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A great deal of difficulty has been encountered in attempts
to plot the characteristics (switching time as a function of
driving currents) of thin magnetic films. If the driving
earrent rise time is too fast, the film output is hidden by
noise due to inductive pickup. If the rise time is very slow,
the film switches noiselessly, but the switching time is slowed

down, and the results obtained may not be too meaningful. In
an effort to overcome this latter difficulty, an equation has
been developed that relates the effective driving current rise
time, the observed switching time, and the switching
time, T, that would occur if a current step were applied. The

It issequation is valid only if qT, > T

TTe
Cos j

When a test is run on a magnetic sample, T, and T can 'be

readily measured. It is then a simple task to compute T,
with the aid of the accompanying graph of this equation. The

above equation was devived with the aid of only one assumptionr=
that when a current step is applied, the voltage output
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waveshape is a half sine wave. This assumption is shown to

be reasonable.

Data is taken for two types of ferrite cores, one metallic
tape core, and one thin magnetic film In all cases, the

results seem to uphold the equation stated previously.
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I. INTRODUCTION:

In his thesis, H.K. Rising! has demonstrated that "the instant-
aneous voltage output of a (magnetic) core (with a rectangular hysteresis
loop) is a function only of the instantaneous net drive and the instant-
aneous flux state of the core®. Rising took photographs of core outputs
for several methods of excitation: he applied a smooth current step to
the core and obtained a given voltage waveshape; he obtained the same

voltage waveshape even when he applied a serrated current step of the
same amplitude. No matter how wide the pulses were spaced when the
serrated current was applied, the output voltage waveshape was unchanged.

From these results, Rising concluded that for any core, the plot
of normalized voltage as a function of normalized flux is fixed. He

proceeded to draw this normalized curve, and he found that it could be

approximated very well by any one of three very simple algebraic express-
ions. He then employed one of these approximations in order to obtain
the output voltage of a core for any arbitrary input current. Unfortun-
ately, his result is complicated and would be difficult to use in an

attempt to compute the switching time of a core for a given current.

An attempt to plot the characteristics of thin magnetic films
(switching time as a function of driving currents) has proven to be very
difficult. When the rise time of the driver is rapid, the film output
is disguised by noise. When the rise time is slowed down enough to allow
undistorted viewing of the output, the rise time is a large portion of
the switching time. This makes it hard to correlate current amplitude
and switching time.

In an effort to overcome these difficulties, an equation has

been devived that relates switching time to rise time and current amplite
ude. This scheme depends on Rising's work to some extent, but it differs
in that a somewhat different appreach is employed.

As a result, if the switching time of a core is known for a

given rise time of current, it is possible to easily compute the

1 Rising, H.K., Magnetio Gore Pulse Amplifiers for Digital
Computer Applications2 S.M. thesis, MoloTos Department of
Electrical Engineering, June, 1953.
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switching time of that core if the same current is applied as a square
wave, This equation has bgen compared to the results of a number of
tests on ferrite cores, a metallic tape core, and a thin film The res-
ults ebtained on the cores have proven to be correct. The results for
the thin film have at least proven to be consistent. It is not possible
to check these results in order to prove that they are correct.

TI. THE EQUATION:
The derivation of the equation that follows is a tedious task,

and the intricate details are of no general interest. I have, therefore,
taken the liberty of showing only the major steps in the process, and of
describing that which is not explicitly written. If the reader is nter=
ested in seeing the particulars, he is invited to consult the author.

The only assumption that has been made in this proof, is that
when a step of current H(t) H u(t) (1)
is applied to a core, its output voltage may be expressed as:

where H(t) = driving current as a function of time3

= Vin (ost <T) (2)

A = amplitude of driving currents
a(t) unit step functions
vt) = instantaneous core output voltage?

peak core output voltages
t time, and
T core switching time when a step of current is applied.

These are shown in Fiqure 1.
Assuming that equations in (1) and (2) are true, and that the

core has the hysteresis loop shown in figure 2, then it may be shown
that the expression for voltage as a function of flux is;

[ey]?Vm (3)

where normalised core voltage as a function of flux3Vn
g = flux state of cores and

VnTsaturation flux of core #f dt
It should be noted that equation (3), is one of the approximate

ions to Rising's normalized voltage-flux curve.
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Equations (1) and (2) may be transformed, their ratio taken,
and defined as the transfer impedance of the core, After combination
with equation ()), it is found that

ray Vrs) (=) SZ Cs) Hs) Hn $* +(%)~
(5)

where 2(s) transfer impedance of the core? and
8 ™ complex frequency

Equation (5), is only valid while the core is switching? that
is, during the time interval O<t<T,

By the use of equation (5), it is possible to compute the output
voltage, V(s), for any given driving current, H(s). One case of especial
interest is that in which the driving current rises lingarly until
it reaches its final value and then remains fixed at this value for
some time (at least until the switching is completed). 'his is shown

in figure 3.
During the time interval os t < T » the core output voltage is

found to be

tute)Tr (6)

where T effective rise time of driving current (time for
current to rise from coercive force to final value)3and

core switching time when a step of current is applied.

The flux switched during the rise time of the current is,

(7)(+)At =

The total flux to be switched is 26, » and so the remaining flux is,

(8)= 4, [1

:

2 fT
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But the flux that remains is switched by the constant driving
field, e As discussed in the Introduction, the core will complete
its switching in a sinusoidal manner, thus the remainimg flux is also

PrfY
m (9)TSin At TY

where Y T -2 time between end of rise of current and-8 r completion of core switchinggand
f= core switching time when a step of current is

applied.

The limits in equation (9), may be justified by noting that the
nature of the core wave form has changed when the current is constant.
As far as the core is concerned, it has always had a fixed driving force
applied, and so the tail end of the pulse behaves as if it were to
switch in time T. This constant current has started at a time Y earlier,
and so the time interval during which the step is applied is from
until T.

Equations (8) and (9) may be combined so as to eliminate the
unwanted variables. he result is that

aT Te

(10)
TY

+
or

where, Y=T -3
effective rise time of driving current3

T ™ core switching time when current with risetime T is appliedg and

T core switching time when a step of current isapplied.

a
@

Cos rn (1)
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T and T can be measured, and equation (11) can be solved for T.

Figure h, used equation (11) so as to plot t/t as a function
of T * From this curve, the step-current switching time, 1 » of

time from the coercive force to H ) and the actual switching time,
Tiare both known. For example, in a memory plane, Buppose
T, = 1.0 psec and that 0.265 usec (effective rise time).

any core can be determined, if the effective rise time, T (the rise

Then, T/T, 0.265 . From figure h, it is observed that T/T 0.3 »

Therefore, T .265/.3 = 0,885 psec.
But the core would start to switch about 0.25 psec earlier if a step
were applied. Thus, switching could be completed in 0.885 ysec instead
of 1.25 usec. The saving would be about 0.36 Bsec. However, the
additional noise introduced into the system prevents the use of such a
scheme.

From figure h, it is noted that the actual switching time, T
and the possible switching time, T)do not differ by very much until
the ratio T réaches about 0.3. When thr ratio exceeds 0.4 the
difference between T and T begins to grow very large.

III. EXPERIMENTAL RESULTS:

In order te demonstrate the validity of equation (11), a large
quantity of data was taken for several different magnetic materials two
different types of ferrite cores, one metallic tape core, and one thin
film. For each experiment a driving current was established, and ,the
rise time, Te was varied over a wide range of values. The switching
time, T-9 Was measured for gach value of « The rise time and the
switching time were recorded according to my definitions of them as
shown in figure 5.

The expected value of switching time, T,upon application of a
current step was computed (for the ferrite and metallic tape cores only)
by the well known relation, S w (12)T=
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where, T = core switching time when a step of current is applied}
Ss.

= switching coefficient of the core'

Hy
= total driving current; and

Hy
* coercive force of core.

For each value of driving current, T was computed from equation

shown.

Figure 6 shows the results obtained for a standard TX-O ferrite
memory core=-DCI-2-85]; HU=-1, size F397.

t(11) for the core materials. Then the ratio of was plotted against
TT1 Ty On the same graphs, the theoretical curve (figure h) is also

Figure 7 shows the results obtained for a slow switching, high
coercive force ferrite memory core~-DCL-3-75<1, size F39h.

Figure 8 shows the results obtained for a metallic tape core
made of 10 wraps of Mo Perm-~1/8 mil x 3/) inch diameter x 1/8 inch wide.

In each of these three cases, the correspondence between the
experimental points, and the theoretical curve is very close, as long
as the ratio T 0.8. When the current rise time is made slower
than this, the results are poor. There are several possible explanations
for this phenomenon. In the first place, when T, > 0.8, the
theoretical curve rises very steeply, and a small error in t/t, causes

increased, its measurement becomes less accurate because of the
definition of figure 5. This is due to the fact that more of the flux

a great error in In the second place, as the switching time is

reversal is not included in the measurement of T, (because the output
voltage is not really sinusoidal«the trailing edge is smooth as shown
in figure 5, and not sharp as in the idealized case). This means that

larger than it should be. It is noted that in figure 6, 7, and 8,

x

The resultthe recorded is smaller than the actual value of
is that for large values of T/T_, the calculated value of t/t, is made

t/t, is larger than the theoretical value. This is to be expected.
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Figure 9, shows the results obtained for a thin magnetic film
mmber 1B. In this case, it was not possible to compute the theoretical
value of T . The value used was the average value computed from each
run of data. Once again, it is noted that the experimental and
theoretical results correspond closely. The reason is that in each rm,
the calculated T was almost constant for all readings taken with fixed
current.

IV- CONCLUSION:

In conclusion, it seems as though the problem of measuring
switching time has been made somewhat simpler by the use of some rather
simple computations. This could prove to be valuable in the testing of
thin magnetic films.

SB/md

SydneyAradspies
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FIG. 1

CORE OUTPUT VOLTAGE WHEN STEP OF
CURRENT IS APPLIED

v

FIG. 2
HYSTERESIS LOOP OF CORE

H(t)

FIG.3
CORE OUTPUT VOLTAGE WHEN RAMP OF
CURRENT IS APPLIED. CORE IS BIASED SO

IT STARTS SWITCHING AS SOON AS
CURRENT IS APPLIED.
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POINTS OF T,/T AS A FUNCTION OF 1,/T, FOR STANDARD TX-O MEMORY

CORE - DCL -2 -854 HU-1, SIZE F397

Squareness Ratio, R, = 0. 84; Coercive Force, He
* 500 ma; Switching

Coefficient, S,, 0.35 ampere - psec.
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1.

INTRODUCTION

The purpose of this survey is to list all currently available
commercial photoelectric elements and a few basic characteristics to
aid the design engineer in selecting suitable units for photoelectric
devices.

The elements are classified as follows:
A. Photo Emissive Elements: Those whose output depending

entirely upon either the primary or secondary emission of
electrons from a photo cathode. Including:

1. Gas Photo tubes: Gas filled tubes, with high
sensitivity, slight non-linearity.

2. Vacuum photo tubes: linear with excellent dynamic
response at high frequency.

3. Multiplier Phototubes; Secondary emission devices
with large current amplification.

B, Photo Voltaic Cells: Units having a potential difference
between their terminals when excited by light.

€. Photo Conductive Elements: Units whose conductance changes
under illumimation. Includings

1. Photo Conductors.
2. Photo Diodes and photo transistors.
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LIST GF PHOTOELECTRIC ELEMENTS
A. Fhotoemissive Elements
1. Phototubes = gas.

Response anode cathode amb. t

1P29 8-3 100 5 100 RCA;
1P37 S- 100 5 75 RCA, GE

1Ph0 S-1 90 3 100 RCA, GE Good in high humidity
Sel 90 1.5 100 RCA, GE End on illumination

200G Blue\3) 99 5 Mullard
30CG Blue 90 3 Mullard
52ca Blue 90 3 Mullard
55CG Blue 90 2 Mullard
58cG Blue 90 1.5 Mullard End on Illumination
9QAC Blue 90 2.0 Mullard
90CG Blue 90 200 Mullard
868 S-1 100 5 100 RCA, GE
918 S-1 90 5 100 RCA, GE
920 S-1 90 2 100 RCA, GE Twin unit
921 S-1 90 3 100 RCA, GE Cartridge type
923 S-1 90 3 100 RCA, GE Renewal use
92h Se] 90 1.5 100 RCA renewal use
927 S-1 90 2 100 RCA, GE
928 S=1 90 3 i100 RCA non-directional
930 S-1 90 3 100 RCA, GE

5581 seh 100 3 75 RCA, GE
5582 S-h 100 2 75 RCA
5583 100 2 75 RCA
558h 100 2 75 RCA

6405/1640 S-1 90 5 100 RCA Low microphonics

Manufacturer RemarksType Spectral MAXIMUM RATINGS

(1) volts (2)

(1) See spectrum chart, page 10.
(2) Average cathode current may be doubled when anode supply voltage islimited to 80% maximum rated voltage,(3) Where peak response falls,

4
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2. Phototubes - vacuum

Type Spectral MAXIMUM RATINGS Manufacturer Remarks
Response anode cathode

1P39 Se} 250 5 75 RCA, GE High humidity
1Ph2 180 Ok 75 RCA End on Illumination

22 500 100 @
hh). S-h 250 50 GE

917 500 10 100 RCA, GE Low leakage
919 500 10 100 RCA, GE low leakage
922 500 5 100 RCA, GE cartridge type
925 S-1 250 5 100 RCA Short bulb
926 S-3 500 5 100 RCA cartridge
929 Sh 250 5 75 RCA, GE

934 250 75 RCA
935 S-5 250 10 75 RCAy GE

20CV. Blue(2) 150 20 Mullard
51cv Blue 100 5 Mullard
58cv Blue 100 3 Mullard
90AV Red 100 5 Mullard
90CV Blue 100 10 Mullard

5652 250 h 75 RCA

5653 250 5 75 RCA

6570 Sea 500 100 RCA low microphonics

1. See spectrum chart, page 10.
2. Where peak response falls.

(1) volts a C

a
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3. Multiplier Phototubes
MAXIMUM RATINGS

Type Spectral anode anode Current Manufacturer Remarks
response volts ma amplif

x10°

1P2l 1250 2 RCA, GE 9 stage - low levels
1P22 8-8 1250 1.0 of RCA 9 stage =

1P28 S-5 1250 0.5 1.25 RCA 9 stage - ultra v.

931-A Sh 1250 1.0 RCA, GE 9 stage

2020 1500 2.0 RCA 10 stage = end on ill.
5819 Sell' 1250 .75 5 RCA 10 stage = end on
6199 Sell 1250 RCA 10 stage = end on
6217 1250 015 RCA 10 stage
6297. S-11 1800 5.0 2 DuM 10 stage = end on
6292 1800 5.0 2 DuM 10 stage = end on
6323 1250 0.1 RCA 9 stage
6328 Sol 1250 0.1 RCA 9 stage short
632 Sell 1500 200 ob RCA 10 stage end on
6363 1800 5.0 2 DuM 10 stage end on
6364, 1800 5 2 DuM 10 stage end on
6365 1300 603 DuM 6 stage end on small
6372 Sell 1200 075 RCA 10 stage
6467 Sell 1800 5 2 DuM 10 stage end on
6472 1250 Ke) RCA 9 stage short
6655 1250 12.5 RCA 10 stage end on
6810 S-1l 2300 12.5 RCA 1, stage end on
6903 S-13 1250 oy RCA 10 stage end on

0.1

8

5

75 6
S-10 6

6

5
4



B15
B10

$10
$100

1.

Output
pa

75 (A)

750 (B)
500 (B)
250 (B)
750 (B)
350 (B)
220 (B)
75 (B)

88 (C)
80 (C)
70 (C)
58 (Cc)

52 (Cc)

10 (C)
90 (C)
75 (C)
50 (C)

220 (D)
360 (D)
750 (D)
200 (D)
360 (D)

6M=1,878 5.

B. Photo Voltaic Celis
Barrier Layer Selenium Photocells

Remarks

General Electric
Available in various sizes, mounted and unmounted
and hermetically sealed.

PV2

International Rectifier
Open circuit voltage approaches 0.4 volts in
full sunlight.

Some available mounted and hermetically
sealed.

BS
B2

Weston
2 1/h" diameter cells. Available mounted and

hermetically sealed.
BB

Units may be matched for linearity, output and

spectral response.
YG

Y

Vickers
Available in various sized.
R10, R100, and S100 units available mounted.R100

Ae at 20 foot candles illumination and 100 ohms external resistance.
B- at 100 foot candles i]]Jumination and 100 ohms external resistance.
Ce at 20 foot candles illumination and 200 ohms external resistance.
De at 100 foot candles illumination and 150 ohms external resistance.
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B. Photo Voltaic cells (cont. )

SILICON SOLAR CRIIS

output Remarksoutputvolts (1) (1)
Hoffman

Sl-A 030 130 diancter
$2 039 120 2.86 inch diameter
P100 030 32 1.57 inch diameter
52c oh2 20 0125 x 5 inch.
120 oO 50 039 x 78 inch.

1. inch

Selenium Solar Cells
International Rectifier

1B2 026 305
1B5 026 10
1B10 026 17 1.69 x .88 inches

026 30 1.69 x 1.69 inches
1B20 026 37 2.0 x 2.0 inches
1B30 026 100 3025 x 3.25 inches

SB-16B10 4.0 18 4.8 x 8.1 solar battery
SB-8B15 30 4.8 x 8.1 solar battery

of x oly inches
1.h x .64 inches

(1) At maximum power output = full sunlight.
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C. Photoconductive Elements
1. Photo Conductors

MAXIMUM RATINGS

a°(1)

PCl CdS 5200 300 50 100 Photo Crystal
PC2 CdSe 7200 300 50 60 Fhoto Crystal
PC3 CdS 5200 300 50 100 Photo Crystal

CdS 5200 300 50 70 Clairex
cI3 CdSe 7500 300 SO 70 Clairex

FT00+ 7000 50: ( high sensitivity - fatigues )Schwarz
7000 50 (lower sensitivity = no fatique)Schwarz

61SV PbS 25000 250 60 Mullard

EXTRON® PbS 22000 Eastman Kodak

669 CdS 5000 150 30 70 RCA

1N189 Ge 15000 ko 50 Transistor Prods.
Wa Ge 15000 15 50 50 Transistor Prods.
118 Ge 15000 15 50 50 Transistor Prods.

CdSe 7600 General Electric

CE-700's PbS 10000 100 Continental Electric

No. Type Peak RemarksApplied Power Temp.Response volts

a

*available in various sizes, sensitivities, and resistances: )
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2. Photo diodes and photo transistors

MAXIMUM RATINGS
Type Peak Response App. Power Temp. Remarks

On volts mw %

DIODES

1N188 GePN 15000 ko 30 70 Transistor Products
SB GePN 15000 50 100 50 Transistor Products
5c GePN 15000 50 100 50 Transistor Products
INTTA GePN 15000 50 20 50 Sylvania

TRANSISTORS

10A NPN 15000 15 100 50 (2%ead)Transistor Prod,
10B NPN 15000 15 100 50 (2lead)Transistor Prod.
GT66 PNP 16000 =12 50 (3 lead)General Transistor
T1800 NPN 15000 20 65 (2 lead) Texas Instrument

JID/ma

Attms:
Appendix A = List of Photoelement Manufacturers *

John L. Downing

Appendix B - Drawing A-69103 Graph (Comparison of Special
Characteristics )
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APPENDIX A 6M-1,878

LIST OF PHOTOELEMENT MANUFACTURERS

1. Clairex Corporation,50 W., 26 St. NoYo 10, N.Yo
Clerite Transistor Products, 21-257 Crescent St. Waltham 5h, Mass.

3. Allen B. DuMont Laboratories Inc. 760 Bloomfield Ave. Clifton, NoJo

ho Eastman Kodak Co. 33 State St. Rochester k, N.Y.
56 General Electric Co. 1 River Road, Schenectady 5, N.Y.
6, General Transistor Corp. 130-11 90th Ave. Richmand Hill 18, N.Y.
To Hoffman Electronics Corp. 930 Pitner Ave. Evanston, Ill.
8. International Electronics Corp (Mullard Overseas Ltd.) 81 Spring St.,

NoYo12) NoY>

96 International Rectifier Corp. 1521 E. Grand Ave. EL Sengundo, Calif.
10. Jarrelle-Ash Co. (Hilger and Watts Ltd. "Schwarz" ) 26 Farwell St.

Newtonville, Mass.
1. National Fabricated Products 2650 W. Belden St. Chicago 47, mii.
12. Photo Crystals Inc. 15 8. First St., Geneva, Tl.
13. Radio Corporation of America, Camden, New Jersey

Texas Instruments Inc. 6000 Lemmon Ave. Dallas 9, Texas

15. Vickers Electric Division 1825 locust St. St. Louis 3, Mo.

16. Weston Electrical Instrument Corp. 61) Frelinghuysen Ave., Newark 5,
Nodo

Continental Electric Co., Geneva, Ill.
18. Sylvania Electric Products, Inc., Electronics Division, Woburn, Mass.

a
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GE - PV-1

APPENDIX A

COMPARISON OF SPECTRAL RESPONSES
IO0O 2000 3000 4000 S000 6000 7000 B00O S000 19000 trooo 12000

S ]

S -3

S 4

RELATIVE
RESPONSE

80 100%

[~~~] 10 - 80%
S-9

S-10

S-11

HOFFMAN Sl

VICKERS SS-] [

WESTON
INTER. RECTIFIER

CLAIREX CL-2

CLAIREX CL-3

PHOTO CRYSTAL PC-1,PC-3.

pHoto crystal pc-2

q

> 4
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Expressions are obtained for the inverses of these functions for

steps of input current. In agreement with experimental results, a delay
is found in the common base response. This leads to a modification of
the rise and fall time equations of Ebers and Moll, The common emitter

switching times are found to agree quite well with Ebers and Moll.
The storage times are found by breaking up the solution into its

forward and reverse components and using the common base transfer func-

tion for each. This gives a storage coefficient involving Oy» Ors By»

By> and Ys which can be put approximately in the form of Evers and

Moll's result. The effect of vy on storage time is noted.
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TRANSIENT RESPONSE OF JUNCTION TRANSISTORS--I

INTRODUCTION

The flow of minority carriers in a semiconductor is governed by
the same diffusion equation that describes heat flow except that @

minority carrier can recombine with a majority carrier. In this paper
we shall follow the conventional practice of considering the minority
carriers to be holes, and the transistor to be pnp. The equations for
electrons can be obtained by replacing p by n and q by <q. The

continuity equation=

al (x5) p(x,t) dp(x,t) 11 (1)
q ax Tp t cm sec

states that in a slab of wit area and width dx, the number of holes

entering minus those leaving per second, minus the number recombining

per second equals the rate of growth of the hole density. The transport
equation states that the number of holes passing through the slab in a

second is
Do»

the diffusion constant, times the slope of the hole

density.

I (xt) dp(x,t) 1

q p dx
(2)

cm sec

We now differentiate (2), substitute this in (1) and obtain the dif-
fusion equation.

a°p(x,t) p(x,t) dp(x,t) (3)
axp Tp at

os

This is a one-dimensional diffusion equation in which all hole flow is
considered to be parallel amd the emitter and collector to be planar
and parallel. The assumption here is somewhat like neglecting fringing
in a parallel plate capacitor. To solve this partial differential
equation we take the Laplace transform with respect to time.



26

2a°B(s,x) P(s,x)

fo facilitate solution p(x,0) is set to sero, which means that the
solution will start from rest and rise to the final value. Equation (h)
may bé put in the form

D s.P(s,x) - p(x,0) (4)Pax T»

2a"P(s,;x)

-1

p

w th solution

(6)

(5)2

where ["2

P(s,x) #Sinh/'x « B Cosh/"x

COMMON BASE ACTIVE SOLUTION

To make this transient solution fit physical problems we must
add or subtract it from another solution which represents the initial
conditions, This may be thought of as two transistors in parallel, one
representing the initial conditions and the other the transient solution.

I (0)I (0)

I, i,

4I, (tw)

Xz0 x=w

4 1
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The hole density plot is a useful device for visualizing the transient
response." By (2) the current is proportional to the slope of the hole
density. Equation (3) shows that in tne steady state, any curvature is
due to recombination.

Emitter efficiency, y, , is the ratio of the hole current at x = 0
to the current in the emitter lead. It is a function of the emitter hole
density but will be assumed to be constant in this analysis.

x OT. K i(t,w)3

The sbove diagram represents the effect of the emitter efficiency. Only
the fraction % of the actual eritte current reaches the emitter of
the ideal transistor. The vertical liwe are electron current to make

the device obey Kimmhoff's current law.
In the active region the collastcr is reverse biased and the hole

density there is zero. Thus the toundary conditions on (6) are-

P(s,) = 6
(7)I(s,0)

ee

The constants A and B may be found giving

e (8)
Sesh wP(s,x) :

FE
e D

The collector current is obtained by applying (2) to (8) and setting
x * We

al, wy H (9)
I(s,w) #

ost
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The inversion of this Laplace transform ig the solution for the
collector current as a function of time. To do this we mst expand (9)
in a partial fraction expansion which is actuallydone by finding the
residue at each pole. To facilitate the solution two theorems from

Laplace transform theory will be used; the shift of poles in the s plane,
and the time scale change."

in the s domain multiplies in the timeReplacing s by s 1

domain by exp(- Multiplying s by+ in the s domain multiplies
t by in the time domain.

al
i(t,w) = @

(s Cosh
2

ZW--5T
() 5) Cosh

2

5
al (10)

where 2

2
This has poles at) and Coshyh = Cosy) =0

or
n O,1,éee (11)3

2 22

p

Figo Iis a plot of the poles in the plane. To avoid appear=
ing to have a pole in the right half plane, which would lead to a grow-

the proximity of the pole at the origin to its neighbor, these two terms
dominate all the rest. Note that the residue at the first pole from the
origin is negative because one vector points in the negative direction,
and is larger than the residue at the origin because the pole is closer

oring exponential the poles have been shifted back by s 1

i The residue at any pole is proportional to the product of the
reciprocals of vectors drawn to that pole from all others, Because of
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to the outer poles, Neglecting all poles but the two, we might expect
this:

7(T,w)

at

my

Since (5) requires that the function start at zero the effect of the
neglected poles is just to alter the response near zero as shown by the
dotted line.

The inversion of (10) is accomplished as follows:

2
4 7 (12)

"we

i(T,w)

P

ro (

SI
2 Cosh2

4 we obtain
2 2

Multiplying through by ~ and letting
p

where
Bay

is the transport factor, not to be confused with the common

emitter current gain. The N stands for normal as we later consider the

inverted current gains. In a similar manner K can be obtained. Thus

= 4I, oy By oT, ay (13)
Cosh :

2n
2

14(T (1h)
(2ne1) + 2h w 1

Let B 1 and neglect all terms but two.
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2

(15)G(T w) r T
1

e

In Fig. 2 are plotted the exact expression and the two term approximation
for B= 1.

In the same manner the inverse of (8) may be found.

xSinh =-(1qD_ P(T,x)
ay AT, x

BY?

22 e52
(16)

(2n#1) 73
ae

P

This is plotted in Mg. 3 for B 1.
o

transient collector current, i(T,w), is added to I (0) times the steady-
state current gain Gyo

is a positive step, theWhen the change of emitter current, AI

t
yor,

_ _ e(0)

T
When 4i, is a negative step, i(t,w) is subtracted from a1 (0).If yo I, is larger than (0) > as is usually the case during turn-off,

the solution is valid only for positive currents as the emitter cannot
emit backwards,

(0)
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Actually the response near zero is an approximation because
negative hole densitjes are assumed, an impossibility. Below are shown
the hole density plots from which the above cuve is obtained by using
(2) at the qpllector.

I (0) minus equals

While the slope at the collector is still negative, and collector current
still flows, the hole density at the emitter is negative, This difficulty
also arises in the derivation of switching times by Ebers and Mell". .

The actual effect may be similar to this, however. When the emitter
hole density reaches zero, an avalanche or punch through effect can take
place which tends to move the emitter junction boundary toward the
collector.

The rise time, ty» is defined as the time for the collector cur-
rent to rise from zero to 0.9 of its final value, I,Cc sat? which equals
the collector supply voltage divided by the collector load resistance.
This assumes zero emitter-collector voltage, a good approximation for
supply voltages over pne volt.

ce sat
0.9 Ic sat

The rise time may be found by using the above figure and (15) the

two terma pproximation. .
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2

ce sat

Eoers and Mont obtained

D

I, ay

e4 rt 0.9 I

D
T « 2 (17)4

0.9 sat

a (18)
0.9 I sat

2D
(19)with

2

). This results fromby using (1 ) instead of (1
assuming that the hole density plot. (Fig. 3) consists of straight lines."
These curves are compared in Fig. 2. In (17) the effect of the delay is
incorporated in the i while (18) permits zero yise time for infinite Ie°For the fall time the following curve ig obtained.

ce sat

r ay OT . tyloe * sat

sat
4,2

Thus
9t

Ty sat *
(ayFoo # I

c satsat(1 0.1 Tt
72

as compared with Ebers and Moll'g relation,

T=3 =z In= O.
ce sat

sat (20)2
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c sat + e2
2 Oot sat * (21)1.

e22T

COMMON EMITTER ACTIVE SOLUTION

The common emitter configuration is the usual one used because
of its high current gain and phase inversion property. A step of base
current, AI,, is applied.

Al # i
C C

x

{ AI

The boundary consitions on (6) are now

f
P(s,w) -0

(22)
I(s,0) D + I(s,w) )

with solution

P(s,x) 41, %y Sinh (w-x) (23)3

@,,
p s (Cosh"w - ry

and

8 (Cosh! w = vy)
I(s,w) - (2h)1

After normalization and a shift of poles in the plane, (2h) becomes

2

p

=/ T
(25)i(T,w)

(A 5) (Cosh Yh -%y)
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2
This has poles at ) = and at Cosh Cosy") " x

'3

-\ none Cosy,
Thus

Fig. 1(b) is a plot of the poles in the )\ plane. The poles have
been shifted back bywf as before. Because of the closeness of the
first two poles compared with outer ones, they may be neglected to a
much better approximation than in the common-base solution. The response
is then

where is the residue at the origin and) 1 is the location of the first
pole from the origin.

But by (13) and the power series for Cosh x, we have

2

2

p
Similarly

Cosy-\ wo, 1 (-))
~(Cos"Y,)? # ~2(2 ~y) (30)

So (28) becomes

Ny a(1 -y 1) ay) (31)

2

-73 9 =(n2n + Cos xy) (26)2-1

0,1,2,°e

(27)i(T,w) K(l-e )1

(28)
2

a
2

=Cosh 1

1) (29)

.1
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and after neglecting the factor and using (19), the result of Ebers and

Moll is obtained

2

Ny -2(1-ay) -
D o(1-a,) (32)
p

The validity of (27) may be checked by taking the inverse of (2h)
with Y= 1. The residues at the first two poles lead to a delay (T .1
Fig. 2) of 1/12 which is very small with respect to the normalized time
constant of the exponential of

x

1

The normalized rise and fall times may be obtained in a manner

similar to the common base derivation using (27) instead of (15). Thus

c sat

COMMON COLLECTOR ACTIVE SOLUTION

The transient emitter current is obtained by adding Ly to the

transient collector current obtained in the common emitter solution.
(35)

Oy
1

0.9 1

1 (33)-09 sat

and similarly
sat

2 4 (34)
o

ec sat2(1-ay) 0.1

1D

Oy ~2(1-a,))T 1
i(T,w) Ty Tony

(1 Toa, (tye
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The rise and fall times may now be obtained in the same manner as before.

°
2(1-a,) - 0.9(1-ay)I, sat

(36)1
w

a,(T, sat * 1

(37)
2 + 2

1D

2(1-2,,) 0.1 I sat a,
1

SATURATION SOLUTION

In the saturation region the collector current is limited by its

and the hole density at the collector is no longer zero, The steady-
saturation value, Ie sat° The collector junction becomes forward biased

state and transient solutions may be represented as two parallel transis-
tors as before,

I (0) satI
e

N

Ie

4 3,(0)
WAle

It is seen from the above figure that AI =41, therefore the solution
is valid for all three circuit configurations. The boundary conditions
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on (6) are

I(s,w) 0

aL

with solution

P(s,x) . ot, e SN Cosh!" (wex)
q D Ps Sinhw

and

q D Pos Sinhl"w

as has been previously obtained by Konkle.°

136

as

I(s,0) b,e ON (38)

=

(39)

-(40)P(s,w) s b,e N 1Al x

An important effect has been neglected, however, The collector is
forward biased and is emitting holes with efficiency To take account

of this, the transient solution is broken up into two active solutions
in the manner of Ebers and Moll.

:

Al

4 or

o

The active region hole density plots may be replaced by the transfer

functions derived in the common base analysis.
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on
Cosh!' w

) 3

Xr
Cosh /"w

AII (s) (s)
Cosh"! w

N Tx x

I, (s) On

NICosh!'w (CoshTw %,%)
(a)

The hole density at the collector, P.» may be found using (8).

