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The alarm and restoral unit, Fig. 14, uses 9 miniature relays. The
amount of cross-connecting wiring required between relays was so
great that many wires were required in addition to the printed paths.
Slave boards, containing only bare wires instead of components, pro-
vided a method of running paths across the main board on the compo-
nent side without using surface wires. A large amount of power is
dissipated in one resistor on this unit. The resistor is mounted in a U-
shaped metal shield at the rear of the unit so as to radiate the heat
out the back of the bay where it will have negligible effect on the tem-
perature rise of the unit. The large electrolytic capacitor, key, and
lamp, although usually mounted directly to the casting, are mounted
in this unit on special brackets which mount directly to the printed
wiring board.

The power supply unit, Fig. 15, is shown because of its unusual con-
struction as compared to the other N3 plug-in units. Since this unit re-
quired two modular spaces and since its components are rather large
and bulky, it is made of a fabricated housing with most of the compo-
nents mounted directly to the housing. The regulator circuit is par-
tially contained on a printed wiring board mounted within the housing.
This unit requires many loose wires due to the type of construction.
Since these wires are contained within the housing, they are protected
from damage related to handling.

The combining and switching unit, Fig. 16, uses two connectors for
connecting to the bay wiring, one of the printed wiring type and one of
the type used on the power supply unit. The resistors and hybrid coil
on the printed wiring board provide the combining and splitting func-
tions in the transmitting and receiving paths of the group units. Six fe-
male connectors, equipped with male shorting plugs, are located on the
faceplate of this unit. Two connectors are provided for each of the group
transmitting, group receiving, and power supply units. These connectors
arc uscd in conjunction with the switching set to permit in-service re-
placement of degraded group and/or power units.

The line terminating unit, Fig. 17, is shown to demonstrate how line
treatment (build out, simplexed power feed, and surge protection) is
accomplished. The two plug-in plastic cases in the lower right-hand
corner are span pads to provide the required loss to the transmitting
and receiving cable pairs. The screws, three sets of three each, pro-
vide the necessary means of sending power down the line for sealing
non-soldered cable splices or powering repeaters from different local
battery voltage supplies for different repeatered line requirements. The
large heat shield contains a power dropping resistor which, depending
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on the amount of simplexed power required, may dissipate between 0
and 11 watts. This heat is directed away from the unit and towards
the shelf castings so as to keep the temperature rise of the unit to a
minimum.

XIII. SWITCHING SET

The switching set (Fig. 18) is used in connection with the ecombin-
ing and switching unit to provide in-service switching of either a group
transmitting unit, group receiving unit, or a power supply unit. Since
these units can become degraded without complete failure and since
they handle 24 voice channels, it is desirable to be able to replace them
with new units without interrupting service. Upon removing one of the
two paralleled power connector shorting plugs on the combining and
switching unit, a power cord from the switching set is plugged into the

Fig. 18 — Group and power unit switching set.
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vacated connector to supply power to the switching set. An alternate
unit of the type to be replaced is plugged into connectors in the switching
set (in Fig. 18, a high group receiving unit is shown being plugged in).
To switch a group unit, a transmission cord from the switching set is
plugged into the appropriate group unit connector on the combining and
switching unit from which a shorting plug has been removed. After
equalizing the output signals of the alternate and in-service units by use
of gain controls on the switching set, the second shorting plug on the
combining and switching unit may now be removed so that the bay
service can be switched to the alternate unit. The regular unit may now
be replaced by a new unit which is switched into service by reversing the
procedure used to take it out of scrvice. To switch a power supply unit,
the procedure is similar to that used for switehing a group unit exeept in
this case the switching is accomplished by increasing the voltage of the
alternate unit until it assumes the full load of the bay equipment. By
switching in this manner, negligible “hits” will be experienced.

In addition to switching the above mentioned units, the switching
set also serves as a test stand for the power supply unit to allow check-
ing voltage of output, regulation, ripple voltage, and alarm cut-in
points. The alarm cut-in points and voltage output may be adjusted
while the unit is in the switching set.

The mechanical design of the switching set is a very simple fabri-
cated box construction with all of its circuitry contained within the
box. Most of the features of the switching set are obvious by referring
to Fig. 18. The alternate unit wiring is not accessible when it is
plugged into the set. This is a desirable feature in order to prevent
tampering with the cireuit when it is in service. The switches which
actually transfer the load from the main to the alternate unit and vice-
versa are protected to prevent their being accidentally thrown. In the
same way that the power supply unit required a “heavier” connector
than the other plug-in units, a “heavier” connector is used for switch-
ing the power supply unit which explains why two different connectors
are used for plugging the switching set into the combining and switching
unit.

X1V. TERMINAL TEST STAND

The terminal test stand, Fig. 19, is used to field test most of the N3
carrier plug-in units on an out-of-service basis. The two cords and
printed board plugs are placed in the bay to extend the bay connectors
down to the connectors in the test stand. Two cords are required since
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Fig. 19— Plug-in unit terminal test stand.

some tests require two different units to be tested at the same time.
The actual tests which are performed on the test stand are too numer-
ous to be discussed in this paper. Kach conductor of the test stand
cords has a pin-type test jack appearance available on the stand for
trouble shooting.

The terminal test stand is designed to be functional but not extrava-
gant. Since the demand for the stand is estimated to be small, it is
made completely of fabricated parts. As in the case of the switching
set, the wiring for the test stand is completely enclosed within the
body.

XV. CARRIER SUPPLY — GENERAL

The N3 carrier telephone frequency supply is common equipment
that furnishes the modulating and demodulating frequencies for a
maximum of 26 N3 carrier terminals. This requires the generation of
12 frequencies for voice-to-carrier frequency modulation of 24 voice
channels, two channel group modulating frequencies and a group
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modulating carrier frequency. An additional modulating frequency for
the proposed N3 system to I, system group conversion (N3-L junc-
tion) is also provided.

Since the final connection of the generated carriers at precise levels
to their points of use could require wiring of 1482 pairs, a complex dis-
tribution problem is cncountered. Economic considerations require
that a maximum of the distributing connections be made in the manu-
factured product with as few connections as possible made at the in-
stallation site.

The carrier supply is the only source of modulating and demodulat-
ing frequencies for an N3 terminal. It must be used in a small central
officc where only a single terminal is used as well as in locations requir-
ing its maximum capacity of 26 carrier terminals. Because as many as
624 channels might depend on this supply, the system must be reliable.
Whereas reliability is the prime consideration of the supply when used
for 26 terminals, cost is of major consequence to the small installation
which serves only one terminal.

Although the carrier supply will, in most cases, be near the terminal
equipment, it may be located elsewhere in the office. The physical ap-
pearance of this piece of equipment should be compatible with that of
the equipment it serves in order to aid the plant forces in associating
the carrier supply and the terminal. This continuity of appearance is
established by using the same die-cast unit frame and mounting
shelf as used in the terminal equipment.

As outlined above, distribution, reliability, cost and appearance are
the major design considerations in common equipment. The following
desecription represents a solution to these problems for the N3 carrier
supply, the mechanical arrangement of which is shown in Fig. 20. This
figure indicates the relationship of the prime carrier generating and
distributing equipment to the sccondary distribution and carrier ter-
minal bays.

XVI. FREQUENCY GENERATION

All of the frequencies distributed from the carrier supply are gener-
ated from a 4-kHz source.* Two different optional plug-in units provide
the 4-kHz drive to the saturating inductor which creates the harmonics
of 4 kHz. One plug-in unit contains a stable, temperature-controlled
crystal oscillator (coded the 61A oscillator) for independent genera-
tion of the 4-kHz signal. The second unit is driven from a 4-kHz source

* A detailed circuit description is included in this issue by R. L. Haner and
1. E. Wood, “Circuit Design of the N3 Carrier Terminal.”
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already available in the office. The harmonic generator creates the
even and odd harmonices of 4 kHz in the required carrier range. Fifteen
of these harmonics are sclected by crystal filters. A sixteenth fre-
quency for group carrier modulation (304 kHz) is generated in the dou-
bler-amplifier from the 152-kHz tone selected by one of the 15 crystal
filters. The filtered harmonic outputs are applied to limiting ampli-
fiers which provide a constant output signal voltage determined by the
regulated power supply voltage.

The 4-kHz generator plug-in units are constructed on a basic N3
modular plug-in unit frame with an additional modular face plate at-
tached to provide the necessary height from the printed wiring board
surface. Such an arrangement is nccessary to accommodate the poly-
urethane plastic foamed oven of the 61A oscillator on the unit which
provides independent generation of 4 kHz. Fach type 4-kHz plug-in unit
contains sensing circuits which activate alarms and control circuitry
in case of excessive variations in oven temperature (when provided) or
output voltage of the 4-kHz signal. Fig. 21 shows the two versions of the
4-kHz generator, (a) receives 4 kHz from an external source and (b)
contains an internal 61A oscillator.

The harmonic generator and crystal filters necessary to select the
required frequencies are positioned together on a single panel. The
harmonie generator is driven by the 4-kHz generator and provides even
((2n) 4kHz) and odd ((2n + 1) 4 kHz) products on two separate bal-
anced output circuits. The odd and even filters are separated by being
fastened to opposite sides of the mounting shelf to simplify the wir-
ing of the assembly. Fig. 22 shows the 4-inch high housing, with and
without its front maintenance panel, indicating the equipment arrange-
ment of the completely enclosed harmonie generator and filters. All
connections to this unit are made through a terminal block located at
the back of the unit. External wiring from the unit to the associated
cquipment is run in shielded pairs to reduce office noise pick-up into
these low-level cireuits.

The frequencies developed by the harmonic generator and filters
are applied to the input terminals of the dual amplifier plug-in units
shown in Fig. 23. The dual amplifier units contain two identical volt-
age-hmiting amplifiers. A built-in level sensing circuit monitors the
output of both amplifiers and provides an output alarm indication if
cither amplifier is out of working limits. Two frequencies selected on
the basis of circuit reliability and intermodulation considerations are
applied to each dual amplifier and separately amplified through them.
Seven dual amplifiers provide amplification of 14 frequencies by am-



Fig. 21 —4-kHz generator plug-in unit. ((a) for use with external source; (b) with 61A oscillator mounted in place.)
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Fig. 22 — Harmonic generator and carrier filter panel shown with and without
protective cover.

plitude limiting amplifiers and these outputs are applied as square
waves to the primary distribution panel. The fifteenth and sixteenth
frequencies (152 kHz and 304 kHz) require different treatment. The 152-
kHz signal is applied to a doubler-amplifier, shown in Fig. 23, which is
a plug-in unit containing a printed wiring board identical to that used
in the dual amplifiers. The doubler-amplifier contains the two ampli-
fiers that the dual amplifier contains; however, a doubling stage is pro-
vided in front of one of the amplifiers and the entire eircuit is driven
by 152 kHz only. The 152-kHz signal is amplified and appears on one
output; it is also applied to the doubler stage to generate a 304-kHz sig-
nal which is amplified and appears at the second output.

All of the plug-in units are assembled on N3 die east modular plug-
in unit frames. The dual amplifiers are identical to each other and are
completely interchangeable from one frequency position to another.

XVII. RELIABILITY

With the carrier supply providing carrier frequencies to many dif-
ferent terminals, the loss of 624 channels (which its total failure would
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cause if it were fully loaded) could isolate many arecas served by an
office. This could be more adverse than the loss of 624 channcls in a
large office might indicate.

The carrier supply has been designed to allow as much choice as pos-
sible in the amount of protection to the carrier system for any partic-
ular situation. This has been accomplished in two ways. All of the
alarm sensing and most of the logic for switching is included in the
plug-in units themselves. The sensing features of each circuit required
to operate the office alarms in case of failure (even though automatic
switching is not required) is a simple arrangement that makes it pos-
sible to add the switching logie at very little cost. The second manner
in which protection is accomplished is by providing two adjacent plug-
in positions, one regular and one alternate, for each of the required
plug-in units. Both positions are wired to the primary distribution
panel through a control relay. Either position can be selected by a
manual switch to have its output connected to the distribution panel;
the unit in the other position acts as the automatically switchable
spare for the manually selected unit in the event that this circuit fails.
Either alternate or regular positions can be left empty as long as there
is at least one of the correct plug-in units in either position for each of
the required functions.

Table I indicates the pairs of frequencies that are assigned to the
different dual amplifier positions. In addition to the units listed in
this table the equipment is powered by a plug-in 48 volt de¢ to 21 volt
de converter whose failure would mean the complete loss of all gen-
erated carriers. This is the same power supply used in the N3 packaged
terminals.

All active circuit components are mounted on the plug-in units men-
tioned. Filters, wirespring relays, and inactive components have gen-
erally been mounted on fixed panels and hard wired into the signal
path. The exception to this rule in the entire carrier supply is in the
secondary distribution panel (mounted in the packaged terminal
frame) where the regulators for the transmitted carriers are active
circuits that are wired in place.

A certain measure of reliability is attained merely by the use of
plug-in units. This is not to say that because a unit is plug-mounted
it is more reliable. Rather, even if more prone to failure, the plug-in
unit is easily replaced and the circuit down time is therefore reduced.
Of course, this premise is based on having adequate spares for the pro-
tection of the carrier supply. Admitting the nccessity of having at
least one spare of each type of plug-in component of a supply for re-



N3 EQUIPMENT DESIGN 883

TaBLE I — IFREQUENCY ALLOCATION TOo PLuG-IN UNITS

Unit Frequency Chipnels Acctedon | Changiely Affcted on
4-ke Generator 24 kHz 24 624
Double-amplifier 152 kHz 14* 338
304 kHz 24 624
Dual amplifier 168 kHz 14* 338
280 kHz 12 312
Dual amplifier 172 kHz 2 52
232 kHz 12 312
Dual amplifier 176 kHz 4* 52
256 kHz — —_
Dual amplifier 148 kHz 2 52
180 kHz 2 52
Dual amplifier 156 kHz 2 52
184 kHz 4* 52
Dual amplifier 160 kHz 4* 52
188 kHz 2 52
Dual amplifier 164 kHz 2 52
192 kHz 4* 52

* Since those frequencies marked 4 are transmitted carriers a loss of these
carriers would affect 4 channels or 2 per channel group. Half the channels go open
and the other half would have excess gain due to the operation of the double
channel regulator. Similarly, the 152 and 108 kHz affect 12 channels in one
group and 2 in the other.

liability, the spares can be stored in the alternate eircuit positions so
that they can be powered and their outputs monitored continually for
defects and automatically switched to protect the working circuits.
Table I shows that a single spare of each type of plug-in unit, plus
a power supply unit, can give automatic protection for most of the
critical frequencies. Since the power supply is identical to that used in
the terminal equipment, it can be stored in the carrier supply as an
automatic switchable spare and be available on a plug-in basis in case
of failure of a power supply in the terminal equipment. Likewise, the
dual amplifier spare can be stored in the alternate position for 168 kHz
and 280 kHz, as an automatically switched spare, and still be available
on a plug-in basis for any other dual amplifier position in case of
failure. When a unit is used in this manner the originally protected
position does not have the switchable protection until a good unit is
plugged into the spare position again. Whether a unit is in a regular
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or alternate plug-in position, it is constantly monitored by its own
sensing circuits. By plugging the spares into their automatically
switched protection positions their status is always known by the dis-
play of indicator lamps.

The condition of plugged-in units is visually presented on a 4-inch
switching and alarm panel. The relation of this panel to the plug-in
equipment is shown in Fig. 24. In the figure, the regular (or minimum)
number of plug-in units are discriminated from the optional alternate
plug-in positions which are shaded.

The switches and lamps associated with each set of regular and
alternate plug-in positions are located in proximity to the units they
control and monitor. This places a lamp either directly below or above
the particular unit whose condition it indicates. The switch is placed
above or below and between the two units it controls and indicates
the manually selected units by means by a line inscribed on the
switch knob.

Lighted lamps indicate failure of a plug-in unit. If a unit is not
plugged into position, the lamp associated with that plug-in position
will not be illuminated. Likewise, if all units are plugged in and are
in good working condition, the lamps will not be lighted.

Failure of a protected unit will result in an automatic switch to the
protecting unit. The lamp associated with the failed unit will be
lighted, and a minor alarm will be indicated. If even a momentary
defect oceurs in the unit in the position selected by the manual switch,
it will cause switching to the protecting unit and will lock the selected
unit from returning to active service. This provision is provided to
prevent chatter switching of marginal units. The position not sclected
by the manual switch does not have this lock-out feature and alarm
indications occur only as long as a unit is in a failed condition. A
minor alarm will be sent, however, and will stay on until it is reset
cven if the trouble clears. This could create a problem if a marginal
unit were located in a protecting position. Service would not be af-
fected, however, and a close watch on the equipment would indicate
the defective unit. The alternate position serves as an excellent check
of the units capability to function in the ecireuit since the lamp asso-
ciated with it will indicate its condition when the unit is plugged in.

If a unit which has no adjacent protecting unit fails, its associated
lamp will glow and a major alarm will be indicated. The unit will not
try to switech to the other position. This is true whether the other
position is blank or contains a defective unit. If both units fail, the
unit remaining connected to the circuit will be the one indicated by
the position of the manual switch.
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Tig. 24 — Switch and alarm panel in relation to plug-in units (alternate plug-in
positions shown shaded).

All of the above functions are equally applicable to units in either
the regular position or the alternate position; however, there is a
preference for operating with units in the regular position. If —48
volt battery supply to the alarm circuit fails, all of the regular posi-
tions will be connected to the distribution circuit regardless of whether
they are equipped with working units or not. Automatic switching of
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all of the units except the power supply is done by transfer contacts
on wire-spring type relays. Units not in the circuit are terminated in
resistive loads. The power supply is switched by a mercury contact
relay and the protecting power supply is always connected to a 50
per cent load to maintain its regulated output voltage within the re-
quired range to allow automatie switching.

The major and minor alarm indications are generated by bistable
logic circuits which are triggered by an ac-coupled signal from a
failed unit. An office alarm indication may be cut off at the switch
and alarm panel prior to clearing the trouble condition on the panel
itself by operation of the manually operated reset button. After being
reset, the major and minor alarm circuits are capable of providing
another office alarm for any additional trouble. The logic circuits for
the major and minor alarms are packaged plug-in cards. Since they
are switching circuits and are not as subject to component aging as
analog circuitry and since they are not in ‘“transmission” path, they
arc available for maintenance only by some disassembly of the
switch and alarm panel.

XVIII. DISTRIBUTION

To supply 16 discrete frequencies from the primary supply to the
exact location of each carrier terminal where they are needed entails a
distribution of 57 pairs to each terminal as shown by the frequency dis-
position described in Table I1.

Two N3 terminals are supplied in an 11 foot-6 inch framework;

TasLe II — FrEQUENCIES REQUIRED FOR OPERATION OF ONE
N3 CARRIER TERMINAL

Freq. Channel Channel Trans. Freq. Channel Line L-N3
(kHz) Mod. Demod. Cx Correct. Group Group Group

143
152
156
160
164
168
172
176
180
184
188
192
232
280
304 1
256 4
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therefore, the frequency distribution in a single bay requires wiring of
114 pairs. In addition, those pairs supplying carrier frequencies which
will be transmitted over the carrier line require severe distance limi-
tations between the terminal and the carrier supply or a mop up at
the terminal since their output power is required to be within =0.05
dB of the normal operating power of —19 dBm.

In order to relieve wiring congestion, deliver the desired frequencies
within the amplitude tolerance necessary, and relieve the installer of
the large number of connections between the carrier supply and the
terminal, a secondary distribution panel is provided in the terminal
bay. This distribution position provides compensation for cable wiring
losses between the primary and secondary distribution points. It also
provides a place within the bay to fan out a single input of each fre-
quency received from the primary distribution to the number of out-
put pairs required for two terminals. Regulation of those frequencies
for use as transmitted carriers is also done at this secondary location
with the resultant advantage of lower losses in the shorter lengths of
distribution leads through bay wiring to the terminals. A secondary
carrier distribution panel which provides these features is shown in
Fig. 25.

With this distribution arrangement the installer has only to connect

INPUT FANNING
STRIP ‘\\

ATTENUATORS TRANSMITTED
2 CARRIER

2
/’/,///4“

opd
CHANNEL

EVEN
CHANNEL P4 !

% 1
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I
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Fig. 25 — Secondary carrier distribution panel (rear view).
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a single cable containing 26 pairs (of which 19 are used) between the
primary distribution and the secondary distribution panels. All other
distribution connections are made on shop-wired bays at the factory.

The secondary distribution equipment consists of a fabricated
aluminum chassis which holds four die castings that provide the top
and bottom of two shelves. The two die castings consisting of the top
and bottom of the upper shelf are identical and provide evenly spaced
slide positions for 19 printed circuit attenuator cards. The attenuator
cards contain switchable balanced pads that provide 1.5 dB of total
loss in 0.5-dB steps for compensation of office wiring losses. Pad selec-
tion is made by screw-down shorting adjustments on a plastie
block mounted as a component on the attenuator card. The block is
mounted to give installer access to the screws without removing the
printed card. Connections to these printed cards are accomplished
through solderless wrap terminals which are mounted on the edge of
the cards and soldered to the printed wiring paths.

