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• CURRENTLY, highway communication is accomplished primarily by means of stan
dard voice communications techniques, utilizing wire line and radio media. The cap
ability of the voice system is being taxed to a higher and higher degree as the require
ments for highway control are increased to meet the demands of our expanding highway 
complex. We are rapidly approaching complete saturation of the voice facilities, and 
we must, therefore, look to other more efficient communication techniques in order to 
satisfy the highway system requirements. The inherent highly redundant characteris
tics of voice or speech severely restrict the capability of any communications system. 
The amount of information transferred by voice is restricted by the nature of the 
speech, as well as the characteristics of the particular individual conveying the 
information. 

A technique is required to pass reliably the maximum amount of information in the 
minimum time, without the necessity of a highly sophisticated communication media. 
The information to be transmitted will of necessity be alphanumeric information-in
formation containing alphabet characters and numbers or numeric characters-that is, 
normal written or spoken information. 

There are several techniques currently used to encode alphanumeric information 
into a form suitable for processing and/or transmission by means of a series of pulses. 
Some of these techniques are pulse code modulation-PCM; pulse position modulation
PPM; pulse numbers modulation-PNM; pulse amplitude modulation-PAM; and pulse 
duration modulation - PDM. 

The pulse code modulation technique refers to the conversion of the alphanumeric 
information into a binary form so that the information can be represented by a series 
of pulses, each pulse exhibiting one of two possible levels-a binary "1" or a binary 
"0." These pulses are commonly referred to as "data bits" or simply "bits." PCM 
techniques seem to afford the best compromise from the standpoint of efficiency, band
width, compatibility, and ease of implementation, with respect to the other pulse tech
niques previously mentioned. 

The pulse duration modulation technique depends on modulating or varying the rela
tive widths of a series of pulses in a manner representing the information to be pro
cessed or transmitted. This technique and the similar pulse position modulation tech
nique require a low distortion transmission media with a relatively wide bandpass in 
order to yield an acceptable error rate or transmission reliability. 

The pulse numbers modulation technique is relatively inefficient, since the actual 
number of successive pulses is proportional to the information to be transmitted. For 
example, the decimal number 5 might be encoded as 5 successive pulses, or the deci
mal number 10 would be represented by 10 successive pulses. This technique is only 
used for a very limited number of applications due to the inefficiency. 

The pulse amplitude modulation technique utilizes the relative amplitude of succes
sive pulses as the information-bearing parameter. Therefore, this technique is very 
poor when used in an environment exhibiting excessive background or white noise. The 
noise also appears as amplitude changes and can be easily confused with the actual 
pulse amplitude. This is generally true of any type of amplitude system, and restricts 
its use to a relatively quiet or noise -free transmission media. 
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Therefore, the PCM technique appears to be the optimum scheme because of (a) ef
ficiency-information-carrying capability vs bandwidth; (b) immunity to noise and dis
tortion-this is a two-level system and thus only the presence (binary "1") or absence 
(binary "0") of a pulse has to be detected in order to make the proper decision, which 
allows the data to be transmitted and received correctly over degraded or "noisy" 
transmission paths; (c) implementation-the modulation/demodulation and processing 
techniques associated with PCM are commonplace and equipment has been developed 
and proven for these applications; (ct) compatibility-binary data is the common lan
guage of the current and future digital computer world, thereby affording a high degree 
of commonality and compatibility with existing digital data systems. 

The PCM data or data bits are configured in a manner appropriate for the particu
lar application or type of alphanumeric information to be processed or transmitted. 
The total number of bits assigned to represent the specific condition or range of alpha
numeric information is a function of the required precision, resolution, or fidelity of 
reproduction. The number of bits assigned is called a "data word" or simply "word." 

A data word of 2 bits can be arranged to represent 22 or 4 unique conditions; e.g., 
Condition 1-1,1; Condition 2-1,0; Condition 3-0,1; Condition 4-0,0. A data word of 
3 bits represents 23 or 8 unique conditions; a data word of 4 bits represents 24 or 16 
unique conditions, and so on. This progresses as powers of the number 2, and there
fore the word length can be selected to represent as many distinct conditions as 
required. 

