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COMPUTER-AIDED RECORDING OF CONTROL WIRING* 

Robert F. Featherstone and W i l l i a m  J. Mayer 

University of Minnesota 
summary Minneapolis, Minnesota 

Most p a r t i c l e  acce lera tors  have  extensive 
networks of cont ro l  wiring. The usual stream of 
minor modifications requi res  hundreds of cont ro l  
wires t o  be added, de le ted ,  o r  changed i n  function 
every few months. Conventional terminal and cable 
record books and wiring diagrams are d i f f i c u l t  t o  
keep up t o  da t e  and often are cumbersome t o  use. 
We have devised i q r o v e d  computer-aided techniques 
f o r  organizing information about a cont ro l  wiring 
network i n t o  compact f o r m  convenient both f o r  
trouble-shooting and f o r  new design work. 
t i o n s  -and de le t ions  requi re  only a single da ta  
card per wire. The compter  p r i n t s  out a pa t t e rn  
of interconnections f o r  each c i r c u i t ,  adds infor -  
mation on c i r c u i t  f u n c t i m s ,  and f inds  and m r k s  
such probable e r ro r s  as dead-end wires and redun- 
dant  c i r c u i t  paths. The computer-aided system has 
been i n  use f o r  nearly two years a t  t he  University 
of Minnesota r ro ton  l i nea r  acce lera tor ,  which has 
a control wiring network containing about 10,000 
wires. 
wopked out i n  about 1% minutes on a Control Data 
16W c o q u t e r  . Trouble-shooting , i den t i f i ca t ion  
of wiring e r r o r s ,  and design of system addi t ions  
a l l  have benefited from t h e  speed, convenience, 
and accuracy of t he  compter-aided system. 

dddi- 

A c o w l e t e  set of record books can be 

Introduction 

The cont ro l  wiring network of a p a r t i c l e  
acce lera tor  must be on record i n  a form t h a t  i s  
convenient f o r  use both i n  trouble-shooting and in 
new design work, and t h a t  record must be contin- 
uously kept up t o  date a s  changes are made. 

Conventional terminal and cable record books 
and rdr ing  diagrams a re  d i f f i c d t  t o  keep up t o  
date, and of ten  a re  cumbersome t o  use. There i s  
a tendency t o  make the drawings of control systems 
qu i t e  l a rge ,  i n  order t o  g e t  a s  many a s  ros s ib l e  
of the  in t e r r e l a t ed  c i r c u i t s  on a single sheet and 
reduce the  number of interconnections between 
drawings; but ir. a la rge  drawing even si@e htre- 
t rac ing  may be d i f f i c u l t .  and the log ic  of c i r c u i t  
r e l a t ionsh i r s  i s  e a s i l y  l o s t .  The steady inf lux  
of unrredictable additions and modifications re- 
quires frequent correction of the drawings; before 
long the  constant squeezing-in of a re lay  here 2nd 
a grour of in te r locks  the re  r e su l t s  i n  in to le rab ie  
crowding of r a r t s  of t he  system schematic diagram, 
and a man-month must be invested i n  making a new 
drawing. 

ide have devised a comyuter-aided system o f  
recording cont ro l  wiring which, a t  l e a s t  f o r  the  
conditions a t  our laboratory,  seem t o  be qu i t e  
advantageous. 

Wdork rerformed under t h e  ausr ices  of the  U.S. 
Atonic %ergy Gom!ssion. 

One of m m J o r  objectives I n  developing 
this system was t o  reduce the  amount of e f f o r t  
required of technicians and draftsmen i n  keeping 
records u~ t o  date.  
ga in  accuracy as well as t o  save ncmey. 