(42)
Al, NISinh Nw(s) ,(s)

q D Cosh! w aD ls (Cosh "w - 7%)NI

This reduces to (ko) for 1. After normalization and a shift
the poles are found to be at

2

-5 and Coshy/h Cosy")

ory-)\ (nm & CosYe,
thus after a shift back, the poles are located at @

2
4 0, -(nn & Cos ns 0,1,2,°°° (43)

2

P
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Similarly (2) has zeros at

6M-1,913

:

2
) = =(nm)2 x (4b)

The pole-zero plot of (2) is shown in Fig. 1(c).
The analysis now parallels that involving (27) through (32) with

XN replaced by This leads to7 :

2 2N
)

+ 2.
(45)

This differs from Evers and Moll's expression

2
( (46)
Oy

@ In order to take into account deviations from the one-dimensional q

planar transistor, they c onsidered the inverted transistor to have a :

different. than the normal one. This can also be done by considering
two one-dimensional transistors having different base widths.

:z

on
Cosh ty

3,.
@ Thus (2) becomes

9
vr

Cosh Pow,

eP (s)
(Cosh Cosh I
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2
It does not help here to shift the poles by 73 because it is not equal

in the inverted and normal directions. Equation (7) has poles at
2 2

(48)Cosh N ) Cosh + 1Ww

:

:

Using (19), (29), and two terms of the power series for Cosh x, we obtain

ONY 1-By A-By) 1 (l-

1 - (1-[2-B,.) )(1- 2-Bq) 4%

(49)

Kithough it does not enter into the expression for storage time,
the value of collector hole density finally reached with input AI is
obtained by finding the residue at the origin of (7).

(50)1

w

1 ayay
(51)e b

The storage'time, ty» is obtained in the same manner asthe fall
times.

e,b sat e
el

[Iel "e2

1
Common Base

at : :
a,
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Oy * e2 el
(Common Base) (52)

*

Tye *
I,c Bat *

c sat
e2

m*o Totty
a (Common Emitter) (53)

:

4 (Common Collector) (5h)Totty
:

ayo, (1Layer Tho * Tye gat (1=ay)
:

If (45) were used instead of (47), the time constant term in the
above equations would be

1

o(1

By making Vy as small as possible, storage time is reduced without

affecting the response in the active region. After assuming on equals
1

is plotted vs Y, in Fig. ) with a, as a parameter. The effect of Yr

SUMMARY

(55)
:

: a aN

:

one, the factor
1

on the storage time is quite apparent.
:

Previous works on junction transistor transient response have treated
4t as an extension of small signal theory. The hyperbolic expression
for B

4
1

2

p
Cosh s *

is approximated by various poyynomials in jo in a sinusoidal analysis.
This expression is then used to obtain the- transient response.

In this paper the hyperbolic functions are solved directly by

Laplace transforms. This leads to a modification of Eberg and Moll's

switching time equations for common base: operations The hyperbolic



18.

expressions with common emitter operation and in the storage region
are also solved directly. The results agree quite well with Ebers
and Moll, Other forms of the results include explicitly the emitter
efficiencies.

RCI
Ralph C. Johnston

Attached Drawings: Fig. l= A-l886)-G

1.

36

he

Be

6. .

Fig. 2- Al8865-G
Figs 3= An\8866-G
Fig. h- A-l8867-G
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@ INTRODUCTION

Part I of this paper (6M-1913) used Laplace transformation
techniques to obtain the rise, storage, and fall times of homogeneous
base transistors. Part II will use the same techniques as applied to the
graded base or drift transistor. The order of treatment will be the same
as that of Part I. However, first we shall consider the graded impurity
density and the differences between the field produced and the constant
field to be assumed,

THE DRIFT TRANSISTOR
For comparison, the operation of a homogeneous base transistor

will be reviewed. Figure 5(a) shows a PNP transistor. In normal opera-
tion the emitter junction is forward biased and emits minority carriers
{holes) into the n-type base. There they flow across by diffusion only
and are collected at the reverse-biased collector junction. The flow is
governed by the diffusion equation (3) as has been discussed,

Figure 5(c) represents the transistor on a potential energy
@ basis, for no external voltages, The holes tend to flow to a lower

potential and may be thought of as marbles on top of the potential line,
The electrons tend to flow up because of their negative charge and may be

represented as bubbles under the potential.
The effect of external voltages is to shift the potential levels.

In normal operation the diagran becomes as shown below.

ooe)

y

Those holes in the emitter having higher energies are able to surmount the

barrier, diffuse across the base plateau and to be captured by the collec-
tor, Some of the electrons in the base get across the 'barrier into the

emitter, but (in a good transistor) the number is small compared to the
number of holes injected.
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In the drift transistor, the potential in the base is tilted as

shown in Figure 5(e). "The "built-in" field forces a hole across the base

to the collector with velocity
M, E

where
Hy

is the mobility and E the built-in field.
It is necessary to have a graded impurity distribution to

produce this tilting as shown in Figure 5(d). It may be shown that

K. e
(y-) 56)

and
( -4) (57)

@

where n, 2.5 x 1073 ana q/KT = 39 at room temperature. 6 is the Fermi
level and y the position of the Fermi level in intrinsic material.
For ( - positive, then n >p and we have n type material, The

requirement of charge neutrality results in

h-p =NM-M (58)

where N is the net impurity density.
The field can be obtained from the slope of the potential

(59)1

x

The four above equations can be solved for E in terms of N as follows:2
(e*" & (-)

dW = > 2 (h+p)Aue) d. dyaX is T u(e Aly ) aX KT d X

d MATE (0)
3 ht p d x

The impurity density distribution necessary to obtain a constant
field can be obtained by solving (6). Assume that p<<n,
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(61)
dV$M dx

dM
N 2 dx

Nz M, e (62)

The exponential distribution is obtained approximately by
diffusion of impurities into an almost intrinsic semiconductor which may
be either n or p type. Suppose we diffuse donors into p type. At some

point (Np-N,) will be zero and the field according to (61) will be
infinite. At that point, however, the material is intrinsic, p =n, and
the approximation p<<n is not valid. In figure 6 are shown the curves
of qE/K? vs. x for distributions of 1027 6 + 1074 ana 1017 -194,
The results obtained by using (61) are dotted while the exact solutions
uging (60) are solid.

In their paper entitled "The Dependence of Transistor Parameters
on the Distribution of Base Layer Resistivity", Moll and Ross assumed an
impurity distribution of the form (N, e N for the exponential case,
and used the approximate equation (61) in the solution. The extent that
this affects the results is unknown.

The drop off in field is not as severe as depicted in Figure 6.
Actually, the high resistivity portions of the base are likely to be in
the space charge region of the collector junction. One might expect this
region to extend into about x = 6 for reasonable collector voltages,
In view of the difficulty in taking the exact field into account, and of
calculating the extent of the collector junction, a constant field will
be assumed, This assumption was also made by Kromer.-

BASIC EQUATIONS
The continuity equation for holes is unaffected by the field.

'However, it must be restated in terms of total instead of excess hole
density,

T. Moll, J.L., and Ross, .M., "fhe Dependence of Transistor Parameters on
Base Layer Resistivity, Proceedings of the I.R.E., vol. hh, No. 1,
(January,1956).

2. Kromer, He, "Zur theorie des diffusions und des drifttransistors n

Archiv Der Elektrischen Ubertragung, vol. 8, pp. 223-8,363-369, i99-
Soh, 195k.
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dp (x,P (x,t
6 A Tp

(63)

In (1) we were able to subtract out f because it is constant in a

homogeneous base transistor, There was an approximation then in (7a)
which is actually

(6h)P (s,w)

By neglecting RB here we have in effect subtracted out Ico from the colec-
tor current.

The transport equation has a term due to the field as well as
to the diffusion,

= - Dp
bpCyt) + Mp E(x) p(x, t) (68)

P (Xt
dx

We now differentiate (65), substitute this in (63) and obtain
the differential equation governing holes in the base.

D,
d* (xt) Ap dp (xt)

P (66)
x dxdx

dE(x} P(X A Lx) dt
The dE(x)/dx term is zero since only a constant field will be considered.
R (x) is an exponential function of x and it is not possible to subtractit out. as before. To simplify the solution, recombination will be
neglected. The assumption is justifiable for two reasons. Equations
(28)~(32) showed that the emitter efficiency, Yy? and the transport
factor By (which is due to volume recombination) may be combined into one
term with little errore Also, in practical transistors volume recombina«
tion can be neglected beside surface recombination and emitter efficiency.
With these two assumptions (66) becomes

d*PUKE
dx*

The Laplace 'transformation with respect to time gives
Dp Dp

d (yt) (67)

=
Op [ 5 Pix,5) - /(x,0){ (68)

d™ P(X, s
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where 2/t is the notation of Kromer for Note that f has the
dimension of length. We let p(x,o) be zero to facilitate solution as
before. The resulting second order differential equation can be solved
with a substitution p e™,

Dpf (69)

P(%s) = @ (A Cosh Px + B L rx) (70)

The constants A and B may be found with the grounded-base,
grounded-emitter, and storage boundary conditions and the inverse trans-
forms obtained. Before we do this it is appropriate to consider the ex-
pression (w/f) which will appear as a parameter in the solutions.

(71)Mp AVEw 2kT 2kT
AV is the potential energy drop a hole encounters in traversing the base.

A second useful expression for w/f is obtained from (61)

2kT Ew iG dx

d M N (72)
Four forms of this important parameter are used in the literature,

2kT (73)

The first is used by Krémer® and will be used here, the second is used by
Lee? » the third by Kromer and the results of Moll and Ross are stated1

Frequency sed Base Germanium Transistor, Bell

he Kromer, He, The Drift Transistor, Transistors I, RCA Laboratories 1956.System Technical Journal January, 1956.
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in terms of n/N, Values of w/f up to are practical. The emitter
efficiency drops for higher values which puts a limit on the amount of
potential drop in the base.

COMMON-BASE ACTIVE SOLUTION

be

The solution will closely parallel that under the same heading
in Part I, Boundary conditions are applied to (70) instead of (6). The
two solutions reduce to the same thing if w/f and W/L, are taken as zero,
that is, if no field or recombination are present.

The boundary conditions on (0) are

(7h)

6I (5,0) ole
The constants A and B may be found giving

Sink P (w-x) (75)P(SK) ale
Cosh Pu + "UF Pw

The collector current is obtained by applying (65) to (75) and setting
X= We

Cosh Pw + Sinh Pw
( S,w)

ole me
(76)

Dw

The time scale will be normalized as before. The theorem states that if

phere.
T(> w)= a €

whee s and T= Dee

mitiplied by the reciprocal or

we multiply the function by a constant, say w/o, 3 and mltiply
the same constant, then the time scale is

Cosh r+ (77) :

At f*
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It would be possible at this point to shift the poles by w/t,
but the result is just a change in notation and probably not worth the
added complexity.

The above function has poles at ) 0 and

Cosh) = Cos
W

or

rh = - (78)Tan

The solution to this transcendental equation may be seen from the inter-
section of the curves for Tan x and for

x
w/e

where

For w/f = 0;

5
th (2) er = = (79)

xz 22

which checks with (11). For w/f #0 the values of x, occur between

o (7nd
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Figs 7 is a plot of (83) with parameter The infinite series diverges

The values of then are w/e, Table I(a) gives \ In for
various values of w/f.

The inversion of (77) is accomplished as follows:

w/e

Cos J € + + Sin JJ

Values of the residues, K, are given in Table I(b). The inversion of
(80) gives

2

Ko
x +

near the origin, becoming worse for large values of w/f. The dotted
lines represent portions of the curve where the series diverged so badly
that it was necessary to estimate, For high w/f's the delay represents
the major part of the 0-90 per cent rise time, It may be shown that if
diffusion is neglected, the response is a delayed step with delay

2"/
For large values of w/f the actual response approaches this delayed step.

To find rise times, the series in (83) is terminated after
one term,

A (Tw) / + K,, r
a Te Ty (8k)

K, = - / (81)

x )(Cos x Sin Cos x,Xin
(82)

a

b
K 4 e (83)
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For w/f 0 this reduces to

~~ Og Le set
Te set

t,

(64) «vle K,

The rise time may be found using the above figure and (8).

* Kk, *) = 09 Test

(88)
Te - 0-9 Le set

Ky

For w/f = 0 this reduces to (17). Due to the slow convergence of the

series, (8) becomes less aceurate for large values of w/f. Figs 2 shows

that for 5 per cent error, the approximation holds for the 20-100 per cent

portion of the rise time. For w/f = 4 the range is only 65-100 per cent.

Equation (85) mst be used with caution then for large values of w/f and

for I, larger than 1.5-2.0 times Ie sat/"n° 'However, for I I, sat/"y?
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the equation is accurate, We now define a common-base transient improve-
ment factor as the ratio of the 0-90 per cent rise time of a homogeneous-
base transistor to that of a graded-base transistor with e sat/N°

7% (0) Nie An (10)( Vy)
T ()

(86)

Values are given in Table I(c) and plotted in Fig. 8

COMMON-EMITTER ACTIVE SOLUTION

The boundary conditions on (70) are

with solution

and

; "Le

P(s,») (87)

P(sx)
e™

(88)
Dw3 b Ps Cosh Pw + Stak Pw = %

I(s,w) = (89)of, we
Cos 4 Pw Pw ty "te

Pw

Next we normalize the time scale by letting )\ w's/D, as before.

(), =

Coupe + Sink -%&

Fige 1(b) shows the pole locations for w/f = 0, Application of

(90)

O, one for ).+ w°/f real, and an infiniteThis has a pole at
2 2number for A+ imaginary or complex,

tion but not as fast ag - w/f vf,32 2
the field causes the pole next to the origin to shift in a negative direc«

The poles shfted bate
break

infinity, recombine into second order poles
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and split into complex pairs. Further study on the behavior of these
outer poles would be interesting, but because we are going to neglect
their contribution to the response, such study would be only of academic
interest,

The location of Nw the pole nearest the origin, is given in
Table I(d) and (f) for Gy Yy -0.9 and 0.95. These values were found

by a trial and error solution of the denominator of (0).
To invert (90) we set it equal to

Keo + Kk,

and solve for the residues in the usual mamer,
x-A,

ok "vw (91)K,
4

where * TyPy ™ Ty

(92)

Numerical evaluation of these residues shows that Ky is within
a few percent of Kye The neglecting of the outer poles is therefore

jastified.
The rise and fall times are given by (33) and (3h) with

WwCor4 \,+ 4

e A, +whe

+

given in Table I(e) and (g) and is plotted in Fig. 8
2(1 - a) replaced by - \ 1° The improvement in transient response is

SATURATION SOLUTION

The transient hole density is broken up into a forward and a

reverse component as before.
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ate

{ 8

Note that in the forward direction the field aids the flow while in the
reverse direction it hinders it and requires a large gradient to force
the holes across. The active region hole density plots may be replaced by
the transfer functions derived in the common base analysis. The sign of
w/f is negative for the reverse transfer function.

oy e

- ~/
Yr @

Coch Pw Py

Cosh Pwo wl Sigh PwPw
:
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Sinh*PwCosh Pw

f
(Cosh ua Sirah (93)Iz (s) aL vy e

S [ Coch Py Siah uwDw - ry +

P(s) = - (9h)ate r & Sih Pu
D Ps [ Cord w) Pw - oy o>8

We next normalize the time scale by letting }\

(95)S; LAt

This has a pole at = 0, one for real, and an infinite number

imaginary or complex. The outer poles will be neglected as

be found by a solution of the equation below.

for
maythe common-emitter solution. The pole nearest the origin,

Cosh: ae f° yt = (96)Lp, + Vn -

e

wy rr
+ =

Cosh

For large values of x we can approximate Cosh x by 1/2
a* and can con-

sider small with respect to one.



6M-1)913,Supplement 1 lh.
2

/ -

+
2 yy "fee

1, +"
4 oy e

ne + Foyer e4ew
(

w
[€

-42 (I-vyxs) @ A (97)

With Oy
=
Ors (46), the expression of Ebers and Moll, becomes

/ vey) (98)
The improvement factor is the ratio of (97) to (98).

», (%) (9)
A, Ce) €

A-mumerical solution of (96) shows that (99) is a good approximation for
w/f >2. This factor is given in Table I(h).

It is startling to note that this one-dimensional theory predicts
longer storage times instead of shorter, For w/f = hy the storage time
(for the same base width and YyYy) is 39 times as long as for w/f = 0,
In practice, however, measurements on the Philco drift transistor show
little change in this normalized storage time,

To explain this it is necessary to find the final or steady=
state value of the hole densities in the diagram on page.12,. The current
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may be found by applying the final value theorem to (93). The final
value of i, is just 4,/Yye

Ron 5 (8)
Ie ole ty

fag (100)

The final value of the hole density of the forward solution is found from

(75),a

Py = F, (xs) ye Si,
p22 "& (Cosh + Sink

20

f be 2

Similarly w a"ew

/-e (101)Ag Nw

(102)
Dp

Ay Xr

Upon substituting for and we can obtain the total hole density,

ate
2

f ( 1

(103)
4 Dp (1-avte

a

The functions in brackets are plotted in Fig. 9 for w/f 0, 2, and he

Notice that extremely high collector hole densities are necessary to

overcome the field, Fig. 9 is correct for a one-dimensional transistor
but in a practical device, the holes are deflected out towards the sur-

face as shown below. The hole density at the collector is prevented from

reaching a high value,
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e c e

Normal Inverted
Solution Solution

b é

Measurements of ay confirm this behavior, It varies from.
0.1 for the Bell drift transistor to 0.5 for the Phileo drift transistor.
Another factor contributing to the failure to reach large values of collec-
tor hole density is volume recombination in the outer base.

The one-dimensional model, then, predicts longer storage times,
but as confirmed by Cy measurements and actual storage time measurements,
the model breaks down,

SINUSOTPAL SOLUTION ~ COMMON BASE
Much of the work in this section has been done previously by

Kromer and Lee, but will be repeated here as a comparison to the common-
emitter solution and for completeness,

To solve the differential equation (67) for the sinusoidal case
we let

'wtP (x,t) P(X, de
and obtain

(x, ju)
d x Dp

yw P lx, ju) (10h)

which is the same as (68) with s replaced by jo. All the transfer funce
tions derived hold for the sirmeoidal case if this replacement is made,
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The common-base current transfer function, (76), becomes

I(jw, w) A

Te (yw Cosh
Dp
jwt Ww w*

+

Dp
wow+

which has been previously obtained by Kromer.*

We now define an 9 which is the frequency at which a is down

3 db.
a

(106)

The factor K may be found by solving (105) for the value of

for which a is 3 db down. The mmerical work is aided by the relation
Cosh (x # jy) = Cosh x Cos y j Sinh x Siny. For w/f >2 the hyperbolic
functions Cosh (x « jy) and Sinh (x jy) may be approximated by

Attyge
Values of k are given in Table I(i) for w/f 0,2, and h.

be

Column (Jj) gives the improvement factor

2h
which is plotted in Fig. 8 vs w/f. Kroner! obtained (w/f) for an improve-

k ("&
K tv

ment factor which is shown dotted as a comparison.

This is shown in Fig. 10 for w/f = 0 and h. Lee" has plotted the magni-

tude of a vs for w/f = 0, #1, #2, and #3 using equation (105) as

Knowing Ks we may now plot the magnitude and phase of a vs

derived by Kromer.
The first order approximation" for a with w/t 0 can be

obtained from (105). The first two terms of the power series for Cosh x
are

5, . Steele, E.L., "Theory of alpha for PNP diffused junction transistors,
Proceedings of the I.R.E, vol 0 no 11, (Nov 1952)
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(jw) = vy = ™ (107)

with 4

/ tyw2v

The magnitude and phase of this approximation are also shown in Fig. 10.
Middlebrook® has plotted this approximation and the exact function for
w/f = 0.

The additional phase shift introduced by the field is related
to the relatively large delay that was found in the step response.

SINUSOIDAL SOLUTION - COMMON EMITTER
The common-emitter current transfer function, (89), becomes

(108)
FT (ju)
J, j w) Cosh

Dp Sin dy &
w*

It is difficult to find a suitabee symbol for (108). The Greek letter,
B, is commonly used as the ratio of collector to base current, but it
has also been used as the common-base transport factor in mch of the
literature (see (13)). For the purposes of this paper, the letter b will
be used.

We now define an m, which is the frequency at which |b| is
3 db down.

™

(109)

The factor K may be found as before and is given in Table I(k) for
%y

* Colum (1) gives the improvement factor
Ke ("*) = cle)

which is plotted in Fig. 8 vs w/f. Notice that it coincides with the
common-emitter transient-response improvement factor.

The first-order approximtion for b with w/f = 0 can be
obtained from (108),

Me (0) 4 (0)

6. Middlebrook, R.D.,"An Introduction to Junction Transistor Theory, *Page 200, Wiley 1957, New York,
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(110)
Xo

/ yw / t
aad

which gives the value of K, as 2.

Fig. 11 shows the magnitude and phase of b(jw)/b(0) for
w/f = 0, and and of the first-order approximation (110).

The first neglected term of the expansion of Cosh x is
plied by (1 - a ) in (110) while it is not in the conmon-base equation
(107). This explains why the first-order approximation (110) is so good,
that is, why K is so near 2 and why the magnitude and phase of (108)
closely approximate those of (110); and also accounts for (92) being
approximately equal to (91).

CONCLUSIONS

-The use of the Laplace transform seems to be a powerful method
of finding the transient response of a one-dimensional transistor model,
It yields exact results with little effort.

Attachments
Table I. Signed
Drawing Nos, A-8137h

&~1,8870-G
&~)8871-G
A-1,8872-
A-18873-G
A-1:8869-G
A-4,8868-G

R. C. Vohneton
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COMMON-BASE

(a) (b) (c)
w/f n Man T (0)

of.
0 0 ~ (x/2)*

1 ~ (3/2) @ h/3n

2 = 942395 -242665 3.05
1 29 08745 # 2,19)8
2 ~69 Suk 1.6235

0 -22607 -5.7031 5.77
2 al),a666 # 9.6242
2 8.938 -9.1722
4 223 2590
3 2478

- 6.6010
* 7.8609

COMMON-EMITTER SATURATION

(a) @ = 095 {e) (h)w/f n f(t) a= 90 Ce),
A A1 1ft) ay Ay(a/t) w/t)oy

1 Ay 0)

-2(1-<, 1 0.2 1 1.0

0.2697 2 0697 S478 2 0739 0 0299
L662 0953 4.76 0 20218

w/f (i) Sinusoidal (3) (k) Sinusoidal
common-base comnon-emitter

K awo (w/f) Ke oy oF (w/t)

0. 2oh32h, 1 2.0169 1

17.67 7226 9617 4.55
A

2

2 (5n/2) L/on
2

aa a,

:

TABLE I
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Abstract: The Philco L-5122 is a high-frequency surface-barrier tran-
S stor ntended for switching applications, Its bias voltages are the
same as a pnp junction transistor. It has a maximum voltage rating of
6 volts and a maximum power limitation of 10 my. Its junction tempera=ture rises about 0.6°C per mw.

In brief the specifications at 3v and 0.5 ma I are as
follows:

Common emitter current gain B > 16
Common base output resistance > 200 K
Common base input impedance < 100 $2
Max frequency of oscillation > 30 me/s.

ry < 1500
T and Teo at 5 volts < 3 pa.

ce sat 8 < 100 mv.

Vee sat 2 < 70 mv.

co

Hole storage coefficient2K, < 105 misec.

It is the only commercially available transistor for high speed switching
applications,

This note presents data obtained from the measurement of

30,000 transistors over a period of 2 years.

Distribution list:
Group 63 Staff

This document is issued for internal distribution and use only by and for Tdn-
coln Laboratory personnel. It should not be given or shown to any other in-
dividuals or groups without express authorization. It may not be reproduced
in whole or in part without permission in writing from Lincoln Laboratory.

The research reported in this document was supported
jointly by the Department of the Army, the Depart-
ment of the Navy, and the Department of the Air Force
under Air Force Contract No. AF 19(122)-458.
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I.0 INTRODUCTION

The data presented here are the result of about 2 years experi-
ence with a total of some 30,000 surface-barrier transistors. Some of
the early data refers to the Philco S8-100 unit which was specified for
amplifier service. The L-5122 is an SB-100 type with specifications
designed to insure satisfactory operation in TX-O and TX-2 computer cir=
cuits, These specifications were developed over a period of time by
close cooperation between Philco and Lincoln engineers,

The measured parameters fall into two general classes those
intended to serve as a quality control and those which determine circuit
operating margins. Where complete data are available distributions are
presented on 7000 production transistors, Where this was not possible
smaller groups of typical units were carefully selected and used to
obtain the necessary distributions, This is pointed out in the text and

on the figures.
Much of this data does not appear explicitly on the L-5122

specification sheet and therefore is not guaranteed by Philco. However,
we feel that transistors tested according to the published specifications
will have characteristics substantially the same as those presented here.

2.0 CHARACTERISTIC CURVES FOR A TYPICAL L-5122 SWITCHING TRANSISTOR

The choice of a so-called "typical'transistor is always an

arbitrary one since most transistors differ slightly in one or another

respect. We have chosen transistors which have parameters near the
For themean values measured on a group of 7000 production transistors.

collector characteristics the transistor used was
LINCOLN NO. 10786
DATE RECEIVED 23 APRIL 1956

(3v, 1/2 ma ) 0.960

a,(3v5 1/2 ) 0.910
V 69 mv
ce sat 8

V SO mv
ce sat 2

PUNCH THROUGH VOLTAGE 9.5 volts
STORAGE COEFFICIENT LO misecs.

Teo (5 volts) 1.1 pa
I (5 volts) 09 pA

y

eo
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The grounded-base collector characteristics are plotted in
Fig. 1 out to a collector current of 17 ma, which is considerably above

the normal rating of the transistor. Power, voltage, and current ratings,
which are primarily determined by life and/or performance considerations,
were not observed in plotting characteristics. Note particularly that
the collector to base voltage is considerably positive in the saturation
region and that the transistor has a high value of collector resistance
at Vv,

= 0 volts,
The grounded-emitter collector characteristics are show in

Fig. 2 out to about 18 ma, The points to notice here are the considerable
fall off in gain and the decrease in collector resistance at high currents,

Vee remains negative at all times, A "blow-up rt of the grounded-emitter
characteristics around the origin is shown in Fig. 3. This shows that
the curves intersect about 3 mv below the origin. The curves represent
an expanded view of the saturation region near the origin,

The characteristics presented in Figs. 1,2, and 3 were
obtained on a Librascope x-y recorder using the circuit arrangement of
Fig. 32.

b

The grounded-emitter saturation characteristics shown in Fig.
4 are not usually published and yet they rank in importance with the
grounded~emitter collector characteristics for the d-c specification of
a saturating switching transistor, Whereas, the normal collector
characteristics spread out the active operating region and compress the
saturation region, these curves spread out the saturation region and
compress the active region, Both sets of curves are necessary.

The curves in Fig. 4 show that the active region starts at a
V of about 200 mv. The curvature of the curves in the active region,
indicating a decrease in gain, is typical of the surface-barrier contact.
The test point Vce sat 2 is indicated on the graph, This is a quality :

control check rather than a circuit requirement. The saturation
characteristics were obtained with the setup shown in Fig. 31,

Saturation current gain can be readily obtained from Fig. h.
The variation of current gain with collector current for various V is
plotted in Fig. 5, ce

The same data as a function of emitter current is
plotted in Fig. 6, These curves are obtained from the information

ce
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in Fig. h. & plot of 1/B against I, should be nearly linear in the
active region (200 mv curve). The test limits for the V and

ce sat g
Vce sat 2 check points are indicated, Similar sets of curves for a
low B transistor are presented in Figs. 7 and 8.

A set of base input characteristics for a typical SBT is
shown in Fig. 9. The curve for =CO represents the limiting case
for saturation, The Ry

= 150 2 and V, const. curves are for the
active region, Intermediate curves go from active to saturation at the
break point. The slope of these curves represents the base input
resistance. The base input circuit looks like about 100.2 (saturated)
or 20052 (active) in series with a = 0.2 to = 0.3 volt battery.

3.0 SPREADS IN CHARACTERISTIC CURVES USED IN CIRCUIT DESIGN
The spread in base input characteristics obtained from 50

surface-barrier transistors with zero collector current is shown in
Figure 1, These curves represent the minimum base voltage which can
be obtained in the saturation region. The input circuit has a minimum

value in saturation at 1 ma base current which ranges from 90-52 to
140. in series with a 0.2 volt battery, The 50 transistors used to
obtain this distribution were taken from early L-5122 production.

The next graph, Fig. 11, was included not because a 1K load

represents any circuit configuration of particular interest, but rather
because it was felt desirable to include some curves intermediate
between complete saturation and fully active operation. The breaks in
the curves between 0.1 and 0.2 ma base current represent the transition
from active to saturation, The input circuit in this case looks like
a 100 to 15002 resistance in series with a 0.25 to 0.3 volt batterye

Fig. 12 shows the spread of base input characteristics in
the active region. It is immediately obvious that the spread is con=

siderably greater than that obtained when the transistor is saturated.
Here the transistor input circuit appears as a resistance of 10 $2 to

3900 in series with a 0.25 volt battery.
The spread in forward transfer characteristics (I, vs 'be?

for a collector to emitter voltage of 200 mv (bordering on active region)
is presented in Fig. 13.
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The 200 mv saturation characteristic spread is shown in Fig,
1. 200 mv is chosen since it is a limiting value for the saturation
region, At a base current of 0.6 ma the output current ranges from 6
to 12 ma.

4.0 PARAMETER DISTRIBUTIONS OBTAINED FROM 7000 SURFACE-BARRIER
TRANSISTORS

The next 9 graphs represent distributions obtained from
incoming tests on 7000 surface-barrier transistors received during the
period from September, 1955 to April, 1956. With the possible exception
of punch-through voltage these parameters are of a "quality control®
nature and have no direct correlation to circuit operating points. They
obviously, however, affect circuit performance,

Forward and inverse beta distributions at 1 ma and 3 v are
presented in Figs. 15 and 16, The test circuit is shown in Fig. 33.
Although this is actually a d-c a test we have found it to agree, to
withine 3 units in the third place,with the small signal a measured at
3v and 1/2 ma.

The storage coefficient (+ ) distribution is shown in Fig.
17. The test circuit is Fig. 3h. This test is a measure of the micro=
coulombs of charge stored in the base region per ma of base current,
These units turn out to be millimicroseconds, Thus the "time" units do
not in any way represent the delay associated with saturation in
normal circuit operation and should not be so construed. The actual
storage delay depends on the circuit saturation-base-current and on the
turn-off current drive.

The effective base lifetime % is show as a distribution
in Fig. 18 for 500 transistors, This circuit (Fig. 36) and method of
measurement is described by Lederhandler and Giacoletto in Proc. I.R.E.,
April, 1955. It gives an effective value which includes surface and
volume effects,

The punch-through voltage distribution is given in Fig. 19,
The test circuit is shown in Fig. 37. Measurement is made by increasingcollector voltage until the emitter voltage is one volt. The punch=
through voltage is then 1 volt less than the collector voltage,

t
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The two
Veece sat voltage distributions are given in Figs. 20

and 21 and the test circuit in Fig. 38.
The I and Teo distributions are shown in Figs, 22 and 23,co.

A brief summary of the foregoing curves is presented in the
table below:

Parameter Lower Value Median Value Upper Value

10 27 06 ~ 60B(3v5 1 ma)

B,(3v; 1 ma) 4 10.5 ~ 25

et neogp/ma 20
msec 9 90

607 18* psec

volts 5 98 20

Vce sat 8 mv ho 70 120

Vce sat 2 mv 20 L8 90

0.68 ho +
Too pa 0.04

I pa 0.03 0.55 ~ 4.0
eo

P

It will be noticed that some of the upper limits are above

the published specs. This is the case only because some of these units
were received before these specifications were firm. Later production
meets the specifications quite satisfactorily in general.

5.0 SPECIAL PARAMETER DISTRIBUTIONS
The data presented in this section were obtained either from

tests developed only recently or from those tests which are not considered

necessary a8 a routine matter. This information was obtained from a

group of about 50 transistors within specifications selected largely from
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units received either just previous to or just after the 7000 used for
the other distributions. The original 7000 transistors were not available
for retest.

Fig. 2h shows the effect of collector current on the d=c
beta distribution of the surface barrier transistor. Note that the
median beta drops from about 25 at 1 ma to 4 at 50 ma. Also the tail at
the high-gain end disappears at higher currents.

The measurement of hole storage is essentially a measurement
of charge. There are two ways that this can be done (1) by measuring
the time required to remove the charge with a constant current. This
is the v, measurement, (2) by measuring the reoultant voltage when the
charge is placed on a known capacity. This is the K, measurement, The
latter method requires somewhat less elaborate equipment and will
undoubtedly be used for large-scale testing.

Initial measurements of the K distribution for the 50
selected transistors gave a median value of 88 msec with limits of 60
and 130 misec. Previous experience has shown that this is higher than
expected for a good group of surface-barrier switching transistors. A
new group of 72 transistors was selected to give a T distribution
similar to that in Fig. 1. The distribution for this group had a
median value of 56 msec with limits at 30 and 80 misec, This is still
somewhat above the values of +8 obtained in the distribution for the
7000 transistors but is acceptably close. The K, distribution for this
group of 72 transistors is given in Fig. 25. Other work has shown that
K, should be approximately 1.5 times Tee Using this relationships we
can plot on the same graph an estimated distribution of K for the 7000
transistors based on their t distribution, This appears to give some-
what lower values. The median value should lie between 7) and 80 musec.