Binary information has been found to be ideally suited for transmission over tele
phone-line facilities as well as VHF and UHF radio facilities. The information carry
ing capability and transmission rate can easily be expanded as future growth dictates, 
and the binary format can be arranged to provide the communicator with a universal 
lc1,nguage suitable for use with digital computers or processors, displays and controls, 
and most functions associated with a highway control and communication system. This 
will also allow a message to be addressed to a particular or discrete vehicle, and no 
other vehicle other than the addressee will respond to the message. A rather short 
binary coded address will provide a large number of different vehicle addresses. A 
20-bit binary word would provide in excess of one million discrete addresses (2 20 = 
1,048,576 different combinations). 

APPLICATIONS 

The capacity of a typical two-way voice radio link, similar to the VHF and UHF 
systems currently used by police and metropolitan transportation systems, can be in
creased tremendously by utilizing a pulse code modulation technique in lieu of voice. 
The major problem associated with voice systems is saturation. Saturation occurs 
when one central or base station attempts to serve a large number of mobile units. 
The mobile units interfere with each other and the base station, resulting in an overall 
reduction in system information interchange. 

Typically, a taxi communication system, which is inherently a high-traffic system, 
will approach saturation when one base station attempts to serve more than 70 or 80 
mobile units; a metropolitan bus communication system, which is inherently a low
traffic system, will approach saturation when one base station attempts to serve more 
than 150 mobile units. 

The incorporation of a pulse code, discrete address, polling technique can greatly 
increase this ratio of mobile units per base station. 

The technique of sequential interrogation is a workable solution 'to implementing 
such a pulse code technique. This is accomplished by programming the central com
munications center or base station in a manner allowing the center to interrogate the 
vehicles or mobile units in predetermined sequence. The mobile unit is not permitted 
to transmit until the interrogation signal, containing the proper pulse code address, 
is received from the center or base station. The mobile unit then transmits a mes
sage, also in the form of a pulse code, to the center. When the first mobile unit com
pletes the transmission, the center proceeds in a similar way to the second, third, and 
fourth unit and so forth, until all mobile units in the system have been interrogated. 
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This technique prevents more than one mobile unit being on the air at any one time, 
thereby reducing the interference and saturation problem, while allowing for the mini
mum exchange of information, from a large number of mobile units, to the center or 
base station. 

In comparison to the previously mentioned metropolitan bus communication system, 
which approaches saturation with 150 mobile units, the application of sequential in
terrogation to this same system would increase the number of mobile units served by 
one base station from 150 to approximately 4000 units-an improvement in excess of 
25-fold. 

Some typical applications of PCM in highway communication and control systems 
might be route guidance, freeway ramp metering, passing aids on rural and other 
limited two-lane highways, emergency control and communications, driver assistance, 
overall adaptive freeway control, control of highway intersections associated with 
access to major highways in the urban grid, and national emergency. 

Route Guidance 

The implementation of a route guidance system would require some technique for 
identifying and locating all of the major highway intersections in the country, as well 
as locations along the roads or links connecting these intersections. This specific 
highway identification information could then be processed by a suitable computer and 
placed into permanent computer storage, for use in establishing optimum routing in
formation for specific drivers and vehicles desiring to travel within the continental 
United States. This routing information could be supplied to the drivers prior to their 
embarking or actually delivered to them by electronic means throughout the duration 
of the travel as required. 

This information could be presented in a number of ways, depending on the approach 
selected to identify the country's highway system. 

Assuming we must identify some 4½ million highway intersections or nodes, and 
the associated highways or connecting links, one approach would be to sequentially 
address the desired location on a specific highway in the following manner: 

1. Specific state; 
2. Specific zone within the state; 
3. Specific intersection or node within the zone; 
4. Specific highway or link accessing the intersection or node; and 
5. Specific location on the highway or link. 

This technique would clearly identify a specific location on any highway within the 
United States, by means of five basic pieces of information. This information could 
be converted to a pulse coded word for use in the system computers and for ease of 
transmission to the drivers. 