We expect in  t h i s  way t o  

No l a r g e  drawings are needed; in most cases 
t h e  only drawines necessary are the  schematic 
diagrams from which individual control panels and 
chasses were constructed. If several iden t i ca l  
ion iza t ion  gauge controls,  for e x a q l e ,  a r e  used 
i n  d i f fe ren t  Fa r t s  of t he  system, a s ingle  draw- 
ing  is s u f f i c i e n t  f o r  them a l l .  
wiring within a control chassis require correction 
of the drawing i n  the  usual w a y .  but  changes i n  
ex terna l  wiring do not;  t h e  external wiring is 
not shown on a draxing, bu t  a r p a r s  on a computer 
?r i n t  out. 

Changes i n  

The interconnecting wiring i s  specified on 
business-machine cards,  k s ingle  wire i s  des- 
cribed on each card by specifying the  loca t ion  
of i ts  ends. 
minal which i s  ? a r t  of a c i r c u i t  diagram, t h e  
drawing nunber and a function note are included 
on t h e  wire card. Space is  provided f o r  wire 
color and gauge information. 

from the f i l e  for  each wire added or deleted. 

If one end of a wire goes t o  a ter- 

One such card must be added t o  or removed 

Data Fresentation 

With information on a l l  cont ro l  wires avail-  
ab le  i n  machine-readable form, one may choose 
many d i f f e ren t  ways t o  organize t h a t  information 
and p r i n t  i t  out f o r  use. 

Xe use two d i s t i n c t  formats, which we c a l l  
(1) the  cabling book, and (2 )  t he  rack book. 
cabling book is intended t o  enable one t o  t r ace  
a function from one control chassis t o  every 
other ?iece of equiplent connected t o  it. 
rack book i s  a nore-or-less conventional tabula- 
t i o n  of terminal s t r i F s  i n  control racks and 
junction boxes, l i s t i n g  a l l  wires attached t o  
each terminal, 

The 

The 

Figure 1 shows a stna11 portion of a diffusion 
~ U ~ I F  control c i r c u i t  i n  block diagram form. 
t a s k  of the cahling book, Figure 2 ,  i s  t o  t r s c e  
the  cont ro l  wiring between blocks. 
a ro r t ion  of which aFrears i n  Figure 3 ,  t abula tes  
t he  wires connected t o  each terminal. 
‘Des w i l l  be discussed In  xore d e t a i l  below. 

The 

The rack book, 

The f ig -  

It i s  des i rab le ,  f o r  speed and convenience 
i n  trouble-shooting, t h z t  f u l l  information on the  
connections t o  any individual chassis or  panel 
i n  t h s  system should be l i s t e d  a t  t h e  Fa r t  of the  
cabling book assiLned t o  t h a t  chassis. 
that a grour of interconnected wires that jo in ,  
say,  s ix  d i f f e r e n t  chasses will be Frinted out a t  

This means 
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six d i f f e r e n t  loca t ions  i n  the book. Manual en t ry  
of wiring changes i n  such a book would be in to l e r -  
ably d i f f i c u l t ,  since so- wire changes may re- 
quire scores of en t r i e s :  bu t  with comruter tech- 
niques t h i s  poses no pa r t i cu la r  d i f f i c u l t y .  

The cabling Book 

The cabling book is primarily a trouble- 
shooting t o o l ,  laying out complete wiring networks 
i n  compact form. 
es tab l i shed  cont ro l  wiring system, it usua l ly  
mans  t h a t  an open-circuit, shor t -c i rcu i t ,  o r  
ground f a u l t  must be found. 
each conductor path i s  t raced  with a l l  i ts  
branches, and every intermediate terminal i s  
iden t i f i ed ,  so t h a t  one can Ferform rapid tests 
t o  i s o l a t e  the region i n  trouble.  