The circuit used to make the K, measurement is shown in
Figs 35. The initial current distribution in the transistor duringsaturation is different from that in the = measurement but correlation
between the two is very good,

Frequency response distributions obtained fron ho Measure-
ments are shown in Fig. 26. hoe is the common-emitter current gain(at 10 m in this case), fhe or is the frequency where B = 1 or
approximately the cutoff frequency . A more satisfactory measurement

7

a
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for the inverse case could be made at 5 mc. The test circuit is shown
in Fig. 0. Note that the median forward f,, is about 3 times the
median inverse frequency.

The forward and inverse nC, distributions are shown in Fig,
27. & sketch of the a-c test circuit used appears in Pig. 1.

A distribution of the output capacity values is given in
Fig. 28, A separate measurement gave about 1 pf as the capacity of
the header and can. With this value subtracted from C09 the dotted
distribution results, The test circuit is shown in Fig. 2. The
results obtained with 1 ma emitter current were essentially the same.

The distribution presented in Fig. 29 was obtained by

w

b
dividing the C_ values into the measured values of r,C_.

The I sat distribution for$} base current and 150 mv vma ce
is shown in Fig. 30 and was obtained using the circuit of Fig. 39.
This is a test of interest in circuit design.

The data contained in these distributions can be summarized

in the following tables

Parameter Lower Value Median Value Upper Value

K 80 160ycoul./ma 50
or msec
me 30 5305 80

f m 8 18

4,50 680 1000
bCc, F ppsec

r C 3L0 470g 80
b c I psec

209 307 4.8

150 255 435* ohms

I (0.6 ma
ce sat (150 mv 4.8 66 905

ma

O

b

DJE/md Donald 4J, Eckl

7
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SUBJECT: SELECTIVE MASKING

To: J. C. Proctor

From: G. R. Heidler

Approved:

9 April 1957Date:

J. 2 Proctor

Abstract: A new approach to the preparation of planar masks for printed
wiring memory planes is called "Selective Masking". The new
method will produce detailed repetitive patterns with an
accuracy of 4 .001 or better, in the pattern area, using
standard photographic equipment and procedures on a 1:1 scale.
Selective Masking is based on the use of a negative mask
containing an accurately spaced series of transparent parallel
lines. Another negative containing a single straight trans-

on photographic film will produce segments of the single line
corresponding to the transparent lines on the mask.

parent line is placed under the first negative so that the
single line is at right angles to the mank lines. An exposure

jointly by the Department of the Army, the Depart-This document is issued for internal distribution and use only by an for Lin- The research reported in this documentwas supported
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in whole or in part without permission in writing from Lincoln Laboratory. under Air Force Contract No AF 19(122)-458
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The preparation of miniaturized, complex, repetitive and accurate
patterns, as a photographic negative, for subsequent use in the produc~tion of printed wiring memory planes is generally expensive, time consum-
ing and requires special photographic equipment to obtain the necessary
accuracy. Photo-reduction is generally used. A technique called Selec-
tive Masking, will produce such patterns to actual size without the need
of reduction and may be produced quickly with standard photographic
equipment.

Selective Masking uses standard photographic techniques, a step and
repeat table and an overhead source of light directed through an iris
opening. A step and repeat table is a pnit which will permit a line(s)
or pattern to be reproduced more than once at accurately speced distan-
ces. Selective Masking has been used to produce the necessary planar
masks for a 4 x 4 printed wiring memory plane, the rear mask pattern of
which is shown in Figure No. l. The mask line pattern contains onlyvertical and horizontal lines. These have been separated into vertical
and horizontal line segments in Figure No. 2.

Figure No. 2 also shows that each segment is a part of a single
straight line, e.g., note Line No. 1, Figure No. 3 shows how the

Since theunwanted portions of Line No. 1 can be eliminated by masking.
pattern is symmetrical about the vertical center line, the mask used to
produce the segments of Line No. 1 is also used to produce the segments
of Line No. 9. 'The same mask is also used to produce the segments of
Line Nos. 8 and 16. Another mask produces the line segments of Line
Nos. 2, 7, 10, and 15. A third mask produces the line segments of Line
Nos. 3, 4, 5, 6, 11, 12, 13, and 14.

Two parallel lines are used with the same spacing as that between
Line Nos. 1 and 9. By accurately stepping the two parallel lines and
selectively masking according to the position of the lines, the vertical

A similar procedure pro-pattern is produced as shown in Figure No. 2.
duces the horizontal half of the pattern shown in Figure No. 2.

The complete pattern is produced by registration of the two halves.
Any discrepancies, overlength lines, or extra line segments may be
corrected or removed at this time. A contact print of the registered
halves produces the pattern as a negative. Figure No. 6 is a contact
print of the front and rear masks for the printed wiring memory plane.
Although the front mask is more complicated than the rear, it was pro-
duced by a simple extension of the procedures outlined above.

The selective masks are made from the same two parallel lines that
are used in the pattern production since the vertical spacing is the
same as'the horizontal spacing. A base line is added to the mask, as
shown in Figure No. 3. An strip is cemented on the base line
as shown in Figure No. 4. The base line is any fixed distance from the
pattern from which all measurements for the masks are made. The metal
strip provides alignment for the selective mask when it is used with the

After the metal strip is attached, any areas thatstep and repeat table.
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were not exposed and need opaquing may be taped with opaquing tape.
Figure No. 4 shows a completed mask ready for use.

Figure No. 5 shows how the selective mask is placed in the step and
repeat table frame at a right angle to the parallel lines. The procedure
previously described produces the patterns.

A bleed line exposure is used on portions of the selective masks
where 3 or more lines are printed together such that their edges touch.
The outer lines are made by conventional exposure. The immer: line(s) is
made by room light for a short period of time (approximately 10 seconds)
such that the line is overexposed. The line will spread or "bleed" into
the line on either side as shown in Figure No. 7. This speeds the process
of making the selective maaka and eliminates the necessity for hand.
opaquing.

Accuracy of this technique is limited by the accuracy of the step
and repeat machine which is calibrated to .001", and has been generally
producing to a tolerance of + .0005".

The technique of Selective Masking has been used to make the wiringpattern for a 4 x 4 memory plane. It will be used to produce the masksfor a 16 x 16 and possibly for a 64 x 64 memory plane.

_hy fo
Glen R. Heidler

GRH/jhb

Attachments:

Figure No. Drawing No.

1 C-69659
2 c-69660
3 A-69661
h 2-69662
5
6 A-69663

A-69651
7 A-69733
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A FUNCTIONAL DESCRIPTION OF THE TX-O COMPUTER

Distribution List
John T. Gilmore, Jr. and H. Philip Peterson

7

November 20, 1956
;

Wesley/A. Clark

The TX-0 is an experimental digital computer which was con~

structed to check transistor circuitry and a 256 x 256

magnetic core memory. The logical design is rather simple
since it has only four instructions. Three of these refer
to memory in the normal way, but the fourth has the interest-
ing feature of providing the facility to micro-program via
time pulses. How useful this is will be determined by the

experience gained in programming for TX-0. This memo has

been written to give the reader a working knowledge of the

computer's logic, usefullness, and capabilities.
Distribution List:

hie document is issued fot internal distribution and use only by and for Lin-

Group 63 Staff Arnow, Jo
Bagley, Po Re Zraket, C. As
Heart, F. Israel, D.

Arden, Dean (Barta) Vance, R. Re

Hazel, FP. Thomas, L. M.

Buzzard, R. Briscoe, H.
Holmes, Le
Daggett, No

Dinneen, G. P. Bailey, D. fMayer, Re Rich, E.

Ziegler, He Rising, H. Ke

Vanderburgh, Ac Frachtman, H. .

Attridge, W. Neeb » Donna (RAND)

Hosier, We Dustin, D. Eo
Grandy, C. Tritter, A. L.

'The research reported in this document was supported

ment of the Navy, and the Department of the Air ForceLaboratory personnel It should not be given or shown to any other in jointly by the Department of the Army the Depart-

in whole or in part without permission in writing from TAncoln Laboratory. under Air Force Contract No. AF 19(122)-458.'dividuals or groups without express authorization. It may not be reproduced



TABLE OF CONTENTS

I Introduction
II Present Terminal Equipment
TII Register...
IV Instructions and Operating Modes

The Normal Mode

VI Test Mode

VII Read-In Mode

VIII Operate Class Commands

IX Combinations of Operate Class Commands

xX Program Example
XI Toggle Switch Storage
APPENDIX
A TX=0 Censole
Bs Operate Class Command Summary
C Operate Class Command Combination Summary

FIGURES. .

TX=0 Computer Room

TX-0 Console
Main Console Panel

Toggle Switch Storage
Tape Layout for Read-In Mode of TX-0 A68),05
Logical Flow Chart With Comments (E-69059)
TX-0 Block Diagram (D-1,721)3)<F

O
U

at
W
w
fo

pe

6M-l789

41
1
2

3

16

4

W



6M~L:789. : 1.

€ I INTRODUCTION

The TX-0 computer is a general purpose high-speed machine built
primarily of transistors. The computer has one memory device which is a
vacuum-tube-driven magnetic-core array capable of storing 1,179,648 bits
of information. Each word contains 18 bits for a total of 65,536 or 2

words. The memory cycle time is approximately 6 usec. The machine

performs a complete operation every two memory cycles}; the instruction
is obtained in the first cycle and the data in the second. Most of
the logical and arithmetic operations are executed in the second cycle.
II PRESENT TERMINAL EQUIPMENT

Input
le A Ferranti photoelactric paper tape reader

16

(2)

(2)

(a) Standard seven-hole.flexowriter paper tape
(b) 200 to 250 lines per second .

2. Toggle switch registers
(a) Toggle switch accmiator called TAC

(b) Toggle switch buffer register called TBR

(c) 16 toggle switch registers called toggle switch storage, 783,

These registers can replace the first 16 registers of
magnetic core memory by means of a switch on the main console.

3, Flexoprinter input to live register bits 2, 5, 8, 11, 1, 17

setting IR, to a one when the key is struck.
hh.» Provision has been made for a photosensitive device, called

the light pen, to control the computer from the display tube.

Output
1. One 12 1 cathode ray oscilloscope display tube

(a) 511 points by 511 points in 7" by 7" array
(b) a camera will be added in the future

2. Paper tape punch

1.

2.

The TX-2 which is in the process of being constructed will use this

memory. The TX-0 will then have a transistor-driven core memory of

2 registers.
Each memory cycle has eight time pulses and the notation we use in

refering to them is cycle, time pulse, (icec, cycle 0, time pulse 8

is written 0.8).
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(a) Standard. flexowriter tape
3. Standard flexowriter printer

Itt REGISTERS
4

le Memory Buffer Register = (MBR, 18 bits + 1 parity check bi
receives information from and sends. information to the memorye
The transfer of information from. the memory is chesked by me

of the parity digit which makes the sum of all 19.digits odd.
26 Accumulator = (AC, 18 bits) - stores the results of numerical op-

erations ~ is algo used as buffer to n-out terminal equipment.
The bits of AC are numbered from left. to. rights to 17.

One interesting point with regard to the AC is that.one may
look upon it as strictly a ring adder. If we consider the left-

30

he

most digit as a sign, then the largest representable number

is 2 and the smallest is 271844, If a one is. added to the

largest number the result is the smallest and likewise if.a-.
one. is subtracted from the, smallest the result is the largest.
There is no overflow alarm. This feature has already been found @
to be-useful in decision techniques.
Memory Address Register - (MAR, 16 bits) - selects the informae
tion in the memory and has another special feature of selecting
operate class commands - (more about this later)...
Program Counter.- (PC, 16 bits) - is used by control and contains
the addrese of. the next instruction to be executed.

Se Instruction Register + (IR, 2 bits) - contains the operation
part of the instruction which is to be executed.

66 live Register - (IR, 18 bits) - may be considered as just another
storage register which uses flip-flop rather than magnetic
coreso It is referred to by means operate class commands which
we shall see later.

To Toggle Switch Buffer Register - (TBR, 18 toggle switches) -
used for manual intervention in the normal and test modes.8.

8. Toggle Switch Accumlator - (TAC, 18 toggle switches) used
for manual intervention in the normal ami test modes.

For a description of the flip-flops and logical control, see Figure 6. @
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Iv INSTRUCTIONS AND OPERATING MODES

The first two bits of the 18 bit TX-0 word designate..one. of four.basia
instructions. The machine recogniizes which one to perform by means of
two flip-flops IR, and IR, called the instruction register. . The remaining
16.bits of three of. the instructions used to specify a memory loca=
tione The fourth instruction makes use of its remaining 16 bite to
designate one or more special commands. These are called operate class
commands and are the means by which TX-0 attains its versatility. (As
we shall see and IX)....

has three operating modes Normal, Test,and.ReadIn. They
are. specifiedby.two. flip-flops, and..7 called the mode-register... The..

four instructions are carried out in one of the three modes and for each
of the twelve combinations a different function is executed by the machina.
The console has a push button to select the Test mode and also one for
the Read-In mode. The Normal mode is initiated by instructions in the
other two modes. In the Normal mode. instruction words are taken from

the stored programs in the Test mode, from the TBR3 and in the Read-
In mode, from the tape being read in.

The mode register and T) decodes the modes as follows?

Normal 0

Test. 0 1

MODE R r

Read-In 1
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V THE NORMAL MODE

Tae four basic instructions in the Normal mode are interpreted as

follows 3

TR, Ty
0 0 sto x Replace the contents of register x . t

ABBREVIATION INSTRUCTION

the AC. Let thq
AC remain the same.

0 1 add x Add -the-word-in register x-to the
contents..of the AC and leave the
sum in the AC.

trn x If.the sign digit of the, agcumulae
tor (Ac) is negative a one)
take the next instruction from

register x..and continue from, there.
If the sign is positive (i.e. a zero)
ignore this instruction, and proceed @to the next instruction.

1

opr x Execute.ona of the operate class .

commands indicated by the number x.
(See sections VIII and IX).

VI TEST MODE

The test mode is selected by a push button on the console. Primarily
the Test mode was designed into the computer to aid engineers and opera-
tors to manually intervene with control and storage for test purposes.

Basicaly one may consider the test mode as being a one instruction
program where the instruction is set in the TBR (Toggle Switch Beffen}r)
and the data to be, treated either already in the AC or set in the TAC
(Toggle Switch AC). There are two switches on the console which allow
a little more versatility to the one instruction. They are called the a

repeat and step switches. The repeat switch causes the instruction to
be repeated over and over again (unless, of course, it is of the transfer

+
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e control type). The step switch allows the address section of the
instruction to be indexed by one each time the instruction is executed.

When the test mode push button on the console is activated (1.e.,
pushed) the first two digits of the TBR are sent to the IR and the last
16 digits are sent to the MAR. (In the stex case the AC is reset
according to what is set in the TAC). The PC is set to MAR + 1 and

the instruction is executed.

Then if:
Repeat Switch Step Switch Operation After Execution of the Instruction

off orf The computer will stop
orf On The computer will stop but the MAR will be

changed to what is in the PC namely, the
preceding MAR + 1 and then the PC will be
indexed by 1.

On off The computer will continue to perform the
game instruction repeatedly at machine

speed.

On On The MAR will be changed to what is in the
ThenPC, namely the preceding MAR + 1.

the PC will again be indexed by 1 and the
instruction will be executed repeatedly
with the address section being stepped up

by one each time.

The four bagic instructions for the test mode are classified as

load, examine, test operate, and starte

"Load" sto x The AC is set to what is in the TAC and

00 then the contents of the AC are stored
in register Xo

a
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"Examine" add x The contents of register x, are-.added to @
the AC by means of the MBER, Hence x
can be examined in.the MBR. The AC

could have been*anything" before. the
instruction so all we can say is that «

the AC will contain"anything"plus the
contents of xe

ol

"Test Operate" opr x Any one-pf the.operate.class commands is
11 executed,...Stepping means nothing in

this instruction.

"Start" 'tren Change to normal mode and transfer control
1:0. to instruction in register x. Stepping

and repeating mean nothing in this in-
structions

VIE READ-IN MODE

The Read=In mode is selected by a push button on the console and

causes the photoelectric reader to be activated. As each line of tape
passes under the. read head, the information in tape positions 1, 2, 3,
h, 5, and 6 is transferred to digital positions 3, 6, 9, 12 and 15 of
the AC. Once the first line of information is in the AC, the AC is.

cycled to the right one digital position. The second line is then read

in, the AC cycled again one pesition, and the third line read in. At .

this point the first three lines are now assembled as a word in the AC.
The tapes to be used by the Read-In mode have been made so that each word
to be stored follows an instruction word on tape which will perform the
storage. In order to transfer control to imer storage all that: is
required o tape is the transfer instruction itself and it will not be
followed by the usual three lines of data as the store instruction is.
Getting back to the mechanics of the read~in, the first three lines
of information have been read in and assembled in the AC. Since this ward
will be an instruction in either the storage or the transfer case, the
first two digits in the AC are transferred to the IR (Instruction
Register) and the last 16 digits to the MAR. At this point the

d
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instruction register is examined and if the instruction is of the storage
type then the next three lines of tape are read in and assembled in the
AC and then the instruction is executed. If when the IR was examined the
instruction was of the transfer control type then no more information
is read in and the transfer control instruction is executed. Summarizing,
we can say that each data word requires six lihes of tape; the first three
indicating where to put it and the last three the word itself; each
transfer control instruction requires only three lines of tape containing
the nstruction itself. The tape layout canbe seen more clearly in
Figure 5.

The four basic instructions of the Read-In mode are separated into
two types « storage and transfer control.

8 Symbol. Description
of tape

Storage 0.0 00 6 sto x Store the word (which was
read in behind this in-
struction) in register xo

Storage 11 00 6 opr x When the two digits for
opr x (11) are read into
IR(in the Read-In mode)

they are complemented and
therefore opr x = sto Xo

Transfer 10 10 3 trn x When the two digits of
Control trn (10) are read into IR

(in the. Read-In mode) the

computer stops reading
from tape; the computer
4s changed to the normal
mode and control is imme-

diately transferred to

register xX.
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Type First Modified Lines Symbol Description
IR IR of tape

Transfer 01 10 3 add x When the two digits of add
Control (01) are.read into IR (in the

Read-In mode) they are. com-

plemented and. the computer
stops. Upon restarting. (by
pushing the restart button.
on the console) the computer
performs the instruction
trn Xe Therefore, add x
stop + trn xo

Hote, that with a hand. unch, on the tape can be

modified so that st (00) can haceme add (01) or transfer (10) and either
add er transfer can become operate (11). The flexibility allows changes
on the tape without preparing a new one.

In actual practice the Read-In mode is used to read a more efficient
ReadeIn program into storage, since a binary tape with a store instruction
following each word would be extremely large and cumbersome. A description
of this program will be found in section X. It is called the Input Routine
and further describes how data is put inte storage and also gives the
reader an example of TX0 programming.
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VIII OPERATE CLASS COMMANDS

The following is a list of the operate class commands, the time
pulse on which they are executed, the binary form they assume, what they.
do and the octal notation of the last 16 bits of the operate instruction,
opr Xe

MAR

012 3h5 678 9 mite) uy 151 12. 13 17

2
0 00 0 0 0 0 ® opr 100,000 (octal)

(6.8) CLL Clear the left nine digital positions of the AC

;1103200000009 0 0 0 0 0 0 ® opr 0,000 (octal)
(0.8) CLR Clear the right niine digital positions of the AC

42
4 0 0 Q opr 20,000 (octal)

(0.8) I0S In-Out Stop Stop machine so that an In-Out command (specified by digits
6.7 8 of MAR) may be executed.

4 31100212212000 0 0 0 0 0 0 ® opr 30,000 (octal)
(1.8) Hlt = Halt the computer

6 7 8

2110 000 00 0 0 0 0 0 0 ® opr 7,000 (octal)111
(008) P7H Punch holes 1-6 in flexo tape specified by AC digital positions

2, 5) 8, 11, 1h, and.17. Also punch a 7th hole on tapes

628
1100001120000 0 0 0 0 OO opr 6,000 (octal)

(0.8) P6H Same as P7H but no seventh hole
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CNS 345 678 91D 12 13 1h 15 16 17?

TR

6281100003200000 0 0 0 #0 0 opr 4,000 (octal)
(0.8) PNT » Print one flexowriter character specified by AC digits 2, 5, 8, 11, lb,

and 17.

86
00 0 0 0 0 0 0 0 ® opr 1,000 (octal)1

(0.8) RLC # Read one line of Plexo tape so that tape positions 1, 2, 3, lh, 5, and
6 will be put in the AC digital positions 0, 3, 6) 9, 12 and 15.7

628
110 000 .1 Q0 0 0 o 0 0 0 OO opr 3,000 (octal)
(0.8) R3C Read one line of flexo tape into AC digits 0, 3, 6, 9, 12, and 15.

Then. cycle the AC one digital positions read the next line on tapeinto AC digits 0, 3, 6, 9, 12 and 15, cycle the AC right one digital
position and read the third and ast line into AC digits 0, 3, 65 9,
12 and 15. (This command is a triple CYR-R1C.)

628
110 00003120 00 0 0 0 0 0 0 O- opr 2,000 (octal)
(0.8) DIS Intensify a point on the scope with x and y coordinates where x is

specified by AC digits 0-8 with digit 0 being used as the sign and
y is specified by AC digits 9-17 with digit 9 being used as the signfor yo The complement system is in effect when the signs are negative.

2 10.
00.010 8 0 0 0 0 O- opr 400 (cotal)

(104) SHR Shift the AC right one place, ise. mitiply the AC by 2

2 0
120 000-000 11 0 0 0 0 0 0 O- opr 600 (octal)
(1.4) CYR = Cycle the AC right one. digital position (AC). will become AC.)

- 2 10
126000000 01 0 0 0 0 0 0.= opr 200 (octal)
(1.3) MIR Store the contents of the MER (memory buffer register) in the live reg. @
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MAR
+

012 3h5 678 9 10 ll 1616 17

u 5
21000000000 % 0 0 0 0 0 opr 100 (octal)
(101) PEN Read the light pen flip-flops 1 and 2 into Ac and AC,.a

15
000 2 # opr 4 (octal)

(1e1) TAC Insert a one in each digital position of the AC wherever there is a
one in the corresponding digital position of the TAC.

12

11000000000 0 1 0 0 0 0 opr hO (octal)
(1.2) COM Complement every digit in the accumlator

1100000000090 ,.0 1 0 0 0 0 opr 20 (octal)
(1.4) PAD Partial add AC to MBR, that is, for every digital position of the MER

that contains a one, complement the digit in the corresponding digital
position of the AC. This is also called a half add.

Example: AC

MBR # 0 222000

New acel 1 01101
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m
ore 348 678 FDU WD 16 17

0 0 0-1 0 0 0 # opr 10 (octal)

T> determine what the 18 digits of the carry are, use the following

00
(1-7) CRY = Partial add the 18 digits of the AC te the corresponding 18 digitsof the carryo

rule: ..

"Grouping the AC and MBR digits inte pairs and proceeding from rightto left, assign the earry digit.of the next pair to a one if in the
present pair BR 1 and AC 0 or if in the present pair AC 1 and
carry. Lo

(Notes The digitepair determines the 17 paint 8 carry digit)

Examples
MBR 1 1 0001

CARRY

AC

New AC 0002021

% Y1100009000 00 0 0 0 8. 0 0 1=opr1
(1.2) AMB = Store the contents of the AC in the MBRe

46 az110 000000 00 0 0 0 0, 0 1 1 opr 3
(1.2) TBR = Store the contents of the TBR in the MBR.

% 1

th

1

AC 1 100 11

0012CARRY

@oo 000 00 0 0 1
(1.3) = Store comtents of the LR in the MER.

0 = opr
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It should be noticed that. the command CYL or cycle left was not
listed. The reason for that iss

(1.2) (1.4) (1-7)
CYL = AMB, PAD, CRY

Example

0110
After AMB (1.2)

1 1

MBR 0

0110011
After PAD (1oh) ac#0 0000000

CARRY = 0

After CRY (167) Ac = 0 1100 1 01

This is an excellent example of how.a programmer can accomplish

many things with one, operate instruction. Also. thatthe.AC was .

cleared by AMB + PAD. Any operate instruction-word is capable of having
a large variety of commands within itself as long as the programmer is
aware of the time pulse sequence. The preceding list of commands also..
lists the cycle and time pulse of each commande We have.included. a

logical flow chart in this memo with a few side remarks on the chart.to
assist you in reading it. Whenever there id some question as to what is
happening on each time pulse this chart should give you the answer. If
you find in experimenting with the operate class commands that a new

operate class command would be useful to a programmer, we will be glad
to consider your suggestions.
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IX COMBINATIONS OF OPERATE CLASS COMMANDS

The fal) ng Jie of combinations has already been found to be
useful in programming. A conversion program which will be deseribed in
a later memo is capable of assembling most of these combinations using
three letter mnemonic symbols (e.g. lac, alr, lad, etco).

038 0.8
CLL + CLR = opr 140,000 Clear the AC (CLA)

1.2 Lek 1.7
AMB + PAD + CRY opr 31 cycle the AC left one digital position (CYL)
008 008 1.2
CLL + CLR + COM opr 110,040 = clear and complement AC (ci)
068 028
IOS + DIS opr 22,000 = Display (this combination was included to remind

you that with every in-out command the I0S must be included)(DIS)
0.8 0.8 0.8
Ios + CL + * opr 160,000 In out stop with AC cleared.
0.8 068 ley
IOS + P7H + CYR opr 27,600 = Punch 7 holes and cycle AC righte
0.8 0.8 Leh
10S + POH + CYR " opr 26,600 Punch 6 holes and cycle AC right.
0.8 0.8 0.8 0.8
Tos + CLL + GLR + P6H opr 166,000 = Clear the AC and punch a blank

space on tapes
0.8 0.8 008 7

Ios + PNT * CYR = opr 2h9600 = Print and cycle AC rights
0.8 0.8 1.2 leh
Ios + P7H + AMB + PAD * opr 27,021 = Punch 7 holes and leave AC cleared,
0.8 0.8 1.2 LehIos + P6H + AMB + PAD opr 26,021 Punch 6 holes and leave AC cleared.
0.8 0.8 1.2 leh
TOs + PNT + AMB + PAD opr 2h9021 = Print and leave AC cleared.
0.8 008 008
CLL + CLR + RIC opr 11,000 = Clear AC and start petr running (noticene IOS ~ which means computer hasn't stopped to wait @for information).
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1.7
RIC + AMB + PAD + CRY = opr 1,031 = Start petr running and cycle AC left.

RIC + CYR opr 1,600 Start petr running and cycle right.
008 0.8

CLL + CLR + I0S + R30 = opr 163,000. Clear AC, read 3 lines of tape.

08 Ooh

0.8 0.8

0.8 0.8
CLL + CLR

008 0.8
CIR + CIR +

0.8 0.8

0.8 08
+ IOS + RIC opr 161,000 = Clear AC and read one line of tape.
0.8 0.8 Loh Le?
IOS + RIC + PAD + CRY = opp 161,031 Read 1 line of tape and

eycle AC left.
0.8 08 leh

CLL + CIR + IOS + RIC + CYR opr 161,600 Read one line of tape and
cycle right.

lel0.8 0.8
+ TAC opr Put coptents of TAC in AC.

PAD + CRY opr 30 Fulleadd the MBR and AC and leave sum in AC.

CLL + CLR

107

0.8 0.8
CLL + CLR

1.2 1.3
AMB + MLR

1e3 lok

1.3 Loh
+ LMB + PAD epr 10,022 Clear the AC ~ store IR contents in

memory buffer register add memory

contents in AC. (LAC)
puffer to AC = store live reg.

opr 201 = Store contents of AC in MBR, store contents of MBR
in IR, ioeo store contents of AC in LR. (ALR)

LMB + PAD opr 22 = Store contents of LR in MBR, partial add AC and MBR

partial add IR to AC. (LPB)

MIR = opr 200 Since MLR alone will have a clear MBR, this is really... ~1.3
clear LR. (LRO)

1.3 Lol 1.7
IMB + PAD + CRY = opr 32 Fulleadd the IR to the (LAD)AC.

0.8 0.8 1.3 1.
CLL + CLR + TBR + PAD opr 140,023 = Store contents of TBR in AC.



X PROGRAM EXAMPLE

This section was included to give the reader an example of a TX-0

program. The program which was chosen is used to read binary tapes into
storage and is called the Input Routine. It.was written to aveid the

long and cumbersome tapes which would be, required by the Read-In mode

(a store instruction for each data word). When the conversion program has

finished converting a program's flexowriter tape and is ready to punch a

binary tape, it first punches the Input Routine on tape in the form that
is required by the Read-In mode. Then the converted program is punched
out in binary form according to the specifications required by the Input
Routines

By having the Input Routine on the leader of each tape all that is
required is the activation of the Read-In push button. The Input Routine
is read in by the Read-In mode and then control is immediately transferred
to the Input Routine which takes on the task of reading in the rest of the
binary tape.

The specifications required by the Input Routine are very simple.
The tape channel positions. of a word are the same as they are in the
Read-In mede. Words are transferred to storage.in blecks of sequentially
addressed words. The first word in the bleck is a store instruction
word whose address section, contains the address of the first word in
the block. (Call it sto Wye) The second word in the block is the comple-
ment of a store instruction word whose address contains the address of 4

the last word in the block. (Call it ste W where n # noo of words.)
The data words follow these two pieces of information. Following the last
data word of the block is a word which is the complement of the sum of
all the preceding words inthe block including the first two control words.

The address of the starting instruction.folows the last block of
data words. If it is in the form of an add instruction (add z) the
computer will be stepped before the Input Routine transfers control te the
programe If it is in the form of a transfer control instruction (tr 2) @

n
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then the program will be started immediately after the last block of data
words has been read into storage. Be

TAPE FORMAT REQUIRED BY INPUT ROUTINE

Wy Address of lst word
in block

First W Address of neh word
block

blocks

tion from register zo

sto W.1

complement
of sto

lst word
2nd word

n wordth

complement
of bleck's sum

add 2
or
trn

n n

Other

Last three trn z Upon completion of
last block transe

tape ferred to storagelines on
take first instruce

Add z Stop computer afterlast block has been
transferred to-
storage. After
restart, take first
instruction from
register Zo

a



INPUT ROUTINE

177741 Temporary storage
17772 Add 177773
177743 tym 177772

177745 ste 177756

177746 trm 177756

177747 adds 17777h

177751 opr 163,000 (R3C)
177752 sto 177777

177753 add 177756
177754 sto 177741

-p177755 opr 163,000 (R3C)
177756 (ste Wi)

(add Z) (Not used)
(trn Z)

177757 add 17771
177760 sto 17771
177761 opr 140,000 (CLA)
177762 add 177756
177763 add 177773
17776 ste 177756
177765 add 177777
177766 trn 177755>
177767 opr 163,000 (R3C)
177770 add 177741
177771 trn 177742

177772 opr 30,000 (HLT)+
1777730
177774 200,
177775 sto 177777
177776 opr 30,000 (HIT) «

177777 trn Z (Cer the com-
plement of the ad-
dress of the last
word in a block).

€M-1,789 18.

Partial sum of blockIf the preceding block's sum is
correct, go on to next block or
transfer control words If nos;
go to 177772 and stop computere
Read in the first word of a block
or the transfer control word (add
Z or trn'Z) and store it in register
1777566 -

Is' it st Wy, add Z, or trn 2? If
trn Z go directly to register 1777566
It is either st W4 or add Z3 add
200,000 to the ACs If it was add Z,
the AC is' now neg. (*trn 2), so go
to 1777756
Read in tie complement of the address
of the last word in the block and
store it in the register 1777776
Add the first two control words of
the block together and store in
177741.to initiate the partial sum

Read in the i word and store it in
its assigned memory location

Add the ith word to the partial sum
of the block.
Index the address section of the
register 177756 by one.

Hag the neo word been transferred to
storage? If AC is negative N05
return to 177755.

1777Enter pr 163,000 (R3C)

177750 trn 177775

th

Read in the sum of the block. Isit the same as the sum in registerIf it is, AC minus zero, poif it is positive.to1777h2
stop 6 computer. The sum check is
Wrong o

Constants
The ast block has been stored and
the transfer control word was add Ze
Put trn Z in register 177777 and
stop the computer.
Upon restarting, transfer control to
register Z.

1
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The operate class commands.used in the Input routine were:

opr 160,000 = CLL + CLR + IOS + R3C
Clear AC and read three lines, cycling each time
so that they are assembled as an 18 bit word in
the AC.

opr 110,000 = CLL + CLR CLA

Clear both halves of AC.

opr 30,000 Halt the computer.

It should be noticed that a trn instruction (10) has a one in
the sign digital position. In registers 1777hh, hS, and 46 when the
transfer control word "trn Z" is read into the accumulator, the trn
177756 will transfer control to 177756. Since register 177756 will
contain trn Z and the AC still contains trn Z, control will immediately
be sent to register Zo This is a useful trick. (For example, transfering
control to a subroutine with the exit word in the AC).

