
Chapter 5 

A Better 
Understanding of 

Switching 

As service demands grew ever larger, the Bell System was challenged to 
cope with new levels of switching systems size and complexity. From 1930 
to 1950 Bell Labs engineers met this challenge-despite the interruption 
caused by World War Il-and made a number of advances, both theoretical 
and practical that allowed the emergence in the 1950s of the huge, 
automated and rapidly growing Bell System network. Shannon's informa
tion theory and applications of Boolean algebra, plus the progress of the 
sophisticated mathematics of traffic theory and its application, laid much of 
the groundwork. On the equipment side, the development of logic circuits, 
multifrequency signaling, contact protection, solderless wrapped connec
tions, sealed relays, detached-contact schematics, and many other inno
vations provided the components and circuits for new generations of 
electromechanical switching systems. 

I. EARLY RESEARCH CONTRIBUTIONS 

By the late 1930s, Bell Laboratories engineers had developed or 
made important contributions to three basically different types of 
switching systems. The step-by-step system was directly controlled 
from the customer's dial; the panel system introduced indirect con
trol enabling the selectors to be independent of the customer's dial; 
and the crossbar system enabled common control by high-speed 
markers of the switches used to establish talking paths. For the first 
time, engineers knowledgeable in these many system arrangements 
were philosophizing about these system "principles." As a result, 
new types of study activities and, for the first time, the more funda
mental research and exploratory development activities began to 
appear in the switching efforts at Bell Laboratories. 

In research, F. A. Hubbard wrote a series of memoranda general
izing on systems and the application of traffic principles. The 
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advantages of introducing speed as a factor into the control and sig
naling between switching systems was indicated as a way to the 
future. Speed could be obtained by considering the application of 
electronics. As a result, many ideas applying multielement gas 
tubes to the control of crossbar switches were proposed. In particu
lar, W. H. T. Holden received over 100 patents, many on such 
arrangements. Many more were suggested by others workinj~ in 
the field. Vacuum tube experts, led by A. M. Skellett, proposed 
the electronic equivalent of selector switches using beam tubes1 

(see Fig. 5-1). The success of the common control idea led to the 
concept of "common medium" switching, where the techniques of 
frequency multiplexing were combined with electromechanical 
selecting2 (see Fig. 5-2). For the first time, switching in another 
domain was proposed, as compared with what is now called "space 
division," in which established paths are separated in space. 

Perhaps the most important contribution emerging from research 
related to switching at this point was the development of alternating 
current (ac) methods of signaling. With tones it was possible to 
send supervisory and pulsing signals over the same distances as 
voice signals. Initially, single tones were used to represent the open 
periods of dial pulses, and to "ringdown" on toll lines. 3 As this 
research proceeded, tests were made in the field, and it was found 
that these signals were subject to distortion, so that the speed of 
pulsing was slowed. Gradually, a new concept was introduced, that 
of sending multiple tones that in combinations represent a digit. 
Although these signals could not be used directly to control selec
tors, the idea of using registers and senders was becoming accepted, 
since they were used in both the originating and terminating por
tions of local crossbar systems. 

After many field tests, a coded combination of two out of five fre
quencies was found to be most satisfactory. To avoid false opera
tion of the receiver with voice, another combination of tones applied 
for a longer period and known as the "KP signal" preceded the 
digits to sensitize the recellver, and an ST or "start signal" indicated 
the end of pulsing4 (see Fig. 5-3). This is the form of digit pulsing 

·known as "multifrequency." 
This research effort was taken into the development stage in the 

late 1930s with a trial in Baltimore in 1940. In this trial, operator 
keysets were connected to a set of multifrequency oscillators com
mon to all switchboard positions. Terminating multifrequency 
senders were provided in a local No. 1 crossbar office. Incoming 
toll calls to this office were established using multifrequency pulsing 
for the first time. With this arrangement, senders were not required 
to be associated with the switchboard trunk circuits, resulting in 
considerable savings over the previous de key pulsing arrangement 
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Fig. 5-l. Beam switching tube, from U.S. Patent 2,277,858, filed 
May 17, 1941, an example of early attempts to increase switching speeds 
through electronics. 
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Fig. 5-2. Common Media Switching System from U.S. Patent 2,345,048, filed November 13, 1941, an example of 
an attempt to apply frequency multiplex transmission techniques to switching. 

\0 
0 

t'rl 
Jg 
;:i• 
~ .... 
~-

:;::, 
;:t 
:;::,.. 
en ..., 
§" ..., 
1'1> 

;:i• 

;;t. 
1'1> 

b:l 
~ 

~ 
~ 
:= 



A Better Understanding of Switching 

FREQUENCY & DESIGNATION 0 

1700 HERTZ 10 
1500 7 X 
1300 4 X 
1100 2 
900 1 X 
900 0 X 

2 3 4 5 6 7 8 9 KP ST 

X X 
X X 

X X 
X X 

X 
X 
X 

X 

X X 

X 
X 

X X 
X 

X 

91 

Fig. 5-3. Frequency allocations specifying dialing digits for multifre
quency signaling. Also shown are the combinations for the start (KP) and 
end (ST) signals. 