When t rouble  appears in an 

I n  the  cabling book 

The computer Frogram i s  given the  wire card 
information (and a l imi ted  amount of r e l a t ed  d a t a ,  
such as functional t i t l es  and loca t ions  of the  
various Fanels and chasses in the system) and 
organizes it i n t o  c i r c u i t s  which can be pr in ted  
out i n  the forms shown i n  Figure 2. 
by s t a r t i n g  a t  one assigned Foint a f t e r  another,  
ident i fy ing  the  terminal t o  whi-h it i s  connected, 
and searching i t s  memory t o  f ind  other wires 
which a re  connected t o  t h a t  terminal. Those wires 
a r e  i n  tu rn  checked f o r  fu r the r  connections. 
Every conductor path i s  followed u n t i l  each i s  
traced t o  a terminal on a piece of equip"sm o r  
t o  a dead end, which the  c o n p t e r  marks a s  such 
on t h e  yrint-out.  (Two dead ends appear i n  
Figure 2). 

c u i t  diagram, gigure 1, with i ts  cabling book 
equivalent,  Figure 2. 
part of a diffusion-pump cont ro l  system. 
cont ro l  Fanel i s  the  block on t h e  lef t ,  drawing 
32-3007-4. 
breaker panel, drawing 32-3028, and controls the  
d i f f u s i o n - F q  power contactor,  X3lOl i n  drawing 
32-lOh4.. 
t h a t  t he  d i f fus ion  PUT i s  turned on, 

It does t h i s  

It i s  he1 f u l  t o  compare a conventional c i r -  

Figure I r e r r e sen t s  a small 
The pump 

It receives power from a c i r cu i t -  

Three other chasses receive information 

The c i r c l e s  along the  l i n e s  with names such 
as ZJ-3, RP3D-9, and 14A-6 ,  i den t i fy  terminals on 
barrier terminal str ip located i n  various con- 
t r o l  racks and junction boxes. 

The computer pr in tout  i n  Figure 2 represents 
t he  same group of inter-connecting wires that  i s  
shown i n  Figure 1. 
diffusion-pump cont ro l ,  so the terminals ( i n  t h i s  
case ,  connector Fins) on which we leave tha t  draw- 
ing are tabulated a t  the  lef t ,  together with 
a r r r o r r i a t e  function notes. 

We a r e  working out from the  

An easy way t o  t r ace  the  -&re runs f rom the 
cabling-book pr in tout  i s  t o  look first l e f t  and 
then up from any terminal. S t a r t  a t  a terminal,  
such as 2 5 4 .  There i s  another terminal name i n  
the  next column t o  the  k f t  of it on the  same 
horizontal  l i n e ,  3501-C; therefore there  i s  a w i r e  
joining those two ro in t s .  In  the same group, 
s t a r t  with 29-10; th-?re i s  no terrninil name i n  the  

next column t o  t h e  l e f t  on the  same horizontal  
l i n e ,  so look up t h a t  column u n t i l  a t e rmha1  
name is  found. There i s  a w i r e  between 25-4 and 
2H-10. 

The same Fr inc ip les  can dea l  with more com- 
Flex networks. 
Power" group a t  t h e  bottom of t he  f igu re ,  there  
a r e  wires from 2H9 t o  2N-9, t o  RP3D-9, and t o  
l4A8. Terminals l lT-15 and 115-15 both connect 
t o  2N-9, but  K 3 l O l - A ,  belob- them, has another 
terminal t o  i t s  l e f t  on the same horizontal  
l eve l ;  therefore K3lOl.-A connects t o  RP3D-9. 