The installer clamps the office cable from the primary distribution
unit to the side of the secondary distribution panel and dresses the
pairs through a plastic fanning strip to the attenuator card locations.
He then wraps each pair of conductors to the input terminals of the
attenuator provided for each specific frequency. Each of the channel
group frequencies (232 kHz, 280 kHz) and the group carrier frequency
(304 kHz) are provided on two pairs from the primary distribution so
that these frequencies are provided with two attenuators and dis-
tributed directly from the attenuators to the terminal circuits.

Although the die castings for the top and the bottom of the lower
shelf are identical, the printed wiring boards for which these castings
provide slides contain apparatus of different height, and the slide
positions are not evenly spaced. The printed boards mounted in these
slides provide the final distribution and isolation circuits for two
terminals.

There are four different types of boards in the lower shelf to provide
the required functions. Seven boards contain capacitors and fixed
pads for distribution and isolation of eight outputs of each of seven
frequencies. Four outputs of six of the boards are wired to each termi-
nal and provide all of the odd channel ((2n + 1) 4 kHz) modulating
and demodulating frequencies. In addition, one of these boards pro-
vides four outputs to each terminal for the N3-L junction frequency.

Four boards contain capacitors and fixed resistor pads and provide
four outputs of each of four frequencies. Two outputs of each of these
boards provide modulating frequencies for the even ((2n) 4 kHz) chan-
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nels except for 152 kHz and 168 kT1z. Two cards with six outputs of 152
kHz or 168 kHz provide the two outputs per N3 terminal for modulating
at these frequencies and a third output per terminal for the frequency
correeting cireuit.

The only active circuitry in the distribution network is contained on
six boards with four outputs each for use as transmitted carriers. A
regulator and isolating pads are mounted on cach of these printed
wiring boards.

A total of 19 boards slide into the lower shelf. Shields made of pre-
formed aluminum fit into slides between the printed wii ing boards to
decrease the crosstalk coupling between adjacent cards? . ==

Connections to all of the boards are made through edge-mounted
solderless wrap terminals which are soldered to the printed wiring
paths. The terminals are positioned on the boards such that the ter-
minals across the shelf line up in numbered rows and by board posi-
tion. Duects provided for fanning the connecting wire hold the boards
from coming out of their slides. A duct can be loosened and moved out
of the way in case a board has to be removed for repair.

All factory and installer wiring is on the installer aisle side of the
equipment. The front, or maintenance aisle side of the equipment,
consists of a blank surface 4 inches behind the front guard rail. Two
printed wiring boards mounted under the secondary distribution panel
provide an appearance of each modulating frequency at the front of
the panel. It is anticipated that when arrangements are developed for
alternate message and wideband data use of a portion of the carrier
line bandwidth, the circuit which aceomplishes the required switching
may be mounted on the front surface. ‘

Since the secondary distribution panel is mounted in the same bay
as the terminal equipment and performs all of the necessary level con-
trol and distribution of frequencies to the terminals, the primary dis-
tribution has only to distribute the carrier frequencies to a maximum
of 13 secondary distribution panels. The connection between a pri-
mary distribution panel and a secondary distribution panel is made
by a 26-pair, aluminum shielded, polyethylene covered cable. Cross-
talk coupling between the cable pairs and pair loss at the higher fre-
quencies limit the separation between a primary distribution and a
secondary distribution to 700 sheath feet of this cable. Provision is
made for grounding the aluminum shield at either end of the distribu-
tion cable by means of a special clip.

The primary distribution panel shown in I'ig. 26 has two basic func-
tions. The first and more obvious is to provide for isolated distribution
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Tig. 26 — Primary distribution panel (front view, cover removed).

of 16 frequencies to each of 13 secondary distribution panels. The sec-
ond is to provide filtering of the square waves received from the
limiting amplifiers, so that pure sine waves tones will be distributed.

The primary distribution panel consists basically of two similar
printed wiring board designs. The input wiring to these boards is done
at the factory and the distribution from the boards is directly to the
installer connected cable. As in the secondary distributing panel, all
filtering and distribution is done on the boards and no additional wir-
ing to terminals strips or other distributing means is required.

The smoothing filters are made up of components which cause their
height to be greater than that commensurate with the number of dis-
tribution boards required in the space available. In order to provide
for the filters within the space limitations, two boards were designed
which allow the filter on one board to interleave with the adjacent
board. A representation of this is shown in Fig. 27.
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Tig. 27 — Section of primary distribution panel showing mechanical interteav-
ing of smoothing filters and terminal assignment.

Each of the channel frequencies and the N3-L junction frequency is
distributed 13 times from an individual board. The balanced low im-
pedance output filter on each board is tuned to the particular fre-
quency that it is to distribute. The series output capacitor of each of
the filters is divided into 26 parts to provide for the balanced distribu-
tion of up to 13 pairs of wires with both de and ac isolation. Each out-
put of each printed wiring primary distribution board is provided with
a 115-ohm load resistor soldered to the printed wiring path. These re-
sistors terminate unused outputs. The resistors are clipped out and dis-
carded as additional distribution cables are attached. If for some rea-
son one or two of these cables were later disconnected at either end, it
would not be necessary to replace the terminating resistors since the
isolation between loads is such that an insignificant difference in level
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would result. No more than two outlets per board should be left un-
terminated, however.

Connections to these printed boards are made to solderless wrap
terminals mounted on the front edge. The major physical difference
between the secondary distribution and the primary distribution pan-
els is that the solderless wrap terminals for interconnection are lo-
cated on the front of the primary distribution panel and on the back
of the secondary distribution panel.

The channel group frequencies and the group carrier frequencies
arc distributed in a manner similar to the distribution of the channel
carriers; however, there is no additional fan out of these frequencies
in the secondary distribution panel and the primary distribution re-
quires 26 outputs of each frequency. This additional primary distri-
bution is accomplished by providing two printed cards instead of only
one for each of these frequencies. A single filter is used for these fre-
quencies, but its output capacitance is divided 52 times to accommo-
date the 26 outputs. The filters for all of the frequencies are so de-
signed that each of the isolating output capacitors has the same
value.

Fig. 28 indicates the input terminals placed at the bottom of one of
the distribution cards and the outputs arranged above them. Distri-
bution to a single office cable requires that the installer connect a
separate pair of wires from each cable to a pair of terminals on each
of the cards. Each double row of terminals across the primary distri-
bution panel provides the required outputs for a terminal bay con-
taining two N3 terminals. This supplies a total of 16 frequencies,
three of which are distributed twice through each cable.

The cards and terminals on them are arranged so as to require a
minimum number of connections by both the installer and the fac-
tory. The terminals are numbered to provide the same relationship
found in a terminal block to which the installer normally connects.

The primary distribution panel is provided with a cover to conceal
all of the connections since this area faces the maintenance aisle.

A complete view of the carrier supply showing the primary dis-
tribution panel, the protecting switching panel, the 4-ke generator and
harmonie filters and the plug-in units and switching and alarm panel
is shown in Fig. 20. The relationship of the generating and primary
distribution portion of the carrier supply to the secondary distribu-
tion and the 13 double bays containing 26 N3 terminals is also shown
by this figure.
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Tig. 28 — Input and output cable connections — primary distribution panel.

XIX. SUMMARY

Equipment design features of the new N3 ecarrier equipment help
substantially in achieving many design objectives. The prime objec-
tives of greatly improved transmission performance, service reliabil-
ity, and ease of operation and maintenance guided and influenced all
equipment design efforts and decisions.

Economy of manufacture results from ecareful selection of parts
and components to assure satisfactory quality at minimum cost. The
assembly and wiring of functionally related equipment in a shop-
wired package reduces cost, improves noise and crosstalk perform-
ance, permits more complete shop testing and simplifies job engineer-
ing and installation. Use of the same die cast plug-in unit module
frame and the same unit mounting shelf for both terminal and carrier
supply achieves ecconomy of manufacturing tooling. Easily removable
filters used in certain units reduce the requirements for spare plug-in
units.
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This new 24-channel terminal provides substantially better per-
formance, requires less space, uses less power, and costs less per in-
stalled channel than the cquipment it was designed to replace.
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The SNOBOL3 Programming Language

By D. J. FARBER, R. E. GRISWOLD and I. P. POLONSKY
(Manuscript received March 4, 1966)

SNOBOLS 1s a programming language designed for the manipulation
of strings. Features of the language include symbolic naming of strings and
pattern matching. In addition to a basic set of primitive string-valued
Junctions, the system includes the facility for defining functions. These
defined functions facilitate the programming of recursive procedures.

This paper presents an intuitive description of SNOBOL3 and at the
same time incorporates complete reference material for the programmer.
The implementation of SNOBOLS for the IBM 7094 computer operating
under BE-SYS-7 is the basis for this description, but most of the material
18 common to all implementations.

I. INTRODUCTION

In recent years a number of high-level programming languages have
been developed to extend the usefulness of the computer in dealing
with primarily nonnumerical problems. The most widely used languages
have been IPL! LISP,2 and COMIT.? In 1962 SNOBOL* was developed
for problems involving the manipulation of character strings. The basic
operations of SNOBOL permit the formation, examination, and rear-
rangement of strings. SNOBOL3 is a generalization and extension of
SNOBOL. New features include string-valued functions and input-
output facilities integrated into the string structure of the language.
There are two types of functions: primitive functions that are included
in the system and defined functions that are defined by the programmer
in the SNOBOLS3 language.

This paper is a description of SNOBOL3 as a programming language.
Emphasis is placed on the language as distinet from its implementation.
In order to provide information for the potential programmer, however,
some references to the implementation are necessary. There are several
implementations of SNOBOL3 which differ in detail, particularly with
regard to input-output. The implementation for the IBM 7094 computer
operating under the BE-SYS-7 monitor is the basis for this paper.

895
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Areas where other implementations are likely to differ are noted in the
applicable sections.

Section II describes briefly and informally the essential features of
the language. This section is designed as a survey to provide an under-
standing of the general nature and capabilities of the language. Section
IIT is an elaboration of Section II completing the description of the
language. Sections IT and IIT together provide a reference source for
the programmer. Section IV describes the environment in which the
language operates, including information which the programmer will
find useful in running programs. A list of primitive functions and sample
programs are included in appendices.

II. INFORMAL DESCRIPTION

SNOBOLS3 has just one type of basic data structure: a string of
characters. The primitive operations of the language provide for the
formation, examination and rearrangement of strings. Arithmetic is
defined for operands that are integer strings. The operations to be per-
formed are specified in statements that may also be labeled and may have
go-to’s specifying transfers. A SNOBOL3 program consists of a sequence
of statements terminated by an END statement.

2.1 Names

A symbolic name can be assigned to a string and used as a means of
referring to that string. There are several ways in which a name can
be assigned a value. The simplest is the assignment statement. For
example, the statement

VOWELS = “AEIOU”

assigns the string AEIOU as the value of the name VOWELS. The
string consisting of a pair of quotation marks enclosing a string of
characters is a literal specifying the string AEIOU. The string VOWELS
appearing to the left of the equal sign is a name. A name that has been
assigned a value can be used whenever it is necessary to refer to that
value. Thus,

NON.CONST = VOWELS

causes NON.CONST to have the same value as VOWELS. The null
string, having length zero, can be assigned explicitly as value as in the
statement

Z1P =
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2.2 Concatenation

The basic operation of concatenation of strings is indicated by listing
the names successively. The names are separated by blanks. Thus, to
concatenate two string names STRING1 and STRING2 and then
assign the result to the name STRINGS3, the following assignment state-
ment suffices:

STRING3 = STRINGI1 STRING2

Many strings can be concatenated in a string expression, with literals
as well as names used to specify the strings. Thus, the following rules

ARGUMENT = “2X + 3”
EXPRESSION = “SIN(” ARGUMENT ¢)”

would assign the string SIN(2X + 3) to the name EXPRESSION.

2.3 Integer Arithmetic

Arithmetic operations can be performed on integer strings with the
operators 4, —, /,* having their usual meaning in integer arithmetic
and ** indicating exponentiation. Blanks are used to separate the
strings and operators. The statements

J — K‘5)’
I = ((3”
N — I + 112”

M= (L*“3”) +J

assign the values 5 and 14 to the names N and M. All arithmetic opera-
tions are binary but more complex expressions can be constructed using
parentheses as indicated in the last example. Arithmetic has precedence
over concatenation, and both types of operations can be performed in
one assignment statement. Hence, the statement

INDEX — UA.)) I + “1)! “.” J
assigns the value A.4.5 to the name INDEX.

2.4 Pattern Maiching

String pattern matching consists of examining a string for a succession
of substrings of specified form. A pattern-matching statement consists
of the string to be examined followed by a pattern. In its simplest form
the pattern may be simply a string. For example, the statement

NAME.1 “18”
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would examine the value of NAME.1 to determine whether it contains
the literal substring IS. The success or failure of a pattern match can
affect the flow of the program and has other consequences that will be
described later. In the example above, NAME.1, which specifies the
string to be examined, is called the siring reference of the statement.
The string reference can also be a literal as in the following pattern-
matching statement.

“4—*/7 OPERATOR

There are a variety of types of patterns in SNOBOL3 enabling the
programmer to make complex inquiries about a string. The pattern,
for example, may be expressed as a concatenation of strings as in the
statement

EXPRESSION “Xr OPERATOR “1”

Patterns of greater generality may be obtained by using siring varia-
bles. As the name indicates, a string variable may have a string as value.
There are several types of string variables and the strings which are
acceptable values of a string variable depend on the type of the variable.
The simplest type of string variable is the arbitrary string variable,
so named because it can have any string as its value. An arbitrary
string variable is designated by a name bounded by asterisks.

A typical example of the use of an arbitrary string variable would
be in determining whether the value of NAME.1l contains the string
THE and the string IS but not necessarily consecutively. The arbitrary
string variable would be used to match the substring between THI and
IS. The pattern-matching statement could be

NAME.1 “THE” *SEPARATOR* “IS”

If the value of NAME.1 were THERAPIST, then the pattern match
would be successful with *SEPARATOR* matching RAP.

A consequence of the successful pattern match is the naming of sub-
strings that match string variables. In the above example, SEPARATOR
would be given the value RAP as if the assignment statement

SEPARATOR = “RAP”

had been executed.

In addition to arbitrary string variables, there are two other types of
string variables: fixed-length and balanced.

A fixed-length string variable can match any string of a specified num-
ber of characters. The notation for a fixed-length variable is similar to
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an arbitrary string variable, except the name is followed by a slash
and then by a string specifying the length.

The first three characters of the string named TEXT could be named
PART1 by the rule

TEXT *PART1/43” *
If N had the value 3, the statement could have been written
TEXT *PART1/N*
As a second example, consider the statement
B e *PLUS/“17 * *MINUS/«“17* *STAR/“17*

The pattern successfully matches the string, and PLUS, MINTUS,
and STAR are assigned values.

A balanced string variable can only mateh strings that are parenthesis
balanced in the usual algebraic sense. Strings matched by balanced
string variables do not have to contain parentheses but cannot be null.
Such variables are therefore useful for pattern matching on strings that
are mathematical expressions. The notation for a balanced string varia-
ble consists of a name enclosed within parentheses and surrounded by
a pair of asterisks. For example, if EXPRESSION has the value
SIN(A*(B + (C)), then the pattern match in the statement

EXPRESSION “SIN(” *(ARG)* u)n

is successful and ARG is given the value A*(B + C). This use of the
balanced string variable may be compared to the arbitrary strmg varia-
ble in the following example

EXPRESSION “SIN(” *ARGL* t:),,
where the value A*(B + C would be assigned to ARGI.

2.5 Rearranging Strings

By combining the operations of scanning and assignment in the same
rule, strings may be modified by replacement, deletion, or rearrange-
ment. In particular, if a pattern is followed by an equal sign and then
by a string expression, the substring matching the pattern will be
replaced by the value of the expression if the pattern match succeeds.
As an example of replacement, consider the following sequence of rules.

CARD = “KING OF HEARTS”
CARD “HEART” = “DIAMOND”
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The second statement causes HEART to be replaced by DIAMOND
producing the string KING OF DIAMONDS. The following example
illustrates how the naming of substrings by string variables may be
used in the expression that specifies the rearrangement. The statements
SUM = “A1+A2”
SUM FY O u+n *Y* — “_I_(” X u’n Y u)n
change the value of SUM to +(A1,A2).

2.6 Indirect Referencing

A level of indirectness can be introduced in SNOBOL3 by prefixing
a § to a name. Thus, if DAY has the value TUESDAY, $DAY is equiva-
lent to TUESDAY. An example of the usefulness of this facility is the
ability to modify the naming done in a pattern match. Thus, in the
following statements

DAY = “TUESDAY”
TEXT u’n *$DAY* u,v

the name TUESDAY will be assigned to a substring of TEXT if the
value of TEXT is such that the pattern match succeeds.

A $ can also be prefixed to a string expression that is enclosed in
parentheses. For example, the following statements assign the value
of WORD to one of the names LISTA, LISTB, ... LISTZ according
to the first character in the value.

WORD *CH/*“1”*
$(“LIST” CH) = WORD

Thus, if WORD has the value DALLAS, the first statement sets the
value of CH equal to D. The parenthesized expression

(“LIST” CH)

has the value LISTD. Hence, the effect of the § is to make the second
statement equivalent to

LISTD = WORD

2.7 Labels and the Flow of Control

A label may be assigned to a statement for reference when controlling
the flow of the program. The label is merely appended to the beginning
of the statement as in

HERE LIST = “(A,B,C,D)”
A statement without a label must begin with a blank.
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Statements in a SNOBOL3 program are executed in sequential order.
This order of execution can be modified by means of a go-to appended
to the end of a statement. Go-to’s are separated from the rest of the
statement by a slash. There are two types of go-to: unconditional and
conditional. The unconditional go-to consists of a label enclosed within
parentheses. Thus, after executing

HERE LIST = “(A,B,C,D)” /(THERE)

control is transferred to the statement with label THERE. By means
of the conditional go-to, control can be transferred depending on whether
success or failure has been signaled during the execution of the statement.
The letters S and F are used to indicate the two conditions. For example,
in the following rule the transfer to the statement with label L2 will
occur only if the pattern match is successful.

L1 TEXT 7 *A* <7  /S(L2)

If the pattern match fails, the next statement in the program is executed.

Transfer on a failure signal can be similarly programmed. As an ex-
ample, consider the following sequence of statements which will delete
from the string named TEXT all occurrences of the characters in LIST:

L1 LIST  *CHAR/“1”* =  /F(DONE)
L2 TEXT CHAR = /S(L2)F(L1)
DONE

In statement L1, the first character in LIST is named CHAR and is
deleted by replacing it with a null string. Statement L2 is executed
repeatedly until all occurrences of CHAR have been deleted from TEXT.
Then the process iterates using the next character in LIST. Finally,
when there are no characters left in LIST, the pattern match in state-
ment L1 fails. Thus, if TEXT had the value A+B*C/D+E and
LIST the value -*/—, the resulting value of TEXT would be ABCDE.

A transfer may be computed by the use of indirectness in the go-to
as illustrated in the following example: If PDL is assumed to have the
value A1,B5,C3, then the statement

PDL *RET* “)” = /S($RET)

causes deletion of Al, and transfer to the statement labeled Al.

2.8 Functions

There are two types of functions in SNOBOL3: primitive and defined.
Some functions may signal failure. This failure terminates the execution



902 THE BELL SYSTEM TECHNICAL JOURNAL, JULY-AUGUST 1966

of the statement in which the function call occurs and may be used to
control the flow of the program.

2.8.1 Primitive Functions

A basic set of primitive functions, programmed at the machine-lan-
guage level, has been included in the SNOBOL3 system.

SIZE is an example of a primitive function. The value of SIZE(X)
is the number of characters in the string named X. Thus, the statements

STR = “FOUL”
7 = SIZE(STR)

assign the value 4 to Z. As a result of thé statements

X = SIZE(TEXT) — “1”
TEXT *FRONT/X* *LAST*

LAST is defined to be the name of the last character in TIEXT.

One use of functions is to conditionally signal failure and hence alter
the flow of control. For example, EQUALS(X,Y) signals failure if X
and Y do not have identical values. If the values of X and Y are identi-
cal, the function returns the null string as value. Thus, the statement

N = EQUALS(A,B) N + “1”

will increment N only if the values of A and B are equal.

Another type of primitive function is one that modifies the behavior
of the SNOBOL3 system itself. The function call MODE(“ANCHOR”)
is an example. It modifies the pattern matching processor and returns
a null value. Subsequently a pattern match can succeed only if the
matching substring is at the beginning of the string reference. Thus, if
MODE(“ANCHOR”) has been executed before the statements

EXP = “SIN(A + B)”
EXP U()) *(ARG)* {()”

the pattern match fails.

