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SPIRAL READER CONTROL AND DATA ACQUISITION WITH PDP-4 

Jon D. Stedman 

University of California 
Lawrence Radiation Laboratory 

Berkeley, California 

November 1965 

ABSTRACT 

The Spiral Reader is a semi-automatic, film-digitiz1ng machine 

that is used by the Alvarez Peysics Group at the Lawrence Radiation 

Laboratory to measure photographs of elementary nuclear-particle 

interactions which are created in a hydrogen bubble chamber. This· 

Man-Machine-Canputer system has been mea·suring these event interactions 

at an average rate· of 75 per hour. This balanced combination of man 

and machine is the fastest overall measuring system in operation and 

has proven to be an excellent impedance match with the other analysis 
i ~ 

1 procedures eneountered in experimental bubble chamber peysics. 

A PDP-4 is used on-line in several capacities: as a controller 

of the machine 1 s servo mechanisms; as monitor and guide to the measuring 

procedure; and as a canputer that converts, checks and displays da~. 

The PDP-4 also serves off-line as a powerful diagnostic aid that has 

greatly simplified the checkout and maintenance of the Spiral Reader. 

. . ' 

.· 

.,.·: . 



.-• 

·: 

- 1 -

INI'RO:OOCTION 

The Spiral Reader is a semi-automatic, film~digitizing machine 

that is used by the Alvarez Physics Group at the La.vrence Radiation 

Laboratory, Berkeley, to measure phot~.!!_ of elementary nuclear

particle interactions which are crel'l.ted in a tvdrogen bubble chamh~!_· 

This statPJnent requires same explanation for tho~e persons uho ar~ not 

acquainted ~nth this specialized area of ~esearcP. 

One example of a hydrogen bubble charnber is the 72" chamber 

currently in use at Berkeley. This chamber 1a constructed of steel 

and glass and can be visualized as resembling a bath tub vhose interior 

dimensions are approximately 72 x 14 x 20 inches. A glass ldn.d.ow: 
i . 

is mounted on top of this chamber so that its interior can be pboto~ 

graphed. Inside· is liquid hydrogen at h:i.gh pressure and low temper .. 

ature. Surrounding the chamber are coils of a large magnet vhose 

18,000 gauss field causes moving charged particles traveling through 

. the chamber to be deflected into circular trajectories. 

Pulsea of high-energy nuclear particles produced at the Bevatron 

li are collimated and focused. so that they enter the hydrogen chamber at 

one end. With the pressure on the liquid hydrogen momentarily reduced, 

each charged particle of the beam passing through the chamber causes 

a wake of small bubbles along the length of its circular trajectory. 

These bubble tracks are clearly visible and are photographed to capture 

the fleeting evidence of the particle motion. 

'!.E:.r-==. cameras mounted above the 72 11 chamber, photograph e#"ic:h 

beam pulse that passes through the chamber. A roll of film with a 

capacity of 600 frames is threaded through the cameras in series, so 

that the stereo triplets will be on the aame physical piece of film. 

These bubble chamber pictures are taken at a rate of 6 fra.m.es/minute. 

During an opera ~ing year, same 4, 000 rolls of film are exposed. "!hese 

stereo photograPhs constitute the raw data that has to he analyzed. 
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Ocasionally, one of the beam particles makes a direct hit 

with the nucleus of a bydl"ogen atom. The result of this collision 

may be a simple ricochet or the production of numerous other particles 

which in turn produce their own tracks. Physicists are interested in 

the mechanism by which new particles are produced, and the bubble chamber 

is a basic tool for discovering them and studying their dynamic properties. 

!VtTA ANALYSIS PROCEOORES 

The first step in the analysis procedure is to scan each frame 

in order to locate , identifY, and record the occurrences of interacting 

beam particles. This task is performed by trained technicians who 
I 

scan magnified projections of this film and record the indicative data 

on each event that they find. This information forms the first history 

of each event and consists of such items as the roll and frame number , 

the type of event, and the approximate location of the event within the 

chamber. This data are punched into cards and used to update a master 

library file. 

The next step involves digitizing coordinate points along particle 

track images. These coordinates are used to compute such physical quan

tities as charge , energy, direction and range of particles involved in 

an interaction. This digitizing is done manually with the aid of measuring 

engines that record rectangular coordinates along the particle tracks 

with respect to the coordinates of known fiducial marks within the 

picture. A stereo reconstruction in three dimensional space of a 

particle track within the chamber can be computed from the rectangular 

coordinates measured along such a track in two corresponding stereo 

views of that track. 