Thus, i n  the  "Pump On Output 

Display of Large Ci rcu i t s  

The p r in tou t  of Figure 2 i s  somewhat con- 
densed t o  meet the l imi ta t ions  of space ava i lab le  
i n  t h i s  raper.  
m a t .  there  i s  room f o r  e ight  columns of terminals 
before the drawing number notations are reached. 
Occasional c i r c u i t s  w i l l  go on from terminal t o  
terminal f a r  enough t o  exceed t h a t  limit. Wken 
t h i s  occurs, o r  when a c i r c u i t  must be con t inud  
past t h e  bottom of a page, t h e  computer assigns 
l e t t e r s  t o  columns and numbers t o  rows, and 
p r i n t s  out t he  e n t i r e  c i r c u i t  is sec t ions ;  it 
a l s o  en ters  "CCNTIK:'E" notations i n  the  drawing 
number column of l i n e s  t o  be continued. The 
right-hand co lum of the  or ig ina l  section over- 
l a p  the left-hand c o l ~  of the  following section 
( t h a t  i s ,  they carry the  same letter and have the  
same terminals Frinted i n  them) t o  make coordi- 
nation across  the  boundaries easier. Tne second 
proup of columns is printed o f f se t  a f e w  sraces 
f r o m  the  f i r s t  group t o  make it l e s s  l i k e l y  t h a t  
an unwary user would overlook the break between 
c i r c u i t  sec t ions .  A f e w  c i r c u i t s  are so l a rge  
t h a t  they would take up excessive sFace I n  the  
cabling book i f  no sFecial  arrangement i s  made, 
since they w i l l  be  pr in ted  out i n  f u l l  i n  a s  maw 
places i n  the  book as there  a re  chasses connected 
t o  the c i r c u i t .  I n  these cases markers on the 
wire cards have been used t o  ident i fy  the c i r c u i t  
a s  one selected f o r  spec ia l  treatment, and the  
c i r c u i t  network is  r r in t ed  out i n  ful l  only a t  
t he  first place it occurs i n  the  cabling book; a t  
other loca t ions  where it would normally aFFear 
a page reference i s  made t o  t h a t  printout.  

I n  our ac tua l  cabling book for- 

The Rack Book 

The rack book is a tabulation of terminal 
strifs i n  cont ro l  racks and :unction boxes, with 
a l i s t i n g  of the  wires attached t o  each terminal. 
Figure 3 i s  p a r t  of a t y r i c a l  rack book ?age. 
The terminal block being considered here i s  desig- 
nated 2B, which means tb-e s t r i p  l e t t e r e d  ii i n  
control reck 2. Its terminals a r e  l i s t e d  i n  t h e  
left-hand column. There i s  a wire from a given 
terminal t o  each of t he  r o i n t s  l i s t e d  with it i n  
the  second column; sometimes the  w i r e  goes d i -  
r e c t l y  t o  a r i e c e  of equirment found on a drawing, 
i n  which case it i s  ca l led  ar. endwir-e (note i n  
column th ree )  and the  drawing number a r r e a r s  i n  
column four. Other times t h e  wire is  p a r t  of a 
standa-rd 16-conductor control cable,  o r  i s  a 
jumper wire; i n  e i t h e r  case the terminal t o  which 
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it goes i s  l i s t e d  i n  co lum two. 
made t o  t r ace  the c i r m i t  fu r the r .  

No attempt i s  

The co lor  of the  xire, when known, is listed 
i n  column 5 ,  together with i t s  gauge i f  It d i f f e r s  
from our usua l  standard (18 gauge i n  16-conductor 
control cab les ,  20 gauge elsewhere). 
colunn contains the  t i t l e  of the  drawing i f  one i s  
l i s t e d  ir~ column 4. 

Ihe l a s t  

For example, terminal 2H-9 i n  Figure 3 has 
four  wires connected. t o  it. 
connector P6W of drawing 32-3007-4 ( the  resnatron 
3 di f fus ion  rump control)  and is known t o  be 
brown. 
and connects t o  RP3D-9, which i s  terminal 9 of 
terminal strip D i n  the RP3 junction box. RP3 i s  
used f o r  Resnatron 3 (vacuum) Pump functions. 

one goes t o  Fin A of 

Another is  par t  of a 16-conductor cable,  

The other two wires a r e  juqers t o  other ter- 
minal s tr ip i n  the  control roon;; one goes t o  2N-8, 
another t o  14A-6. 

The first three  terminals of Figure 3 ,  W - 6 ,  

I n  these  cases t h e  compter i n s e r t s  t he  
2H-7, and 2.E-8, have a t  present EO wires connected 
t o  them. 
notation OFEN" in the l a s t  column. 

The rack book is r a r t i c u l a r l y  usefu l  f o r  de- 
s ign  work, where open terminals and unused cable 
conductors must be found, and i s  a l s o  used i n  
ident i fy ing  those wiring e r r o r s  t h a t  r e s u l t  i n  
terminals having incorrect numbers of wires 
attached. 
is t o  a t t ach  a t i e  t o  a terminal one above or one 
below t h a t  which was intended. A wire count often 
can reveal such a mistake quickly. 