The specific state could be identified by means of a 6-bit binary word-6 bits would 
yield 64 discrete combinations (28 = 64) which is more than adequate. The zone identi
fication could use a 5-bit word yielding 32 possible zones. The specific intersection 
or node identification would require approximately 3000 addresses. This assumes 
equal distribution of 4½ million intersections or nodes among the states and state 
zones. This would imply a binary word of 12 bits yielding approximately 4000 com
binations (212 = 4096). 

The highways or links accessing the intersections or nodes may be represented by 
a 4-bit word yielding 16 possible combinations. The distance along the highway or 
link could be resolved into 2-mile increments-an 8-bit word would permit describing 
a distance up to 512 miles from the intersection or node (28 = 256, 256 times 2 = 512 
miles). Therefore, the total binary word would contain 33 bits, as shown in Figure 1. 

This 33-bit w~rd would describe any location, on any major highway within the con
tinental United States, to within a precision of 2 miles. Utilizing such a pulse code 
technique as the basis for a route guidance system would provide the driver with vir
tually foolproof guidance for cross-country travel, heretofore extremely difficult if 
not impossible to achieve. 
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Figure l. Highway location word. 
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Control of Highway Intersections 

One facet of intersection 
control may consist of collect
ing information on the traffic 
flow, including speed, direc
tion, and type of vehicle, and 
processing this information 
with respect to known param
eters, such as road capacity, 
weather, and routing condi

tions. The results from this processed information might then be conveyed as .action 
commands to initiate traffic patterns, allowing the driver of the vehicle to accomplish 
his desired goal in a simple and timely manner. 

These commands must also be updated as a function of the driver response to the 
action commands, constituting a continuing process throughout the control cycle. 
Therefore, a highly reliable and economical communications system is required to 
deliver the necessary information or commands to the drivers of the vehicles. 

The commands could be delivered to the driver via two basic routes-mass com
mands (the same command for a group of drivers presented on a roadside display) or 
commands to localized groups of drivers delivered directly to on-board visual or aural 
displays within the vehicle. The transmission media may be conventional radio or a 
proximity-coupled inductive radio. However, a pulse code technique is applicable to 
either media, and will provide a reliable and efficient means of encoding the informa
tion for transferral. 

The on-board vehicle display may consist of a number of different "canned mes
sages." Examples of the typical messages may be "move to left lane," "move to right 
lane;'' "remain in lane," "right turn next exit," "left turn next exit," "increase speed," 
"decrease speed," "stop at next intersection," "make right turn on red," "go," "stop," 
"proceed with caution," "ice," "accident ahead," "food and fuel ahead," and "rest area 
ahead." 

A typical data word for controlling this display could be only 4 data bits in length, 
equal to 16 possible combinations. However, to allow for expansion and the necessary 
start/stop or synchronization functions, we may select a 9-bit word' as shown in Fig
ure 2. This word would permit the selection and display of 32 different canned or pre
determined messages stored in the display unit. 

The response time of the display system would be determined by the propagation 
time of the information, the data rate (number of bits per second transmitted) , the 
word length, and the display reaction time. In actual practice the display reaction 
time would probably be the limiting factor, assuming the display to be an electro
mechanical device. A typical electromechanical display might be a rotating, multi
sided drum, comprising various film-type transparencies of the different messages. 
The drum would rotate the selected message into position for projection onto a frosted 
screen. When the drum is commanded to index, the projection source would be ex
cited, and the selected message would appear on the screen. The total system response 
time would consist of the following: 

1. Propagation Time-100 feet to vehicle (Negligible, Approximately 1/1000 sec-
ond per 100 miles) .................................. 2 x 10-9 seconds 

2. Data Word Time-9 bit word (Assume data rate of 75 bits 

l STAIIT I Hl!SS•CE SKI.EGTION I .iin""7 

12 bit,+- 5 blto ---..r2 bit,1 
~ 9 Blco Total ~ 

Figure 2. Vehicle display . 

per second) . . . . . . . . . . . . . . . . . . 0. 12 seconds 
3. Display Reaction Time (Assume 16 possible 

selections electromechanically, and each selection 
requires 0. 01 seconds) .... , . . . . . . 0. 16 seconds 

Total Time .......... O. 28 seconds 

An extremely low data rate was selected for this 
example. A data rate of 75 bits per second is realiz
able over the most degraded transmission media; nor-
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mally transmission rates in excess of 1200 bits per second are reliably achieved over 
a relatively poor telephone voice channel or circuit, commonly referred to as a 3KC 
voice circuit. Therefore, the data rate could be increased a minimum of 16 times, if 
required for system expansion, without a major upgrading of the transmission facility, 
whether telephone, radio, or inductive radio channel. 