One other point of interest, if the word add 2 is in the AC when

instruction trn 177756 in register 1777h6 is performed, the AC is
positive and the next instruction will be add 17777h. This will cause

the octal number 200,000 to be added to the AC and since the first
two bits of the word add Z are 01, the result will be trn Z. This
causes the instruction trn 177775 to be executed and 177775 will store
the word trn Z in register 177777. The next instruction is the operate
class command halt. Since the AC is not disturbed, it will still con-

tain trn Z. If the restart push button is activated, the trn Z in
register 177777 will transfer control to register Z.
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XI TOGGLE SWITCH STORAGE

The TX-0 has an auxiliary m@mory System consisting of sixteen
teggle-switch registers which we shall refer..to as toggle switch storage,
TS3. The TSS can be used as a substitpte for the first sixteen.magnetic
core registers 0 through 17. All sixteen registers of TSS can replace
core registers 0 through 17 or they can be chosen individually to replace
their respective core registers, 1.6. TSS, ean replace register 6 of W

core memory while the other fifteen can still be core.

flip-flop register with no address. Up to this peint the only way refer=
ence could be made to it was by means of the operate class commandse
The switches on the TSS panel allow the Live Register te be addressed
like any other register. However, its contents can still only be changed
by specific operate class commands or by data from the flexo type-
writer (if the flexe input switch on the main console is in the on
position) o

The sixteen registers of TSS are located on the console. (See
Figure ) In addition to the eighteen toggle switches associated with
each register there is a toggle.switch lecated to the left of each
register which we shall all *om".and ene to the right of each régister
which we shell call "ir", Also located on the console is a master switch
called "core memory select" or GM. select. When the GM select switch is
on, the first sixteen registers will always be magnetic core. When. the
GM select switch is off then the first sixteen registers can be either
magnetic core, toggle switch storage, or addresses of the live register.

The Live Register has been mentioned earlier as an eighteen bhi.

+.
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The following is .a breakdown of the possible combinations:

Rego

CM Select Switch OFF

om TSS.

off

Orr W

On W

On W

off

off

Case One

Register x is TSS and the word in xis W which is set by the toggle switchege

Case Two

x is the address of the IR and the word

x W

x On
in x will always be the word in' the IR
and not the toggle sw setting W.

Case Three

Register x is magnetic core and the
teggle switch setting W means nothing.

Case Four

The core switch cm takes precedence
over the lr switch and this case
becomes the same as case three.

x On

Note that the. Live Register have one, two,..three or sixtgen
different addresses (0 ~ 17) or none at all if no lr switch is one

JTG,HPPsbac
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APPENDIX A

TX-0 Console

1. Push Buttons

(a) Stop
(b) Restart
(c) Read-In
(a) Tess
(e) Tape Feed

2e Flip-Flop Indicators
(a) Two bit instruction register
(b) Cycle
(e) RT Mode. -

'Memory Read. .-

(e) MI Memory Inhibit
(tf) PAR Parity
(g) SS Stars Stop
(nh) PBS Push.Butsten Synchronizer

(a) MR

(4) I0S In Out Stop

4m). Alarm Endicaber

(a) MAR

(») PC

(c) MBR

(j) CH Chime Alarm

(k) IP light Pen Flip-Flops 1 and.

_ (1) PETR Phetoelectric reader flip-flops 1, 2, 3 and 4

3. Registers

(a) ac
(e) IR



he

5.

Switches
(a)
(b)
(ec)

(d)
(e)
(f)
(g)
(h)
(4)
(§)

Suppress Alarm

Suppress Chime.

Automatic Restart
Automatic Read-In
Antomatic Test
Stop on Cycle Zero
Stop on Cycle One

Step
Repeat..
Printer Input

Toggle Switch Registers

(a)
(b)

TAC Toggle switch accumulator
TBR = Toggle. switch buffer register

he €M-,.789

(c) TSS Sixteen toggle switch storage registers

ee



(0,8)
(08)
(08)
(2.8)
(0,8)
(0,8)
(0,8)
(0,8)
(0,8)
(08)
(1,h)
(1p)
(13)
(1,1)
(151)
(1.2)
(1h)
(167)

(2,2)
(1,2)
(1.3)

€M-1789

APENDIX B

Operate Class Command Summary

opr 100,000
opr 0,000
opr 20,000
opr 30,000
opr . 7,000
opr .6,000
opr 1,000
opr . 1,000
opr 3,000
opr 2,000
opr 1,00

opr 600

opr 200

opr 100

opr
opr ho

opr 20

opr 10

opr 1
opr 3

opr 2

Glear left AC

Clear right AC

In-out stop
Halt
Punch 7 holes
Punch 6 holes
Print
Read 1 line
Read 3 lines
Display
Shift right
Cycle right
MBRIR
Read light pen
TAC enes =PAC

Complement AC

Partial ADD MBR and AC

HLT

P6H

DIS
SHR

TAC
COM

PAD
Partial ADD carry digits
and AC

CRY

AC -> MER

TER MER

LR ->MBR
TER

Bel
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APPENDIX

OPERATE GLASS COMMAND COMBINATION SUMMARY

@pP 860,000 Clear AC.- Clear AC (CLA)
opr Cycle left . (GY)
ope 140,040 Clear and complement AC (CLC)
opr 86 22,000 Display.
opr 160,000 = In out stop and AC cleared
opr, 27,600 Punch 7 holes, cycle AC right
opr 26,600 = Punch 6 holes, cycle AC right
opr 166,000 Clear AC ~ Punch blank tape
opr 24,600 Print and cycle AC right
opr 27,021 Punch 7 holes and clear AC

opr 21,021 Print and leave AC cleared
opr 141,000 Clear AC and start PETR running
opr 1,031 * Start PETR running and cycle left
opr PETR running cycle right
opm 163,000 Clear AC and read 3 lines of tape
epr 161,000 = Clear AC and read 1 line of tape. .

opr 161,031 Read 1 line of tape and cycle left
opr 161,600 * Read 1 line of tape and cycle right
epr TAC PAC

31

opr 26,021 * Punch 6 holes and clear AC

1,600 Start

opr 30 @ Fall add MBR and AC

opr 140,022 = IR -» AC (LAC)
opr 201 = aC IR (ALR)

opr 22 Partial add IR and AC (LPB)

opr 200 Clear IR (LRO)

opr 32 Pull add LR and AC (LAD)

opr 10,023 TBR => AC (TER)

:
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WORD 35632! IN

REGISTER 40 OCTAL

Ac IR MAR

b OF

oe)

AC IR MAR
st 40 (0)3 J 6 3 2 I

IF THE TAPE IS HELD SO THAT
IT 1S MOVING FROM LEFT TO
RIGHT WITH THE SEVENTH HOLE
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variants. A unique feature of the central computer is its ability
to deal with operands in one 36-bit, one 27 and one 9-bit, two
18-bit, or in four 9-bit configurations. These configurations are
specified by each instruction -- a feature which permits the 9-bit
quarters of the arithmetic element to be connected in various ways
to the corresponding quarters of the memory. Control is exercised
over the activity of the quarters during the execution of the in-
struction.

THE LINCOLN TX-2 INPUI-OUIPUT SYSTEM
by James W. Forgie

The Lincoln TX-2 computer design uses the "multiple-sequence pro-
gram technique" to permit the concurrent operation of a number of
input-output devices. A stored program (instruction) counter is
associated with each input-output device. The programs referred
to by these counters time-share the hardware of the central com-
puter, giving attention to the associated input-output devices as
required. A priority system ranks the devices according to speed
and type for efficient operation with a minimum of programming
restrictions. The multiple-sequence program technique provides an
environment in which buffer storage may be considerably reduced at
a small cost in machine speed within the limits set by peak and
average data rate considerations.

MEMORY UNITS IN THE LINCOLN Tx-2
by Richard L. Best

There are three random-access core memories in TX-2 -- all of which
may be operated independently and concurrently. Two of these are
for conventional storage of data and instructions. The third is
used as a file of index registers and program counters. The three
types of core memories in TX-2 are described. The largest memory
contains 65,536 words 37 digits long, and has a full cycle time of
6 1/2 usec. The next largest is entirely transistor driven, con-
tains 4,096 words, 37 digits long, and has a 6-usec cycle time.
The smallést and fastest contains 64 words, 19 digits long,and uses
external selection and two cores per bit to achieve a "read" cycle
time of 1 usec and a "write" cycle time of 3 usec. Ferrite cores
only 0.050 inches 0.D. are used in the two smaller memories.

TX-2 CIRCUITRY
by Kenneth H. Olsen

d>

Only two basic transistor logic circuits are used in TX-2. Sur-
face-barrier transistors in saturated emitter-follower circuits
are grouped in parallel for "AND" "OR" operations; groups of in-
verter circuits are connected in series, parallel, or series-
parallel to perform more complicated logic operations. The

di
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From: W.A. Clark, J.M. Frankovich, H.P. Peterson, J.W. Forgie,

R.L. Best, K.H. Olsen

W.N. Papian

Abstract: The information contained in this report was presented
at the Western Joint Computer Conference held at Los
Angeles, California, in February 1957. The papers given
form the sections of this memorandum and are as follows:

THE LINCOLN TX-2 COMPUTER DEVELOPMENT
by Wesley A. Clark

Construction of the TX-2 computer at the Lincoln Labor-
atory of MIT is part of the Lincoln program for the
study and development of large-scale digital computer
systems. The Lincoln TX-2 incorporates several new
developments in high-speed transistor circuits, large
capacity magnetic-core-memories, and flexibility in
machine organization and is designed to work efficiently
with many input-output devices of different types. In
the course of development of the TX-2, Lincoln has con-
strutted a small self-checking multiplier system which
is on life test, and a complete, though skeletal,
general-purpose computer known as the TX-O which is now
in operation.

Date: 1 April 1957

Approved:

a

A FUNCTIONAL DESCRIPTION OF THE LINCOLN TX-2 COMPUTER
by John M. Frankovich and H. Philip Peterson

The Lincoln TX-2 computer is a general-purpose, binary
parallel machine with a code of 64 single-address in-
structions and 64 index registers. The design provides
for a random-access memory of 260,000 36-bit words.
The instruction code includes the usual arithmetic and
logic operations executed at a peak rate of 160,000
36-bit additions pér second, with several interesting

This document is issued for internal distribution and use only by and for Lin- The research reported in this document was supported
coln Laboratory personnel. It should not be given or shown to any other in- jointly the Department of the Army, the Depart
dividuals or groups under Air Force Contract No AF 19(122 45

without express authorization It may not be reproduced ment of the Navy, and the Department of the Air Force
in whole or in part without permission in writing from Lincoln Laboratory
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TX-2 flip-flop is assembled from saturated inverters and emitter-
followers and incorporates enough amplification so that it appearsto the logic designer as a simple switch over a wide range of
loads.

Circuit tolerance to variations in transistor and other component
characteristics, in temperature, supply voltages, and noise was
studied in detail and designs were adjusted to minimize the ef-
fects of them. The study led to the gelection of voltage sensi-
tive parameters for indicating the deterioration of components
with age and became the basis of the marginal checking system.
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6M-4968 1,
I. THE LINCOLN COMPUTER DEVELOPMENT

A. Introduction

The TX-2 is the newest member of a growing family of experimental
computers designed and constructed at-the Lincoln Laboratory of
MIT as part of the Lincoln program for the study and developmentof large-scale, digital computer systems suitable fér control inreal time. Although, in general characteristics and design phil-
osophy, it owes a great deal to its predecessors, Whirlwind I and
the Memory Test Computer, the Lincoln TX-2 incorporates several
new developments in components and circuits, memories and logical
organization. It is the purpose of this paper to summarize these
new features and to give some idea of the historical development
and general design objectives of the TX-2 program. "Fig. 1 shows
TX-2 in its present development stage. :

:
: ::

: :

> :

Fig. 1. The Lincoln TX-O and Computers

Foreground: TX-O console
Middle center: TX-O central computer frame
Right rear: Partially completed TX-2 frame showing >

Left rear: The 256 x 256 memory
tunit construction

B. History
With the development by Lincoln and IBM engineers of the SAGE
computer for air defense, real-time control computer systems had
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reached an impressive level of size, sophistication, and complex-
ity. The highly successful 64 x 64 coincident-current, magnetic-
core, memory array was in operation in the Memory Test Computer
which had given up its earlier 32 x 32 array to Whirlwind. Vacuum
tubes abounded in all directions. It was apparent that the fur-
ther advances in system design which could be made by increasing
memory size, eliminating vacuum tubes wherever possible, and or-
ganizing input-output buffering, control, and communications into
more efficient forms, would be weil worthwhile.

The development of a 256 x 256, switch-driven, magnetic-core
memory array was begun and the Philco surface-barrier transistor
made its appearance. After some very promising bench experiments
with flip-flops and logic circuits, it became apparent that this
transistor was potentially well-suited to use in large-scale sys-
tems and warranted further study. Accordingly, plans were laid
for a succession of experimental digital systems of increasingsize and complexity which would make possible the development and
evaluation of circuits using the surface-barrier transistors, and
which would lead to a computer of advanced design that would be
capable of making efficient use of the 256 x 256 memory.

A double-rank shift register of eight stages and containing about
100 transistors was constructed and put on life-test in April 1955.It has since been circulating a fixed pattern almost continuouslywith no known errors and no natural transistor failures.
As the next step, it was decided to build a small, high-speed,
error-detecting multiplier and incorporate marginal checking and
other system features. The value of a multiplier as a prelimin-
ary model had been well demonstrated by the 5-digit system built
during Whirlwind's early development. The shift, carry, count,and complement operations, under closely controlled timing condi-
tions, were felt to be representative of all of the operations inthe manipulative elements of the type of computer planned. Ac-
cordingly, an 8-bit system using 600 transistors was designed and
completed in August 1955 and has been in nearly continuous operationsince. Operating margins are periodically checked, and in steadystate operation, the multiplier's error-rate has been about one
every two months or one error per 5 x 10 multiplications at
109 multiplications per second. Most of these errors appear to
have been caused by cracks in the printed wiring which open in-
termittently.
During this period, a better idea of the general characteristicsof the projected computer began to develop and the engineers who
were designing the 256 x 256 memory were encouraged to think interms of a word of 36 bits. The notion of a logically separate

11
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input-output processor was examined and rejected in favor of a
minimum buffering scheme in which data is transferred directlyto and from the central memory of the computer. The possibility
was recognized of* programming these transfers by means of addi=
tional program sequences and associated program counters, thus
taking advantage of the extensive facilities of the central ma-
chine itself for processing input-output data.

It was realized that another development step was desirable before
attempting such an elaborate 36-bit system. The 8-bit multiplier
had produced a certain measure of confidence and familiarity with
circuits, packaging, and techniques of logical design, but there
remained the problems associated with communicating with memory
units and input-output equipment operating at vacuum-tube levels
over relatively large distances from a central machine which oper-
ated at transistor levels. It appeared that the memory development,
which had now entered the construction phase, would also benefit by
a preliminary evaluation of the 256 x 256 array and its switching,
timing, and nolse problems in an operating computer of some kind,
possibly with a reduced word length. It was, therefore, decided
to design and build next a simple machine - in fact, the simplest
reasonable machine - in order to bring about an early intermediate
closure of the various efforts within the program.

After some thought about the various possible minimal machines, a
design was completed in which the word length would be 18 bits -

a graceful half of the projected final form. We began to refer to
this computer as the TX-O and to the projected machine as the TX-2.
Because the 256 x 256 memory array required 16 bits for complete
addressing, the single-address instruction word of the TX-O was
left with 2 bits in which to encode instructions. The particular
set of instructions chosen included three which required a memory
address (add, store, and conditional jump) and one which did not.
In this last instruction, the remaining 16 bits were used to control
certain necessary and useful primitive operations such as clearing
and complementing the accumulator, transferring words between reg-
isters, and turning on and off input-output equipment.

The TX-O, equipped with a Flexowriter, a paper-tape reader, and a
cathode-ray tube display system was completed, except for the memory,
in April 1956. Twenty planes of the 256 x 256 memory array were in-
stalled the following August and the TX-O, now containing about 3600
transistors and 400 vacuum tubes, began to function as a complete
computer. Since that time, it has been used to run a variety of
testing and demonstration programs, and a symbolic address compiler
and other utility programs have been constructed and are currently in
use.

Not only has the TX-O served the evaluational purposes for which
it was built, but it has also demonstrated an effectiveness as 4
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usable computer that is somewhat surprising in view of its sim-
plicity. Its relatively high speed of about 80,000 instructions
per second and its 65,536-word memory compensate in large measure
for the limitations of its instruction code and logical atructure.

With the successful completion of the TX-0, the final steps in
the development were undertaken in packaging, circuit refinement,
and logical design of the TX-2. A great deal had been learned
about the performance of the transistors and memory, the types of
logical circuits which are practical, techniques of marginal check-
ing, and the lesser system problems such as color scheme selection
and the proper location of pencil sharpeners. As design work pro-
gressed, the TX-2 took form as a system of about 22,000 transis- ;

tors and 600 vacuum tubes. It is an interesting fact that at each
step of the development since the shift register, the number of
transistors involved was about 6 times the number in the preceding
step. This is graphically shown in Fig. 2: At the time of writing
approximately 16 million transistor-hours have accumulated in the
shift register, multiplier, and TX-O. 'There have been two natural
deaths and a dozen ox so violent ones, primarily due to contact
shorting with clip leads and probes.

a

8-603e
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aeaames
%- BIT TX-2

10, 000

NUMBER OF
TRANSISTORS

18 - BIT TX-0

1000

8-BIT
MULTIPLIER

100
SHIFT

REGISTER

JAN APRIL JULY OCT. JAN. APRIL JULY ocr. JA APRIL JULY.

1955 1956 5?
Fig. 2. Steps in the Lincoln TxX-2

Development Program

C. Design Objectives
In describing design objectives, it should be pointed out that
speed of operation was not the primary consideration to whichall other attributes were sacrificed. It would have been
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possible, at the expense of a few more logic circuits, to in-
crease the speed of multiplication, division, and shift-type
operations. Similarly, the operation of the index register system
could have been made more efficient at the cost of an addi-
tional small, fast memory. The principal objective was rather
that of achieving a balance between the factors of speed,
reliability, simplicity, flexibility and general virtue.
A key aspect is that of expandability which, in an experimental
computer in an active environment, certainly ranks with the
foregoing qualities in importance. The address structure in
the TX-2 permits an expansion of the memory by about a factor
of 4, partly to allow for new memory developments, such as
the transistor-driven 64 x 64 array which was begun following
the completion of TX-O. New instructions and pieces of ter-
minal equipment will certainly be added during the course of
future operation. Extra space and spare plugs have been art-
fully distributed about in constructing the computer frame.
Finally, modular construction will permit a fairly easy
physical expansion when required.

The result of all this activity has been a computer of rela-
tively large capability. In addition to incorporating high-
speed transistor circuits and a large magnetic-core memory
array, the Lincoln TX-2 has two major and distinguishing de-
sign characteristics:

1. The structure of the arithmetic element can be
altered under program control. Each instruc-
tion specifies a particular form of machine in
which to operate, ranging from a full 36-bit
computer to four 9-bit computers with many
variations. Not only is such a scheme able to
make more efficient use of the memory in storing
data of various word lengths, but it also can
be expected to result in greater over-all machine
speed because of the increased parallelism of
operation.

Peak operating rates must then be referred to
particular configurations. For addition and
multiplication, these peak rates are given in
the following table:

PEAK OPERATING SPEEDS OF TX-2
Word Lengths Additions Multiplications
(in bits) _ per second per second

36 150, 000 80 , 000
18 240 .000
9 G00 , 000 600 , 000

300 , 000
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2. Instead of one instruction counter, the TX-2
has 32 such counters which are assigned
separately to different users of the computer,
who then compete for operating time from in-
struction to instruction. A special part of
the machine selects a particular user based
partly on a predetermined priority schedule
and partly on the current needs of that user.
This multiple-sequence operation, in which many
essentially independent instruction sequences
interrupt and interleave one another, is an
extension of the breakpoint operation found in
DYSEAC of the National Bureau of Standards.

The value of these features will have to be assessed duringthe course of future machine operation. The features them-
selves are discussed in more detail in the following sections
of this report.
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II. A FUNCTIONAL DESCRIPTION OF
THE LINCOLN TX-2 COMPUTER

A. Introduction

TX-2 is a large-scale digital computer, designed and built at
the MIT Lincoln Laboratory, which uses new memory and cir-
cuit components and some new logical design concepts. The
computer will be a research tool in scientific computations,
data-handling, and real-time problems. The design of the
computer reflects not only the characteristics of the compo-
nents available, but also the nature of the intended applica-
tions. This section describes the functions and organization
of the computer that are important from the user's point of
view.

B. General Structure of TX-2

TX-2 is a parallel, binary computer with words.
36 digits long. The internal memory is random-access and
will initially consist of 69,632 registers of parity-checked,
magnetic-core memory and about 24 additional toggle-switch
and flip-flop registers. About 150,000 instructions can be
executed per second. Instructions are indexed, . single-address

Ben type and a fixed-point, signed-fraction, ONE's - complement
number system is used.

+ Netty unusual ideas incorporated in the organization of the
tem reduce the amount of information unnecessarily manipulated

& program sequences. Furthermore, the organization facili-
a .the execution of several operations simultaneously,

wy increasing the effective speed of the computer.

pal registers and information paths in the computer
schematically in Fig. 3. A,B,C,D,E,F,M, and
flip-flop registers in the machine. M and N
registers, each of which has a parity flip-

flop vated circuitry used to check the parity of
memory »Q, and X are 18-digit registers; X also has
a which is used to check the parity of words in
the X-memory. Control flip-flops are not shown in Fig.3.
Instructions are full memory words and are placed in the control
element during the instruction memory cycle. During the operand
memory cycle, an operand is usually transmitted between the memory
element and some other element--always through the exchange element.
The 36-digit configuration of the memory is not, however, maintained
throughout the computer during operation timing. A programmer can,in effect, simultaneously control several independent, with oper-
ands of shorter word lengths during the execution of each
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instruction. This flexibility is realized by specifying a parti-cular system configuration with each instruction.
The computer communicates with the outside wofld through units in
the in-out element, several of which can be simultaneously oper-ated. Whenever any piece of data (input or output) is ready to
be transferred between an in-out unit and a register in the memory
element, signals to the program element from the in-out element
automatically call into operation the instruction sequence assoc-
lated with the in-out unit. This process is referred to as
muhtiple-sequencing and will be described in Section III of this
report .
C. Memory Element

The availability of a large, fast, core memory for TX-2 permitted
an emphasis on the design of a machine with a completely random-._
access memory with a design capacity of 262,144 words. 'The
homogeneous aspect of such a large memory system simplifies the
programmer's coding problems and permits continued high-speed
operation regardless of where the program is located in the in-
ternal memory.

The TX-2 memory element (Fig. 4) is divided into four, indepen-
dently operating memory systemsy each containing up to 65,536-digit
words. The operating speed of TX-2 is determined by the cycle
time for the memories: The 65,536yword S-memory is expected to

T-memory, a cycle time between 5.0 and 6.0 usecs. Both memories
have parity checks.

have a cycle time of between 6.0 and 7.0 usecs, and the 4,096

Although the U-memory is not presently specified, it may contain
a, 4,096-word core memory in the initial system. The V-memory con-

The contents of the toggle-switch registers can be used as instruc-
tions or operands, but gannot be altered by a program. The six
36-bit registers A,B,C,D,E, and F are part of the V-memory, but
their contents can -be used only as operands during the execution
of an instruction. The programmer has, in a limited sense, a
address instruction machine when he refers to these registers in
load and store type instructions. The other two flip-flop regis-
ters in the V-memory are a 60-cps clock and a random-number register.

sists of flip-flop registers in the central machine and 16

whenever the' START button on the operator's console is pushed.
toggle-switch registers whic contain theprogram sequence executed

When an instruction calls for the storing of an operand in memory,
the operand memory cycle can be extended up to 2.0 psecs. The
extension occurs between the time that the memory register is read
and the time that it is rewritten. During this extension, the contents of
memory-registers in the central computer are transferred, the parity
of the word read from memory is checked, and the parity of the new

memory word is computed: Because the extended eycle is less then
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the two complete cycles usually used for instructions that modify
words, computing efficiency is increased.
The P-register. in the program element specifies the Location of
an instruction in memory and the N-register in the control eles
ment holds the instruction after it has bee. read from piemory,The first 2 digits (reading left to tight) of P select the
memory system from Which the instruction word 18 to be obtained]

memory
systems, and the operand 4s placed in the M-register,
Ds Control and Indexing

the remaining 16 digits address the word within the memo
Similarly, the Q-register locates the operand in one 'of

An instruction word read into N has the structure shown if 5.
The first 2 digits of the word specify information to the insout

III. The cf digits are discussed in subsection H, p.i7 «

element > and the cf digits specify the computer cotifiguration.
The interpretation of the b ard n digite is discussed in ction

IN-OUT BREAK @ DISMISS BITS PERMIT
CHANGE OF PROGRAM SEQUENGE

CONFIGURATION NUMBER SELECTS ONE OF 16 SYSTEM
CONFIGURATIONS (PERMUTATION, ACTIVITY, COUPLING)

To d cf op j yane 6 6 1g

INSTRUCTION WORD ADORESS INDEXED)

OPERATION / INDEX OPERAND MEMORY
CODE OF \MEMORY ADDRESS (USUALLY

INDEXED OPERAND ADDRESS Y= y+(i)

Fig. 5. TX-2 Instruction
Word Structure

The operation codé: for the instruction ie specified by the 6

op digits. On simple load and store type instructions, these
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6 digits are further subdivided into two groups of three. Thefirst group determines the operation and the second specifies
the register in the central computer that is being loaded, or
whose contents are being stored.

The base address for the operand, formed by the 18 y-digits, is
usually modified by the contents of the index register selected
by the 6 j-digits. The index-registers form a unique, 6h-
register, parity-checked, core memory which has an gecess
time of 1.0 usec. The contents of the specified index registeris read into the X-register of the program element via the
paths indicated in Fig. 6. The base address and the index
are fed into a full adder circuit which produces the sum,
X =y + (j), in about 1.0 psec. The over-all complexity of
the program element was reduced by having the adder produce
both the sum, Y, and the unmodified base address, y: either
of these quantities can be directed to the operand memory address
register, Q. Whenever the FIRST (j = 0) index register is chosen,
the adder produces only the unmodified base address. The
effect is the same as having that index register contain ZERO
and the programmer can avoid index modification altogether.

The P-register which holds the memory address of instruction
words, normally is indexed by one as each instruction is executed,
but the output of the index adder is sometimes directed to P
when jump instructions are executed. The adder also provides
a communication path for index jump instructions from the X-memory
to the memory element by way of the exchange element.

E. Arithmetic Element (Az)

Fig. 7 shows the registers and sufficient basic operations in
the arithmetic element for adding, multiplying, dividing, shifting,
and executing various logic instructions. Operation timing for
most of the TX-2 instructions is also performed in the arithmetic
element.

The design of the AE reflects the desire to attain high-speed
operation for TX-2, even when the AE is carrying out lengthy
instructions. The only instructions which take longer than one

memory cycle for execution are those which involve shifting.
These are, for example, multiplication, division, arithmetic and

tions to be carried out in the AE while the remainder of TX-e
is free to execute other instructions.

The four registers in the AE can each communicate with the E-
register in the exchange element and thus with the Memory
Element. As mentioned earlier, these registers are addressable

cyclic shifting, and normalization Therefore, the AE contains
a sufficient number of storage registers to permit these instruc-
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as part of the V-memory system. Therefore, programmers have
access to the results in any register of an AE computation.

The AE registers, designated by A,B,C, and D, are described below:

The A-Register accumulates the results of all the arithmetic opera-
tions, except division, for which it holds the remainder. It holds
one of the operands and accumulates the results of the three logic
operations (AND, INCLUSIVE OR, EXCLUSIVE OR) which, it should be
noted, are bit-wise operations. The inforthation in the A-register
can also be shifted (i.e. multiplied by some positive or negative
power of two) or cycled (i.e. shifted, without preserving the special
significance of the sign bit, as in a closed ring).
The B-Register serves as an extension of A during multiplica-
tion, certain shifts and cycles, and, in a sense, during division
when the least significant digits of the double-length dividend
are stored in B. The resulting quotient then appears in B. More-
over, the information in B can be shifted or cycled independently
of A. In multiplication, the multiplier originally in A is trans-
ferred via parallel paths directly into B (where the least signi-
ficant digit then controls the operation).

The C-Register stores the partial carries during arithmetic opera-
tions, which is most important during multiplication, as des-
eribed later. Since these partial carries are actually bit-wise
logic products AND, C is also used to accumulate logic products.

The D-Register holds the multiplicands, divisors, addends and one
of the operands for the logic operations. It also holds the
numbers which control the shifting and cycling of A and B, namely
the number of places, up to 62, and the direction, right or left.
The ability of D to count is used also to accumulate the results
of normalizing A and counting ONES in A.

Fach of the AE registers can also be complemented, thus allowing
subtractions to be performed.

F AE Circuits

There are four add-one circuits on D, so that different parts of
A and B can be controlled separately and simultaneously. For
simplicity, just one add-one circuit is shown in Fig. 7. These
add-one circuits use the simultaneous carry principle, permitting
one count every O.4 usec; each can count up to 127.

The logical-product (AND) circuit of A and D into C and the sum-modulo
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2 (EXCLUSIVE OR) circuit of A and D into A when used at the
same time are called a partial add. When the complete-carrycircuit is activated after a partial add, the result is a fulladdition of D and A into A. The complete-carry circuit usesthe high-speed carry principle and takes about 1.5 usecs for
36 bits.
The partial-carry and shift-right circuit is also known as"multiply step" and was, we believe, first used on WhirlwindI. As it is used in multiplication, this circuit makes afull addition unnecessary for each ONE in the multiplier.Carries are extended only one stage during each step, exceptthe last, when a complete carry is executed. The complete pr-cess takes about 16 usecs at most for a full, 36-digit multi-plication. The process for division, on the other hand,requires a complete addition at each step and consequentlytakes about 72 usecs in the worst case.
Two features of the AE control should be mentioned here. A7-bit step counter, like the add-one circuit on D, controlsmultiplication and division and limits the shifting in nor-malizing and the cycling in counting ONE's. A flip-flop,which signifies overflow during addition and division, is alsoused to remember the sign of the product during multiplicationand the sign of the quotient during division. If divisioncauses an overflow, the sign is replaced by the overflow stateand the quotient is lost.
Control of the arithmetic element is independent of the restof the machine. Thus, non-AE instructions can be executedwhile the AE continues to perform a long shift operation or adivision.
G. System Timing
The high speed of TX-2 is attained in part by overlapping theoperation of as many components as is logically possiblewithout incorporating large amounts of circuitry. The time-consuming cyclic operations in an indexed, single-addresscomputer are the instruction memory cyche, the index memorycycle, the index addition time, the operand memory cycle,and the operation timing. These cycles occur in the mentionedsequence during the execution of ordinary instructions. Severalasynchronous "clocks," which use a 5-megacycle pulse-source,control the cycles. The instruction and operand memory cyclescan be overlapped if they take place in different memorysystems.

The overlap of these cycle times for a sequence of load-typeinstructions is illustrated in Fig. 8 (a). Here different
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instruction and operand memory systems are assumed to have roughlyequal cycle times. If a sequence of store-type instructions is
executed which requires extended memory cycles for the
operands, then the situation is as shown in Fig. 8 (b). Fig. 8 (c)shows the time used when both the instruction and the operandare in the same memory.

"Peak" operating speed for the computer is attained only when thesituation is as shown in Fig. 8 (a); in the situation shown in
Figs. 8 (b) and 8 (c) the operating speed could be increased
by adding circuitry, but only at considerable cost. It is
interesting to note that if the computer is to run at peak
speeds, the address of the operand used by the present in-struction must be availabte before the earliest moment at which
the next instruction memory cycle could begin. If the total
accumulated time, from the beginning of an instruction memory
cycle till the time that the address of the operand is known,is greater than the instruction memory cycle time, then the
computer cannot run in the ideal manner shown in Fig. 8 (a).
This means that the access time of memories and the index-add
time must be kept as short as possible.

Fig. 8 (d) shows the timing of events when the in-out element
causes a change in program sequence by changing the contents
of the P-register. The additional X-memory cycle, which must
be performed, produces a timing situation similar to that of
the X-memory load and store instructions.

The operation timing for an instruction is executed when the
operand is available from memory. Only the arithmetic element
step-counter instructions (multiply, divide, shift, etc.) re-
quire an operating timing cycle longer than a memory cycle.
Since only the arithmetic element is tied up by these in-
structions, the control element permits any non-arithmetic
element instruction to be executed while the AE is busy.
Division takes up to 75 psecs, so the programmer can write
as many as 14 non-AE instructions following a divide, all of
which can be executed before the division is completed.

H. Configuration Control

The design of a general-purpose computer must necessarily
reflect the contradictory demands for both short and long
words, floating and fixed-point arithmetic operations, and a
multitude of logic and decision instructions. The computer
should be able to process information at an optimum rate, ina
variety of problems, without the need for intricately coded
programs. This ability should be achieved without excessively
complex and costly circuitry.
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The 36-digit word of TX-2 represents a reasonable length for
operands in some numerical computations, notably scientific
and engineering computations. Though floating-point arith-
metic operations are not included in the instruction code,both they and multiple-precision operations can be easily
synthesized by means of the existing instructions. The logicinstructions in the code facilitate operations on individual
digits. Also, a configuration which the programmer specifies
with each instruction permits him to perform arithmetic opera-
tions on operands that are less than 36 digits long. When op-
erands are less than 36 digits, several can be manipulated
simultaneously.