(see Chapter 3, section IV and Fig. S-4). The keysets on the switch
boards were arranged to send either multifrequency or de key puls
ing. The trunk to which the operator position was connected on 
each call determined the type of pulsing to be generated. 

The Baltimore trial was a precursor of the more general applica
tion of multifrequency pulsing to switchboards operating into the 
No. 4 toll crossbar system in Philadelphia, Pennsylvania in 1943. 
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Fig. 5-4. Arrangement, 1940, for allowing a manual operator to use a 
multifrequency keyset (left) to place a call using a No. 1 crossbar office (right). 
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For a review of post World War II switching research, see Chap
ter 9, sections I to III, of this volume. 

II. NEW SYSTEM IDEAS AND TRADES 

2.1 Automatic Ticketing 

In 1934, the Development and Research department of AT&T was 
merged into Bell Laboratories and the closer association stimulated 
new ideas in switching. This merged group of systems engineers 
not only laid the foundation for networks of crossbar tandem and 
toll offices but also promoted the further application of step-by-step 
equipment. In particular, developments were started on the send
erizing of the step-by-step system and the automating of the record
ing of call information for billing purposes. While various methods 
were studied at Bell Laboratories as early as 1928, and a number of 
important patents granted in the 1930s,. such as that cited in ref. 5, it 
was not until the late 1930s that a definite need appeared to develop 
a system for recording charge information on individual customer
dialed toll calls. 

The heavy operator traffic in the metropolitan Los Angeles dialing 
network indicated the desirability of customer dialing to reduce the 
growth of the large operator force in this area-growth that was 
occurring despite the fact that most of the local offices employed 
automatic switching equipment. Needed was a suitable scheme to 
charge customers for the longer calls in this network. Multiple or 
zone registration arrangements were studied, but this meant equip
ping all lines with message registers. These would be used only for 
longer-haul calls, since the shorter calls were on a flat rate basis. 

A very simple message ticketer was proposed (see Chapter 6, sec
tion 5.1 for more details). Its simplicity and low cost made it possible 
to associate one ticketer wiith each outgoing long distance trunk. On 
this ticket was recorded the equivalent of the information required on 
a manually prepared ticket, including the calling line number. An 
arrangement was developed for obtaining the calling line number by 
searching for a 2700-hertz tone on the sleeve leads, through a net
work of capacitors and transformers. The results were registered in 
the senders and used to control the calling line number portion of the 
ticket record (for more details see Chapter 6, section 5.4). 

After a field trial of this identification arrangement, commercial 
development of this form of automatic ticketing for the step-by-step 
system was initiated in 1939. The initial office was to be Culver 
City, California. The automatic ticketing equipment was ready for 
shipment in 1942, but due to wartime restrictions it was not until 
January 1944 that the equipment was placed in service. 
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2.2 Step-by-Step Senderization 

The results of systems engineering studies favored the senderiza
tion of suburban step-by-step offices, as had been done in the large 
cities of the United Kingdom. 6 Development of this equipment was 
also started in 1939. As the development proceeded, it was found to 
be more expensive than could be justified at that time. Also, 
crossbar systems were showing markedly lower maintenance costs. 
As a result, after a laboratory model was built, development was 
terminated. 

2.3 Higher Speed Step-by-Step 

The close cooperation mentioned in Chapter 3, section III 
between system and apparatus designers also led to a number of 
exploratory developments which were terminated as a result of the 
commencement of World War II. These included toggle- and 
escapement-type step-by-step switch designs. These were modifi
cations of the basic step-by-step switch that enabled it to operate 
more rapidly. The senders of the panel and crossbar systems could 
accept dial pulses at the rate of 20 per second from faster dials that 
were placed on PBX attendant and operator positions, but the step
by-step system from its very beginning could keep up with pulses at 
only a 10 pulse-per-second rate. A new switch design would have 
enabled the step-by-step system to compete with the other systems 
with respect to this attribute, but studies showed considerable 
adjustment and wear problems as well as cost problems in success
fully introducing these switches throughout step-by-step offices. 

2.4 Motorelay System 

Another interesting and important exploratory development was 
known as the "motorelay" or "tape drive" switch and system. The 
advantages of the combination of individually driven switches and 
built-in multiple of panel-type bank had long been recognized. 
Even in 1918 attempts were made by Western Electric engineers to 
use it with a step-by-step type of mechanism, and PBXs of this type 
were field tested (see Fig. 5-5). (One PBX using these switches was 
in service in a Washington, D.C. post office until1934.) 

The common-control concepts of the crossbar system and the prog
ress made in inexpensive small motors such as those employed in 
electric clocks were combined in this development. Each switch con
sisted of individual up and down drive motors that imparted motion 
to a metallic tape carrying brushes that were actually relay devices7 

(see Fig. S-6). These switch units were mounted on a 100-point 
panel bank and could be driven very rapidly up and down. One ter
minal of the brush assembly was a wiper that was always in contact 
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with the bank. As the brush assembly was driven over the banks at 
high speed, the circuit through the wiper could detect an electrically 
marked terminal, which caused the switch to stop and the brush 
magnet to be operated, closing the tip and ring conductors . Since the 
brushes were in contact with the bank only when they stopped at the 
marked terminals, precious metal contacts could be used for these 
conductors, eliminating the electronically noisy contacts that were 
one of the major drawbacks of panel and step-by-step systems. (Pre
cious metal contacts could not be used in these systems due to exces
sive wear.) The marking control idea, as well as the simple brush 
relay per switch stage, made this an attractive proposal for a 
common-control system. In fact the system diagram was much like 
that of the No. 1 crossbar system, including two-stage link frames . 
Economic studies did not show this switch to be of any great advan
tage over crossbar, and thus exploratory development was dropped 
shortly after the beginning of World War II. 