2.8.2 Defined Functions

A section of SNOBOLS3 program can be defined to be a function and
certain names occurring in the section can be declared formal parameters.
This function declaration is accomplished by a call of the primitive
function DEFINE. For example,

DEFINE(“REVERSE(X)”,“REV”)



SNOBOL3 903

declares the section of program beginning at the statement with label
REV to be a function named REVERSE with a formal parameter X.
Suppose REVERSE(X) returns as value the string named X with
the characters reversed. Then the portion of program defining RE-
VERSE could be

REV X *CHAR/“1”* =  /F(RETURN)
REVERSE = CHAR REVERSE /(REV)

The reserved label RETURN causes return to the place at which the
function was called. The name of the function, in this case REVERSE,
serves a special purpose. When the function is called, its value is saved
and then set to the null string. When transfer to RETURN occurs,
its value is the value returned by the function. Thus,

7Z = REVERSE(“ABCDE”)
assigns the value EDCBA to Z.

2.9 Statement Format

A SNOBOL3 statement has a simple format consisting of several
fields of arbitrary length separated by blanks. The fields are the label,
string reference, pattern, equal sign, replacement expression, and the
go-to. A statement may contain some or all of these fields. The replace-
ment statement

HERE TEXT “ v KWORD* ¢ v =« 7 /S(GOT)

has all of the fields.

If the label is omitted the statement must begin with a blank. If
the next field is not a go-to, it is considered to be the string reference.
Thus,

/(L7.3)
THERE /(HERE)

are statements that do not have a string reference. The statement
L5 EQUALS(OP,“END”) /S(END)

has the string reference EQUALS(OP,“END”).

The field following the string reference up to an equal sign or a go-to
is the pattern. In a statement without a go-to or equal sign, the pattern
is the field following the string reference. Thus, in each of the following
statements
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STR A *B* «7 =B /S(GREAT)
STR A *B* ¢ =
L1 STR A ¥B* «)» /S(GREAT)
STR A *¥B* «)»
the pattern is
A *B* lt,?)

Note that the elements within the pattern are also separated by blanks.
A statement without a pattern, but containing an equal sign, is an
assignment statement. Some examples are:

ANS = N + “5”
RES = /(READ)

The latter example assigns the null string as the value of RES.
No fields are permitted after the go-to field.

III. DETAILED DESCRIPTION

The previous section was an informal description of the basic parts
of SNOBOL3. The following section completes this description in a
more comprehensive and detailed manner.

3.1 Names and String Expressions

3.1.1 Names

Names are used to refer to string values symbolically. In addition,
names are required for certain parts of statements:
(7) string variable names
(#7) string references in assignment statements
(772) labels in go-to fields.
Names may be explicit or implicit. Explicit names can consist only
of letters, numbers, periods and colons. Examples are:

N
STATEMENT.VARIABLE
X:1

37

Implicit names, constructed by indirect references, may consist of any
nonnull string of characters. Any indirect reference is an implicit name.
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TFor example:

$r
$SIZE(N)
$(“M” I{)

Consequently,
12 = “67,
is syntactically ¢ncorrect, but

INAME = «,,,,”
SINAME = “6”

is proper.

The particular characters comprising a name have no significance;
a name is merely an identifier. A name may be the same as a label or
the name of a function.

3.1.2 String Expressions

The basic string-valued elements are:
(%) literals
(77) names
(#27) function calls
(7v) arithmetic operations
(v) parenthetical groupings.
Any string of characters (including the null string) not containing a
quotation mark (see Section 3.1.3) may be included between the quo-
tation marks of a literal. Function calls, parenthetical groupings, and
names may be indirectly referenced. Parentheses are required between
successive levels of indirect references.
A string expression is a string-valued element or the concatenation
of several such elements. Some typical string expressions are:

“PARAGRAPH SUB-HEADINGS FOLLOW?”
“N” ((A 4 “17) * INTERVAL)

$BASE + SIZE(N)

F(X,F(X,X))

$($($ROOT))

M {3 . bR P

$(UNH I)
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3.1.3 Names and Values

All names have null values at the beginning of program execution
except for the string QUOTE. QUOTE has a preassigned value which
is a quotation mark.

Names, including QUOTE, may subsequently be given other values
by assignment statements or as a result of pattern matching. The re-
sulting name-value relationship between strings forms the basic data
structure in SNOBOL3. Structures can be built to arbitrary depths.
For example, the statements

NI = “N2”

N3 = “N2”
N2 = “N4”
N4 = “N6”
N5 = “N4”
N6 = “N3”

might be used to represent relationships between data as indicated in
Fig. 1.

Indirect referencing can be used to refer to the relationships in the
structure. The range of such structures is limited by the fact that a
name can have at most one value at any time, while a string can be the
value of any number of names simultaneously.

3.2 Arithmetic

3.2.1 Integers

Some strings have the property of being SNOBOL3 integers. Such
strings are required in arithmetic operations and as arguments of certain
primitive funetions. In order for a string to be a SNOBOLS3 integer

(——(

Fig. 1 — The name-value relationship among data.
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(2) it must consist entirely of digits except for the first character
which may be a sign, and
(72) its absolute value considered as a decimal integer must be less
than 101,
In numerical contexts
(7) unsigned numbers are taken to be positive,
(#7) leading zeros are ignored,
(727) minus zero is equal to plus zero, and
(iv) the null string is taken to be zero.
The following strings are SNOBOL3 integers:

5

<410
0003976
—37
—000003
+0

The following strings are not SNOBOL3 integers:

+A

3.27E—2

3.7
876935476271
0—

10,000

i

The primitive function .NUM(X) succeeds, returning a null value, if
the value of X is a SNOBOL3 integer and fails otherwise. Thus,
.NUM(*A”) fails, while .NUM(*100”) returns a iull value.

3.2.2 Arithmetic Expressions

Arithmetic operations must be separated from their operands by
blanks. Consequently A+B is syntactically incorrect. Any expression
whose value is a SNOBOLS3 integer is an acceptable operand.

All arithmetic operations are binary. Thus,

N _I_ (‘3”
is a legal operation, while

N + ‘(3” * ((2),
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is a syntactic error. Parentheses may be used for grouping terms to create
more complicated expressions:

N _l_ (“3” * ((2”)

In expressions containing both concatenation and arithmetic, arithmetic
has precedence over concatenation. Thus, the value of

‘{NH ‘(5’7 + “7)’
is N12 and the value of
((3’7 E3 {(2” {th” / 1(27}

is 65. Parentheses may be used to group concatenations and arithmetic
to obtain the desired result. Thus, the value of

((3)’ E3 (:(2n """10” / 1:2”)
is 75. '

The following sequence of statements illustrates possible combina-
tions:

ALPHA = “ABCDEFGHIJKLMNOPQRSTUVWXYZ”
N = SIZE(ALPHA) + “1”
M = (N 4 SIZE(N)) * «“2”

K = (u_n N M) + “H”

As a result of executing these statements, N would have the value 27,
M the value 58, and K the value —2753.

The result of an arithmetic expression is a normalized SNOBOLS3
integer. Integers are normalized as follows:

(7) positive integers are unsigned,

(72) leading zeros are removed, and

(4#7) any value equal to zero is returned as an unsigned zero.
Thus,

(f+00037’ _I_ I‘O’}
has value 3, and

€6y %k (t2’7

has the value 0.

3.2.3 The Evaluation of Arithmetic Expressions

Two modes for evaluating arithmetic expressions are available. The
normal mode is fruncation. In the truncation mode any fractional part
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resulting from division (or exponentiation) is discarded. Thus, the value
of

l‘57’ / “2’)
is 2, and the value of

«“gy wEk 0

is 0.

An integer mode is available which causes an arithmetic operation to
fail if a fractional part would result. The integer mode may be invoked
by executing the function call MODE(“INTEGER”). The normal
mode may be restored by executing MODE(“TRUNCATION?),

3.2.4 Error Conditions in Arithmetic Operations

Error conditions in arithmetic operations occur if:
(7) a fractional part would occur in integer mode,
(7z) an operand is not a SNOBOL3 integer,
(777) the result of an arithmetic operation is not a SNOBOL3 integer
(because it is too large), or
() division by zero is attempted.
In all cases, the arithmetic operation fails, terminating the execution of
the rule in which it occurs. The failure may be utilized to change the flow
of control by means of a conditional go-to.

3.2.5 Numerical Functions
There are six functions for comparing the magnitude of integers:

EQXY) X =Y)
NEX)Y) (X=Y)
ITXY) (X<Y)
LEXY) (X=Y)
GTXY) (X >Y)
GEXY) (XzY).

These functions succeed, returning a null value, if the condition indi-
cated is satisfied and fail otherwise. The functions also fail if either
argument is not a SNOBOL3 integer. A common use of the functions is
to control loops. FFor example, the following program assigns the squares
of the first 100 positive integers to the names SQ1 through SQ100,
respectively.
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N — ((1,)
COMPUTE $(“SQ”N) = N*N
N = .LT(N,“100”) N + “1” /S(COMPUTE)

The function .REMDR(X,Y) has as its value the remainder of X
divided by Y. For example, the value of

.REMDR(“5”, “2”)

is 1. The sign of the remainder is the same as the sign of the divisor and
the value is normalized.

.REMDR fails if cither argument is not a SNOBOL3 integer or if
the value of Y is zero.

3.3 Pattern Matching

Pattern matching is a basic operation in SNOBOL3. The examina-
tion, rearrangement, and combination of data depend on pattern
matching; and the success or failure of matching is often used for alter-
ing the flow of control.

3.3.1 Paltern Elements

A pattern consists of a succession of pattern elements separated by
blanks. There are two basic categories of pattern elements: siring con-
stants and string variables.

Any string expression is a constant, except that arithmetic expressions
must be enclosed in parentheses. The following expressions are examples
of string constants:

K

{(35RJ,

SIZE(Z)

.LE(N,M - SIZE(L))
(M + (N *27))

String variables may or may not have associated names. The follow-
ing elements are examples of string variables:

k%

*() *

*/((37) E3
*VARIABLE]*
*SSTZE(N) *
*(EXP)*
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The length of a fixed-length variable may be any string constant
whose value is a nonnegative SNOBOLS3 integer when evaluated. The
following fixed-length variables illustrate possible forms the length
may take:

*PL/N*
*V/(SIZE(N) + “17)*
V/M + (N *Z)*

The lengths of the following variables are syntactically ¢ncorrect:

*HEAD/N 4 “17* (Arithmetic expressions must be enclosed
in parentheses.)
*SPAN/“A”* (The value of the length must be an integer.)

3.3.2 The Maiching Process

Pattern matching consists of three phases:
(7) evaluation of expressions in the pattern,
(#Z) the actual matching, and
(7#7) the assignment of values to names associated with string varia-
bles.

3.3.2.1 Evaluation. Before any matching, all expressions in the pattern
are evaluated. Expressions may occur in string constants, the names of
string variables, and in the length of fixed-length variables. Evaluation
proceeds from left to right. Any failure in evaluation (such as the failure
of a function call or arithmetic operation) terminates the execution of
the rule without any matching or naming.

The value of all expressions is fixed by evaluation before matching.
No evaluation is performed during matching. The only exception to this
rule is back referencing described in a following section. Thus, in the
pattern

N *SPAN/N#*

the length of the fixed-length variable is the value of N before matching
and is not influenced by any subsequent match for the arbitrary string
variable with the name N,

3.3.2.2 Matching. Pattern elements must match consecutive substrings
in the value of the string reference. In most cases the match can easily
be determined from the following rule:

Pattern matching proceeds from left to right, each pattern element

matching the shortest possible substring according to the type of the

element.
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In some complicated cases, more precise definitions are necessary. The
following definitions provide the details for resolving difficult cases.

(7) The pattern matech proceeds element by element from left to
right starting at the leftmost (first) element. The elements must
mateh consecutive substrings in the value of the string reference.

(#7) An attempt is first made to match the first element starting at
the first character in the value of the string reference. If this is
not possible, an attempt is made starting at the second character,
and so on.

(77) When an element is successfully matched, a forward match is
attempted for the next element.

(7v) If an element cannot be matched, remaich is attempted for the
preceding element. Rematching is an attempt to extend the sub-
string matching a pattern element and occurs because the pat-
tern match cannot be successfully concluded with the previous
match.

(v) Pattern matching terminates successfully when the rightmost
(last) pattern element has been matched. Pattern matching
terminates in failure if no match can be found for the first ele-
ment.

The methods of forward matching and rematching depend on the type
of the pattern element. In each case, the element must match a substring
in the string reference starting at the character following the substring
matching the preceding element. The details follow.

(a) String Constants

In forward matching, a string constant matches a substring identical
to its value. If this is not possible, forward matching fails. A null con-
stant always matches.

No rematch is possible, and rematching always fails.

See the special case of back referencing.

(b) Arbitrary String Variables

In forward matching, an arbitrary variable matches a null string.

In rematching, one character is added to the substring previously
matched by the variable. If the string reference is not long enough for
such a match, rematching fails.

As a special case, if the last element in the pattern is an arbitrary string
variable, it matches the remainder of the string.
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(¢) Balanced String Variables

In forward matching, the string matched by a balanced variable
depends on the first character of the substring where the variable is to
match. If this first character is not a parenthesis, then the variable
matches that character. If the first character is a right parenthesis, the
match fails, If the first character is a left parenthesis, the string being
examined is considered character by character until a matching right
parenthesis is found. If there is no matching parenthesis, failure is indi-
cated. Notice that a balanced string variable always matches at least one
character.

In rematching, the previously matched substring is extended by the
next shortest balanced string according to the rules for forward matching.
If this is not possible, rematching fails.

(d) Fized-Length String Variables

In forward matching, a fixed-length variable matches a substring of
length specified by the variable. If the string being examined is not
long enough, forward matching fails.

Rematching always fails.

(e) Back Referencing

Back referencing is a special case in pattern matching in which tenta-
tively matched substrings can be referred to dynamically during the
matching process. If a constant in the pattern has the same name as a
name associated with a variable to the left of it in the pattern, the value
of the constant is taken to be the substring currently matched by the
variable. Thus, in the pattern

*N* ((,7’ N
the constant N must match a substring identical to the substring match-
ing *N*. Since matching is done left to right, a tentative match always
exists for a back-referenced variable.
Back referencing only occurs when the name associated with a varia-
ble is to the left of a constant with the same name. Consequently the
pattern

N “,” *N*

does not contain back referencing.
If there are several occurrences of the same name in a pattern, a
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named constant back references the variable with its name which is
nearest to it on the left. In the pattern

*N* H’)) N N *N* ll’” N

the first and second named constants refer to the first variable and the
third named constant refers to the second variable.

Any type of variable may be back referenced and any number of
named constants may back reference variables in an arbitrarily compli-
cated way.

The determination of back referencing within a pattern is made after
the evaluation of expressions in the pattern but before matching. In
the statements

A = “Q”»
B *C* «,” $A

the pattern is back referenced. However, in the statements

VARI = “SPAN”
X *VARI* $VARI

there is no back referencing.
Back referencing only applies to names which are pattern elements
and not to any other name in the pattern. Specifically in the pattern

*N*  *INT/SIZE(N)*

the length of INT is determined by evaluation before matching and
does not change during the matching process.

3.3.2.3 Naming. If the pattern match fails, no naming is done and
the execution of the rule is terminated. If the pattern match succeeds,
naming is performed from left to right for each name associated with a
string variable. The substring matching the variable becomes the new
value of the associated name. If a name is associated with more than one
variable, the value is assigned corresponding to the rightmost variable
with that associated name.

In the case that a name is computed as the result of an expression, the
name is determined by the evaluation made before pattern matching.
Thus, in the statements

A=“C’,
VA *A* lf,n *$A*

the name associated with the second string variable is C regardless of
the value of Z.
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3.3.3 Pattern Maiching Modes

In the normal mode of pattern matching, the first element of the pat-
tern may match starting anywhere in the value of the string reference.
Thus, the simple match

0123456789” “6”

succeeds. This mode is referred to as unanchored. The alternative mode,
in which the first pattern element must match a substring beginning
with the first character of the string reference, is called anchored. This
mode may be invoked by executing the function call

MODE((“ANCHOR”)

Subsequently, all pattern matching will be in the anchored mode unless
otherwise modified. The normal mode may be restored by

MODE(“UNANCHOR”)

The mode of matching may be changed for the duration of a single
statement by means of the two functions ANCHOR and UNANCH.
These functions, which have no arguments, must be called before match-
ing (Refer to the Section 3.4.3). Both functions return null values. Thus,
in

Z ANCHOR() “.” *IDENT* «.»

the pattern match is anchored regardless of the matching mode current
in the program. Subsequent statements are not affected. The null
value returned by ANCHOR does not affect the match since a null
string may match anywhere.

ANCHOR and UNANCH supersede the MODE function even if
the MODE function is executed subsequently in the evaluation of the
pattern elements. Hence in the statement

STRING UNANCH( ) MODE(“ANCHOR”) “r
the pattern match is unanchored, although the anchored mode will
subsequently prevail.
3.3.4 Examples of Pattern Maiching

The following examples illustrate some of the situations which occur
in pattern matching. String reference values are given as literals for
clarity. Naming is indicated for those pattern matches which succeed.
The normal unanchored matehing mode is assumed.
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Lrample 1:
“K)AK(A + B + C)ST” “K” *A)* “ST”?
The match succeeds with

A=“A+B+ Q)7

Ezxample 2:
“KIAK(A + B+ C)ST”  ANCHOR( ) “K” *(A)* “ST”
The match fails.

Ezxample 3:
“S)S + A*B(S” “S” *(A)* i
The match fails.

Ezample 4:
“ABCDEFGHIJKLMNO” *HV /“57* *A* “K *B*
The match succeeds with

HV = “ABCDE”
A = “FGHILJ”
B = “LMNO”

Notice that since the last pattern element is an arbitrary string variable
it matches the remainder of the string reference.

Example 5:
“364::’) *A* *SUI\I/(‘S)’* (l:,)

The match succeeds with

({32

A
SUM = “364”

Ezxzample 6:
“ARMY” HAK *B* *C*

The match succeeds with

A — «n
B =«“”»
C = “ARMY”
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Notice that the first two arbitrary string variables match null strings
since this satisfies the requirement for matching the shortest possible
substrings.
Lxample 7:
“ABC” *(BAL1)* *(BAL2)*
The match succeeds with
BALL = “A”
BAL2 = “B”
Example 8:
“AB” *(BALL)* *(BAL2)* *(BAL3)*
The match fails since each balanced string variable must match at least
one character.
Lxample 9:
”ABCD” *S/uzn* *T/u3n*

The match fails since the string being matched is not long enough.

LEzxample 10:
“ABCDEFGHFGH” *A/37%* A
The match succeeds with
A = “FGH”

This is a simple example of back referencing.

Example 11:
“ABCDEFGHFGH” ANCHORC( ) *A/H3* A
The match fails.

Example 12:
¢32579.97” *A* *B* w B A
The match succeeds with

A — 1177)
B — U9’7
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These values can be verified by carefully applying the matching rules.
(The expected match might be a null value for both A and B.)
Example 13:

The following example illustrates the complexity which may occur
with back referencing.

“BACCABACABABACACAB” *A* *B)* *C)*
*D* C D B D C A *E*¥ A E

The match succeeds with

A p— {2
B = “BAC”
C = “CAB”
D — NA”
E = {324
Lxample 14:
“A,A,B,B” *X* u’n X t(,n *X* “,,, X
The match succeeds with
X —_ ‘(B’7

3.4 Program Structure and the Flow of Control

A program consists of a succession of statements terminated by an
END statement containing the reserved label END. The END state-
ment may also contain a name which is the label of the first statement
to be executed. If the END statement contains no name, execution
begins with the first statement of the program.

Statements are subsequently executed one after another unless con-
trol is transferred by means of a go-to.

3.4.1 Labels

Labels are distinguished by beginning in Column 1. A statement with
no label must have a blank in Column 1. The first character of a label
must be a letter or a digit. Subsequent characters may be anything but
blanks. Labels are program constants; the particular characters in a
label have no significance even if they resemble some other structure
such as a name or a function call. Thus F(X) is a legitimate label but
has no further meaning.
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3.4.2 The Go-To Field

Go-to’s are used to alter the ordinary sequential execution of state-
ments. In general, a statement may be successfully completed, or failure
may be indicated for a number of causes. The success or failure may be
sensed and used by corresponding conditional go-to’s to alter the order
in which statements are executed.

A statement with an unconditional go-to may not have conditional
go-to’s. Furthermore, a statement may not have more than one uncondi-
tional, success or failure go-to. In statements with both success and
failure go-to’s, the go-to’s may occur in either order.

The labels given in the go-to’s must be names and transfer is made to
the name (not its value). The label in a go-to may be computed by the
use of implicit names resulting from indirect references. For example,
in the statement

X — ((3)7 /($(“R77 X))

transfer is made to the statement with label R3. Function calls occurring
in go-to’s must not fail.