The four cf digits in an instruction word (see Fig. 5) are de-
coded as shown schematically in Fig. 9, selecting one of 16
configurations. The selected configuration, represented by a
9-digit word, is placed in a flip-flop register whose output
levels determine a static configuration for the entire computer
while the instruction is executed. The notation used to represent
the contents of the first 12 registers will be clarified in the
following discussion.

The full 36-digit word length is always maintained for instruc-
tion words, but during operation timing, every 36-digit register
in the memory, exchange and arithmetic elements is considered
as broken into 9-digit quarters, numbered from 1 to 4, right to
left as in Fig. 10 (a). While the instruction is being executed,
these quarters are recombined on the basis of the configuration.

Information is usually moved about in the machine by parallel
transfers between registers (see Fig. 9). The EE permutation
digits select one of the four permutations PO, Pl, Pe, P3, shown
in Fig. 10 (b). The chosen permutation effects the corres-
ponding cross-communication paths between the quarters of
the E- and M-registers of the exchange element. While operands
are transmitted through the EE, the quarters follow the set of
paths determined by the selected permutation. The result is that
the operand is shifted 9n places to the left as it moves from M

to E or 9n places to the right as it moves from E to M, n = Q,1, 2
or 3. Thus, the programmer can have any quarter of the AE
communicate with any quarter of the ME.

This ability to communicate is focused more sharply by having
the configuration specify a system activity (see Fig. 9). All
operation timing events, ina given quarter of the AE and EE and
the quarter of the ME connected via the selected permutation path
in the EE, are controlled by the activity flip-flop on that
quarter. If the activity flip-flop of a given quarter is a

ONE, as specified by the configuration, the operation timing
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events of the instruction occur in that quarter. If the activityflip-flop is a ZERO, nothing happens.

During the execution of arithmetic operations, the AE couplingconnections Or thedigits (see Fig. 9) further specify the
teral information paths between quarters in the AE. Information
flows laterally only through the shift and the carry circuits,
and the connection of these circuits alone determines the word
lengths of the numerical quantities manipulated in the AE.

As shown in Fig. 11 (a), every quarter of the AE has couplingunits at each end which receive the shift and carry informa-
tion entering the quarter. The general type of connections
between several quarters is shown in Fig. 11 (b). The digit
length of operands, during add and shift operations, is deter-
mined by the number of quarters coupled together. In TX-2,
from 1 to 4 quarters can be coupled together to permit arith-
metic operations on 9-, 18-, 27-, or 36~digit operands. The
various combinations of coupling-unit connections actually
chosen by the AE coupling are symbolized in Fig. 11 (c). Since
A-register, B-register, and AB-register shifts are permitted
in the arithmetic element, the programmer can obtain 18-, 36-,
54-, or 72-digit shifts. All the possible shift (and cycle)
configurations are shown in Fig. 11 (4).
Only those inputs to the coupling units which would yield
useful arithmetic element structures are realized by the AE
coupling. It should be emphasized that the programmer can realize
several arithmetic elements simultaneously. The coupling,
(36), gives only one 36-bit arithmetic element, but the coupling,
(18,18), gives two complete, independent, 18-bit arithmetic ele-
ments which are separately, but simultaneously, controlled by the
instruction being executed. Two arithmetic elements are again
available with the coupling, (27,9), one 27 bits and the other 9 bits
long, and the (9,9,9,9) coupling gives four, 9-bit arithmetic ele-
ments. The permutation paths in the exchange element permit each
arithmetic element to communicate with any quarter of a memory word
and the activity flip-flops can specify just which of the realized
arithmetic elements actually will be active and will communicate
with the connected part of memory.

In Fig. 12, several examples are given of the different config-
urations which can be realized in TX-2. The most straight-
forward has one, 36-digit arithmetic element and communicates directly
with memory. The notation, (PO, 36) signifies the permutation
(no shift) and the form of the arithmetic element (one 36-digit).
The underlining indicates that the whole system is active. Slightly
more varied is the (PO, 9,9,9,9) configuration which specifies four,
Q-digit arithmetic elements communicating directly with memory,
put with only two of them active. The (P2, 9,9,9,9) configuration
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has the same arithmetic elements but with the associated memories
interchanged. The (P2, 18,18) configuration illustrates an 18-
digit arithmetic element which uses the "other" half of memory.

One of the digits in the 9-digit configuration is at the moment
unused, but will probably be used to control the extension of
the sign of numbers as they pass through the EE on the way from
the ME to the AE. The scheme presently under consideration would
permit programmers,for example, to add a 9-digit memory operand
to an 18-digit arithmetic element. This scheme would permit
closer packing of operands in memory and significantly increase
the speed of solving some real-time problems, where the sign of short
pieces of data must be extended so that higher precision can be
maintained during computations. The working details of the scheme
have yet to be fixed.

The memory from which the programmer chooses a configuration for
use with each instruction was shown in Fig. 9. Twelve of the memory
registers are fixed circuitry whose contents cannot be changed
without changing the wiring of the computer. The configurations
represented by the contents of these registers are assumed to be
useful to most programmers. The last four registers in the memory
consist of the 36 digits of the F-register. As will be seen, the
programmer can quite simply alter the contents of this register
and thereby obtain any of the possible configurations. The total
number of distinct possible configurations is less than 29,

I. Operation Code

Only 51 of the 64 possible operation codes are currently decoded
to define instructions. In Table I the effect of each instruction
is described. If the selected configuration defines several com-

puters, the operation takes place in all of them simultaneously
and independently. The notation used in the definition of the
operation is described in Table II.
The instructions are grouped according to type. Load and store
instructions transfer an operand between a selected register and
memory. The load-complement instructions are variants which load
the ONES complement into the selected registers. The Exchange
instruction interchanges the contents of A and of the addressed
memory register. The insert instruction allows any set of bits in
A, as specified by the pits in B, to be stored in memory. The

j-bits of the load and store instructions, which refer to the index
memory, select the index register involved so that the operand
address is not modified.

All of the add and step-counter instructions can also be classed
as load type instructions, in so far as the operand memory cycle
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is concerned. The multiply instruction forms the full productin the A and B registers. Division is the inverse of multipli-
cation, the double-length divident in A and B being divided by
the memory operand. The remainder is left in A and the quotientin B. Normalize instructions shift the contents of A and Bleft until the magnitude of the number in A is between one-half
and one. The number of shifts to do this (the normalizing factor)is subtracted from the memory operand in D. Since more than 18bits are required to specify all the possible shifts for the
(9,9,9,9) configuration, the shift and cycle instructions use
memory operand, rather than the address section of the instruction
to specify the number of places to shift. The count ones instruc-
tion adds the number of ONE's bits in A to the memory operand in
D, thus providing a simple means for determining bit density in
areas of storage, since the ONE's count for several words can be
accumulated in D.

The two replace-add instructions, using the index memory,facilitate instruction and index modification. Both requiretwo memory-cycle times for execution.

The two in-out read instructions transmit information between
the memory and the selected in-out unit. The details of theseinstructions and the in-out select instruction are given inSection III.
Single bits in memory can be manipulated with the three bit-
tates the use of single bits in memory as operands: The. variety. ofavailable jump instructions simplifies the coding of, logic decision
loops to refer successively in either the forward or backwarddirection to operands in a data block. The unconditional- jumpinstruction uses the cf digits to specify whether the selectedindex register will be used to remember the previous contents ofP. These contents are always transmitted to the E-register when-

setting instructions. The bit-sensing instruction facili- a

functions. The two index-jump instructions permit indexed program

ever a jump occurs.

Arithmetic overflows can be caused by addition, subtraction, and
in overflow flip-flops in the arithmetic element. The overflowcondition can be detected by a jump instruction, or by the in-outelement in a manner described in Section ITI. If an overflow isanticipated, however, it can be shifted into the A register byexecuting a normalize instruction. A normalize usually shiftsAB left. However, if an overflow exists, AB is shifted right oneplace and the overflow placed in the most Significant digitposition of A to the right of the Sign digit. The memory operand isalso increased by one in the D register, rather than decreased. This

division instructions. Such overflows as do occur are remembered
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interpretation of an overflow permits floating-point operationsto be programmed very simply in the arithmetic element. The
in-out select and operate instructions differ from all the others
in the sense that the y-digits are used to specify different opera-tions. In-out select chooses the mode in which an in-out unit will
run. The operate instruction will control individual useful
commands, e.g., round-off.

J. Instruction Times

The average execution time for instructions depends upon whether
one memory or two different, overlapped memory systems are used
for instructions and operands. If one memory is used, the exe-
cution time is the sum of the instruction and operand cycle
times; if two memories are used, the execution time is the longer
of the two memory cycle time. It should be remembered that any
instruction which involves storing an operand in memory has the
normal operand memory cycle time extended by from 1.0 to 2.0
usecs. Instructions which alter or transfer the contents of inde
memory registers require approximately two memory cycles, even
when instruction and operand memory cycles are overlapped.

Successive step-counter instructions require a time which depends
upon the length of the longest active arithmetic element. In
the case of multiply, divide,and count ONE's, this time is a
function of the length of the operand word only, but the shift,
cycle, and normalize times depend upon the number of places ac-
tually shifted. Divide requires about 2.0 psecs per digit and
all other step-counter instructions O.4 usecs per digit. These
shift times become significant only when they exceed the one or
two memory cycles already required. In the worst 36-digit case,
about 75 psecs are required for division and 19 usecs for multiplica-
tion. A 72-place shift would take 32 usecs. These are the times
required for these instructions when they are written in sequence.
If the operand word is shorter, then these times become propor-
tionally less, down to the minimum memory times required.

K. Summary

The organization of TX-2 permits a programmer, who pays considerable
attention to coding details, to receive a worthwhile reward in
the form of increased efficiency of operation. The operating speed
can be doubled when instruction and operands are stored in different
memories. Higher speeds result from sequencing instructions so that
non-AE instructions are executed concurrently with AE step-counter
instructions. And the ability to choose a configuration with each
instruction means not only that some instructions take less time,
but also that many of them can be eliminated from a program al-
together.

However, this versatility and efficiency is not accompanied by a
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disastrous loss in simplicity. The system organization is such
that details can be easily ignored by the naive programmer, without
the details having even subtly unfavorable effects. If all the
digits in an instruction word are ZERO, except for the operation
code and the base address, then TX-2 appears as a simple single-
address computer with operand words 36-bits long and with a single,
uniformly addressed, 70,000-word memory.

If the j-bits are used, then the machine is enlarged to become
an indexed, single-address, computer, with operand words 36 bits
long, for which the entire instruction code is meaningful. When
the b and d bits are used, the programmer can control the manner
in which several in-out units, running concurrently, can cause
the computer. to change program sequences. And by selecting
various configurations, the programmer can perform more opera-
tions simultaneously with each instruction.
The different facilities for indexing, memory overlap, instruction
overlap, multiple-sequencing, and configuration can be ignored or
used as the programmer desires. Ignoring them would seem to
permit straight-forward coding; using them actually permits much
shorter and faster codes for a given function. Each facility is
represented by a clear concept of what the facility permits, the
only real difficulty being the number of simultaneous actions
possible with each instruction. However, higher speeds and greater
system capacity are obtained by shorter cycle times, increased bit
storage and greater simultaneousness of events. In TX-2, al1 three
aspects are emphasized.
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TABLE I

type Mnemonic Code Operation Name

dda Load into A
lab Load into B

Load Lead into E
| lak Load into E

Jade Load into F

F Store F
Store

sub A) + ~A Subtract

Bet bit sbz Set j-th bit zero

she Bet j-th bit complement

A
B

lde (Y Load into CC
load into DD

lde

i ica
Leb (x Load complement inte AA

Load complement into B
ldx (y)+3 Load into index:

sta 3 Store A
stb Store B
ste y §tore C

D Store D

Rechange A

ins (B)A(A)v (B) d(x)> Insert digits of A
etx Store index(3

AddY) - AA
:

A pifference of magnitudedma, + Y
& Y)- A Logical and

ori Y)~A Togical or - inclusive
Ad q }

Logical or - exclusiveore
(and accumulate product)

3 Ad index to memoryy -y)~ j Ad memory to index

abo Set j-th bit one

0 - Y :



6M-HG68 81 - 3h,
TABLE I (Continued )

type Mnemonic Code Operation Nemo

div = (X) Divide

cyb is
:

eye (} a
Cycle

(y) + no D Count ones in A

(fa7} Read without shirt

Jpp If any (A)>0 Jom if the contents of
then Y> P any A is positive

jpn If any (a)So Jump if the contents of
any A is ngeitive

any A is zero

y~P and decrease index
(J)<0, then (Jrefoy, Jump if infex negative

(a) x
(as) A (remainder)

B (quotient)

gab
shb

Shift AA
AB) Shift AB together

Step- + Cycle A
Cycle B togetherCount tab AB)

A

B)
:

coa

rds 10
} Read and shift

In-out

dpe rf (z;> 2i, then y~ P Jump if j-th bit of isBE
@ one

; gp2 If any (A) = 0 Jump if the ontents of
:

jpo If any (A)
overflowedJump Jump if the contents of

any A has overflowed
«If (§)20, then (j)-efe3, Jump if imax positive

y>P and ineresse indexIf cf = 1,53, then (P)rl> 4Jpu f cf = 0,1, then y»PIf cf = 2,3, then P
Jump

:Misc. dos In-out select:

Operateopr



PARTE IT
6M-4968 Sl 3,

Meaning

contents of x

'indexed memory address

magni tude of (x)
one's complement ef (x)
legical and operation

inelusive or operation

exclusive or operation
one's complement addition

number of . te normalise

number ef ones

j-th digit of register Y

ges into

(x)
y +(3)

(&)

+
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'III. THE LINCOLN TX-2 INPUT-OUTPUL SYSTEM

A. Introduction

The input-output system of the Lincoln TX-2 computer contains a
variety of input-output devices suitable for general research
and control applications. The system is designed in such a way
that several input-output devices may be operated simultaneously.
Since the computer is experimental in nature, and changes in the
complement of input-output devices are anticipated, the modular
scheme used will facilitate expansion and modification. The experi-
mental nature of the computer also requires that the input-output
system provide a maximum of flexibility in operating and programming
for its input-output devices.

The input-output devices, currently scheduled for connection to
TX-2, include magnetic-tape units for auxiliary storage; photo-
electric paper-tape readers for program input; a high-speed printer,
cathode-ray-tube displays, and Flexowriters for direct output;
analog-to-digital conversion equipment; data links with other
computers; and miscellaneous special-purpose equipment. This sec-
tion will not be concerned with the details of these devices,
but will limit itself to a discussion of the logical incorporation
of them into the system.

In describing the TX-2 input-output system, occasional reference
will be made to certain aspects of the design of other parts of the
TX-2 as set forth in Section ITI.

B. The Multiple-Sequence Program Technique

Of the various organizational schemes which permit the simultaneous
operation of many devices, we have chosen the "multiple-sequence
program technique" for incorporation in Tx-2. A multiple-sequence
computer is one that has several program (instruction) counters.
If the program sequences associated with these program counters are
arranged to time-share the hardware of the central computer, a machine
cen be obtained which will behave as if it were a number of logically
separate computers. We ecaYt these logical computers sequences
and therefore refer to TX-2 as a multiple-sequence computer. By
associating each input-output device with such a sequence, we

effectively obtain an input-output computer for each device.

Since the one physical computer in which these sequences operate
is capable of performing only one instruction at a time, it is
necessary to interleave the sequences if they are to operate simul-
taneously. This interleaving process can take place aperiodically
to suit the needs of and under the control of, whatever individual
input-output devices are operating. The number of sequences which
can operate simultaneously, and the complexity of the individual
sequences, is limited by the peak and average data-handling rate of
the central computer hardware.
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In a multiple-sequence computer, the main body of the computation
ean be carried out in any sequence, but if maximum efficiency of
input-output operation is to be achieved, the bulk of arithmetic
operations must be confined to a few special sequences, called
main sequences, which have no associated input-output devices.
The input-output sequences may then be kept short, and a large
number of them can be executed at once.

C. Multiple-Sequence Operation in TX=2

In TX-2, one-half of the index-register memory has beén made
available for storing program counters. Thus, a total of 32 se-
quences may be operated in the machine. (Actually an additional
sequence of special characteristics is obtained by using index
register number 0 as a program counter. This special sequence will
be discussed later). Some of these sequences are assoiated with
input-output devices. Others perform functions, such as inter-
preting arithmetic overflows that are called into action by condi-
tions arising within the central computer. Finally, there are the
main sequences which are intended to carry out the bulk of the
arithmetic computations performed by the machine.

A priority scheme is used to determine which sequence will control the
computer at a given time. If more than one sequence requires atten-
tion at the same time, control of the machine will go to the se-
quence having the highest priority and instructions addressed by its
program counter will be executed.

Table I is a list of the sequences currently planned for inclusion *

in TX-2. They are listed in approximate order of priority with
the highest at the top. Asterisks mark sequences which are not
associated with any particular in-out device. A special sequence
(number 0) has first priority and will be used to start any of the
other sequences at arbitrary addresses. The next two sequences
interpret alarms (under program control). These three sequences have
the highest priorities, since they must be capahle of interrupting
the activities of other sequences. The input-output devices follow,with high-speed, free-running units carrying next highest priorities.
The main sequences (we anticipate three) are at the bottom of thelist. The priority of any sequence may be easily changed, but such
changes are not under program control. Priorities are intended to
remain fixed under normal operating conditions. The list totals
about 25 sequences, leaving eight spaces for future expansion.

Switching between sequences is under the control of both the input-
output devices (generalized to include alarms, etc.) and the programmedinstructions within the sequence.

Once a sequence is selected and its instructions are controlling
@
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the computer, further switching is under control of the programmedinstructions. Program control of sequence switching is maintained
through two bits, called the break and dismiss bits, in each in-struction. The break bit governs changes to higher-priority se-
quences. When the break bit permits a change, and some higher-priority sequence requests attention, a change will be made. The
dismiss bit indicates that the sequence has completed its operation
(for the moment, at least) and that lower-priority sequences mayreceive attention. The interpretation of the break and dismiss
bits will be discussed in more detail.
D. The TX-2 Input-Output Element

The TX-2 input-output element is shown schematically in Fig. 13.It consists of a number of input-output devices, associated buffers,
and a sequence selector. Hach device has enough control circuitry
to permit it to operate in some selected mode once it has been placed
in that mode by signals from the central computer. Associated
with each device is a buffer storage of appropriate size. This -

buffer may be large or small, to suit individual data-rate require-
ments, but the buffers used in TX-2 will generally be the smallest
possible. For the most part, buffering for only one line of data
from the device (e.g., 6 bits for a paper-tape reader) will be
provided. Each input-output device is associated with one stage of
the sequence selector. The sequence selector provides the control
information necessary for proper interleaving of the program se-
quences. When it is desired to add a new input-output device to the
computer, the three packages, in-out unit, buffer, and sequence-
selector stage, must be provided.

As shown in Fig. 13, data is transferred between the input-output
element and the central computer by way of the exchange element.
Fig. 13 indicates two-way paths between the E-register and all
in-out buffers. Actually, most devices are either readers or re-
corders, but not both, and therefore require one-way paths only.
Only the necessary paths are provided; the drawing simply shows
the most general case.

Signals from the sequence selector connect the appropriate buffer
register to the E-register to transfer data. When a sequence is
selected (i.e., its program counter is supplying instruction locay
tions), the associated buffer is connected to the E-Register, and
all other buffers are disconnected. A read instruction will
effect a transfer of information between the buffer and the E-re-
gister. A particular buffer is thus accessible only to read in-
structions in the sequence associated with the puffer's in-out unit.

Fig. 13 shows paths from the Sequence Selector to a coder which

proves an output called the program-counter number. These paths
are used in the process of changing sequences to be described in
a later section.

:
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Fig. 13 also shows paths for mode selection in the in-out element.
The use of these paths is described in the next section under
2., Los.

E. Input-Output Instructions

In addition to the break and dismiss bits on all instructions, the
programmer has three computer instructions for operating the input-
output system. There are two read instructions, rdn and rds, which
transfer data between the in-out devices and the central computer
memory. The third instruction, ios, selects the mode of operation
of the in-out devices.

1. rdn and rds

Both of the read instructions obtain a word from memory. If the
in-out device associated with the sequence in which the read in-
struction occurs is in a reading (input) mode, appropriate bits
of the memory word are altered, and the modified word is replaced
in memory. If the in-out device is in a recording (output) mode,
appropriate bits of the memory word are fed to the selected in-out
buffer, and the word is replaced in memory. Thus, the same read
instruction suffices for both input and output operations. The
distinction between rdn and rds lies in the assembling of full
memory words from short buffer words. An rdn instruction will
place the 6 bits from a tape reader in the right 6 bits of a 36-bit
memory word. The remaining 30 bits will be left unchanged. An
rds instruction for the same tape reader will place the 6 bits
in a splayed pattern (every sixth bit across the memory word)
and will shift the entire word one place to the left before re-
placing it in memory. Except for the shift, the other 30 bits
remain unchanged. A sequence of 6 rds instructions, one for each
of 6 tape lines and all referring to the same memory address, will
suffice to assemble a full 36-bit word.

The distinction between rdn and rds could be obtained from mode
information in the in-out device, but the inclusion of both instruc-
tions in the order code allows the programmer to interchange the
two types freely to suit his needs. The rdn- instruction makes use
of the permutation aspect of the TX-2 configuration control and
is, therefore, particularly convenient for dealing with alphanumeric
Flexowriter characters. Configuration is not applicable to the
rds instruction.

2. ios

The ios instruction serves to put a particular in-out device into
a desired mode of operation. The j-bits of the instruction word,
normally the index register number, in this case specify the unit
number of the in-out device. 'This number is the same as the program
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counter number for the associated sequence, although the correspon-
dence is not necessary. The y-bits of the instruction word specify
the mode of operation in which the unit is to be placed. Two of the
y-bits are sent directly to the jth sequence selector stage and serve
to control the sequence, regardless of the mode of its associated in-
out device. These two bits allow ios instructions to arbitrarily dis-
miss or request attention for any sequence in the machine. By means of
these instructions, one sequence can start or stop all others in the
machine. A third y-bit determines whether the mode of the in-out de-
vice is to change as a result of the instruction. If it is to change,
the remaining 15 bits specify the new mode. An ios instruction occurring
in any sequence can thus start or stop any sequence and/or change
the mode of its in-out device.

A further property of the ios instruction is that it leaves in the
E-register a map of the state of the specified in-out control prior
to any changes resulting from the instruction itself; ios instruc-
tions may, therefore, be used to sense the state of the in-out
system without altering it in any way.

F. Sequence-Changing and Operation of the Sequence-Selector

At some point just before the completion of the instruction memory
cycle in TX-2, the Control must decide whether the next instruction would
be taken from the current sequence or from some new sequence. The
information on which this decision must be based comes from the break
and dismiss bits of the instruction word currently in use and from the
sequence selector. Fig. 14 is a detailed drawing of one stage of
the sequence selector. All stages, except that with the highest-
priority are identical. The lowest-priority stage returns the final
three control signals to the control element.

Each stage of the sequence selector retains two pieces of information
concerning its associated sequence. One flip-flop (ss j-1) remembers
whether or not the sequence is selected (i.e., whether or not it
is receiving attention). he priority signal (labelled no higher priority
sequence requests attention ) passes from higher to lower priority stages
until it encounters a stage which requests, but is not receiving, atten-
tion. Such a stage is said to have priority at the moment, and its
output to the program-counter-number coder prepares the number of the
new program counter in anticipation of a sequence change.

The process of changing sequences involves storing the program counter
for the old sequence and obtaining the counter for the new. Actually,
to speed up the over-all process, the new program counter is obtained
first, so that it may be used while the old is being stored. Using
the paths shown in Fig. 13, +tthe new program counter number is placed in
the j-bits of the N-register. The new program counter is then obtained
from the X-memory and interchanged with the old program counter contents
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which have been in the P-register.* The K-register, which has been
holding the old program counter number since the last sequence change,is now interchanged with the j-bits, and the old counter is stored atthe proper location in the X-memory. The state of the sequenceselector is changed, to conform to the change of sequence, by sendinga select new sequence command from Control. This command clears thess j.2 flip-flop in the old-sequence stage and sets thess j.2 flip-flop to a ONE in the new-sequence stage.**
F. Interpretation of the Break Bit
The programmer uses the break bit of an instruction word to indicatewhether or not change to a higher priority sequence may occur at the
completion of the instruction. The fact that a programmer permits abreak does not mean that the sequence has completed its current task,but merely that no harm will be done if a change to some higher-prioritysequence is made. Breaks should be permitted at every opportunity if anumber of in-out devices are operating. The sort of situation in whicha break cannot be permitted occurs when the Eeregister is left containinginformation which the program requires at a later step. If a changeoccurred in this case, the contents of the E-register would be des-troyed and lost to the program.
When a break is permitted by the current instruction, a sequence change

element provides this information (Fig. 14). When a break type of se-quence change is made, the ss' j.1 flip-flop in the sequence selectorremains unchanged, and the sequence which was abandoned in favor ofone of a higher-priority continues to request attention.

will actually take place only if some higher-priority sequence re-quests attention. A signal from the sequence selector to the control

H. Interpretation of the Dismiss Bit
The dismiss bit is used by the programmer to indicate that the se-quence presently in use has completed its task. To provide synchroniza-tion in the in-out system, dismiss bits must be programmed between atten-tion requests from the in-out devices. In this case, the dismiss in-operation guarantees that the computer will wait for the next signal fromthe in-out device before proceeding with the associated program sequence.
The dismiss bit is also used to accomplish the halt function in

* The P-register is shown in Fig. of Section II., P.i0,
**The relative timing of the central computer actions during thechange process is shown in Fig. 8d., p.19.
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TX-2. A multiple-sequence computer halts when all sequences have
been dismissed and all in-out units turned off. The priority
Signal from the sequence selector to the control element providesthe information as to whether or not any sequence in the machine
requests attention. When none request attention, the control
stops all activity in the machine as soon as a dismiss bit appears
on an instruction in the sequence being used. Activity is re-
sumed in the machine as soon as some in-out device or push button
requests attention.

The sequence change which results from a dismiss bit is identical
with that resulting from a break except that a dismiss current
sequence command accompanies the select new sequence command from
Control to the Sequence Selector (Fig.
I. Starting a Multiple-Sequence Computer

In a single-sequence computer the starting process involves resetting
the program counter to some arbitrary value and starting the con-
trol. In a multiple-sequence computer, the program counter for
a particular sequence must be reset and the sequence started. In
TX-2 a special sequence (number O) has the highest priority and is
used to facilitate starting. This sequence has the special fea-
ture that its program counter always starts at an initial memory
location specified by a set of toggle switches. Attention for
the sequence is requested by pushing a button on the console. By
executing a short program stored in the toggle-switch registers
of the V-memory, this sequence can start (or stop) any other se-
quence in the machine. The starting process for an arbitrary se-
quence involves resetting its program counter by means of an ldx
(load index register) instruction, and starting its sequence with
an ios instruction.

J. The Arithmetic Element in Multiple-Sequence Operation

While efficient operation requires that the bulk of arlthmetic
operations be carried out in a main sequence, the arithmetic ele-
ment in TX-2 is available to all sequences. Since once a change
has been made to a higher-priority sequence, control cannot return
to a lower-priority sequence until the higher-priority one has been
dismissed, a simple rule allows the arithmetic element to be used
in any sequence without confusion. If, whenever a higher-priority
sequence requires the arithmetic element, it stores the contents
of any registers it will need (A,B,C,D, or F) and reloads them

pefore dismissing, all lower-priority sequences will find the regis-
ters as they left them. This storing and loading operation requires
time and, therefore, lowers the total handling capacity, but the
flexibility obtained may well be worth the loss in capacity.
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The step-counter class of arithmetic element instructions is aspecial problem. These instructions can require many microsecondsto complete, and while TX-2 is designed to allow in-out and pro-gram element instructions to take place while the arithmetic ele-ment is busy, the case can arise in which an arithmetic element in-struction (load, store, etc.) appears before the AE ig finishedwith a step-counter class instruction. The machine would normallywait in an inactive stage until the operation is complete, butsince there is a chance that some higher-priority sequence mayrequest attention in the interim and have instructiong which canbe carried out, provision is made to keep trying changes to higher-priority sequences as they request attention. The mahine thuswaits in an inactive state only when no higher-priority Sequenceshave instructions which can be performed. This provision allowsthe programmer to ignore the arithmetic element in corisiderationsof peak- and average-peak rate calculations when he desires tooperate a maximum number of in-out devices.
K. Conclusions

Multiple-sequence operation of input-output devices, as realizedin TX-2, has a number of significant characteristics. Among themare:

i. A number of in-out devices may be operated con-currently with a minimum of buffering storage.
2. Machine time is used efficiently, since no timeneed be lost waiting for input-output devices tocomplete their operation. Other machine activitymay proceed meanwhile.

3. Each input-output device may be treated separatelyfor programming purposes. Efficiency of operationis obtained automatically when several separately.programmed devices are operated simultaneously, al-though average- and peak-rate limitations must beconsidered.

4, Maximum flexibility in programming for input-output devices is obtained. The full power of thecentral machine may be used by each input-outputsequence if desired. Routines for each devicemay be as long or as short as the particularsituation requires.
5. The modular organization of the input-output equip-ment simplifies additions and modifications to thecomplement of in-out devices
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6, The organization of buffering storage allows the
amount and kind of such storage to be tailored
to the needs of the individual devices and the data-
handling requirements to be met by the system.

7. The multiple-sequence program technique appears to
be particularly well suited to the operation of a
large number of relatively slow input-output devices
of varying characteristics, as opposed to a smaller
number of high-speed devices.

TABLE I
TX-2 Sequence Assignments in the Order of Their Priority

* Start-Over (special index register numher 0 sequence )
* In-out alarms
* Arithmetic alarms (overflows, etc.)

Magnetic Tape units (several sequences)
High-speed printer
Analog-to-digital converter
Photoelectric paper tape readers (several sequences )
Light Pen (photoelectric pick-up device)
Display (several sequences)
MIC (Memory Test Computer)
TX-O
Digital-to-analog converter
Paper tape punch
Flexowriters (several sequences)

* Msin sequences (three)

* The sequences have no input-output device.
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IV. MEMORY UNITS IN THE LINCOLN Tx-2

A. Introduction

The three, high-speed memories in TX-2 are random access and useferrite cores. The largest has 65,536 words, 37 digits long,and operates at a cycle time of 6.5 usecs; it is referred to
as the S-memory. The T-memory is driven entirely by transis-
tors and has a capacity of 4,096 37-digit words with a 5.5-usec
cycle time. The smallest and fastest is the X-memory which has
a capacity of 64 19-digit words; its external word-selection and
two cores per bit make possible an access time of 0.8 usec and
a cycle time of 4.0 usec.

B. S-Memory (65,536 Words)

The S-Memory, (Fig. 15) isa ecoincident-current, magnetic-core
unit with a storage capacity of 65,536 37-bit words. The bits in
the word are read out in parallel, with a cycle time of 6.5 usec
and an access time of 2.8 usec. (Cycle time is the time between
successive strobe pulses and access time is the minimum delay
between setting the address register and strobing). The block
diagram (Pig. 16) shows that two, 256-position, magnetic-core
switches are used to supply the READ and WRITE current pulses to
the X and Y selection lines. The operating characteristics of
these switches are such that the contents of the address register
are no longer needed after the READ half of the cycle, and the in-

:

:

0

: :

:

Fig. 15. S-Memory
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BUFFER REGISTER (MORN).

7

+

SENSEDIGIT PLANE
DRIVERS @ AMPLIFIERS

148). 148

MEMORY ARRAY

056

X Y
MAGNETIC

CORE CORE
switch SWITCH

16

switch SWITCH switch
DRIVERS DRIVERS -orivers ORIVERS

MAGNETIC

16 16

SWITCH

DECODER

16

ADDRESS REGISTER(POR@

'Figs 16. Block Diagram, S-Memory

terval between READ and WRITE may be extended several usecs under
computer control to permit the other operations to occur. 'Twocoordinates are used to select a register during READ and threecoordinates are usef for WRITE. In each case, a 2:1 currentselection ratio is used. The S-memory with' 604 tubes and 1406transistors, is a 37-digit version of the 19-digit TX-0O memorythat has, been described in the literature.! 'he basic operationof this type memory has also been described and will not be
repeated here.
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C. "I" Memory (4096 Words )

The coincident-current, magneticcore, T-memory has 4096 37-bit

psec. A timing diagram is shown in Fig. 18. 'The computer pro-
gram can extend, by any amount, the interval between RHAD and
WRITE. Again, A 2:1 current selection ratio is used with twocoordinates used to select for READ and three coordinates for
WRITE. A total of 1460 transistors and 64 diodes are used (notcounting the address and buffer registers and control).

words (see Fig. The bits of the word are read out inllel with a cycle time of 5.5 usec and an access time of 2.