Even one last attempt was made to develop a large multiple-less 
switch, as in some simple switchboards, using modern high-speed 
cord handling mechanisms. 8 

2.5 The "Browser" Group 

Many of the ideas mentioned above as well as automatic message 
accounting (AMA) (see Chapter 6, section 5.2) and some of the 
traffic work described in the next section came from the precursor of 
a formal exploratory development group in switching. It was infor-

Fig. 5-5 . Early step-by-step switches using a panel bank. 
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Fig. 5-6. A motorelay switch which took advantage of the built-in mul
tiple of a panel bank, but for economic reasons the system was never 
developed. 

mally called the "browser" group and consisted of about a dozen 
well-known switching experts and inventors who compared and 
devised different switching proposals. This group was active from 
1938 to 1945 when it was absorbed into the more formal switching 
engineering effort. 

III. TRAFFIC THEORY AND ENGINEERING 

Before automatic switching, the major traffic problems were those 
of providing sufficient but not excessive numbers of trunks to carry 
calls between central offices and sufficient numbers of operator 
positions and operators to set up and take down connections. 
Automatic switching systems introduced new, more complicated 
traffic problems both within the switching systems and within the 
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complex trunk networks that they made possible. Here we will 
cover, in order, traffic on the interoffice network, traffic in switch
ing systems, traffic measurement, and general traffic problems. 

3.1 Interoffice Networks 

As telephone systems grow in size and as telephone traffic 
increases, the number of trunks serving this traffic must also 
increase but does not need to increase in direct proportion. The rea
son is that, with large numbers of trunks carrying large amounts of 
traffic, some of the trunks can be kept busy almost continuously. 
Thus, the overall efficiency of a large trunk group can be higher 
than that of a small group of trunks serving a smaller amount of 
traffic. 9 

Such economies of scale depend, however, on telephone calls 
having adequate access to the trunks. For example, if a particular 
call can be connected to, say, any of 10 trunks out of a larger trunk 
group, it may find all ten busy, even though there are idle trunks in 
the group. In this circumstance, the call is blocked and service 
suffers. If this occurs too often, additional trunks must be installed, 
which is expensive. However, if a call can have access to all the 
trunks or to large groups, substantial efficiencies are possible. 

The basic 10-trunk access of the step-by-step system limited that 
system's ability to provide efficient trunking. Even the panel sys
tem, which used a bigger switch for larger access, could not use the 
full potential capacity of the large trunk groups in major cities. 

A partial solution to the limited access switch was the introduc
tion of grading, invented in 1907 by E. A. Gray of AT&T. 10 The con
cept of how a grade increases efficiency is illustrated in Fig. 5-7. 
Here, to show the principle involved in grading, 8.0 erlangs of tele
phone traffic are assumed to be offered, 4.0 erlangs each, to 2 
groups of 10 trunks each, as indicated in part (a) of the figure. 
Part (b) shows that sharing one trunk reduces the number of trunks 

Fig. 5-7 (right). Improving trunking efficiency through "grading." In 
(a), four erlangs of telephone traffic (erlangs equal number of calls per unit 
time divided by holding time) are offered to each of two groups of ten 
trunks each. Calls are first offered to trunk 1; if that is busy to trunk 2, 
etc. Trunk 1 in each group handles 0.800 erlang of this traffic, trunk 2 
handles 0.739 erlang, etc. The trunk groups handle all but the overflow of 
0.021 erlang each. If the service objective were set at a maximum of 0.08 
erlang overflow, this arrangement would require the use of 18 of these 20 
trunks (0.032 plus 0.021 equals 0.053, which is within the objective, 
whereas with only eight trunks in each group, 0.066 plus 0.032 plus 0.021 
would equal 1.19, over the objective). In (b), 19 trunks are used, two 
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groups of nine each plus one in common. Now the overflow has increased 
to 0.022 erlang per group but is still less than the objective of 0.08. Next, 
the number of trunks in common is increased until, in (c), five trunks are 
in common and the overflow at 0.062 is still less than (service is better 
than) the 0.08 objective. If six trunks were placed in common, overflow 
would be 0.096 erlang, exceeding the objective. Thus five trunks in com
mon is the optimum, and the service objective is met with 15 trunks (two 
groups of 5 plus 5 in common) instead of 18. 
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to 19, with only a slight effect on overflow. As shown in part (c), the 
sharing of 5 trunks, for a total of 15 trunks, will still meet the service 
objective. 