3.4.3 The Order of Execution Within a Statement

The order of execution of operations within a statement may be
important to the programmer for two reasons:

(2) Failure of an operation within a statement terminates execution
of the statement at that point so that subsequent operations are
not performed.

(77) Calls of defined functions may change the values of names which
appear subsequently in the same statement.

Consequently, a detailed knowledge of when various parts of a state-
ment are evaluated may be required to determine how a program will
function. The overall order of execution within a statement is as follows:

() The string reference (if any) is evaluated.
(#7) The elements of the pattern (if any) are evaluated from left
to right (see Section 3.3.2).

(#77) The pattern match (if any) is performed.

(z7v) Any naming as the result of a successful pattern match is
performed.

(v) If a string expression is specified as a replacement, that string
expression is evaluated.

(v7) Reformation (if specified) of the value of the string reference
is made.
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(vis) The go-to (if any) corresponding to the success or failure of
the statement is evaluated.

(vi7i) Transfer is made to the next statement accordingly.

If failure is signaled in any of the steps () through (v7) above, execu-
tion of the statement terminates at that point and the appropriate go-to
is evaluated. In particular note that only the appropriate go-to is evalu-
ated. The order of evaluation within a string expression is as follows:

(7) Elements in a concatenation are evaluated left to right.
(72) In afunction or parenthetical grouping, the innermost expression
in the nesting is evaluated first.

(772) Arithmetic is performed before concatenation.

(7v) All arguments of a function are evaluated, left to right, before
the function is called.

3.4.4 Termination of Execution

Program execution is usually terminated by a transfer to the label
END or by flowing into the END statement.

Depending on the monitor system under which SNOBOL3 operates,
the termination of a SNOBOLS3 program may or may not terminate the
job which initiated the SNOBOL3 program. Thus, two modes may be
distinguished:

(i) endjob, in which job execution is terminated upon completion of
the SNOBOLS program, and

(42) system, in which job execution may continue after completion of

the SNOBOL3 program.
The normal mode in SNOBOLS3 is endjob. The alternative mode may
be invoked by the function call MODE(“SYSTIEM”). The normal
mode may be restored by the function call MODE(“ENDJOB”)

Execution of a SNOBOL3 program may be interrupted by the func-
tion SYSTEM(FILE). A call of SYSTEM(FILE) suspends program
execution, returning control to the monitor. The input source for the
monitor is set to the value of FILE. If the value of FILE is null, the
input source is set to the standard input source. The availability of
SYSTEM depends on the monitor under which SNOBOL3 operates.

3.5 Input-Output and File Manipulation

3.5.1 Implementation Differences

Input-output is particularly subject to differences in machines and
monitor systems. Consequently the input-output behavior of the
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SNOBOLS3 system may vary considerably in different implementations.
Reference to files, record sizes and the handling of end-of-file differ
most. The following sections should be read with this in mind.

3.5.2 String-Oriented Input and Output

Input and output is accomplished through string names associated
with logical files.

For example, SYSPOT (‘“‘system peripheral output tape”) is associ-
ated with the standard output file. Every time SYSPOT is given a
value, a copy of the value is printed on the system output file. Thus,
the statement

SYSPOT = “TABLE OF VALUES”

will cause the printing of TABLE OF VALUES on the output listing.

SYSPPT (“system peripheral punch tape”) is associated with the
standard punch file. Values given SYSPPT are punched rather than
printed.

Similarly, SYSPIT (‘“system peripheral input tape”) is associated
with the standard input file. Every time the value of SYSPIT is re-
quired, a card image is read from the input file to become the value of
SYSPIT. For example, the statement

SYSPIT *FIELD1* “” *FIELD2* “o

might be used to read and name data items on input cards with the
format indicated by the pattern.

3.5.3 The Association of String Names with Files

The names SYSPOT, SYSPPT, and SYSPIT are automatically
associated with standard files at the beginning of program execution.
Any name (including these three) may be associated with any file during
program execution by means of association functions. All the following
functions return null values.

(z) PRINT(NAME,FILE) associates the value of NAME with
the value of FILE in the print sense. Thus,

PRINT(“X”, “OUT”)

associates the name X with logical file OUT. After execution of
this funetion call, copies of all values assigned to X will be placed
on the file OUT.

(7z) PUNCH(NAME,FILE) associates the value of NAME with
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the value of FILE in the punch sense. The distinction between
punch and print association is described in the next section.
(#1z) READ(NAME,FILE) associates the value of NAME with
the value of FILE in the read sense.
The execution of an association funection detaches the name from
any file with which it may be associated. Thus,

PUNCH(“SYSPOT”, “SCR”)

is permissible.

Any nonnull name may be associated with any file. If the value of
TFILE is null, the name will be associated with the appropriate standard
file. A name may be associated with only one file, but any number of
names may be associated with a file.

3.5.4 Output

Output occurs whenever an output-associated name is given a value.
Thus,

FIELD *SYSPOT* “,r *SYSPOT/«57*

results in two outputs if the pattern match is successful,

Print and punch association differ in carriage control. When output
is performed on values whose names are associated in the print sense,
six blanks are prefixed to provide carriage control. No carriage control
is provided for output resulting from punch association. Consequently,
punch should be used for intermediate files which are to be subsequently
read.

Printing on the standard print file is 126 characters per line (not count-
ing carriage control). Additional lines are generated as necessary for
longer strings. Punching on the standard punch file is 72 characters per
card with additional cards generated as necessary. Values punched or
printed on other files are augmented with blanks to an even multiple
of six characters. Resulting strings containing 84 characters or less are
printed as single records of the length of the augmented string. Longer
records are printed 84 characters per record. Any residual string over a
multiple of 84 characters is printed as a record of the residual length.

Printing a null value always produces a record because of the six
blanks prefixed for carriage control. Punching a null value does not pro-
duce a record.

Since output of strings may break one string into many records, care
must be taken that the strings may be properly reconstructed if neces-
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sary. This remark also applies to padding with blanks and handling of
null strings as described above.

Names associated with output files retain their values like any other
names. The output process does not destroy values.

3.5.5 Input

All strings read from the standard input file are 84 characters long.
Blanks are used to fill out shorter records. Records read from other files
are not extended.

It is particularly important to notice that any use of the value of a
read-associated name results in the reading of a record and the loss of
the previous value of the name. This is true regardless of context. Ifor
example,

SYSPIT *L* “r

resulls in the reading of a record. The record is destroyed by any sub-
sequent use of SYSPIT. Consequently, it is good programming practice
to assign the result of reading to some other string., For example,

SYSPOT = SYSPIT

prints the next record, and the resulting string remains as the value of
SYSPOT for further use.

An important aspect of a read-associated name is the indication of
failure if the read operation fails (as the result of an end-of-file or binary
record). Such a failure terminates execution of the statement in which it
occurs and may be used by a conditional go-to. The ability of the
SNOBOLS3 system to regain control after an end-of-file depends on the
monitor under which SNOBOL3 operates.

3.5.6 Other Functions

Several functions exist for performing standard input-output opera-
tions and file manipulation. All these functions return null values.
() DETACH(NAME) removes the value of NAME from any
input-out association. For example,

DETACH(“SYSPOT”)

terminates normal print output. If the value of NAME is not
associated with a file, no action is taken,
DETACH may be used to save the value of a name associated in the
read sense. I'or example, the statements
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SYSPIT *A* “,” *B* ., *C* /S(PROG)
DETACH(“SYSPIT”) /(ERROR)

might be used to go to an error routine in case an input record does not
have the expected format. By detaching SYSPIT, the record in error
may be examined without destroying it.
(77) REWIND(NAME) rewinds the file associated with the value
of NAME. Note that the argument is the name and not the file.
An end-of-file is written on a file in output status before it is
rewound.
(777) BSREC(NAME) backspaces one record on the file associated
with the value of NAME.
(7v) EJECT(NAME) writes an eject carriage control character on
the file associated with the value of NAME.
(v) OPEN(XEY,FILE) opens the specified file in the key area
which is the value of KEY. The applicability of this function
depends on the monitor under which SNOBOL3 operates.

3.6 Primitive Funclions

3.6.1 Function Calls

Function calls may occur anywhere in a statement where a string
value is appropriate. An argument of a function may be any string
expression, however complicated. Any argument may be explicitly null
and trailing arguments that are omitted are given null values. Thus,
the three function calls

EQUALS(X,“ ”)
EQUALS(X,)
EQUALS(X)

are equivalent. A primitive function may be called with up to six argu-
ments, regardless of the number specified by the function. Such addi-
tional arguments are evaluated but are ignored by the function.

All function calls return strings as value if they succeed. In the case
of functions that have no natural value, a null string is returned.

It is important to notice that the function name and the left paren-
thesis may not be separated by blanks. Thus,

SIZE(N)
is a function call, while

SIZE (N)
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is the concatenation of a name and a parenthetical grouping. Similarly,
functions such as ANCHOR( ) which have no argument must be written
with the parentheses. Otherwise they will be taken for string names
rather than function calls.

3.6.2 Functions Relating to Functions

(i) OPSYN(NEW,0LD) OPSYN permits the programmer to asso-
ciate a new name with a function. Thus, for example,

OPSYN(“LENGTH?”,“SIZE”)

makes the name LENGTH a function with the same definition as
SIZE. Either LENGTH or SIZE may now be used to call the function.
New names may be associated with either primitive or defined functions.
OPSYN returns a null value.

(72) CALL(FNC) CALL permits the programmer to invoke a func-
tion implicitly by interpreting a string as a function call. The value of
FNC must correspond syntactically to a function call.

For example, the function call

CALL(“SIZE(M)”)
is equivalent to the function call
SIZE(M).
The arguments in FNC are interpreted as explicit names. Thus, all

arguments in a function invoked by CALL must be assigned names.
For example, to invoke

.GT(SIZE(N),“5)
by the use of CALL, statements of the form

ARG = SIZE(N)
ARG2 = “57
CALL(“.GT(ARG1,ARG2)")

are required.

Any primitive or defined function may be invoked by CALL. Value
is returned and success or failure indicated in the same manner as if the
function call appeared explicitly.

3.6.3 Miscellaneous Primitive Functions

There are six primitive functions in addition to the functions deseribed
elsewhere in Section III. They are:
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(7) EQUALS(X,Y) EQUALS returns a null value if the value of X
is identical to the value of Y and fails otherwise. The values must
be identical and not just numerically equal (compare Section
3.2.5).

(#7) UNEQL(X,Y) UNEQL returns a null value if the value of X
is not identical to the value of Y and fails otherwise.

(771) TRIM(S) TRIM returns as value the value of S with trailing
blanks removed, thus, for example, TRIM(SYSPIT) is a con-
venient method of removing superfluous blanks from input cards.

(7v) TIME() TIME is a function of no arguments which returns as
value the millisecond time from the beginning of program
compilation. The value is returned as a 6-character number.

(v) DATE() DATE is a function of no arguments which returns as
value the current date. The value is returned as a G-character
number. For example, April 1, 1966 would appear as

040166

(vi) SIZE(S) SIZE returns as value the number of characters in the
value of S. For example, the value of SIZE (“0123456789”) is 10.

3.6.4 Addition of Primitive Functions to the SNOBOL3 System

The SNOBOLS system is designed so that separately-compiled primi-
tive functions may be added easily. This facility has been used exten-
sively to add a wide range of capabilities.’®7 A discussion of the format
and communication conventions required for primitive functions is
beyond the scope of this paper. Ref. 8, which is available from the au-
thors, describes these matters in detail.

3.7 Defined Functions

3.7.1 The Definition of a Function

A defined function is characterized by four items:
(7) a name, by which it is called and which is used for returning
value,
(4) alist of formal arguments, used for passing values to the function,
(747) a label, indicating its entry point, and
(1v) a list of local names used by the function.
A function must be defined during program execution before it is used.
This definition is accomplished by a call of the DEFINE function which
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establishes the four items above. The form of the call is
DEFINE(IFORM,LABEL,NAMES)

FORM is a prototype of the function call, giving the function name
and the list of formal arguments. The value of LABEL is the entry
point, and the value of NAMES is the list of local names separated by
commas. For example,

DEFINE(“FACT(N)”,“F”)

defines a function FACT with one formal argument N. Execution of
FACT is to begin at the label . No local names are declared. Similarly,

DEFINE(“MATRIXADD(A,B)”,“MA” “I,J,K”)

defines a function MATRIXADD with the two formal arguments A
and B, the entry point MA and local names I, J, and K.

The total number of formal arguments and local names must not
exceed ten. This limit is an assembly parameter.

3.7.2 The Execution of Defined Functions

The call of a defined function is identical to the call of a primitive
function (see Section 3.6.1). Hence, trailing arguments which are
omitted are given null values. A defined function, however, may not be
called with more arguments than given in its definition.

When a defined function is called, values of the following names are
saved:

(z) the name of the function.
(72) all formal arguments.
(#77) all local names.
New values are assigned to these names as follows:
(z) the name of the function is given a null value.
(7z) the formal arguments are assigned values by evaluating the
corresponding arguments in the function call.

(#72) all local names are assigned null values.

Saving of old values and assignment of new values is made from left
to right as the names appear in the DEFINE call.

After these new values have been assigned, control is transferred to
the entry point of the function and program execution continues in a
normal fashion until transfer is made to one of the two reserved labels
RETURN or FRETURN. '

RETURN terminates execution of the function. By convention, the
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value of the function call is the value of the function name when the
return was made. For example, if FACT as defined above is designed to
compute the factorial of a number, the corresponding program might be

I FACT = .EQ(N,“0”) “1” /S(RETURN)
FACT = FACT(N — “1”) *N /(RETURN)

Then the statements

SYSPOT FACT(*3”)
SYSPOT FACT(#2”) 4+ FACT(“4”)

would print 6 and 26, respectively.

FRETURN terminates execution of the function and signals failure.
Execution of the statement in which the call occurs terminates at that
point in the same manner as in the failure of a primitive function.

When return is made from a function (by either RETURN or
FRETURN) the saved values of all names are restored in the opposite
order from which they were saved.

A function may have a formal argument which is the same as its
name. This is useful when the value of a function is to be a simple
modification of one of its arguments. A function whose value is its first
argument with all occurrences of its second argument deleted might be
defined as

DEFINE(“DELETE(DELETE,CHAR)” “DEL”)

I

with the program »
DEL DELETE CHAR = /S(DEL)F(RETURN)

Here DELETE can be operated on as desired and the value has the
correct name (that is, the name of the function) when the deletion is
completed.

3.7.3 Local Names

Local names may be declared when names used in a function have
values which should not be destroyed by a function call. Consider the
following function which intersperses commas between the characters
in its argument

COMMA ARG *CHAR/“17* = /F(RETURN)
COMMA = COMMA CHAR “,” /(COMMA)

The definition would be
DEFINE (“COMMA(ARG)”,“COMMA” “CHAR”)
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so that the use of CHAR during the function call would not change
the value of CHAR outside the function.

Local names are particularly important when recursively called
functions use names for intermediate computation. Appendix II con-
tains a program in which such use of local names is necessary.

IV. OPERATING ENVIRONMENT

The SNOBOLS3 system consists of a compiler and an interpreter. The
compiler translates SNOBOL3 source programs into an internal language
suitable for the interpreter.

4.1 Compilation

4.1.1 Source Program Listing

During compilation, the source program is read and compiled card
by card. Only columns 1 through 72 are read by the compiler. Consecu-
tive statement numbers are added to the listing for reference.

4.1.2 Comments

A card with an asterisk in column 1 is treated as a comment. Com-
ments are printed but otherwise ignored by the compiler. Comments
may be used freely throughout the program and may be placed any-
where before the END card.

4.1.3 Coniinue Cards

A statement may be broken over card boundaries by use of the con-
tinue card convention. A period in column 1 is interpreted by the
compiler as an indication that the card is a continuation of the preceding
statement. Statements may be broken over card boundaries anywhere a
blank is permissible in the syntax. Literals cannot be broken over card
boundaries. A very long literal must be represented as a concatenation
of shorter literals. For example,

SYSPOT = “THE MAXIMUM LENGTH OF”
“THE COMPUTATIONAL THREAD HAS BEEN ”
“COMPUTED TO BE”

There is no limit to the number of continue cards which may be used
for a statement.
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4.1.4 Compiler Control Cards

The programmer can perform some operations during the compila-
tion process by means of compiler control cards. Compiler control cards
are identified by a minus sign in column 1. The control action is taken
when the card is encountered. Following the minus sign, the first non-
blank subfield is taken to be the control word for the card. Other sub-
fields, if any, are separated internally by commas. The control cards and
actions are:

(z) — TITLE

Eject to a new page in the listing of the source program.
Title subsequent pages with the information on the remainder
of the control card.

(1) — EJECT
Eject to a new page in the listing of the source program.

(777) — SPACE
Print a blank line in the source program listing,.

(7v) — UNLIST
Stop listing the source program. (The source program is
normally listed.)

(v) — LIST
Resume listing.
() —PCC

Print control cards. (Control cards are normally not printed.)
PCC is a binary switch. Successive uses turn printing of
control cards on and off.
(vir) — OPEN KEY,FILE
Open the file in the specified key area.
(vits) — REWIND FILE
Rewind the specified file.
(<z) —SOURCE FILE
Change the input source for the SNOBOL compiler to the
specified file. ,
(x) —SYSTEM
Return control to the monitor under which SNOBOL3
operates.
(x9) — NULLOP OP
Make the control card operation OP inoperative for the
rest of the program.

Invalid control cards, i.e., control cards not in the list above or with a
format error, are printed but otherwise ignored. Control cards may be
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used anywhere in the program before the END card, including between
continue cards.

4.1.5 Diagnostic Messages from the Compiler
At the end of compilation one of three comments appears:

(7) SUCCESSFUL COMPILATION, indicating the source pro-
gram contains no syntactic errors,
(i) ERROR IN COMPILATION, indicating syntactic errors
in the source program, or
(777) FATAL ERROR ENCOUNTERED DURING COMPILA-
TION, indicating the occurrence of an error of sufficient
severity to terminate the compilation process.

Syntactic errors are printed following the source deck listing with
statement numbers referring to each type of syntactic error. Compila-
tion of a statement ceases when a syntactic error is encountered. Conse-
quently subsequent errors in the same statement will not be detected.
The syntactic error messages are

(7) ILLEGAL CONSTRUCTION, usually indicating an illegal
character in a name, arithmetic operators not surrounded by
blanks, or arithmetic operations in the pattern not enclosed
in parentheses.

(#7) ERROR IN GROUPING, usually indicating unbalanced
parenthesization, e.g., (A B))

(#777) TOO MANY ELEMENTS IN FUNCTION OR GROUP-
ING, indicating overflow of an internal buffer due to an
excessively complicated parenthetical grouping or function
call. The maximum number of elements in such structures is
an assembly parameter of the SNOBOL3 system and is about
50.

(?v) VARIABLE WITH GROUPING OR FUNCTION NOT
CLOSED, indicating that a parenthetical grouping or function
call in a string variable is not followed by a terminating
asterisk, e.g., *T/SIZE(N)

(v) ERROR IN LENGTH SPECIFIER, indicating a syntactic
error in the length of a fixed-length string variable, e.g.,
*F/HA”*

(v7) “NAMELESS” STRING REFERENCE IN ASSIGNMENT
STATEMENT, indicating an attempt to assign a value to a
literal, function call, or parenthetical grouping, e.g., ¢“3” = “2”
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(vir) ARITHMETIC OPERATION WITHOUT SECOND OPER-
AND, eg., A = B + /(L1)

(vizr) ARITHMETIC OPERATION WITHOUT TFIRST OPER-
AND,eg,A =+ B ,

(iz) TWO ARITHMETIC OPERATIONS IN A ROW, e.g,
A=B**C

(z) NONBINARY ARITHMETIC OPERATION, e.g., A =
B*C+4+ D

(zf) PRIOR STATEMENT NOT PROPERLY TERMINATED,
indicating a missing continue card or incomplete construc-
tion. This error is not detected until the following card is
read and determined not to be a continue card. Consequently
a statement such as A = B + not followed by a continue
card will cause this error message. Compare with (v27) above.

(zi1) ERROR IN GO-TO FIELD, e.g., /S(L1)(L2)

(zi7) “NAMELESS” STRING VARIABLE, e.g,
*SIZESYSPOT)*

(xziv) ILLEGAL LABEL, indicating a label which does not start
with a number or letter.

(zv) MULTIDEFINED LABEL, indicating the same label has
occurred more than once.

(2v7) CONTINUE CARD NOT PRECEDED BY STATEMENT,
indicating the first card in the source deck is a continue card.
(Comment cards and compiler control cards may be freely
interspersed between continue cards.)

If a fatal error oceurs during compilation, the nature of the fatal error
is printed followed by a listing of any syntactic errors. The fatal error
messages are

(z) PROGRAM BUFFER OVERFLOW, indicating the source
program is too large for an internal buffer. The size of this
buffer is an assembly parameter.