BUFFER REGISTER {MOR NI

7 v

DIGIT SENSEPLANE STROBE
DRIVERS

7 7

MEMORY ARRAY

4 64

READ-
x SELECTION WRITE Y SELECTION
LINE ORIVERS DRIVERS LINE DRIVERS

64

INVERTER INVERTER
& GATES & GATES

8

EMITTER EMITTER CMITIER EMITTER
FOLLOWER FOLLOWER FOLLOWER FOLLOWER
& GATES & GATLS & GATES & GATES

MEMORY ADDRESS REGISTER (POR Q)

AMPLIFIERS

3) (3) (3

Fig. 17. Block Diagram: T-Memory
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8 .4
TIME, SEC

READ-WRITE CURRENTS

STROBE phan
StT ADDRESS A. sperma +A,

REGISTER

Fig. 18. Timing, T-Memory

1. Mechanical Features

The 64x 64 x 37 pluggable array (Fig. 19) 1s contained within a
5-inch cube. (One plane is used for parity checking). The ferrite
cores are 7 mils 0.D., 27 mils I.D., and 12 mils thick. The mat-erial is similar to General Ceramics' S-1 and that is aleo used inthe §-memory.,

a

Fag. 19. Pluggable Array, T-Memory
2. Selection Circuits

The logic and circuitry of the memory-address register decoderis shown in Figs. 17 and 2. The input to the emitter followerAND gates is a d=a level of zero or -3 volts. Silicon diodesadd a bias shift without the loss that would be associated with
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EMITTER FOLLOWER GATE INVERTER & GATE

$10V +12V

2.2K
set

y

siticon 8922 2.4K
DIODES gg00

SELECT10Q 3
BT LINESBT

| Lek
DRIVE

-10V
3y!ae

ATMMFD Q4 Qs

TO

v

REGISTER (P OR Q)
(GROUND WHEN SELECTED)

FROM MEMORY ADDRESS :

Fig. 20. One Channel, Emitter Follower
and Inverter AND Gates, T-Memory

a simple voltage divider. The +1.2-volt supply for the inverter
AND gates is a single divider for the whole memory - the load ort

the divider is constant.

Hach inverter AND gate feeds a selection line driver (Fig. 21).

polarity. The transient back volvage of the selection line for
this current 1s 12 volts. The series-connected emitter followers
(ql and Q2) supply the large amount of current needed to cut off
Q3 quickly during selection. The load for Q2 is such that a large
surge of current is delivered to Q3 to turn it on quickly when

this line is deselected.

Qu passes the full selection line current (+250 and 250 ma. )
and is selected to have a minimum é of 10 for current of either

fig. 22 shows the circuit geometry planned for the read-write
driver. Currents: for READ and WRITE operations are supplied by
the 150-volt supplies through Re and R respectively. The
currents are switched into the proper selection line drivers by
cutting off Ql or Qe.

3, Digit Circuits

The inbut' of the digit-plane driver shown in Fig. 23 is a standard

logic level of 0 or ~3 volts. Q2 acts as a switch which connects

a voltage source across the digit winding and the parallel R-C
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FROM
READ-WRITE

+3V +70V DRIVER

1.5K
24

800

Q3

+15V67903

Q2
MEMORY
SELECTION

LINE
SBT

Qi
FROM \. SBT
INVERTER

& GATE
(NEGATIVE
WHEN SELECTED)

Fig. 21. One Channel, Selection Line
Driver, T-Memory

+30V *150V

R

INPUT

'OUTPUT to x ony
4 SELECTION LINE

ORIVERS

+30V

GAS2830

TL. read input

R2

Fig. 22. Read-Write Driver (2 needed),
T-Memory
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+10V

INPUT

(GROUND
LEVEL INHIBITS

10K
Qi

-10V
3302 2N123

GA52830

0.005MFD -300
BH

MEMORY
DIGIT
WINDING

470
1.8K

602
-30v =r 0.00IMFO~lOV

252

22

-30V

Fig. 23. Digit-Plane Driver, T-Memory

combination. It can be turned on and off very quickly by virtue
of the large overdrive of current into its base which is supplied
by the combination of Ql and its collector load. The adjustable
resistor is used to set the correct d-c inhibit current which is
measured across the 2-ohm resistor; the 0.00l-mfd capacitor speeds
the current rise time in the digit winding.

In the sense amplifier, shown in Fig. 24, two 160-ohm resistors
terminate the sense winding and tie it down to ground. Constant
d-c emitter currents are supplied to Ql and Q2 by the 13K resis-
tors. The voltage divider forms a stable, d-c, collector~to-base
voltage and is composed of 1.3K resistors, which form a virtual
center tap on the sense-winding by operating in conjunction with
the 3.3K resistor. Thus, with both the d-c emitter current and
the base-to-collector voltage stabilized, the operating point of
Ql and Qe is also stabilized. Two 60-yufd electrolytic capacitors
in series tie the emitters of Ql and Q2 together for signal gain.
The 6.8K resistors damp the transformer windings. There is no gain
for a common-mode input, and a gain of about 22 for a difference-
signal input (output measured across half the transformer secondary ).
The current through the 16K resistor normally flows through Q5,

put can be interrupted by an input signal that is large enough to
overcome the bias on the 68-ohm resistor. The 5K variable resis-
tance is adjusted so that a 50-mv input signal will be just enough.



+30V
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i60n 1601

SENSE
WINDING

mc Is00n 13000
M

Q2

6800N 6800n

68a
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Fig. 2h.

register and strobing.

22,0000

OUTPUT
(TO AN
INVERTER
NEG. IF
"ONE".)

~30V

Sense Amplifier, T-Memory
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The normal ONE input
signel is 100 mv.
All of the +10-volt,
marginal-check lines
are tied together so
that the sense-amplifier
clip levels may be re-
motely checked to deter-
mine the memory margins.

+

D. X-Memory (64 Words)
SBT SBT

MEMORY

There are three modes
of opération of the X-
memory: (1) READ-WRITE,
(2) READ, and (3) CLEAR-
WRITE. This magnetic~core
memory requires external
word-selection (two cores
per bit) and has a storage
capacity of 64 19-bit words.
The bits of the word are
read out in parallel with
a cycle time of 4.0 usec< > 6and an access time of 0.8,
usec. In this memory, ~
cycle time is the time
between successive strobe
pulses with a repetitive
READ-WRITE cycle; access
time is, again, the minimum
delay between setting the address

+10V

4700
+30V 33000

s000n
16,0009 30V

/Q4 4 /05
SBT

A total of 434 transistors, 8 diodes, and 1
vacuum tube are used, excluding those for the address and buffer re-gisters and control.

1. Operating Principle
The winding configuration of the single-plane unit is shown inFig. 25. A word is selected externally by connecting the upperend of a word line (pt. Y, for instance) to a fixed point. The
READ driver then puts out a current pulse 4-1/3 times that re-
quired to switch a core on a 2:1 basis (Fig. 26). Only one ofthe two cores (per bit) is switched to the cleared state by thispulse because any previous WRITE operation would have left onecore set and one cleared.
in its digit line.

The switched core generates a pulseThis line passes through one of the cores in
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the same direction as the word line and through the other core in
a direction opposite to that of the word line. Thus, the polarity
of the pulse on the digit line during READ, indicates whether a
ONE or a ZERO is being read out.

Current always flows in
the digit winding. The
polarity is controlled by

TO WORD SELECTION SWITCH the flip-flop associated
with that digit, and the
amplitude is 1/3 of the
required switch current in

DIGIT J a 2:1 system. The digit
current is swamped out by
the large read current and,
therefore, has no effect
during READ. During WRITE,
a current of 2/3 is sent
down the selected word line.
The digit current adds to the

so that one core has a cur-
rent of unity and the other

Fig. 25. Winding Configuration, a current of 1/3. Thus,
X-Memory the current ratio used

during WRITE is 3:1 with
a disturb current of no
more than 1/3. Fig. 26
shows the timing and current
relationships in cores A
and B of Fig. 25.

% Y 2

plait "y" A

DIGIT "K" DIGIT

write current in one core and
TO REA AND WRITE DRIVERS subtracts from it in the other,

The cores used X-
TIME, KSEC. 0

memory are 47 mils OD, 273 4
2
ICURRENT IN

REGISTER
mits ID, and 12 mils thick3

The core material is similarWR TE

to General Ceramics' type
S-3 which differs from S-1

NET CURRENT pie pe in that the coercive force
required for switching is
lower and the switching time

3 is longer. We needed the low

IN CORE "a"

CURRT coercive force so that we
IN CORE could drive the cores with

3
I

CURRENT 3

transistors. Access tite re-
mained short because, even
with transistors, we could
overdftve the cores during

-2
3

Fig. 26. Timing Diagram, X-Memory
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TORS

bby oage

ON OE
4

Fig. 27. 64 x 38 Memory Plane, X-Memory

Fig. 28. Section of Memory Plane, Enlarged,
X-Memory
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READ. Each winding makes sour turns on each core through whichit passes. Fig. 27 shows the complete memory plane (4-1/4 x
6-1/4 inches) and Fig. 28 shows part of it enlarged. The cores
are mounted on a lucite plate; the wires pass through openings
made by the intersection of milled slots on one side of the platewith similar slots on the other side that are milled at right anglesto the first. With each winding making four turns per core, the
digit current is 8 ma, the write-driver output current is 18 ma,
and the read-driver current is 117 ma.

4

A block diagram of the X-memory is shown in Fig. 29. The method
of word selection used is determined partially by the computer's
use of the outputs of the j-bits decoder. Either of two write
drivers are used and the output of the first level selection deter-
mines which one.

TO
EXCHANGE

AND
IN-OUT

ELEMENTS

ADDRESS REGISTER

Ist LEVEL
SELECTION

2nd LEVEL |

SELECTION
|

WORD
SELECTION

I SWITCH

--

32 32
DIGIT

DRIVERS

MEMORYBUFFER
REGISTER PLANE

SENSE

WRITE READ WRITE
DRIVER BiDRIVER A DRIVER

5

DECODER 32

2 32

19

19

9 AMPLIFIERS

Fig. 29. Block Diagram, X-Memory
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2. Selection Circuits
One channel of the selection circuit is shown in Fig. 30. The
j-bits decoder uses 5-way emitter follower AND gates which drive
parallel inverters (Q6 and Q7). The collector lead of these
transistors provides an overdrive of base current into Q8 or Q9
during both selection and de-selection. When neither the read not
the write driver is active, the word lines are free to float between
0 and -10 volts. Only one of the first level selection transistors
(Q1O or Q11) will be saturated, so base current flows only into
either Q8 or Q9. The read driver generates a negative pulse so

FIRST LEVEL SELECTION :

(DRIVEN BY ~3v
INVERTER Qil

LIKE Q6 AND 2nl23
Q7 BELOW)

SECOND LEVEL SELECTION
+10V

ai 4

SBT a6 a7

FROM o Q8 a9
"anv- 2N123__J2N123

LOmH

Q4
SBT 1500n 560n

TO MEMORY
Q5

WORD SELECTION switcHe ITS DECODER
3900N3V

+ _ SBT
Q2

INPUTS SBT

0.0033
RESS SBT MFD
REG

SBT

TO EXCHANGE AND IN-OUT ELEMENTS

Fig. 30. Register Selection Circuit, X-Memory
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that the large read current (117 ma) flows {n the normal direc-
tion through the 2N123's. The write current flows in the re-
verse direction, but it is only 18 ma, and doesn't require a very
high reverse @ . A decoder such as that in the "I" memory would
have used fewer transistors, but access time is at a premium here,
so the faster circuit was used.4

3. Read-Write Drivers

The read driver shown in Fig. 31 consists of three SBT transis-
tors in series (because of the voltage needed) driving a 6197
pentode to saturations".. The back voltage presented by the
cores to thts driver-ts constant because, as mentioned before, it
always switches one of the two cores in each pair. The 5:1
transformer holds the tube load to a low value.

+10V
47

MMF IOK
0,00I tINPUT MFO 1k +150V

LeveL SBT
READS) HoeI21 i002

-9
+150V

(-3V

Q2 5:1-3 SBT . TEST.POINT

Q3 HD2I21 TO MEMORY
SBT 6197

2 7K
IN34A

500

15V

Fig. 31. Read Driver, X-Memory

The write driver (Fig. 32) is very simple - the current in the
1640+ ohm resistor is switched into the memory load during WRITE

by saturating Q2 which cuts off Ql. Since the selection circuits
are returned to -3 volts, the output terminal of this circuit is
always below ground.
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+10V a
+30V

75K

0.001 MFD16400.

To
MEMORY INPUT

(-3V LEVEL WRITES)

3.6K
Q2

2Ni23
Ql
2nl23

5.1K

-lOv -30V

Fig. 32. Write Driver, X-Memory

+10V +10V

0.00) e

MFD 2

BUFFER 4702
REGISTER
FLIP-FLOP

7

MEMORY
|

| DIGIT
| WINDING |

4-30V

3.3K

FROM Q2MEMORY

33002 $ 33000

Fig. 33. Digit Driver, X-Memory
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Digit Circuits
The digit driver (Fig. 33) is connected directly to the corres-
ponding flip-flop in the buffer X-register. One of the two tran-sistors is always saturated so that current always flows in the

4 digit winding and in a direction determined by the flip-flop. The
terminals of the digit winding are connected to the input stage (Ql
and Q2) of the sense amplifier shown in Fig. 34 which responds to
the voltage difference between the inputs. The open-circuit READ
signal on the digit winding is a 0.25-usec pulse + 0.5 volt amplitude.
The sense amplifier loads the winding to reduce the pulse to abouthalf of this amplitude. A saturation signal is fed to the gates
Q3 and Q5 so that the strobe pulse forces the flip-flop to the
correct position. If the signal on the free end of the digit
winding is positive, the flip-flop is left in the same state; if
negative, the flip-flop is complemented.

+10V

+10V - 39K2 47MMFD

STROBE
INPUT2.4K

Gt SBT

2K 2k

TO BUFFER REGISTER FLIP-FLOP

Q4 2.4KSBT
(NEG. PULSE)

+10V

SBT 180 IK5.
FROM MMFD

~ QsDIGIT
+10V

WINDING
Q3

K SBTSBT

Fig. 34. Sense Amplifier, X-Memory

5. Modes of Operation

The three modes of operation of the X-memory are READ-WRITE, READ,
and CLEAR-WRITE. READ-WRITE has been described above. The READ

operation, used when, the contents of two registers are needed
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quickly, performs the necessary function of clearing both cores in
each bit before writing. When the computer returns to WRITE in
registers that have had a READ cycle only, the CLEAR-WRITE cycle
is used. CLEAR-WRITE is the same as READ-WRITE except that the
strobe pulse is eliminated. Actually, a WRITE cycle alone would
be sufficient but the CLEAR-WRITE cycle was added as an aid to pro- ro

gram trouble-shooting, since if a WRITE operation should follow a
previous WRITE operation on the same register, some bits would have
both cores set. A subsequent READ would clear both cores, their
outputs would subtract in the digit winding, and the response of
the sense amplifier would be unpredictable.
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V. TX-2 CIRCUITRY

A. Circuit Configurations

Two basic circuits perform most of the logical operations in the
TX-2 computer: a saturated transistor-inverter and = saturated
emitter-follower. To the logic designer who works with them,
these circuits can be considered as simple switches which are
either open or closed.

The schematic diagram of an emitter follower and the symbol used
by the logic designers is shown in Fig. 35. With a negative in-
put, the output is "shorted" to the -3 volt supply, as through a
switch. When several of these emitter followers are combined in
parallel, as in Fig. 36, any one of them will clamp the output
to -3V. We have then an OR circuit for negative signals and an

+10 +10

OUTPUT OUT

INPUT

-3 -3

Fig. 35. Emitter Follower

+10

OUT

3

Fig. 36. Parallel Emitter Follower
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AND circuit for positive signals. The transistor inverter is
shown in Fig. 37 with its logic symbol. Basic AND and OR cir-cuits result from the connection of these simple switches inseries or parallel, as in Figs. 38 and 39. More complex net-works like the TX-2 carry circuit use these elements arrangedin series-parallel as shown in Fig. 40. >

+10 GND

2

OUT

INPUT

OUTPUT

3

to

Fig. 37. Inverter

GN

* OUT

o

GND

OUT

+10

Fig. 38. Parallel Inverters

Fig. 39. Series Inverters
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In Fig. 37 the resistor, R is chosen so that under the worst
combinations of stated component and power supply variations, 'the
drop across the transistor will be less than 200 mv duriimg the
"on condition". Ro biases the transistor base positive duringthe off condition to provide greater tolerance to noise, Teo»signal variations. Capacitance, C, was selected to remove all
of the minority carriers from the base when the transistor is being
turned off. The effect of C on a test circuit driven by a fast
step is shown in Fig. 41. Note that the delay due to hole storageis only a few millimicroseconds.

a

€

2

GND

FROM
ACCUMULATOR

CARRY FROM
PREVIOUS DIGIT

FROM CARRY
FLIP-FLOP

CARRY TO
NEXT DIGIT

10

Fig. 40. TX-2 Carry Circuits
a

04 +10V

0.18 MEG

INPUT 5000N
Tz

OUTPUT

OUTPUT WITH C -3V

OUTPUT WITHOUT C

Fig. 41. Turn-Off Time

NPUT tI-3

ic
-3

T,= TURN-OFF TIME

-3
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We run the under saturated conditions to achieve stability
and a wid tolerance to parameters without the need for clamp diodes.
Unlike vacuum tubes, which always need an appreciable voltage across
them for operation, a transistor requires practically no voltage across
it. In spite of the delay in turning off saturated transistors, these
circuits are faster than most vacuum-tube circuits. Faster circuit
speed is not due to the fact that the transistors are faster than vacuum
tubes, but because they operate at much lower voltage levels. A vacuum
tube takes a signal of several volts to turn it from fully "on" to fully
"off"} a transistor takes less than one volt.
B. Flip-Flop
On the basis of previous experience, we decided that the advantages of
having one standard flip-flop were worth some complication in TX-2
circuitry. The circuit diagram of the flip-flop package in Fig. 42 is
basically an Eccles-Jordan trigger circuit with a three-transistor
amplifier on each output. The input amplifiers isolate the pulse inputclreuits and give high input impedance. The amplifiers give enough de-
lay to allow the flip-flop to be set at the same time that it is beingsensed. Fig. 43 shows the waveforms of this flip-flop package when com-
plemented at a 10-megapulse rate. The rise and fall times, about 25
musec, are faster than one normally sees in a single inverter that pullsto ground and an emitter follower that pulls to -3 volts. Fig. 44 is a
plot of the pulse amplitude necessary to complement the flip-flop at
various frequencies. Note the independence of trigger sensitivity to
pulse repetition rate. This circuit will operate at a 10-megapulserate, twice the maximum rate at which it will be used,in TX-2.
The TX-2 circuits reproduced most often were designed with a
minimum number of components to achieve economies in manufacture

Mc 8 (HOV)

MC A (+10)

GROUND

4

ONE ouT
ZERO OUT

Fig. 42. X-2 Flip-Flop
and maintenance. The design of less frequently reproduced cir-
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cuits made liberal use of components - even redundancy - to ac»
hieve long life and broad tolerance to component variations. The
goal was system simplicity and high performance with a lower total
number of components than might otherwise be possible. For example,
the number of flip-flops in the TX-2 is small compared to the gates
which transfer inforfration from one group of flip-flops to another;
so the flip-flops were allowed to be relatively complicated. But
the TX-2 transfer gates were made very simple; a transfer gate is,in fact, only a single inverter. The emitter is connected to the
output of the flip-flop being read and the collector is connected
to the input of the flip-flop beting set. The output impedance of
the flip-flop is so low that, when the output is at the ground
level, a pulse on the base of the transfer gate shorts the input
of the other flip-flop to ground and sets its:: condition.

C Marginal Checking

We planned to incorporate marginal checking in the design of
these circuits so that, under a process of regularly scheduled
maintenance, deteriorating components could be located before
they caused failure in the system. We also found it practical to
use this technique, during the design of the circuits, to locate
the design center of the various parameters and to indicate the
tolerance of circuit performance of these parameters. A further
application of marginal checking has been found in other systems
during shakedown and initial operation to pin-point noise and
other system faults not serious enough to cause failure and,
therefore, very difficult to isolate by other means.

The operating condition of the inverters is indicated by varying
the +10-volt bias. In the flip-flop schematic in Fig. 42, the
inverters were divided into two groups for marginal checking, and
the two leads, labeled MCA and MCB, were varied one at a time for
the most critical checking of the circuit. The curves in Figs.
43 and 44 show the locus of failure points for various parameters

Fig. 45 shows theas a function of the marginal checking voltage.
tolerance to tau, a measure of hole storage,.and Fig. 46 shows the
tolerance to the current gain. Operating margins for supply

and pulse amplitude are shown in Figs. h7voltages, temperature,
through 50.

Packaging

The number of types of plug-in units was kept small for ease
of production and to keep the number of spares to a minimm. The

etched boards and the componentscircuits are built on dip-soldered,
are hend-soldered to solid turret lugs. The boards are mounted
in ste@l shells shown in Fig. 51 to keep the boards from flexing.
The male : and femate contacts are machined and gold-plated. The
sockets are hand-wired and soldered in panels as in Fig. 52.

:
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Conclusion

The result of these design considerations is a 5-megapulse control
and arithmetic element which will take less than 40 square feet
of space and dissipate less than 800 watts of power. The simpl-
icity of the circuits has encouraged a degree of logic sophistica-
tion which would not have been chanced before.
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INTRODUCTION

TX-00 is an experimental computer which was built to test transistor
circuitry and a 256x256 magnetic core memory. Its terminal equipment
consists of a photo-electric paper tape reader, a paper tape punch, an

oscilloscope, and an input-output Flexowriter typewriter. Additional
equipment such as magnetic tepe, high speed printers, etc., will be added

at a later date. Since it is a. test computer, most of the computer time

is devoted to marginal checking ard the operation of test programs.
However, the fact that such a large internal memory of 65,536 registers

exists prompted us to try some new programming techniques in the
tine available petween test operations.

'One technique was to use the bulk of the memory asa secondary

storage medium instead of magnetic drums or magnetic tapes. Wes Clark
wrote a conversion program using this idea. The result was a fast conver-

. gion process and one which could translate a flexible symbolic langvrge-
For example, address tags, address sections of instructions, ard constants
ean now be expressed as English words as well as code letters and numer-

als. The conversion program has no tape acranning problems and can look

at the whole program to be converted as many times as necessary in 8 very
short period of time. A memo describing the rules of the conversion

program's vacabulary is being written by Wes and should be available soon.

Another valuable technique which will be described in this memo

is that of moving a complete utility system into memory (see Figure 1)
as well as the program (or programe ) to be operated and debugged. Using

the input-output Plexowriter typewriter as a means of erm cation with

the utility system, debugging at the console should be reasonably simple

and convenient.

+ Debugging at the console is not new. In fact, it is the oldest

form of debugging. For the past few years it bas been regarded as &

great professional sin, but like most sins, it still exists, is rarely
talked about, and hardly ever admitted. High costs and inefficiency

a
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are the main reasons why it is condemned. At the present time most com-

puters rent for approximately three hundred dollars per hour. The time

saved by debugging at the console of the computer is usually far less

valuable than the cost of the additional computer time. The second

reason is that at present, it is extremely difficult to get an objective

view of what a program is doing or has done while at the console. An

attempt to find out usually requires manuai switch settings, limited ex-

eminations by push buttons, or trace program data which is not immedi-

ately available. A parallel argumemt is that thinking under pressure

promotes poor reasoning and lots of bad guesses. The general result is
wasted time----debugging time as well as precious computer time.

In the face of these arguments. why try to encourage or develop

techniques for debugging at the console? For the reason that there are

certain situations and applications for which the length of time between

the instant that the first instruction is written and the moment that

the results are produced, is of the tmost importance. In such cases

any time that can be saved by using more computer time to debug at the

console 1s more than worth the additional rental cost. Data Processing,

Operational Research, and Real Time problems are rapidly producing more

and more situations like this. Although these critical situations will
involve only a amall percentage of. the programs being operated on a

given. computer, utility systems must be available to handle them.

There is still the problem of the programmer thinking on his feet,

trying to find out what went wrong with his program and how to modify

4t. It is this phase in which we are extremely interested.

At the present time most utility programs do not provide enough

immediate informetion to enable a programmer to find his error while

he is still at the console. And if be can find it, few syatems are

capable of allowing him to make an inmediate change without the prepar-

ation of a card, paper tape, or some other secondary input medium,
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especially if he wants to retain the symbolic language of the conversion

program. Another handicap is that he cannot examine any given part of
his program without having previously prepared a request card or tape.
And finally, the use of trace programs is desirable only to the extent

that they are simple enough to invite their use by the programmer. A

tracing progrem that can give a visual picture of what a program is doing
is of much value than one which produces reams of printed information.

II DESCRIPTIONS OF INDIVIDUAL ROUTINES

Our first and most important reason for writing a direct utility sys-
tem was to determine what routines would be most useful in assisting a

programmer at the console. We therefore began with a minimm of speci-
fications. The programming language was restricted to absolute addressed

instructions and constants. This does not prevent a TX-0 programmer from

writing his original program in relative form. The conversion program

written by Wes Clark has a very flexible langnage and permits one to

obtain an absolute addressed translation of a program which has been

written in relative form. Later, when we have determined what the ideal

direct utility system should contain we will inelnde a more flexible pro-

gramntng language.

At the present time the system contains over a dozen routines. Some

of them are very necessary and others provide services whose only impor-

tanee lies in the fact that they reduce impatience on the part of the pro-

grammer. Fach routine obtains its required information by asking speci-

fic English questions on the console typewriter. The answers are typed

on the same typewriter by the programmer and may be English words or num-

pers depending on the nature of the question asked.

Expedite
The system was designed around a master dispatch routine called

EXPEDITE. Its job is to read the Flexowriter coded symbols coming from

the typewriter and recognize English words. There is a ama)l English

vocabulary in the system and each stored word has an instruction associ-

ated with it. This instruction tells EXPEDITE what to do once an incoming
x
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word has been recognized. Most of the words are the names of the other
routines in the system and the associated instructions inform EXPEDITE
where the routines start. EXPEDITE not cnly acts as a dispatcher but is
also used by the other routines as u subroutine when they require English
answers from the console. Whenever a word is received which is not liated
in the vocabulary, EXPEDITE informs th typist of the error. Also, should
EXPEDITE receive its own name it will print out the words in its vocabu-
lary.

The conversion program of the system is called HARK. Using HARK

the programmer is able to call for specific registers for examination and,
if necessary, modification. When an examination is requested, HARK trans
lates the binary contents of the requeste& register into an octal eddressed
instruction. If the register contains the binary form of an operate-
class command for which there is a three letter mnemonic code, HARK will
type out the three letters which represent that operate-class command.

When a modification is desired, the programmer may type the change as an

octal instruction, a coded operate-class command, an octal number, or any
ecomhinati on of these three ag long as they are separated by plus or minus

signs. (Part IV provides explicit typing instructions.) Certain
control keys of the typewriter allow a programmer to examine and modify
@ series of registers very rapidly. When it is desirable, HARK will
provide a binary punched record of the modifications (in Read-In Mode

format). HARK is also capable of recognizing a request to transfer control
to any register in the program being debugged. When the progremmer is
through with HARK, the Stop Code button is pressed and EXPEDITE is ready
to receive the name of enother requested routine.

Prince
Every utility syster must have a storage print-out routine. Ours is

called PRINCE. It requires three pieces of information from the programmer.

They are:
1. The kind of page layout.
2. How the binary contents of storage are to be translated.
3. What range of storage is to be translated and printed.
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To determine the kind of page layout PRINCE types, DO YOU WANT VER-
TICAL COLUMN LAYOUT. The answer "YES informs PRINCE that each printed
page is to contain two columns of words. Bach column will be 100 (octal)
words long and the-address sequence will run down the left column and then
down the right. PRINCE will also lay out each page so that the address
of the first word position in the left column will have a factor of 100
(octal). If the first word to be printed does not have an address with
a factor of 100, PRINCE will print the first word in the left colum rela-
tive to its position from the last address with a factor of 100. For
example, if the address of the first word to be printed is 507, PRINCE
will skip the first seven positions in the left column before printing
the contents of register 507. In this way each page is laid out ina
uniform manner. If "NO" is the answer to the first question, PRINCE
will lay out 10 (octal) words to a line and 2? words per page. Although
the vertical colum layout printing time is longer than the horizontal,
it is more popular because it has room for comments and is laid out in
the way in which most programs are written. Since PRINCE has only two
kinds of page layout the answers YES or NO are sufficient. If more lay-
outs had been available the question would have been reworded and the answer
would have required specific English word(s); e.g., DOUBLE VERTICAL,
SINGLE VERTICAL, HORIZONTAL, etc.

:

DO YOU WANT OCTAL INSTRUCTIONS is the next question. "YES", is ob-
vious. "NO", will inform PRINCE that each register in the range is to
be translated as a constant.

The range is determined by the questions, WHAT IS THE FIRST ADDRESS

TO BE PRINTED, and WHAT IS THE LAST ADDRESS. An octal address is required
by the programmer efter each question has been typed. It is interesting
to note. PRINCE uses EXPEDITE as a subroutine when it requires an

English answer and HARK when it requires a numerical answer.

Following the reception of the last address to be printed, the range
is printed out in the desired form. When the range has been printed
PRINCE asks, IS THERE MORE TO BE PRINTED. "YES", returns control to the
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first question again- "No", returaus control to EXPEDITE.

In order to allow the procera to retain a corrected binary record

of his program, we have included a storage punch-out routine called
PUNCHY. 'The first question asked by is, DO YOU WANT A TITLE.

"yes", will cause the question, WHAT I8 THE TITLE. The programmer then

types what he vants labeled on the of his tape. For eran),
SAMPLE TEST PROGRAM 25 FEB 57. "No", will bypass the title question and

lead to the question that follows the title punch-out, namely, DO YOU

WANT THE BORMAL INPUT ROUTINE LAYOUT. "YES", will remind PUNCHY to punch

out the Input Routine tape in Read-In Mods format before punching
the requested renge of syerage in the normal Input Routine format. "NO",

will inform PUNCHY that the range is to be punched out in Read-In Mode

_
format. A FUNCTIONAL DESCRIPTION OF THE TX-O COMPUTER (6M-4789), explains
the difference between the two kinda of binary layout. The Read-In Mode

format is better for short ranges. The next two questions ask for the

first and last address of the range to be punched out. The range is then

punched out and then the question, ARE THERE MORE BLOCKS TO BE PUNCHED

OUT, is @sked. "YES", returns control to the questions asking for range

"HO", causes the question, WHAT IS THE ADNRESS OF THE START-

ING INSTRUCTION, to be asked. After an address has been typed by the

programmer, the question, BO YOU WANT THE COMPUTER TO STOP AFTER READING

IN THIS PUNCHED PROGRAM, is typed. "yes", informs PUNCHY to punch out

the starting instruction im a form which will cause the Read-In Mode

or the Input Routine to stop the computer before transferring control to

the indicated address. "SO", will cause the opposite. Once the YES or

NO has been received by PUNCHY, the starting dustruction is punched out

in the desired form and camtrol is returned to EXPEDITE.

:

:

R And Me

The system contains @ read-in routine similar to the Input Routine

in 6M4789. When EXPEDITE receives an R followed by # carriagedescri
retura, eontrol is transferred to the input routine. Once R has read in

a tape, the routine will print either GO To or SUM ERROR, depending on
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whether or not the tape was read in correctly. n either case control

will be transferred back to EXPEDITE so that a programmer can call for
any one of the various routines in the system before operating his pro-

gram. When he is ready to operate his program, the word ME will tell
EXPEDITE to transfer control to the starting instruction which was on the

.end of the last tape read in by R.

Surprise
The SURPRISE routine is a useful one which reviews all the registers

of a given program and types out the addresses of those registers whose

contents have changed from their original form. It is called SURPRISE

because the information it produces usually comes as a big surprise to

the programmer.

After a program has operated and erred, the binary tape is again

placed in the photoelectric reader. EXPEDITE is given control and the

word SURPRISE is typed by the programmer. The tape is then read in by

SURPRISE and the address of each register whose contents have changed is
typed out along with the present contents and the original contents

(translated as octal instructions or Coded operate class commands). The

original contents are restored in each case and when the tape review has

been completed, control is transferred back to EXPEDITE.

Find
FIND is a. routine which was born when we started to combine several

programs in storage. We found that redundancy and confusion resulted

when two or more programs were formed in memory. Areas which appeared

to be empty were being used by other programs for temporary storage and

programs were killing each other by store instructions or just strolling

througti certain crucial routines. We wrote FIND to help us find and avoid

these 'airticulties. Its usefulness to a programmer probably depends on

the length of his program and the number of ama) 1 routines used to build

it. FIND begins by typing the question, DO YOU WANT TO FIND A WORD,

REFERENCES TO AN ADDRESS, OR SEARCH FOR AN OUTLAW TRN INSTRUCTION.. The

three possible answers are WORD, ADDRESS, and OUTLAW.



Word - When WORD is typed, FIND returns with, WHAT IS THE WORD. he
ansver may be an octal instruction, a coded operateclass command, am octal
mmber, or any combination of the three as long as they are separated by
plus ér minua signe. FIND then searches the whole ef memory (20 secends)
and types out the addresses of those registers which contain that word.

When all of memory has been examined, FIND returns ceatrol to BXPEDITS.