The theoretical determination of the capacity of this single grad
ing is far from easy. Even with a large computer, the exact solution 
of the thousands of simultaneous linear equations for a typical 
graded multiple calls for some ingenuity. In the 1920s, approxima
tions were necessary, and the most notable Bell System approxima
tion, called the "no-holes-in-the-multiple solution," was derived by 
E. C. MolinaY Experimental data showed that Molina's formula 
was applicable to many practical gradings if only half of the 
predicted gain in efficiency was achieved. Not until the 1950s was a 
new approximation derived which gives a much closer solution. 

When traffic is so light that a direct trunk group between two 
offices operates at low efficiency, tandem switching offers the abil
ity to collect traffic destined for several distant offices and to route it 
over a single trunk group to a tandem point, where it is switched to 
the final destination (see Fig. 5-8). The tandem groups contain 
traffic destined for or coming from many offices, so that the sum of 
the traffic loads requires a large, and therefore efficient, trunk 

HIGH 
USAGE 

1~ 
\ 
\ 
\ 
\ y 

6 

Fig. 5-8.. In tandem switching, high-usage trunks carry traffic directly 
from office 1 to office 2. Overflow traffic is alternate-routed through the 
tandem office. 
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group. It was recognized that when tandemed traffic between a 
pair of offices reaches a high enough value, a lower-cost network 
can be achieved by offering traffic first to a small group of trunks 
directly connecting two offices (called a "high-usage group") while 
allowing traffic encountering all direct trunks busy to complete 
through a tandem. The latter traffic is said to be alternate routed. It 
is seen that this plan is very similar to the simple grading discussed 
earlier, where the first-choice trunks correspond to the high-usage 
trunks and the final trunks correspond to the trunks through the 
tandem office. 

At first it might be assumed that the traffic carried by trunks to a 
tandem office-since they receive both direct routed traffic and 
overflow traffic to many different destinations--could be considered 
as random traffic, like that offered to direct trunk groups. How
ever, as in the graded multiple, the final-choice trunks cannot be 
operated at as high an efficiency as is achieved in a direct group of 
the same size. The reason for this is that traffic overflowing from 
trunk groups tends to come in bursts which arise from random 
peaks in the underlying offered traffic (see Fig. 5-9). The "peaked" 
nature of overflow traffic results in higher losses. R. I. Wilkinson in 
1955 proposed a traffic model which defined the degree of peaked
ness of traffic as the ratio of the variance (average squared deviation 
from the mean) to the mean. 12 He then hypothesized that all traffic 
with a given mean value and a given peakedness value would 
receive about the same grade of service from a given sized trunk 
group. If one has an ordered hunt of trunks on a single trunk group 
and splits it at some arbitrary point, one can, through theory well 
known by 1950, determine the average traffic offered to the upper 
group (and the blocking of the upper group) as a function of the 
traffic offered to the whole group and the number of trunks in 
the two subgroups. E. C. Molina, H. Nyquist, and J. Riordan solved 
the more complex problem of determining the peakedness of the 
overflow traffic. 13 Results were used to tabulate "equivalent" split 
single groups and loads for any desired mean and peakedness. This 
procedure, applied to trunk engineering, became known as the 
"Wilkinson Equivalent Random Method." 

Even this was not completely satisfactory in its application. Some 
trunk groups were observed to have higher loss (more calls blocked) 
than predicted by the Wilkinson method while others showed good 
agreement. The problem was found to lie in the variation of average 
loads from day to day, which were in excess of those assumed in the 
traffic model. For a solution, Wilkinson collected data on many dif
ferent sizes and kinds of trunk groups. From these he obtained 
three levels of variability in day-to-day traffic which cover the more 
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frequently encountered field situations. He then combined the vari
able models with the peakedness model to produce trunk engineer
ing tables which, with further refinements, are still in use. 

3.2 Switching Center Networks 

The economic design of the network which establishes connec
tions within a central office is quite different from that of an inter
office network. In the latter, trunk costs predominate, while in the 
former, switch and control costs predominate. Even so, the use of 
grading made possible increased efficiencies in the step-by-step, 
panel, and No. 1 crossbar systems. Once the concept of end-to-end 
channel selection was adopted in central office design, however, a 
new theory of network traffic analysis was required. 

In the older switching systems, the path was selected one link at a 
time. At any point in the connection, if no idle link could be found, 
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the call was blocked. However, crossbar switches and their succes
sors, the reed switches, and solid state space- and time-division 
switches, all lend themselves to end-to-end channel selection. All 
possible paths between two network terminals to be connected can 
be examined, and any usable one can be set up. The traffic problem 
of matching idle links was even more difficult for precise calculation 
than the graded multiple. Approximations were necessary, as were 
traffic simulations to test their validity. 