The basic design of the measuring engines are those developed 

at Berkeley and known fondly as the Franckenstein. These machines, 
.~ 

complete with a ,.1pumber of elaborate automatic features are in the 

100,000 dolla~ , p~ice range, and are used to measure at a rate of 8 events 

per hour. with these rough figures, you can see that it requires ,, 
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a good number of these machines each with its own human operator to 

keep ·UP with the flood of film from the bubble chamber. The measuring 

phase of the analysis of the bubble chamber pictures is obviously a 

bottleneck in the system, and is due to the track oriented nature of 

the Franckenstein m~asuring procedure and the lack of sufficient 

automatic data handling and control. 

SIDIT-AlJrOMATIC MEASURING MA.CID:NE 

The Spira! Reader is a measuring machine whose design was 

motivated by the characteristic pattern of most bubble chamber events, 

that is, the particle tracks associated with an event appear to radiate 

from a central point of origin called the event vertex. Once centered 

on the vertex origin of an event, the SR scans the film along a spiral 

path starting at the vertex. The analogue signal generated from the 

phototube used to make this scan, is processed by a hybrid system of 

pulse discrimination circuitry. Only a select variety of pulses are 

filtered from the analogue signal. These pulses are used to strobe 

the current polar coordinates of the scanning element. In this way, 

all dark spots on the film that intersect the spiral scan became 

digitized into polar coordinates relative to the vertex origin. Hence, 

the SR is not limited in speed by the number of tracks associated with 

a vertex, thus overcoming the inherit limitation of track-by-track 

oriented mea~urir~ procedures. The Spiral Reader is a vertex-oriented 

measuring machine. 

It is apparent that the coordinate data resulting fran measuring 

an event with the SR contains points which do not lie on the tracks 

associated with the event. In order to canpute the space reconstruction 

of an event , it is necessary to filter the SR data in order to extract 
' only the desirel points associated with event tracks. This pattern 

recognition is, I, simple matter for the human mind, but .requires a very 

large and complicated Fortran program for an IBM 7094 computer. 
,. 

[ . . 
~i l ~ 

; l 
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The filtering program POOH exploits the fact that the event tracks 

start fran zero radius and are arcs of circles. If one examines a display 

graph of the polar data plotted in rectangular space w1 th the azimuth 

taken as the X-axis and the rad~al coordinate as the Y-axis, one can 

see that the desired track points are co-linear and extend down into 

the region of small radius. A histogram of the data in this region of 

small radius provides a powerful tecru1ique for localizing the desired 

track points. Once a track is roughly determined in this way, then 

very selective fitting criterion are sufficient to isolate the remaining 

length of the track . For the case of very short tracks, this procedure 

is not adequate. In this case, the operator who is using the SR 

furnishes some additional data points called "crutch points" that aid 

the POOH program in filtering short and/or coP1using tracks. 

Even though the Spiral Reader's operational debut dates back 

many years to 1960, it has been limping along since that time held 

together by circumstance. Once a vertex could be centered, the SR 

made quick work of it, but the numerous manual steps intervening were 

too complicated to pe .performed by an operator quickly and reliably. 

Hence, whenever the SR could be made to operate at all, its performance 

was .a disappointing 15 events/hour. It was the awkward nature of 

controlling and sequencing the Spiral Reader that proved to be its 

Achilles heel! 

SPIRAL READER AND PDP-4 

In May 1964, a plan was developed whereby a PDP-4 computer vould 

become a controller of the sequencing and mechanical movements of the 

periscope, stage, and film drive mechanisms of the SR. Implementing 

this new system )required the design and development of the lOgical 
· .. 

it 
interfacing cireui try that would allow the computer to become a part 

of the SR devic@ servo loops. This design involved the planning of 
~· 

the control t~; instructions needed for the mechanical devices and 
''\ 

balancing the "trRdeoffs between software programming and hardware logic. 

' I 

~· ~ 
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Same of the more important design objectives were as follows: 

All devices should have a manual control and COI'D.J?uter 

control mode. 

All devices should have identical hardware with similar 

control characteristics. 

All devices should have mechanical and electronic 

interlock protection. 

The SR system can be seen in the following diagram which shows 

the optical and physical layout .of the devices as well as the communi

cation and control interconnections. The various devices are listed 

below for reference. 

1 . Film' motion and frame selection control 

2. Stage motion control and position readout 

3. Periscope motion control and SR data input channel 

4. Magnetic tape data output channel 

5. Operator console control buttons 

6. Auto-fiducial sensing elements 

7. Scope display channel 

The SR also makes operational use of the standard teletype and paper

tape reader. 

