparison with'off-line digital integration was achieved by 

utilizing the method of Hegedus and Peterson I5], in which the 

chromatogram is punched on paper tape and input to a digital 

computer (SCS-9.10 or CDC-6400). In this method the chromatographic 

data is first smoothed by fitting a cubic equation to groups of 9 

data points, then integrated by Simpson's integration formula, with 

the integration-start condition given by Eq. 1, ·and the integration

end condition set at the baseline tangency point. 

Results and Discussion 

The tests performed showed that the peak area measured by real

time microcomputer analysis was sensitive to the statistical criteria 

used whenever the baseline drift was much larger than the standard 

deviation of the baseline noise. In many runs the entire digital 

data set was recorded by one of two methods, either by storing the 

data report in .memory for print-out following the run, or by decreasing 

the sample rate below 2 Hz • 

An exemplary print-out in graphical form is shown in Fig. 6. The 

character "I" is printed after each data point during the integration 

routine to defin~ the. range of the detected peak. Following the plot, 

a summary of output data is printed. The printing of a statistical 

summary for the integral or for data points preceeding the integral 

is optional. An example of the latter is shown in Table II. 

The results of the integration of gas chromatographic data are 

summarized in Table III for propane-helium mixtures. The results show 

that the present microcomputer integration algorithm gives integrals 
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which are <0.6% lower than those calculated by off-line computer 

analysis with data smoothing for all samples where the peak area is 

much larger than the root~mean square integrated base-line noise 

(denoted by Integral Noise in Table IV). Both the microcomputer 

algorithm and the off-line program are susceptible to interpreting noise 

peaks as real data, a problem which can be overcome by ·input filtering. 

The differences can be attributed partly to the methods used 

to detect the integral end-point. In the off-line program with data 

smoothing, the base-lipe is computed from the tangent fitted to the 

smoothed data, whereas in the present microcomputer algorithm the 

integration is terminated at the first data point where the MSLOP 

condition is met. 

This end-point condition introduces an error of approximately . . ,, 
half the integral noise, shown in Table IV, or approximately <0.08%. 

A significantly larger error is introduced as round-off error by 

the present floating point mathematics subroutines. The sample 

data summary in Table III shows that the round-off error for the 

conversion frol!lBCD to floating point representation is ~?proximately 

~-0.01%. Consequently, the accumulated error for 100 data points 

can be as large as 1%. · This source of error can be significantly 

reduced by extending the mathematics routines to handle triple-

precision floating point data, at a nominal sacrifice in computation 

speed. 

The detection of noise peaks as real data can be avoided by 

several means. The microcomputer program could .be easily modified 

to ignore peaks with area less than a minimum fixed value. 

\ 
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Table III 

Statistical Print-out of a Noise Peak 

Running Running 
Sample (mV) Mean (mV) Standard.Dev (mV)· . ' 

0.005 4.9996E-03 

. 0.004 4.4995E-03 5.0061E-04 

0.003 3.9996E-03 8.1689E-04 

0.003 3.7496E-03 8.2915E-04 

0.002 3.3996E-03 1.0201E-03 

0.002 3.1662E-03 1. 06 7 2E:-03 

0.002 2.9996E-03 1.0691E-03 

0.005 3.2496E-03 1.0672E-03 

0.005 3.4439E-03 1.2572E-03 

o.oo6 
>. 

0.005 

0.004 

0.004 

0.004 3.9996E-03 

0.005 4.4995E-03 5:oo6IE-04 

Summary:. 

Integral = 5.6105E-03 
- i 

Start = 9.0000E-00 I 

Max = l.lOOOE-01 

Stop = 1. 3000E-Ol 

Scale = l.OOOOE-00 



Table IV 

Comparison of Analytical Results 

Real-Time Microcomputer Analysis Off-Line Analysis 

Propane Standard Deviation of Integral Peak· Standard Dev. Peak 
Injected Baseline Noise Noise Area of Smoothed Baseline Area 

(Jlmol) (mV) ~mV-s~ "(mv:..s) Noise ~mV) (mV-s) 

856.19 5.99Xl0-4 • . 0.047 109.740 
.····. -4 

3.69Xl0 · 110.075 . 

369.77 7.03Xl0-4 0.056 109.980 3. 34Xl0-4 · 110.658 
: 

321.93 1.51Xl0-3 0.071 40.852 3.69Xl0-4 40.958 

0.20 8.80Xl0-4 0.004 0.003 3.69Xl0-4 0.196 

0.10 5.78Xl0-4 0.004 0.009 3.69Xl0-4 0._010 

Noise 8.17xl0-4 0.003 Not Detected 3.69Xl0-4 - 0.014 

Noise 5.54Xl0-4 0.002 0.007 J.J4Xl0-4 Not Detected 

;.·· 

· .. 