No. 1 crossbar incoming trunk-to-line network blocking probabil
ity is an example of how elementary probability theory was applied 
by making simplifying assumptions. An incoming trunk in. No. 1 
crossbar terminates on a switch that can connect to any of 10 links, 
and these 10 links are usable in the first stage of reaching a particu
lar line. Each of these in turn may connect to any of 10 links, but 
only one is usable for this connection. Again the selected link simi
larly may connect to a single link which can be switched to· the 
desired line (see Fig. 5-10). There are, then, 10 possible paths 

DISTRICT LINK FRAME OFFICE 
JUNCTORS 

OFFICE LINK FRAME 

Fig. 5-10. Trunking scheme within a No. 1 crossbar office. Traffic 
engineering and theory with crossbar andJater systems were more diffi
cult than those encountered in earlier systems with only graded multiples. 
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through the network, each made up of 3 links in series. (These links 
can be used for other calls with different destinations, so they may 
be unusable at the time of the desired connection.) 

For an approximate sollution to the problem of finding the proba
bility of blocking an incoming call, assume (1) that the busy-idle 
state of a link at the time this call is being placed is independent of 
that of any other link and (2) that all links have the same probability 
of being busy. Using simple probability theory and letting q be the 
probability of a link being idle, the probability that a "channel" of 
three links in series has all three links idle is q3

. Then the probability 
that a channel cannot be used because one or more links are busy is 
(1- q3

). Still assuming link independence, the probability that all 
ten channels are unavailable is (1 - q3

)
10 the probabiHty of blocking. 

Links are not independent, however, so this formula is useful only 
as a first approximation. 

E. C. Molina made several analyses of crossbar networks using 
less restrictive assumptions. These were tested by L. E. Kittredge 
by simulation and the most usable became known as the Kittredge
Molina formula. C. Y. Lee in 1955 formalized the Molina approach 
using linear graph theory, 14 while R. F. Grantges and N. R. Sinowitz 
in their computer program, NEASIM (NEtwork Analytical SIMula
tor), devised a computer simulation approach to the analysis of 
complicated networks. 15 The latter was used in No. 1 ESS and sub
sequent electronic switching designs. 

In 1953, C. Clos discovered nonblocking network arrangements 
that would connect n inlt!ts to n outlets in a multistage network with 
less than the total of n2 crosspoints required in a single-stage net
work16 (see Fig. 5-11). This disclosure spurred much new work on 
network topologies. Lab~r, M. C. Paull showed how blocking could 
be eliminated in some networks if it was possible to rearrange calls 
already in progress. 17 Paull later showed the nonreciprocal duality 
between space- and time··division networks. 

The mathematical analysis of congestion in switching networks 
took on new meaning with developments associated with electronic 
switching. With crossbar switches, the size of the coordinate matrix 
was fixed by mechanical design at 10 X 10 or 10 x 20. Crosspoints 
being considered for electronic switching systems added a new vari
able that could be applied in making trades in the choice of switch
ing networks. The sizes of these arrays could be varied depending 
upon the application. 

More recent advances have been those by J. G. Kappel and A. 
Feiner to extend the principles of network analysis to network syn
thesis. 18 Both control and switch costs are considered by them in a 
procedure that aids the designer of central office networks in meet
ing desired traffic-carrying properties at near minimum system cost. 
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Fig. 5-11. A three-stage, nonblocking switching array requiring fewer 
crosspoints than a single-stage array. 

3.3 Traffic Measurement (see also Chapter 11, section 3.4) 

Critical to the administration of both switching offices and tele
phone networks is the collection of data on the traffic load being car
ried and the service being given. The importance of traffic volume 
in the design and administration of switching systems was realized 
quite early in telephony. 

The first traffic measurements were counts of calls using 
cribbage-like boards adapted for use at manual switchboard posi
tions, hence the term "peg-counts."19 Later these counts were made 
by electrical counters that periodically were read visually. Use of 
the data led to the development of methods for determining esti
mates of the required number of operators and interoffice trunks by 
applying early traffic theories, as described in ref. 20. These 
theories indicated the need to know not only the number of calls 
carried, but also the number of calls handled or "overflow" calls, 
and the average length of a conversation, or its holding time. 

For many years, calls in progress, or "usage," in automatic sys
tems were measured in panel and step-by-step offices by making 
periodic visual counts during busy hours of the number of switches 
of a given type that were in use21 (see Fig. 5-12). (This technique 
was also used at some manual toll switchboards by counting plugs 
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Fig. 5-12. The "switch-count" procedure for measuring usage during 
busy hours-visually counting the number of switches in use. 

in use.) This provided not only usage information but also data from 
which holding time could be computed. 

With the development of the panel system, peg counts could be 
obtained automatically, not only for the major subsystems but also 
for individual trunk groups. With the development of more complex 
control logic of the crossbar system, it became possible to count more 
precisely defined call events-for example, call counts that omit false 
attempts. With so many traffic counters or "registers," cabinets to 
house them were developed and generally placed in the switchboard 
room where clerks could be located to record the data (see Fig. 5-13). 
Later, automatic cameras were designed that periodically photo
graphed 150 traffic register readings22 (see Fig. 5-14). 

Prior to 1940, in addition to automatic call and overflow (or last 
trunk busy) counters, answering time recorders (for 25 switchboard 
terminated trunks)23 and holding time measurements circuits were 
developed. In the latter, ten circuits were checked for busy every 10 
seconds. The total seconds of use divided by the peg count of calls 
gave holding times. R. I. Wilkinson pioneered the first analysis of 
holding time measurement accuracy in 1941. 24 

The next decade (1940-1950) saw the development of a circuit to 
measure the percent of sample call attempts within selected line 
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Fig. 5-13. Cabinets of traffic registers, from which data could be col
lected manually. 