A coumori e r ro r  i n  i n s t a l l i n g  new wires 

Error Detection 

Errors can occur a t  many stages i n  the  re- 
cording of a wiring system; t o  hely: de t ec t  them, 
a number of self-checking fea tures  have been in-  
cluded i n  our Frograms. 

When da ta  cards are being entered, a number 
of tests a re  made f o r  correctness of da ta  on each 
card. Eh-or messages are pr in ted  out on t h e  l i s t  
of changes, t o  help the  operator t o  f ind  t h e  cards 
i n  question, i den t i fy  the  Froblem, and take cor- 
r ec t ive  action. For example. cards f i l e d  out of 
order a re  noted (manual reference i s  of ten  made t o  
the  f i l e  of wire cards; cards  out of order a re  
d i f f i c u l t  t o  f ind) .  
the  cards can be detected because the  nota t ion  
used t o  ind ica t e  terminals and wire endpoints i s  
redundant i n  i t s  n a t w a l  form. For example, four  
alFhanumeric characters are reserved f o r  each 
junction box name, which means tha t  a Fossible 
t o t a l  of 364 o r  more than 1.6 million names could 
be distinguished. I n  p rac t i ce ,  however, only 
about 100 are used. A tyl?ing (punching) e r r o r  is  
Wkely t o  produce a name t h a t  does not correspond 
t o  an ac tua l  :unction box, an e r ro r  t h e  program 
can recognize automatically. Other p a r t s  of t h e  
wiring da ta  are checked s imi l a r ly  during t h e  input 
phase of a cabling book run, before they  a r e  re- 
duced t o  a Eonredundant binary form. 

%ny e r r o r s  made i n  Funching 

Errors are  also detected by the  computer 
during the  generation of t he  cabling book. 
s i t ua t ions  causa diagnostic messages t o  be 
Frinted in the cablirg book. 

These 

For example. a CLXCCIT LOOF message i s  
Frinted whenever a c i r c u i t  is  found t o  have re- 
dundant wiring. This i s  not necessarily an 
e r r o r ,  since cable conductors a r e  sometines paral-  
l e l ed  f o r  high-current apFlications.  
message, the  computer a l so  generates a l i s t  of 
the  wires i n  the  c i r c u i t  and F r in t s  it a f t e r  the  
c i r c u i t  i n  t h e  cabling book. This i s  done be- 
cause the  cabling book format does not Frovide an 
obvious neans of re r resent ing  p a r a l l e l  wires. 

Besides the  

Another diagnostic a i d  is the  DEAD END mes- 
sage t h a t  was described i n  the  section 6n t he  
cabling book. 

A t  t he  end of t ne  cabling book the  computer 
compiles a l i s t  of jumper w i r e s  t h a t  are open a t  
both ends. Usually these a re  wires which shoslld 
be removed. 

F ina l ly ,  of course, e r ro r s  a re  detected by 
t h e  desi,m engineer who conrares t h e  c i r c u i t  as  
it appears i n  the  cabling book with h i s  or ig ina l  
schematic diagram. Me f ind  t h a t  t he  computer- 
compiled cabling book is  more l i k e l y  than a com- 
parable manual comrilation t o  reveal incor rec t  
connections of new c i r c u i t s  with ex is t ing  but un- 
r e l a t ed  functions. 'phis i s  because the  computer 
f h d s  ev?ry connection. while a man doing the  
same job tends t o  be blind t o  uneqec ted  or un- 
reasonable interconnections. 