If mething is found, FIND will print NO ADDRESS before returning contrel
te EXPEDITE.

Address - When ADDRESS is typed by the programmer, FIND returns with,
WHAT IS THE ADDRESS. The answer must be an octal number. FIND searches

the whole of mamary and types out the addresses and coatents of those

registers whose address sections agree with the address epecified by the

pregrammer. When a1] of memory has been examined, FIND will return
trel te EXPEDITE.

Outlaw- Have you ever had a program stop in some section of memory that
was met even part of your program---or werse still, found 4t sitting still
in a block of registers which contained constants instead of instructiens?
Hew it got there is a good question, and usually a hard ene to answer,

simce it probably did not come to @ complete stop as soom as it left your

pregram. When OUTLAW is typed by the programmer, FIND returns with,
WHERE BID YOUR PROGRAM STOP. An octal number is required. As soon as

FIND receives the address it examines that register and those that precede

4t. It doubles back through storage until it finds an instruction or set

ef instructions which would cause an uncenditional control transfer. The

address given it by the progremmer end the address following the uncondi-

tional transfer constitute an area which cannot be penetrated by control

except by the use of a transfer control instruction. FIND then searches

the whole of memory end examines each transfer instruction's address

section. If the address section's value falls within the area in ques-

tion, the address of the register and the transfer instruction will be

printed out. When all of memory has been examined, FIND returns con-

trol to EXPEDITE. If nothing is found, NO ADDRESS will be printed
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before returning control to EXPEDITE.

Flow Chart Display
We mentioned earlier that we felt it was desirable to have a trace

program which was able to give a programmer a visual picture of what his
program was doing while he was at the console. The system has a routine
which does this in a limited way. It is rather primitive but it may give
an idea on how to accomplish the desired result. We call it The Flow
Chart Display Subroutine. It performs two functions, the first of which
is to display the four sides of & given box in a given area of the display
scope. The second function is to keep a record of the sequence in which
requests were made for all boxes. When the subroutine is requested the
main program must supply three pieces of information, namely:

l. The x,y coordinates of the lower left corner of the box to be
displayed.

2. The width and height of the box.
3. The Flexowriter code for some letter or numeral which the sub-

routine can use to identify this specific box.

The purpose of the subroutine is to indicate the control path in a
program to be debugged. This is accomplished by first dividing the
program into sections and drawing a flow diagram in which each section
is represented as a box. The diagram must be drawn on transparent paper
superimposed on a TX-O Octal Graph Chart (see figures 3 and 4). When the
diagram is completed the programmer notes the coordinates and dimensions
of each section's box by referring to the Octal Graph Chart. In writing
his program, he will insert a transfer control instruction to the Flow
Chart Display Subroutine followed by the necessary information before
each section's list of instructions. When the program is ready to be oper-
ated, the transparent copy of the flow diagram is placed on the face of
the ogcilloscope. During the operation of the program, as each section
is performed, its corresponding box on the flow diagram will be i}lumin-
ated. In this way the programmer will be able to follow the control path
through his program. The number of times a box is illuminated for one

operation of the section it represents, can be controlled externally
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(by means of the toggle switch accumulator). This allows the programmer
to control the speed of his picture or to shut it off completely.

4

Path
When the program has stopped, the programmer may obtain a printed

-record of the sequence in which the sections were performed. This is
done by transferring control to EXPEDITE and typing the word PATH. The
result is a printed sequence of alpha numeric symbols (81 per line).
When the print-out is completed, FTNTSHED is typed by PATH, and control
is returned to EXPEDITE.

As an example, the boxes on the flow chart of figure 4 were lettered
a,b,c,d,e,f,g,h,l,r,m, and s. A printed sequence from PATH might appear

abcdrmgecdrmgcedrngceldrmgeldrmgecdefgcdefs
finished

Be Brief
Once @ programmer has become familiar with the questions of each routine

there is no need to continue the lengthy wording of each question. When

BE BRIEF is typed by the programmer EXPEDITE will reduce each question
in every routine to one or two words. When it has completed this task
and is ready to receive title requests again, it informs the programmer

by typing YES SIR.

III SUBROUTINES

In writing the Direct Input Utility System we made an effort to in-
corporate as many subroutines as possible. This was done for two reasons.

Firet, it maker the job of modifying the system much easier, and second,

it privides a few subroutines that a programmer can use in his own pro-

gram.

Fach subroutine has been written so that it must be entered with

@ transfer control instruction in the accumulator. The address section
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of this instruction should contain the address of the register where

control is to be returned when the subroutine has completed its task.
Unfortunately, TX-O is such a simple machine that it does not have the

equivalent of a Whirlwind A Register, Therefore, it is necegsary to

program the return address when using subroutines. But since the compu-

ter and this system only exist to discover new potentials from large mem-

eries, we have no reason to complain. TX-2, the eventual home of our

large memory, is a very efficient computer in every respect. The ideas

developed on TX-O will be that much more powerful on TX-2.

The following is a list of subroutines in the system which may be

useful in other programs written for TX-0:
I. Storage Print-out

A. Vertical column layout
l. 2 words/column, 2 columns/page
2. initial conditions

a" 173560 = +0 = instructions
173560 -O = octal numbers

bd. 173561 first address of range to be printed
ec. 173562 = last address of range

3. Starting address of subroutine 173323

B. Horizontal layout
1. 2 words/line, 2° lines/page
2. initial conditions

a. same as for Vertical Golum Layout

3, Starting address of subroutine 172767

-II. Computer Word Print-out
A. Instructions

1. initial conditions
a. 177341 = word to be translated and printed

>. Starting address of subroutine 173140

B. Octal number (address)
1. initial zero suppression

6
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C.

SOFT 12.

2. Initial conditions
®. 177537 = word to be translated and printed

3. Starting address of subroutine » 177370
Octal Nunber
1. All six digits are printed
2. Initial conditions

a. 177337 = word to be translated and printed out
3. Starting address of subroutine = 177710

English Word Printer
A.

D.

200| trn 110

See appendix for iist of English words avatiable and their
correapondipg addresses.
The addresses of the words to printed must be stored
"in the registers immediately follow ng the transfer control
instruction to this routine. The return address must be the
address of the register following the register containing
the address of the last English word to be printed.

Cc. Starting address of the subreutine » 173700
Example: print WHAT DO YOU WANT and a carriage return

WHAT = 174311
DO 174234

YOU = 174237
WANT 174243

CAR RETURN = 174231
Absolute #ddress Programing Gymbslie Progremuing

4 claquestion,0.
add 200
trn 173700 4rn English
174311 what
174234 do
174237 youwent

ete etc
ete etc

174231 ear return"
answer, clacla

Englieh 173700

Note: The X-0 Conversion Program writtem by Wes Clark
knows the sddresses of all the words in the vocabu-
lary of the system. This is achieved by se Flexevriter
dictionary tape. Bach word en the tape has a space
seperating each letter so that should there be a
redundancy between an Rnglieh word to be processed by
this subroutine, and one which the programmer is using
as an address tag, the convergion program will net be
confused; 1.e., t e 8 t vse. test.

»



IV Computer Word Reader (HARK)
A. This subroutine will read one word terminated by a carriage

return or tab.
B. fhe binary trenslation of the word will be in register

176737 when control is transferred back to the msin program.
C. Starting address of the subroutine 176333

V. Word Answer Reader (EXPEDITE)
A. This subroutine will read a YES or NO terminated by a carriage

return or tab.
B. Register 173322 will contain a +0 for YES and a -O for NO

when control is returned to the main program.
Starting address of the subroutine 173307

D. Other English answers must ve programmed and their words
aided to the vocabulary of EXPEDITE.

VI. Storage Punch-out
A.

C.

Read-In Mode Format
1. Initial conditions

@. 172506 = first address of range to be punched out
b. 172510 = last address of range

2. Starting address of subroutine = 172041

B. Normal Input Routine Format

1. Initial conditions
a. 172504 = +0 = Input routine will be punched out

first in Read-In Mode Format be-
fore range is punched out.

-Q no Input Routine leader.
bd. 172505 = first address of range to be punched out

ec. 172507 = last address of range

2. Starting address of subroutine = 172100

Starting Instruction Punch-out
lL. Initial conditions

-

a. 172512 = add (starting instruction address) if stop
efter is desired.
trn (starting instruction address) if no

stop after read-in is desired.

>. Starting address of subroutine 172203

Blank tape feed-out
1. This routine feeds out six inches of hiank tape.

2. Starting address of subroutine = 172213



Word - When WORD is typed, FIND returns with, WHAT IS THE WORD. he
answer may

may

be an octal instruction, @ coded operate-eclass command, am octal

and types out the addresses of those' registers which contain that word.

When all of memory has been examined, FFIND returns cemtrol to EXPEDITE.

If nething is found, FIND will print NO ADDRESS before returning contrel

maber, or any combination of the three as long as they are separated by

plus or mimus signs. FIND then searches the whole ef memory (20 seconde)

+

te EXPEDITE.

Address - When ADDRFSS is typed by the progremmer, FIND returns with,
WHAT I6 THE ADDRESS. The answer must be an octal number. FIND searches

the whele of memory and types out the addresses and contents of those

registers whose address sections agree with the address specified by the

When all of memory has been examined, FIND will return con-

trel te EXPEDITE.

Outlaw- Have you ever had a program stop in some section of memory that

was net even part of your program---or werse still, found it sitting still
in @ block of registers which contained constants instead of instructiens?

Hew it got there is a good question, and usually a hard ene to answer,

siace it probably did not come to @ complete stop as sco a5 it left your

pregram. When OUTLAW is typed by the programmer, FIND returns with,

WHER® BID YOUR PROGRAM STOP. An octal number is required. As soon as

FIND receives the address it evamines that register and those that precede

it. It doubles back through storage until it finds an instruction or set

ef instructions which would cause an mmeenditional control transfer. The

address given it by the progremmer end the eddress following the uneondi-

tional transfer constitute an area which cannot be penetrated by control

except by the use of a transfer control instruction. FIND then searches

the whole of memory end examines each transfer instruction's address

section. If the address section's value falls within the area in ques-

tion, the address of the register and the transfer instruction will be

printd out. When ail of memory has been examined, FIND returns con-

trol to EXPEDITE. If nothing is found, NO ADDRESS will be printed
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before returning control to EXPEDITE.

Fiow Chart Display
We mentioned earlier that we felt it was desirable to have a trace

program which was able to give a programmer a visual picture of what his
program was doing while he was at the console. The system has a routine
which does this in a limited way. It is rather primitive but it may give
an idea on how to accomplish the desired result. We call it The Flow
Chart Display Subroutine. It performs two functions, the first of which
is to display the four sides of a given box in a given area of the display
scope. The second function is to keep a record of the sequence in which
requests were made for all boxes. When the subroutine is requested the
main program must supply three pieces of information, namely:

l. The x,y coordinates of the lower left corner of the box to be
displayed.

2. The width and height of the box.
3. The Flexowriter code for some letter or numeral which the sub-

routine can use to identify this specific box.

The purpose of the subroutine is to indicate the control path in a

program to be debugged. This is accomplished by first dividing the
program into sections and drawing a flow diagram in which each section
is represented as a box. The diagram must be drawn on transparent paper
superimposed on a TX-O Octal Graph Chart (see figures 3 and 4). When the

diagram is completed the programmer notes the coordinates and dimensions
of each section's box by referring to the Octal Graph Chart. In writing
his program, he will insert a transfer control instruction to the Flow
Chart Display Subroutine followed by the necessary information before
each section's list of instructions. When the program is ready to be oper-
ated, the transparent copy of the flow diagram is placed on the face of
the ogcilloscope. During the operation of the program, as each section
is performed, its corresponding box on the flow diagram will be illwmin-
ated. In this way the programmer will be able to follow the control path
through his program. The number of times a box is illuminated for one

operation of the section it represents, can be controlled externally
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(by means of the toggle switch accumlator). This allows the programmer
to control the speed of his picture or to shut it off completely.

e
4

Path
When the program has stopped, the programmer may obtain a printed

-record of the sequence in which the sections were performed. This is
done by transferring control to EXPEDITE and typing the word PATH. The
result is a printed sequence of alpha numeric symbols (81 per line).
When the print-out is completed, FINISHED is typed by PATH, and control
is returned to EXPEDITE.

As an example, the boxes on the flow chart of figure 4 were lettered
a,o,c,d,e,f,g,h,1,r,m, and s. A printed sequence from PATH might appear

abcdrmgcdrmgcedrmgcldrmgcldrmgcdefgcdefs
finished

Be Brief
Once a programmer has become familiar with the questions of each routine

there is no need to continue the lengthy wording of each question. When

BE BRTEF is typed by the programmer EXPEDITE will reduce each question
in every routine to one or two words. When it has completed this task
and is ready to receive title requests again, it informs the programmer

by typing YES SIR.

IIT SUBROUTINES

In writing the Direct Input Utility System we made an effort to in-
corporate as many subroutines as possible. This was done for two reasons.

First, it makes the job of modifying the system much easier, and second,

it privides a few subroutines tnat a programmer can use in his own pro-

;gran.

Fach subroutine has been written so that it mist be entered with

a transfer control instruction in the accumulator. The address section
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of this instruction should contain the address of the register where

control is to be returned when the subroutine has completed its task.

Unfortunately, TX-O is such a simple machine that it does not have the

equivalent of a Whirlwind A Register, Therefore, it is necessary to

program the return address when using subroutines. But since the compu-

ter and this system only exist to discover new potentials from large mem-

ories, we have no reason to complain. TX-2, the eventual home of our

large memory, is a very efficient computer in every respect. The ideas

developed on TX-O will be that much more powerful on TX-2.

The following is a list of subroutines in the system which may be

useful in other programs written for TX-0:
I. Storage Print-out

A. Vertical colum layout
1. 2 words/column, 2 columns/page
2. initial conditions

a!' 173560 +0 = instructions
173560 -O = octal numbers

bd. 173561 first address of range to be printed
c. 173562 = last address of range

3. Starting address of subroutine = 173323

B. Horizontal layout

2. initial conditions
ga. same as for Vertical Gniumn Layout

3. Starting address of subroutine 172767

II. Computer Word Print-out
A. Instructions

6

1. 2? words/ line, AS lines/page

1. initial conditions
a. 177341 = word to be translated and printed

2. Starting address of subroutine 173140

B. Octal number (address)
1. initial zero suppression
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2. Initial conditions
a. 177337 = word to be translated and printed

3+ Starting address of subroutine = 177370
Octal Number

l. All six digits are printed
2. Initial conditions

a. 177537 word to be translated and printed out
3. Starting address of subroutine = 177710

English Word Printer
A.

B.

D.

See appendix for iist of English vords availiable and their
corresponding addresses.
The addresses of the words to printed met be storedin the registers immediately following the transfer controlinstruction to this ruutine. The return address must be the
address of the register following the register containingthe address of the last English word to be printed.
Starting addresa of the subroutine « 173700
"Example: print WHAT DO YOU WANT end a carriage return

WHAT 174311
DO # 174034

YOU = 174237
WANT = 174243

CAR RETURN = 174231
Absolute address Programming Symbslic Progrsming

question, cla10 ad 200
trn 173700 trm English
174311 what
174234 do
174237 you
174243 want

ete etc
etc etc

200| trn 110 English 173700

174231 ear return
answer, clalio} cla

Note: The TX-O Conversion Program written by Wes Clark
knows the addresses of all the words in the vocabu-
lary of the system. This is achieved by « Flexewriter
dictionary tape. Each word en the tape has a space
separating each letter so that should there be a
redundancy between an Rngliah word to be processed by
this subroutine, and one whith the programmer is using
as en address tag, the conversion program will net be
confused; L.e., t e 8 t ve. test.



IV Computer Word Reader (HARK)
A.

B.

Cc.

This subroutine will read one word terminated by a carriage
return or tab.
The binary translation of the word will be in register
176737 when control is transferred back to the main program.

Starting address of the subroutine 176333

V. Word Answer Reader (EXPEDITE)
A. This subroutine will read a YES or NO terminated by a carriage

return or tab.
B. Register 173322 will contain a +0 for YES and a -O for XO

when control is returned to the main progran.
Starting address of the subroutine 173307

D. Other English ariswers must ve programmed and their words
added to the vocabulary of EXPEDITE

VI. Storage Punch-out
A. Read-In Mode Format

1. Initial conditions
a. 172506 = first address of range to be punched out
b. 172510 = last address of range

2. Starting address of subroutine = 172041

B. Normal Input Routine Format

1. Initial conditions
e. 172504 = +0 = Input routine will be punched out

first in Read-In Mode Format be-
fore range is punched out.

~O = no Input Routine leader.
b. 172505 first address of range to be punched out

c. 172507 = last address of range

2. Starting address of subroutine = 172100

C. Starting Instruction Punch-out

1. Initial conditions -

a. 172511 = add (starting instruction address) if stop
efter read-in is desired.

= trn (starting instruction address) if no

stop after read-in is desired.

2. Starting address of subroutine 172203

Riank tape feed-out
l. This routine feeds out six inches of biank tape.

2. Starting address of subroutine = 172213
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VII. Flow Chart Display and Sequence Record

A. Sequence reset subroutine

lL.

2.

This routine is used when a new sequence is to be

remembered. It is usually requested once at the be-

ginning of a progran.

Starting address of the subroutine « 171246

B. Plow Chart Display
l. This subroutine illuminates the boxee of a transparent

copy of a flow diagram vhich is mounted on the face of
the display scope. It also remembers the sequence in
which the boxes were illuminated.

2. The three registers following each transfer control
instruction to this subroutine must contain the follow-

ing:
@ First reg = octal values of the x,y coordinates of

the lower left corner of the box to
be displayed. e.g., if x = 10, and

y = 300, ther lst reg. = 010300.

b. Second reg = octal values of the width and height
of the box to be displayed. e.g.,
if width = 70, and height = 50, then
2nd reg. = 070050.

C. Third reg = flexowriter code for letter or numeral

used to identify the box being displayed.
The code is written as a six digit octal
number. e.g., if letter =r, 3rd reg.=
010100.

3. The return address must be the address of the fourth regis-
ter following the transfer control instruction to this
subroutine.
Starting address of the subroutine = 171000

5. Example: Consider the program flow chart of figure 4.

Let us assume that we are going to write the request
which will display the box that represents that section

which does the indexing and compares XL and XK. The

request is written in the program just before the

instructions which actusily do the indexing and compar-

ing. The coordinates of the lower left corner of the

box are -40, -310. The width of the box is 100 and

the height is 70. The Flexowriter code for g is 110100.

The request in instruction form would be:



100 cla
adfi 200
trn 171000
737467
100070
110100
cla
etc. These instructions would
etc. contain the instructions
etc. for indexing the values
etc. and comparing XL and XK.
etc.
etc.
etc.

200 trn 106

Cc. Sequence Print-out
l. This subroutine will print out the letters and numerals

which represent the various sections of the program in
the sequence that they were performed.

2. Using this routine, the sequence may be printed out at
any time during the operation of the program. Ir it
is not desirable to continue remembering the whole se-
quence then this routine should be followed by the
Sequence Reset routine.

3. Starting address of the subroutine = 171257

a
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PART IV Typing Directions
To use the Direct Input Utility System of TX-0, read

sin tape no. 18(latest mod). Be sure the TYPE IN switchis in the on position and start the program at register
175100. This will transfer control to EXPEDITE which is
the title-read routine for the System. If you are not
acquainted with the names of the other routines, type
expedite and a carriage return.
This will cause the computer to type out the list of
the names.e.g.
expedite5
pebrief
word
address
find
hark
surprise
outlaw
punchy
prince
yes
no
expedite a
me

path
If a name is typed incorrectly or is not in the above
list, EXPEDITE will inform you ofthe fact. For example
let us assume that you typed
be breif and a carriage return.
Spaces and upper and lower case are ignored but
misspelling is not anticipated. Therefore EXPEDITE
would have typed out the following:

error bebreif
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HARK
mo transfer control to the system's conversion

program, type

hark and a carriage return.

Case 1. TO EXAMINE A REGISTER:

Type the address of the register, vertical bar

of the register as an octal instruction, a tab,
and then wait for a modification. Since no
modification is to be made, the typist will type
a carriage return and procede to examine some
other register. e.g. examine registers 174 and 300.

and an equal sign. HARK will type out the contents

174 add 177

typist HARK typist

typist HARK typist
.300 = shr

Case 2. EXAMINE AND MODIFY A REGISTER

Octal instructions, coded operate class commands ,
octal numbers, and any combination of these three
separated by plus or minus signs may be used to
express a modification. .&. change register 174
to contain add 157.

R.
add 157174| add ATT

typist HARK typist

case 3. MODIFY A REGISTER WITHOUT EXAMINING IT

.474 add 157 2.
typist
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Case 4, MODIFICATIONS OF A SERIES OF REGISTERS

174| add 157
ato 300
+234

In this case registers 174,175,and 176 would have
been changed to add 157, sto 300, and +234. Each
time a modification is typed and terminated the
current address in HARK is indexed by one. Extra
carriage returns and tabs are ignored.
Case 5. EXAMINATION AND MODIFICATION OF A SERIES

OF REGISTERS

typist HARK typist

typist HARK typist
.176 = eto 230 2,
typist HARK typist

add 157174 add 177

t175 sto 301 300

+234

Using the carriage return to terminate a modification
you can see that it is necessary for the typist to
type the next address and an equal sign in order to
obtain the examination. This is not necessary if the
modification. is. terminated by a period. .&.

17y = add 177 add 157. -
typist HARK typist HARK

1479 sto 301 ato 300.

HARK typist HARK

HARK typist HARK

ATM sto 400

HARK typist

= sto 230 »

rhe period will cause HARK to store the modification,
produce the carriage return, type the next address,
the vertical bar, the contents of the register, a tab,
and then wait for another modification from the typist.
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Case 6, EXAMINATION OF A SERIES OF REGISTERS
The period is also helpful when a series of

registers is to be examined without modifications.
When HARK receives a period from the typewriter it
checks to see whether a modification has been typed.If a modification has not been typed HARK will merely
produce a carriage return, type the next address, avertical bar, the contents of the register, and a tab.

Typist"

HARK typist -
HARK

Case 7. A SEARCHING EXAMPLE

Using the period it is quite simple to search a
given set of registers and then modify the desired one.
For example if an entry.in a table was to be changedit would not be necessary to know its exact location.
One would merely type the first address of the table
and search for the entry by typing periods. Of courseif the table was extremely long the PRINCE would be
used instead. Let us assume that we want to search the
table beginning at register 2000 and that we want to
change the first register containing a minus zero to
a one, TYAS

HARK typist HARK

Case 8. EXAMINATION, MODIFICATION, AND RECORDING

The comma performs the same function as the period
but also enables the typist to obtain a punched binary
tape record of his modifications. When a modification
4s terminated by a comma HARK stores the mod in the
indicated register, punches the binary form of the
current address on tape, punches the binary form of
the modification on tape, produces a carriage return,
types the next address, a vertical bar, an equal sign,
the contents of the register, and a tab.

19.

add 157

176) = sto 234

200 sto 125
200 sto 100
2002 = sto 5
2003 = opr 177776
2004 = opr 177777 +1
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case 8. continued.
Let us assume that we had to make modifications to

20.

registers 174,175,and 176 and that we also wanted a
binary paper tape record as well.

é

add 177 - add 157, -

HARK typist HARK

475 = sto 301 - sto 300, -
476] = sto 230 +234,a477 = sto 400 -

The paper tape would contain the following:
First three lines= sto 174
next three lines= add 157
next three lines= sto 175
next three lines= sto 300
next three lines= sto 176
next three lines= +234

This kind of layout is called the Read~In format and
4s discribed in 6m-4789, A FUNCTIONAL DISCRIPTION
OF THE TX-O COMPUTER .

(ase 9. EXAMINATION AND RECORDING OF A SERIES
OF REGISTERS

This would be obtained by typing a comma in place
of a period.
Gase 10. RECORDING THE ADDRESS OF THE STARTING

INSTRUCTION ON PAPER TAPE

After a series of modifications are made it
ig desdrable to record the address of the starting
instruction. This enables the Read-In mode of TX-0
to tramefer control to the program after the
modifications have been read into storage from tape.
go do this the typist merely types the address of the
starting instruction,a vertical bar, and a comme.

174] »

This will cause the next three lines on paper tape
to contain add 174(the add signals the Read-In
mode to stop the computer before transfering control
to register 174) and then HARK will feed out some

blank tape. §
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Case 11. TRANSFERING CONTROL FROM HARK TO SOME

OTHER REGISTER IN MEMORY

To transfer control to some other register in
memory the typist has to type the address followed
by two vertical bars. e.g.

174
Case 12. CONCEALING INFORMATION FROM HARK

We have found that the typewritten copies produced
while using Hark have been very useful records. There
is a feature in HARK which allows the typist to make
comments alongside any of the examinations or
modifications without HARK acting on the information.
Whenever the vertical bar is the first piece of
information that HARK receives after a terminating
character, then all the information that is typedwill be ignored until a carriage return is typed.

174 = add 177 add add x is now add y
Hae

CASE 13. ERROR RECOGNITION BY HARK

Whenever an-invalid word 1s typed Hark will inform
the typist by typing the word error and the invalid word
Some examples of invalid words are:

4. Three letter combinations for which there
are no operate class commands. 1.e. clu,cpc, C,

2. Any alphabetical letter used as a suffix
to an octal number. 1.e. 125J

3. The use of o and 1 for 0 and 1. 1.€. 200
and 17510.

4, Two letter designations for the four
operation symbols. 1.e. ad, st, tm, OD, etc.

. when HARK does find an invalid word it will not disturb
the current address when it prints out the error.

Case 14. NULLIFY CONTROL

There are many times when a typist will make a mistaie
and:discover it before a terminating character has
been typed. To nuilify the whole word all that is
required is the typing of a double x. This will erase
the whole word or address being typed but will not
disturb the current address. This feature is also
provided by EXPEDITE.
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Case 15. HOW TO TRANSFER CONTROL BACK TO EXPEDITE
FROM HARK

To transfer control back to EXPEDITE the typist
merely has to hit the STOP CODE button on the
typewriter. This will cause EXPEDITE to guard the
typewriter for incoming requests for other routines.
Case 16. SOME EXAMPLES OF LEGAL WORDS

We mentioned that a word may be an octal number,
an operate class command in coded form, an octal
instruction, or any combination of these three
so long as they were separated by pius or minus
signs. Here are some examples:

4. add 100 +5 -add -110 will be converted to -5.
2. add+add will become trn 0
3. +2-1+100 will become +101
4 ,-add-100 will become(the complement of add 100 or)
trn 177677.
5. cla +200 will become opr 140200
Note. The addition of two coded operate class commands

will not become a new combination. including
the functions of the two commands that were
added together...1e. # cla. :

ell+clr = trn 140001,
6. 125+40 will cause the current address to be 165.
7. 125+4 will cause HARK to transfer control to

register 165.
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SUMMARY OF TYPING DIRECTIONS FOR HARK

Current Address-----"7------- address
Examine Current Address------ =

Octal sto alone
add or followed
opr by an
trn address

Octal six or less octal digits
alone, or preceded by a
plus or minus sign.

Coded Operate Class cla cll clr cle cal
cyr cyl com lac alr
lpd lro lad tac tbr
shr hilt dis ios
p6h p6s pTa p6a pnt
pna pne rfa rfl rfr
r3c ric ril rir

Command

Terminating Characters:
1. Carriage return---~---}will store modification in
2. the register whose address

4s the current address and
then index the current
address by one. If there is
no modification to be stored
HARK will ignore the tab or
carriage return and the
current address will remain
the same. Hark also ignores
extra carriage returns or
tabs.

3 e will store a modification
in the same way as the tab
and the carriage return do
but in addition 1 will
produce a carriage return,
print the next current
address, a vertical bar, an
equal sign, the contents of
the register whose address
4s now the current address,
and a tab. If there is no
modification then none will
be stored. The rest of the
sequence will remain the same.
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SUMMARY OF TYPING DIRECTIONS FOR HARK continued.
Terminating Characters cont.

Additional Features
i.

2.

Note:

Recording the address
of a starting instruc-
tion on paper tape----
Transfering control
to another section
in memory~

36 Concealing information

Nullify control-*ce---

5. Transfering control
back to

performs the same function. as
the period but in additionit will record the
modification on paper tapein the format of the .

Read-In Mode. If no:
modification is made then itwill record the originalcontents of the register
whose address is the current
address and then procede in
same way as the period.

4, Comma-

addresal ,

address

from HARK-- information 5
xx will nullify a whole
word or address.

press the STOP CODE button.

HARK will always type in the opposite color code
of the typist.
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IV IDEAS FOR NEW ROUTINES

As you can see, this utility systems very basic,

We have merely suggested a technique which will enable a programmer
to see what his program is doing and examine and modify it rapidly while
he is still at the console,

There are some new routines being written now which will be added

to the system at a later date. When we have them written and operating
we will write an addendum to this memo. The following is a list a some

of the new routines and changes:

1. Several display subroutines

2. The flexo paper tape conversion program written by Wes Clark
will be added tc the system and will include the feature of
informing the programmer of any illegal words on the flexo
tape and asking him whether he wishes the conversion process
to be continued with the illegal word (s) ignored or corrected.
The correction would be added via the direct input flexo

typewriter.

3. The direct input conversion routine, HARK, will have its
vocabulary increased to understand relative and symbolic address

tags.

he In order to assure the programmer at the console that the

utility system has not been damaged by his program, we plan on

installing a check routine which will perform a sum check on

all permanent instructions and constants in the system,

5. Any suggestions for routines or techniques which would increase

the efficiency of debugging at the console will be appreciated.

teachments: ohn Tf. Gilmore, Jr.
Appendix 4 DL-158$

+

Appendix A-80287
F-30254 A-68405 %

3035:
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APPENDIX A

CODED GPERATE CLASS COMMANDS

CLA opr 140000 Clear the accumulator
CLL = opr 100000 Clear the left nine bits of the accumlator
CLR opr 40000 Clear the right nine bits of the accumulator

CLC opr 1400k0 Clear the accumlator and complement it
CAL opr 140200 Clear the accumlator end live register
CYR opr 600 Cycle the accumulator one position to the right
CYL opr 31 Cycle the accumulator one position to the left
COM opr ho Complement the accumulator

LAC opr 140022 Transfer the contents of the live register to
the accumulator

ALR = opr 201 contents of the eccumulator to the
live register

LED opr 22 Partial add the contents of the accumulator and
the live register and leave result in AC

LRO = opr 200 the live register
LAD = opr 32 Add the contents of the live register an' the

accumulator and leave result in AC

TAC = opr 140004 Transfer the contents of the toggle switch

Transfer the

Clear

accumlator to the accumulator

TPR opr 140023 Transfer the contents of the toggle switch buffer
register to the accumulator

HLT opr 30000 Stop the computer .