(7z7) ERROR READING INPUT TAPE, indicating a binary
record was encountered during compilation. This condition
is almost always due to the omission of an END statement.

(777) END TRANSFER ADDRESS IN ERROR, indicating the
label specified on the END card does not start with a number
or letter.

(7w) END TRANSFER SPECIFIES UNDEFINED LABEL,
indicating the label specified on the END card does not occur
as a label in the program.
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(vy MORE THAN 50 NONFATAL ERRORS, indicating the
occurrence of more than 50 syntactic errors in the source
program. This limit on syntactic errors is an assembly param-
eter. Such an excess of syntactic errors usually indicates the
source deck is not a SNOBOL3 program.

(vz) SYSTEM ERROR, indicating a programming error in the
SNOBOL3 compiler, or a machine error.

4.2 Program Execution

If afatal error does not occur during compilation, execution is entered.
Execution continues until the program transfers to or flows into the END
statement or until an error occurs.

4.2.1 Error Diagnostics
The possible errors are:

(z) ATTEMPT TO EXECUTE STATEMENT WITH COMPI-
LATION ERROR. Execution is terminated if an attempt is
made to execute a statement with a compilation error. In
the case of multidefined labels, the first occurrence is con-
sidered the valid label, and all transfers to this label go to the
first occurrence. Subsequent statements with the same label
are considered to be erroneous and flowing into such a state-
ment terminates execution.

(#7z) ATTEMPT TO TRANSFER TO AN UNDEFINED LABEL.

(771) STRING OVERFLOWED 5461 CHARACTERS. This
maximum length of strings is an implementation constraint.

(7w) INTERNAL BUFFER OVERFLOW, indicating an internal
buffer has been exceeded, usually the result of excessive depth
of recursive function calls or an excessively long pattern. The
buffer sizes are assembly parameters.

(v) ATTEMPT TO USE NEGATIVE LENGTH IN A VARIA-
BLE, indicating the length of a fixed-length variable is nega-
tive.

(vz) FUNCTION FAILED IN GO-TO FIELD, indicating a
function call failed while evaluating a go-to field.

(viz) ATTEMPT TO ASSOCIATE A NULL NAME WITH I/0
FILE.

(vizz) ILLEGAL FILE OR FILE OPERATION, such as perform-
ing an input or output operation on a name not associated
with a file or attempting to rewind the standard input file.
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(zxz) ATTEMPT TO READ PAST EOF ON SYSTEM INPUT
TAPE. The first attempt to read an end-of-file on the standard
input file results in failure of the statement in which the at-
tempt occurred. A second attempt is fatal.

(z) IMPROPER ATTEMPT TO OPSYN A FUNCTION, indi-
cating an attempt to OPSYN a name to an undefined function.

(zi) ATTEMPT TO CALL AN UNDEFINED FUNCTION.

(zi7) IMPROPER DEFINITION OF A FUNCTION, indicating
an error in a call of DEFINE.

(z77z7) UNDEFINED OR NULL LABEL USED IN DEFINE
STATEMENT, indicating the label specified in a call of
DEFINE is null or does not occur in the program.

(ziv) TOO MANY ARGUMENTS IN A FUNCTION DEFINI-
TION, indicating that the number of arguments and local
variables in a defined function exceeds ten.

(zv) IMPROPER CALL OF A DEFINED FUNCTION, indi-
cating too many arguments in the call of a defined function,
or an improper argument for the CALL function.

(2v2) FUNCTION ENTERED OTHER THAN BY CALL, indi-
cating an attempt to return from a defined function which
has not been called.

(2viz) INDIRECT REFERENCE THROUGH THE NULL
STRING, indicating an attempt to use the null string as a
name.

(xvi7z) OUT OF SPACE, indicating available storage has been
exhausted.

(ziz) SYSTEM ERROR, indicating a programming error in the
SNOBOLS3 interpreter, or a machine error.

4.2.2 Post-Mortem Information

On termination of program execution, information is printed for the
programmer’s use.

If execution was terminated as the result of an error, the number of
the statement in which the error occurred and the current level of func-
tion call are printed in addition to the error message.

In either normal or error termination, statistics concerning execution
are provided. The number of statements executed and the number of
times the scanner was entered for pattern matching are tabulated.
Storage allocation statistics are provided, and total millisecond times
in the compiler and interpreter are given.
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4.3 Debugging Aids

Several functions are available specifically for debugging.

4.3.1 Function Tracing

Function calls may be traced by use of TRACE(FLIST) where the
value of FLIST is a list of function names for which a trace is desired.
For example, the call

TRACE(“SIZE,F,EQUALS”)

results in the subsequent tracing of the three functions given. Both
primitive and defined functions can be traced.

When a defined function being traced is called, a message is printed
on the listing indicating the level from which the call was made, the
name of the function and the value of all its arguments at the time of
the call. When the function returns, a message is printed indicating the
level to which the return is made, the name of the function, and the
value returned. If a failure return is made, this is also indicated but no
value is given.

When a primitive function being traced is called, a message is printed
on the listing indicating the level at which the call was made, the name
of the function, and the value of its arguments. If the function call
returned successfully, the value is given. Otherwise failure is indicated.

The tracing of functions may be stopped by calling

STOPTR(FLIST)

where the value of FLIST is a list of functions for which tracing is to
be stopped.

4.3.2 String Tracing

A name may be traced during execution by ecalling the function
STRACE(NAME,FILE) which associates the value of NAME with
the value of FILE in the trace sense. For example,

STRACE(“Y”,“0OUT”)

would cause Y to be associated with logical file OUT. Subsequently
every time a value is assigned to Y, a trace message will be printed on
the associated file indicating the name being traced, its new value and
the statement number where the value was assigned. STRACE is es-
sentially an input-output association function and behaves like the other
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association functions. Consequently STRACE detaches NAME from
any other input or output association. Similarly, if the second argument
is null, association is made with the standard output file. String trac-
ing may be terminated by detaching NAME.

4.3.3 Diagnostics Resulting from Tracing

Two nonfatal errors may occur as a result of tracing. Advisory diag-
nostic messages are printed for these cases.

(¢) (name) HAS NOT BEEN DEFINED AND WILL NOT BE
TRACED, indicating a request to trace an undefined function
of the indicated name.

(7z) ** THE FOLLOWING TRACE OUTPUT HAS BEEN TRUN-
CATED, indicating that the printing of a string or function
trace would exceed internal storage limitations, an assembly
parameter set to about 600 characters. In this case the trace
printout is truncated.

4.3.4 String Dumps

An alphabetical listing of all strings with nonnull values may be
obtained on termination of execution. The MODE function is used to
request this string dump.

MODE(“DUMPERR”) causes a string dump if execution is termi-
nated by an error during execution. MODE(“DUMP”) causes a string
dump following either normal or error termination. These calls of the
MODE function must of course be made before execution is terminated.
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APPENDIX A

Catalog of Primitive Functions

Primitive functions may be divided into categories according to the
nature of their operation and area of applicability. Individual functions
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are described in the appropriate sections. For reference purposes a
complete list of primitive functions follow.

A. Numerical Functions (Section 3.2)
EQX,Y)
.NE(X)Y)
.LE(X)Y)
.LTX)Y)
.GEX)Y)
.GTX)Y)
NUM(X)
.REMDR(X,Y)
B. Diagnostic Functions (Section 4.3)
1. TRACE(FLIST)
2. STOPTR(IFLIST)
3. STRACE(NAME,FILE)
C. Input-Output and File Manipulation Functions (Section 3.5)

®© NP o

1. READ(NAME,FILE)

2. PRINT(NAME,FILE)

3. PUNCH(NAME,FILE)

4. EJECT(NAME)

5. REWIND(NAME)

6. BSREC(NAME)

7. DETACH(NAME)

8. OPEN(KEY,FILE)

D. System Mode Functions

1. MODE(X)

a. “ANCHOR” Sections 2.8.1
and 3.3.3

b. “UNANCHOR” Section 3.3.3
c. “INTEGER” Section 3.2.3
d. “TRUNCATION” Section 3.2.3
e. “SYSTEM” Section 3.4.4
f. “ENDJOB” Section 3.4.4
g. “DUMP” Section 4.3.4
h. “DUMPERR” Section 4.3.4

2. ANCHOR( ) Section 3.3.3

3. UNANCH( ) Section 3.3.3

E. Functions Relating to Functions
1. DEFINE(IFORM,LABEL,NAMES) Sections 2.8.2

and 3.7
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2. OPSYN(NEW,0LD) Section 3.6.2
3. CALL(FNC) Section 3.6.2
. Miscellaneous Functions

1. EQUALS(X,Y) Sections 2.8.1

and 3.6.3
2. UNEQL(X,Y) Section 3.6.3
3. TRIM(S) Section 3.6.3
4. TIME( ) Section 3.6.3
5. DATE() Section 3.6.3
6. SIZE(S) Sections 2.8.1

and 3.6.3
7. SYSTEM (FILE) Section 3.4.4

APPENDIX B

This appendix contains three sample programs. These programs are
designed to illustrate various uses and features of SNOBOLS3.

The first two programs involve symbolic evaluations which are in-
herently recursive. The third is an example of text manipulation.

All three examples use pattern matching in various forms. Statement
20 in the first example illustrates the use of back referencing to deter-
mine whether two lists have an element in common. The second program
illustrates function tracing.
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READ

INVALTD
WANG

ANGT
AAND

AlMP

AEQU

CNaT

CAND

C2R
ciue
CEQU

END

SNOBOL3

EXAMPLE 1. THE WANG ALGORITHM

THIS PROGRAM IS THE ALGORITHM BY HAB WANG (CF. ®"T@AWARD
MECHANICAL MATHEMATICS™, IBM JBURNAL 8F RESEARCH AND
DEVEL@PMENT 4(1}) JAN.1960 PP.2-22.) FOR A PROOF-DECISIEN
PROCEDURE FOR THE PRAPASITIANAL CALCULUS. [IT PRINTS QUT A
PRBAF QR DISPREAF ACCORDING AS A GIVEN FORMULA IS A THEBREM
BR NOT. THE ALGORITHM USES SEQUENTS WHICH CEANSIST 8F Twd
LISTS OF FORMULAS SEPARATED BY AN ARROW (--%), [INITIALLY, FER
A GIVEN FORMULA F THE SEQUENT

—%F

IS FORMED. WANG HAS DEFINED RULES FBR SIMPLIFYING A FORMULA
IN A SEQUENT BY REMBVING THE MAIN CONNECTIVE AND THEN
GENERATING A NEW SEQUENT @R SEQUENTS. THERE 1S A TERMINAL
TEST FBR A SEQUENT CONSTSTING OF @NLY ATBMIC FARMULAS:

A SEQUENT CONSISTING @F ONLY ATBMIC FORMULAS IS VALID IF
THE TW@ LISTS BF FORMULAS HAVE A FBRMULA IN COMMON.

8Y REPEATED APPLICATISN BF THE RULES ONE IS LED T@ A SET @F
SEQUENTS CBNSISTING @F ATQGMIC FORMULAS. [IF EACH @NE OF THESE
SEQUENTS IS VALID THEN S@ IS THE GRIGINAL FORMULA.

DEF INE { "WANG (ANTE sCONSEQ)* , "NANG™,"PHI,PSI®}
READ IN THE EXPRESSI@N

EXP = TRIM(SYSPIT) /FLEND)

SYSPAT =

SYSPOT = YFQRMULA: " EXP

SYSPAT =

WANG(,* * EXP) /FUINVALID)

sYspart = "VALID"® /(READ}

syspart = *“NOT VALID" /{READ)

SYSPOT = ANTE " --% @« (PNSEQ

ANTE " ONBT(" *(PHI)* wm)n = /SUANAT )

ANTE ™ AND{" *{PHI)* ®, = %(PS[)% ™)™ = /S(AAND}

ANTE " OIMP(" *(PHI)* n,» *(PSI)*x ") = /SLAIMP)

ANTE T BRI" K(PHLI® "% *(PSI)% w)» = /S(ABR)

ANTE ® OEQUI™ ¥(PHI)* ®,» *(PSI)&¢ ")v = /S(AEQU)

CBNSEQ " ONBT(™ *(PHI)* =)n = /S(CNDT)

CONSEQ “ AND(® *(PHI)* ®,» #(PSI)% ")" = /S(CAND)

CANSEQ " IMP(™ *{PHI)* n,™ *{PS])* ")" = /SICIMP)

CONSEQ " GRI™ K(PHI)* v, v &(PS[)* ")" = /S(CAR)

CONSEQ " OEQUIM *(PHI)* »,m %(PSI)* %)= = /S(CEQU)

[ANTE ™ 2™ CONSEQ ™ ™). " % #(P)%x " N %% ®2® 4% " & p # n
/SIRETURN) F{FRETURN)

WANG(ANTE,C@NSEQ "™ " PHI) /S(RETURN}FUFRETURN)

WANG{ANTE * ® PHI ™ ™ PSI, CANSEQ) /S(RETURNIF(FRETURN)

WANG(ANTE * = PpPHI,C@NSEQ) /FUFRETURN)
WANGIANTE ™ = PS[,CENSEQ) /SURETURN}F(FRETURN)
WANG(ANTE "™ ® PSI,CENSEQ) /E(FRETURN)
WANG(ANTE,CONSEQ ™ * PHI) /S{RETURN)IF {FRETURN)
WANG(ANTE ®* @ pHI " ® PS1,CONSEQ) /F (FRETURN)
WANG{ANTE,CEZNSEQ ™ " PHL » = pPSI) /S(RETURN}F{FRETURN]}
WANG(ANTE * " PHI,CONSEQ) /S(RETURN] F(FRETURN)
WANGUANTE,CONSEQ ™ " PHI) /F(FRETURN)
WANG{ANTE,CONSEQ ™ " PSI) /SCRETURN)F (FRETURN)

WANG(ANTE,CONSEQ ™ ™ PHI » » PSI) /S{RETURN)F{FRETURN)
WANG(ANTE ™ * PHILCANSEQ ™ ®* PSI) ./S{RETURN)F{FRETURN)

WANG(ANTE ™ " PHI,CANSEQ " " PSI) /F{FRETURN)
WANG(ANTE ® ® PSI,CBNSEQ ™ ™ PHI) /S{RETURN)F{FRETURN)

SUCCESSFUL CEMPILATION

939

21
22

23
24

25
26

27
28

29

30
31

32
33
34

36
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FORMULA: TMP{NGTIOR(P,Q)),NOT(F))

-—% IMP{NBT{AR(P,Q)),NOT(P))
NOT(BR(P,Q)) -=-% NOAT(P)

-=-* NOT{P) BR(P,Q)

P —--% @R(P,Q)

P --x PQ

VALID

FORMULA: IMP{ANDINOYIP),NBT(Q)),EQUIP,Q))

-—% IMP(AND(N@T{P},NOT(Q)}),EQU(P,Q))
ANDINBT(P),NAT{Q}) ——* EQU(P,Q}
NOT(P) NET(Q) —#* EQU(P,Q)

NAT(Q) —--% EQU(P,Q} P

--* EQU(P,Q) P Q

p--¢ PQQ
Q--« PQFP
VALID

FORMULA: IMP(IMP(ZR(P,Q)@R(PyR))+ORIP, IMP(QsR)))

=% IMP(IMP(@R(P,Q)yBRIPsR)) BRI Py IMP(Q,R)))
IMPIORIP,Q)4@RIP,R)) ——% BR(P,IMP{Q,R))
GR(P,R) ~~% @RIP,IMP(Q,R))

—--%  GRIP,IMPIQ,R))

—-% P IMPIQ4R)

Q--%« PR

——% BRIP,IMP{Q4R)}

—-% P IMP(Q,R)

Q--% PR

--% OR{P,IMPLQ,R}) @R{P,Q}

-—-% @R(P,Q) P IMP{Q.R)

Q --*¢ OR(PyQ) P R

Q--%# PRPOQ

DERVOT

VALID

N@RMAL EXIT FROM SN@BAL AT LEVEL 0

SN@BOL RUN STATISTICS , N@. OF RULES EXECUTED = 254 NP @F SCANNER ENTRIES = 187

STORAGE ALL@CATIPAN STATISTICS -- 171 STRINGS STBRED 397 WBRDS FOR STEGRED STRINGS

600 REFERENCE ASSIGNMENT WARDS 0 REFERENCE, ] GARBAGE, AND
0 HYPER-GARBAGE CELLECTION(S)

ELAPSED TIMES-COMPILER 620 o INTERPRETER 735 IN MS
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* EXAMPLE 2. DIFFERENTIATION @F ALGEBRAIC EXPRESSI@NS
*
- THIS PROGRAM DIFFERENTIATES A FULLY PARENTHESIZED
* ALGEBRAIC EXPRESSIGN WITH RESPECT T@ X. THE EXPBNENTIATION
* @PERATOR 1S INDICATED BY A DOLLAR SIGN.
DEF INE(®D (D)™ ,"D0"4"UsV,N") 1
DEFINE ("SIMPLIFY{EXP)","SQ%,"U") 2
TRACE("D,S IMPLIFY") 3
* READ IN THE EXPRESSI®N.
READ EXP = TRIMISYSPIT) /FLEND) 4
MODE ("ANCHER") 5
sYspar = 6
SYSPAT = W“THE DERIVATIVE OF ™ EXP " IS " SIMPLIFY(D(EXP)) 7
. /{END) 7
* THE FUNCTI@N "D"
Do D WM AUIE Wem K(V)E M)W = m(w D(Y) "4m DIV) mIn 8
. : /SIRETURN) 8
0 ALY KUK MR (V)& W)W = m(n DY) m-" D(V) ")n 9
. 7S(RETURN) 9
D N A(UIE VRN R(V)E MM o= w((N Y wEn DY) M)e(n 10
. vV ten p(U) m) e /S(RETURN) 10
D w(E oa[UIE /R R(V)E M) = Ry ke D(U) M)—(® 11
. U mEn DIV) "))/ V "2 /SIRETURN) 11
D NN KUY RSN K(N)E W)W = 12
. HU{® N mE(W Y wgn N - MW e e D(U) w)n 12
. /SIRETURN) 12
D = EQUALSI(D,"X®) ®]» /S(RETURN) 13
0 = mow /{RETURN) 14
* THE FUNCTIZN “SIMPLIFY®
S0 MODE { "UNANCH" ) 15
S1 EXP n(n w(UIE "eO) " non 75(S1) 16
EXP nO*n_#(U)k W) non /5(S1) 17
s2 EXP (e IE(UYIE mE1)™ u 75(52) 18
s3 EXP n(n s {U)E wE1)" u 75(53) 19
S4 EXP LR x(U)E W) [V} 75(54) 20
] EXP O+ *(U)E M0 u /5(55) 21
s6 ExP nin k(U)E "+0)" u 751561 ;}
s7 EXP w(® *(U)* "-0)% = U 78(sT) 3
SIMPLIFY = EXP /(RETURN) 24
END 25

SUCCESSFUL C@MPILATIEN

O LEVEL CALL OF D{("([((A*{X$2))+{B*X))+C}"}

[

LEVEL CALL @F D("((A%{X$2))+(B*X))")

2 LEVEL CALL BF D(™(A*(X$2))"™)

w

LEVEL CALL OF DI™(X$2)1%)

4 LEVEL CALL @F ntnx®)

4 LEVEL RETURN 8F D = n1n

3 LEVEL RETURN @F D = "{{2%(X$1))*1)"
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3 LEVEL CALL @F D{"A")

w

LEVEL RETURN 2F D = "o

~

LEVEL RETURN BF D = "((A®({2%{X$L1))*1])+((X$2)*0} )™

~

LEVEL CALL @F D{"(B*X)}")

w

LEVEL CALL OF D("X"™)

w

LEVEL RETURN OF D = "i*

LEVEL CALL BF D("B")

w

w

LEVEL RETURN 2F D = "O"

~

LEVEL RETURN OF D = "{(B*1)+{X*0) )"

—

LEVEL RETURN BF D = "({(A%((2%(X$1))}*1))+{(X$2)%0))+((B*1)¢(X*0))}"

-

LEVEL CALL @F D("C™)

-

LEVEL RETURN @F D = mQO%

o

LEVEL RETURN BF D = "{({((A*{(2%(XS1I}*1))+((X$2)%0))+((B*1)+{X*0))}+0)"

O LEVEL CALL OF SIMPLIFY("™((((A*{(2+(X$1))*¥L))+{(X$2)%0) 1+{(B*1)+{X*0)))+0)")

O LEVEL RETURN @F SIMPLIFY = ™((A%([2%X))+B)"

THE DERIVATIVE BF (((A*(X32))+{B*X)1+C) IS ((A*(2¢X))+B)

NORMAL EXIT FROM SN@BBL AT LEVEL [}

SN@BAL RUN STATISTICS , N@. OF RULES EXECUTED = 71 N@ BF SCANNER ENTRIES = 54

STORAGE ALLOCATIAN STATISTICS -- 125 STRINGS STORED 216 WORDS F@R STHRED STRINGS
450 REFERENCE ASSIGNMENT WARDS o Q REFERENCE, [ GARBAGEs AND