Difference 
(mV-s)' 

0.335 

. 0.678 

0.106 

0.192 

0.010 

O.Oi4 

.0.007 

I 

·o 
c 

·''"' 
···~.--:7 

!"""·: 

""""' 
..t::.. 

~'' 

c, 

~ 0 
I 

0 

..0 

~· '~ ~~ 
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A better way to improve the noise-immunity of the algorithm is 

to apply to the input data a digital filtering technique. The 

order of the filter should be maintained as low as possible to 

avoid computational complexity. One example of digital filtering 

with an 8-bit microcomputer is gi~en by Seim {12]. 

A critical limitation of the present microcomputer arises from 

the simplified end-of-peak conditions currently in use. The routines 

are not able to handle efficiently several possible chromatogram 

peak shapes. In particular the merged-and trailing-peak resolution is 

not presently available by real-time algorithms. This is not necessarily 

an inherent limitation of the real-time approach and could be 

overcome by some additional software development. For example a 

nonnegative slope encountered after a first maximum is reached, causes a 

normal end-of-peak condition in the present program. 'Therefore, a 

special routine should be included to apply a drop line separation 

between the merged peaks. MOre complex algori~ (such as pre

programmed tangent slope tests).are necessary to resolve trailing peaks 

by "tangent skimming" [3,13]. 

Finally, it should be noted that the system as presently 

developed is able.to simultaneously analyze and control several 

gas chromatographs. The software and hardware are both suitable for 

multichannel expansion. 

i
i 
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Conclusion 

An on-line microcomputer approach to the problem of automatic 

analysis and control of gas chromatography have been described in 

this paper, and a prot9type system has been shown to give peak 

areas in good agreement ·with off-line analytical methods using data 

smoothing. 

The flexibility of the bus-oriented microcomputer system described 

was found to facilitate the special purpose hardware implemented 

such as input-output interfaces, process control latch and real time 

clock. Software developments such as the operating systemand the 

floating point mathematics package have ·made possible this application. 

More sophisticated and powerful software and hardware configuration 

have be.en proposed to improve the existing system and to widen its 

applicability to small-size analytical laboratories. 

The continuing advances in the microelectronics technology and 

microprocessor architecture toward lowering the cost but increasing 

the size and the sophistication of system components holds promise 

for expanded future feasibility of the microcomputers in a wide 

variety of chemical.processes analysis and control applications. 
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Fig. 1. Microcomputer system and peripheral equipment for analysis 

and control of gas chromatographs. 

Fig. 2. Interface boards developed for the G.C. system: a) DAC, 

b) Real time clock,. c) Relays control interface, d) DVM interface. 

Fig. 3. · ·Schematic flowchart of real-time progr~m for analysis and 

co.ntrol of gas chromatographs. 

Fig. 4. Detail of "Get a sample" block in Fig. 3. 

Fig. 5. Typical G. C. peak processing. 

Fig. 6. Sample plot output and report. 
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XBB 7510-72 33 

Fig. 2. Inter face boards developed for the G. C. system: 
(a) DAC, (b) real t ime clock, (c) relays control 
interface, (d) DVM interface; 
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Initialization: 
Clear RAM for data storage. 

Set sampling rate, statistical parameters·, 
and slopes and temperature functions. 

Get a sample (see Fig. 5). 

Compute mean and standard 
deviation of last n samples. 

{n ~ 16) 

No.· 

Step Integration. 

Test for Maximum. 

Yes 

Correct integral for baseline skew -· 
and scale factor. 

Output results on TTY. 

No 

Fig. 3. Schematic flowchart of real-time program for analysis and 

control of gas chromatographs. 
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Increment counter N • 

No 

Yes 

Set new temperature on DAC. 

Convert DVM data with ASCII. 

Output to teletype (Plot) 
{optional) 

Convert ASCII to floating point. . 

Return 

Fig .. 4. ·Detail of "Get a sample" block in Fig. 3. 

~-··· : . 
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Fig. 5. Typical G. C. peak processing. 
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Fig. 6. Sample plot output and report. 
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..---------LEGAL NOTICE-----------. 

This report was prepared as an account of work sponsored by the 
United States Government. Neither the United States nor the United 
States Energy Research and Development Administration, nor any of 
their employees, nor any of their contractors, subcontractors, or 
their employees, makes any warranty, express or implied, or assumes 
any legal liability or responsibility for the accuracy, completeness 
or usefulness of any information, apparatus, product or process 
disclosed, or represents that its use would not infringe privately 
owned rights. 
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