Emergency Control and Communications 

The origin of emergency messages is assumed to be the vehicle or the immediate 
vicinity of the vehicle. The emergency communications would provide the occupants 
of a vehicle a means of soliciting help for various emergency conditions without leav
ing the vehicle or the immediate vicinity of the vehicle. This would be an invaluable 
aid when the emergency condition arises on a remote section of a highway in a sparsely 
populated area. 

The messages can be "canned" or stored messages to insure a high degree of clarity, 
and minimize confusion. Normally, individuals involved in an emergency condition 
would be extremely nervous or in a state of shock and would not be able to compose 
and deliver a clear and meaningful aural message. 

Therefore, the canned message or messages would appear to be the solution. These 
messages could be initiated by an individual simply depressing a push button-the button 
would be marked with the appropriate message heading or code. Some typical emer
gency messages might be "medical aid"-injury or sickness of vehicle occupant; 
"police"-criminal act committed, such as robbery; "stranded-send help"-vehicle 
immobile under extremely adverse and dangerous weather conditions; "accident"
requires medical and police aid; and "mechanical failure" -vehicle immobile due to 
tire or other mechanical failure, no real urgency. All of these messages should in
clude location information as well as the type of vehicle involved. The location or 
position of the vehicle could be established by mea~s of the aforementioned route 
guidance highway identification technique. The vehicle description-passenger car, 
bus, truck, etc.-could be "wired-in" the vehicle unit at the time of installation. 

The same type of pulse code word as previously described for the intersection con
trol messages would be applicable for the emergency system and would allow for fu
ture expansion. The actual method of transmission would be virtually independent of 
the pulse code modulation technique. However, the transmission could be by means 
of a VHF or UHF radio link, or could be accomplished by means of an antenna run 
along the actual highway. This antenna could be a single wire mounted on the road
side barricade, or actually buried beside or in the roadway. The transmission would 
be accomplished at an extremely low frequency in the vicinity of 12 to 500 kcs. The 
vehicle would contain a low-power transmitter only capable of coupling to the roadside 
antenna from a distance of 100 to 150 feet. The roadside antenna could couple into a 
remote roadside receiver or directly into a control center, if the center was physi
cally near the highway under surveillance. Remotely located centers could have access 
to the receivers by means of devices connected to the low-frequency receivers, which 
would convert the receiver output into a form suitable for transmission over existing 
telephone line facilities. The center would then receive the information over these 
circuits. 

Extending this philosophy further, the vehicle could also contain low-frequency re
ceivers, and the roadside installations could be made to transmit as well as receive. 
This system could be used for voice as well as data communications, and the control 
center could also use an automatic interrogation technique (similar to radar ranging) 
to determine the distance, and hence location, of the vehicle. Any of these techniques 
would be extremely well suited for a pulse code modulation scheme. 

Driver Assistance and National Emergency 

The detail associated with communication requirements for driver assistance and 
national emergency operations will stem from system analysis efforts currently being 
performed. This analysis is intended to determine the communication requirements 
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associated with the planning, construction, operation, and use of an integrated highway 
system, 

However, the previously mentioned pulse code modulation techniques and applica
tions of these techniques will surely lend themselves to the solution of any highway 
communication system problem. 

SUMMARY 

The capability of a highway communication and control system utilizing pulse code 
modulation techniques is virtually unlimited, and the sophistication of the system can 
be easily changed as future expansion dictates. 

A PCM communication system can be implemented in a manner permitting econom
ical expansion. The basic items of equipment can be designed in a manner that will 
prevent premature obsolescence by incorporating pulse code parameters several or
ders of magnitude in excess of the current requirements. The pulse code technique 
will provide this type of expansion capability, without the penalty of excessive cost, 
complexity, and physical size normally associated with system equipment employing 
other less-efficient data techniques. 