O HYPER-GARBAGE CPLLECTIBN(S)

ELAPSED TIMES-CPAMPILER 8474 4 INTERPRETER 380 IN MS



SNOBOL3 943

* EXAMPLE 3. EDITER
*
* THIS PROGRAM READS IN TEXT AND PRINTS N CHARACTERS
- PER LINE. EXTRA BLANKS ARE INSERTED BETWEEN WORDS
- 10 FILL BUT LINES.
MBDE("ANCHOR") 1
DEFINE(* INSERT(K,LINE)® , "IN, "BLANK,HORD") 2
* READ IN N
TRIMISYSPIT) *N* 3
READ TEXT = TEXT TRIM(SYSPIT) ® /S{READ) 4
sYsper = H
SYSPBT = ®pRINT THE FOLLBWING STRING " N 6
. " CHARACTERS PER LINE:® 6
SYSPaT = 7
* PRINT THE INPUT TEXT
TEXTL =  TEXT 8
PRINT TEXT1  *SYSPAT/n90"*x = /SUPRINT) 9
SYSPAT = TEXTL 10
SYSPOT 11
SyYspPoT = 12
TEST «GT(SIZE(TEXTI,N) ZJF(LASTLINE) 13
K = Hon 14
SCAN TEXT *LINEZAN = K1% n w = /F(BUMPK) 15
syseeT = INSERT(K,LINE) JUTEST) 16
BUMPK K = WLT(KyN) K + =1® /5{SCAN)F(ERR) 17
*  FUNCTI@N T@ INTERSPERSE K BLANKS IN A LINE
IN INSERT = .EQIK,™0") LINE 7S{RETURN) 18
LINE L] /S{BLINK) 19
INSERT = LINE 7 {RETURNY 20
BLINK BLANK = BLANK = n 21
LogP LINE *WORO* BLANK = /F{MBRE) 22
INSERT = INSERT WBRD BLANK * # 23
K = WGTIK L") K = m1w /5(L20P) 24
INSERT = INSERT LINE 7 {RETURN) 25
M@RE LINE = [INSERT LINE 26
INSERT = /{BLINK} 27
LASTULINE SYSPBT = TEXT 7 {END) 28
ERR sysper = 29
SYSP@T = e+ EDIT@R CANNAT PRINT LINE BECAUSE N IS TB@ SMALL." 30
END 31

SUCCESSFUL COMPILATION

PRINT THE FOLLOWING STRING 75 CHARACTERS PER LINE:

TW@ FUNCTI@NS HAVE BEEN ADDED T@ INCREASE THE FLEXIBILITY OF DEALING WITH THE SYSTEM INPUT
SBURCE. GETSRC RETURNS AS VALUE THE CURRENT SYSTEM S@URCE. SETSRC SETS THE CURRENT SYSTEH
SOURCE T@ THE VALUE @F FILE. A NULL VALUE IS RETURNED. THREE 1/8 FUNCTI@NS HAVE BEEN ADDE

O WHICH TAKE FILES AS ARGUMENTS, THESE FUNCTIONS C@MPLEMENT THE CORRESPENDING SNABOL3 FUNC

TIONS WHICH REQUIRE NAMES ASS@CIATED WITH FILES AS ARGUMENTS.

TWO FUNCTIONS HAVE BEEN ADDED T9 INCREASE THE FLEXIBILITY 8f DEALING WITH
THE SYSTEM INPUT SOURCE, GETSRC RETURNS AS VALUE THE CURRENT SYSTEM S@URCE.
SETSRC SETS THE CURRENT SYSTEM SQURCE T@ THE VALUE OF FILE. A NULL VALUE IS
‘RETURNED. THREE I/8 FUNCTISNS HAVE BEEN ADODED WHICH TAKE FILES AS
ARGUMENTS. THESE FUNCTI@ONS C@MPLEMENT THE CPRRESPOANDING SNZBBL3 FUNCTIONS
WHICH REQUIRE NAMES ASSBCIATED WITH FILES AS ARGUMENTS,

N@RMAL EXIT FROM SN@BAL AT LEVEL o
SN@BBL RUN STATISTICS , N@. @F RULES EXECUTED = 130 N@ @F SCANNER ENTRIES = 42
STORAGE ALLOCATI@N STATISTICS -- 194 STRINGS STBRED 1296 W@RDS FBR STORED STRINGS
600 REFERENCE ASSIGNMENT WERDS O REFERENCE, o GARBAGE, AND

0 HYPER-GARBAGE CELLECTION(S)

ELAPSED TIMES-COMPILER 410 4 INTERPRETER 547 IN MS
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Acoustic Scattering of Light in a
Fabry-Perot Resonator

By M. G. COHEN and E. I. GORDON
(Manuscript received March 25, 1966)

Light scattering in a Fabry-Perot cavity by an acoustic beam 1s discussed.
An heuristic treatment based on momentum conservation is used to deter-
mine the conditions, acoustic bandwidth and enhancement of the scattering
interaction. A more detailed and rigorous calculation based on a coupled-
mode formalism 1s also described. Experimental results using fused quartz
Fabry-Perot cavities, single-frequency 63284 light and acoustic waves n
the frequency range 200-500 Mc/s, are presented. Enhancement relative
to single-pass scattering by a factor of 50 s easily achieved. Modulation
depths of twenty-five percent with a bandwidih of several megacycles have
been observed.

I. INTRODUCTION

When a collimated light beam traverses a collimated high-frequency
acoustic beam, it is possible for the acoustic beam to scatter light into a
single, well-defined angle (into a number of well-defined angles when the
acoustic frequency is sufficiently low). The amount of light scattered
depends critically on the angle of the light beam relative to the acoustic
wavefront (the Bragg angle) and is roughly proportional to the square
of the acoustic beam width for constant acoustic intensity.! While it is
possible to scatter all of the incident light, this usually requires imprac-
tically large amounts of acoustic power, especially at frequencies greater
than a few tens of megacycles/second.

Acoustic scattering of light has considerable experimental interest
since it allows a convenient method of probing transparent media to
measure such things as elastic and photoelastic constants and acoustic
loss or phonon lifetimes. These measurements can be made using ther-
mally generated (Brillouin scattering)?? or externally generated sound.
In the latter case, the scattering also allows determination of the acoustic
beam shape and direction. In addition, the scattering interaction gives

945
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rise to a class of light modulation and deflection devices.?: For ampli-
tude modulation purposes, the bandwidth of acoustic devices corre-
sponds to the transit time of the sound across the waist of a light beam
whose diffraction angle equals the diffraction angle of the sound.® Interest
in these devices and similar ones using slow eclectromagnetic waves in
electro-optic materials® would be more than academic if a sizeable per-
centage of the incident light could be conveniently deflected.

Resonating the acoustic medium could enhance the strength of the
interaction but would excessively limit the bandwidth or transient
response. On the other hand, the large velocity of light allows resonating
the interaction region optically with less serious consequences to the
bandwidth. Such a technique would be an extension of what has already
been described for electro-optic modulation. In the Fabry-Perot electro-
optic modulator,” the electro-optic standing wave serves to couple
energy from one axial Fabry-Perot mode excited by the incident light
to other axial modes. In the acoustic case, the coupling is necessarily
between off-axis modes of the resonator.

Figs. 1 and 2 illustrate the arrangement required to achieve a resonant
scattering interaction. For the sake of discussion, it is assumed that the
incident light beam is very wide so that the angle of incidence is well
defined. Under ideal conditions the sound of angular frequency © and
velocity v travels in a plane parallel to the mirrors; unavoidably the
sound travels at a very small angle ¥ relative to the mirrors as shown in
Fig. 2 and this case must be considered also. The incident light of angu-
lar frequency w and velocity ¢’ in the medium is set at an angle 6 corre-
sponding to an off-axis resonance of the cavity. This requires that

k cos 6 = ar/L (1)

in which ¥ = w/c’, L is the mirror spacing and o is an integer. Now
consider Fig. 1; the scattered light with propagation constant k' =
k(1 + 2/w)* is sent into an angle 6" defined precisely by

k' sing = Fksing+ K 2)

in which K = Q/v is the acoustic propagation constant; (2) follows
from the requirement of momentum conservation. The various scattered
beams arising from each pass of the light will add in-phase when the
angle 6’ corresponds to a resonance of the cavity at the frequency
o + Q. Hence, the angle 6’ must satisfy the requirement

k' cos 0 = a'x/L. 3)
* For the geometry shown, the scattered light is upshifted in frequency to a

value w - Q. It is assumed that optical dispersion is negligible over the frequency
range of interest so that k' = (w0 4 Q)/c¢’.
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|
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BEAM

INCIDENT
BEAM

“ l

Fig. 1 — Schematic arrangement for acoustic scattering of light in an optically
resonant geometry. In this case the acoustic wave travels parallel to the mirror
planes.

When the acoustic beam has 1o y-directed momentum, momentum
conservation in the y-direction (the Bragg condition) requires that

K cos§ = kcos 6 4)

or
4
a = a.
Since the acoustic beam is not extremely wide in practice, the transverse
(y-directed) momentum or propagation constant is not precisely de-
fined. This allows some deviation from the strict requirement

k' cos 6 = k cos 0,

and it is not absolutely necessary that o' = a. However, (4) represents
the condition for optimum scattering.

Following the multiply-reflected beam, it can be seen that the Bragg
condition is satisfied along each leg of the round trip, hence energy is
efficiently scattered into the mode at angle 8’ on each pass through the
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Fig. 2 — Schematic arrangement for acoustic scattering of light in an opti-
cally resonant geometry. In this case the acoustic wave travels at a small angle
¥ relative to the mirror planes.

!
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|
i
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J

INCIDENT
BEAM

acoustic beam. Since the effective number of passes is given approxi-
mately by R¥(1 — R)™, in which R is the mirror reflectivity,” the
scattered optical energy is nominally increased over the single-pass
value by the factor R(1 — R) 7, for R = 0.9, R(1 — R)™ = 90. The
presence of loss or a finite aperture in the Fabry-Perot cavity will, of
course, reduce the enhancement or gain in scattered energy.

When the acoustic beam moves at an angle ¥ as shown in Fig. 2,
the situation is somewhat more complicated. The acoustic frequency
must be chosen so that the angle of the scattered radiation defined by

K sin¢ = ksing 4+ K cos ¥ (5)
falls into a Fabry-Perot mode and the Bragg condition requires that
+K sin ¥ kcos § — k' cos 6
, (6)
= (¢ — a )w/L.

The requirement for ¥ = 0 can be well satisfied for either the plus or
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the minus sign and hence for only one leg of the round trip as shown in
Fig. 2. Thus, the enhancement of the path length is reduced by % and
the scattered power by 1 over that represented by the case ¥ = 0, (Fig.
1).

When the acoustic frequency Q is chosen according to (5) the energy
scattered from the mode excited by the incident beam will fall precisely
into the optimum angle 6" for the scattered mode. When the acoustic
frequency deviates from the proper value the scattering angle will vary
and the scattered intensity will decrease. With the advantage of hind-
sight, one expects that the amount of the decrease will be determined
by the angular halfwidth of the Fabry-Perot mode. For a lossless Fabry-
Perot cavity the angular dependence of the transmitted intensity 7T
is given by the Haidinger fringe formula® and can be written

1
14+ [4R/(1 — R)? sin? k'L [cos §'(2) — cos §'(2)]

in which 6'(Q) and 6'(Q,) are defined by (5) for different values of K
(defined as Q/v and Q,/v; Q being the optimum acoustic frequency).
Using (5), T(Q) can be written finally as

1

Q) = (7)

T~ T R = Ry st (@ = ) (Loos¥/0) tan gy >
which predicts an acoustic bandwidth
AQ/27 &~ v(1 — R)R}/2xL cos ¥ | tan 6'(Q,) | . 9)

More detailed calculations indicate that in the limit of no loss (9) is
precisely correct. An additional factor 1 + | tan 6'/tan 6 | will appear
when the angular spread of the light in the mode excited by the incident
light beam of finite width is taken into account.

It may be shown by forming the product of the fraction of the incident
light scattered or scattering efficiency and the bandwidth that the
resonant Fabry-Perot device has a figure of merit identical to that of
the nonresonant or single-pass modulation device.” The Fabry-Perot
device has practical interest only when efficient narrow-band (<2
megacycle/second) devices are required since nonresonant modulators
are difficult to optimize for narrow bandwidths.

The preceding discussion indicates in a qualitative way the prop-
erties of a scattering interaction in a Fabry-Perot cavity. In the following
section, a more rigorous theory of the scattering interaction will be given
which validates the simple model described above. This is followed by
a description of experiments giving results in substantial agreement
with the calculated results.
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II. THEORY

The model chosen for discussion is that of an open Fabry-Perot
cavity with unlimited z-dimension as shown in Fig. 3. The light beam is
incident at an angle 6, , at a frequency w, corresponding to a cavity
resonance defined by

k. cos 8, = aw/L (10)
in which &k, = wa/c'. The cavity electric field has the form
E(yt) = klexp + aallexp i(wot + ko sin ,2)] sin (ary/L) (11)

corresponding to a decaying wave traveling to £ = — . The field is
resonant in the y-dimension. The exponential loss, with loss parameter
@, , arises from the mirror reflection loss as well as internal losses in the
resonator. It is shown in Appendix A that a, is given by

e = 3ka/Qr.a | sin 6, | 12)

in which @, . is the loaded Q of the cavity (defined later). The I field
is assumed to be polarized in the z-direction (denoted by k).

|
| /

X=-00

Fig. 3 — Scattering interaction geometry for coupled-mode calculation.
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The eigenfunctions for the cavity, normalized in the half space — o <

z £ 0, can be written
Eo(wes) = k(daw/L) sin (ary/L) exp (aa + ik, sin 6)z.  (13)

The coupled-mode equations for the Fabry-Perot resonator are given
in Ref. 7, and can be written

Oea/0t" + wi'ea + (wa/Qr,0)dea/0t
+ 8{a | 8e/e | a'Y¥ew) /0
= —}(wa/Qu)e (wal) /0
Oear /Ot + wu'esr + (war/Quar)dear /31
+ 8'(a | be/e | a'ded) /00
= 0.

Here e.(t) and e, () are the amplitudes of the incident-beam and
scattered-beam modes. The total field is given by

E = ¢.E; + e, E. .

Note that only two modes are coupled here; any energy scattered from
mode o’ into an angle different from 6, cannot correspond to a Fabry-
Perot mode. (In general, the angles of the Fabry-Perot rings increase
as the square root of an integer while the acoustic scattering angles
increase as an integer and momentum conservation can occur for only
one angle.) The quantity Q, is the coupling Q defined by’

Q. = ra(l + RH?/(1 — R) cos’ b,
~ maR'/(1 — R) cos® 8.1
and Q. is the loaded Q defined by’
Qe = Q" + Q' (16)

in which Qq is the dielectric Q of the optical medium. The coupling of
the Fabry-Perot modes is defined by the integral

(15)

(a]de/e| ) = f_o dx fOL dy E.-[6e(x,y,t)/e]lEa* (17)

t The definition of Q. given here differs from that of Ref. 7 in the appearance
of the term cos? 8, which has the value unity for the modes considered there. The
reason for this term can be understood simply by noting that ra/cos? 8, = k.L/cos 8.
and L/cos 8, is the increased length over which energy is stored for the same
reflection loss. Thus, the Q must be enhanced by this factor. It is also assumed
that 1 4+ R} = 2R! which neglects terms of order (1 — R)2 <K 1.
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in which ¢ is the unperturbed dielectric constant of the medium and
d¢ is the perturbation produced by the sound. This can be written

de(x,y,t) = de cos (U — Kz cos ¥ — Ky sin ¥) (18)

and can be written as a scalar quantity because of the choice of polariza-
tion axis. The acoustic beam travels at an angle ¥ relative to the mirrors,
has a width L’ and does not necessarily fill the space between mirrors.
This introduces a filling factor L’/L into the expression for the coupling
factor. The limits on the integration with respect to y in (17) will be
taken as

I -L) 2y 3@+ L.
Performing the integration, using (13) and (18) yields
(a|de/e|d’) = Sxaa (@) exp it (19)
with the coupling parameter y, .- defined by
Xao' (@) = §(0e/e) (L'/L) ("™ exp —1%(2/v)L sin W)

5 l:sin Y, + sin Y—:l [ 20 :I/[l + iX]. (20)

Y, Y_ oy +
The parameter Y, is given by
Y. = 3(e — d)r = (@)L sin ¥]L'/L. (21)

It can be shown that sin Y/Y is precisely the frequency dependence
found for single-pass scattering when the angle of the incident light is
held fixed. Hence, the requirement of small Y is nothing but the condi-
tion that the angle of incidence be close to the Bragg angle.* Note that
when @ # o’ and (Q/»)L sin ¥ & (¢ — & )= so that Y5 is small and
sin Y,/Y,.~ 1, then Y_~ (@ — o’ )7 and sin Y_/Y_ & 0. This corre-
sponds to the situation described earlier (Fig. 2) in which only one
leg of the round trip scatters efficiently. However, when o = o' then
Y, = —Y_ = KL’ sin ¥ which can be very small only when ¥ — 0.
In this case, sin Y, /Y, + sin Y_/Y.. = 2 corresponding to the condi-
tion of Fig. 1 wherein both legs of the round trip scatter efficiently.
Continuing the discussion of (20) the parameter X is given by

X = (ko|sin 6| + ko | sin 8, | — K cos W)/ (e + aor) (22)
and is zero for some acoustic frequency Q, .- defined implicitly by

ko|sin 6, + ka(1 + Quor/wa) | sin 6,0 | — (Quor/v) cosT = 0 (23)

subject to the constraint
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aw/L
a'n/L.

It

ko cos 6,

ko (1 + Quor/ws) cOS Oy

It follows that

_ [kav/cos ¢ll| sin 6, | + | sin 6o’ |]
~ [ = (v/¢) sin 64 /cos ¥

in which 6, and 6, are the appropriate ring angles of the Fabry-Perot
cavity. The denominator in (24) is properly set equal to unity since
(v/¢') sin 8 ~ Quo/ws K 1. Thus, Q.. represents the set of acoustic
frequencies for which the scattered light will fall into a Fabry-Perot
mode. There is one value of ©,. only for each pair of values a and a'.
The parameter X may now be rewritten

X = 2(Qua — Q[ + (@/c) sin 6, /cos Tlrg,ar (25)
~ 2(Qa,a’ - Q)Ta,a'

Qaa’ (24)

in which

Taa' = 3(cos ¥)/v(ag + au) (26)
corresponds to a transit time of the sound across an equivalent distance
3(aa + ag)7, which is related to the decay distance of the light intensity
in the cavity modes. The second term in the square bracket of (25)
is neglected as discussed above. Using (10), (12), and (15), 74,0 can
be written finally as

, _ (cos¥\ ( L tan |6, ] [ Q. Q. tan |6, | ]—1

o = (22) (Flnllel ) [ Ly Gt Bl o)
The scattered amplitude can now be found by solving (14). Writing

the mode amplitudes as

€, = &, exp Twql
e = &y exp t(w, + Q)¢
and substituting into (14) yields

bt = _%"iXa,u'QL,a'éa
a-—l_":29—9aa’ a'/ Wa

( ) Qrar/w (28)
éa —'%(QL,G/QG)e

T T F 2 xew FQr.0Qoa/ (I — 12(Q — 200)Qrar/wa)

1 |6’ | wa == 2a,s’ corresponding to a ring angle for an optical frequency w, ==
4,0’ can be related to the ring angle for frequency w, by the formula

I sin 0.’ l wa £Qa,a’ = l sin /2% l wa[l + (Qa,a'/wa) cot? 0a’ l wa]-
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Since 2Q.,./w, is very small compared to 7. (the ratio is of order
(v/¢")/sin 6,), the variation of &, and &, with frequency arises almost
entirely from the variation of x... with frequency. Thus, the term
2(2 — Qo) Qr.r/wa will always be small compared to 1 in the frequency
range of interest. The relative transmitted intensities in the incident
and scattered modes are given by

To/Taw = 1+ } | Xaro | Qu.aQrar]™
Tw/Tow =} Xaw " Quo’/ll + % | X0 ' QuaQeal  (29)
in which 7', is the transmission factor of the ath mode for x,,. = 0,
Too = (Qu,0/Qa)". (30)

The relative scattered intensity in the absence of mirrors (single-pass)
is given by*

1(de/e)* (k' )?/cos’ 6, , (31)
while with the mirrors it is given by (for small x,,.)
% | Xa,a’ ]2 QL,a’zTao . (32)

Under optimum conditions,
‘ Xa,a’ l = (68/8) (LI/L)2aa%aa'%/ (aa + aa’)

so that the optimum gain or enhancement in scattered power over that
obtained in single-pass scattering can be written using (12),

— 4 Ta’oTao [(QL,a Sin [ Ha l >%
Jort = 2R — R)? | \Quw in | 00 |

+ <QL.a’ sin [ 04 |>%:|_2
QL. sin |6, | ’
Note that for the case ¢ = d, neglecting transmission loss, gopt =
R/(1 — R)? as expected. Under less than optimum conditions

(@) = 1 [sin (a — ') + (9/v)L sin V]L'/L
9% = Jovt 7| "I[(a — d)w 1 (@/v)L sin YIL'/L

sin (e — a")r — (Q/v)L sin \I/]L'/L:|2
(e — a)w — (Q/v)L sin Y]L'/L

1
14+ [2(2 = Qoo)7ae]

with 7. given by (27). A typical curve of ¢(Q) is given in Fig. 4. For

(33)

+ (34)

X
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Fig. 4 — A plot of g(@), the enhancement factor, as a function of frequency,
for the condition ¥ = 0 and L = L'.

this figure it has been assumed that ¥ = 0 and L = L', so that

9(2) = gopt [Sinffra B ,)_’r/éi‘f>;acf]'2)”]2 : (35)
The maximum enhancement occurs for ¢ = a'. The quantity 7,
defined in (27) can be rewritten in terms of 7', as
(cos‘If)( L tan | 6, | > 73
o = v (1 —R)R3) ™™ (36)

1 + (Teo/Tas)t | tan 6,/tan 0, |
The acoustic bandwidth is given by

AQ/2n = CrTaw) . (37)
The similarity to (9) is apparent.