Fig. 5-14. Traffic usage recorder cameras, used to photograph the read
ings from banks of registers . 
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groups that take over three seconds to receive dial tone. This was 
known as a "dial tone speed" measuring set. It was particularly 
needed during World War II when line load control was instituted in 
overloaded switching offices. Also during this period the first of a 
series of usage measuring equipment was developed. It was known 
as trunk group usage equipment (TGUE) and was the first to use 
crossbar switches rather than stepping switches to scan the circuit 
points being measured. However, it looked only at trunk group 
busy leads. 

The ammeter was also a most useful traffic measurement tool. In 
electromechanical switching the total energy load could be corre
lated to the traffic load (see Fig. 5-15), while in No. 4 crossbar a 
special contact on the crossbar switch vertical was used to send 
current through an ammeter. 25 

With the need for careful engineering of costly trunk groups for 
nationwide dialing of toll calls (see Chapter 6, section III) and with 
the large capacity of new switching systems, such as the No. 4 
crossbar system designed as the backbone of the nationwide net
work, further automation of traffic data collection became neces
sary. After theoretical studies by W. S. Hayward, Jr. 26 showed that 

Fig. 5-15 . Recording ammeters could be used for traffic-measurement, 
since total energy load was a measure of the number of calls in progress. 
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switch count traffic measures were sufficiently accurate, it was 
decided early in the 1950s to develop traffic usage recorders (TUR) . 

Like the visual switch counters, these recorders periodically 
examine or scan circuit points, such as sleeve leads, that indicate a 
circuit is busy. Such busy conditions are summarized to give a 
measure of circuit usage. Thus, if a circuit is scanned every 100 sec
onds and is found busy on 18 scans, its occupancy during an hour 
(3600 seconds) can be estimated at 1800 seconds or 50 percent. 

3.4 Other Traffic Activities 

In addition to these three mainstream traffic activities there have 
been many studies and engineering recommendations made on dif
ferent traffic aspects of communication. 

3.4.1 Network Management 

In Chapter 3, section IV the development of the No. 8 test board 
and associated emergency traffic control provisions were described 
as they were used during the growth of manual toll switching. 
Later AT&T Long Lines and Bell Operating Companies established 
traffic control bureaus (see Fig. 5-16)27 as operator toll dialing 
reached its peak. With the advent of direct distance dialing, the 

Fig. 5-16 . Traffic control bureau in New York City, about 1951. Net
work management techniques were used to prevent the spread of traffic 
congestion. (Bell Telephone Magazine, Vol. 30, 1951. ) 
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routing of a toll call involved several switching systems and several 
transmission systems. As a result, a higher exposure to possible 
failure was encountered. Without an operator associated with a 
call, it is difficult to detect or to measure the extent or the nature of 
such failures when they occur. Added to this, when some part of 
the network becomes overloaded, it is apparent that service can be 
affected not only at the overloaded point but over a large part of the 
network. 

A simulation study by P. J. Burke in 1963 demonstrated the inter
dependence of trunk groups and switching systems and their sensi
tivity to overloads caused by high calling rates or system failures. 28 

Methods of monitoring critical elements and of exercising control to 
prevent the spread of congestion were derived. Application of 
these methods was named "network management," an activity 
which has become essential in both local and toll networks. The 
first step to manage traffic in the DOD network was the introduction 
of the capability wired into the common-control switching systems 
to change routing under remote control. Dynamic overload controls 
(DOC) are used to cancel alternate routed traffic when reaching 
congested offices. 29 Traffic overload reroute control (TOR C) is used 
to route traffic from one region to another to avoid congestion in the 
normally used interregional final group30 (see Fig. 5-17). Regional, 
and in some cases sectional, network management centers were 
established to invoke traffic controls when congestion develops in 
the network.31 Fig. 5-18 shows a network management center. The 
display board shows the status of switching systems and trunk 
groups in a region or section of the country. The first computer
aided network management system went into service in 1975. 

3.4.2 Simulation 

From the beginning of traffic theory, simulation or "throwdown" 
was an essential tool in reducing traffic theory to practice. Exact 
solutions to circuit reactions to traffic loads are usually too compli
cated for exact computation-even by today' s high-speed comput
ers. To test an approximation, a conceptual model is designed in 
which the circuit elements are represented by numbers which can 
take on the value 0 for idle or 1 for busy. Traffic is modeled by a set 
of rules controlling the manner in which these elements become idle 
or busy. The chance element of traffic is then introduced by the use 
of dice or machine-generated "random numbers." 

While several earlier simulations were conducted on crossbar link 
networks, 32 the last and most extensive Bell Laboratories special
purpose simulator was nicknamed the "KRF" machine after W. 
Keister, A. E. Ritchie, and G. R. Frost, who designed it in 1949. 33 In 
this machine, all of the significant traffic elements of a No. 5 
crossbar office were simulated. Lines and trunks were represented 
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Fig. 5-17. Automatic Traffic Overload Control reroutes calls to distant 
toll offices to avoid congestion. 