Recording Changes 

Whenever a new s e t  of books i s  run o f f ,  we 
make duplicate s e t s :  one t o  be kept i n  t h e  engi- 
neering o f f i ces  f o r  design work and the  other t o  
be kept i n  the  accelerztor cont ro l  room f o r  use 
i n  maintenance and trouble-shooting. Because of 
t h i s  duylication, and because each change re- 
qui res  a minimum of t h ree  (up t o  dozens) of 
e n t r i e s  i n  the  books, we make no a t t e q t  t o  cor- 
r e c t  t h e  books manually. As changes occur, they 
a r e  accumulated ir. a loose-leaf notebook, The 
only information given i s  t h a t  a pa r t i cu la r  wire 
was added D r  removed; the  person using the  books 
must look through t h e  whole change list t o  f ind  
any wires connected t o  terminals of i n t e r e s t  t o  
him. 
d i f f i c u l t ,  and a new s e t  of books i s  prepared on 
t h e  computer. 
about four new Fr in touts  per year since mid-1965. 

A t  some poin t  t h i s  procedure becomes too  

I n  our case,  we have averaged 

To compute the  cabling book and rack book 
f o r  a system containing a b x t  11,000 k-ires takes  
about 18 minutes on a Control Data 16w computer. 
This is ac tua l  computation t i m e ,  with the  output 

:%Truinute p r i n t e r ,  takes about three hours f o r  
two f u l l  sets of books. 
be handled within t h e  memory capacity of the  
1604 computer (32,768 48 b i t  words). 

on t o  magnetic tape. Print-out,  with a 1000 

About l5,oOO wires can 
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Possible Imnrovements 

There is a small number of c i r c u i t s  which 
a r e  inconvenient t o  t r a c e  with t h i s  system. A 
t y p i c a l  case i s  t h a t  of a metering c i r c c i t  which 
or ig ina tes  i n  a VPVM chassis bu t  casses through 
three o r  four  remote mters i n  ser ies .  I n  the 
r r e sen t  cabling book system, such a c i r c u i t  does 
no t  arpear comFletely i n  any one :lace; one must 
tu rn  t o  other p r t s  of t he  book associated with 
one or  more of t he  intermediate Fanels i n  order 
t o  f i l l  i n  the  gays. 

It seems l i k e l y  t h a t  a modification could be 
devised which, i n  the  m s e  of selected s r e c i a l  
c i r c u i t s ,  would t r ace  a function f rom an o r ig i -  
na t ing  chass i s  on through a number of intermsdiate 
panels and back t o  the  or ig ina t ing  chassis.  Ne 
have no t  y e t  s e t t l e d  on a way of displaying such 
a c i r c u i t  i n  t h e  pr in tout ,  bu t  once t h i s  i s  agreed 
uFon there  should be no ssecial d i f f i c u l t 7  i n  nod- 
l f y i n g  the  computer program t o  include t h i s  feature.  

Each "end wire" - one connected t o  a terminal 

on a piece of equipment with a drawing number - 
has a function note associated with it. 
notes a r r ea r  i n  the  cabling book a t  t h e  o r ig ina t ion  
of each c i r c u i t  traced (see  F igwe  2 ) .  There has 
been some i n t e r e s t  i n  Fr in t ing  out the func t io3  
notes associated with t h e  ternLnals a t  t he  r igh t -  
hand s ide  of t h e  cabling book c i r c u i t s ,  and a l s o  
a t  appropriate places i n  the  rack book. 
would probably be a worth-while in;Frovement i n  the  
system, but  would require going t o  a multi-Fass 
proce5um because of t he  l imi t a t ions  of our pre- 
sen t  computer's memory. 

These 

This 

I n  a f e w  i n s t a m e s  we have been ab le  t o  help 
t h e  designer of a new system t o  check h i s  work, 
catching a number of errors and omissions, by 
punching wire cards f o r  t he  new system while it 
w a s  s t i l l  i n  t h e  design s tage  and using them to  
preFare a set of cabling sheets. A t  the moment 
we cannot conveniently r u t  i n  information on a l l  
of the ex i s t ing  wiring while pr in t ing  out only t h e  
new system; such a change i n  the  program should 
be f eas ib l e ,  and might lesd t o  more frequent use 
of t h i s  technique f o r  checking new designs. 
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