III. EXPERIMENT

In Section II expressions were derived for the optimum frequencies
for acoustic scattering, enhancement factors, and the frequency width
of the scattering interaction. Iixperiments were performed to test the
validity of these results using the apparatus depicted in Fig. 5. Light
from a single-frequency 6328A He-Ne laser (200 p watts) was collimated
by a telescope and apertured by a slit. The scattering medium or delay
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Fig. 5 — Experimental apparatus for studying acoustic scattering in a Fabry-
Perot resonator.

line was fused quartz of refractive index n = 1.457, width L = 1.042
em, and length I = 2.5 cm.

The Fabry-Perot cavity was formed by coating reflecting films over
half the length of the delay line which was ground flat and parallel to
within one fringe over its entire length. The half nearest the transducer
was left without reflecting films to allow comparison of the multiple-
pass scattering interaction within the Fabry-Perot cavity with single-
pass scattering. The normal Fresnel reflection of the latter half was
reduced by the use of quarter-wave matching films in one delay line. A
second delay line had no antireflecting films.

The reflectivity of the 5-layer dielectric mirror was determined by
transmission measurements to be B = 0.89 at 63285;, resulting in a
reflection loss pass of about 11 per cent. A value B = 0.9 is close to an
optimum compromise between enhancement, transmission loss, and exper-
imental convenience. The dielectric loss of the quartz was expected to be
about 0.2 percent per pass yielding Qu = 50Q, and T = (Qr,o/Qu)? ~
0.96. The measured transmission factor for normal incidence was de-
termined to be approximately 0.80. The difference can be related to the
lack of perfect parallelism in the opposing faces!® and to the finite width
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of the incident light beam which resulted in an angular spread com-
parable to or larger than the angular width of the Fabry-Perot modes.
The measured transmission factors for off-axis modes were smaller than
the value for the on-axis mode since the angular width decreases with
increasing mode angle. This is illustrated in the photograph of Fig. 6
which displays the transmission factor of the cavity as a function of
angle of the incident light relative to the surface normal. The upper line
is unity transmission. The measured transmission factors became in-
creasingly smaller for increasing mode angle indicating that as the
angular spread of the rings became increasingly smaller, less of the
incident light was matched into the cavity mode. This situation, while
normally undesirable and easily avoidable, was experimentally conven-
ient since it guaranteed that the dominant feature of the light distribu-
tion in the incident beam mode was an exponential decay as postulated
in Section II. The incident beam mode usually corresponded to a rela-
latively small angle and the matching loss was not excessively large.
The lack of perfect symmetry about normal incidence arose from the

Fig. 6 — Measured Fabry-Perot cavity transmission factors as a function of
angle of the incident light relative to the surface normal.
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Fig. 7 — Photographs of typical far-field observations of scattering in the
Fabry-Perot resonator. The angles of the incident and scattered beams are in-
terchanged in the two photographs.
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fact that the light beam was not centered perfectly in the cavity and
illustrates the fact that the finite width of the mirrors resulted in walkoff
for the larger ring angles. For the case shown, the on-axis mode was not
resonant although it could be made resonant by warming the quartz
slightly. It should be noted that the actual transmission factors taking
only internal losses into account do not exhibit any variation since
cos f; =~ 1. An analytical expression for the matching loss is given in
Appendix B.

Two delay lines were studied, one with ¥ < one minute of arc and
the second with ¥ &~ 14 minutes (4 X 10~® radians). For the first KL
sin ¥ < /3 so that scattering could take place over both legs of the
round trip. In the second case, KL sin ¥ & 47 which allowed interaction
on only one leg. The acoustic transducers were evaporated CdS films
with an efficiency flat to within 1 dB over the measurement range of
200-450 Me/s. Using techniques described in Ref. 4, it was determined
that the acoustic beam had an essentially uniform intensity distribution
over a width of 0.7 em. The far end of the delay line was terminated
with a mercury cell with a reflection loss of 10 dB to inhibit acoustic
resonances.

The scattered light was collected and focused onto a Teflon* screen
on the face of the photomultiplier; the response was determined to be
independent of the scattering angle in the range of interest. The output
of the photomultiplier was fed into a phase-sensitive detector, the refer-
ence for which was the 1000 cycle/second square wave envelope of the
modulated acoustic energy. The output of the phase sensitive detector
was displayed on an X-Y recorder. The X-axis drive for the rccorder
was derived from an angle transducer varying the acoustic frequency.
Calibration markers every one or ten megacycles/second were also
generated. Absolute acoustic frequency was measured with a counter to
within one kilocycle/second. Ring angles were determined to within 10
seconds of arc.

Fig. 7 illustrates typical far-field visual or photographic observations.
The Fabry-Perot rings were generated by interposing a Teflon sheet
and scattering the incident beam. A second exposure was taken without
the Teflon sheet. The main beam was set on the first (fourth) ring and
the scattered light appeared on the fourth (first) ring on the opposite
side. As expected from (24) the acoustic frequency was essentially, but
not, exactly, the same for both cases. Closer inspection under high mag-
nification indicated, as expected, that the ring angle for the frequency-

* Trademark of the E.I. du Pont de Nemours, Inc.
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shifted, acoustically-scattered light was not quite identical to the equiva-
lent ring angle for the light scattered by the Teflon.

Fig. 8 illustrates an experimental measurement for the case ¥ = 14’
The intensity of the scattered light is displayed as a function of acoustic
frequency under identical conditions and fixed angle of incidence for
single-pass and multiple-pass scattering. The incident beam corre-
sponded to ring # 1 and the scattered mode ring numbers are indicated
above the peaks. The vertical scale for the multiple-pass scattering was
larger by a factor of ten.

The enhancement factor was measured by comparing the single and
multiple-pass scattered intensity. Over the frequency range shown, the
single-pass scattered intensity variation with frequency was expected
to show the main and one upper side lobe of a smooth (sin z/x)? varia-
tion characteristic of Bragg scattering.* The distortion in frequency
scale was characteristic of the oscillator frequency drive. These expecta-
tions were borne out except for the small bumps which resulted from the
low Q Fabry-Perot resonances (R = 0.035) associated with the Fresnel
reflection at the air-quartz interface. The antireflection coated delay
line did not exhibit these bumps.* For the case ¥ = 14’, the measured

| | | | Y R N I T S A
280 300 350 400 450

FREQUENCY IN MEGACYCLES PER SECOND

Fig. 8 — Intensity of the scattered light as a function of acoustic frequency for
single-pass and multiple-pass scattering. For the latter case, the gain is reduced
by a factor of 10.
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enhancement factors and bandwidths agreed to about 5 percent which
was better than could be expected.

The most detailed measurements were made for the case ¥ < 1'.
Verification of (24) for the frequency of the interaction was obtained
by determining Q.. and 6, and writing (24) as

_ No(Qa,0/27) cos ¥
nl|sinbs | 4+ | sin 8o | (1 &£ Qq,0r/wa) cot? 0ar)]

in which Ao is the vacuum wavelength and n the index of refraction of
the quartz, and computing » from the measured frequencies and mode
angles. The angles 6, were sufficiently small (of order 107 radians)
that n sin 6, could be taken equal to the externally measured ring angles
and A, to the air wavelength. The measured ring angles were consistent
with those computed for the cavity. The data yielded a value v =
5.940 == 0.005 X 10° cm/sec, consistent with the uncertainty in meas-
uring 6, . Measurements in the single-pass scattering region were also
made by determining the Bragg angle O for seattering to w 4= @ defined
by

(38)

sin O, = v/c F LK/K (39)
which yields
O_ — O, sin O_ — sin O, = K/k. (40)
The phase velocity is determined by
v = (9/2r)ho/AO (41)

in which A# is the externally determined difference between the two
Bragg angles. The phase velocity was determined by this technique to
be 5.940 X 10° em/sec with the same spread in measured values, in
agreement with the optical Fabry-Perot measurements. The phase
velocity was also determined by setting the incident light at the Bragg
angle in the single-pass region and using the intensity of the scattered
light as a measure of the acoustic intensity while the acoustic frequency
was varied through a range of 2 megacycles/second. The acoustic Fabry-
Perot resonances were emphasized by removing the mercury from the
far end. Using the relation

AQ/27 = v/2]

in which 7 is the length of the fused quartz bar and AQ/2 is the spacing
of the resonances yiclded a value » = (5.950 == 0.003) X 10° cm/
second. While the difference here is small, it falls outside the range of
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experimental uncertainty. The difference has been ascribed tentatively
to pulling of the acoustic resonances by the transducer. The values of
v quoted in the literature'™" fall in the range 5.90 — 5.96 X 10° cm/
second.

Comparison with theory of experimentally determined wvalues of
enhancement and bandwidth is hampered slightly by an uncertainty in
the value of (1 — R) which could be as large as +=10 percent. On the
other hand, the product

(AQ/27)gopt’

using (33), (37), and (36) is independent of R. Preliminary measure-
ments for the case ¥ = 14" were very encouraging. Since the case ¥ < 1
was believed to be more interesting most of the measurements were
made here. To simplify interpretation, the measurements were restricted
to scattering from a given ring to the same ring on the other side of
normal incidence (¢ — a). Sume of these measurements are summarized
in Table I. The calculations were performed taking 7', = 0.96, however,
correcting gop for the matching loss as experimentally determined. In
all cases both AQ/27 and gope were larger than calculated, the product
being as much as 80 percent larger than expected. Values smaller than
expected could possibly be attributed to an imperfect IFabry-Perot
cavity. No explanation for the larger values can be offered at this time.

Under optimum conditions, the modulation depth was approximately
25 percent as shown in Fig. 9. The acoustic power was estimated to be
about 50 milliwatts.

1V. CONCLUSION

Experiments illustrating acoustic scattering in a Fabry-Perot resonator
have been described and compared with a coupled-mode theory. The
acoustic frequencies for resonant scattering agree with theory to within
the experimental uncertainty of 1:500. The agreement on enhancement
factors and bandwidth is within 80 percent but well outside experi-
mental uncertainty; the measured values are on the large side.

TasLE 1
. Qg.af2r AD/2r)ex EAQ/mex EAQ/2m)eale.
Ring ‘ ((Mc//s)) l Zex (Mé/s; (g (Mé/s) & (néc/z) !
2 220 73.3 3.1 26.5 17
3 283 47 3.27 22.5 12.5
4 333 49 1.94 13.6 10.5
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Fig. 9 — Transmitted power as a function of time. The dip corresponds to an
acoustic pulse passing through the light beam which removes approximately
25 é)er;ent of the power. The acoustic frequency is 265 Mc/s and the time scale
is b us/cm.

Modulation depths as large as 25 percent have been observed with
about 50 milliwatts of acoustic power. With efficient transducers the
required microwave power could be under one watt. These parameters
could be improved by the use of more efficient scattering materials
than quartz.
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APPENDIX A

Derivation of Exponential Decay Raie of Light Within the Cavity

With respect to Fig. 10 it can be seen that when the light travels a
distance ds within the cavity, the x-position is changed by an amount
dr = — |sin 6, |ds. In the absence of volume dielectric loss, the light
loses energy only at the resonator surface. This loss can be approxi-
mated as a volume loss by assuming that the discrete loss upon reflection
is distributed uniformly along the path of the light. This approximation
is best in the limit B — 1. Thus, if I represents the intensity of the
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ds dxr=-siNf5ds

Fig. 10—Cavity geometry for deviation in appendix A.
light, the change in intensity along a path of length ds can be written

dI = — I(k_“ds—I—R"% (1 — R) S8 0 s ds)

L
Qd] 1 . R%1 — R) cos 0, (42)
e (1 — cos 0,
=+I|sin0a||:@+ koL ]dx

in which Qq is the dielectric Q. Noting that Q, = k.L/R™* (1 — R)
cos 0, and defining Q... ' = Q4 ' + Q. ', (42) becomes

dl/dz = Tk./Qr,q|sin 8, |

43
= 20a,l. 43)

The field amplitude therefore, decays as exp a.x.

The validity of this result can be demonstrated by the following
argument. Since the mirror surface has a phase variation given by
—ko(sin 6,)x, the far field diffraction pattern of the light transmitted
by the mirrors has the form

0 2
T(6) = f aadz exp [a, + ik, (sin 6 — sin 6,)2]
. (44)
T 1+ [(ke/aw) (sin @ — sin 6,)]°
Using (43)
T _ 1
(0) = 1 + [2Qy. sin 6, (sin 6 — sin 6,)]°
) (45)

~s
~Y

1 + [2Q1,a cos 6, (cos § — cos 0,)]°°
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Note that when there is no internal loss, Q.o = Q. = k.LR'/ (1 —R)
cos 6, and

1
14+ [4R/(1 — R)[k.L(cos 6 — cos 6,)]°

T() ~ (46)
which corresponds very closely to the Haidinger fringe formula in the
limit £ — 1. Thus, the approximate expression for the optical decay
(43) is most valid in this limit.

It can be shown that the difference between the Lorentzian form of
(46) and the true Haidinger fringe formula arises from the approximation
in which the discrete reflection is replaced by a fictitious volume loss;
the stepwise decay of the light intensity becomes an exponential decay.
This approximation is, of course, best when the steps become vanishingly
small, i.e., when B — 1. A demonstration of the more precise result is
straightforward but lengthy and will not be included here.

APPENDIX B

Derwation of Cavity Transmission for Off-Axis Modes

Assuming that the cavity transmission for a given mode may be
approximated by 7'(6) given in (46) and the energy distribution of the
incident beam by F(6) then the transmission factor may be written

+x/2
[ | FO)T(0)d

T = (47)

[ T poyas

/2

For an incident beam with rectangular cross section of width W incident
at angle 0, ,

_ [ sin 3kW (sin 6 — sin Ba):r
o) = [ 15 (5in 6 — sin 6,) (48)
and
e 2 2
[ in a1 + ')l
Tt (49)
f [sin® z/2")dz

in which

2o 1R [L tan o,.:r
T (0 —-ReL W )



966 THE BELL SYSTEM TECHNICAL JOURNAL, JULY-AUGUST 1966

The integral in (49) can be evaluated by a straight-forward contour
integration to yield

T=1—qa  sinha (50)

In the limit (L tan 6./W) « a — 0, T = 1, as would be expected, since
the angular spread in the incident beam is small compared to the angular
spread of the cavity mode. In the opposite limit (I tan 8,/W) o« a — oo,

T

~ o' and the transmission factor for successive cavity modes of

increasing angle 6, varies as cot 6, .
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A Bound on the Reliability of Block
Coding with Feedback

By J. E. SAVAGE
(Manuscript received March 25, 1966)

A conceptually simple, block-coding feedback strategy which applies to
all time-discrete, memoryless channels is introduced and examined. This
strategy provides the first conclusive evidence of an improvement at nonzero
rates in the reliability of block coding with feedback on the additive Gaussian
notse channel. This result was previously observed by Berlekamp for the
binary symmetric channel.

I. INTRODUCTION

Coding with feedback has been considered by a number of authors.!-?:
3.4.5.8 principally because of the advantage it is expected to enjoy in
rate, reliability, and equipment costs over coding without feedback.
Some early feedback results were obtained by Shannon, who showed
that channel capacity of a discrete memoryless channel (DMC) cannot
be increased using feedback! and established that the sphere-packing
(lower bound’-®) to the probability of error without feedback applies
to block coding with feedback on the DMC uniform at the input (the
sets of transition probabilities from each channel input letter are iden-
tical except for permutations’). He also conjectured that a sphere-
packing bound applies to block coding with feedback on all discrete,
memoryless channels.? (A conjecture supported recently by Berlekamp.?)

It has been shown that the exponent on the sphere-packing bound
agrees with the no-feedback, random-code exponent at rates above the
critical rate R ,7'1? so that feedback cannot increase the reliability of
block coding at rates greater than Re.¢. Below Ry, Berlekamp first
showed that feedback will improve the reliability of block coding.? He
showed that the zero rate exponent of the probability of error with block
codes on the binary symmetric channel (BSC) and certain other binary
channels having particular symmetries is larger with feedback than the

967
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best no-feedback exponent at zero rate. Also, he showed that the error-
correction capability of block codes on the BSC at rates between zero
and R is improved with feedback.

Variakle-block-length coding strategies, that is strategies where the
code length is controlled through the feedback channel, have been
proposed and in contrast with the block coding strategies have been
shown to operate with a greater reliability than that given by the sphere-
packing bound.** Hence, the best variable-length feedback strategy
is superior to the best block-coding feedback strategy. The block-coding
strategies, however, are interesting since any improvement in coding
reliability observed with them can be ascribed directly to the effect of
feedback on the choice of codewords representing messages. This is not
true of the variable-length strategies since, in this case, some unknown
fraction of the improvement in reliability is attributable to the variation
of the code length with the level of channel noise.

In this paper, we shall be concerned only with block-coding with
feedback and in particular with one particular block-coding strategy.
This is a strategy which makes efficient but not complete use of the
feedback channel. (This will be seen from the results.) It is recommended,
however, by its simplicity, its easy evaluation in terms of known, (no-
feedback) bounds, by its application to a large class of channels including
all time-discrete, memoryless channels, by the substantial improve-
ments it shows for many channels over the no-feedback, random-code
exponents and the improvement it shows for some channels over the
best upper bounds on no-feedback exponents. In particular, we see an
improvement over the random-code exponents over a middle range of
rates on the BSC with crossover probability less than 10~ and on the
average-power-limited, additive Gaussian noise channel (AGC) with
signal-to-noise ratio (S/N) greater than 11.5 dB. This is interesting,
since some believe that the random-code exponents are the best, no-
feedback, block-coding exponents. Also, we see an improvement, again
over a middle range of rates, over the Wyner upper bound' to the no-
feedback exponent on the AGC with S/N = 22 dB.

It is clear that our strategy does not make full use of the feedback
channel since the improvements noted apply only to cleaner channels
and then only over a middle range of rates. Also, it can be shown that
our strategy has an exponent which is smaller than the exponent implied
by Berlekamp’s results for the BSC.? It should be noted, however, that
the BSC is the only channel for which it has been previously shown that
feedback can improve the reliability of block coding.
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II. THE CODING STRATEGY

The feedback, block-coding strategy which we present was suggested
by arguments used by Shannon and Gallager to underbound the proba-
bility of error with block coding.®? Our strategy, however, leads to an
overbound to the probability of error with the best feedback strategy
since it does not make the most efficient use of the return channel. We
will describe this strategy without referring directly to the input and
output alphabets of the forward channel. We assume only that the
forward channel is time-discrete. With respect to the return channel,
we assume that it is noiseless and of large but finite capacity. The forward
and reverse channels are allowed to have a total delay of D channel
symbols.

Our feedback, block-coding strategy is a 2-step procedure. For each
of the two steps a block code is chosen and used without feedback. In
the first step, a codeword from a code of M codewords each having length
Nj, is chosen to transmit one of the M messages generated by the
source. In the second step, a code of L codewords™ where each word has
length N, is used. Here N, and N are chosen so that Ny + N.+ D = N,
the number of channel symbol intervals allowed for the transmission
of one of the M source messages.