Fig. 5-18. Long Lines network management center, about 1962. (Bell 
Telephone Magazine, Vol. 41, 1962.) 
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by pegs, busy links within the switching system by plastic strips, 
and markers by switches, tickets, lamps, and human operators 
(see Fig. 5-19). The rules for the sequence of traffic flow were a 
combination of wired logic contained in relay and rotary switches 
and wri tten instructions for the four people required to operate the 
machine . Data obtained from the KRF machine were u sed both to 
determine traffic capacities and to change some of :'\Jo. 5 crossbar 
design to facilitate traffic flow. 

By 1955 simulations were being run on electronic computers. In 
particular, the network from o. 1 ESS was simulated by W. S. 
Hayward, Jr. and J. A. Bader. The results of these detailed simula
tions were used to verify the NEASIM program mentioned in sec
tion 3.2 above, which could cover many different switching network 
configurations at a fraction of the cost of a detailed simulation . 

Simulations of networks of officEs were also made by J. H . Weber 
for a be tter understanding of alternate routing in hierarchical 
networks. 34 NEASIM was also used for these studies. 35 Fig. 5-20 
shows the general difference in network blocking with and without 
alternate routing obtained from these studies. 

IV. OTHER THEORETICAl STUDIES 

Among other theoretical studies, special mention should be made 
of the information theory conceived by C. E. Shannon. 36 This theory 
stimulated him and other Bell Laboratories staff members to look at 

Fig. 5-19. The "KRF" machine, designed in 1949 to simulate traffic in a 
No. 5 crossbar office. 



A Better Understanding of Switching 111 

0.4.--------------------, 

Fig. 5-20. Graph comparing two networks with an equal number of 
trunks; with alternate routing blocking rises faster with increasing overload. 

switching problems from a more theoretical point of view. Shannon 
himself attempted to place bounds on the amount of memory 
required in a telephone system, 37 and to formalize the design of cir
cuits with relays that may fail. 38 V. E. Benes wrote extensively on 
traffic and network theory, including traffic measurement (summar
ized in ref. 39). 

While traffic theory and engineering have grown throughout the 
world, the contributions by Bell Laboratories personnel have kept 
pace and have enjoyed a good reputation in the field. 

V. FROM BOOLEAN ALGEBRA TO SWITCHING ALGEBRA AND 
SYNTHESIS 

For many years the circuit logic of automatic switching had been 
growing in complexity, and the designers at Bell Laboratories were 
the first to encounter and successfully realize relay and switch cir
cuits of this complexity. At M.I.T. C. E. Shannon, for his master's 
thesis, applied the algebra attributable to the mathematician G. A. 
Boole to the logic encountered in these complex circuits. 40 At Bell 
Laboratories, W. Keister further applied this logic to some of the 
examples found in switching systems and gained further insight 
into the difficulties encountered in the more formalistic design of 
complex relay circuitsY Another approach, taken by A. E. Joel, Jr., 
was a handbook of frequently used relay configurations that had 
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been used by designers in the past, and a synthesis of designs that 
might be useful in the future. 42 As a result of this work, the basic 
functional logic circuits were first classified as combinatorial, 
sequential, and lockout. 43

-
47 During the mid-1950s Bell Laboratories 

scientists made significant contributions to move logic circuit design 
from an art to a science. The works of C. Y. Lee, E. F. Moore, E. J. 
McClusky, Jr., G. H. Mealy, M. C. Paull, and S. H. Unger fre
quently are referenced in the many texts on this subject published 
after the book by W. Keister, A. E. Ritchie, and S.H. Washburn 
appeared. 48 

VI. THE TEACHING OF SWITCHING 

The insight gained in the examination of the tools of switching cir
cuit design, viz., switching algebra, led to a broader examination of 
switching systems and their composition along the lines explored by 
F. A. Hubbard and referred to in section I above. A proposal to 
organize the knowledge of switching into a formal text and course 
was prepared by A. E. Joel, Jr. By the end of World War II, many 
new engineers were being employed at Bell Laboratories to contri
bute to the development of the growing numbers of new switching 
systems. Vice President A. B. Clark recognized the need for a 
school that would train young engineers in switching, a field that 
had not previously been formalized. 49 In this respect switching dif
fered from transmission, various aspects of which were being taught 
in the schools and colleg1::!S as a result of the more formal mathemati
cal approach pioneered by G. A. Campbell, J.P. Maxwell, and their 
successors. 

The school was organized under the leadership of J. Meszar and 
became the forerunner of a successful era at Bell Laboratories in the 
teaching of telecommunication technology. The switching school, 
organized in 1946, became integrated into the Bell Labs Communica
tion Development Training Program when it was started in 1949.50 

As a result of the training new engineers received in switching sys
tem organization, philosophy, and application of switching algebra 
to logic circuit design, communication among switching engineers 
was vastly improved, and no doubt contributed to the accelerated 
pace of technology progress in this discipline. 