Most of the devices of the SR listed above can be treated 

essentially the same by the programs residing within the computer, 

Each device has associated with it a status register· which contains 

information bits that indicate the current status of the particular 

device. Several of the status bits are tied into the interrupt facility 

of the computer ,to allow real-time pzocessing of the device conditions 

by the controller. 

'· :-
1.;. 
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STAGE MCY.riON CON.rROL WITH PDP-4 

I will describe the stage motion device in same detail, because 

it is typical of all the devices and also because the human operation 

of this device through the use of the manual SPEED BALL illustrates 

the importance of man-machine interaction. 

The X and Y motions of the stage are two independent devices 

but are controlled jointly as a single logical operation. The Y stage 

is mounted on a ground support and moves in one direction. The X stage 

is mounted upon the Y stage and moves perpendicular to the Y motion. 

The illustration of the system shows only the X component for simplicity. 
l 

The X stage is driven by a DC motor Whose signal is derived from 

either a digital-to-analogue converter in computer control mode or 

fran a signal converted fran an integrator wheel on the SPEED BALL in 

the manual control mode. The control mode may be switched by either 

the operator or the computer. The X stage motion is limited at both 

ends by mechanical stops and is sensed electronic~lly by micro-switches 

whose status is connected to the X stage status register. The current 

position of the X stage is held in an up-down scaler that is fed counting 

pulses from the Ferranti direct:f.on logic. The lover part of the X status 

register holds the digital velocity loaded by the control program. 

The arrows interconnecting the four registers indicate the simple 

register transf~rs effected by the corresponding canputer instructions. 
' 

With these few 7nstructions, a canputer program can control the. 

positioning of the stage to any pre-determined point. 

A flowchart of the stage motion control subroutine POST shows 

the simple logid required to position the stage to the coordinates 
t ., 

specified by t~ parameters XPOP ,YPOP. After setting the appropriate 

control switch ~o automatic, and reading the current position of the 

stage, the progl-am computes the remaining distance to its destination, 

loads the com~;r.ed velocity into the stage stat~s register, and monitors 

continuously thi current position versus the destination and reduces 
~!" 
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the velocity appropriately a.s the remaining distance becomes smaller. 

In this way the subroutine loops until the stage is within a given 

tolerance of the desired position. The effectiveness of this system 

greatly enhances the speed of operation by performing automatically 

the gross positioning of the stage and at the same time providing 

visual guidance to the operator. This will be seen more clearly 

from the real-time movie of the SR during production operation. The 

SPEED BALL provides the operator with positive finger tip control for 

fine positioning of a vertex under the crosshair. By giving the BALL 

a hard push to start it spinning, the operator can direct the stage to 

more distant points. For each quantum of rotation that the ball spins 

along the X integrator wheel, a quantum of charge is added to the 

ca}:ecitor memory. For each quantum of motion that the X stage moves, 

a quantum of charge is subtracted from the capacitor. Hence, the total 

charge on the capacitor produces a voltage whose magnitude and sign 

provides a DC signal to control the X stage motor. 

MEASUREMENr CONI'ROL PROORAM 

The following flowchart is a simplified fonn of the general 

operating control program~· The sequence: of steps shown are 

those encountered while measuring single vertex events. Observe that 

the process is mostly serial and hence there are only a few places 

where effective overlapping of functions is necessary. This happy 

circumstance simplifies the trap supervisor and avoids the need for 

elegant parallel operations . 

After the control program ACORN has been loaded, some initial 

constants such as the date, operator number, roll number, and current 
'·· 

frame position niust be entered through the teletype. The measurement 

control tape is ~read to obtain the indicative information for the next 

event that cons~sts of frame number, and the rough coordinates of the 
., 

event as well i.:~s the event type. While the program is moving the film 

to the specifiJ.~ frame, the indicative data is typed out to the operator. 
" ·'j· 

Unless otherw!s~ notified by control button, the computer assumes that 

the frame is pG~itioned correctly and proceeds to scan for the auto

fiducial marks. 
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Auto-fiducial marks are scanned by moving the stage such that the 

large fiducial marks pass under photo detecting slits that are slanted 

so that they are most sensitive to these fiducial marks. Interrupts 

from these photo detecting slit~ cause the program to store away the 

current stage position. From this data, the program attempts to isolate 

the location of the fiducial marks by testing the data for correct 

fiducial separations. If the computed fiducial does not pass the con

sistency checks, then the program will position the fiducial in question 

under the crosshair and request the operator to center accurately with 

the SPEED BALL. 