The decoder receives a noisy version ot the codeword chosen from the
first code and he then makes a list of the L messages which are most
likely given the received signal.t We assume that all messages are
equally likely, a priori, so that the L messages on the list are those
which have the largest likelihood probability. That is, if p (v, | m) is the
probability (or probability density, if the channel output alphabet is
continuous) of receiving the N; channel letters represented with vy
when message m is transmitted, then messages my, ma, ---, m; are
on the list if

IIA

pvi|m) = pw|m’)y allm' # m;, 1=4=L (1)

Once the list has been formed, the list and the order in which messages
appear on the list is sent over the reverse channel to the transmitter.
Since D time intervals will elapse before the list reaches the transmitter,
the transmitter is ready to begin the second of the two steps after
N; + D intervals. In the second step, the transmitter chooses a code-
word from the second code of length N, to indicate which message on

* I, is arbitrary here but is fixed in later discussion.
+ This decoding procedure is called “list decoding.” &**
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the list of the L messages is the source output. If the source output is
not on the list, the first codeword is transmitted. The received sequence
is decoded using the max-likelihood decoding rule.

ITII. EVALUATION OF THE STRATEGY

Our coding strategy which first establishes a list of most probable
transmitted messages and then resolves the ambiguity in the list can
lead to a decoding error in either of two ways. First, the message de-
livered by the source may not be on the list because of excessive channel
noise in the first Ny transmissions or, second, it may be on the list but
the list may be decoded in error during the last N. transmissions.

Now, the probability of a decoding error with the best feedback
strategy, Po(IN,M1), is less than or equal to P;(N,M,1), the probability
of error, with the feedback strategy given above. This, in turn, is less
than or equal to the sum of the probability of list decoding error with
the best list code (and no feedback), P.(N,, M, L), and the probability
of a max-likelihood decoding error with the best max-likelihood code,
P.(N., L, 1). Thus, we have

PF(N?Juyl) = Pf(NrZMyl) é I)E(le ]l[, L) + 1)0(N27LJ 1) (2)
where
N=N+N.+D 3)

and D is the round-tip delay.

While our feedback strategy can be evaluated for any forward channel
for which bounds to P,(N,, M, L) and P.(N,, L, 1) are known, we
restrict our attention here to the discrete memoryless channel and to
the time-discrete, average-power-limited, additive Gaussian noise chan-
nel. Bounds to these error probabilities for these two channels can be
found in several places.”*™" However, for easy reference we shall
refer to Gallager.” Gallager does not bound P,(N,, M, L) in his paper
but the changes necessary in his analysis to bound it are relatively
easy to effect and are outlined in the Appendix. These changes are due
to unpublished results by Gallager® and are such that the random-code
bound to P.(N,, M, L) has the same form as Gallager’s bound™ to
P.(N,, M, 1) except that his parameter p is allowed to range between
0 and L rather than between 0 and 1.

The bounds to P.(N1, M, L) and P.(N,, L, 1) are given below where
R: = (log. M)/N:, Ry = (logo L)/N;and O;(N;),1 < ¢ £ 2, are quan-

* See also Ref. 16.
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tities which approach zero faster than 1/N; :
Pe (Nl , Z‘/[, L) < 2—N1[EL(R1)+01(N1)] (4)
Pe (Nz , L, 1) < 2—N2[E3(R2)+02(N2)]. (5)

Here E,(R;) and E,(R.) are the random-code bound and expurgated
random-code bound, respectively, to the exponents on the two error
probabilities. The formal statement of these two exponents for the DMC
and the AGC is somewhat long. Consequently, we present Table I
which lists the location of the two exponents by equation number in
Ref. 10. We note again that Er, (R,) has the same form as E; (R;), which
is the random-code exponent given by Gallager, except that 0 < p < L.

Equations (4) and (5) are used to bound (2). The block lengths

TaBLe I — LocaTioN oF ExpPoNENTS IN REF. 10.

DMC ! AGC
EL(Ry) 21,22 125,127,128
E.(Ry) 86,87 133

Ny and N, of the two codes are chosen before transmission to approxi-
mately optimize the bounds (4) and (5). That is, we set

N;EL(Rl) = N2Ex(R2). (6)
Since No = (N — D) — N; we have
_ (N — D)E.(R.)

N, = ,
E.(Ry) + EL(R)) (7)

Thus, the exponent N, FE,, (R;) becomes
NlEL(Rl) = (N — D)EI(RZ)EL(RI) (8)

E.(Ry) 4 EL(Ry)
The signaling rate of the code is defined as R = (logs M )/N so that

v)
1 — =) RiE(R»)
RN _ (-3

N E.(Ry) + EL(Ry) -

The exponent to the probability of error with our feedback strategy,
E;(R), is defined as

(9)

E/R) = lim — 1_0%’1 (10)

N->®
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so that if we assume that D/N — 0 as N increases and if L is independ-
ent of N (R; — 0), then

o B0)ER)
BAB) = g0y ¥ Bu(i) (1)

where

R.E,(0)

E=50 7 mry

(12)

Hence, E;(R) and R are parametrized by the rate R; .

Let us now consider the list size L and show that it should be made
independent of N. The list size appears in (11) and (12) through the
list decoding exponent FE.(R;). As mentioned above, this exponent is
parametrized with a parameter p, 0 < p < L. Associated with F, (R;)
is a rate R;" such that if R, < R.* then E, (R,) is a straight line of
slope —L. Also, if Ry > R.* then E,(R,) has slope —p, p < L. Thus,
E.(Ry) is largest for fixed Ry if L is such that R, > R.". Tor any R,
the L satisfying this inequality is fixed and finite. Now, examination of
(11) and (12) will show that E;(R) vs R is largest when E.(R;) is
largest so that E;(R) is maximized over L with a value of L which is
independent of N. We choose to use that L for which B; > R 2 so that
the arguments made in the previous paragraph hold.

Tt can be shown’ that the exponent E.(R;) is equal to the sphere-
packing bound Ey, (R,) for R, = R.*. Thus, we have, as our final result,
the achievable (lower) bound, E;(R), to the largest obtainable exponent
with feedback, E ¢ (R), given below:

Ez(O)Esp(R1>

EA(R) 2 TAR) = ot (13)

where

R.E,(0)

B=50 + ma@y

(14)

A simple construction for E,(R) from E.(0) and the sphere-packing
bound is shown in Fig. 1.
IV. SOME EXAMPLES

The exponent E;(R) on the BSC is significantly smaller than the
exponent implied by Berlekamp’s results and for this reason is not shown.
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Fig. 1 — Construction for E; (R) on AGC, S/N = 256.

A computer study of E,(R), however, shows that E;(R) is larger than
the random code bounds with and without expurgation over a middle
range of rates when the crossover probability p = 107". It is found that
this range of rates increases with decreasing p.

The exponent E;(R) is shown in Figs. 2 and 3 for the time-discrete,
average-power-limited, additive Gaussian noise channel with power
signal-to-noise ratios of 64 (18.1 dB) and 256 (24.1 dB), respectively.
In the first case, an improvement is seen over both the expurgated and
unexpurgated random code exponents for a very large range of rates,
namely, 0.15 £ R =< 1.6, in nats, and in the second case E;(R) is
larger than the Wyner upper bound™ to the exponent without feedback,
E,(R), for a substantial range of rates, namely 0.90 < B =< 1.80.
Computer calculations have shown that if S/N < 160 (22 db), then
E;(R) < E,(R) and if S/N < 14 (11.5 dB), then E;(R) = E..(R),
which is the random-code exponent without feedback.
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Fig. 2 — Exponents on AGC, S/N = 64.

V. CONCLUSIONS

‘We have introduced and examined a conceptually simple block-coding,
feedback strategy. Using this strategy as an example of block-coding
feedback strategies, we have found the first conclusive evidence of an
improvement in the reliability of block coding with feedback at non-
zero information rates on the additive Gaussian noise channel. This
improvement is measured with the exponent on the probability of error
and we have shown that an exponent larger than the random-code
(lower bound) exponent can be obtained on many channels such as the
relatively clean BSC and AGC and that on at least one channel, the
AGC with S/N = 22 dB, an exponent which is superior to the best no-
feedback exponent can be achieved. These results have been shown to
hold when there is a nonzero channel delay as long as that delay does
not grow as fast as linearly with block length.

The gain in reliability seen above can be translated into reduced
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equipment costs or increased rate. We have made our comparison of
coding with and without feedback on the basis of fixed rate and block
length.

It is important to emphasize that the improvement in the perform-
ance of block coding using feedback is due entirely to the fact that the
codewords in the code are allowed to change with the channel noisc.
In our example, the list formed after the first step changes with the level
of the channel noise so that the association of codewords in the second
code with messages on the list becomes channel dependent.
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APPENDIX

Equation (1) states the rule for choosing messages my, mqy, - -+, my
to be placed on the list when list decoding of list size L is used and the
channel sequence v, is received. An error is made if the transmitted
message m, say, is not on this list. Using an argument similar to that
given in Ref. 10, (2) through (6), the probability of error with list
decoding when message m is received can be stated formally for a par-
ticular code as

Pen = E P(V1|Xm>q>m(vx)-
VIEVN,
Here Vy, is the set of channel sequences {vi} of length N, x, is the
mth code word in the code and ®,,(v;) is a characteristic function which
is one if v; results in a list which does not include m and is zero other-
wise. Gallager, in unpublished work, has shown that the characteristic
function ®,, (v;) may be overbounded by the following

14p | ) /1+pY p/L
o) £ {5 PO )

P(vl [ xm)1/1+p . P(V1 ]Xm)m'“’

m; #m
1<igL

where p = 0. Carrying out the random code arguments as given in
Ref. 10 with 0 £ p = L, we have the desired result.
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Error Probabilities in Data System Pulse
Regenerator with DC Restoration

By P. L. ZADOR
(Manuscript received March 17, 1966)

Consider a noisy channel which acts as a high-pass filter on the pulses
used for transmitting digital data in binary form. To combat the degrada-
tion of information in the channel, the pulses are detected and regenerated
at certain points with the aid of a binary pulse regenerator with dc restora-
tion. This device achieves complete restoration in the absence of noise.

In this paper, we give a procedure for evaluating the limiting proba-
bilities (after lengthy operation) of error patterns for a single dc restorer
in the presence of independent, additive noise. The procedure is based on
the observation that for the particular restorer in question, the effective
noise in the restorer is the sum of the present noise and the accumulated
notse. The latter may be described by a Markovian process.

I. INTRODUCTION

In this paper, we consider a binary pulse regenerator with dc restora-
tion (Fig. 1). This system has the property that in the absence of noise
it functions error-free. To evaluate the performance of the system, one
would like to know the probability of occurrence for an arbitrary error
pattern when noise is introduced. This is highly desirable especially if
the information coding places high penalty on certain error patterns.
It will be shown in this paper that the limiting probability of any error
burst can be computed by an iterative procedure. The mathematical
theory justifying the validity of the procedure is somewhat involved
and will be given in a separate paper on Random Walk in Compact
Metric Space.!

II. THE SYSTEM

Our considerations apply to the data transmission system represented
by the block diagram given in Fig. 1. The input sequence di of random
+1 impulses goes through a high-pass filter. The output of this filter is

979
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DIGITAL FILTER

Tig. 1 — Binary pulse regenerator with low-frequency restoration.

sampled synchronously with the impulse train input to yield sp. It is
assumed that the output is contaminated by independent noise np. A
slicer triggering =1 impulses b, is used for regeneration of pulses. There
is a low-pass filter in the feedback loop followed by a sample r which is
also synchronized with the input sequence. In the block diagram G and
H represent the filters followed by the samplers.

@G is a diserete high-pass and H is a discrete low-pass linear filter.
S is assumed to be an ideal slicer discriminating between positive and
negative voltage levels. Thus, we have the system equations

s = i} gr—ids k=01,--- (1)
.
o = ;) hi—ibs E=0]1,--- (2)
and
b, = sgn {m + ¢ + s 3)
where sgn 2 = 1ifx = 0 and sgn x = —1if z < 0, and g;(h,) is the

impulse response of the filter G (H) at time ¢. As to the filters G and H,
it is assumed that

(L) ho = 07 go > 0
(4) hi+gi=20 if 7 #0
(112) 0>9; =rgia for 7 =22

where 0 < r < 1. The interpretation of (i—472) is as follows: (¢) There is
unit time delay in the feedback loop. (¢¢) The filter H is chosen to
cancel the tails of the impulse response of @, a condition allowing the
error free operation of the system in the absence of noise. (#7z) The
channel has exponentially decaying impulse response. It is this last
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property that will allow us to describe the cumulative error by a Markov
process.

The input and noise sequences are regarded as samples from two
sequences of completely independent random variables (r.v.). We as-
sume that d, = 1 or d, = —1 with fixed but arbitrary probabilities
p and ¢q. The r.v.’s n; representing the noise have a fixed and, for the
time being, arbitrary distribution function (d.f.) N (z). Typically,
N (z) is the normal d.f,, i.e.,

1 “ 2 2
N(z) = o L exp (2°/20°dz). (4)
We say that the kth output by is in error if by = d; .

III. EFFECTIVE NOISE

When noise is absent from the system (np = 0, n; = 0, ---) then
by = dpfor k = 0,1, --- . Clearly, by = do. Suppose that b; = d; for
i =20,---,k — 1. It follows from (1), (2) and (4¢) that in this case

sk + ¢ = di. . Hence, by = di due to (3). The system is error-free in the
absence of noise. To clarify the effect of noise, notice that

k1
A ; (hi—ibi + gr—ids)
b;=d;

(5)
-1
+ Z; (hi—ibi + ge—idi) + godr = godi +

i=

bi#d;

since h; + gi = 0, ¢ % 0, and since b; # d; implies b; = d;, it follows
that

E—1 k=1
Ty = Z_o (hi—ibi + grid;) = 2 ZO Gr—idi « (6)
b;=—d; by=—d;

The cumulative effect of errors prior to time k (d; = b;, ¢t < k — 1)
is expressed by the real number x;, .
The equation of the system, namely (3) now becomes

by = sgn {n; + x + godi}. (7)
Hence, the output b, will be in error when
e+ oap < —go if dp =1
e+ 2 > Fgo if dp = —1.

Thus, the effective noise in the system at time k is not n, but n; + 2 .

(8)
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Due to the assumptions concerning the independence of all input
random variables di , the variables n; and x; are independent. Let the
d.f. of zx be F.(z). Also, let p(k) = prob {b: = di}. It follows from (8)
that

p(k) = p [ N(—g, — 2)iFulx)
(9
+q [ (1= N+, — 2)drulz).

Since p, g, and N (z) are known, the problem reduces to the study of the
sequence of r.v.’s Xo, X1, - -+ with d.f.’s Fo (), Fi(z), --- .
It follows from (77¢) and (6) that

k—1

Tpty = 2 ;0 Grt1—idi + 2¢:dk
bird; (10)
=rxr — ad, U dp # b
where ¢ = —2¢; > 0. Or
Tppa = rxr A dpy = by 11)

Thus, there are three possibilities for transitions, each of which takes
place with probability depending on the value of x; . Namely,

Tppn = ray, — a if dp = 1 3= b, with probability p:(x),

Tpy1 = T if d, = b, with probability p.(z:), (12)

T =1 +a i dy = —1 b, with probability p;(xs).

The transition probabilities p,(x), n = 1,2,3 are determined from (8):
pi(x) = pN (=g, — )
p(x) = 1 — pi(e) — ps(z) (13)
ps(2) = g1 — N(go — ).

If we assume that the r.v. X, is independent of all the input variables,
then the sequence of r.v.’s Xo, X,, X2, --- where x4, is related to
X, by the transitions characterized by (12) and (13) forms a Markov
chain. We shall use this property, however, only to the extent of rela-
tions (12) and (13).

Observe the way X, is obtained from X, . Given the value of X,
the random variable X,,; may have three possible values, the values
assumed at X by three linear functions defined over the range of X .
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The choice of the actual transformation used to generate the next value
X, 41 of the r.v. X4, is made by performing an independent experiment
with three possible outcomes with respective probabilities p, (X)),
p2(Xy) and p3(X;) which, as indicated, are functions of the value X, .

IV. ITERATIVE PROCEDURE FOR THE COMPUTATION OF ERROR PROBA-
BILITIES

This type of random walk is studied in Ref. 1. It is shown there that
whenever 0 < r < 1, the sequence of random variables X; , X, --- has
a limiting distribution A (z) and also that the mean value of any con-
tinuous function f(x), with respect to A (x), can be computed by
iteration without actually obtaining A (x). This result will now be
applied to our problem.

Let Uf(z) be the function

Uf(x) = p@)f(re — a) + p(2)f(r2) + pof G + @) (14)
where pu(x), n =123 aregiven by (13).

Also, denote by U'f(x) the kth iterate of the transformation Uf(x),
namely,

U () = UWUf()) =12 ---. (15)

Then, from Ref. 1 we have
lim U*(z) = [ f(2)dA(a). (16)
k
We then obtain from (9), (13), and (16) that
11{}0 P = likm U (pr@) + ps(@)). (17)

For the general case of [ consective errors starting with the kth out-
put, we write

p(k,l) = Prob (bk # d/;, Tty bk+z_1 #= dk+l—1) (18)

and for the conditional probability of  consecutive errors given X, = z,
we write

pk,l|x) = Prob (by # dy., -+ -, bryiot # diia | X = 2). (19)
Clearly,

pUl) = [ p(hl]z) dFi(a). (20)
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On the other hand, it follows from (12) and (13) that

plkl|z) = ego pler, -+, &) (21)

where

p(el, T, 8 ] 11') = P2ye, (x)p2+ez(rx + ag) -

- - (22)

Pre (a4 o 4 &),
with &4 = 1,0,—1 according as divi = 1 # brye, deae = brys,
dryi = —1 5 bpys. Clearly, p (k| x) is independent of k. Hence, on

account of the theorem used before,
o) = tim p(k]) = lim Up(hi|2) = fp(lc,ll:v)dA(x), (23)
k

is the steady state probability of I consecutive errors. Other error pat-
terns may be treated similarly.

V. SUMMARY

Observing that the cumulative error in a certain kind of data trans-
mission system is a Markovian process we have derived an iterative
procedure for computing the limiting probability of arbitrary error
patterns. Using this method one can obtain numerical estimates of these
probabilities by the aid of (23) once a computer program has been
written to perform the iteration given in (14). Such a program is not
presently available.

A more general treatment of data transmission systems in which
error reduction is achieved by quantized feedback may be found in a
paper by W. R. Bennett on Synthesis of Active Networks.?
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A 1.Watt Si PN X-Band
IMPATT (IMPact Avalanche Transit Time) Diode

By T. MISAWA and L. P. MARINACCIO
(Manuscript received May 13, 1966)

An output of 250 mW CW at 12 GHz with an efficiency of 2.8 percent
was obtained from an Si PvN diode.
Previously! we discussed characteristics of Si PvN IMPATT (IMPact

Avalanche Transit Time) diodes. In that study the emphasis was pri-

Earily in understanding device properties rather than extending their
output power. In those diodes, the input power had to be kept less
than 2 watts to avoid device burnout. The average microwave power
output was about 10 mW with the efficiency seldom exceeding 1 per-
cent. However, by immersing the diode holder in liquid nitrogen, and
thus increasing heat flow, it was shown that the diodes were capable of
CW output on the order of 100 mW in the X-band (8.2 to 12.4 GHz).
The main deterrent to increased output power was the fairly large ther-
mal impedance from junction to package.

To relieve the heating limitations, we recently mounted similar diodes
with junction side down? which allowed us to apply input powers as
large as 10 watts without lowering the ambient temperature. Fig. 1
shows the output and efficiency vs input plot for the best diode. The os-
cillation was measured in the 50 mil high waveguide circuit used by De
Loach and Johnston.? The breakdown voltage was 54 volts. At the
highest input the current density is about 2,000 A/em?2. The efficiency is
still increasing., This is a feature of the pyn structure in contrast to
the Read structure which shows efficiency saturation at lower cur-
rent density.* The oscillation frequency at the highest input eurrent
was 12.04 GHz; as the input current was decreased the frequency de-
creased by 0.2 GHz.

The microwave output was observed on the Hewlett-Packard spec-
trum analyzer 851A/8551A. Fig. 2 shows the spectrum observed with
another diode from the same slice. The width of the signal is less than
the bandwidth of the spectrum analyzer (1 kHz).

It appears that a substantial further increase in efficiency and output
power should be possible. The small-signal analysis of a theoretical
model, which simulates the actual structure, indicates that the per-
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formance still keeps improving with increasing bias current. In addition,
the thermal impedance calculated from the diode geometry and thermal
conductivity of silicon should be much smaller than the observed value.
The authors would like to thank B. C. De Loach for many valuable
suggestions and G. Pfieffer and A. Todd for fabricating the units.
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Errata

A Note on a Type of Optimization Problem that Arises in Com-

munication Theory, by I. W. Sandberg, B.S.T.J., 45, May-June, 1966,
pp. 761-764.

On page 763, replace the equation
”’LL“ = Z,uilx
7eF
with
Null = 22w
75

On the same page, replace equation (7)

pé Z Izgﬂcml—ZIZ(gi—CJ‘*)an‘l>0 (7)
ng(F-F/)  1¢F ngy  jiF
with
p 4 |2 gni ] — 2 12 (g5 — eMaas | >0 (7)
7¢F ngF  1eF

ne(F—F/)
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