IOS opr 160000 In out stop and accumuator cleared

345 6)
P6H opr 26600 Punch six holes on paper tape and cycle AC right

P68 = opr 166000 Clear AC and punch one line of plank tape

PTA opr 27012 Punch seven holes and clear AC

SHR opr 40 Shift the accumplator to the right one position
(multiply by 2 )

DIS opr 22000 Display a point on the face of the oscilloscope
according to the value in the accmulator

PTH opr 27600 Punch seven holes on paper tape and cycle AC right
one position (AC 2, 5, 8, 11, 14, 17 Tape 1 2

A-1



P6A opr
PHT opr

PRA = opr
PNC = opr
RFA opr
RFL opr

6M- 5097

CODED OPERATE CLASS COMMANDS (CONTINUED)

26021
24600

2h021
24061

141000

1031
1600

R3C = opr 163000

RIC = opr 161000
RIL opr 161031
RIR opr 161600

Punch six holes and clear AC
Print and cycle right (AC 2, 5, 8, 11, 14, 17 -

Flexo 1, 2, 3, 4, 5, 6)
Print and leave AC cleared
Print and clear and canplement AC
Clear AC anid start petr running
Cycle AC left and start petr running
Cycle AC right ani start petr runing
Clear AC end read three lines from paper tape
(Tape 1, 2, 3, 4, 5, 6 AC 0, 3y 6; 9, 12, 15)
Clear AC ant read one line from paper tape
Clear AC, read line and cycle left
Clear AC, read one line and cycle right

A-2

a



be
block
car return (2)
eolumn

computer
aid

instruction
is

ENGLISH PRINTER SUBROUTINE

174170
174163
174361
174413
174100
274427
174334
174104
174231
174205
174410

APPENDIX B
FNGI.TSH VOCABULARY

of the

174350
174466
174234
174173
174400
174135
174321
174440
174372
174265
174147
174276
174325
1THOLT

174305
174226
174260
174254
174155

174216
B-1-

outlaw
print
printed
program
punched
question
reading
reference
routine

search
sir
starting
stop
tad ("w)
test
the
there
this
title
to

6M-5097

LT abs

174212
174337
174120
174113
174455
174365
174416
174271
174160
174433
174474
17kLae
174355
174110
174131
174315
174301
174125

174331
174451
174375
17200

1743121

174462
1T4hOK
17he22
174237
17407

adress
after

are

ao
double
find
finished
first
for

174344

input. +

TX-0

last vertical
layout want 174243

more what

no' where

normal
octal. yes

you

or your

out
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(4096) (8192) (12, 288116, 384) (20, 480) (24, 576) (28, 672) (32, 768) (36, 864) (40960) (45,056) (49, 152) (53, 248) (57,34 (61,4)
10, if000; -20, {000 30,0 40,000 50,000 60,000 70, 000 00, 000 110900 120,000 130,000 140,000 150,000 160,000 170,0000

1,000 11,000 21,000} 31,000 41,000 51,000} 61,000} 72,000} 101, 000/ 121, 600 121, 000 131, 000 141, 000) 151, 000 16},

6

2 000 12, 000 22,000 32,000 42,000

3,000 13,0 23,0 33,0 43,000 53,000} 63,000} 73, 000/103, 000/123, 000 123, 000 133, 000 143, 153,000 163, 73/0

52,o 62,0 72, 000 102, (000 12, 132, 242,00 152, 162

DIRECT {INPUT
UTILITY SYSTEM

14,000 24, 34, 000 44, 000 54,000 64,000; 74, 000 104, 000}114, 000 124, 000) 134, 000 144, 000; 154,
ood

15,000 25,000 35, 0003 45,000 $5,000} 65,000! 75, 000 205, 000/125, 000 125, 000 135, 000 145, 000; 155, 000 165 v4

6,000 }6,0 26,000 36,000 46, 000 56,0 65,000) 76, 000 106, 000 116, 000 126, 000 136, 000 146, 000 156,000 16

7,000 17, 000 27,000 37,000 47,000 57,000 67,000 77,000 107, 000 117, 000 127, 000 137, 000 147, 157, 167, TX-0
INPUT ROUTINE

(4,095) (8, 192) (12, 287) (16, 383020, 479) (24, 575) (28, 671) (32, 767) (38, 863) (40, 9591145,
055) (49, 151)(53, 247) (57, 343) (61, 437) (65, 35)

TX -O MEMORY REFERENCE CHART

FIG.L
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ACCUMULATOR
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c TAPE CHANNEL

INSTRUCTION MEMORY
REG ADDRESS REGISTER

TAPE

-EXAMPLE: STORE THE OCTAL

WORD 356321 IN

REGISTER 40 OCTAL

AC oR MAR

AC IR MAR

iF THE TAPE 1S HELD SO THAT
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INTRODUCTORY REMARKS

The six example programs presented in this paper illustrate many of
the somewhat inscrutable features of TX-2 programming. A few assumptions,
however have been made by the author about the reader. These assumptions
are:

1) that the reader knows how to program;
2) that the reader is familiar with TX-2 nomenclature: (this

familiarity may be attained by studying "The Lincoln TX-=2
Computer," (6M-,968); and

3) that the reader has a copy of "The TX~2 Programmer's Guide®
for reference (6M-5807).

NOTATION

The code part of each instruction is written as a group of 3 capital
letters (ADD, JMP, etc.). Any superscript numbers preceding the code
part refer to a configuration memory location, except for JPX, JNX, JMP
and SKM instructions. Superscript numbers following a code refer to an
index memory location except for SKM type instructions where this is the
number of the bit in the addressed word. Lower case numbers following a
code are main memory addresses.

A colon means "hold control until the next instruction." Brackets
mean "defer the address" and imply that bit 2.9 of the address is a ONE.
Lower case letters are hopefully self-explanatory.

To the left of many instructions will be an explanatory notation
using four little lines which show the permutation involved by how they
cross; the active quarters of central machine registers by arrowheads,
and, when necessary, the fracture (or coupling or subwords) by little
cups. This configuration will be specified by the contents of the indi-
cated configuration memory word.

A number or word followed by "slash equals defines the address of
the instruction or constant to the right of it. A word followed by
"equals slash" is the name of the register following.

7

An address section with a large L prefixing it, as in 763 of Program I,
means the address of "a register containing what is indicated."

All numbers in programs are octal unless otherwise indicated. Numbers
are punctuated with commas separating the meaningful portions of the whole
36 bit word. A single comma separates 9 bit (3 octal digit) quarters when
the word is dealt with in quarters. Two consecutive ommas will separate
the word into 18 bit (6 octal digit) pieces.
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I. A Checkerboard Pattern Generator

The Problem

When a core memory is being checked for operating margins, &
Wbad® pattern of ONES and ZEROS is desired. (see Engineering Note

pattern which looks like this in each memory plane:
488) One of the worst conditions starts with a checkerboard

O01l.o <001
1 ol10ol 1ol 10

o a 2

o 9 9

eo 9 6 900 °

The complement of this pattern is also a checkerboard. The addressesincrease from left to right and top to bottom beginning with address
8 bits to address a row or a colum (16 address bits in all).
000 at the upper left. In the case of a 2562 memory plane, it takes

If one computes the parity of the two least significant bits ofthe row address and the two least significant bits of the column
address, one will find that if the parity of these four bits is odd,a ONE will be at that address; if even, a Z2FRO will be there.

The problem is to construct a program which generates this patternin al] 65,536 bits of each memory plane. The program mst fit intothe 16 toggle switch registers.
The Solution

Program I generates the checkerboard pattern by using four SKZinstructions to look at the two sets of least-significant address bits.These bits are 1.1, 1.2, 1.9 and 2.1. When any one of them is a ONE,the SKZ doesn't skip and an MKC is executed which complements bit 3.1

The whole address is kept in index register 1 and the DPX at 751# putsthe address in the right half of the E register, leaving the left halfall ZEROS since configuration 0 is used. After computing the parity,the left half of E is put in index register 2 and the LDE at 763* putsthe word at 766 in E if the parity is even, or the word at 767 if itis odd. The word in E is stored away at the address and the address .

of the E register. After examining the four address bits, E registerbit 3.1 wil be ZFRO for an even parity or ONE for an odd parity.

is counted down. The address was reset by the RSX in 750 to 177,777.This number is kept in the A register (377,70) which is being simu-lated by a toggle switch register as of this writing.
*The three most significant octal digits of addresses (377 in toggle switchaddresses) will be omitted for brevity's sake.
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OCTAL EQUIVALENT ADDRESS SYMBOLIC

02 14 04 377,740 377 750 RSX? 177,777
00 16 01 377,744 751 °DPx? e rege
10 17 44 377,744 752 SKZ2e2 e reg.
03 17 61 377,744 753 MKC*2 e reg

10 17 31 377,744 754 SKZ+°® e reg

03 17 61 377,744 755 MKCS*2 e reg |

10 17 22 377,744 756 e reg

e 03 17 61 377,744 757 MKC%*2 e reg!
10 17 24 377,744 377 760 SKZ++2 e reg

03 17 61 377,744 761 MKC°*? e reg

02 11 02 377,744 762 EX, =RSX? oe reg'

00 20 02 377,766 763

00 30 01 000,000 764 memory

36 06 01 377,751 765 ~lypx? next

00 05 00 377,750 766 (word) JMP restart

TT 72 TT *00 027 767 (- word)

@ Program I A Checkerboard Pattern Generator

4

4

°LDE? [word
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OCTAL EQUIVALENT ADDRESS SYMBOLIC

02 11 01 377,740 377 750 PRSX* [177,777

00 16 01 377,744 754 °DPXt oe rege
40 17 44 377,744 752 SKZ2+2 reg

03 17 64 377,74 753 MKC%*2 e reg a

10 17 31 377,744 754 SKZ20® e reg

03 17 61 377,744 755 MKC?+2 e reg

10 17 22 377,744 756

03 17 61 377,744. 757 MKC?+2 e reg

10 17 21 377,744 377 760 SKZ?+2 e reg

03 17 61 377,744 761 MKCSe2 e reg

02 141 02 377,744 762 OES, reg'
00 20 02 377,766

00 30 000,000 764 L,PSTE? memory

36 06 01 377,751 765 ~2JPX? next

00 05 00 377,750 766 (word) JMP resta.
TT 72 T7 400 027 767 (- word)

Program I A Checkerboard Pattern Generator

Ld vd,

7

1

7

e reg4

7

°LDE?
|
word763

a
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Note that the word stored away for even parity is the JMP instruc-tion at 766 which restarts the process after the address has been
counted down through 000. If one wishes to write the pattern just
once, put ALL ZEROS in 766 and ALL ONES in 767. TX~2 will halt with
an illegal instruction alarm (ICSAL) if it tries to execute an instruc-tion with 00 as the operation code. Putting +0 in 766 and -O in 767has the advantage that the checkerboard patterns in each digit planewill be identical.
Exercises To Prove To Yourself That You Really Understand

By changing a single toggle switch, the checkerboard pattern will
be complemented. Which switch? (Hint: any one or three of four will
do.)

What would you do to put the pattern just in the lower addressedhalf of memory? Upper half? Middle quarter?
Two memory planes of the 38 will not have a checkerboard patternin them. They are the parity bit plane and the meta bit (4.10) plane.

What program changes will put the pattern in either plane? (Note:
only an SKM can modify a meta bit.
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II. The Inchworm

The Problem

A classical programming exercise is to design a routine whichwill move itself along through memory, carrying with it as it goesall necessary constants for repeating this "inchworm® process. The
program for starting the inchworm on its way must fit into TX=2's
16 toggle switch storage registers, naturally.
The Solution

Program II solves the problem by storing in registers 001 - 007the program shown. This program in 001 ~ 007 then forms the one in010 ~ 016 which duplicates itself in 017 - 025 and so on. The pro-gram in togs works like the ones in main memory except for a fewspecial setting up instructions,
The SPF instruction in 752 specifies that configuration 3h willpermute quarter 3 into quarter 1 and extend its sign into quarter 2.The RSX in 755, 1, 10, etc. uses this oddball configuration to resetindex register 71 to a -6 from quarter 3 of registers 762, 6, 15, etc.This trick allows the inchworm program to avoid carrying constantsper se along with it. Each "old" inchworm setment can Simply "fall®into the newly formed one without jumping around some constants.
Index register 2 contains the constant necessary for the programto move itself into the next location, When moving from togs tocore memory, this constant is 0 023 and the RSX in 753 fixes it uPo

in 76 sets it up.
When moving on in core memory, this constant is 000,007 and the RSX

The RSX in 75) resets index register 3 to snap back to togs afterthe last address desired is reached. For illustrative purposes theaddress constant 577,760 was chosen. Since the JPX in 763, 7, 16etc. jumps when the index register is positive, for our purposes itmust be negative until the end is reached. Consequently 400,000 is

trol gets to the segment in 177,757 = 766, index register 3 will havebecome positive and control will be transferred to togs (after a seg-ment is written into 177,767 to 75) starting the process over agains

750. Each time an inchworm "segment® is executed the corresponding

added to 177,760 and that number (577,760) is set up in left half of
JPX will subtract 7 from the contents of index register 3, When con-

The routine in 755 to 763 maps itself into 000 to 007, preservingthe address parts of the instructions in 757, 760 and 763 as they goto 003; 00h, and 007 by the action of the SKN in 757 which skips overthe ADX when bit 3.2 of a word is a ONE. These three invariantinstructions refer to fixed locations so they must not be changedby the ADX as the other four are, Bit 3.2 was arranged to be ONE inthe invariant instructions and ZERO in the variable instructions,



OCTAL EQUIVALENT

577 760,,400 023

362

3775751

3775750

3775750

377,762

34 21 00

01 11 02

02 11 03

7444 74

40 20 74

54 17 62

44 15 02

40 30 71
41 774

70 06 03

41 411 02

01 15 02

01 30 00

00 05 00

377 THe

377oT4H

000, 007

3775756

3776752

377761
3775744

000,005
000,001

This program
004 2

8 *RSx72

g SLDE?2-

SKN® e2377oT44

s *ADX? 377,744

2

3

5 46

6

7

3775763

6

7

NXT? 2

s~7JPX* 377,752

Program II

ADDRESS

377 750

751

752

753

754

755

756

757

760

761

762

763

764

765

766

377 767

377

then forms

6M~5780 6 °

SYMBOLIC

last address, const
config 34 set up

1} 1) °*sPF 377,7543

+RSx? 3775750

SSG , 7RSX° 377,750
s °*RSx?1377,762

Lid CLDE'*377,763
SKN®*?e reg

e re&w

Lidge: STE'2000,007
:*1gNx72 377,756 J
3~?JPx? restart

§ d 3 *RSX? 377,764

tidy e reg
ll Ld STE 5

JMP 4

this one

010 3S*Rsx7? 45
44 s 16

12 3- 9 THY

13 s *ADX? 377,744
14 3 STE72 25

45 s*tgnx7? 11

16 3~7JPX® 377,752

4

°STE'

and 80 OMcoc

fhe Inchworm
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OCTAL EQUIVALENT ADDRESS SYMBOLIG

577 760,,400 023 377 750 last address,,ist const
362 751 config 34 set up

34 21 00 377,754 752 Hl 1) °spP 377,751
04 11 02 377,750 753

N 1, J 4, *RSx? 377,750
02 41 03 377,750 754 377,750
74 14 74 377,762 755 3 °*RSX"? 377,762
40 20 741 377,763 756
54 17 62 377,744 757 : SKN%*?e reg

440 771 377,756 762 : *15Nx?2377,756J
70 06 03 377,752 763 >~7JPX> restart @
4411 02 377,764 764
04 15 02 377,744 765 d, tapx? e reg
01 30 00 000,005 766 ll Ld (ste 5
00 05 00 000,001 377 767 JMP 4

This program then forms this one
001 :%*RSx72 6 010 :24RgX72 15

2 : °LDE72 7 44 : CLDE72 146 €

T 7IPX® 377,752 16 :"7IPX® 377,752 @

34

4

4+ °LDE"?377,7634

1 ADX2 e reg4415 02 377,744 377 760 Ld
STE?+000,007

40 30 74 000,007 761

*RSX® 377,764

3 SKN®* 2377, 744 124: 2ADX2 377,744
SKN® *2377,744

13 > *ADX® 377,744
5 : OsTE72 46 44 STE7? 956

15
1 2 +lgNx72 44

and so OMese

Program II The Inchworm
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The "flaw in the ointment is that register 005 will contain
400,023 + 000,007 00,032 after the first The STEinstruction in 005 would have a deferred (indire reference to
32 and this is clearly bad. It must be changed to a direct refer-ence to 016. This is accomplished by the ADX in 765 which adds the
000,007, which by then is in index register 2, to the 000,007 whichremains in the right half of the E register (after the RSX in 761)resulting in an 000,016 in the E register. The STE in 766 puts it
away into 005 and the JMP transfers control to 001 continuing the
process in core memory.

ct

Exercises To Prove To Yourself That You Really Understand

Write a program which uses another approach to the problem of
what to put in the 16 toggle switch registers to make core memorylook as it does above.

Is it possible to use a JPX in 762 and, if so, what would the
program look like then?
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III. Through the Looking Glass

The Problem

If all the registers in any block bf memory registers were laid
end to end, what program would put the mirror image of this mess
back into the memory block? For example, if the block consisted ofthree h-bit words, the transformation would look like this:

Fy Fo F3 FP), yy, T3 Ty Ty

Tt To T3 Ty F, F3 FL

39 33 5},

The Solution

Program III, which is written with floating addresses, performsthis mirroring by the use of configurations and simultaneous cyclingwith only 20 instructions.
Four unusual configurations are needed and these are set up inconfiguration memory locations 37, 36, 35 and 3h by the SPG instruc-tion.
From some register containing the first and last addresses ofthe memory block, the A register is set up and the "first" is putinto the address section of the LDA instruction called "top," andthe *last" is put into the LDB called "bot.* The general idea isto index through the block, taking a pair of words at a time andexchanging and reversing them. One word comes from the top half ofthe block and the other comes from the bottom half. If the blockhas an odd number of words in it, the first pair will be the middleword used twice. If the block has an even number of words, the firstpair will be the middle two words. The last pair dealt with is al-ways the first and last words of the block.
Index register 8 contains a positive number which counts backfrom the middle of the block to the first. Index register 9 con-tains a negative number which counts up from the middle to the last.If there are 2n2 or 2nl words in the block, index 8 starts outwith +n and index 9 starts out with =n. These numbers are obtainedfrom the first and last addresses after only two instructions. Thefirst instruction is a SUB which subtracts, simultaneously, the lastfrom the first and the first from the last! The left half of theA register then contains -(2n1) for even blocks and ~(2n) for oddblocks. The right half of A contains the complement of the left half.



start

top=|

bots

again=|

a4

6M-5780

**SPG { 600,605,200,20237 36 35 34

CLDA Lfirst,,last

1STA bot

bit °*sca

LA 4, tRsx® a reg

first
26) pR® last
RSX?

dy °7CYB 2,2,2,2
*+25NX* again __J

sada L S7CYA -1,74,71,74

°STA (top)

JUV °STB (bot)

Done, halt or something...

Program ITI Memory Mirror

9.

2STA top
4N

1,

eRe, °4SUB a reg

4

Asan, 2RSx® a reg

4

Nayhy dy7?
37CYB

top



6M-5780 9a. @starts L4d °*SPa [600,605,200,20237 36 35 3%

L L, CLDA- Lfirsts,last
oe, "STA top

1
L, STA bot

x

°4SUB a reg
+wad b,

J, 2Rsx® a reg

Sx? a reg

tops]

last
RSX? -10

Serpe first

again=| °7CAB Let-4,-1,-16
CYB L2,2,2,2

|

again -_J
ibid 1

CYB L-1,-1,-1,-4
LtdL °STA (top)

JNX+

37

(bot )

t1yNx® 4> 7d=| "*JPX® top _

Done, halt or something...

Program III Memory Mirror
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The next instruction, SCA, shifts each half one place to the
right, leaving =n in the left half and +n in the right half of A.
Index registers 8 and 9 are then set up from the appropriate halfof A.

The basic iterative loop starts now and is executed n times.
The inner loop is executed 9 times for each of the n times throughthe outer loop. This number 9 is the number of bits in a quarterof a TX-2 word. If the reader wishes to work through an example
with, let's say, 4 bit quarters, then he should go through the inner
loop four times. The index register (1) is preset to -8 however,since the JNX jumps on zero.

The STA and STB instructions (at d-3) have deferred addresses
which they get from "top" and "bot" respectively. This is actuallyinefficient timewise if n is greater than 2. Two more instructions
when setting up could have put direct references to "first" andin these STA and STB instructions. This would have cost
memory time cycles. However, each deferred address costs one memory
cycle and so 2n-) extra memory cycles are being executed in the basic :

loop.
versae

This illustrates how one can trade space for time or vice

The two decimal numbers 8 and 9 were used to indicate general
index registers. Of course, 1 is general too.

Exercises To Prove To Yourself That You Really Understand

One need execute the inner loop only 8 times if a slightly
different correction is made afterwards. What are the new correct-
ing cycle instructions?

Configuration 35 is not really needed. What other one used by
Program III would serve just as well?
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50 Million Multiplications Can't Be Wrong

The Problem

In the analysis of electroencephalographic data, the autocorrela-
tion function of the data is often desired (see B. G. Farley). A
specific useful example is the following: about 50 thousand samples
are stored away in memory. Each sample is a sign and 8 bits (9 bits
in all).

We wish to find

j 50,000

for i=0,1,°°°,1000

jel

where Sj is the jt? sample. These 1000 numbers are proportional tothe autocorrelation function.
The Solution

Program IV computes this function in a most efficient way time-wise. The key to the speed is to do four multiplications simultane-
ously. The data, however, mst be in memory in a particular format,namely

0 = 8}, 52, 53, S),
1 So 83 ; 5), . Sy
2 s 5), a4 6

3 S, 55 5 7

ho 8, 85, 87, 83

5 56, 5. S9

The program starts out by setting up the four special configura-tions needed and reseting index register 8 to 2000 octal (about 1000decimal). Index register 8 corresponds to the subscript i in thesummation above.

3, 3 9

9

Note that there are four of the 9 bit samples (Sj) in eachTX-2 word and that registers 0, h, etc. andl, 5, ete. will containeight different successive samples.
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starts Vdd S*sPa 142,140,724,600

37 36 35 34

et] Vv LDE

Vid sums

Jia b, *DPX® m

LutJ °LDA® 000

m=| is dah S4MuL®,. dex®...

KX, EXA b reg

UJ Ud CEXA® sums

Lid, 36anp b reg

ORS, S7ADD b reg

Lb, °SADD® sums

ORS, *7ADD® sums

Lid } °STA® sums

~4ypx? ce

~lypx® ef

Done, display results (the 2000 sums)...

Program IV An Autocorrelation Program



37 36 35 3%

ct] Vid) Lo >

OSTE® sums

Jib 4, *DPX® mo

°LDA® 000

m=| Yb, 34MUL? ...4ndex®...

DKoFEKA b reg

Vidl °EXA® sums

Ly, 36anp b reg

XS, S7ADD b reg

il Ua, °°aDD® sums

CRS, 37ADD® sums.

Ogpp® sums

~4JPX® c2

"1JPX® o4

Done, display results (the

starts VivA °*sra {142,140,724,600
éM~5780

2000 sums)...

Program IV An Autocorrelation Program

12a.

RSX®|_2000
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The outer iterative loop then clears the i th current sum registerand puts i into the address section of the MUL instruction at m. Indexregister 9 is set to 150,000 octal (about 50,000 decimal). Index 9corresponds to the subscript j in the summation. This outer loop isexecuted about a thousand times.
The inner loop computes one complete summation (fixed i) takingfour samples at a time. After the multiplication, the A and B regis-ters look like this:

12A

where P is the most significant 9 bits of the product and L is theleast significant.
fo eliminate round-off errors, the sums of each whole 18 bit pro-duct are accumulated. To put the 9 bit pieces of the product together,the A register is exchanged with the B register in such a manner thatthe result looks like this:

1 33 3 31A

B Po Ly 99 Ly
These four 18 bit numbers are then added to the current sum whichis a 36 bit number. Notice how the sign extension feature allows a

signed 18 bit number to be added to a signed 36 bit number.

Index register 9 is counted down by L (!!) since only every fourth
register of four samples need be multiplied. This means the inner loopis executed only about 13,000 times instead of 50,000 times.

The whole program with its 50,000,000 multiplications will take
8 minutes if the overlapped memory feature is used (i.e. if instructions
and data are in different memories).

Exercises To Prove To Yourself That You Really Understand

The data should extend to register 152,000. Why?
Write a program, using appropriate configurations (no shifting)

and the TSD instruction, which will read the samples into memory in the
desired format. This program would operate in the Epsco Datrac (an
analog-to-digital converter) sequence. Each TSD will put a signed 9 bit
number into quarter 1 of the E register. Ignore In-Out Select instruc-
tions. Nine instructions will do nicely.

Write a new inner loop to Program IV which handles data with only
one sample per word. Five instructions including the will do it.
This inner loop will have to be executed the ful] SO million times.
How long will it take?
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The Flexo-Octal Converter

The Problem

In the beginning of a binary computer's programming life, it isdifficult to communicate with the machine. A series of programs must
be written to "bootstrap" one's way into easy communication. This
bootstrap series might go like this:

First) A three (or so) word program in toggle switch storagewhich would allow words to be written into memory one at a time.Call this Pl.
Second) A short routine to convert programs to binary which

have been typed on a flexo in a rigid, simple, fixed-address format.Call this P. Associated with P2 is a program to punch out storageas a binary tape and a program to read in this binary tape. Pl loadsP2 into memory. P2 converts the punch-out and read-in programs. The
punch-out program punches out P2, the re routine and itself.From now on, the read-in routine can read in Pe and the punch-outroutine, eliminating the need for Pl.

Third) A longer routine which converts programs typed in a sym-bolic code, relative-address format. Call this P3. P2 converts P3and punches it out, eliminating the need for Pe.

Fourth) A routine to convert programs typed in a symbolic code,floatin address format (Pl). Ph is written in P3 format and con-verted by P3. At this point Pl, P2 or P3 aren't needed any more andcommunication is fairly easy. In TX-0, Ph was called TODAL. A fifthstage might be an algebraic format converter like FORTRAN.

Programs , VI and VII are proposed examples of the second stage.The octal converter recognizes the eight flexo symbols 0,1,2,3,4,5,6and 7 takes their order into account. Some control characters areneeded, such as carriage return to signify the end of a word andSlash to allow address specifications. The space, tab, and commaare used to give some format control. The nulli § recognized sO
converter. A stop code signifies the end-of-tape condition.
that tape "goofs" can be fixed up. The last four are ignored by the

The Solution

The program to do the octal conversion is Program V.
To decide what action to take on each character as it is read in,an Action Table is set up as is shown beside the program. An entryis made at the address, starting at 100, whose last 2 digits corres-pond to the flexo code of the appropriate character. The right 18bits of each entry tell where to transfer control when that characteris read in, and the left nine bits tell what the binary equivalent is
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ACTION TABLE Description ROUTINE

105] -0,0,000 204 start at-> 200| = Tos unsplayed

107] = 3,0,000 210 if slash > 204 I} yd7STA 213

110] = 0,0,000 204 202 405

113 = 4,0,000 210 203 wud, °CDPX° a reg7
117 = 2,0,000 210 if ignored 204 10S*? dismiss

124 = 5,0,000 210 205 e reg

125 = 1,0,000 210 206 "RSX* e reg

e 127] = 7,0,000 240 207 (400)

133] = 6,0,000 210 if number-> 210 jJvvy,°CYA 107

445 = 0,0,000 204 244 TE, ®app* 100

151} = 0,0,000 213 212 JMP 204

if car/ret-> 213 dddd °STA? memory

176 = 0,0,000 210 244 Saux? 125

177 = 0,0,000 204 215 JMP 203

if stop code?> 216 Tos*?shut off

TSD

416 4 0,0,000 216

OLAS

address| = value,O,where to go

'Program V The Flexo-Qctal Converter
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ACTION TABLE Description ROUTINE

104 -0,0,000 204 start at-> 200| = : I0S°?read unsplayed

107| = 3,0,000 210 if slash: > 201
| } Vd *STA 213

410] -0,0,000 204 202 DSK 105

113 = 4,0,000 210 203 ddd, °DPX° a reg

117 = 2,0,000 210 if ignored > 204 10s5? dismiss

124 = 5,0,000 210 205 : TSD e reg

125 = 1,0,000 210 206 °RSX* e reg

127 -7,0,000 210 207 °gMP? (400)

133 6,0,000 210 1f number > 210 107

145 -0,0,000 204 sel TH, Sapp? 100

151] = 0,0,000 213 212 JMP 204

164] = 0,0,000 216 1f car/ret

174 = 0,0,000 210

177 = 0,0,000 204
j

if stop code-> 216 10s5?shut off

213 dud memry

214 SAUX? 125

215 JMP 203

address| = value,O,where to go

Program V The Flexo-Octa Converter
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when the character is a number. Quarter 3 of each entry is not used.
The IOS in 200 sets the mode of the PETR to read one contiguous6-bit flexo code (unsplayed) into the right 6 bits of the E register,clearing the other 3 hits in that quarter.

Starting at 203 with a DPX which clears the A register, the char-acter is read in and placed in index register 1. The JMP then defers
Note that all instructions with deferred addresses are indexable.
control to a location specified by the appropriate Action Table entry o

If the character is a number, then control goes to 210 where the
A register is cycled left 3 places and the binary equivalent of the
number is added into A, returning control to 20h.

If the character is a slash, control "bounces off" register 105to register 201 where the number in A is stored in 213 and index
register 2 reset to a zero. The slash then causes the number that
has been built up in A to be the new address of the word which follows.

If the character is a carriage return, 213 has control and stores
the word in A away in the proper memory location. The AUX in 21) adds
a 1 to index register 2 so that the next time a carriage return appears,the word in A will be stored in the memory register following the last
One o

The nullify, space, and tab simply return control to 20) to read-
in the next character. When a stop code comes along, the I0S in 216
shuts off the photo reader and dismisses the sequence.

The sequence must be dismissed after each character is read and
the IGS in 20) does this. The TSD in 205 empties a buffer that has
been filled by the PETR. When the buffer is filled, the sequence is
activated and the character read-in is dealt with.

Exercises To Prove To Yourself That You Really Understand

What are the implications of throwing out the IOS in 20) and
not holding on the TSD which follows? In other words, let the TSD
dismiss the sequence after transferring the data. Work out the new
program and format rule( ).

The instructions in 210-11 are on rather shaky ground because
TX-2 is an allegedly multi-sequence machine. Some lower priority
sequence may have been using the A register and will be very upset
at finding it disturbed. What changes will fix this up? Don't for-
get 20333

Is there anything fishy about the RSX in 206?
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VI. A Binary Read-In Routine

The Problem

In one of its modes, the photoreader reads the six bits of aline of tape into every sixth bit of some specified word and cyclesthe word left one place. This is the "splayed" mode of the photo-reader sequence. After reading in six lines, a full 36 bit word is
assembled. This mode would usually be used to read in binary tapes.

The main problem associated with a binary read-in routine is
what format to use. In general, data words are read into blocks ofconsecutive memory registers and three provisions are made; (1) toread in more than one block, (2) to check the sum of each block therebydetecting almost any error, (3) to specify what should happen to con-trol after all blocks are read in.
The Solution

Program VI uses the following format for each block of binarywords:

-n 5, last address

Word 0

Word 7
o

o°

Word

more? ,, = sum

The first word in each block consists of two 18 bit numbers (seeinstructions at 3 and 4) which designate the addresses of the actualdata words which follow.
The right half of the last word is the complement of the sum ofall the other half words in the block. In other words, if all thewords in a block are added up in 18 bit pieces (instructions at 2hand 25) the sum must be zero (instructions at 12 and 13) or there hasbeen an error. If there is an error, the tape is backed up (instruc~tion 17) and read in again. (TX-2, as you may have guessed by now,can tape in either direction and can identify the front ofthe

The sign bit (4.9) of the left half of the last word in a blocktells whether there are more (if 4.9 is a ONE) blocks to be read inor not (if 4.9 is a ZFRO, see instruction 14). If there are more
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I0S**read forward, splayed, dismiss

18.

30
f

00] =

Blo,
2 'aave" 23yps 04

SE, 3 30

4 Ji JJ +ste 07

42 ""aave" 2yyp4 a4

CK
13 tOsnx® 47

Th

20 JMP 000

RSX° 261

Program VI A Binary Read~in Routine

SUB~ROUTINE
TO READ 6 LINES

1
VW RSX 1 27

22 TSD

23

25/1 dJaux® 30

eT 0,0,0,5

30 word read in

RA

5

Py vvdv LDE ok30 30

DUA Luv) °STE? last
Away10 +1 26 "index 000

+Oypy® 47124

Se 44 SKz 30

15 JMP 1

0

Ve 16 1os*?shut off, dismiss

17 I0S5?back up tape, dismiss
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00| 10S**read forward, splayed, dismiss

4 RSX® 26
BLOc, SUB-ROUTINE

TO READ 6 LINES
2 24

Sey 3,DSK, tPRSK? 30 24} = vd,RSX? 27

5 "aave' 23mp4 a 23 "1ypx2 22

Puy 6 : °LDE 30 24 SES 30

22 TSD 30 <Up iste 07
Ge

fu 4,

7
TA Vide ste? last 25 J) 30

Away10 5 26 index 13mp* 000

44 "nave" 23mp* 04 27 0,0,0,5

word read inCy 12 +0JPX® 30

The
13 +0JNX® 417

44 30Sy Skz*e®

a

9,Ve 16

17 I0S**back up tape, dismiss

20 JMP 000

Program VI A Binary Read-in Routine
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blocks, control goes to register 1 and reads in the next block, pro-viding of course that there were no check sum errors. If there are
no more blocks, instruction 16 shuts off the PRETR and dismisses the
sequence.

Exercises To Prove To Yourself That You Really Understand

Note that there is no provision made in the tape format of
Program VI for turning on any other sequence after the last block has
been read in. There is really no necessity for a control change since
the Start-Gver sequence can start up the program just read in at the
poke of a button.

However, pay homage to the (W. A.) Clarkian philosophy of minimal
button poking and make the necessary additions of Program VI and its
format which will start the program in sequence #S at a register called
START if bit ).8 of the last word in the last block is a ONE. If 4.8is a ZERO, make Program VI do what it does now. This addition can
be accomplished with eleven more words (maybe fewer).

Why are the CF bits of instruction 12 all ZEROS?

Do they need to be ZEROS in instruction 13? Why?

4
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VII. <A Punch Out Routine

To prove to yourself that you really, really understand, write
a program to punch out storage in the block format required by the
read in routine (VI). Control it from a toggle switch register in
the following manner:

Let the left half of the toggle switch register be

of the block to be punched out.
3 and the right half 3the first address the last address

let the meta bit (4.10) designate whether this is
the last block or not.

Let bit 4.9 be a ONE when the toggles are being
changed, and a ZERO when the program can look at theregister.
The author has written this program with 33 instructions. Thebest solution submitted by a reader, will be published in a supple-ment to this memo.

CONCLUDING REMARKS

The six programs in this memo illustrate many of the characteristicsof TX-2. There are other features which haven't been illustrated. Forexample, conditionally Saving the P and/or Q register in E after a JMPusing multiple step deferred (indirect) addresses; using the Booleaninstructions or the skip if E is different from word instruction; usingthe operate class commands ard many sequences operating Simultaneously.
There will be supplements to this memo from time to time which illus-trate features such as those mentioned in the preceding paragraph. Anysuggestions, improvements discoveries or remarks in general wi be

tappreciated by the author and probably also by his associates.

HP /mk
Insertions:

Pages 3a
6a
9a

12a
15a
18a
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