If the film quality is poor, the auto-fiducial sequence is not 

very successful. The control program can be instructed to delete this 
I 

procedure from the sequence and the program will revert to positioning 

the fiducials for the manual measurement. Since the frame positioning 

is approximately the same from one frame to the next, the program remembers 

the previous location of the manual fiducials and thereby aids the operator 

in the rough positioning of the fiducial marks. Measuring the fiducial 

marks consumes about 1/3 of the total measuring time and hence has been 

an important area for automated techniques. Auto-fiducials are measured 

in 7 seconds compared with 15 seconds required by the operator. 

After the six fiducial marks have been measured, the computer 

drives the stage to the approximate position of the event to be measured, 

thus visually instructing the operator to center the vertex under the 

crosshair . The operator confirms that the event has been centered by 

pressing the measure control button. The computer then reads the position 

of the vertex, enables the data-break channel to accept data from the 

pulse height detector logic, and instructs the periscope to commence . 
its spiral scan.\ The computer monitors the progress of the data input 

.' 

and performs ref~nnating, checking, and conversion from gray code to binary 

· as the data is being collected. If any error conditions are detected 

at this time, .s \Ich as pulse height drift, angle scaler check, or insuffi
!f ' ~: 

cient data rate .»' a note to that effect is typed to the operator and 

usually the ptogram is re-cycled to make another scan on the vertex. 
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If crutch points are deemed necessary by the operator, he moves 

the stage via the SPEED BALL to the end point of short tracks and presses 

"crutch point button". The program records these single points and 

appends this data to the spiral scan data. During this period in which 

crutch points may be ~ken, the spiral scan data is displayed on a scope 

so that the operator can see the quality and quantity of the vertex 

digitization. (This provides another powerful diagnostic check that 

the electronics is working correctly.) The vertex data and crutch 

points are written onto magnetic tape whenever the operator pushes 

the "advance button". 

The advance button also signals the completion of that view and 

the computer proceeds to change to the next view and position the cross-' . 

hair near the vertex of the current event in that view. This measuring 

cycle continues through all three views and is complete on the third view. 

The computer then reads the next event information from the measurement 

control tape and starts to advance the film to the desired next frame 

by counting each frame as it passes. 

The timing breakdown for the SR measuring sequence is as follovs: 

15 seconds for fiducial measurements 

15 seconds for vertex measurements 

15 seconds for the film positioning, indicative data 

and miscellaneous. 

Our operators have been measuring with the SR at an average rate of 

75 events per hour. 

The cost of building another SR system is approximately 200,000 

dollars which irtcludes the PDP-4 computer. Comparing these figures 

with the rough cost and performance figures of the traditional 

Franckenstein system, we conclude that one operator with one Spiral 

Reader can measJre at a rate equivalent to 10 operators with 10 

Franckensteins. 
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MAINTENANCE AND CHECKour WITH PDP-4 

Since the addition of the PDP-4 computer to the Spiral Reader 

system, the maintenance problem has steadily improved. There are 

several reasons for this. First, the re-design of the various electronic 

control devices has led to mass replacement of old transistors. 

Second, the modular nature of the design which relies on the PDP-4 

as a controller has reduced the amount of hardware logic. A significant 

result of these innovations is that our electronic technicians have 

learned to use the computer as a debugging tool. Using same standard 

test programs and applying their programming skills with DDT, they can 

isolate most malfunctions to a single circuit board without conducting 

signal tracing. 

* For some years B. C. , there was no effective way of checking 

the reliability of the data produced by the Spiral Reader's hybrid pulse

discrimination circuitry. Same important systematic errors were dis

covered when the data were checked with the aid of the computer and 

displayed for visual inspection. For example, it was discovered that hot 

air currents from the projection lamps were passing around the projection 

lens and causing subtle image distortions. This effect was first seen 

on the display scope when the track data near the vertex \IRS magnified 

with the on-line control of an elegant display program. It required the 

on-line capability to uncover the defect and the genius of a man to recog

nize the cause! 

f! f, '1 

* Before Comptr"r 
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CONCLUSIONS 

It must follow from what I have said so far that if one wants to 

build a better mouse trap, then one had better automate it With an 

on-line computer. This bas certainly been the case for the Spiral 

Reader. This balanced combination of man and machine is the fastest 

overall measuring system in operation and has proven to be an excellent 

impedance match with the other data-analysis procedures encountered in 

bubble chamber physics. Considering the low cost of this system, 

other universities, wanting to break into the big time by discovering 

"new particles", might do well to study. this scheme. 
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