Some of the class notc~s developed in the switching school were 
edited into a book by the instructors W. Keister, A. E. Ritchie, and 
S. H. Washburn in 1951 (see ref. 48 above). In 1949, Mr. Ritchie 
used a version of the text to present at M.I.T. the first formal col
lege level course. Many other texts on the design of logic circuits 
were stimulated by this publication. 
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VII. DOCUMENTATION 

From the beginning of the Bell Laboratories involvement in the 
development of the panel system, a wealth of documentation, rules, 
and procedures were issued giving standards as a means for depict
ing the design of switching systems. Moreover, as new apparatus 
and feature requirements and improvements were made, circuit 
drawings became increasingly complex with many options. It there
fore became difficult for craftspeople in the telephone companies to 
use these drawings as applied to their particular installations. In 
particular, the circuits of the No. 5 crossbar and automatic message 
accounting systems (see Chapter 6 section 5.2) were among the 
most complex ever to be developed. Consequently, an effort was 
undertaken in 1946 to explore better methods for depicting the 
details of switching system developments. As a result, detached
contact schematic drawings were developed and standardized. 51,52 

In this type of drawing, contacts and other electrical connections to 
devices are not shown together, and the result is shorter lines and 
greater clarity. 

To aid the telephone companies in getting started with the new 
complex switching systems being developed at Bell Laboratories, 
such as the No. 4A, and No. 5 crossbar systems (and later the 
No. 1 electronic switching system), a school for telephone company 
instructors was established at Bell Laboratories and functioned con
currently with systems development. As a result, further improve
ments were made in documentation, so that the circuit functions 
were appropriately delineated when drawn in detached-contact 
form. The success of this school led to a broader program known as 
the Operating Engineers Training Program, established in 1953. 53 

Through this school the new postwar technology, spurred by the 
development of the transistor, was more quickly imparted to those 
in the Bell System who were to be making engineering decisions. 

VIII. IMPROVEMENTS IN SYSTEM RELIABILITY 

The experiences with early No. 1 crossbar offices showed that the 
longer they were in service, the greater the difficulties encountered 
in the pitting and welding of contacts. For a better understanding of 
the phenomenon of relay contacts, an important joint research, sys
tems engineering, and development study was organized. Data 
were collected from operating offices to indicate the location and 
frequency of contact trouble in the system. High-speed oscillograph 
photographs of contact phenomena were obtained, and controlled 
environment and life study equipment was constructed and 
operated in the laboratories. 54,55 Many experiments were conducted 
with relays sealed in containers to control their ambient conditions56 
(see Fig. 5-21). Open-contact phenomena were also studied. 57 
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Fig. 5-21. R. H . Gumley adjusting relays sealed in containers as part of 
studies of contact reliability in controlled environments. 
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Fig. 5-22. Circuits using contact protection as a result of studies about 
1945-1955. Top is a typical protection circuit; bottom shows use of addi
tional resistance. 
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As a result of these investigations, conducted between the mid-
1940s and the early 1950s, it was possible to recommend the type of 
contact metal to be used on relays and the need to introduce a 
greater degree of contact protection in circuits58 (see Fig. 5-22). 
Apparatus and rules for the implementation of contact protection in 
relay and switch circuits were developed, and, as a result, the relia
bility of electromechanical switching systems was greatly improved. 

Another problem that caused troubles in switching systems was 
the presence of solder splashes and clippings, which would create 
short circuits . The designers of crossbar systems realized that these 
conditions existed and designed common-control circuits to look for 
false crosses and grounds, as well as to make second trials that in all 
probability would use different combinations of circuit paths. As a 
result, the service these systems gave was quite adequate, but the 
maintenance effort in tracking down these sources of trouble was 
costly. 

Important work in the late 1940s and early 1950s by H. A. Miloche 
and R. F. Mallina, carried out in conjunction with the redesign of 
apparatus terminals, all but eliminated these problems. This solu
tion was known as "solderless wrapped connections."59 Instead of 
connecting wire ends to eyelet terminals on relays and other 
apparatus and soldering them, a special gun was developed to wrap 
the wire around square-cornered terminals for which the apparatus 
had been modified (see Fig. 5-23). 

Fig. 5-23. Wire-wrapping gun used to achieve solderless electrical con
nections to apparatus terminals. 
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When the making and breaking of high currents could not be ade
quately controlled by contact protection, mercury contact relays 
were made available as another tool in the design of relay circuits. 
Where unusual dirt and environmental conditions would create 
open circuits even on the bifurcated relay and switching contacts, 
the sealed contact relay was now available. 

So, with contact protection, sealed relays, and solderless wrapped 
connections, the reliability and maintainability of electromechanical 
switching systems were much improved by the early 1950s. This 
opened the way to the large-scale introduction of automated switch
ing into the entire Bell System network. 60 
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Accounting center in Philadelphia, 1948, equipped to process automatic mes
sage accounting (AMA) tapes. AMA centers, installed in the Bell System from 
1948 to 1963, were an important first step toward the eventual complete automa
tion of telephone billing. A wide AMA paper tape recorded the calling and called 
numbers, trunk number, type of billing, and times of beginning and end of each 
call. Such data were entered as perforations in the paper, rather than as die-cut 
punched holes as in teletypewriter tape. At accounting centers the tapes were read 
by machines that produced monthly bills for customers. 


